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The Tornadoes at Dallas, Tex., April 2, 1957

INTRODUCTION

WaLter H. HOECKER, JR.

U.S. Weather Bureau, Washington, D.C.

The study of the tornadoes of April 2, 1957,
at Dallas, Tex., presented here is an assembly of
independent efforts on some of the important as-
pects of these tornadoes and the associated
weather situation. It is not intended as an ex-
haustive study. Initially, R. G. Beebe of the
Kansas City Severe Local Storms Forecast Unit
and W. H. Hoecker of the Severe Local Storms
Research Unit, Washington, D.C., prepared sepa-
rate studies using portions of the large number
of photographs taken of these tornadoes. When
it was learned of other studies that were being
prepared by personnel of the Severe Local Storms
Forecast Unit at Kansas City, and by contract
tornado investigators of the Texas A. & M. Re-
search Foundation, Dr. H. Wexler, Director of
Meteorological Research, U.S. Weather Bureau,
suggested that all these efforts be assembled into
a single research paper. The papers are pub-
lished in full as submitted, with the exception
that the contributions of S. G. Bigler and E. P.
Segner of the Texas A. & M. Research Founda-
tion (contract investigators for the Weather Bu-
reau) are condensations of their original con-
tract reports. This was necessitated by the length
of their contributions.

The series of photographs of the Dallas torna-
does presented in the first report of this paper by
Beebe results from his interest in collecting all
possible tornado photographs for the purpose of
obtaining clues to the mechanics and origin of
tornadoes.

The second report, based on a photogrammetric
analysis of tornado photographs, applies tech-
niques of photogrammetry used many years ago
but revived by Hoecker in an earlier tornado
study, for which a large number of tornado pho-

tographs also had been collected. Considerable
information about the size and structure of tor-
nadoes can be obtained from such studies of tor-
nado sequence pictures.

The third report of the series, by J. T. Lee of
the Weather Bureau Severe Local Storms Fore-
casting Center and the research staff of the Kan-
sas City District Meteorological Office, stems from
Mr. Lee’s long interest in forecasting tornadoes
and severe local storms and in the mechanisms
causing them.

D. T. Williams, of the research staff of the
Kansas City District Meteorological Office, who
contributed the fourth report, has also had a
longtime interest in severe local storms. His par-
ticular interest has been in the effect of inversions
and subsidence layers in delaying the release of
potential convective energy in the severe storms
area of the United States.

The fifth report, submitted by S. G. Bigler,
then of the research staff of the Texas A. & M.
Research Foundation and now with the Weather
Bureau, is the result of his particular interest in
the radar aspects of severe local storms and in
collecting data from all manifestations of the
tornado, such as eyewitness accounts, damage ef-
fects, and photographs, to mention a few items.

The last report, by E. P. Segner, Jr., a regis-
tered professional engineer, involving computa-
tions of wind speeds needed to cause certain struc-
tures to yield, is a realistic approach to the tor-
nado wind speed problem. The main drawback
of the method is that it yields minimum wind
speeds required to cause the observed effects—not
the total speed that occurred or that might have
occurred.

The matter of public response to tornado warn-
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ings was discussed by Bigler in the fifth report of
this series and also by M. C. Harrison, Meteorol-
ogist in Charge, U.S. Weather Bureau Office at
Dallas, in a communication * with the Director of
Meteorological Research. Bigler found that citi-
zens of Dallas thought tornado forecasts were of
value, but found that they knew little or nothing
of personal safety rules regarding an encounter
with a tornado. Harrison, on the other hand,
thought that public broadcasting of personal
safety rules had helped some people to take the
best possible cover when they realized that a tor-
nado was endangering them.

1 Mr. Harrison’s views are contained in a memorandum to the
Director of Meteorological Research, dated Oct. 7, 1958.

Here then under one cover is the most thor-

oughly studied tornado situation known at this
date. In addition, it is different from most tor-
nado studies in that instead of offering mere quali-
tative descriptions involving freak damage, con-
siderable quantitative results are presented. The
tornado funnels, for example, have been scaled
from start to finish and the dimensions of the
parent cloud have been determined; the engineer-
Ing report contains computations on the actual
wind speeds needed to cause the observed effects;
and in the study of the subsidence layer quantita-
tive stability figures are used. It is hoped that
the reader will obtain a better understanding of
tornadoes in general as a result of considering the
material presented in this tornado research paper.
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THE LIFE CYCLE OF THE DALLAS TORNADO

RoBErT G. BEEBE*

U.S. Weather Bureau, Kansas City, Mo.
[Manuscript received September 19, 1958; revised October 27, 1959]

ABSTRACT

A series of photographs of the funnel of the Dallas 1957 tornado is described and keyed
into a second series showing the damage done by the tornado.

The Dallas tornado of April 2, 1957, afforded
tornado researchers the first opportunity to study
the complete life cycle of a tornado from photos
of the funnel and destruction on the ground. Al-
though thousands of tornado photos have been
taken since the development of cameras over 100
years ago, most of these are single shots or a
rapid sequence of photos from the same location.
Until the Dallas tornado there was not a single
case in which the complete life cycle of a tornado
vortex was recorded photographically, although
the Scottsbluff tornadoes of June 27, 1955, [1]
did provide the first clues regarding the life cycle.
The purpose of this report is to illustrate and de-
scribe the first photographic record of the com-
plete life cycle of a tornado.

The Dallas tornado occurred around 4:30 p.m.,
csT, and lighting conditions for photography were
good. The tornado was within sight of many
thousands of persons so that many photos were
taken. The Weather Bureau’s records include
over 450 black-and-white photos, 250 color trans-
parencies, and nearly 2,000 feet of movie film.
These photos were taken by some 125 photog-
raphers from even more locations at varying dis-
tances and from different sides of the tornado.
From these many photos, representative shots il-
lustrative of the tornado’s life cycle were selected,
and are shown here.

In addition to these complete and detailed pho-
tographic records, this tornado occurred in an
area where radar data, upper air observations,
surface observations (the tornado dissipated
about a mile from the Weather Bureau station
at Love Field), and many eyewitness accounts

*Present affillation : Midwest Weather Service, Kansas City, Mo.

were available. Thus, this tornado was observed
in more detail than any other in history.

The day after the Dallas tornado, Mr. Stuart
G. Bigler, Project Supervisor of the Texas A. &
M. Tornado Damage Survey Team, working un-
der U.S. Weather Bureau Contract Cwb-9116
[2], went to Dallas to conduct the damage survey.
From a chartered airplane, Mr. Bigler obtained
aerial photos of the entire length of the tornado
damage path. Representative photos from this
series are shown in connection with individual
funnel photos.

A map of Dallas showing the tornado path, the
location of the photographers as they snapped
the photos illustrated here, and the tornado loca-
tion along the path at the time of the respective
photo is shown in figure A. The tornado location
was determined by setting up a theodolite at the
photographer’s location for each photo. The azi-
muth of the theodolite was set on the basis of
street bearings from detailed Dallas maps. The
large numbers in figure A refer to the tornado
photos to follow and each photographer’s name is
placed near a circle showing the location from
which he took the photos. The dashed lines show
the path along which the camera was pointed.
Known times, indicated along the track in osT,
were obtained from records of the Dallas Power
& Light Co., containing the times of severance of
powerlines.

The first photograph, figure B, was taken at
1530 cst from the campus of Southern Methodist
University, which is about 2 miles north of Poyn-
ter's location, about an hour before the Dallas
tornado developed. The camera was pointed to
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he north and the photographer, Mr. Clint Grant, — prominent dark cloud was going southwest; the

2 the Dallas Morning News, stated that: “A  cumulus in the back was boiling.” Although it is
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doubtful that the cloud could have moved south-
westward against the general southerly flow, this
photo does show that convective clouds were at
least in the vicinity, whereas some witnesses de-
scribed the clouds as definitely of the stratus type.

Photo No. 1 was taken at about the time the
tornado was forming. Several witnesses de-
scribed the bulge and intermittent funnel-shaped
cloud wisps as very turbulent and with an omi-
nous appearance. Mr. Ed Lace, the photographer,
explained that, although he had never seen a tor-
nado and had no knowledge that this formation
would develop into one, he took this and some
subsequent photos because of the interesting cloud
formations. The height of the cloud base above
the ground (ceiling) was estimated at 600 to 800
feet near Redbird Airport.

Photo No. 2 was taken about 5 minutes after
No. 1. Note that the funnel-shaped wisp had
completely disappeared at this time. A dust
whirlwind on the ground was occasionally visible
to observers in the area, but is not visible in the
photo.

Photo No. 3 illustrates the incipient tornado
(see arrow) some 5 minutes later and after slight
damage occurred on the ground. Even so, the
tornado is hardly in evidence at the cloud base
here; none of the cloud protuberances would be
identified as a tornado by most observers at this
stage. Note that the cloud base is a little lower
(see the arrow) in the vicinity of the forming
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tornado than at either side. Photo No. 3a illus-
trates the damage at 1631 which was 1 mile up-
stream along the tornado track, or about 2 min-
utes before the photo shown in No. 3. Some scat-
tering of lumber from the house under construc-
tion may be observed at the left-hand side of the
damage photo No. 3a. In the center of the photo
another house under construction suffered more
damage. At the time of the tornado the wall
studs were in place and were all knocked down.
At the completed home (with three cars in the
driveway) between these two points a picture
window was blown out and the north wall was
also shifted outward.

Photo 4 shows some funnel development (at the
arrow) which occurred during the very short
time interval between photos 3 and 4. Photo 5,
taken at a distance of less than three-quarters of
a mile, shows further funnel development (see
arrow). At the time of these two photos, only
minor, intermittent damage was occurring at the
ground.

Photo 6 shows additional funnel development
(at the arrow) a little later, and here the dust
whirl on the ground may be noted. At this time,
the tornado was near the intersection of Saner
and Garapan Streets, and the dust seen in photo
6 may be from the street.

Photo 7 shows increased funnel development
(see arrow) and lowering, plus large pieces of
debris rising into the air. This possibly is the
rooftop that is missing from one of the two
houses shown in the upper center of aerial dam-
age photo No. Ta (see arrow). During this form-
ative stage, the strength of the tornado was grad-
ually increasing as evidenced by the extent of the
damage. The condensation funnel appeared to
form and lower gradually. The path width at
the ground remained very narrow, not exceeding
10 yards, and the damage was spotty.

Photo 8, taken only seconds later, shows addi- .

tional development and lowering of the conden-
sation funnel and more dust around the base of
the dust whirl. Note that a kink in the conden-
sation funnel is forming about midway between
the cloud base and the ground. Photo 8a shows
spotty, minor damage. mostly to roofs. From
hi i 1 d along the track, the extent
more intense, and the path

v. Also, the destruction
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the tornado at the same time photo 10 was taken
west-northwest of the tornado. From this time
and during the next 2 minutes, the intensity of
the tornado increased markedly. Damage photo
10a shows mostly roof damage, but 10b 1llustrates
the first example wherein the tornado moved a
building (note the white house near the center of
the photo that has been shifted off its founda-
tion).

Photo 11 is the first photo showing the conden-
sation funnel extending to near the surface. At
this time the destruction became nearly continu-
ous so that all buildings in the path were dam-
aged as may be observed in damage photos Nos.
11a and 11b. This condition lasted only a very
short time, extending along a two-block path.

Photos 12, 13, and 14 show that the condensa-
tion funnel does not reach the ground. During
this time the spread of the damage was a little
less extensive as illustrated in damage photos 12a,
13a, 13b, and 14a.

Photo 15 shows considerable dust near the
ground but no debris in the air. The vortex is
somewhat ragged and the condensation funnel
does not extend to the ground. Although con-
siderable damage occurred, most of it was to roofs
as may be noted in damage photo 15a. Photos
16 and 17, taken at the same time, show the same
type of formation a half-mile farther along the
track. Damage photo 16a shows a continuation
of the roof and minor structural house damage.

Photo 18 was taken shortly after the tornado
developed a marked increase in strength. It may
be noted that the condensation funmnel does not
reach the ground. Damage photos Nos. 18a and
18b illustrate the marked increase in both de-
struction and path width. Damage photo 18c il-
lustrates the destruction between funnel photos
1% and 19.

Photo 19 is the first closeup photo showing the
-ondensation funnel on the ground. Here the
path was marked by complete destruction to all
buildings and was also much wider, as illustrated
in damage photos 19a and 19b. Most of the in-
juries and loss of life occurred in the residential
area shown here.

Photos 20 and 21 were taken at nearly the same
sime and near the time the tornado was at its
maximum intensity. Fortunately, this occurred
sver open country along the Trinity River; no
iamage photos were taken here. Note that the
photo taken with the camera pointed to the north-

west (No. 20) shows no appreciable curvature of
the funnel, while the photo taken looking to the
south (No. 21) shows a marked curvature. Thus,
the base of the funnel was curved toward the
southeast.

Photo 22 is an enlargement from a 16-mm. film
and shows buildings being lifted into the air and
exploding. These buildings were of light frame
construction, and were set on piers with about
8-foot centers. Damage photos 22a and 22b illus-
trate the extent of the damage here. Note that
some of the boxcars (some having a gross weight
in excess of 50 tons) were overturned.

Photo 23 shows the tornado during the final
stage and after it had passed the period of maxi-
mum intensity. Note that the condensation fun-
nel is narrow even though the photo was taken
from a distance of only 1,100 feet. Also, breaks
are developing in the condensation funnel. Dam-
age photo 23a illustrates the extent of damage.
Much of the path in this area was over unim-
proved ground.

Photo 24 shows further dissipation of the tor-
nado as it crossed Harry Hines Boulevard. Al-
though damage photo 24a shows considerable de-
struction just before the tornado crossed Harry
Hines, a Dallas policeman drove his car through
the tornado here without sustaining any damage.
Photos 24b and 24c show continued, though de-
creasing, damage as the tornado gradually dis-
sipated.

A number of photos were taken in rapid succes-
sion showing the final stages of this tornado. The
top of the vortex (at the cloud base) was three-
quarters of a mile northeast of the tip of the vor-
tex on the ground at the time the lower part dis-
sipated. During this final stage the vortex was
very small in diameter and knots, bends, breaks,
etc., developed and moved rapidly along the vor-
tex. The ceiling at Love Field at this time was
2,500 feet. (See Hoecker’s sketches 49-51, pp. 82
and 85.)

Photo 25 shows the dissipating stage of the
tornado just described, and, about 2.5 miles to
the east (to the right in the photo), the formative
stage of another tornado. This second tornado,
appearing larger since it is closer, caused some
minor damage over the north part of Dallas but
did not reach its full force until it was over open
country well north of Dallas. It was this tornado
that Julius Hudson, Dallas pilot, flew near and
described in considerable detail.




SUMMARY

From the time of the first photograph of the
Dallas tornado until it began to cause damage
at the ground the shape of this tornado was such
that it would not be identified as a tornado by
most persons. The incipient tornado moved at
least 5 miles (about 11 minutes) before a vortex
became visible. Although some damage occurred
during this time, it was spotty and minor. The
extent of the damage then increased gradually;
the “skips” became less frequent, the path width
Increased very slightly, and the condensation fun-

8

nel slowly lowered to the ground. The distance
covered by the tornado from the maturing stage
to the point where the tornado reached its maxi-
mum intensity was 5 miles; this it covered during
an 11-minute period. (There was a short period
when the condensation funnel extended to at
least near the surface and with continuous dam-
age over a distance of one or two blocks.) Shortly
before the condensation funnel lowered to the
ground the extent of the damage increased mark-
edly, the path widened to near 200 feet from
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about 30 to 50 feet, and the destruction was com-
plete and without “skips.” The tornado main-
rained this maximum intensity during the next 3

the path width decreased, gaps and knots devel-
oped in the vortex, the cloud base became appre-
ciably higher, and, finally, the vortex at the
ground lifted or dissipated. The path length of
this final stage was about 2 miles.
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THE DIMENSIONAL AND ROTATIONAL CHARACTERISTICS OF

THE

TORNADOES AND THEIR CLOUD SYSTEM

Warter H.

HoEkckEkr, Jr.

U.S. Weather Bureau, Washington, D.C.
[Manuscript received November 14, 1958 ; revised September 21, 1959]

ABSTRACT

Scaled drawings made from photographs of the Dallas tornadoes and associated cloud
system are used to obtain measurements of their size and shape and their minute-by-minute

changes during the history of these tornadoes.

Information on the wind field near the

major tornado is provided by scaling of the movement of effluent from a fortunately placed

smokestack.

Measurements of rotational characteristics and convergence are also pro-

vided from the smoke-puff-derived tornado-wind vectors.

1. INTRODUCTION

During the time that the Dallas tornado of
April 2, 1957, was moving along the west side of
that city dozens of photographers, amateur and
professional alike, were taking pictures of the
rornado. Subsequently, several hundreds of these
pictures were collected. Sufficient other informa-
sion was obtained to allow the scaling of these
pictures by photogrammetric [1] methods and to
allow locating of the tornado for any photograph
bw use of the principles of perspective [2]. Out
of these hundreds of photographs a selection was
made that would allow the synthesis of a histori-
-2l sequence of scaled photographs. These photo-
zraphs have been converted into outline draw-
mgs, all reduced to the same scale, and significant
asurements attached to the drawings.

The times of severance of major powerlines by
he tornado as it moved through the city were
recorded by the local power company. These

2. QUANTITATIVE ANALYSIS

Figure 1 is a map showing the path of the
Dallas tornado and to the east the path of the
funnel cloud that accompanied it. Along the tor-
:ado path are shown some of the main thorough-
“ares of the city intersected by the tornado. On

“he right-hand side of the tornado path are shown
. e locations of the tornado at the times when the

‘ pictures were taken corresponding to the 51

data provided a timetable of the tornado’s pas-
sage and allowed a rather accurate determination
of its translational speed. The additional data
collected have made it possible to assign a definite
time for each photograph used in this analysis
series. Of necessity some interpolation between
time fixes has been required but the results are
quite consistent.

In the following section the significant dimen-
sional and shape changes of the tornado funnel
and its attendant debris cloud will be discussed.
During the scaling process many of the measure-
ments shown in the sketches were checked by
other scaled photographs taken at or very nearly
at the same time by other photographers from
other locations. This was done to minimize er-
rors in the scaling process as well as to determine
the three-dimensional disposition of the tornado
funnel.

OF THE SCALED PHOTOGRAPHS

scaled sketches of figure 2. Each number corre-
sponds to a sketch. On the left-hand side of the
path are the minute-by-minute locations of the
tornado as determined by the powerline severance
times listed by Bigler [3]. From figure 1 the
time of each sketch of figure 2 was determined to
the nearest 0.1 minute. The same has been done
for the funnel cloud sketches (fig. 3). However,
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the damage path are the locations of the tornado at the times of the numbered sketches of figure 2.
locations for the various sketches are shown by the circled dots.
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since there was no ground intersection path for
the latter, the sketch locations were determined
from photographs showing both the tornado and
the funnel cloud. Using cross-bearing views con-
taining locatable landmarks the geographical lo-
cation of the funnel cloud was obtained. Also
shown are the 1-mile intervals along the paths.
Observe that the paths of the tip and the top of
the tornado began to diverge somewhere before
the 12th mile.

The location from which any picture was taken,
corresponding to a given sketch, can be found by
matching a sketch number (along the right-hand
side of the tornado path) with a number at one
of the photographer locations shown on the map
(fig. 1).

The direction from photographer to tornado is
indicated by the arrow in the upper right-hand
corner of each sketch of figure 2. The numbers
just below the direction hox show the time (csT)
to tenths of a minute. Between each two sketches,
at the lower border, is the time difference between
adjacent sketches.

Table 1 lists the location-mile for each sketch,
the time of the sketch, and the time interval be-
tween sketches.

The tornado moved generally south to north
for nearly 16 miles along the west side of the city.
The tornado covered this distance in a little over
34 minutes for an average speed of about 27 miles
per hour. Details of the damage and eyewitness
accounts relative to the actions of the tornado are
described elsewhere [3, 4].

Sketch 1

The first photograph used in this analysis,
taken at 1625.9 cst, seems to have been taken be-
fore a recognizable funnel formed and no funnel-
like structure was visible in the picture. Only
cloud shreds could be seen projecting downward
from the wedgelike cloud structure that lay just
below the main portion of the cloud. One won-
ders why the picture was taken since no particu-
lar tornadao-shaped cloud had yet appeared. Evi-
dently some unusual feature caused attention to
be drawn to this cloud since another photogra-
pher was taking movies of it at nearly the same
time. Fluctuations in density of the cloud pro-
jection along the lower boundary as shown by the
movie suggested upward movement of air into
the lowered portion of the cloud.
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TaBLE 1.—Time and location data for the sketches of fig. 2

Sketch| Loca- Ste:ntga] ;:;)?ee g;ggi Sketch| Loca- (slglntt;'-ﬂ l’]z;ipr?ee d’Ii‘(iTr:re-
No. | tion- ard (min-| ence No. tion- |* ard (min-| ence
mile | time |utes) | (min- mile | time |utes) | (min-
utes) utes)
1. 0.10 | 1625.9 | 0.0 27 ... 8.60 | 1645.0 | 19.1
2. 65 |162.0| 11| | a8 8.72 | 1645.1 | 19.2 .
3. Las | 16288 | 29| % 20 8.92 | 16457 | 1.8 °
4 1.45 | 1620.0 | 3.1 2 30._._. 9.20 | 1646.2 | 20.3 8
5. 1.52 | 1620.2 | 3.3 . 3. 0.32 | 16465 | 20.6|
[ 166 |1620.5| 36| °° 32, 9.63 | 1647.2 | 21.3 7
- 2.05 | 1630.4 | 4.5 '9 33._._. 9.70 | 1647.3 | 21.4 &
8. ... 2.30 | 1630.9 | 5.0 ol 9.73 | 1647.4 | 21.5 !
I 3.45 [ 1633.4 | 7.5 0 35 9.81 | 1647.6 | 21.7 2
10._._. 3.70 | 1634.0 | 8.1 0 36 10.10 | 1648.2 | 22.3 0
... 3.82 | 1634.3 | 8.4 3 37 10.90 | 1650.0 [ 241 |
12 4.00 | 1634.6 | 8.7 3 38 1.36 | 1651 252
13 10816348 | 89| 39 __. ez | 16517 | 258|
14 4.14 | 1635.0 | 9.1 2 40 11.79 | 1652.1 | 26.2 4
15 6816362103 4. 1191 | 1652.4 | 26.5 =
16..._. 4.87 | 1636.6 | 10.7 o 42 ___ 12.03 | 1652.6 | 26.7 2
17 5.36 | 1637.6 [ 11.7| O 43 12.12 | 1652.8 | 26.9 2
18, 5.72 | 1638.5 | 12.6 - 44 12.50 | 1653.6 | 27.7 8
19 643 | 16400 [141| ° 45 13.00 | 16547 | 288 |
20 6.69 | 1640.6 | 14.7 = 46 13.22 | 1655.3 | 29.4 -4
21 .. 710 | 16415 | 156 | 47 1381 | 16567 | 308 |
22 7.50 | 1642.4 | 16.5 s 14.10 | 1657.3 | 31.4 0
23 7.90 | 1643.3 | 17.4 o P 14.20 | 1657.6 | 31.7 2
AU 8.07 | 1643.7 | 17.8| 50 14.65 | 16580 [33.0| O
25 8.35 | 1644.3 | 18.4 . 1500 | 1700.2 | 343 | P
2. 8.50 | 1644.7 | 18.8 :

The shredded cloud elements were between 900
and 1,200 feet from the ground at the time (1625.9
cst) of sketch 1 (fig. 2) and the distance from the
left side (east side) of the wedgelike structure to
the right-hand side of the downward hanging
cloud elements was about 4,100 feet. The general
cloud base elevation was about 1,400 feet. The
camera was pointed just a little to the west of
south; this is indicated by the direction arrow
in the upper right-hand side of the sketch box.
At this position the tornado was 3.6 miles from
the photographer and its location on the path was
set as mile zero in figure 1.

The wedgelike element from which the cloud
shreds depended shows more advantageously in
another photograph taken from more than twice
the distance as this one and from a point north-
east of the tornado. In this latter photograph
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skelches of fig. 2

“entral| Time| Time
stand- | lapse |differ-
ard | (min-| ence
time | utes) | (min-
utes)

1645.0 | 19.1
1645.1 | 19.2
1645.7 | 19.8
1646.2 | 20.3
1646.5 | 20.6
1647.2 | 21.3
1647.3 | 21.4
1647.4 | 21.5
1647.6 | 21.7
1648.2 | 22.3
1650.0 | 24.1
1651.1 | 25.2
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1651.7 | 25.8
1652.1 | 26.2
1652.4 | 26.5
1652. 6 | 26.7
1652.8 | 26.9
1653.6 | 27.7
1654.7 | 28.8
1655.3 | 29.4
1656.7 | 30.8

—

—

1657.3 | 31.4
1657.6 | 31.7
1658.9 | 33.0
1700.2 | 34.3
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‘here appeared to be three wedges stacked one
hove the other, yet merged, where the end of
zach higher one extended farther southeast. From
teneath the lowest wedge, and apparently north-
west of its southeastern edge, descended the tor-
=ado. These stacked wedges resembled the stacked
lenticular clouds sometimes seen over the Owens
Talley in California.

sLetch 2

In sketch 2, 1.1 minutes later at 1627.0 cst, the
rornado cloud had moved 0.5 mile closer to the
photographer and a small funnel had projected
lownward about 450 feet below the cloud base to
“Le right of it, or 900 feet below the cloud base to
“he left of it, and it was 700 feet from the ground.
The wedge-shaped structure indicated in sketch 1
was still evident and the center of the funnel was
shout 2,800 feet west of the edge of it.

The funnel was 300 feet wide at the 1,100-foot
‘=vel. Shredded cloud ends extended downward
o the right of the funnel and a twisted-appear-
‘ngz cloud tag was just to the left of the funnel.
The view was still just a little west of south since
L= tornado was moving nearly toward the pho-
ographer. The tip was rather diffuse in contrast
“o the sharply defined sides of the funnel higher
p. This tip was the region where condensation
was presumably taking place so the droplets
would be smaller, and the smaller diameter of the
* o allowed a shorter optical path length, hence
.= hazy appearance. The wedge-shaped struc-
“ure from which the funnel was descending was
sresumed to extend toward the nmorth (on the
=zht-hand side of the sketch) rather than to the
=est which latter direction was its projected di-
rection.

stetch 3

In sketch 3 (equivalent to photo No. 1 in the
section by Beebe) the tornado and accompanying
louds had moved closer to the photographer
rlacing the tornado at mile 1.35 (see fig. 1). Here
he funnel had descended to within 350 feet of
L2 ground from 700 feet 1.8 minutes earlier in
szetch 2. The portion below 850 feet in elevation
2d a considerable component toward the east
siowing a severe bend in the vortex. That por-
“on was nearly transparent and it was accom-

panied by several cloud tags along its length.
~mall shredded cloud tags or cloud ends extended

downward from the main cloud just to the right
(the west) of the tornado. Note that the break
in profile between the upper right-hand side of
the funnel and the main cloud, located by the
arrow in sketch 3, was the same height as in
sketch 2. In addition, the height of the cloud base
to the left of the funnel in both sketches 2 and 3
was at nearly the same level, namely about 1,800
feet. The distance across the funnel cloud near
1,800 feet in elevation in sketch 3, where the fun-
nel appeared to “break” with the parent cloud,
was 3,000 feet, virtually three-fifths of a mile.
The wedge-shaped cloud was still visible beneath
the parent cloud.

Sketch 4

Two-tenths of a minute later, sketch 4 (1629.0
cst) shows the funnel somewhat broadened at the
480-foot level and above, with a 30- to 40-foot
wide “stinger” that reached downward and most
likely touched the ground. A house in the fore-
ground hid that detail. Only the narrow lower
portion and the lower right-hand side of the
wider portion had any appreciable optical den-
sity. The remainder of the funnel was rather
transparvent. At 680 feet above the ground the
nearly transparent funnel was 220 feet across. The
time difference between these stages was short
but the tornado shape and size did change con-
siderably. The direction of view was to the
southwest so that the tip, if in the plane of the
photograph, would have been mnearly 250 feet
southeast of the main center. Note the size of
the tornado compared to the square city block
shown in this sketch.

Sketch 5

‘Sketch 5 shows changes even though it was only
0.2 minute after sketch 4. The long tubular tip
had lagged to the southeast more than in sketch
4; it had been nearly 250 feet from beneath the
center in No. 4 and at the time of sketch 5, was
500 feet to the southeast. If its true direction of
lag was to the south the distance was even greater.
The narrow tube was 40 to 50 feet in diameter,
the midportion of the funnel reduced to 170 feet
wide near the 650-foot level (it was 220 feet
across in sketch 4) and the portion above that
appeared to have narrowed a little. The level at
which the funnel faired into the cloud was at
1,050 feet, as before. The cloud base to the left
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of the funnel (the southeast) was higher than to
the right, as was the case before. At this stage
the funnel above the narrow tube was getting
ragged and patchy and did not at all present a
smooth appearance. It appeared in the photo-
graph more like the stack smoke from a locomo-
tive. The direction to the tornado was to the
southwest. Observe that in sketch 4 only the nar-
row tube slanted while the wide upper portion
had a vertical axis; but in sketch 5, the midpor-
tion had become tilted. The tilted portion had
moved upward from 480 feet above the ground to
700 feet. The greatest angle of tilt in sketch 5
was 50° from the vertical. Observe that with
decreasing elevation from the level of maximum
tilt the tube in both sketches 4 and 5 returned
toward the vertical. This tendency for the por-
tion of the funnel nearest the ground to be verti-
cal has been observed in many tornado photo-
graphs.

Sketch 6

In sketch 6 (at 1629.5 cst) the funnel straight-
ened although it slanted 25° from the vertical
along its entire length. The lowest visible por-
tion was 50 feet wide and it opened up to 380 feet
in diameter at the 880-foot level, and at 450 feet
above the ground its diameter was about 110 feet.
The funnel had a ragged outline and its optical
density was very nonhomogeneous; it was more
or less transparent up to the 880-foot level. The
projected ground intersection of the tip was about
440 feet southeast of the center of the top portion,
the Jag being only a little less than that in sketch
5. As before, the variable opacity of the funnel
resembled the exhaust from a locomotive. The
dust cloud, if any, was obscured by the fore-
ground obstructions.

Sketch 7

Nine-tenths of a minute later at 1630.4 osT, the
time of sketch 7, the tornado had moved so close
to the photographer (1.5 mile) that the general
cloud undersurface details could not be deter-
mined. (Sketch 7 is taken from photo No. 2 in
the section by Beebe.) However, small details
were easily seen in the photograph. Several
events had taken place in the time lapse. The
funnel had retracted, leaving a 2,000-foot-wide
bulge of cloud which extended about 600 feet
below the general cloud base at the center of the
bulge. The vertically aligned cloud shreds ex-
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tended downward another 100 feet to within 700
feet of the ground at the lowest. The wedge-
shaped structure discussed earlier cannet be seen
but other photographs, mentioned earlier but not
used in this series, indicate that the wedge-shaped
structure was maintained at least throughout this
early period of the tornado. The general cloud
base in the vicinity of the tornado remained at
about 1,800 feet as before. The cloud under-
surface was smoother toward the photographer
and was torn-appearing only in the vicinity of
the bulge. The direction of view was toward the
south-southwest, and the bulge was about 11,
miles away, whereas the distance to sketch 1 was
over 3% miles. No cloud detail could be seen
beyond the dark, low-level cloud bulge in the
photograph due to the underexposure of the
photographic print. Other photographs revealed
that there were some low cumuli beneath a high
altostratus layer to the west of this storm.

Sketch 8

In sketch 8, 0.5 minute later, the tornado bulge
was only a little closer to the camera than in
sketch 7. The lowest elements in the bulge were
850 feet from the ground at this time. The bulge
was still 2,000 feet wide where it joined the
parent cloud. The bottom was not as ragged as
it was in sketch 7; however, various detached
cloud shreds were in the vicinity to the right (the
west-northwest). There was a suggestion of a
funnel tip in the center of the bulge that was
150 feet wide, but it was rather transparent and
indefinite in the photograph. There was diffi-
culty in determining the level of the general
cloud base, but there was a break in the bulge
curvature on the left side (east-southeast) at 1,650
feet above the ground. The bulge was smoother
and more rounded than in the last sketch.

Sketch 9

Apparently there was not much activity be-
neath the cloud bulge since the photographer al-
lowed 2.5 minutes to elapse between taking the
pictures from which sketches 8 and 9 were ex-
tracted. The tornado cloud at the time of sketch
9 (1633.4 cst) was only 0.6 mile away with the
result that again only the closeup details were
visible. There were various vertically aligned
cloud tags in the area to which the cameraman’s
attention was drawn. A small bulge about 600
feet wide was shown which reached downward
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- 230 feet from the ground, and protruded
~ .= cloud base which was about 1,250 feet
Tle sharply tipped cloud tag to its left

=as 150 feet across at the top and was
“0 feet long. The picture was not clear
& o determine whether or not this was a
wortex, but it did resemble one. The view at
“me was to the west. Photo No. 3 in Beebe'’s
=as taken at nearly the same time but the
wa= zoward the south-southwest and the tor-
wus = miles away.

9 .= time of sketch 10, 0.6 minute later, the
== =z funnel was still about 0.6 mile away,
“ —i=w had changed to the west-northwest.
-l 7o photo No. 5 in the section by Beebe.)
“e corn-appearing cloud tags had disap-
¢ »nd the funnel was again organized. It

 storm. wwwt 1,700 feet across where it faired into
we=ns cloud and extended to 1,600 feet above

wrface. The tip was 670 feet from the

ornado bulge . and was 90 feet across. The surface of
era than = “wosel was smooth in contrast to the ragged-
e bulge w= ==z bulge of the last three sketches. Un-
. The bulss Z'+ there was already a dust cloud at the
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se=dant cloud did not have the smooth ap-
woo= of the funnel but it had the vertically
L=l or striated appearance on its edges. It
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ketch. © :=. The volume occupied by the funnel-
. pendant cloud apparently exceeded that
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= L= position of sketch 11 (at 1634.3 csT)
“wr=ado had moved away from the obscuring

This is identical to photo No. 6 in the
« v Beebe.) Here the angle subtended by
“uom2] had considerably narrowed. That part
. was visible extended upward 530 feet from
“ = and the tip was 620 feet from the ground.
“= small dust cloud at the ground appear-
“ = a spinning top, that was only 90 feet

382 0—60—5

high, yet four times taller than the average
house, and 50 feet wide and tapered to a point
at the ground. The vertical distance from the
top of the dust cloud to the tip of the tornado
was 530 feet. The pendant cloud mentioned in
the last sketch appeared farther away to the west
of the tornado. Since the camera angle had
changed little, the pendant may have rotated a
short distance around the tornado. The direction
of view was toward the northwest and the time
lapse since sketch 10 was 0.3 minute. Stratus
and bulging cumulus clouds could be seen in the
distance beyond the area of the tornado parent
cloud. Some cloud tags could be seen to the left
of the funnel, and in front of the pendant cloud.

Sketch 12

In Sketch 12 (at 1634.6 csr, and identical to
photo No. 7 in section by Beebe) the funnel had
narrowed even more in the lower half of the visi-
ble portion; the tip had not lowered but remained
600 feet above the ground. The funnel was visi-
ble in the photo up to 1,350 feet in elevation, 200
feet more than in the prior sketch. For the first
time a dwelling in the process of disintegration
was photographed and pieces hurled as high as
200 feet above the ground are shown in the sketch.
Some of the pieces were 20 to 30 feet across and
according to Beebe were sections of roof. The
dust cloud was rather unsymmetrical and ex-
tended upward toward the tip for a distance of
250 feet. Its horizontal projection was 160 feet.
The blunt tip of the funnel was 40 feet across
and was rather transparent, as it was in earlier
sketches. The pendant cloud (to the left of the
tornado), seen earlier in sketches 10 and 11, was
more clearly seen here (located by the arrow).
Since there was little difference between the di-
rection toward the tornado in sketches 11 and 12,
the pendant cloud, which appears farther to the
left, may have moved somewhat around the tor-
nado cyclonically with the outer or peripheral
circulation. (Actually there was another cloud
pendant in front of the one under discussion that
was visible in sketches 11, 12, and 13 and it was
probably moving around also.) The time of this
sketch was 0.3 minute after sketch 11, and the
tornado was 4 miles from the location at sketch 1.

Sketch 13

In sketch 13 at 1634.8 csT, 0.2 minute after the
last drawing, the lower funnel changed from its
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A square city block,

Frcure 2.—Sketches 9-16.—At the stage of sketch 10 the tornado became reactivated.
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I abeoteh L4 for comparison with the sbae of (he tornmlo

= -l attitude which it had maintained since

s=development following sketch 9. There was

o maling dust cloud connecting the 600-foot-

ornado tip with the ground; the dust cloud

szpeared to be about 20 feet across near the

< but rapidly expanded to 220 feet across

wout 270 feet in elevation. The condensation

22! extended about 630 feet downward from

sarent cloud base and narrowed from 190 feet
ws= at the lowest end of the vertical portion to

Seet across near the tip. The double tip was
sgraphed by several cameras so it actually
we=d. The diameter of the top of the funmel
=ore than 550 feet where it joined the parent
. Note that the tip of the tornado extended
“u= left (to the southwest) 280 feet from the
= of the vertical portion of the funnel. The
.z debris cloud was of low optical density, but
pieces of timber were falling in and around
t:st cloud, some from as high as 450 feet.
sumably no buildings were being wrecked at
weoment, since no large chunks were visible.
smominent pendant cloud (at the arrow) was
w=ible and at this point appeared to be some-
larger than the tornado. Whether or not it
w= ncipient funnel is not determinable, but it
2ot have the smooth appearance of the usual
io vortex. Eight-tenths of a minute had
w1 since it was first exhibited here. Another
r ragged pendant cloud was still in front of
y“orementioned pendant as it had been in the
seevious sketches.

A 1}
. seetch 14, 0.2 minute later (and still toward
sershwest, but a little more northerly than
“ws sketch), the top of the funnel had nar-
L =0 280 feet at 990 feet in elevation, and the
2l lowered to 500 feet above the ground.
+% the funnel was slanted at this instance
+ part of the tip tilted rather pronouncedly.
e #20-foot level the funnel was 55 feet in
w=r. The tapered dust cloud nearest the
was optically dense. At the ground it was
voout 20 feet wide and it extended to a
of 160 feet. It is believed, as a result of
"=z movies of this tornado, that this was a
ssirred up dust or debris cloud. As its ele-
= moved upward they would be diluted by
“=nce into a cloud of low optical density. The
wier of the dust cloud was low in optical
but had a definite border) and was rep-

resented by the scalloped outline which extended
from the top of the more dense cloud to the tor-
nado parent cloud base. The height of the funnel
was difficult to determine but possibly was in the
vicinity of 1,200 feet. The prominent pendant
cloud, located by the arrow, remained to the left
(to the southwest) of the funnel and its center
was at least 900 feet from the center of the tor-
nado. The double tip of the pendant cloud shown
in the prior sketch remained here. The bottom
of the tornado tip was offset 250 feet from the
center of the top portion of the funnel. Here the
view was toward the northwest. Note the square
city block drawn to the same scale as the tornado.

Whether or not these cloud pendants were ro-
tating around the tornado was not easy to deter-
mine from the photographs. Movies taken at a
later stage show similar pendants and smaller
cloud tags actually moving around the tornado.
It is possible that some of these smaller pendants
were the equivalent of the peripheral clouds that
were so prominent in the second Scottsbluff tor-
nado [5]. They were much more continuous, like
a cylindrical sheet, in the Scottsbluff case, how-
ever.

The tornado at this stage was less than 0.1 mile
south of its position at the time of picture No. 8
in the section by Beebe. But the direction to the
tornado in sketch 14 was toward the northwest
and in photo No. 8 was toward the south-south-
west. The darker, knoblike affair on the tip of
the tornado in photo No. 8 (Beebe) is a result of
the view along the highly tilted portion of the
funnel tip at the 620-foot elevation in sketch 14.

Sketch 15

With sketch 15 (1636.2 cst) the view shifted
toward the east, and the photographer was 2.3
miles from the tornado. It was observed in the
sketches previous to this that even though the
view varied nearly continuously from a direction
toward south through northwest, there was lighter
shaded sky beyond the dark cloud immediately
associated with the tornado. Now with the shift
of view toward the east, light-shaded sky east of
the funnel was visible in this photograph also.
This suggests that the storm cloud containing this
tornado was circular in horizontal projection, or
perhaps elliptical and elongated in a north-south
direction. This effect of lighter shading beyond
the tornado has been noted in many other tornado
photographs. The writer has seen a few photo-
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graphs in which the dark cloud base beyond the
tornado appeared to merge with the horizon in
which case the funnel appeared white or light
gray against the dark background.

In the photo for this sketch, it was difficult to
determine where the funnel faired into the cloud
base, but contrast between the funnel and ap-
parent cloud base ended at 1,300 feet above the
surface. The funnel bulge appeared to be about
900 feet in diameter at the cloud base, but nar-
rowed to 250 feet at a slightly lower elevation
which was 550 feet above the tip. The tip itself
was about 600 feet above the ground and was
quite sharply pointed. Note that the tip pointed
toward the left (north) edge of the conical dust
cloud. Here again the dust or debris cloud re-
sembled a spinning top as it did in sketch 11.. The
dust cloud had moderate optical density and a few
pieces of shattered structure could be seen near it.
It was 470 feet high and 370 feet wide at its top.
Pendant clouds were visible between the funnel
and the photographer; the one shown at “A”
most likely was not the same one that has been
described in several prior sketches. This view
was 1.2 minutes after sketch 14. The tornado po-
sition for sketch 15 was 0.2 mile north of the loca-

tion for photos Nos. 9 and 10 in the section by
Beebe.

Sketch 16

In sketch 16, the funnel became symmetrical
although it had a slight slant of 20° from the
vertical to the left (north, since the view was es-
sentially to the east). The tip lifted to an eleva-
tion of 750 feet above the surface and was quite
sharp. At the apparent cloud base at an elevation
of about 1,350 feet, the funnel was 770 feet wide.
The dust cloud was only 250 feet high but had
widened to 550 feet and a few pieces of debris
were visible in it. Numerous ragged or shredded
cloud pendants were visible between the funnel
and the photographer and, judging from the ap-
pearance of the lightly shaded cumulus clouds
above the funnel in the picture, the photographer
location was near the western edge of the tornado
parent cloud at a distance of 2.3 miles from the
funnel. It is presumed that the pendant labeled
“A” is the same one labeled “A” in sketch 15.

Photo No. 11 in the section by Beebe was half-
way between sketches 16 and 17. There is con-
siderable shape resemblance between photo No. 11
and sketch 17. The curved tip appearing in sketch
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17 disappears in the view of photo No. 11 because
the latter view is nearly 90° in direction away
from sketch 17.

Sketch 17

One minute later, the view shifted in sketch 17
to the south-southwest (time 1637.6 cst). The
straightening out of the funnel in the last sketch
must have been a preliminary to increased length *
and width since in this drawing the tip had low-
ered nearly to the ground (only 160 feet above
it). A small dust cloud, just 160 feet high, ac-
companied this lowered tip and it appeared to
lead the tip a little. This tip exhibited the kinked
characteristic shown in earlier sketches (see 13
and 15, for example), but here the kink was much
closer to the ground. The tip was pointed with
4 component toward the east-southeast at the time
of this sketch and it was at least 520 feet from
beneath the center of the upper portion of the
tornado. The trunk was 140 feet wide at the 770-
foot level and 850 feet wide at the elevation where
it faired into the 1,350-foot-high cloud base, being
a little wider than in sketch 16 at the same level.
Vertically shredded cloud tags were prominent to
the right of the funnel (generally to the north-
west). The smallness of the dust cloud may have
been due to the underexposed pictures from which
this sketch was taken. At this stage the funnel
almost assumed the often-observed elephant-trunk
shape.

Sketch 18

Although the picture from which sketch 18
(1638.5 csT) was extracted, was taken only 0.9
minute after that of sketch 17, the funnel had
changed shape and dimensions considerably. The
funnel as a whole became straight, and assumed
a tilt of 30° from the vertical along its entire
length. The funnel sides had no curves and the
changes in profile were abrupt breaks such as at
the 950-foot level and just above the tip. The tip
had lifted from 160 feet in sketch 17 to 440 feet
above the ground and was 40 feet across where it
joined the main trunk. The funnel was 320 feet
across at the 950-foot level, and widened to 1,150
feet where it faired into the cloud base. The more
dense dust cloud (identified by the letter “H”)
was 190 feet high and was 240 feet across at the
top. It resembled a distorted spinning top and

1 Funnel length taken from tip along centerline of the funnel
to the cloud base.
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Ficure 2.—Sketches 17-21.—Rapid changes in the shape and size of the tornado were evident in this period.
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its tilted centerline almost coincided with the fun-
nel centerline. A dust cloud of low optical den-
sity is outlined by the scalloped lines and indi-
cated by the letter “L”.

Just what was the level of the cloud base at this
stage is not easily determined. To the right of
the funnel the base appeared to be near 1,300
feet in elevation; to the left of the funnel (the
southeast) the base appeared to be at 1,950 feet,
a difference of nearly 700 feet over the one to the
right. If the cloud base level represents the ex-
pansion condensation pressure, then there exists
the possibility that pressure was lower to the
right of the funnel than to the left, at a given
level. If that was true, then the vertical pressure
gradient to the right of the funnel would have
been greater than the static gradient and so verti-
cal motion of the air in that region might be ex-
pected. The ragged cloud tags which were to
the right of the funnel may be indicative of this
upward motion. This characteristic of differen-
tial ceiling height prevailed in sketch 17 also.
The more favorable viewpoint of the last two
photographs revealed this difference. The cloud
base to the far left of the funnel sloped downward
in a direction away from the funnel and that to
the far right sloped upward, away from the
funnel. Where the funnel was vertical at the
location of its entry into the parent cloud this
distorted effect was not present and the cloud base
sloped upward away from the funnel equally in
both directions (see sketches 23-25). The total
slope of this funnel was as shown in this sketch
since another photo, simultaneous with this but
taken at right angles to it, showed no slope.

Photo No. 12 in the section by Beebe locates
the tornado between sketches 17 and 18 and there
it was in transition between the shape of sketch
17 and that of sketch 18. Photo No. 13 places
the tornado about 0.1 mile north of its location in
sketch 18; observe the considerable shape change
over such a short distance.

Sket(}h 19

The direction of view for sketch 19 (at 1640.0
csT) was toward the southeast. By this time the
tip had lifted to 700 feet from 440 feet above the
ground, and the funnel had become stubby. At
the 900-foot level the funnel was 280 feet wide;
in sketch 18 it had been 320 feet wide near that
level. The dust cloud had a 50-foot-wide shaft
extending upward from the ground and above the
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140-foot level it widened to 370 feet; in the upper
portion it appeared to be somewhat twisted. As
before, the more dense portion is indicated by the
“H” and the less dense portion by the “L”, This
stage was 1.5 minutes after sketch 18. The view-
point was almost three times closer to the tornado
than for the last sketch so that much associated
cloud detail is off the picture. Photo No. 14 in
the section by Beebe, located about five-eighths of
the way between sketches 18 and 19, shows the

funnel withdrawn from the ground much as in
sketch 19.

Sketch 20

At the stage of sketch 20, 0.6 minute after
sketch 19, several changes had taken place which
are shown particularly well by comparison with
sketch 18 whose photo was taken from the same
location. The cone-shaped trunk had evolved into
a wide pre-tornado-type cloud bulge, the cloud
ceiling to the left of the tornado had risen 350
feet, and the ragged cloud tags to the north of the
tornado had nearly disappeared. Beneath the
cloud bulge was a tornado tip 70 feet in diameter
and 650 feet off the ground. The vertical extent
of the bulge and tip was about. 100 feat, and its
width of 2,300 feet was over 0.4 mile, The dust
cloud containing chunks of shattered dwellings
had a lower level dense portion 220 feet high and
140 feet wide at the base and a low density portion
above extending up to 450 feet (200 feet short of
the tip) and 500 feet across in a southeast-
northwest direction. The dust cloud was leaning
toward the tip of the cloud bulge.

Although the cloud bulge had ragged edges,
the tip appeared smooth. This smoothness seems
to indicate the location of high speed rotary air
motion; in a region where several pendant clouds
of similar profile exist simultaneously the smooth
one probably contains the vortex. Recall the
pendant cloud in sketches 9 through 12 that ac-
companied the tornado; it never became a tornado
and its tip particularly remained ragged. As
will be seen in the discussion of the tornadic cloud
bulge that existed to the east of this tornado,
over Dallas, only one of several pendant clouds
became smooth and that was the one that picked
up light debris over north Dallas (shown by
movie camera). Photo No. 15, in the section by
Beebe, located the tornado less than 0.1 mile north
of the location for sketch 20. The views are
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sc=rch 22, the direction to the tornado
¢ 7o the west-southwest, and the time since
s szetch was 0.9 minute. The relatively
smount of time between these last few
s and the changing angle of view and dis-
“rom the tornado allow little direct com-
tetween them. Briefly, the tip lowered
 ==d between sketches 20 and 22, and pro-
¢ e odd-shaped cloud below the tip in
21, Compared with sketch 20, the bulge
«: 22 had pulled upward from the tip
» 130-foot-long, 70-foot-wide tip at about
level. Tornado cloud detail was detect-
“izh as 2,300 feet above the surface. Many
¢ «loud appendages appeared to the right
“p and a few were to the left. Again the
1< the associated cloud bulge was less steep
{ *he direction of movement (which was to
=z than in the direction away from the

=7. The base of the dust cloud was nearly
S behind (to the south of) the tip of the
. and the high-density portion (located by
% was vertical. The intervening low-
= dust cloud leaned over toward the tor-

we==ck was extracted from a color slide.

nado tip. The dust cloud was complex as shown
by the high and low density components. The
dense portion was 250 feet high and was 80 feet
wide at the ground, or just a little over the width
of an average residential dwelling lot.

Photos Nos. 16 and 17 are located by Beebe as
being halfway between sketches 21 and 22 of this
section. The detached cloud to the right of the
tornado tip in photo No. 16 resembles that in
sketch 21, while photo No. 17 appears generally
more like sketch 22.

To the far right of sketch 22, northwest of the
tornado and 0.8 mile west of its path are shown
a tall and a short smokestack. Smoke (marked
“P”) was flowing from the short stack during
the passage of the tornado, and this smoke was
used as a tracer of air flowing in the vicinity of
the tornado. Prior to the time of this sketch it
appeared that the smoke had been flowing with a
component to the left (that is, the south) but at
a shorter time before the photograph was taken
a shift toward the right (the north) had taken
place. The tornado was 1.1 miles southeast of the
stack at this time.

Sketch 23

In sketch 23, looking to the west, the funnel tip
had lowered to 530 feet above the ground, the tip
had two sections, one 70 feet wide, and a larger
section 200 feet wide at a higher elevation. (This
was 0.9 minute after the last sketch.) Higher
still the funnel had a section 750 feet in diameter.
Large vertical appendages developed and hung
from the periphery of the funnel. The one on
the right was 480 feet in vertical extent and the
one on the left (the south side) was over 700 feet
long. Whether or not these were incipient fun-
nels is not known, but in some movies taken at
about this time they appeared to be no more than
peripheral cloud appendages rotating around the
funnel, and in the movie they did not appear to
change very rapidly in shape or dimension, which
indicated nonturbulent airflow in that region. In
a later sketch one of these appendages reached
nearly to the ground, and at that stage indeed had
the appearance of a narrow vortex. Evidence of
rotational flow, described in a later section, close
to the tornado indicates that these appendages
may actually have been incipient vortices. The
dense dust cloud tapered outward from 100 feet
in width at the surface to 300 feet in diameter at
its widest, and was 330 feet high. The overhang
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Observe the smokestack efluent moving to the right (northerly) with the tornado.

M s

0.6

Sketches 22-25.—The tornado had enlarged in this series. A

FIGURE 2.—

f the tornado.

square city block, drawn to scale, has been inserted in sketch 24 for comparison with the size o

o the right of the high density dust cloud re-
sembled the overhang of dust clouds photo-
araphed with the Scottsbluft tornadoes [5] where
such formations were taken to be evidence of
vertical shear in the ascending air. The low
lensity dust cloud extended from the dense por-
sion in the manner shown by the scalloped lines
1o at least an elevation of 1,000 feet, and it was
as wide at the top as the 750 feet of funnel width
1t that elevation. Many chunks of what were
presumably shattered dwellings were seen in the
photograph and are represented by the large dots
mn and around the dust cloud.

The tornado had continued toward its position
»f closest approach to the smokestacks mentioned
zarlier, and at this stage was 0.9 mile east-south-
zast of them. The smoke plume, indicated by the
letter “P”, appeared to indicate a condition
rermed “looping” in micrometeorology, which is
indicative of strong lapse conditions and low
wind speed [6]. Under this condition, thermal
=ddies cause the smoke to rise rapidly and then
-ause it to be carried downward again. Later
photographs indicate that a strong lapse rate did
not exist. Most likely, low-speed intermittent
=ind allowed the smoke to rise in puffs. After
sketch 23, no more tall puffs were created, in-
stead, a “coning” [6] of the effluent indicated a
weak vertical temperature lapse condition. How-
=ver, the stack effluent had risen to 670 feet above
he stack top at this stage. Since the smoke
plume was farther from the camera than the tor-
nado the scale at the plume location was different
than at the tornado. Accordingly, an allowance
was made in computing the height and length of
he plume. At this time the smoke plume did not
sppear to be affected by the tornado circulation
since the puffs also moved with a component to
“hie right, but if the plume had followed the di-
rection of the ambient wind, which was from the
southeast, the intersection of the plume by the
rornado would never have taken place.
sheteh 24

Four-tenths minute later sketch 24 (1643.7 cst)
showed the tornado with its tip raised a little to
30 feet; its general shape was more symmetrical
than in the previous sketch, especially in the por-
rion inward from the peripheral cloud tags. The
tip of the funnel was 75 feet wide and widened
to 800 feet in diameter at the level where the
vertical cloud tags were attached. The width of

the cloud bulge at 1,900 feet above the ground
was about 2,700 feet. The large dust cloud ex-
tended upward from a very narrow shaft of dust
near the ground to the extent that it was 550
feet wide and over 650 feet high. The portions
labeled “H” had high optical density, those por-
tions labeled “L” were lighter in density; the
portion at the upper right outlined with scal-
loped lines was very light. The high degree of
overhang suggests eddies with horizontal axes
generated by high velocity upward airflow near
the center of the tornado and lower speed up-
ward-moving air in the outer portions as men-
tioned earlier. The dust cloud still lagged to the
south of the funnel. The view was to the west
at this stage.

The funnel was at the position of closest ap-
proach to the smokestack and the plume had the
same general appearance as in the last sketch;
however, no more tall puffs had developed. Again
the vertical portions extended from 650 to 800
feet above the stack. Evidence that the plume
was being drawn toward the tornado was shown
by the fact that smoke appeared to be flowing
between the crest of the hill and the camera loca-
tion, a condition that did not exist in the last
sketch. Such a component of flow, against the
ambient wind and toward the tornado, would in-
dicate some mechanism that was disturbing the
ambient flow such as lower pressure in the direc-
tion of the tornado or its thunderstorm system.

Sketch 25

By the time of sketch 25 (1644.3 cst), 0.6 min-
ute after the last sketch, considerable size and
shape change occurred in the region below 2,100
feet in elevation. The funnel cloud was only 320
feet wide at the 1,200-foot level, whereas in the
last sketch it was about 800 feet across at the
same elevation. Note how the tip had narrowed
to a ropelike tube 45 feet or less in diameter, and
had taken on a sharp “S” curve; this was a large
change from the earlier sketch. The peripheral
cloud pendants continued to be prominent and as
mentioned earlier, were rotating around the fun-
nel, as shown by some of the movies. The entire
dust or debris cloud was dense and was 235 feet
wide at the ground, and extended to the tornado
tip at 500 feet elevation. The dots scattered be-
neath the funnel represent chunks of debris that
were seen in the photograph. Their path of ar-
rival at the position shown is not determinable.
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started to move around the tornado in sketch 30.

The cloud ceiling of 2,100 feet showed little change
from the last few sketches.

The tornado had passed the closest approach to
the smokestack and at this stage was 0.9 mile
east-northeast of it. The elements of the smoke
plume continued to move to the right.

Sketch 26

In just 0.4 minute (sketch 26) the funnel
straightened out of the sharp “S”-shape and rope-
like tube to a gently leaning, chopped-off cone,
whose tip was now 600 feet above the surface and
was 80 feet wide. The width of the funnel at
the cloud base was a little smaller being now 2,200
feet in diameter; at an elevation of 1,200 feet its
width was 350 feet. The peripheral cloud tags
remained with the tornado. The funnel hung
1,700 feet below the 2,300-foot cloud base, which
had risen 200 feet since the last sketch. The dust
cloud was 120 feet wide at the ground and
widened to 400 feet at the greatest width, and
was over 600 feet in height. The “L”, “M”, and
“H” letters indicate regions of debris offering
low, medium, and high optical density. Hun-
dreds of small pieces and a few large chunks of
debris could be seen floating around the dust
cloud. Debris particles were carried as high as
1,300 feet to the right of the funnel. A pendant
cloud, looking much like another funnel, was im-
mediately to the left of the tornado; it was three-
fourths as wide as the funnel itself, and had
sharp pointed streamers extending downward.
This rotated around the funnel as will be seen in
the next sketch. High up along the cloud bulge
above 1,300 feet, ragged cloud tags persisted.

The smoke plume was again outlined, but in
the vicinity of the tornado difficulty was encoun-
tered in determining which of the clouds seen
were low-density debris from the tornado, and
which were effluent from the stack. Observe that
no more puftfs had developed in the stack effluent.
This means that the wind in that area had in-
creased in speed after the last puff and had be-
come steady. The puff most distant from the
stack had been lifted to nearly 1,000 feet above
the stack level, and this may indicate some addi-
tional disturbance of the plume by the tornado
outer circulation. The view was still just a little
north of west.

Sketch 27

Sketch 27, 0.3 minute later (at 1645.0 cst),
showed that the funnel had narrowed again some-
what as it had in sketch 25. Size and shape
change occurred very rapidly in this tornado.
The lower portion and tip were ropelike. The
funnel near the tip was 50 feet wide, then ex-
panded to 190 feet at the 1,050-foot level, and
was 600 feet in diameter at the 1470-foot level.
The tilt to the right (25°) remained, as was char-
acteristic of many of the sketches. The large
cloud pendant mentioned in the last sketch was
more prominent here and it had extended nearly
to the ground. It was 420 feet wide at its top
and was 1,400 feet in length; however, the lower,
narrow portion was rather hazy and the solid
upper part still had ragged edges. This feature
was photographed by other cameramen. Observe
that the other cloud tags were suppressed at this
time. The dust cloud was only 50 feet wide at
the ground, but widened rapidly with elevation to
360 feet in diameter. Its upper two-thirds was
quite nonhomogeneous, and the distribution of
light and dark portions suggests differential air
velocities in the dust cloud region. Large chunks
of shattered dwelling, some about 30 feet across,
were visible close to the lower half of the dust
cloud, and small pieces could be seen as high as
1,000 feet above the ground.

The tornado had continued to move toward the
intersection point of its path and the smoke
plume. There was definite indication from the
photograph that the plume was being influenced
by the tornado circulation in that the right-hand
portion of the plume, that is, the part nearest to
the tornado, was being raised considerably higher
than the remainder of the plume. At this in-
stance the tornado was 0.95 mile east-northeast
of the smokestack. The direction from the cam-
era to the tornado was toward 278°, or a little
north of west.

Sketch 28

The view for sketch 28 shifted toward the
north-northeast, which reversed the sense of slant
of the funnel. The time interval was 0.1 minute
so details are seen nearly as in sketch 27, but from
a different viewpoint. The cameraman was some-
what closer than for sketch 27, and this narrowed
the field of view, obscuring upper-level details of
the funnel. The funnel was smooth, was 50 feet
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wide at the stubby tip, and widened to 550 feet
across at the 1450-foot elevation. The “dust
cloud” did not appear to be dust, but was rather
light brown,® which suggested that it was com-
posed of mud spray. The dense part was 500 feet
high and 500 feet wide at the widest and had a
small pointed top that pointed toward the tip of
the funnel. Tt also had overhang on the edges,
suggesting shear eddies there. Many small chunks
of debris were flying all around the debris cloud
and the tip of the funnel. The low density por-
tion of the debris cloud extended half way up
along the length of the funnel. The large pend-
ant cloud with the long hazy lower portion ap-
peared to be more organized into a funnel-like
shape than in the last sketch. This point of view
showed it to be almost 1,000 feet from the tor-
nado, center to center, as shown in the sketch.
Oddly enough it was tilted in the same sense as
the tornado; that is, to the left. The hazy elon-
gated tip reached almost to the ground at this
stage.

The smokestack plume was seen entering the
picture from the left but it became too light to be
followed farther to the right.

Sketch 29

Sketch 29, 0.6 minute after sketch 28, shows the
tornado again viewed toward the north-northeast.
The tip had risen a little to 700 feet above the
surface and the funnel had narrowed generally
but was still about 50 feet across at the tip. The
dust cloud (or mud-spray cloud) lifted to 620
feet in height (lighter portion outlined in scal-
loped lines) but there was little change in width.
The funnel was 270 feet wide at the 1,350-foot
level. The large pendant cloud at the arrow to
the right of the tornado was undoubtedly the
same one shown to the left of the funnel in the
previous sketch. Another ragged pendant cloud
developed to the left (to the west) of the tornado
and had moved into the view of the camera. Its
tip was turned under the funnel as if there had
been a component of air movement toward the
tornado in the region of its tip.

The smoke plume was about to be intersected
at this time by the tornado, but the plume was not
very clear in the photograph so its location rela-
tive to the tornado was indeterminate. Shortly

3 Sketch 28 was extracted from a color slide.
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after this time the plume was carried around the
funnel.

Photo No. 18 in the section by Beebe located
the tornado about halfway between sketches 28
and 29. The photo was a much closer view (and
a different direction) so larger details are lost.
However, just to the left of the funnel tip can be
seen a part of the incipient funnel shown in
sketch 28.

Sketch 30

In sketch 30, the view shifted toward the south.
The funnel showed a slant to the right (to the
west) and was sharply pointed and narrowly ta-
pered somewhat in contrast to the last two
sketches. At the 1,300-foot level it was 400 feet
across. Above this level what appeared to be a
ring of ragged vertically aligned pendant cloud
tags made the tornado suddenly 1,800 feet in
diameter there. This shape was maintained for
only a short period since only one other photog-
rapher (not in this series of sketches) recorded
it. The low-level dust cloud was quite opaque,
and the base of it was hidden by the nearby
buildings.

The photograph for this sketch was taken just
after the tornado intercepted the smokestack
plume and a ring had started to form around the
tornado at a height of 750 feet and had an ap-
parent radius of about 450 feet. It also shows
the plume extending all the way from its source
to the tornado, a distance of 1.2 miles. The large
vertical puffs of the smoke plume shown in the
earlier sketches had disappeared by this time and
the plume led into the vortex in more of a thin
stream. In fact, a movie taken of the tornado
from southeast of it a few seconds before the
smoke moved around it, showed the smoke plume
as a narrow (in vertical extent) streamer moving
upward and northeastward, toward the funnel.
This streaming upward toward the tornado indi-
cated an upward component of air in the vicinity
of the funnel and also explains the relatively high
level at which the ring first formed.

A check on the autographic wind record at the
Dallas Weather Bureau Office (which was 5.5
miles north-northeast of the smokestack) revealed
that the surface wind had been from the south-
east, with little variation from midnight to the
time of the tornado. This wind direction should
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have taken the smoke away from the tornado but
instead the smoke was drawn into the vortex.

Sketch 31

Sketch 31 (at 1646.5 cst) was 0.3 minute after
the last sketch and the direction to the tornado
was changed toward the west-northwest. The
funnel continued with its very pointed tip which
was now 600 feet off the ground and was vertical
in the plane parallel to that of the film in the
camera. It widened to 800 feet at the 1,600-foot
level. The cloud ceiling was around 2400 feet
which amounted to little or no change since the
last few sketches. Although both the funnel and
dust cloud were vertical, the dust cloud was dis-
placed from beneath the tip of the funnel; evi-
dently the vortex was bent between the 450- and
600-foot levels. The dust cloud base was 90 feet
wide but the overhang effect enlarged it to 300
feet in width a short distance higher. The dense
dust cloud was 450 feet high at this stage. The
less dense dust cloud, marked by the letter “L”
extended to 1,100 feet in elevation and had a
large eddy at 750 feet * elevation on its left (ap-
proximately south) side. Chunks of debris of
appreciable size could be seen in the photograph
near the low-level dust cloud. Whether or not a
complete ring of pendant clouds surrounded the
tornado at the time of the last sketch could not
be determined, but at this stage (sketch 31) only
one pendant was recorded in the photograph, and
that was turned inward under the wider upper
portion of the tornado cloud, much as in sketch
29. The center of this pendant cloud was 1,200
feet distant in the south (left) component direc-
tion from the center of the funnel.

The smoke ring eventually attained an appar-
ent radius of 950 feet but from indications of
other photographs the ring around the funnel
at this stage was in the process of breaking up.
Actually, no photograph showed it extending
completely around the tornado at any one time.
That part of the smoke plume, located in the
sketch by the letter “P”, was no longer attached
to the plume flowing from the stack as it was in
sketch 30. The tornado was 1.4 miles north-
northeast of the smokestack at this time.

Sketch 32

In sketch 32, the direction to the tornado was
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¢ Some of the measurements quoted in the text do not appear
in the drawings because of lack of space.

again nearly south (just a little west of south)
and the time was 0.7 minute later than sketch 31.
The funnel had increased its slant to the west to
25° from the vertical. Nineteen hundred feet of
the funnel were visible vertically and at the 1,300-
foot level it was 400 feet across, just about the
same as in the last sketch. The very thin tip was
170 feet off the ground. Note the abrupt widen-
ing of the funnel at the 620-foot level to 150 feet
in diameter from a twisted, thin, ropelike shape.
This resembled the double-walled funnel con-
struction observed by Kangieser [7] and also ob-
served in the Scottsbluff tornadoes [5] of 1955.
The dust cloud widened upward from the ground
and had less optical density in the core near the
ropelike center. It was nonhomogeneous and had
isolated dust parcels up along the funnel. The
darkest portion of the dust cloud at the instant
of the photograph (movies show these dust clouds
changing very rapidly with time) was at the
ground and extended to the east of the tip; this
eastward projection was 470 feet high. At any
one time that portion of a dust cloud that is
higher than another portion is older in point of
time since the movies show the dust cloud parcels
moving upward along the trunk. Many large
peripheral cloud tags were seen around the upper
part of the funnel some of which appeared to be
bent inward toward the center of the tornado as
shown in sketches 29 and 31, for example.

The plume of smoke that was shown flowing
into the tornado in sketch 30, no longer did so in
sketch 32, although only 1 minute elapsed since
sketch 30. The plume at this stage lay a few
degrees to the right (looking south) of a direct
line from the stack (at the arrow labeled “S”)
to the cameraman and was flowing almost toward
him. The plume was swinging around more
nearly in line with the ambient wind which was
from the southeast. The effect of the local tor-
nado circulation was ending at the location of
the stack. Tt is estimated that the direction of
the plume was from 210° at the time of sketch 30,
and shifted to a direction from 185° following the
interception, which amounts to a difference of 25°
in a counterclockwise sense. The plume of smoke
by this time had been dispersed in the vicinity of
the funnel.

The detailed descriptions in the above para-
graphs of the interaction of the tornado and the
smoke plume may give an indication of the size
of the gross tornado circulation. For the Dallas
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». the radius of influence appeared to ex-
u= far as 1.6 miles for the air layer below
L0 feet.

e No. 19 in the section by Beebe located
“wrmado about one-third of the way between
: 21 and 32. It would seem that the trunk
=i a little between the photo and sketch 32.

Zirection to the tornado in sketch 33 was

south-southwest and the time since the last
w25 0.1 minute. For the first time since
= of the tornado the funnel became firmly
© o the ground. The funnel was tilted
e ow 1300 feet at an angle of 20° toward
wesr-northwest; the earlier sketch showed
~wughout the entire visible funnel. The
was becoming smooth and evenly tapered.
swmoothing and straightening trend con-
© “urough several following sketches. At
“we 0 height the trunk was 90 feet across, at
Seer 1t was 300 feet in diameter, and at 2,100
“w tornado cloud was 2,000 feet across; it
“uv= been wider at higher levels, but the
isappeared into the peripheral clouds.
s stage some details of the tornado cloud
«ould be seen in the photograph to 3,500
= slevation. The low-level dust cloud was
v the low ridge in the foreground, but
. “.= overexposure of the photograph, light
~muld be seen over a wide area and up to
“eet as indicated by the scalloped outline.
r clouds, both detached and attached to
=1, still were rotating around it.

seech 34 (at 16474 ost), the tornado had
¢ considerably although only 0.1 minute
sms==d since the last sketch. The funnel had
= along most of the visible portion and
soeomt 550 feet the trunk had become verti-
~w=all in the last sketch all of the tornado
~ = feet had a slant of 20° from the ver-
- =ow only the part below 550 feet was
w2l possibly the portion nearest the ground
s vertical. In other words, the process of
iz “= funnel vertical had progressed down-
The trunk was 90 feet wide at the 550-
o=l became 550 feet wide at the 1,550-foot
~ ol at the 2,250-foot level widened to 2,250
wer two-fifths of a mile in diameter).

Nearly 3,700 feet of the vertical extent of the tor-
nado cloud system could be seen in the picture.
This was made possible by the disappearance of
some of the peripheral cloud tags on the side
nearest the camera. However, many peripheral
clouds were visible as shown in the sketch. The
heavy dust cloud was 300 feet wide near the
ground and along with the light portion extended
to at least 550 feet in height. Although it was
vertical at the ground, the dust cloud bent to the
west with elevation along with the trunk. Note
that due to a thinning of the dust in the vicinity
of the trunk, the trunk was visible downward into
the dust cloud. Those portions of lower optical
density are indicated by the letter “L”. Compare
the size of the heavy dust cloud with the city
block scaled in this sketch.

The orientation of the smoke plume from the
stack indicated that it had continued to rotate in
a counterclockwise direction after sketch 32,
bringing it more nearly parallel to the ambient
wind.

Sketch 35

Sketch 35 was viewed nearly toward the south-
southwest (toward 210°) and was 0.2 minute
after sketch 34. It showed an increased bend in
the lower portion of the trunk below 1,000 feet
apparently due to the change in direction of view.
For example, if the tip were lagging toward the
south more than to the east, then a shift of view
from south to south-southwest would show the
north-south component of bend to better advan-
tage. The angle of tilt amounted to 40° from the
vertical at the 450-foot level. Little change had
occurred near the ground, but at 1,000 feet the
width had increased from 180 feet in diameter
to 220 feet and the funnel was 1,250 feet wide at
the 1,900-foot level. This cameraman was much
farther away from the tornado and so took in
more of it hence this photograph showed the
funnel cloud system reaching upward at least
4,100 feet. At the 2,900-foot level the tornado
cloud system was 3,500 feet across in a northwest-
southeast direction. Considerable amounts of
peripheral cloud continued to rotate around the
funnel above 1,000 feet in elevation. The dust
cloud was rather dense below 450 feet and the
lighter portion extended to 1,000 feet in height,
and at the widest was 700 feet across. The non-
homogeneous character of the dust cloud indi-
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-ated the existence of turbulent eddies there. It
s to be remembered that these dust clouds, as
mentioned before, are the most changeable thing
about the tornado. The movies showed short
periods when no dust cloud existed, then suddenly
dust (or debris of whatever the composition)
suddenly swirled up and around the trunk attain-
ng considerable heights rather quickly.

Sketch 36

Sketch 36 (1648.2 cst) shows an apparent de-
crease of tilt most likely due to the shift of view
more directly to the south; the amount at this
rime was 18° from the vertical. The smooth-
rrunk phase continued and the trunk remained on
the ground. The width was a little smaller near
the ground, a decrease to 90 feet in diameter, but
was widening farther up. For example, at the
1.000-foot level the trunk became 330 feet wide,
an increase of 110 feet over that in the last
sketch. The smooth-trunk profile of the last
sketch had become disrupted above 1,200 feet.
Above 2,000 feet the tornado averaged 2,000 feet
in width but the sides in that upper region were
ragged. The dust cloud was moderately heavy
and the dense portion was 650 feet in diameter.
Its total height was 1,000 feet. Here, as before,
the dust was thinner nearest the trunk, which
allowed one to see the trunk almost to the ground.
The smokestack plume appeared to have
~hanged its direction even more in the counter-
“lockwise sense as shown by the manner in which
it streamed oftf to the right; that is, a direction
divergent from a line between the tornado and
the cameraman. Although not readily apparent,
the tornado had developed a tilt toward the east
the left) above the 1,000-foot level. The time
of this sketch was 0.6 minute after the preceding
one.
Photos Nos. 20 and 21 in the section by Beebe
are located between sketches 35 and 36 on the
map. However, photo No. 21 resembles sketch 37
and photo No. 20 strongly resembles sketch 34.

Sketch 37

Although a tornado is continually in a state of
change, there appear to be configurations during
which dimensional changes proceed at a slower
rate than usual. One of these configurations is
the elephant-trunk stage, and both the Dallas and
second Scottsbluff tornadoes [5] changed shape

The

The dashed curve in sketch 37 points out the edge of the cloud shelf

Non-cross-hatched areas near the baseline represent more distant ridge.

gan to retreat.

Sketches 35-39.—Cross-hatched area indicates nearer obstructions.

elephant-trunk stage proceeded to maturity in sketch 37, then the tornado be

from which the tornado extended downward.

Ficure 2.

546389 0—60——6

slowly during this stage. In the Dallas tornado,
the smoothly tapered, although curved, trunk was
fully developed by sketch 33, and still existed by
the time of sketch 37, 2.7 minutes later. The
reader will recall some of the large changes that
occurred in short time periods between earlier
sketches, such as between sketches 12 and 13, or
between sketches 5 and 6, when other than the
elephant-trunk shape existed.

Between sketches 36 and 37, a matter of 1.8
minutes, the trunk was widening near the ground
(diameter increased from 90 to 120 feet), but was
narrowing higher up and decreased by 100 feet
in diameter both at the 1,000- and 1,300-foot ele-
vations. An increased bend was observed in the
trunk. The trunk profile would indicate that the
portion near the 700-foot level was farther to the
north and west than any part above or below that
level. The trunk continued to be generally smooth
although close examination of the photograph
shows some small irregularities in the surface.
One of the surprising things about this stage is
that despite the powerful appearance of the fun-
nel, relatively little debris was being stirred up
compared to earlier stages when the tip was sus-
pended several hundred feet above the ground
and yet much flying dust and debris chunks were
seen. This is not to be taken to indicate that less
damage was being done. A small eruption of dust
on the right-hand side (the west side) 160 feet
high was all that was visible. This effect was
noticed in some stages of one of the Scottsbluff
tornadoes [5] and no logical explanation comes
to mind. The degree of exposure of the print was
not a factor here in revealing a lack of dust. For
this stage the cameraman was so close (0.80 mile)
that only 1,800 feet of the funnel were recorded.
Sketch 37 represents the maximum development
of the elephant-trunk stage.

Sketch 38

By the time of sketch 38, the tornado was be-
ginning to shrink in the lower part and widen
above about 900 feet. The trunk diameter was
only 80 feet at the 450-foot level, 600 feet at 1,350
feet in height (an increase of over 200 feet), and
2,000 feet at 2,300 feet elevation. The cameraman
was so far away (8.5 miles) in this instance that
the view of the upper portion of the tornado was
hidden by intervening lower-level clouds. This is
characteristic of many tornado pictures taken
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from a distance of more than a few miles. The
funnel increased its component of tilt toward the
north (this view is to the west-southwest). Due
to the distance no dust cloud showed in the pho-
tograph. However, in order to show the tip
detail at approximately this time, the inset sketch
is provided. The photograph from which it was
extracted was taken nine times closer than that
of the main sketch. This view was toward the
southwest so that the funnel tilt shown in the
main sketch would have a tendency to disappear.
The photographs were not exactly simultaneous
so some tilt and width change could easily have
taken place. Although the dust cloud contact
area was very narrow (25 feet diameter) much
debris was being carried up from the ground.
The debris cloud below 230 feet was quite dense
and was 280 feet wide at its top. Lighter debris
was carried up at least to 800 feet. The tornado
trunk tip was only 15 feet in diameter, but wid-
ened to 90 feet at the 800-foot level and was al-
ready lifted from the ground. The dust cloud
showed the overhang feature as well as the lack
of debris in the center near the core of the trunk.
With the tip greatly narrowed and lifting, more
debris and dust were being lifted than in the
stage of sketch 37.

Sketch 39

By the time (1651.7 cst) of sketch 39, 0.6 min-
ute later, the tornado showed considerable change
in shape. The tip was 450 feet off the ground,
and the trunk tapered narrowly from there to the
870-foot level where it was only 90 feet across.
It widened somewhat stepwise to 300 feet in
diameter at the 1,300-foot level ; another step-type
increase widened it to 650 feet at the 1700-foot
elevation. Between 1,800 and 3,200 feet elevation
the tornado was 1,500 feet wide. The total height
of the tornado cloud revealed in this photograph
was 4,000 feet. The tilt angle of the tip was 28°
to the north-northwest (the direction of view was
nearly toward west-southwest). The height of
the tornado cloud complex was virtually the same
as that in sketch 35, and the sketches between
were made from photographs taken either too
close or too far from the tornado to include this
height in the view. By this stage of the tornado
evolution, it is believed that the cloud base imme-
diately around this tornado was elevated above
the general cloud base, which allowed the camera
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to include this large vertical extent. Recall that
in sketch 38, 0.6 minute earlier, the distant cam-
eraman (8.5 miles away) showed only 2,300 feet
of tornado from the ground to the general cloud
base; it is believed that the portion above that
level in sketch 38, but shown in sketch 89, was
hidden by the general cloud base. The photograph
for sketch 39 was taken from 1.75 miles. The
dense dust cloud was 70 feet wide in surface con-
tact and extended to a height of 600 feet on the
left (south) side, and was 350 feet wide. The
less dense portion extended on upward to a height
of 1,300 feet and was 1,000 feet in width at its
widest. Large and small chunks of debris were
flying in and around the lower, dense dust cloud
and some were as large as 20 feet across.

The shape of the tornado at this stage seemed
to be an unusual one. The lower 1,700 feet of
smooth funnel, resembling a surface of revolu-
tion, did not fair smoothly into a general cloud
base, but ended abruptly at a portion of the tor-
nado cloud complex which was approximately
four times wider than the 400-foot width of the
funnel at the elevation of the arrow. This upper
2,300 feet nearly resembled a cylinder with
ragged edges. The writer has not seen this fea-
ture in any other tornado photographs.

The elevation of the cloud base around the tor-
nado observed in some of the Dallas tornado pho-
tographs, and mentioned in the second prior para-
graph, may be a feature of tornadoes in general.
This has been noticed in several series of tornado
pictures, including the Scottsbluff series [56] and
was observed to occur in about the mid-third of
the tornado life cycle.

Photo No. 23 in the section by Beebe was lo-
cated almost at the position of sketch 39; the
thinly tapered tip in sketch 39 would seem to
resemble the closeup shown in photo No. 23.

Sketeh 40

The direction of the tornado from the camera-
man in sketch 40 was a little northward of west-
southwest. The trunk retained the tilt to the
north but the angle changed from 28° to 19°
from the vertical. The profile of the trunk be-
came smoother and the trunk surface less rough
than in the last sketch. The tip had descended
to 220 feet from the ground. Observe that the
smooth portion of the trunk terminated at 1,700
feet, which was the same level as in sketch 39.
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That portion of the tornado above 1,700 feet was
no longer cylindrical in appearance as it was in
sketch 39. Instead, large indentations appeared
in the upper portion at 2,700 feet on the north
side (right-hand side) and at 3,000 feet on the
south side (left hand). The shape of the cloud
tips at the edge of this portion was curled, sug-
gesting the presence of shear eddies. The width
at 2,700 feet elevation was about 1,350 feet com-
pared to 1,500 feet in the earlier sketch. The tip
was very slenderly tapered and the trunk widened
to 110 feet at the 950-foot elevation, and then to
370 feet at the 1,700-foot level. There may have
been more tornado cloud above 4,200 feet but the
photograph ended at that level. The dust cloud
was relatively small and of low density. Its sur-
face contact area was 120 feet across (an increase
of 50 feet over the last sketch) and it widened to
550 feet across at the widest and could be detected
to an elevation of 650 feet. Considerable over-
hang was shown and a shear eddy appeared on
the south side (the left-hand side). Many small
chunks of debris were visible up to about 350 feet
above the ground.

Sketch 41

The narrowing of the lower portion that had
been taking place in this tornado since the time
of sketch 37, 2.4 minutes before, had ceased by
the time of sketch 41. The tip, which was still
very slender and pointed, was only a little higher
off the ground than before; its tilt angle was 28°
from the vertical, an increase of 9° over the last
sketch. The trunk was only half as wide at a
height of 950 feet as it was in the last sketch,
having decreased from 110 feet to 50 feet. At the
1,550-foot level, it was only 110 feet in diameter
and at elevation 2,000 feet it was 530 feet wide.
The vertical extent of the smooth trunk had in-
creased from 1,700 feet in the last sketch to 2,000
feet. The indentations into the upper portion,
mentioned earlier, continued to invade that part
of the tornado and effectively reduce its diameter.
The minimum diameter in the upper portion was
now only 850 feet, whereas in sketch 39, only 0.7
minute earlier, it had been 1,500 feet wide. At
least 4,250 feet of the tornado were visible in this
photograph, which was just about the same as
in the last sketch. The dust cloud was consid-
erably more dense than in the last drawing, but
with 630 feet to its top it had not increased in

height. It had only a 70-foot-wide surface con-
tact area, but widened rapidly to 470 feet. It was
nonhomogeneous and showed evidence of turbu-
lent eddies. The portion of the tube below 1,000
feet tilted 28° from the vertical toward the north;
from other pictures taken near this time and from
another point of view, it was determined that the
tornado was also leaning with a component
toward the photographer.

Until about this stage the tip of the tornado as
well as its ground-based dust cloud lagged to the
south of the upper part of the tornado. Now the
tip and top began to have an east-west separation
as well that continued to increase until the time
that the tornado core began to shrink along its
length. The effect was to have the tornado mov-
ing in a direction at about 45° from its long
dimension.

Sketch 42

The tip of the trunk lifted in sketch 42 (at
1652.6 csT) to 700 feet above the ground (from
270 feet) so that only 1,200 feet of smooth trunk
existed at this time. Three hundred feet above
the tip the trunk width was 50 feet, and at the
1,100-foot level above the ground it had widened
to 140 feet. At the top of the smooth portion the
diameter had decreased somewhat, the smooth
bulge of the prior sketch disappearing. The por-
tion of the tornado above 1,900 feet had suffered
further inroads on its diameter. At the 2,900-
foot level, there was a diameter of only 680 feet,
whereas in the previous sketch the diameter was
850 feet in that region. The total effect was a
widening below 1,600 feet and a narrowing above
that level. Although the indentations in the up-
per portion were cutting into the tornado cloud
there, what was left at the upper level began to
resemble an extrapolation of the lower smooth
portion based on a constant increase of width
with height. The disk-shaped cloudform between
1,900 and 2,700 feet was 2,100 feet across and in
one form or another had existed since sketch 40,
a lapse of 0.5 minute. The left and right edges
of the disk-shaped cloudform had downward-
turning cloud tags which suggested shear in those
regions, with relatively stronger upward airflow
at smaller radii than the cloud tags. Other curled
cloud tags suggested turbulent eddies. The cloud
ceiling near the tornado appeared to remain near
4,000 feet. The funnel was considered to have
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Ficure 2.—Sketches 40-44 —The tornado thinned and retracted through sketch 42, then revived and returned to the ground between sketches 43 and 44.

It

A square city block, drawn to scale, has been inserted

Note the cumuliform clouds in the background.

had become considerably taller than when it started.
in sketch 44 for comparison with the tornado.

hiad a component of tilt toward the cameraman
at this time. The dust cloud was larger, with the
lense portion being 700 feet high and the less
fense part extending up to 1,000 feet above the
zround. Large eddies were indicated in the upper
part, especially to the left (to the south of the
tip), and overhang was evident as usual. The
surface contact area remained at 70 feet in diam-
eter, and many large chunks of debris were seen
o the left of the dust cloud up to about 250 feet.

This stage marks the end of the temporary
shrinkage of the funnel that had been in progress
since the middle of the large elephant-trunk stage
of sketch 37.

skhetch 43

The direction to the tip of the tornado in
sketch 43 was directly west. Whereas the tip was
700 feet above the ground in the last sketch, it
had presumably returned to the ground here and
“he smooth section of the trunk had risen to at
lzast 2,350 feet above the ground. This sketch
‘ndicates the beginning of the enlargement of the
-ornado that continued for the next few sketches.
The trunk above 1,200 feet was straight, although
= had a component of slant toward the north of
25° from the vertical. Below that the thin tube
assumed a shallow “S”-shape. Another photo-
zraph taken at very nearly the same time, but
looking toward the north at the funnel, showed
‘hat the tube above about 500 feet had a com-
ponent of tilt toward the east also. The tube was
only 30 feet across at the 850-foot level, and was
smaller than that at lower levels. Above that it
widened to 200 feet at the 1,750-foot elevation,
and to 390 feet at the 2,350-foot level. Small
‘hunks of debris were seen nearly 1,500 feet high
along the trunk. Not much detail was visible
in the print above 2,350 feet, but the disk-shaped
-loud seen in sketch 42 was either gone or the
point of view made it unidentifiable. Some of it
might have been to the left of the trunk above
the 2,350-foot level. The dust cloud tilted over
with the thin lower tube and extended to 1,050
feet in height; it was 530 feet in diameter at the
rreetops. It was nonhomogeneous in texture and
indicated shear eddies along its edges as had been
the case with the other photographs where the
Tust cloud was shown. Just why the dust cloud

1id not extend all the way up the funnel might
Lave been a function of the vertical wind veloci-

ties found in that region. The other photograph
showing the funnel tip from the south and at
nearly the same time revealed large chunks of
dwelling up to 200 feet above the ground.

Sketch 44

The time of sketch 44 (1653.6 cst) was 0.8
minute after the last sketch, and the direction of
view was shifted to one toward the north. This
view indicated how far the top of the funmel
extended to the east of the tip, a distance of 900
feet. The tilt toward the east was 25° from the
vertical. The trunk rose from a 50-foot-wide
vertical tip into a gradually widening and slant-
ing portion that became 240 feet in diameter at
an elevation of 2,300 feet. The vertical extent of
the tornado cloud complex amounted to 4,000 feet.
It widened rapidly above 2,300 feet into the upper
associated cloud system which was 3,000 feet
across in a west-east direction. The dust cloud
was dense to a height of 280 feet and had a sur-
face area 200 feet across. The less dense portion
was about 1,000 feet wide and extended upward
to the 1,775-foot level. Overhang and evidence
of turbulent eddies continued to characterize the
dust cloud.

Photo No. 24 in the section by Beebe was lo-
cated about halfway between sketches 43 and 44,
along the tornade path. The portion of the tor-
nado in the photo clearly resembles the lowest
part of sketch 44.

Sketch 45

The direction to the tip of the tornado in sketch
45 was nearly northwest. By examining other
photographs, it was found that the funnel was
tilted in a direction nearly parallel to the plane
of the picture, but with the upper part a little
closer to the photographer, so that the direction
of tilt was actually toward the northeast. There-
fore, at this time the tornado was traveling in a
direction about 45° to the left of its direction of
tilt. The angle of tilt above 600 feet was 35°
from the vertical. This allowed the tip to lag
1,800 feet southwest of the position where the
tornado trunk joined the associated cloud at about
a height of 3,000 feet. The trunk was 40 feet
wide at the height of 370 feet, widened to 250
feet at an elevation of 1,400 feet, then to 700 feet
in width at the 2,400-foot level, an increase of
nearly 450 feet at that level. The trunk had a
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, and began its final retreat into the parent cloud.

Note the stratus clouds low in the background.

it became very slender and long.

F1cure 2.—Sketches 45-49.—The tornado ended its temporarily revitalized stage in sketch 45

rather even taper but showed some degree of
roughness. The cloud ceiling was over 4,300 feet
sbove the ground. Note that the tip was vertical
helow about 200 feet in elevation. The dust cloud
was 600 feet wide and 850 feet high and was mod-
crately dense. Note the odd-shaped extension to
the left from the top of the dust cloud. One and
sne-tenth minutes elapsed since the last sketch.

Of the still pictures collected of this tornado,
*his one represents the greatest extent of the tem-
porary enlargement of the tornado just before it
started its shrinkage to extinction.

Nketch 46
In sketch 46, 0.6 minute later (at 1655.3 cst),
the direction to the tip shifted toward west-
northwest, so that the 85° tilt in the prior draw-
ing was apparently decreased to 25° here. The
upper part of the trunk was leaning a little more
toward the cameraman than in sketch 45. The
tip had lifted to 470 feet and was rather stubby.
The trunk was 140 feet wide at the 850-foot level
ittle change from No. 45), widened to 400 feet
in diameter at the 1,750-foot level, and on to 700
feet at an elevation of 2,650 feet. Below the
1.750-foot level the trunk and tip along with the
dust cloud described a shallow “S”-curve. The
trunk was becoming rather rough on its surface
above 1,000 feet. Peripheral cloud tags still were
rotating around the upper part of the trunk, but
they were not as prominent as they were before
sketch 35. The low-level dust cloud was 470 feet
high, had a width of only 80 feet near the hori-
zon, then widened to 380 feet in diameter, main-
taining a large degree of overhang. Light dust
extended up to 1,750 feet as shown by the scal-
loped outline. It was 1,200 feet across and it
leaned with the trunk. A large eddy showed on
its upper right extremity. The tilt of the dust
cloud indicated that the entire vortex tilted and

not just the core alone.

Sketch 47

One and four-tenths minutes later, sketch 47
showed the tornado trunk at an increased angle
of tilt, here amounting to 45° from the vertical.
The direction of view to the tip was 325° or just
about northwest. The direction toward which the
tornado was leaning was estimated to be a little
east of northeast. The tip was off the ground,
but shortly before this a color slide showed the

trunk extending below the tops of a row of trees,
and most likely touching the ground; however,
the color-slide photographer was closer to the tip
and the lighting was more favorable at his loca-
tion. Nevertheless, the photograph for sketch 47
showed the tip as having been nearly 800 feet off
the ground. The trunk was 65 feet in diameter
at the 1,150-foot level (note the bend there),
widened to 200 feet at 1,950 feet elevation, and
at 3,000 feet it was 650 feet across. The tip lay
2,200 feet southwest of the center of the funnel
at the 3,000-foot level. The funnel by now was
shrinking again and its surface was yet rather
rough. There was a hint that above the 3,000-
foot level the trunk had started to return to the
vertical attitude. Some small peripheral cloud
tags were seen in the photo around the upper
portion of the trunk. The dust cloud, if it did
exist, was not visible in this exposure. The tip
was over Bachman’s Lake at this stage.

Sketch 48

Sketch 48 (at 1657.3 cst) showed a consider-
able change in the tornado cloud system since the
last sketch. At this stage the straight portion
of the trunk lay at an angle of 50° from the verti-
cal and the direction from the tip to the top was
toward a bearing of about 25°. The direction of
view was toward 280° and the top of the tornado
was leaning toward the cameraman as well as to
the right in the plane of the picture. The tube
was smooth except in the wider portion a little
above and below the 2,000-foot level, where the
surface was quite ragged. There was some sug-
gestion that this ragged portion had started at a
lower level and had traveled upward along the
tube. The dark cloud accompanying the top of
the tornado which early in the tornado lifetime
was rather extensive, had become smaller and
appeared less dark in the picture from which this
sketch was taken. The tip was 700 feet above the
ground at this time. The trunk widened to 50

feet at the 1,330-foot level, was 200 feet in diam-

eter in the rough region at 2,000 feet above the
ground, then decreased to 120 feet between there
and the collar-shaped cloud. The collar-shaped
cloud was 1,000 feet across. The tip lay nearly

2,500 feet horizontally from a point under the

top. The trunk had a shallow “S” curve from

top to tip. According to computations the tip
was just a short distance north of the north shore
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of Bachman’s Lake. Another photo, taken just
as the tip reached the south shore of the lake,
showed the tip apparently reaching the ground,
and it was nearly vertical in the first few hundred
feet above the ground. Six-tenths minute elapsed
after the last sketch. If any dust or debris cloud
existed it was not visible in the photograph.

As indicated in the discussion of the last sketch
the upper portion of the tornado was returning
toward a vertical alignment.

Sketch 49

In sketch 49, the trunk thinning process con-
tinued and, in addition, the horizontal projection
of the trunk on the ground had increased from
2,500 feet to 2,900 feet in length. The tip was
still 700 feet from the ground, the nearly hori-
zontal portion was 1,300 to 1,500 feet in elevation,
and the top was nearly 3,100 feet high. Only the
portion above 2,200 feet exhibited a rough sur-
face. Note that the collar-shaped cloud that was
around the top in the last sketch no longer
existed. The dark cloud accompanying the top
of the tornado had again decreased in size. The
tip section lay at an angle of 60° from the vertical
and the portion above the 2,000-foot level had an
angle of 22° from the vertical. The horizontal
part was 1,000 feet long. At this stage a color
slide showed that the portion in the vicinity of
the 1,900-foot level had the hollow structure often
associated with waterspouts [7]. This tornado
tip, as mentioned before, had just crossed a small
lake a short time before, but it had crossed the
short dimension (amounting to 0.3 mile) and so
had spent little time over the water. Witnesses
claimed that the tip disturbed the water consid-
erably [3], but it is unwise to state that this short
time over the lake could have imparted water-
spout characteristics to the tornado. The tube
was very narrow here, being only 85 feet across
in the center of the horizontal portion and in-
creasing to 45 feet farther up the tube near the
upper bend. At the 2,500-foot level it was 180
feet wide and at 8,000 feet it had a diameter of
440 feet, just the size of a city block (Y%2 mile).
The stability of this vortex seemed remarkable in
that it existed with such a narrow taper with such
length, which at this stage amounted to 4,000 feet
in the plane of the picture.

Near this same time other photographs taken
from south of the tornado (looking north)
showed that the bent funnel did not lie in a single
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vertical plane. For example, the part of the fun-
nel above about 1,800 feet was leaning toward the
cameraman for sketch 49, and the other part
below that elevation appeared as a nonsymmetri-
cal corkscrew lying in the plane of the picture for
sketch 49. Evidently other tornado pictures show-
ing the kinked or curled-up form are those look-
ing parallel to the nearly horizontal, yet bent
tube; a photograph at right angles to that would
straighten out many of the kinks (as was the case
for the stage of sketch 49).

Another interesting observation concerns the
parent cloud from which the tornado depended.
As the tornado moved northward through the
city the extent and the blackness of the parent
cloud decreased. Several photographs having
both the main tornado and the funnel cloud to
the east of it in view (the one that eventually
dipped to the ground a few times in the north-
central part of Dallas) showed that the darkest
cloud area eventually became associated with the
funnel cloud and that the immediate cloud area
associated with the dissipating tornado became
lighter with time. Tt undoubtedly is true that
the darkness beneath a cloud system is a function,
among other things, of both the vertical extent
and the liquid water density of the cloud system
(for example, the blackness beneath the thunder-
storm that everyone is familiar with, contrasted
to the gray shades beneath the ordinary swelling
cumulus). In the Dallas case it would seem that
as the funnel cloud to the east (of the tornado)
developed, so did the cloud system above it.
Moreover, as the tornado dissipated, the funnel
cloud increased its activity, and after passing
north of the city made contact with the ground.
It was followed by an aircraft and its activity
was documented by a photographer aboard the
plane.  Perhaps another nearby cumulonimbus
cell developed or increased its activity while the
main tornado was active, thereby creating the
funnel cloud that became a tornado. However,
the funnel cloud was first photographed no later
than the halfway point of the main tornado path.

Sketch 50

One and three-tenths minutes after the last
sketch the funmel had retracted to the thin,
slightly curved core as in sketch 50. In reaching
this stage from that of sketch 49, the tip short-
ened from the low end upward along the tube as
shown by other photographs (other tornadoes
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Ficure 2.—Sketches 50—-51.—The final stages before extinction of this tornado are shown.

have been known to break in the middle [5]).
However, in sketch 50, the core was 880 feet long
and was attached to a 600-foot-long and 450-foot-
wide “hub”. Above this the associated cloud was
1,900 feet in width at an elevation of 4,550 feet.
The tip in this instance was 2,100 feet off the
ground. The thin core was about 100 feet in
diameter near the level where it joined the asso-
ciated cloud. Presumably by this time there were
negligible effects at the ground. A comparison,
level for level, with sketch 49, shows that the
entire tornado cloud system lifted. For example,
the “hub” above 2,900 feet in No. 50 was almost
at the same elevation as the broad, upper cloud
structure in No. 49.

The direction of view was only a little north
of west for this sketch.

Sketch 51

Sketch 51 (1700.2 cst) shows a 360-foot vestige
of the tornado (at the arrow) depending from a
small black cloud area whose width had shrunk
to 1,200 feet. This portion seemed to be on the
north edge of a larger dark cloud area extending
from the tornado almost to the cameraman. This
dark cloud area most likely was associated with
the developing funnel cloud which had passed
over the photographer for sketch 51, 11 minutes
earlier. The width of the core remnant was about
50 feet near its associated cloud. There were
some vertically alined and ragged cloud ends ex-
tending from the associated cloud or parent cloud
which indicate the continuation of activity there
similar to that which accompanied the tornado at
earlier stages. This stage occurred 1.3 minutes
after the prior photograph, and was one of the
last taken of this tornado. Possibly the small
black cloud associated with the tornado was ob-
servable for some minutes after this stage, but
photographers would have had no interest in it,
especially since a large funnel was at this time
moving northward through the north part of the
city and was sending a visible vortex to the
ground at frequent intervals. Photographic in-
terests were turned to this new funnel.

One of the more interesting features of this
tornado was the alignment of ‘the funnel after
1652 cst starting near mile 12 (sketch 41). Al-
though the system was traveling in a direction a
little west of north, the paths of the tip and the
top did not coincide after 1652. On the map of
figure 1 are shown the diverging paths with the
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tip moving farther to the west of the top or the
location where the funnel faired into its parent
cloud. Also shown are the horizontal projections
of the funnel at the times of the sketches used in
the historical sequence after 1652 cst. The effect
was that of the funnel traveling sideways, that is,
in a direction roughly at 45° from the direction
of its longitudinal axis.

The photographs showed that a funnel cloud
developed to the east of this tornado and was mov-
ing along with it. The photographs also revealed

that the darkest cloud area eventually became
associated with the developing funnel rather than
with the active tornado. Therefore, it may be
that cold air outflow from the more active cumu-
lonimbus associated with the funnel cloud had a
component to the west at low levels that pushed
the tip of the tornado more and more toward the
west. Photo No. 28 in the section by Beebe shows
the tornado (on the left) and the tornadic bulge
(on the right) at the time of sketch 49. The two
systems were about 2.2 miles apart at the time.

3. THE SECOND TORNADO AT DALLAS

While the tornado that has just been described
was moving northward along the west side of
Dallas, a cloud bulge developed downward from
the general cloud base. It was a mile east-north-
east of the tornado when first photographed. The
cloud bulge moved northward along with the tor-
nado and at nearly the same speed (between 26
and 27 miles per hour). Its path (see fig. 1) was
such that the east-west separation between it and
the tornado increased with time so that at the
time of the demise of the tornado (1701 cst) the
two systems were 21/ miles apart. Relatively few
pictures were taken of the cloud bulge, and those
taken early in its development were incidentally
included in photographs taken of the tornado
then in progress. However, later in its lifetime
the cloud bulge enlarged and assumed a “threat-
ening,” tornadolike appearance [3, p. 131], and a
few cameramen took notice of the bulge to the
extent of taking many pictures of it. Eventually,
small vortices from this tornado system momen-
tarily contacted the ground at some points in
north Dallas and several of these events were
documented on still and movie film, and light
debris was visible moving upward along the vor-
tex core. The tornadic cloud system moved on
north of Dallas, became a tornado, and made con-
tact with the ground, generally in open farm
country, but it damaged at least one farm dwell-
ing. It was followed, north of Dallas, by an air-
plane having a professional photographer as a
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passenger, and about 40 photographs were taken
of the tornado from the plane.

Sketch 52

The bulge that became the tornadic cloud men-
tioned above was first photographed in a movie
film at 1644 cst, opposite mile 8.8 of the tornado
path. The bulge was estimated to extend down-
ward only a few hundred feet below the cloud base
and was somewhat smaller than the bulge that
was associated with the tornado then in progress.
By 1646.1 cst, 2 minutes later, (fig. 3, sketch 52)
the bulge was 1,700 feet wide (across the south-
west-northeast dimension) and had below it a
500-foot long, vertically alined, ragged cloud ap-
pendage of rather narrow width. The appear-
ance of the appendage contrasted with the smooth
surface of the bulge from which it extended. The
tip was 1,500 feet from the ground and the verti-
cal extent was 800 feet below the general cloud
base which was at 2,400 feet at that time. Other
photos showed that this bulge was almost entirely
retracted by 1647.0 cst, 1 minute after sketch 52.

Sketch 53

By 1651.0 cst, a lapse of 5 minutes, sketch 53
showed that the bulge had widened to 2,000 feet
across in the north-south direction. However, its
lowest element at this time extended only 400 feet
downward from the cloud base, just half that in
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sketch 52; it was 2,000 feet from the ground and
the ceiling was still at 2400 feet. The direction
of view for this stage had shifted toward a little
south of west. The active tornado was 1.6 miles
west and 0.7 mile south of the bulge at this time
and its position relative to the direction of view
is shown by the dashed outline,

Sketch 54

Sketch 54, 4.5 minutes later (therefore, at
1655.6 csT) showed a tremendous dimensional de-
velopment of the bulge. The shape resembled
that often associated with the upper portion of
tornadoes, and indeed the active tornado assumed
this shape at the time of sketch 20, figure 2. The
top had widened to 2,300 feet in a north-south
direction, and the vertical extent of the system
became 1,400 feet, an increase of 1,000 feet in the
4.5 minutes. The lowest element was only 700
feet from the ground. The direction of move-
ment was to the right in this sketch. Observe
that the slope (from the vertical) of the tornadic
cloud system toward the direction of movement
was much shallower than that on the side away
from the direction of movement, an arrangement
exactly the same as that with the tornado in about
the first half of its existence. The relative posi-
tion of the active tornado, which was at location
mile 13.3 is shown in dashed outline to the left
of the bulge. The camera was pointed toward
the west at the time of the photo.

Sketch 55

At 1659.0 cst, 8.5 minutes later, sketch 55
showed the funnel cloud yet larger in width and
the shift of view was to the west-southwest.
Whether or not the system was circular in shape
in the upper portion near the cloud base is not
known. This stage had two major lobes extend-
ing earthward. The one to the left (south) ex-
tended to 800 feet from the ground and was 700
feet across at the 1,400-foot level. The other was
900 feet above the ground and was somewhat sim-
ilar in shape. The lobed portions in the photo
had ragged edges. Other photographs taken of
this by now incipient tornado, after it had moved
immediately to the north of the location of sketch
55, showed a sequence where one of the two ap-
pendages (or lobes) had a smooth tapered tip
(the remainder of the appendage above the tip
had ragged edges) that occasionally sent a twisted
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thin filament toward the ground, then retracted
to a smooth tip again. Movies of the dipping se-
quence showed that the filament dipped and re-
tracted in a matter of a few seconds.

Sketch 56

The view for sketch 56 changed to the west-
northwest and was 2 minutes after the last sketch,
bringing the time to 1701.0 cst. By this time the
tornado described in the earlier section had re-
tracted into its cloud base. Here the tornadic
cloud retained the double-lobed configuration that
it had in the last sketch. All of the visible edges
were ragged; the long, narrow strip of cloud to
the left appeared to be no more than a cloud tag.
The overall width had decreased to 2,400 feet in
a north-northeast—south-southwest direction, the
lowest element was 850 feet from the ground, and
the ceiling remained at 2,200 feet. The left ap-
pendage was 650 feet across its narrowest dimen-
sion.

Sketch &7

Sketch 57 was 2.5 minutes later, bringing the
time to 1703.6 ost, and the view was toward the
west-northwest as it was with the last sketch.
The tornadic cloud was 2,600 feet across (in
the north-northeast—south-southwest dimension )
near the bottom and was 1,100 feet from the ground
at the lowest point. Much of the system was
ragged and torn-appearing. As was the case with
the major tornado already described, the general
cloud ceiling seemed to be raised in the vicinity
of the tornadic cloud system. The closeness of
the photographer for this sketch allowed a meas-
urement of a ceiling of 3,300 feet adjacent to this
system, yet the other photographs taken from
several miles distant indicated a general cloud
ceiling of around 2,200 feet to 2,400 feet. Pro-
jecting from the lower left (south) side of this
cloud system was a smoothly rounded, cone-
shaped form. This form had been found earlier
to locate the position of the vortex. It was sug-
gested that where cloud ends are ragged and torn
there is no high-speed circular motion. This
smooth cone had a tip 1,100 feet off the ground
and was 150 feet in diameter at 360 feet above
the tip. The distance of the photographer from
the tornadic cloud system was much less, in this
case, than in the last sketch.
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This tornadic cloud system continued to de-
velop into an active tornado some miles north of
the location of sketch 57, and was followed in an
airplane as mentioned earlier. However, most of
its path was over open farm country. One photo-
graph from the ground showed the tornado cloud
-omplex at a position about 4 miles north of its
position at the time of sketch 57. It showed a
broad, lowered, flat-bottomed cloud base with a
bulge below it, but no tornado trunk could be
seen. The airplane pilot reported that after the
rornado formed a few miles north of Dallas it
unroofed one farmhouse. One picture taken from
the airplane showed a trunk not touching the
ground, much like that in sketch 15, but contain-
ing water spray near the ground. The pilot stated
that he followed the tornado about 20 miles until
it dissipated.

One interesting point of similarity between this
developing tornadic cloud system and the cloud
system associated with the tornado is illustrated
by comparing sketches 20 and 54. In both cases
the funnel-shaped cloud was moving toward the
side that slanted most from the vertical (to the
right, here), the leading edge was more nearly
horizontal than the trailing edge, and moreover,

the horizontal dimensions at the cloud base were
nearly identical. As can be seen, both were 2,300
feet across, nearly 700 feet from the ground at
the lowest point, and in both cases the ceiling was
around 2,200 feet. Both had ragged edges and
cloud tags. Recall that at the time of sketch 20,
however, the tornado had been in existence for
14 minutes and the tornadic cloud of sketch 54
probably had just started sending a vortex
streamer to the ground. This geometrical simi-
larity may have been accidental, but the size and
shape similarity is a striking one. In both cases
pressure in the system was low enough to cause
condensation near 700 feet from the ground. But
evidently considerable difference existed between
the organization of airflow in the two cloud sys-
tems being compared.

Photo No. 25 in the section by Beebe shows
both the retracting tornado and the tornadic
cloud (the latter on the right) at approximately
1658 cst. A circular-appearing cloud shelf is
shown apparently surrounding the tornadic bulge.
A following section will discuss the cloud shelves
that surrounded both the active tornado and the
tornadic cloud.

4. SHAPE AND SIZE OF CLOUD STRUCTURE ACCOMPANYING THE TORNADO

The study of certain photographs of tornadoes
where the photographer was so situated as to
record details of the accompanying storm clouds
has suggested that some, if not all, tornado storm
cloud systems are roughly circular in horizontal
projection and that the cloud system immediately
associated with the tornado is of limited extent.
This idea was fostered by the observation that
almost regardless of the direction toward which
a tornado picture was taken, lighter shaded sky
was observed on the side opposite the tornado
from the photographer. In addition, clouds im-
mediately surrounding the tornado appeared to
be aligned in a circular pattern. The Dallas tor-
nado was no exception. A review of the many
pictures taken from many different directions
from the tornado indicated a limited extent to
the dark cloud surrounding the tornado and, in

addition, a few pictures strongly suggested a
nearly circular shape of the lower layers around
the tornado. The details of the cloud system to
the west of the Dallas tornado are generally lack-
ing since very few photographers were to the
west of the path at a sufficiently great distance
to record both associated cloud and funnel.

Making use of the principles of photogram-
metry and perspective, the shape and size of the
associated cloud system were determined and are
shown in plan view on the map of figure 4, at
three times, namely, at 1628.6, 1634.8, and 1650.9
CST.

Sketch 3 of the descriptive section (fig. 2)
showing the tornado at 1628.6 cst, was used to
determine some of the cloud structure at location-
mile 1.3 along the damage path and is repeated
here as figure 5. Xey letters on it and the map
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F1cure 4.—Location and horizontal distribution of cloud layers from which the tornado extended at three times in its
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history, 1628.6, 1634.8, and 1650.9 cst (bottom to top of figure). The extent of the associated cloud layers increased
with time. The line is dashed where the location of the perimeter was estimated. The shelf outline indicated in
sketch 32 was at the time when the tornado was at location-mile 9.5, while the shelf outlined in sketch 37 was at the
time when the tornado was at mile 10.8, both between the two upper portions of this sketch. That portion of the

shelf outlined in sketches 32 and 37 was from east through south to southwest of the tornado. Camera positions of
the photographs used in the cloud shelf synthesis are noted.
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= 4 allow one to locate equivalent points
= drawings. The position of the photog-
=. L is shown on the map (fig. 4) at 0.6
=1=7 of location-mile 3.5, along the tornado
The tornado was moving nearly toward
“smeraman at the time.

wrally the scheme appeared to be, from the
=aphs, one in which several stratus layers
wacked above and around that part of the
“o that was visible. In the paragraph that
= the cloud system will be described and
“uent points on the elevation sketch (fig. 5)
= horizontal sketeh (fig. 4) will be pointed
In dgure 4 dashed lines indicated esti-
¢ distribution of cloud perimeter.

Sgure 5, the point A represents the eastern
+% 2 shelf of stratus cloud layer (located on
wap by the same letter) which merges with
wrer above it. It was 0.7 mile from the
of the tornado. Point B is the edge of
«r shelf nearer to the center of the tornado,
= away from it, and which appeared not
=2 around the tornado. The line along A,
© H represents the edge of the first-men-
¢ sLelf east and north of the tornado. The

res Times

| FeTs

Ts posi

i —Elevation view of tornado cloud system when tornado was at location-mile 1.3 on its path. Key letters
wm=spond to identical positions on the lowest plan drawing of figure 4.
% "2= south. Location of photographer was at I in figure 4.

The direction to the tornado was nearly

line E’~G in the elevation sketch is assumed to
be the edge of the same shelf continued around
to the west of the tornado (see map) and A-L
is the shelf east and south of the tornado. The
sector E'-Li was hidden behind the tornado and
was estimated. The sector of the cloud shelf on
the map (fig. 4) between G and H was beyond
the right-hand edge of the picture. In the nar-
row sector D-A’ in figures 5 and 4, the more
distant edge of a higher cloud layer is shown; it
is presumed to be the next higher layer which was
based at 2,700 feet.> On that height assumption
the edge of the layer was computed to be at D-A’
on the map. A point 2,700 feet high at 25° eleva-
tion (the top of the picture) from the cameraman
and toward the tornado would be 1.1 mile from
him. (Recall the tornado was 2.3 miles distant.)
Since no light-shaded cloud appeared at the top
of the picture, that is, only 1.1 mile from the
cameraman, it was presumed that the upper layer
extended northeast and north of the cameraman
an undetermined distance (recall that the camera

5 A height obtained from the sketch used for the next later
cloud distribution discussed in this section.
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was at I). In the sector G-E’ the upper layer
was hidden by the edges of the lower layer so its
horizontal extent could not be determined there.

The overall picture is a somewhat oval-shaped
lower cloud layer 2.7 miles north-to-south and 1.4
miles in east-west extent and based at about 1,900
feet. Above this was another stratiform layer
based at about 2,700 feet, whose north-south ex-
tent was unknown, but which extended over the
lower layer by about 0.5 mile as shown by the
dashed line. The top of the tornado cone was
0.6 mile in diameter at this time.

About 6 minutes later, another nearly simul-
taneous group of photographs allowed a second
scaling of the distribution of these cloud layers
when the tornado was at location-mile 4.1. On
the map of figure 4, the cameraman from whose
picture many of the measurements were taken was
at position IT which is oft the right-hand edge of
the map. Another photograph, from position IV,
allowed a rough limitation of the westward extent
of the cloud layers and a photograph taken at V
gave the extent of the lower shelf to the south-
west of the tornado and a minimum extent to the
northeast of it. In addition, the height distribu-
tion of the cloud layers to the southwest and
northeast of the tornado to the extremes of the
photograph was determined from V. "The picture
from position IT (fig. 6) gave the northern extent
of the lower shelf and a minimum northward ex-
tent of the upper one. Again equivalent points
are located by key letters on both the plan (fig. 4)
and elevation sketches.

Here the width of the lower shelf cloud had
increased from 1.4 miles at location-mile 1.3 to a
maximum of 2.2 miles. The north-south extent
of the same shelf had increased from 2.7 miles
to 4.0 miles. The upper shelf was approximately
3.5 miles wide and exceeded 5 miles in length
(roughly north-south). Its northward extent was
indeterminate and it probably joined with the
parent thunderstorm system. The tornado no
longer was in the center of the oval-shaped cloud
system.

One of the interesting things shown by the
photograph from which the elevation view was
made, was the fact that the tornado depended
from a cloud whose top was at least 11,000 feet
above the surface and furthermore the southeast-
ern edge gave the appearance of being composed
of stacked stratus layers along N to Q in the
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elevation view. The stability indicated by the
stratiform construction seems out of place with
the notion that the tornado is a result of very
unstable atmospheric conditions. However, the
heavy shower (shown in some of the photo-
graphs), heavy wind gust, and hail moving
northward ahead of the tornado, indicated that
very active cumulonimbus clouds were nearby
north of the tornado, with perhaps 3 or 4 miles
spacing between the tornado and the edge of the
thunderstorm. The screening cloud that ob-
structed from view the cloud development to the
upper right in the elevation figure is shown along
T through U in both plan and elevation. It ap-
peared to be low-level stratus fractus. The top
of the cloud system over the tornado was indis-
tinct in the photographs and witnesses [3]
claimed it merged with a higher cloud layer.

The overall picture at this stage shows a greatly
enlarged cloud system accompanying the tornado
at lower levels. The lower cloud shelf was 4
miles north to south and 2.2 miles wide. The
upper layer was about 3.5 miles wide and again
was presumed to extend to the thunderstorm sys-
tem. At this stage the tornado was in the south-
ern third of the cloud system rather than in the
center as in the earlier position. The upper layer
extended beyond the lower layer by 0.6 mile, just
a little more than that for the earlier position.
The diameter of the tornado cone at its top had
shrunk to just over 0.25 mile.

A third scaling of the associated cloud system
was made 16 minutes later when the tornado was
at location-mile 11.3. The basic cloud distribu-
tion was made from a copy of sketch 38, redrawn
here as figure 7. The photographer was at posi-
tion VI so that the view was almost at right
angles to the direction of movement of the tor-
nado. The shading of the photograph from which
figure 7 was made strongly suggested the circular
cloud structure with stratus layers stacked one
above another. The shading in the sketch is made
to represent the suggestion of the photograph.
A photograph taken from position VII indicated
that the eastern extent of at least the upper shelf
was some distance to the west of VII and a pic-
ture taken at position VIII (in the business sec-
tion of Dallas) showed the upper shelf to be
northwest of that location some distance. A pic-
ture taken at position IX, south of the tornado,
allowed a determination of the horizontal projec-
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ion-mile 4.1 on its path. Key letters correspond to identical positions on the center
Location of photographer was at II on figure 4. Note the stacked layer effect on

Ficure 6.—Elevation view of tornado cloud system when tornado was at locat

plan drawing of figure 4. The direction to the tornado was southwest.

the left edge (southeast) of the cloud system.
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tion of the lower shelf profile from the north-
west, through north, to northeast of the tornado
when it was located at mile 9.1. This profile was
used for that same sector of the lower shelf when
the tornado was at location-mile 11.3. The photo-
graph from position VIIT (in the business sec-
tion) allowed a determination of the extent of
the lower shelf to the southwest of the tornado.
The resultant was a lower cloud shelf that was
2,300 to 2,800 feet from the ground and was about
4 miles across from north to south and about 3.5
miles from east to west. The tornado was not in
the center of the cloud system, but was located
more toward the western portion.

The location of the cloud bulge, 1.6 miles east-
northeast of the tornado is also shown for the
same time, 1650.9 cst. Point V on figure 7 was
located as the south-southeastern edge of the
lower cloud deck. The point along the underside
of the upper deck at X was determined by as-
suming constant altitude of this deck to the south-
western edge of the system and computing the
location of X on the horizontal projection. How-
ever, note that point X is at the location where
the upper layer starts to turn upward from its
horizontal undersurface. Likewise, points W and
Y are at the outer edge of the horizontal surface.
Consequently, a portion of the upper layer ex-
tends outward (away from the tornado) some
distance beyond X, W, and Y, indicated by the
dashed outline. Hence, the outline of the upper
layer extent is somewhat of an estimate. In
sketches 32 and 37 the dashed line outlines the
edge of the lower shelf cloud layer; the view was
to the south. In sketch 37 the tornado was only
0.5 mile south of the location in the top sketch of
figure 4.

At this time tornado potential was probably
building up in the vicinity of the tornadic cloud
bulge, since about 7 minutes after this stage it
began to send a small funnel cloud downward
which at times touched the ground. Simulta-
neously the active tornado was decreasing in in-
tensity. The building of the tornado potential
had the effect of making the cloud base around
the bulge lower than that at the active tornado.
As has been shown earlier, the cloud ceiling im-
mediately around the active tornado had been
rising with time. Certain pictures show both the
active tornado and the tornadic cloud in pano-

rama at very nearly the same time and the cloud
ceiling was considerably lower around the tor-
nadic bulge than around the shrinking tornado
(see fig. 17b).

As mentioned in the descriptive portion of this
paper, the most darkly shaded cloud base area
gradually transferred with time from around the
tornado to around the tornadic bulge. It might
be presumed that the clouds from which the tor-
nado had descended eventually dissipated. What-
ever the case, a photograph showing what was
undoubtedly the cloud system associated with the
once tornadic cloud turned tornado, was taken
at the time when its position was estimated to be
12 miles north of the 1650.9 cst position of the
once active tornado, and 3 miles east of its pro-
jected path. For the latter reason it is presumed
to be the second tornado system. The system, as
depicted in figure 8, was rather small. It had a
340-foot wide funnel that was 0.8 mile east of the
western edge of its associated cloud system. The
funnel entered the cloud base at 850 feet from the
ground and the western edge (left-hand side) of
the cloud system had a ceiling of 1,400 feet. The
view in the picture extended 5,700 feet to the east
(to the right) of the funnel and the cloud base
extended to the east of that. A suggestion of an-
other cloud base at 2,600 feet above the ground
and nearly over the funnel was given by the
photograph. This figure represents the northern-
most location of the second tornado given by
photographs known to the author. Two items of
significance are evident: (a) This tornado, which
is the one that was followed by the plane, and its
cloud system appeared to be considerably smaller
than the one that traversed Dallas, and (b) two
cloud shelves can be identified above the tornado
much like what was found with the earlier tor-
nado.

The seemingly unusual situation in which a
tornado extended downward from a stratiform
layer has been photographed before. The author
has some photographs of the cloud system attend-
ing another tornado that show the tornado ap-
parently extending from a thick stratiform layer,
with a cumulonimbus just to the north of both
the tornado and the stratiform cloud layer. In
addition, Reber [8] writes of seeing tornadoes
and funnels extending downward from a shelf of
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F16URE 8.—The second Dallas tornado approximately 12 miles north of the 11.4 location-mile position of the first tornado.

This tornado at this stage was small relative to the mature stage of the first tornado.

cloud system were at about 1,200 feet and 2,600 feet.
cloud system. The view was to the north.

stratiform cloud that was a forward extension
of the main thunderstorm cloud. The top of the
shelf was clearly seen and only a few cirrus
clouds appeared above it. Its base was estimated
to be 4,000 to 6,000 feet and its top estimated to
be no more than 12,000 feet. Reber stated further
that the cloud shelf showed no outward indication
of containing a violent vortex, even when the
tornado was in existence. Bigler’s summary [3]
of interviews with eyewitnesses of the Dallas tor-
nado stated that the top of the cloud over the
tornado was not cumuliform, was very diffuse,
and became larger as it moved northward and
eventually joined with a thunderstorm on the
north,

These observations have been mentioned to
show that the tornado in at least some instances
does not appear to extend downward directly
from a cumulonimbus, but from a thick strati-
form layer or stacked stratus layers attached to
one side of the thunderstorm cloud. In light of
the high degree of flexibility of the tornado vor-
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Cloud shelves in the tornado
The tornado was less than a mile from the west edge of the

tex as revealed by photographs of the Scottsbluff
and Dallas tornadoes, it does not seem impossible
that the vortex could have its source in the thun-
derstorm, bent over horizontally into the attached
stratiform cloud shelf, and then bent downward
to touch the ground in a vertical attitude.

In summary, this tornado appeared to extend
downward from a rather localized cloud system
that was most likely attached to an active thun-
derstorm immediately to the north of it, The
localized cloud system was found to be a series
of stratus layers stacked one above another. The
two lowest layers were measured from photo-
graphs and their horizontal distribution was par-
tially determined. The upper layer grew in size
horizontally during the first 80 percent of the
tornado’s lifetime, from 2.5 to 5 miles in east-
west extent, and then seemed to decrease in size.
The top of the stacked stratus deck was in the
neighborhood of 11,000 feet above the ground.
The temperature at 11,000 feet at the time of the
tornado was between +42° and +5° C., which
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precludes the release of latent heat of fusion at
that level for the purpose of adding energy to
the cloud system. As the tornadic bulge grew

and activity increased in it, the low cloud layers
extended eastward to include it as shown in the
cloud-shelf outline in figure 4 at mile 11.3.

5. TIME TRENDS OF DIMENSIONAL CHARACTERISTICS OF THE DALLAS TORNADO

The series of drawings illustrating the life his-
tory of this tornado show that the height ¢ of the
tornado increased with time. That tornadoes do
exhibit definite time trends in height has been
shown in other studies [5, 9]. Several tornadoes
investigated by the author showed increased
height with time and only one showed a per-
sistent decrease and that following a persistent
increase of height. The Dallas tornado started
with a height of a little over 1,100 feet and in-
creased somewhat unsteadily to about 3,800 feet
at the time of its demise. A plot of its height
variation with time is represented by the upper
curve of ficure 9a. Mast of the curve is without
sudden changes, but after the 26th minute there
are two abrupt changes of curvature. Between
the 1st and 18th minutes there was little net
change of height, but thereafter there was a rela-
tively rapid increase to 2,000 feet completed by
the 23d minute. The rapid lowering during the
25th minute was followed by the sudden increase
to 3,200 feet by the middle of the 29th minute.
There was a slight decrease in height, then a re-
sumption of the rise to 3,800 feet 3 minutes after
the slight decrease. A mileage scale correspond-
ing to the location of the tornado along its de-
structive path is drawn at the top of figure 9b
to facilitate reference to the map of figure 1.

During the lifetime of the tornado there was
-onsiderable variation in the average width of
the condensation funnel. The time variation is
plotted as the lower curve of figure 9a. The mag-
nitudes of the variations were nearly as great as
“hose of the tornado height up to the 18th minute
and these variations amounted to 300 feet of aver-

2The height of the tornado as used here is the vertical dis-
zance between the ground and the level at which the tornado
fzirs into the associated cloud above it. This is based on the
‘iza that as soon as a condensation funnel starts downward
#rom the cloud there is rotary motion all the way to the ground.
zround.

age diameter change. After the 18th minute the
variations of the funnel height exceeded those
of the average width.

In studies of other tornadoes it was noticed
that the height and the average width displayed
certain interrelationships. For example, the
height and width would increase or decrease si-
multaneously, or one would decrease while the
other increased. These in-phase and out-of-phase
relationships were exhibited by the Dallas tor-
nado. In figure 9a it will be noted that between
the first and fourth minutes? the out-of-phase
characteristic was displayed; that is, with a de-
crease of height the width increased, and vice
versa. A correlation coefficient of —0.98 between
this portion of these curves indicated the definite
inverse relationship. The relationship between
the two curves from the 8th to the 10th minutes
was indefinite. After the 10th minute and until
the 26th minute a definite in-phase characteristic
prevailed. A correlation coefficient of +-0.74
shows the fairly close relationship between this
portion of the two curves. From the middle of
the 26th minute to the 30th minute, the relation-
ship was in-phase, but the similarity of curvature
shown by the portion after the 10th minute was
not retained. However, a correlation coeflicient
of 40.97 reveals a very close positive relation-
ship. After the 31st minute the relationship was
again out-of-phase, and the relative closeness of
the inverse relationship is shown by a correlation
coefficient of —0.78.

The time trend characteristic of the tip height
above the ground is another feature that varies
among tornadoes. For example, some tornado
tips show a tendency for definite periodicities in
their dipping up and down; some descend to the
ground and remain there until the end of the tor-

7 Between minutes 3.6 and 8.0 the funnel retracted so mno
width measurement was possible.
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in time-trend characteristies. (b) Graph of time-trend of tip height. Note the small percentage of time tornado

trunk was touching the ground.

nado, while others skip along with only short-
period ground contacts. The time variations of
the tip height for the Dallas tornado are shown
in figure 9b. Many of the tip height variations
were very abrupt, yet in some periods, such as
between the 14th and 21st minutes, the tip height
was steady. The tip started from a height of
750 feet, underwent large variations in height,
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was on the ground three times, and finally re-
tracted rapidly to a height of 3,400 feet after
its last ground contact. Altogether the time on
the ground was 4.2 minutes, or a little over 12
percent of the total time. Two minutes after the
first photograph that detected the tornado, the
tip was on the ground and remained there abous
0.2 minute.
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Sketches 4 through 7 of figure 2 show only a
thin 45-foot-wide tube touching the ground. It
rose to a little over 800 feet by the fifth minute
at which time the funnel ceased to exist as nearly
as could be determined from the photographs. A
funnel was again in existence by the middle of
the seventh minute with its tip at 850 feet above
the ground. The tip dipped in the next 6 min-
utes with amplitudes of up to 600 feet. From the
middle of the 13th minute (sketch 19) until the
middle of the 20th minute (sketch 30) the height
of the tip remained very steady compared with
the previous actions. During this period the
bulge-shaped cloud just above the tip gradually
lifted leaving a smooth-surfaced, apparently rap-
idly rotating condensation tornado cloud. Start-
ing descent to the ground at minute 20.6, the tip
attained a vertical speed of 14 miles per hour be-
tween minutes 21.0 and 21.4. Once on the ground
it stayed there for nearly 3 minutes. It was during
this ground contact that the tornado assumed the
classical elephant-trunk shape. Between the early
part of the 24th minute and the middle of the 27th
minute it rose unsteadily to nearly 700 feet, then
again whipped to the ground (see sketches 40—
43 for this stage). Its contact duration this time
amounted to 1.2 minutes. At this time the tor-
nado had increased in size and appeared from the

‘photographs (sketches 44-46) to be reviving

after having been in a weaker stage. After that
the tip lifted rapidly to 800 feet then a pause
occurred at minute 81.5 with a very slight dip.
This was followed by a very rapid rise to 3,400
feet by the middle of the 34th minute when the
tornado ceased to exist.

In a determination of the average dipping cycle
of the tip of a few tornadoes, it was found that
there was a tendency for the larger tornadoes to
dip less frequently than the smaller ones. Some
of these periods ranged from 8.5 minutes for the
large tornadoes to 1.2 minutes for the smaller
ones. The intermediately sized Dallas tornado
had an average period of 5.7 minutes.

During the period when the height and width
were increasing together, that is, between the 18th
and 24th minutes, the tornado was growing in
overall 'size; near the end of the 21st minute the
tip, after the height and width reached a certain
size, suddenly descended to the ground and re-
mained there for a few minutes. These factors
considered together, it seems, could be taken to

indicate an increase in the intensity of the tor-
nado. Note that the period when the tip re-
mained solidly on the ground (from minute 21.4
to 24.2) coincided with the simultaneous increase
of funnel height and width. Just after the lift-
ing of the tip early in the 24th minute the funnel
height and width rapidly decreased and the tip
did not descend again until the height and width
were again increasing. Curiously enough the tip
lifted again at minute 28.9, just as the width in-
crease was leveling off and the height increase
rate had slackened. This seems indicative of
slackening energy expenditure near minute 28.9.
This scheme of increasing height and width asso-
ciated with the descending tip, and its attachment
to the ground (and the converse), does not ex-
plain the brief dip to the ground of the tip at
minute 3.2, nor the partial dips at minutes 26.4
and 31.5. Apparently the scheme mentioned
above was a characteristic of this particular tor-
nado, since the second Scottsbluff tornado [5]
increased its height and decreased its width while
maintaining its tip on the ground until its demise.
It seems as though it was necessary for the height
and width to be increasing simultaneously before
this tornado could send its tip to the ground.

Another portion of the curves that seems to
follow the scheme suggested above, is that be-
tween minutes 10.7 and 17.0. The tip descended
part way to the ground while the height and
width were increasing slightly between minutes
10.7 and 11.6; then the tip rose when the height
and width were decreasing a little between min-
utes 11.6 and 14.0 From there until minute 17.0,
when the height and width were steady, there was
little change in the tip height. From minute 17.0
to 20.6, the height rose and the width decreased a
little, but the tip was essentially steady. This
could be taken to indicate no change in power
output.

In this section it has been shown that there
were periods in the lifetime of this tornado when
definite relationships existed between the height
and average width of the funnel; also periods
when definite relationships existed between height,
width, and tip height taken together. There are
some indications in a qualitative sense that power
expended by the tornado against its environment
can be related to funnel height and average width
and the height above ground and movement of
the funnel tip all taken together.
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6. THE SEGMENTED TIP AND DOUBLE-TUBE CONSTRUCTION

Some of the more interesting phenomena, of the
condensation funnel of this and other tornadoes,
such as the hollow tube and double- or multiple-
tube construction, have been discussed in the first
section of this paper. Another interesting phe-
nomenon, seen for the first time in photographs
of the Dallas tornado, was the segmented tip sec-
tion. The tornado was near location-mile 11.5
and was rising off the ground after going through
the elephant-trunk phase when a photograph was
taken showing the segmented tip section and the
double-tube construction. In this section of the
paper the lowest 380 feet of the tip are discussed
and the scaled drawing of this picture is dis-
played as figure 10.

The first item of interest shown in the sketch
is the indication of a double cylinder construction
at the tip of the funnel. The outer tube or sleeve
was 40 feet in diameter at its terminus and from
it protruded a tube a little over 60 feet long and
about 15 feet in diameter at its maximum. The
ratio of the tube diameters was 2.7 to 1. By way
of comparison, the Scottsbluff tornadoes [5] pro-
duced tube ratios at various times of 3.13:1,
2.65:1, and 2.00:1, but averaged 2.60:1. Kan-
geiser [7] constructed a mathematical model of a
vortex having concentric condensation sleeves
whose diameter ratio was 2.85: 1.

The second item of interest was the segmenta-
tion of that portion of the tip that consisted of
the inner sleeve and which extended downward
230 feet from the end of the outer tube. This
phenomenon had never before been seen by the
author in any other tornado photograph. Its
existence was revealed undoubtedly by the near-
ness of the cameraman (0.22 mile) and the judi-
cious use of a good camera at the right time. The
inner sleeve extending from the larger one ac-
tually had the appearance of having had a slight
constriction about 15 feet below the end of the
outer sleeve; this constriction possibly was anal-
ogous to the absence of condensation that existed
between the segments. These segments were not
of the same length or the same shape. However,
they are suggestive of a sort of standing pressure
wave. There is no means of knowing whether
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or not they were traveling longitudinally along
the core of the tornado or were stationary. The
lowest segment was nearly spherical in appear-
ance but had a thin tail attached to it extending
downward and to the left (the south). This tail
was approximately 3 feet in diameter and the
upper portion was about 20 feet across.

Since the pressure in any portion of the con-
densation funnel can be considered to be at or
below the condensation pressure of the environ-
mental air, these segments are presumed to have
been in regions of pressure equal to or lower than
the condensation pressure of the surrounding air.
Therefore, the regions between them are regions
of higher than condensation pressure. This fluc-

Ficure 10.—Segmented and double-sleeved tip section
of one stage of the Dallas tornado. On the right is
a schematic diagram of probable pressure distribution
along the segmented tip referenced to the condensation
pressure. Tornado was near location-mile 11.5.
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tuation of pressure along the core seems extraor-
dinary because one would intuitively think of a
somewhat linear decrease of pressure upward
along the tornado core from the ground. If, in
this case, the diameter of the condensation core

nally along was proportional to the central pressure, the dis-

nary. The tribution of pressure along the segmented tube
in appear- should look somewhat like the plot along the
t extending right side of figure 10.
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Other tornado photographs have shown that

During the time that the tornado was passing
between location-miles 7.5 and 10.1 (see fig. 1)
the effluent from a cement plant smokestack was
photographed simultaneously with the tornado by
four different cameramen. The distribution of
these photographers has made it possible to deter-
mine the movement of elements of the smoke
plume within certain limits. Hence, the move-
ment of the effluent has been used as a tracer of

i the airflow in the vicinity of the tornado from a
| distance of about 0.3 to 1.2 miles from its center.
| A first inspection of the photographs, showing
‘CONDFFRNESSAHJORNE the smoke plume and tornado simultaneously,

gives the impression that the tornado influenced
the smoke plume very little. Particularly sketches
22 through 27 show the tornado moving past and
in front of the smoke plume at a distance varying
between 0.3 and 0.8 miles with no obvious major
changes in the appearance of the plume.

Since the tornado intercepted the smoke plume,
the plume was required to travel toward the
northeast to reach the tornado at the intersection
point, and this in the face of a steady ambient
wind toward the northwest (southeast wind re-
corded at Dallas Weather Bureau Office). Clearly
other forces than those responsible for the south-
east wind were acting on the air in the vicinity
of the smokestack. Undoubtedly the other forces
were provided by the tornado system. The pur-
pose of this section is to determine the amount
and extent of the effect of the tornado on the air-
flow in the smokestack area.

In order to compare the motion of the smoke
plume and its elements during the passage of the
tornado past the smokestack, figure 11 was con-

d tip section
1 the right is
e distribution
- condensation
e 11.5.

the tornado condensation tube sometimes breaks
near the midportion of the tube (between parent
cloud and ground) ; the break undoubtedly means
that the condensation pressure was exceeded at
that point.

The possibility that pressure varies somewhat
abruptly along the tube on a small scale suggests
that the same thing could occur with larger am-
plitudes and might explain the large bulges seen
on some tornado trunks.

7. INFLUENCE OF THE TORNADO ON THE SURROUNDING AIR

structed. Only the smoke plume and the tornado
centerline were extracted from sketches 22
through 27, and arranged in the form of a dis-
tance-time diagram. In the diagram, distance
increases to the right and time increases upward.
The vertical distance between the baselines of the
sketches is proportional to the time difference be-
tween them, shown at the right of each sketch.
Inspection of figure 11 shows that three promi-
nent vertical puffs of smoke moved to the right
(northeast) with time and, moreover, preserved
their identity during the period. Evidently there
was insufficient turbulence or shear present to
break up these smoke puffs. Unfortunately, in
sketch 22, a portion of the smoke plume was off
the right-hand edge of the picture. In the figure
the center of each puff was estimated and a per-
pendicular was dropped from the center to the
baseline. The points of intersection of these per-
pendiculars with the baseline have been connected
to indicate the relative movement and speed of
each puff between sketches.

Of interest was the change of character of the
plume a short time before sketch 22. Evidently
conditions around the stack before the time of
sketch 22 favored the formation of the high, ver-
tical puffs; immediately afterward conditions
were unfavorable for tall puffs and allowed only
small ones at best. The tall puffs resembled
closely the condition termed “looping” by micro-
meteorologists [6]; looping is caused by a steep
lapse rate and low wind speed. On the other
hand the low-lying neck of smoke connecting the
stack with the tall puffs is very much like “con-
ing” which indicates moderate lapse and a greater
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Fieure 11.—Distance-time diagram of the smoke plume with relative tornado locations shown by dashed lines. Distance
increases to the right (the north) and time increases upward. Puffs that maintained their identity throughout the
series are labeled A, B, C. The time difference to the next sketch is shown at the right-hand side of each section.
Slanted lines connected to the perpendiculars in the puff centers give an indication of speed of puffs between sketches.
The drawings were extracted from sketches 22 through 27 of figure 2.

Freure 12.—Map of tornado path in the vicinity of the smokestack showing smoke plume directions, smoke puff locations,
ambient wind vector, and location of tornado at times of sketches 22 through 37. Arrows leading out from the
smokestack having sketch Nos. 32 through 37 at their tips show the estimated direction of the smoke plume at the
time the tornado was at locations on its path corresponding to those sketch numbers.
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wind speed. It seems unlikely that the lapse rate
of the air near the smokestack would change sud-
denly from steep lapse to moderate lapse; another
reason for the change of character of the smoke
plume must have occurred. A most obvious pos-
sibility is the change in wind speed from nearly
zero to a definite and continuous movement. This
makes logical also the formation of the plume as
shown for sketch 22. This sketch shows the nar-
row neck of smoke which had been moving to the
right from the stack at the time of sketch 22, but
also a much taller puff extending over the stack
from the right and probably connected with the
narrow neck off the picture to the right. The
configuration of the smoke plume indicates that
the wind had been moving from the right (com-
ponent to the south), then just prior to sketch 22
started to move from the left (component to the
north) and continued to do so from that time
onward. Hence, a short time before sketch 22,
the sum of forces on the air at the stack was zero.

The speed of the three smoke puffs, labeled A,
B, and C, was not the same, as an inspection of
figure 11 will show (the sketch numbers in fig. 11
are identical to those of the sketches in fig. 2).
In this figure the slope of the lines connecting the
bottoms of the perpendiculars from the puff cen-
ters shows the average speed of the puff between
the sketches since the distance between sketches is
proportional to the time between them. Puff A
increased its speed in every interval during the
time represented by the figure. Puff B did not
increase its speed in every interval, nor did puff
C. Puff C took a rather sudden jump in speed
between sketches 26 and 27, after maintaining
very nearly the same speed from sketches 23 to 26.
The tops of these puffs were used to measure ver-
tical motions of the air in which they were con-
tained. The top of puff A, for example, remained
at nearly the same height during the period, while
puff C moved upward. Other differential move-
ments were indicated by the change in attitude
of the vertical puffs. They remained nearly ver-
tical in attitude between sketches 23 and 25.
However, shear was evident between sketches 25
and 26, as shown by the fact that the lower por-
tions of puffs A and B moved farther to the right
than the top portions did. Between sketches 26
and 27, however, the effect of the last described
action appeared to be largely removed, since puff

A was again vertical, and puff C was elongated
upward and to the right by the time of sketch 27.

In order to clarify the movement of the plume,
the puffs, the tornado, the direction of the ambi-
ent wind, and the locations of puffs A and C at
the time of the sketches, figure 12 was constructed.
Along the tornado path are the sketch numbers
corresponding to the sketches of figure 11 (as
well as of fig. 2) locating the tornado at the time
of the sketches. Along the plume from the stack
to the tornado are the locations of puffs A and
C at the times of the sketches of figure 11 and
figure 2. Also are shown the directions taken by
the plume as it swung counterclockwise toward
the ambient wind direction between the times of
sketches 32 and 37, and the direction of the ambi-
ent wind.

As mentioned earlier, the smoke plume was
nearly at a standstill just before the time of
sketch 22, which indicates that the sum of all
forces at that time on the air in the vicinity of
the smokestack was nearly zero. Evidently the
pressure force of the ambient wind was balanced
by that of the micro-Low containing the tornado.
Hence the influence of the tornado extended con-
siderably farther than the 1.2 miles between its
location, at the time of sketch 22, and the smoke-
stack.

By scaling the sketches of figure 11 and know-
ing the time between sketches, the average speed
between sketches was computed for the smoke
puffs. A plot of these average speeds against
time allowed some estimation of the speed at the
time of the sketches. The direction of the puffs
was assumed to be from 215° during the entire
time under investigation, because this was the di-
rection from the stack to the intersection position
with the tornado, and photographs indicate that
this was the most likely direction. For example,
sketch 30 shows the smoke plume extending from
its source to the tornado, and figure 12 shows the
215° direction taken by the plume to intersect the
tornado at the radius of the smoke ring as meas-
ured at that time. By taking the vector differ-
ence between the velocity of the puff at the time
of each sketch, and the vector sum of the ambient
wind velocity and tornado translation velocity,
the velocity of the wind relative to the tornado
center (tornado relative wind vector) was ob-
tained. The method is illustrated in figure 13.
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Ficure 13.—Method of deriving tornado relative wind
vector R, from local wind P, ambient wind W, and
tornado translational velocity T.

Each tornado relative wind vector was plotted
at the position of the puff relative to the tornado
at the time of the speed determination. The result
1s as shown in figure 14 where arrow length is
proportional to the wind speed. All vectors show
a strong inward (radial) component of wind and
1t is to be recalled that these determinations were
made for tracers that were between 500 and 1,300
feet above the ground. Note that there is little
variation in the total horizontal speed of the wind
among these vectors which varies from 29 to 35
miles per hour.
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TORNADO
CENTER
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Ficure 14.—Direction and speed of derived tornado
relative wind as determined by movement of smoke
puffs. Arrow length is proportional to speed of wind.
Location of observation is at center of arrow.

Since each puff of smoke presumably repre-
sented a unique parcel of air, the wind vectors
should have been tangent to a line (that is, the
trajectory) connecting the puff location points
for each speed determination. Examination of
figure 14 shows that the vector directions were
not exactly tangent to the trajectories of the
smoke puffs. Particularly, puff C vectors all
point inward from a line connecting the location
points. Since errors may have entered in the
graphical method of determining these vectors
and their locations, smoothed lines were drawn
through the location points for each puff, and
vector directions were adjusted to be tangent to
these smoothed lines; the speeds were retained as
originally determined. The smoothed vectors
were plotted in figure 15a to show the angle at
which they crossed their radial lines. Each vector
was positioned outward from the center, at a
distance proportional to the distance from the
tornado center. Puffs A and B show an increas-
ing angle to the radial with decreasing distance
from the tornado center, indicating increasing
tangential components with a decrease of radius.
Puft C shows little variation of the vector angle
with decrease of radius.

The sp
of the sn
later time
time of s
to swing
nado was
the positi
estimated
ent wind.
correct pc
of the plu
12 shows
the sketch
formation
influenced
the time c
by the sm

Another
the torna
path, 13
smokestac]
0.86 mile t
port Stati
tornado o
strument -
of figure
wind dired
tion) reco
weather st
south unti
arrived at
west of the
to southwe
remained
had just p
cst. The
the tornad
tion, was n
circulation
station the
later to sc
the tornad
the tornad
hour while
to south, h
hour. Ha
at the wea
the ambien
tornado pa

8 The triple
the lower the
speed determi:



|

T
ORNADO
CENTER

i tornado
of smoke
d of wind.

ly repre-
1 vectors
at is, the
m points
ration of
ons were
s of the
sctors all
> location
d in the
e vectors
re drawn
puff, and
angent to
tained as
1 vectors
- angle at
wch vector
ter, at a
from the
n increas-
r distance
increasing
of radius.
ctor angle

The speed and exact direction of the elements
of the smoke plume were not obtainable at any
later time, but it is known that shortly after the
time of sketch 30 (see fig. 12) the plume began
to swing counterclockwise with time. The tor-
nado was 2.7 miles away from the smokestack at
the position of sketch 37 when the plume was
estimated to have taken the direction of the ambi-
ent wind. However, there were no pictures in the
correct position to determine the exact direction
of the plume after the time of sketch 30. Figure
12 shows the estimated plume direction shift and
the sketch numbers from which the direction in-
formation was obtained. Evidently the tornado
influenced an area nearly 2.7 miles in radius at
the time of the observation in the layer occupied
by the smoke plume.

Another opportunity occurred for determining
the tornado-wind near the end of the tornado
path, 13 minutes after the tornado passed the
smokestack. The tip of the tornado passed only
0.86 mile to the west of the Weather Bureau Air-
port Station at Dallas, and some effect of the
tornado on the station’s self-recording wind in-
strument was looked for. From an examination
of figure 16, the minute-by-minute autographic
wind direction andl speed {as well us precipria-
tion) record ® it is evident that the wind at the
weather station was variable from southeast or
south until 1653 cst at which time the tornado
arrived at a position 1.6 miles south and a little
west of the station; at that time the wind shifted
to southwest and a minute later to northwest. It
remained from the northwest until the tornado
had just passed the station to the west at 1656.5
cst. The northwest direction of the wind, while
the tornado was southwest and west of the sta-
tion, was not consistent with the cyclonic tornado
circulation. Just after the tornado passed the
station the wind shifted to south and a minute
later to southwest. This seems consistent with
the tornado circulation until one considers that
the tornado was moving at nearly 27 miles per
hour while the southerly wind, upon first shifting
to south, had a speed of only about 11 miles per
hour. Had tornado-wind influence been present
at the weather station it should have augmented
the ambient southerly wind during and after the
tornado passage. It is concluded that the wind

8 The triple-register records every mile of wind passage, so
the lower the wind speed the greater the time over which the
speed determination is averaged.
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Franee h—(a) Variation of smoothed tornado relative
wind vector angle with distance from center of tornado.
(b) Variation of vertical speed of puff tops with distance
from tornado. Puff A had very little movement and
was not plotted.

at the station was influenced mainly by the pre-
vailing pressure gradient and the outflow from
the thunderstorm accompanying the heavy
shower. Therefore, it is further concluded that
the tornado circulation did not extend to 0.86
mile radius by the time it passed the Weather
Bureau station at 1656.5 csT.

Another indication of the shrinkage of the tor-
nado system circulation was the observation of
the mutually divergent tips of the tornado and
tornadic cloud at 1657 cst, when the tornado was
just west of the Weather Bureau station. At this
time the vortices were a little over 2 miles apart
and, had the circulation around the tornado been
convergent out to 2.7 miles as it was earlier, it
seems as though the tip of the tornadic bulge
would have pointed toward the tornado. Figures
17a and 17b, composite drawings, are plan and
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Ficure 16.—A portion of the Dallas, Tex., autographic wind speed and direction, and precipitation record covering the

time of the April 2, 1957, tornado.
during the passage of the heavy shower.

Attention is directed to the reduction of wind speed and the shift ofwind direction
A gust of 55 miles per hour (presumably from a southerly direction) occurred

at 1647 cst, which was 4 minutes before the onset of the heavy shower and at a time when the tornado was 4.2 miles

south of the station.

elevation views, respectively, of the diverging tor-
nado tips at this time. Most likely, low-level di-
verging air having a source in the thunderstorm
just to the north forced the tips away from each
other. The preceding rain shower is shown in
the region between the two vortices in the eleva-
tion view (fig. 17b).

That it was possible for the associated thunder-
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storm system to dominate the wind field in its
vicinity is indicated by the fact that rain was
falling at the rate of 3 inches per hour, and that
4 minutes before the onset of heavy precipitation
at the Dallas Weather Bureau station a gust of
55 miles per hour, presumably from the south,
was noted on the gustmeter. A thunderstorm of
sufficient activity to deliver such a high rate of
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precipitation certainly would have had the ability
to produce severe downdrafts whose divergence
at the ground would result in fairly strong winds.
Recall that the thunderstorm was moving north-
ward ahead of the tornado.

If the distribution of airflow all the way
around the tornado, in the time interval between
sketches 22 and 30, was comparable to that in the
region between northwest and southwest of the
tornado, some amount of updraft must have
existed in the region affected by the tornado to
take care of the converging mass of air. In order
to test for any such updraft the vertical move-
ments of the tops of the smoke puffs were in-
spected. The top of puff A had negligible verti-
cal movement. Puff B had an average downward
speed between sketches 23 and 24 (average dis-
tance from tornado center, 0.75 mi.) of 5 miles
per hour, then it averaged an upward speed of
4.5 miles per hour between sketches 25 and 26
(average distance from tornado center, 0.52 mile).
Its upward speed was reduced to 0.8 miles per
hour between sketches 26 and 27 (average dis-
tance from center, 0.46 mile). Puff B, therefore
showed a tendency for an up-and-down motion.
Puft C also had a downward speed of 1.2 miles
per hour in the interval between sketches 23 and
24 (average distance, 0.73 mile), somewhat less
in magnitude than for puff B. It then reversed
to upward speed going to a maximum of 8.7 miles
per hour between sketches 24 and 25 (average
distance, 0.58 mile). The upward speed dropped

to 6.3 miles per hour between the next two
sketches (average distance, 0.47 mile), then in-
creased again to 12 miles per hour between
sketches 26 and 27 (average distance, 0.38 miles).
If it continued to accelerate upward at approxi-
mately the same rate, its speed at the time of
sketch 27 would have been as high as 15 miles
per hour.

Figure 15b shows the vertical speed vectors for
puffs B and C. It shows that upward speed oc-
curred inward from about 0.7 mile for puffs B
and C. As mentioned earlier, puff A showed no
definite vertical movement in the region between
0.7 and 0.5 mile from the tornado center (it was
0.5 mile from the tornado center when the picture
series ended). The results for puffs B and C
would appear to bear out the idea that the con-
vergent vectors shown in figure 15 would require
some vertical movement of the air. However, the
results for puff A appear contradictory. Either
nonsymmetrical air flow in the tornado or errors
In measurements could explain the contradiction.

Any question of the effect of positive buoyancy
in the puffs that might have existed as the result
of temperature excess over environment contained
in the smoke at the time of exit from the stack
seems to be answered by the fact that puff A, the
last one to come from the stack, had very little
tendency to move upward. In addition, the lower
level effluent between puff A and the stack showed
little buoyancy. Hence, for the time interval
here, the puffs were treated as if they had neutral
buoyancy.

8. ROTATIONAL CHARACTERISTICS OF THE OUTER REGION

An item of considerable controversy concerning
tornadoes is whether or not their flow is irrota-
tional as is the case of the mathematical model
vortex. It was thought that use of the smoke-
puff measurements to test for this characteristic
might be of interest even though the measure-
ments were outside of the region commonly
thought of as the tornado. Accordingly tan-
gential components of the vector winds derived
earlier were used to test the flow, insofar as it
was determined, for this rotational characteristic.

In the irrotational model vortex the products
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of all radii and their associated tangential veloc-
ities (VX R?) are constant, that is, as the radius
decreases the tangential component of the velocity
Increases in the inverse proportion. This condi-
tion exists to a certain minimum radius inside of
which solid rotation is assumed to occur.

To test for the rotational character of the air-
flow in the Dallas tornado, the tangential com-
ponent of each velocity vector was multiplied by
the radius at which it was determined. The
product for each puff, that is for (V,XR), was
plotted on a graph of (V,XR) versus 2, where

(v, x R)x 107*
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Figure 18.—Variation of the (V. XR) produets with
radius for the Dallas tornado. Shown also are families
of curves where (V;XR) is constant. Disposition of
Dallas tornado curve indicates rotational flow.

R is the radius. The result is shown in figure
18, where the variation of the Dallas tornado

(VeXR)-products with radius 2 is plotted on a
background of a family of curves of (V:XE)=
constant. The curve for the Dallas tornado was
hand-smoothed for all the available points. Since
the (V;XR)-products decrease with decreasing
radius, the rate of increase of V; with decrease of
radius R, is less than that required for irrota-
tional flow. Hence, the vortex flow was rota-
tional in a cyclonic sense between 600 and 1,800
meters (about 0.3 to 1.10 miles) from its center.

Since the vortex was rotational, it is possible
that the vertically aligned cloud tags, that were
shown in the descriptive section to exist so per-
sistently near this tornado, were actually small
peripheral vortices that had the same rotational
sense as the tornado (i.e., cyclonic), and which
also moved around the tornado in its gross circu-
lation. An outstanding example of one of these
possible incipient vortices is shown in sketches 27
and 28. Tt is hypothesized that some impulsive
addition of momentum on one side of the tornado
could provide sufficient additional rotation (via
shear) to allow the incipient minor vortices to
exist for a short period. The assumption was
used that the tangential flow was symmetrical
around the tornado although only the western
portion was measured.

9. CONVERGENCE IN THE NEAR VICINITY OF THE DALLAS TORNADO

By use of the radial components of the derived
tornado winds determined earlier, the region be-
tween 1.1 and 0.3 miles from the tornado center,
and between 600 and 1,300 feet above the ground,
was investigated for horizontal convergence dur-
ing the time between sketches 22 and 30.

In the case of the vortex with the central sink,
nonconvergence would require that the product
of the radial component (U) of the velocity and
the radius () be constant.

Accordingly, to test for convergence of the
Dallas tornado, the (RXU)-products were com-
puted and plotted on a graph of (BXU) versus
R. The resulting curves are shown in figure 19.
Also shown are families of curves where (X U)
is constant. The (RBXU) curves for each puff
cut sharply across the families of curves of
(RX U)=constant, indicating that as £ de-

546389 0—60——S8

creased, so did (ZXU). In other words, U did
not increase sufficiently with decreasing radius to
keep (RXU) constant. In this case U actually
decreased as R decreased. Hence, the conclusion
is that the tornado was convergent for the time
and place measured. Separate curves were plotted
for these puffs since there was some divergence
of these curves closer to the center of the tornado.

An example of the differences between the time
rate of change of volume for several radii is
shown in table 2. Here a slice 1 meter thick was
assumed.

From this table it can be seen that convergence
was increasing with decreasing radius. Under
the assumption that the air in the 1-meter-high
slice averaged 1 kilogram per cubic meter, there
was an excess of 33 metric tons of air per second
accumulating between 1,800 and 1,500 meters
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convergence for the region investigated.

radius, 37 excess tons per second between 1,500
and 1,160 meters, etc. As far as the author
knows, no similar computations have been made
earlier, so there are no data with which to com-
pare these results.

In connection with all the measurements de-
rived from the smoke puff movements, it is to be
remembered that they should be considered in s,
qualitative sense. Although considerable care was
used in making the computations, the assumption
of a constant direction for the smoke puffs and
some graphical computations as well as other
items could have resulted in errors.
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Tornado photographs, scaled by means of the
principles of photogrammetry and perspective,
were used to synthesize a detailed size and shape
history of the Dallas, Tex., tornado of April 2,
1957. Fifty-one photographs were used in the
historical synthesis. By locating the position of
the tornado on a map of the damage path for
each photograph used and utilizing the average
speed of the tornado, the time of each photograph
was estimated to tenths of a minute. The signi-
ficant findings are summarized below.

1. The tornado dropped down from the base
of a dark cloud. The ragged and torn appear-
ance of the cloud base indicated considerable dif-
ferential air motion in that region (see sketch 1.)

9. Movies of the tornado confirmed that its
rotation was cyclonic.

3. The tornado height increased from an initial
1,100 feet to a height of 3,800 feet at the time of
its demise (sketches 1 and 51).

4. The funnel width at the ground varied from
being undefined there (tip off the ground) to 120
feet (sketch 37), and the width at the base of the
parent cloud, when it could be measured, varied
from about 400 feet in diameter (sketch 2) to
nearly 2,300 feet (sketch 34).

5. Large changes in the size and shape of the
tornado and its debris cloud took place in short
time periods (sketches 10-13, 15-16, and 26-27,
for example) with the debris cloud showing the
greatest change for a given period.

6. Photographs showed debris being carried
upward even though the condensation funnel was
off the ground as much as 750 feet (sketches 19
and 42).

7. More debris and dust appeared to be stirred
up when the trunk was suspended above the
ground (see sketch 42) than when the trunk was
wide and continuously in contact with the earth
(see sketch 37).

8. Configuration of the ground-based dust or
debris cloud suggests that there was rather rapid
movement of air upward along the tornado trunk
as far outward as 500 feet from the center (see
sketches 29 and 39, for example).

9. The large overhang characteristic of the de-

10. CONCLUDING REMARKS

bris cloud indicated further that large wertical
shear existed near the trunk with higher speed
wvertical air flow nearer the center (sketches 27, 28,
39, 41, and 42).

10. The extreme narrowness of that portion of
the debris cloud nearest the ground further indi-
cated that there was a strong inward radial com-
ponent near the ground at least part of the time
(sketches 12, 15, 20, 4042, and 46).

11. The average translational speed of the tor-
nado was determined to be a little under 27 miles
per hour by the known times that the powerlines
were severed.

12. Vertically aligned peripheral clouds about
1,000 feet from the tornado center and near the
cloud base bent inward in their lower portions,
suggesting an inward component of flow between
1,000 and 1,400 feet from the ground (see sketches
29 and 31).

13. Toward the end of its lifetime the tornado
became extremely elongated and approximately
the middle one-third of the thin funnel was lying
nearly in a horizontal attitude. Its horizontal
projection was nearly 0.6 mile in length at this
time (sketch 49).

14. At the time of the elongated form the fun-
nel was traveling in a direction about }5° from a
horizontal projection of its longitudinal awis (see
fig. 1, north section).

15. The shape of the tornado-cloud varied from
the concave-cone type (sketches 24-28), to the
classical elephant-trunk shape (sketches 34-38),
to the thin ropelike type (sketch 49). The trunk
sometimes assumed a shallow “S”-shape (sketches
3, 5, 25, 49) during which times part of the core
was nearly horizontal.

16. A cloud bulge that developed into a tornado
was discovered 1 mile east of the active tornado
near the midpoint of the tornado lifetime (fig. 3).

17. After the cloud bulge became quite bulky,
very narrow vortices extended intermittently to
the ground while it was over the north section of
Dallas. The movies showed dust being carried
upward but no damage was reported. The tor-
nado later caused damage to farm structures
north of Dallas.
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18. The paths of the active and inactive tor-
nadoes were slightly divergent with time (fig. 1).

19. The active tornado extended downward
from a cloud that appeared to be not cumuliform
but rather more like vertically stacked layers of
stratus clouds whose top very early in the tornado
lifetime was computed to be at about 11,000 feet.
No data were available on the height at any later
time (fig. 6).

20. The bottom cloud layer or shelf was com-
puted to be 1.5 by 2.7 miles across early in the
tornado lifetime and éncreased to 3.2 by 4.0 miles
in extent in the last fifth of the tornado lifetime
(fig. 4).

21. As the active tornado was weakening and
the tornadic bulge was growing larger and start-
ing to send vortices to the ground, the photo-
graphs showed that the darkest areas beneath the
cloud system associated with the two vortices were
shifting with time to the area of the tornadic
cloud.

22. While the tornado and the tornadic cloud
bulge were in existence at the same time their tips
were mutually divergent, that is, the tip of the
tornado lay to the southwest while that of the
bulge lay to the southeast. It is suggested that
divergence of air between them caused the ob-
served effect (fig. 17).

23. The tornado height and average width va-
ried together in such a manner that at times these
variations were in phase and at other times out
of phase. Correlation coefficients for these differ-
ent phases were generally quite high (fig. 9).

24. The tip rose and lowered rapidly at times
and at other times remained at almost the same
altitude; the tip contacted the ground only a little
over 1% percent of the time or for a total of 4.2
minutes (fig. 9).

25. There was a tendency for the tip to go to
and remain on the ground when the height and
width were both increasing, and for it to rise
when one or both were decreasing. When width
and height were steady the tip remained at about
the same height above the ground (fig.9).

26. The tip at one time showed a segmented
structure and in several instances revealed indi-
cations of a double-sleeved structure ; at one time
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a definite hollow structure was revealed. The
ratio of diameters of outer to inner sleeve was
2.7 to 1 when the tornado was at location-mile
11.5.

27. Elements of a smoke plume involved in the
tornado circulation were used to show that the
tornado system influenced the flow of wir in its
vicinity an estimated 2.7 miles from the center
when the tornado was near the midregion of its
path. Later, near the end of the path, an area
less than 0.8 mile in radius was affected (fig. 12).

28. Tornado wind movement derived from the
movement of the smoke plumes between 0.3 and
1.1 miles from the tornado center was found to be
cyclonic and sharply inward toward the center at
about the time of the tornado’s midlife (fig. 14).

29. Smoothed tornado-wind vectors (smoke-
puff derived) showed that the cross-radial angle
of flow increased with decreasing radius (fig.
15a).

30. The smoke plume elements that entered the
tornado circulation were used to show that there
was upward movement of air that tended to in-
crease in upward speed with decreasing distance
from the tornado. No measurements were pos-
sible closer than 0.3 mile from the center (fig.
15b).

31. The distribution of the tangential wind
components with radius, determined by the
smoke-puff movements, revealed that the flow was
rotational in a cyclonic sense between 0.3 and 1.1
miles from the center (fig. 18).

32. The variations of the radial components
with radius of these derived wind speeds showed
that the flow was convergent with excess mass
diverging upward out of a given unit layer, again
between 0.3 and 1.1 miles radius and between 500
and 1,300 feet above the ground (fig. 19).

33. The evidence for cyclonic rotational flow in
the tornado between 0.3 and 1.1 miles from the
center leads to the tentative conclusion that the
vertically aligned cloud tags, such as in sketches
13 and 14, and 27 through 29, in the vicinity of
0.2 mile from the center were actually incipient
vortices having cyclonic rotation while at the
same time rotating as a unit cyclonically around
the tornado in the gross tornado circulation.
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THE SYNOPTIC SITUATION

JEAN T. LEE

District Meteorological Office, Kansas City, Mo.
[Manuscript received October 16, 1958]

ABSTRACT

A synoptic picture of the weather situation at the surface and aloft on April 2, 1957, is
presented. Maximum instability occurred along a low-level moisture axis, with a low-level
jet in close proximity. The upper-level jet indicates an area of divergence over the tornado
activity area which covered portions of Oklahoma, the Texas Panhandle, and north-central

Texas.

1. INTRODUCTION

The Dallas, Tex., tornado of April 2, 1957, was
only 1 of more than 20 tornadoes that occurred
on this date over portions of Oklahoma, the Texas
Panhandle, and north-central Texas (fig. 1). The
Dallas tornado was unique mainly in the number
of photographs and movies that were taken dur-
ing its life cycle.

The first reported severe activity during the
day was a tornado north of Nocona, Tex.—80
miles north-northwest of Fort Worth, Tex.—
about 1530 cst, followed by a second report from
the vicinity of Ringling, Okla., 100 miles north-
northwest of Fort Worth. Reports were received
prior to this of building thunderstorms to the
west of Fort Worth. The Dallas tornado oc-
curred at 1630 cst. Severe thunderstorms and
tornadoes continued throughout the late after-
noon and extended past midnight mainly in the
Oklahoma area.

The formation of the Dallas tornado cannot be
ascribed to any definite initiating causes at the
present time. The synoptic picture was very
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complicated with some very dramatic changes oc-
curring with a slowly moving cold front in west
Texas.
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F1cUure 1.—Location and time (csT) of tornadoes in Texas
and Oklahoma, April 2, 1957.
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During the preceding weeks the upper-air cir-
culation pattern was dominated by a series of
short waves in the westerlies which moved out
of the Gulf of Alaska in a south-southeast to
southeast direction. These short waves were very
vigorous, penetrating to the southern border of
the United States and forming closed low circu-
lations that then migrated northeastward.

Associated with this regime was the formation
of a number of vigorous surface low pressure sys-
tems in the southwestern Plains area. The path
of these Lows took them on a northeastward course
toward the Ohio River Valley.

On March 31 (fig. 2), one of these strong short
waves brought about the formation of a weak
1,006-millibar closed surface circulation in south-
western Kansas and the Oklahoma Panhandle.
This storm deepened on April 1 (fig. 3) to a
pressure of less than 1,000 millibars with a center
in eastern Arkansas having an average 24-hour
speed of 18 knots. After reaching maximum in-
tensity, this storm moved northeastward at 30
knots into southern Indiana by 1830 cst (fig. 4)
and into central Pennsylvania by 0630 cst on
April 2 (fig. 5). The associated cold front swept
through Texas on the 1st and by 0630 cst the
next day the cold front extended from central
Pennsylvania southward into southern Georgia
and thence westward into central Texas, having
started northward as a warm front in the latter
area.

Farther to the west a new surge of cold air had
moved in from the Pacific and at 0630 csT April
2 (figs. 5 and 6) the leading edge was found in a
line from western Wyoming through western and
southern Colorado and western Texas into north-
ern Mexico. Its eastward movement had de-
creased in speed from 30 knots to less than 20
knots and decreased further to less than 15 knots
for the next 24 hours.

Figures 6 through 10 are sectional surface
charts. The surface parameters in this tornado
outbreak were probably more useful in deline-
ating the area of possible maximum severe activ-
ity than in other cases. Over the South-Central
States there were two low-level warm tongues
present on the morning of April 2 (figs. 6 and
39). The first was in eastern Texas and Louisi-

2. SPECIAL FEATURES

ana and the second was in the eastern portion of
West Texas preceding the cold front. The western
intrusion had the highest surface temperature
during the afternoon with readings above 90° F.
The eastern warm tongue at 1530 cstT had tem-
peratures only in the eighties, while between the
two tongues there remained an area with read-
ings in the seventies.

The cold front on the morning of April 1 had
reduced the dew point temperatures over Texas to
at least the lower fifties, except in the immediate
vicinity of the Gulf coast. However, by 1830 csT
that afternoon one weak influx of moisture began
moving northward in extreme southern Texas
with a second increase starting from the vicinity of
Galveston, Tex., toward Fort Worth, Tex. Dew
points in the seventies still remained off the coast.
During the night, the western thrust of moisture
moved into the Del Rio, Tex., area while the
eastern one started to move into southern Okla-
homa. After 0630 cst April 2, a rapid change
began with the western intrusion retracting east-
ward as the other one built northward. By noon
60° dew points had penetrated as far north as
Oklahoma City. From noon to 1530 cst the 70°
dew points pushed rapidly out of the Gulf from
just west of Galveston, Tex., to the vicinity of
Fort Worth-Dallas. This rapid influx of mois-
ture appeared to be one of the main factors in
decreasing the stability of the air over northern
Texas, and the tornado activity was centered
around this eastern moist tongue.

The wind pattern at the surface for 0630 csT
April 2 showed the winds over Texas to be east-
southeast to southeast at 10 to 15 knots, except
near 20 knots at Corpus Christi and Brownsville,
Tex., and about 25 knots at Abilene, Tex. At
noon these winds had a tendency to shift toward
the south in the area east of the cold front and
south of the wind-shift or quasi-stationary front
in northern Texas. The speed of the wind had
increased to about 20 knots which was held dur-
ing the rest of the afternoon. The quasi-station-
ary front or wind-shift line from the vicinity of
Dallas to Wichita Falls, Tex., remained weak
with only a change in wind direction across the
front from east-southeast to southeast or south-
southeast.
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Fieure 3.—Surface pressure map, 0630 cst, April 1, 1957.
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Fieure 5.—Surface pressure map, 0630 cst, April 2, 1957.
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Fraure 6.—Sectional surface chart, 0630 cst, April 2, 1957.
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Ficure 8.—Sectional surface chart, 1530 cst, April 2, 1957.
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Ficure 9.—Sectional surface chart, 1830 cst, April 2, 1957.
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Ficure 10.—Sectional surface chart, 2130 csT, April 2, 1957.
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At 850 millibar (figs. 11 to 17) the low-level
wind jet was more apparent than at the surface.
The axis of the jet at 2100 cst April 1 (fig. 13)
was from Brownsville to Amarillo, Tex., with
weak speed divergence indicated along the axis
by winds of 30 knots at Brownsville and 40 knots
at Amarillo. By 0300 cst (fig. 14) on April 2,
the axis had shifted to a line from Laredo, Tex.,
to just west of Altus, Okla., with 50-knot winds
at Laredo, and 55-knot winds at Altus. A fur-
ther eastward movement of the northern portion
of the axis occurred so that at 0900 cst (fig. 15)
the center was on a line from Waco, Tex., to Ard-
more, Okla., with winds near 40 knots reported
along the axis; at 1500 cst (fig. 16) the axis had
moved to the vicinity of Dallas. This wind pat-
tern changed by 2100 cst (fig. 17) to 50 knots at
Galveston and a 45-knot wind to the east of
Dallas, indicating apparent weak speed conver-
gence. )

The 850-millibar moisture pattern was similar
to that indicated by the surface dew points. Rela-
tively dry air, with dew points at 850 millibars
of less than 6° C., was found over most of Texas
on April 1. At 0300 cst April 2 special radio-

3. 850-MILLIBAR CHARTS

sonde observations showed a rapid influx of mois-
ture with dew points up to 10° C., the moist air
having moved northward in a line from Laredo
to San Angelo, Tex. By 0900 cst this moisture
had shifted eastward to a line from Laredo to
Austin, Tex., to Altus, Okla., with dew points in-
creasing to 14° C. at Bryan, Tex., and to 12° C.
at Fort Worth—an increase of 11° C. in 6 hours
at the latter station. By 1500 ost the moisture
and low-level jet axes nearly coincided from Gal-
veston to Dallas to Altus. The maximum mois-
ture gradient occurred in the vicinity of the quasi-
stationary front in northern Texas. As men-
tioned before, the wind axis and low-level mois-
ture axis formed the central axis of tornado activ-
ity, with the area beginning in the vicinity of the
quasi-stationary front and spreading northward.

The isotherms at 850 millibars showed a gen-
eral weakening of the warm front as it moved
northward over Texas on the 1st; it became quasi-
stationary in the vicinity of Dallas on April 2.
The strongest thermal gradient on the 2d was
associated with the cold front moving through
west Texas.

4. 700-MILLIBAR CHARTS

On April 1 at 0900 csr, the 700-millibar chart
(fig. 18) had a short-wave trough with a tempera-
ture of —2° C. in the vicinity of Little Rock,
Ark. This trough was moving northeastward,
while a second strong perturbation was moving
down the western coast of the United States (figs.
19-24) carrying with it temperatures as low as
—8° (C. in the vicinity of Las Vegas, Nev. At
the same time temperatures over Texas were 2°
to 4° C., while winds over this region were mainly
westerly. Twenty-four hours later at 0900 cst
April 2, the western trough had intensified and a
closed Low had formed with its center to the west
of Albuquerque, N. Mex., and moving southeast-
ward at 10 knots. Temperatures of 8° C. were
now found at Tucson and Fort Huachuca, Ariz.
Over Texas, however, temperatures were in-
creasing to 10° C. at San Antonio, Bryan, Corpus
Christi, and Brownsville. Strongest winds at
this time were of the order of 50 knots and were

located on the western side of the trough. As
the cold air from the west continued to move east-
ward, the temperatures over Texas increased, re-
sulting in a sudden increase in the temperature
gradient in western Texas and eastern New Mex-
ico from 1° C. per 5° longitude to more than
10° C. per 5° longitude.

By 2100 osT on April 2 the Low had split into
two parts with one center in western Colorado
and the other southwest of Midland, Tex. Very
dry air, with dew points of —10° to —26° C., was
found over most of Texas, except where penetra-
tion of the 700-millibar level by the low-level
moisture had occurred by 1500 csT in an area
bounded by a line from Fort Worth to Abilene
to Altus to Oklahoma City back to Fort Worth.
In this area above zero dew points were indicated
by the observations taken at 1500 cst. 700-milli-
bar winds over Texas changed little in direction,
with but a slight increase in speed.
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Ficure 11.—850-millibar chart, 0900 csr, F16uRE 13.
April 1, 1957. Contours (solid lines) are '
labeled in hundreds of feet, isotherms
(dashed lines) in degrees Celsius. Dew
point temperatures 6° C. or above are
shown by light stipple, 12° C. or above
by heavy stipple.

Ficure 12.—850-millibar chart, 1500 csr, FicuRre 14.-
April 1, 1957.
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Figure 13.—850-millibar chart, 2100 csr,
April 1, 1957.

F1GUuRE 14.—850-millibar chart, 0300 csr,
April 2, 1957.
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FIGURE 15.—850-millibar chart, 0900 cs,
April 2, 1957.

F1GurE 16.—850-millibar chart, 1500 csr,
April 2, 1957.

Ficure 18.—
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F1Gure 17.—850-millibar chart, 2100 cst, April 2, 1957.
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F1GURE 18.—700-millibar chart, 0900 cst, April 1, 1957. Contours (solid lines) are labeled in hundreds of feet, isotherms

(dashed lines) in degrees Celsius.
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Ficure 19.—700-millibar chart, 1500 cst, April 1, 1957,

Fieure 20.—700-millibar chart, 2100 cst, April 1, 1957.
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FicUre 21.—700-millibar chart, 0300 cst, April 2, 1957.
F1cUure 22.—700-millibar chart, 0900 cst, April 2, 1957.
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5. 500-MILLIBAR CHARTS

A two-wave-train circulation was indicated on
the 500-millibar chart—one wave moving north
of the Canadian border and the other sweeping
into the southern portions of the United States.
The southern wave train was characterized by a
series of perturbations moving through at a rate
of about 8° latitude per day (figs. 25-32). At
0900 cst March 31, a short-wave trough was in
central Texas with temperatures of —19° C. as
far south as Bryan, Tex. The trough had reached
its southernmost penetration and was beginning a
northeastward movement. On the west coast of
the United States a second short wave, moving
out of the long-wave trough position at about
175° W. was entering the coast with central tem-
peratures near —30° C. This short wave dropped
south-southeastward, with a closed circulation
located over southwestern Utah by 0900 cst April
1. Temperatures were as low as —29° C. as far
south as Las Vegas, Nev., and winds were more
than 80 knots in the southern and western por-
tions of the trough.

The speed of movement of the closed center
decreased to about 5° latitude per day by 0900
cst April 2 when the center was located in north-
western New Mexico. Fort Huachuca at this
time reported a 500-millibar temperature of —28°
C. The 500-millibar jet was centered through
central Nevada dipping into southern California
thence digging southward into Mexico and reap-
pearing again along a line from Midland to Ama-

rillo to Dodge City. From 2100 cst April 1 to
0900 cst on the next day, the 500-millibar tem-
peratures were increasing over Texas with the
largest rise a 6° C. increase in 12 hours at Ama-
rillo. This was in contrast to the decrease of
7° C. in 12 hours recorded at Albuquerque, N.
Mex. Extreme eastern Texas continued to warm
during the day while the colder air moved into
western Texas. By 2100 cst, a 12-hour tempera-
ture fall of 5° C. occurred as far south and east
as Del Rio, Tex. With this temperature gradient,
winds of 50 knots or more were found as far east
as Midland, Tex., at 0900 cst, spreading eastward
and reaching a line from Laredo to Fort Worth
by 2100 csT.

A weak perturbation apparently moved out of
the main center at 1500 ost and was situated
along a line from Albuquerque to Lubbock, Tex.
to a point northeast of San Antonio, Tex. (fig.
31). This perturbation advanced northeastward
over the Dallas area to a line from north of Ama-
rillo, through Oklahoma City, Okla., to north of
Shreveport, La., by 2100 cst (fig. 32) and to a
line from Kansas City, Mo., to Little Rock, Ark.,
by 0900 cst, April 3 (not shown). This perturba-
tion, weak as it appeared at 500 millibars, con-
tinued eastward and deepened appreciably as it
moved into the North Atlantic trough position.

A general area of difluence was apparent over
most of Texas during April 2.

6. RAOB ANALYSIS

From a study of the radiosonde observations
[1] over Texas and Oklahoma, it was found that
the air was generally stable at 0300 cst, April 1
(not shown), as indicated on the SELS raob anal-
ysis working chart, with a mixing ratio of 9
grams per kilogram as the average maximum
moisture in the lower 3,000 feet. The air re-
mained stable at 0900 and at 1500 csT (fig. 33A)
but a rapid influx of moisture had by 2100 cst
(fig. 33B) increased the average moisture in the
lower 3,000 feet to 14 grams per kilogram in

southern Texas and to 12 grams per kilogram in
northern Texas. With this influx of moisture,
the lifted index (LI) [2] dropped from near 0 at
1500 cst to the very unstable value of —10 at
2100 cst. By 0900 cst April 2 (figs. 33C and
33D), the axis of maximum moisture in the lower
3,000 feet was—as indicated on the surface and
850-millibar charts—on an axis from west of
Galveston to Dallas to Altus, Okla., with the most
unstable air—as indicated by the LI—lying along
an axis from Viectoria, Tex., to west of Waco,
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F1eure 25.—500-millibar chart, 0900 csT, March 31, 1957. Contours (solid lines) are labeled in hundreds of feet, isotherms
(dashed lines) in degrees Celsius.

132 Ficure 26.—500 millibar chart, 2100 cst, March 31, 1957.
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Figure 27.—500 millibar chart, 0900 cst, April 1, 1957.
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F1cure 28.—500 millibar chart, 2100 cst, April 1, 1957.
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Ficure 30.—500 millibar chart, 0900 cst, April 2, 1957.
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Fircure 31.—500 millibar chart, 1500 cst, April 2, 1957.
FicurE 32.—500-millibar chart, 2100 cst, April 2, 1957,
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F1cure 33.—RAOB analysis charts, 1500 cst, April 1, 1957. Level of free eonvection upper left on station model, lifted
stability index upper right, average mixing ratio of lower 3,000 feet, lower left, and estimated potential tempera-
ture of the lower layer, lower right. Solid lines drawn for values of 6, 10, 14 grams per kilogram mixing ratio. (A)

1500 cst, April 1; (B) 2100 s, April 1; (C) 0300 cst, April 2; (D) 0900 cst, April 2; (E) 1500 cst, April 2; (F) 2100
csT, April 2.
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F1cuRE 34—Tropopause and jet chart, 0900 cst, April 1, 1957. Tropopause temperature (degrees Celsius) plotted above
station circle, and field analyzed by dashed lines. Height of maximum wind plotted below station circle. Jets
shown by stippled arrows.
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Ficure 35.—Tropopause and jet chart, 2100 cst, April 1, 1957. 137
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F1eure 37.—Tropopause and jet chart, 2100 cst, April 2, 1957,
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F1cURE 38.—Pattern of parameters generally used by SELS Center in forecasting severe weather, 2100 csT, April 1 1957.
Surface temperature (solid lines), surface dew point (dashed lines), upper-level jet (stippled arrow), low-level jet

(solid arrow).

Tex., to east of Abilene, Tex., to Wichita Falls,
Tex., to Oklahoma City, Okla. At 1500 cst (fig.
33L), the axis had changed so that the axis of
maximum low-level moisture and the axis of
maximum unstable LI coincided in a line from
west of Galveston to near Dallas to Altus, with
the level of free convection becoming progres-

sively higher as the distance from the Gulf coast
increased northwestward. At Fort Worth the
level of free convection was at 870 millibars. As
mentioned by Williams in the next paper there
appeared over Texas a middle-level inversion.
Figure 33F shows the airmass stability at 2100
CST.
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Ficure 39.—SELS parameters, 0900 csr, April 2, 1957.

7. JET AND TROPOPAUSE CHARTS

Figures 34-37 are composite jet [3] and tropo-
pause charts for April 1 and 2. A strong
narrow band of winds of 100 knots or more had
entered the west coast of the United States prior
to 0900 cst April 1, with one jet maximum in
central California as indicated by the wind speeds
reported and by the maximum concentration of
isotherms on the tropopause chart. This concen-
tration moved to the Arizona-Mexico border by
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2100 cst with a wind speed of nearly 180 knots
reported at San Diego, Calif. The data at 0900
csT April 2 indicated one perturbation moving
northeastward in the vicinity of eastern New
Mexico and a second one remaining in southern
California. The jet had a split configuration as
indicated in figure 37 at 2100 csT April 2 and the
apparent largest divergence aloft was at this
time centered northeast of Dallas, Tex.
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F1cUurE 40.—SELS parameters, 1500 cst, April 2, 1957.

8. SUMMARY

For simplification frontal positions are not in-
cluded in figures 38 to 40 which indicate succes-
sive positions of some SELS severe weather para-
meters [1]. As is shown, and as was previously
mentioned, the low-level moisture, which in this
case was well indicated by the surface dew points,
increased rapidly over north-central Texas as the

546389 0—60——10

temperature ridge moved eastward. Figures 33D
and 33E show that the maximum instability oc-
curred along this moisture axis. The low-level
jet moved eastward and by late afternoon was in
close proximity to the center of the moisture
tongue. The upper-level jet indicates an area of
divergence over the area of tornado activity.
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THE ROLE OF A SUBSIDENCE LAYER'

Dansy T. WiLLiAMS

District Meteorological Office, U.S. Weather Bureau, Kansas City, Mo.
[Manuscript received June 19, 1957; revised April 28, 19581

ABSTRACT

Although sufficient latent instability for severe thunderstorms was present in the
Dallas, Tex., area as early as 0830 csr, April 2, 1957, the first tornado activity did not
occur until shortly after 1500 csT. An earlier release of the instability was prevented by
(1) a low-level temperature inversion, and (2) an intermediate-level subsidence layer.
The temperature inversion was effective only during the morning hours; the subsidence
layer alone retarded activity during the early afternocon. The tornadoes that occurred
are believed to have resulted when the subsidence layer was briefly and locally penetrated,
allowing a sudden, violent release of some of the instability. The passage of a wind shift
line is believed to have effected this penetration.

1. INTRODUCTION

The destructive tornado that occurred at Dal-
las, Tex., April 2, 1957, apparently did not occur
along a squall line or pressure jump line. Sur-
face discontinuities in the Dallas area were gen-
erally weak and poorly defined.? Since this was
the case, it was felt that an explanation for the
occurrence of this and other tornadoes nearby
might be revealed by a study of the local upper-
air data. This paper presents the results of such
a study.

Upper-air data from Carswell Air Force Base,
located just west of Fort Worth, Tex., were ob-
tained from the regular soundings at 0230, 0830,
1430, and 1930 ost, and a special sounding at
1710 cst. The soundings were assumed to por-
tray general conditions within a 50-nautical-mile
radius of the station. These are plotted on
pseudo-adiabatic charts in figures 1-5.

From the data of these soundings time cross
sections of potential temperature, relative humid-
ity, horizontal advection of temperature, mean
vertical motion, wind direction, and windspeed

1 Presented at the 161st National Meeting of the American
Meteorologieal Society, College Station, Tex., Nov. 13, 1957.

2 A synoptic study by Mr. Jean T. Lee (elsewhere in this Re-
search Paper) indicates that a weak quasi-stationary front
was oriented west-east through the Dallas area.

were constructed. These are shown in figures
6-11 with time progressing from right to left.
The height scale is linear with respect to pres-
sure. The time-altitude position of each sounding
is shown as a slightly tilted (30 minutes per
30,000 feet) line to account for the time required
for the sounding balloon to ascend.

Severe thunderstorm activity occurring within
the 50-nautical-mile radius of Carswell Air Force
Base was summarized from the log of the Severe
Local Storms Center, U.S. Weather Bureau, Kan-
sas City, Mo., and is shown in table 1.

TaBLeE 1.—Severe thunderstorm activily occurring within a
50-nautical-mile radius of Carswell AFB, Fort Worth,
Tex.

Approximate
distance
(nautical
Time Type of weather and location miles) and
(csT) direction
from Cars-
well AFB
1508 | Funnel cloud vicinity Grand Prairie | 21E
1555-1559 | T'ornado vicinity McKinney.______ _| 48 NE
1638-1708 | Tornado(es) Dallas vicinity ... ___ .| 8E
1832 | Tornado 5-10 N. Meacham Field, Fort Worth____| 11 NNE
1845 | Tornado vicinity Azle..__________________________ 9NW
1940-1951 | Tornado vicinity Denton___.__.________ . ______ 35 NNE
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2. UPPER-AIR CONDITIONS

STABILITY AND ENERGY

The air over a large portion of Texas, including
the Dallas-Fort Worth area, was characterized by
latent instability most of the day. As shown in
figures 1-5, at Carswell AFB values of the lifted
index [1] decreased from 0.0 at 0230 cst to —6.5
at 0830 cst and to —7.5 at 1430 cst. Indices of
—7.0 were computed for 1710 and 1930 cst.?
The decrease in stability at Carswell AFB was
due primarily to an increase in moisture in the
lower levels.

The same parcels were lifted adiabatically (dry
or moist, as appropriate) to show positive and
negative energy areas on the charts. There was
a rapid increase in the net positive energy area
from 0230 to 1430 csT with a slight decrease
thereafter. Top of the positive energy area in-
creased from 31,500 feet at 0230 to 48,000 feet at
1710 cst, decreasing slightly thereafter. Except
for the 0230 cst sounding the upper boundary of
the positive energy area was the tropopause.
Values of the lifted index, net energy area, and
upper boundary of the positive energy area are
shown in table 2.

TEMPERATURE

A low-level temperature inversion existed
throughout the day, rising until the time of the
1710 cst sounding and falling thereafter. A time
cross section of potential temperature, with the
inversion indicated, is shown in figure 6. It may
be noted from figures 1-6 that the low-level
inversion was never quite eliminated, although
it no longer constituted a negative energy area
from somewhat prior to 1430 cst. Beebe and
Bates [2] ascribe the lifting and gradual elimina-
tion of such an inversion to vertical motion.

3 The lifted index was computed according to operational pro-
cedures of the Severe Local Storms Center, U.S. Weather
Bureau, Kansas City, Mo. In this procedure the mean moisture
of the lower 3,000 feet and a forecast maximum surface tem-
perature are used to determine the 500-millibar temperature of
the lifted parcel. The lifted index is the difference between
the temperature at 500 millibars of the sounding and the lifted
parcel. In the case presented a forecast temperature of 78° F.
(potential temperature of 300° A.) was used. Actual maximum
temperatures reached during the day were: Love Field, Dallas,
77° F.; Carswell AFB, Fort Worth, 77° F.; and Amon Carter
Field, Fort Worth, 76° F.
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LOCAL CHANGE IN TEMPERATURE

The local change in temperature with respect
to time, 07'/dt, was approximated by subtract-
ing temperature values of each sounding from
those of the succeeding sounding at corresponding
levels. Values of the local change in tempera-
ture, reduced to degrees Celsius per hour, are
shown in table 3. A time cross section of the
local temperature change is not included because
the nature of this change may be noted from the
isentropes in figure 6. The purpose of computing
local temperature change was for subsequent use
in the computation of mean vertical velocity by
the adiabatic equation.

RELATIVE HUMIDITY

A time cross section of relative humidity is
shown in figure 7. The extreme stratification of
moisture and its coincidence with the low-level
temperature inversion may be noted. The exist-
ence of moisture to great heights (72 percent

TABLE 2.—Energy potential of the Carswell AFB soundings.
Net energy area vs given in units of degrees Celsius times
feet

Lifted Upper
Time (csT) Index Net energy | boundary
0. area of energy

area (feet)

0.0 —55, 000 31, 500
—6.5 108, 000 40, 500
-7.5 240, 000 41, 000
=7.0 235, 000 43, 000
=70 185, 000 41, 500

TaBLE 3.—Local change in temperature with respect to time.
Values are in ° C. per hour

Level 0230-0830 | 0830-1430 | 1430-1710 | 1710-1930
(millibars) CST CST CST CST
0.45 0.71 —0.15 —0.26
33 .63 .00 —.35
—.87 .47 .26 —-.30
—.97 .29 .63 —.43
37 —.83 —. 04 00
33 —.83 —.19 00
20 —. 55 .00 1.22
12 .02 —. 89 96
05 .15 .14 04
00 .20 .37 —-.09
—.10 .25 .56 —.26
—.05 .55 .11 =, 57
20 .23 .15 =17
17 17 .44 —.09
33 —.03 .67 39
33 = 17 . 56 1.00
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11 —. 57
15 —.17
44 -.09
67 .39
56 1.00

A

G
\\\\
~
~
5 "
w 200 Yo S~ S~
g Sy ~ 35, ~
~ ™~
~ ~
(9] - \ NN ~
0 250 g Ny Ny ~
g \X ) ‘\\ >
& g O O ~_ > N
300 . ~
L 3\\ \\ ~
=, S ~
350 ey ~ ~

-90° -80° -70° -60° ~50° - 40° -30° -20° -10°(C) 0°
TEMPERATURE

450

500

550

600

o}
w
o

PRESSURE
~
o
o

800

850

900

950

1000

1050
—50° —40° =30° -20° -10° 0°(C) 10° 20° 30° 40° 50°

TEMPERATURE

Ficure 1.—Carswell AFB sounding for 0230 cst, April 2, 1957. The sounding is plotted to the 100-mi
winds are shown to the 400-millibar level. The negative energy area is stippled, and the positiv
shaded. Note the low-level temperature inversion and the relatively large size of the negative
in the cross are the following data: Upper left, base and top of the positive energy ar
lifted index; lower left, mean mixing ratio of the lower 3,000 feet ; lower right, forecast maximum so-
°F. and the forecast mean potential temperature of the lower 3,000 feet in °A.

546389 0—60—11 1455



175
Sls
200 ~—g

PRESSURE

I~
250 \\ — L \
300 \ ~_ =g -
350 >~
S E N
05 '\\ ~ é\\ \
=
B . SN
500 \ |

-90° -80° -70° -60° —50° —40° -3° -20° -10°(C) o
TEMPERATURE

400 A\ \ N ‘ ’ ]
] N \ \\ é .\\ §/

450 N \ \,
N\ N

500

550

650

700

PRESSURE

750

\
N\
o 630 — &\\
—_

—-65
185

N\ :

850" r . NI AN
B \

900 [— 1.6 3;)90 \\\\Q \

os0 \ \\ WO N N

j
. g AN NEANAN
,

A \ A\ \\\

<1050 \
—50° —-40° -30° -20° -10° 0°(C) 10° 20° 30° 40°

TEMPERATURE

Freure 2.—Carswell AFB sounding for 0830 csT, April 2,1957. The inversion has risen but still constitutes a signifesas
negative energy area. The positive energy area has increased considerably and now extends to the tropopause.
the increase in low-level moisture over the previous sounding.

146

PRESSURE

350

400

450

500

650

PRESSURE

850 |

900

950 |-

1000 -

1050 -
-

F1GUReE 3.—Ca
stitutes a n
buoyancy ¢




8
 §
VA
/
/
7
/
¢
w |
!/
/
D

125 ~4 =~ ~

150 =~ “ o
] 175 \\ <> <Z

200 =

w S ~
x B ——— ~<
o N i, 3

> ‘ oo — So i

~—~ g - '\3 N p— & ~ ~
~ A
g \\.\ \‘é = ~ .
o 200 ‘ ~ S = N
| ~1> \\¥ \\\~<\\\ S~
S— - = ~ =
350 gy S

_ ~—— S
N 400 < =

Qs
/
7/

% g0r -80° =70 -60° -50° - 40° -30° -20° -10°(C) 0°
TEMPERATURE
§/ 400
450 -
500
4 |
550 d
; 600
= w j
14
> 650
n
O]
| i
x 700 J
N
750 \
\ \\
800 1
- N
\ \
180 X \ \\§ \
850 t t \ \ ‘\
300 YRA\NYEN
- 13.4 AN
® NN \\ AN
950 T \\ X \ \
NANAN Y
o VU N NCTYO)
\ \
% o LA N AN N
-50° -40° -30° -20° -10° 0°(C) 10° 20° 30° 40° 50°
TEMPERATURE
'usslegmﬁgzréz Freure 3.—Carswell AFB sounding for 1430 cst, April 2, 1957. The inversion has risen still higher but no longer con-

stitutes a negative energy area. The positive energy area is of considerable size and extends to the tropopause. From
buoyancy considerations the air mass should now be releasing its latent instability.

147



200

I~ ™~ o ~ ~. - i
\\ E™ < ~ \
175

250

PRESSURE

350

400

500

—-90°

400

500

550

650

PRESSURE

750

800

860 — \ \

850

A
165 |=7.0 W\

900

Al T \ \\
300 \ \\
14 I ¥,

»
4w

79 N

950

1000 -

1050

SANANA

=50° —40° -30° =20° =107 0°(C)

30° 40° 50°
TEMPERATURE

Ficure 4.—Carswell AFB sounding for 1710 cst April 2, 1957. The inversion has risen slightly but has not been elimi-

nated.

A large positive area still remains. For the first time moisture is now present above the 400-millibar level

and exists to at least the cutoff point of the radiosonde element.

148

PRESSURE

n

w

6!

[51]
14
b= ]
0]
]
w
@
o

FiGure 5.—




W 100 S /
\ \./3733 \\‘
| 125 K = T~ -
B 150 \ T %y <\\ “o
B \\\ \1\ 330 \\‘\\ \\\‘
175 >< 1 < RS
7 200 sg — =
W \\ \ X ~ -
x 310"~ SN
| 8 [N \\\ g‘o ~ \\ \
- 0 250 N
w ~ L
14 S >
_1 o ~ SN
300 - X
~— =
~ 400 —
B
o 300 o0 -80° -70° -60° -50° -40° -30° -20° -10°(C) 0°
TEMPERATURE
400
) 7
450
\\
é\\ 7
500
% \\
\\
RN\
B 600 \ 3\
N Y \}
\ %
E N /
0 \ N \
] \ \ Y
; I LN 7
] 750 \ \\\%}‘\\ ™
\ \
j 800 850 : \\ \ =AY
75 | =70 \\\ \\ \\
] 850 - } \\ \\
B 300 N\ O\ \\\ \
> 900 137 79 \\ A N \
— RN \\ AN
950
N \
N NANANANAN
\3 A} X
) A \ \\\\ \\ \ \

50° 1050
-50° —40° -30° -20° =10° 0°(C) 10° 20° 30° 40° 50°
TEMPERATURE

.bgen alim- Ficure 5—Carswell AFB sounding for 1930 csT April 2, 1957.  The inversion has descended and the upper-level moisture
iillibar level ; e ; . :
has disappeared. A large positive energy area, extending to the tropopause, still exists.

149



300

324 324 322 320 Ig
322 ] / 318 8
400 B
320 -] 1 ;
318 36
//’\ +6
500
314
45
600
La
0 =
B e
= 312 o
- S
3 700+ +3m
s 310 n
w
800 +2
|
302 (5.9
900 -t |
o HNoeo
298
6 ‘ 298 296 o
1930C 1710¢ 1430C 0830¢C 0230¢

Ficure 6.—Time cross section of potential temperature.

The time of tornado occurence at Dallas is indicated on this

and the other sections by the heavy black column. Times of other tornadoes and funnel clouds are indicated by the
large black dots. Isentropes are drawn for each 2° A. and the base and top of the temperature inversion is shown as
a heavy solid line. Note the merging of the isentropes into the inversion. Amounts of the temperature inversion

are indicated in the circles.

relative humidity at 320 millibars) at 1710 csT
suggests that it may have been transported up-
ward by vertical motion. However, since the
sounding had a “motorboating” humidity in the
layer from 631 to 513 millibars at 1710 csT, it is
likely that the vertical transport of moisture oc-
curred at some distance from Carswell, with a
subsequent horizontal transport of moisture over
the station. This suggests that vertical injections
of moisture to great heights did not occur uni-
formly over the entire area, but occurred rather
in isolated columns.

HORIZONTAL ADVECTION OF TEMPERATURE

The advective temperature change was com-
puted from winds aloft data, using Panofsky’s

150

[3] equation of thermal advection. The equation
was used, rather than transport of isotherms
along streamlines of constant pressure charts, for
these reasons: (1) It is applicable to non-synoptic
(single station) data, (2) it is more objective,
and (3) it provides values for more levels. The
equation, which was derived on the assumption
of geostrophic flow, is:

da Ty

—V. — e
VVPTV I az g

(1)
where:
V=wind vector on a constant pressure
surface.
V p=vector gradient operator on the con-
stant pressure surface.
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Ficure 7.—Time cross section of relative humidity. Isopleths are drawn for each 30 percent. The extreme stratifica-
tion of moisture along the low-level temperature inversion may be noted. Note also the existence of moisture to

the top of the section of 1710 csT.

Ty=virtual temperature of the constant
pressure surface.
— V.V pTy=advection of virtual temperature on
the constant pressure surface.
V=wind speed on the constant pressure
surface.

=change in wind direction a with
height 2. This was evaluated
through a layer which has the
constant pressure surface as its
midheight.

f=Coriolis parameter.

g=acceleration of gravity.

o«
0z

It is now assumed that 7, the actual tempera-
ture at a constant height level, approximates 7'y,
the virtual temperature at a constant pressure
level, and that V,T, the gradient of temperature

along a constant height surface, approximates
V Ty, the gradient of virtual temperature along
a constant pressure surface, so that:

da /T

_ . = 2
Vv, T=V e

(2)

Equation (2) is sensitive to small changes in V
and a. To obtain the best possible accuracy,
values of V and « were taken to the nearest meter
per second and the nearest whole degree for each
standard kilometer level. The equation was
applied to layers 2 kilometer thick to yield the
advection at the midheights of the layers. Layers
were overlapped to provide values at each kilo-
meter level. Values of horizontal advection of
temperature obtained are shown in table 4. A
time cross section of horizontal advection of
temperature is shown in figure 8.
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Warm advection in the lower levels was sur-
mounted by a nearly continuous layer of cold
advection and this layer was in turn surmounted
by a layer of warm advection. Although the
rates of advection were rather small, it may be
noted that the advection pattern tended to de-

TaBLE 4.—Hortzontal advection of temperature. Values are
in degrees Celsius per hour

crease the stability from the surface to near the
top of the cold advection layer.

One purpose in computing the horizontal ad-
vection of temperature was for subsequent use in
determining vertical velocity by the adiabatic
method. For this purpose it is necessary to know

TABLE 5.—Mean horizontal advection of temperature.
Values are in degrees Celsius per hour

Level (kilometers) 0230 csT | 0830 cst | 1430 csT | 1710 csT | 1930 csT

0.97 0.55 0.36 0.43 0. 57
.76 .44 .40 .63 .78
.68 .43 —.03 .30 .17
.37 .32 —.26 —.09 —. 46
.09 19 .47 .25 28
.18 15 1.37 .30 72
—.02 35 1.05 .30 42
—. 14 73 .45 21 25
35 88 .38 29 77
50 1.00 .06 68 1.05

Level 0230-0830 0830-1430 1430-1710 1710-1930
(kilometers) CST CST CST CST
0.76 0.46 0.40 0. 50
60 .42 .52 71
56 .20 .14 24
35 .03 —.18 —-.27
14 .33 .36 27
17 .76 .84 51
17 .70 .68 36
30 .59 .33 23
62 .63 .34 53
75 .53 .37 87
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the mean advective rate for the periods of time
between soundings. The equation of thermal ad-
vection yields only instantaneous values. To ob-
tain the mean rate, values for each two successive
soundings were averaged, it being assumed that
this average approximated the mean rate. Mean
values for the periods are shown in table 5.

In the computation of vertical velocity it was
desirable to compute the mean vertical velocity
for each 50-millibar level. To do this it was then
necessary to convert the mean horizontal advec-
tion from 1-kilometer levels to 50-millibar levels.
This was accomplished by constructing profiles
of the advection with respect to height and read-
ing off the values for each 50-millibar level. This
procedure smooths the profile some, but not exces-
sively in this case. Values of the mean advection
so obtained are shown in table 6.

MEAN VERTICAL MOTION

Mean vertical motion was computed by the
adiabatic equation (cf. [3]):

oT
5 tV-V.T

T—) (@}

w=—

where:
w=mean vertical motion.

oT

—a=local change in temperature with re-
spect to time.
—V.v,T=horizontal advection of tempera-
ture.

T'=adiabatic lapse rate (dry, moist, or
combination of both as appro-
priate).

v=-existing lapse rate.

TaBLE 6.—Mean horizontal advection of temperature.
Values are in degrees Celsius per hour

Level 0230-0830 0830-1430 1430-1710 1710-1930
(millibars) CST CST CST CST
0.76 0.46 0.40 0. 50
.44 .46
60 .42 .52 71
58 .31 .33 48
56 .20 .14 24
43 .10 —.04 —.06
30 .09 —.08 -.17
17 .29 .30 18
16 .57 .62 40
17 .73 .78 46
19 . 68 . 65 33
32 .60 .38 28
63 .62 .35 60
25 32 .36 66

Because the diabatic change in heat of the par-
cel generally cannot be measured, it has been neg-
lected in equation (3). Thus, the equation must
be applied only to those levels at which the
change in heat can be assumed to be negligibly
small. Greatest changes in heat usually occur at
low levels due to insolation and radiation. In the
case presented the effects of these changes were
minimized by making computations only at 800
millibars and above. Changes in heat due to
change of state of water can be accounted for by
the selection of the proper adiabatic rate (dry,
moist, or combination of both). However, as
pointed out in the next paragraph, such changes
in heat were also neglected at the few levels where
they might have occurred.

The lapse rate difference, (I'—v), was measured
from the plotted soundings in degrees Celsius per
kilometer for each 50-millibar level from 800 to
250 millibars. T was taken as the dry adiabatic
rate in all cases; i.e., it was assumed that the par-
cels remained unsaturated during ascent or de-
scent. This assumption was warranted in all cases
except the following: 800-, 750-, and 700-millibar
levels at 1430, 1710, and 1930 cst, when the near
saturation of the stratum made the use of the dry
adiabatic rate questionable. An attempt was made
to use a combination of dry and moist rates for
the moist stratum, but vertical velocities obtained
appeared unreasonable. Consequently the values
computed at the dry adiabatic rate were retained,
even though questionable. Fortunately the sub-
sidence layer to be discussed presently lies above
the few levels at which (I'—y) and vertical
velocity might be questionable. Values of (T—y)
are shown in table 7.

Since all of the components of equation (3) are

TaBLE 7.—Lapse rate difference. Values are in degrees
Celsius per kilometer. Questionable v1i:-: are enclosed
by parentheses

Level (millibars) 0230 csT | 0830 csT | 1430 csT | 1710 csT | 1930 ST
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TABLE 8.—Mean lapse rate

degrees Celsius per kilometer.

enclosed by parentheses

difference. Values are in

Questionable values are

TABLE 9.—Mean vertical velocity. Values are in centi-
meters per second. Questionable values are enclosed by
parentheses

Level 0230-0830 | 0830-1430 1430-1710 1710-1930 Level 0230-0830 | 0830-1430 1430-1710 1710-12%0
(millibars) CST CsT CST CST (millibars) CST csT CST CST
7.5 (8.0) 3.7) 53. 0) 0.9 (4.3) (4.2) (6.8
3.0 (2.8) (3.3) 4.8) 2.3 (11.3) (4.4) (2.3
1.6 (3.6) (4.5) (4.3) 6.3 (5.8) (.9)
1.0 3.2 5.5 4.3 8.6 .7 4.3 —6.6
.9 .8 2.0 2.5 7.7 —2.1 =17 —-2.3
.8 .9 1.4 1.2 5.9 2.8 —1.4 6.3
1.3 1.5 1.5 1.5 5.6 5.9 1.1 12.2
1.8 2.3 2.0 1.8 3.6 2.2 9.3 15.¢
1.3 1.0 1.3 1.5 -.2 12.5 10.7 9.3
2.0 2.2 1.5 1.5 2.1 5.4 -~1.1 6.8
1.0 1.0 1.0 1.5 8.3 18.1 —8.9 11.2
2.0 2.8 1.5 1.2 -1.0 4.9 =3.7 -7.8

mean values for a period of time, the lapse rate
difference should also be a mean. This mean was
approximated by averaging the values, level for
level, for each two consecutive soundings. The
mean values of (I'—y) are shown in table 8.

Substituting values from tables 3, 6, and 8 into
equation (3) yields the mean vertical velocity
shown in table 9 and figure 9. Questionable
values are indicated by parentheses in the table
and by dashed isotachs in the figure. In the fig-
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Fi1GURE 9.—Time cross section of mean vertical motion. Isotachs are drawn for each 5 cm. sec.-!. Note the

upward motion at low and upper levels and the subsidence motion at intermediate levels. Near the 300-millibar

level there is upward motion of 18 em. sec.—! between 08

is downward motion of 9 cm. sec.—! at this level.
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TaBLE 10.—Mean vertical velocity computed by displacement
of inversion surface as compared to the adiabatic method

Time

period Lifting of inversion surface Adiabatic method

(cst)
0230-0830 | 4.3 cm./sec. from 926-825 mb..._| Not computed below 800 mb.
0830-1430 | 7.6 cm./sec. from 825-670 mb-_..| 7.1 cm./sec. from 800-700 mb.
1430-1710 | 1.8 cm./sec. from 670-657 mb___| 2.6 cm./sec. from 700-650 mb.
1710-1930 | —8.9 cm./sec. from 657-724 mb_._ —6.4b cm./sec. from 650-700

mb.

ure mean values have been plotted midway be-
tween the observation times, it being assumed that
the mean value approximates the midperiod value.
It should be stressed at this point, however, that
the values shown are means for the considerable
periods of time between soundings. Instantaneous
values of vertical velocity at any given time could
(and undoubtedly did) deviate greatly from the
mean.

Significant features of the mean vertical mo-

tion are upward motion at low levels, a subsi-
dence layer at intermediate levels, and general
upward motion immediately above the subsidence
layer. This subsidence layer is believed to be of
particular importance in the occurrence of the
tornadoes.

In section 3 on temperature it was indicated
that the inversion surface could have been lifted
by vertical motion. The vertical velocities re-
quired to do this, computed from the distance the
inversion surface was displaced and the length of
time required for the displacement, are shown in
table 10. Values obtained for approximately the
same layers by the adiabatic equation are also
shown. Fair agreement exists between the two
methods.

WIND DIRECTION

A time cross section of wind direction is shown
in figure 10. Values of wind direction and speed
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Fieure 10.—Time cross section of wind direction. Isogons are drawn for each 10°. Note the backing of the wind with
time prior to 1710 cst and the veering thereafter.

155




TABLE 11.—Winds aloft for standard kilometer levels.
Direction given to the mearest whole degree, and speed
to the nearest whole meter per second

Level (kilometers) 0230 csT | 0830 csT | 1430 csT | 1710 csT | 1930 csT
Surface_......_ swa 130-08 160-08 150-08 130-04 140-05
0.5-0== s 151-16 153-13 152-13 145-10 159-12
1.0.___ 162-22 171-20 170-14 156-15 169-17
1.5 173-21 184-21 179-17 164-16 177-16
2.0 181-15 186-21 183-15 173-16 192-12
2.5 189-11 182-19 187-16 181-16 210-15
3.0 213-11 186-19 191-18 191-15 208-21
4.0 243-13 203-15 182-22 186-22 198-26
5.0 244-15 204-13 183-24 188-24 198-27
6.0 249-15 215-16 194-23 193-20 203-27
7.0 255-16 212-19 218-22 196-21 210-29
8.0 248-21 231-22 226-23 208-13 211-28
9.0 250-27 237-24 232-23 206-21 215-26
1 257-28 253-33 236-29 222-21 228-28

are shown in table 11. With some exceptions
there was a general backing of the wind with
time at most levels prior to 1710 cst. The excep-
tions were surface to 2.0 kilometers, 0230-0830
csT; 2.5 to 3.0, and 7.0 kilometers, 0830-1430 OST;
and 3.0 and 5.0 kilometers, 1430-1710 cst. Wind
veered with time at all levels after 1710 cst. This
veering indicates that a wind shift line, extending

to great heights, passed the station at the ap-
proximate time of the Dallas tornado. Unfortu-
nately the time intervals between soundings are
too great (over 2 hours) to permit locating the
wind shift line exactly in time, or to permit the
showing of any possible discontinuity in the shift.

WIND SPEED

A time cross section of wind speed is shown in
figure 11, and speeds are tabulated in table 11.
The existence of a low-level jet at 0230 and 0830
osT may be noted. A wind speed minimum of 13
meters per second at the 8-kilometer level occurred
with the 1710 cst sounding, followed by increas-
ing speed thereafter. This indicates an upper-
level change in wind speed as well as wind direc-
tion at the approximate time of the Dallas tor-
nado.

The possible effect of a jet stream has not been
investigated. The sections do not extend high
enough to show winds at the jet stream level.
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3. SURFACE CONDITIONS

Surface weather conditions were obtained from
forms WBAN 10A and 1130B for Love Field,
Dallas; Amon Carter Field, Fort Worth; and
Carswell AFB, Fort Worth. Significant surface
conditions (excepting tornadoes) at these stations
are given below.

Love Field: General broken to overcast stratus
and stratocumulus-type clouds were present dur-
ing the morning hours. There were intermittent
very light rain showers from 1136 to 1715 cst
with heavy rain showers from 1645 to 1650 csr.
Thunderstorms occurred from 1612 to 1722 cst
with l4-inch hail from 1645 to 1649 cst. The
first cumulus-type cloud was reported at 1426
cst and the first cumulonimbus cloud at 1526 csr.

Amon Carter Field : General broken to overcast
stratus and stratocumulus-type clouds were pres-
ent during the morning hours. Intermittent rain
showers occurred from 1153 to 1650 cst with the
intensity varying from very light to moderate.
The moderate rain showers occurred from 1523
to 1526 ost, and thunderstorms occurred from

1654 to 1716 cst. The first towering cumulus
cloud was reported at 1326 csrt, and the only
cumulonimbus cloud reported was at 1927 csr.

Oarswell AFB: General broken to overcast
stratus and stratocumulus-type clouds were pres-
ent during the morning hours. Intermittent rain
and rain showers occurred from 1138 to 1841 cst
with the intensity varying from light to very
light. Thunderstorms occurred from 1749 to
1841 cst. The first towering cumulus was re-
ported at 1129 cst, and the first cumulonimbus
was reported at 1612 csT.

The following features were generally common
to all of the stations: (1) Broken to overcast stra-
tus and stratocumulus-type clouds during the
morning hours, (2) intermittent rain showers
(mostly very light) from just before noon to late
afternoon and early evening, (3) cumulus-type
clouds beginning just before noon or in the early
afternoon, and (4) cumulonimbus-type clouds be-
ginning just after midafternoon.

4. THE ROLE OF THE SUBSIDENCE LAYER

During the morning hours the existence of the
low-level temperature inversion permitted insta-
bility to increase, while preventing its release.
However, by 1430 cst, or a little earlier (see fig.
3a) the low-level temperature inversion no longer
provided a restraint to rising parcels; thus in-
stability should have been released during the
early afternoon. The fact that it was not released
at this time is attributed to the downward motion
in the subsidence layer. In fact, subsidence prob-
ably assisted in the restraint during the morning
hours, also.

Since the subsidence would be opposed by the
buoyancy of the unstable air, it is reasoned that
forces other than buoyancy were the cause of the
subsidence. It is suggested that the layer was
dynamically driven by a certain pattern of the
horizontal wind, which determined a distribution
of divergence with height favorable to the sub-
sidence. Unfortunately it is not possible to com-
pute the divergence in this case with sufficient
accuracy to substantiate this suggestion.

The existence of such dynamically driven sub-
sidence layers is believed to be the only way in
which conditions of extreme latent instability can
develop and be maintained. Otherwise instability
would “leak off” as fast as it developed.

The possibility of the subsidence layer being
penetrated would be determined by the depth
and the velocity of the subsidence and the ap-
proach of any condition that might reverse the
vertical motion. Mean values of the subsidence
were weak for the period 1430 to 1710 csT with a
maximum value of only —1.7 em.sec.” at 600 milli-
bars. Thelayer wassomewhat more than 50 milli-
bars thick during this period. Only a slight
change in the vertical velocity would be required
to eliminate the subsidence, at least locally and
briefly. Small changes in the horizontal wind
could have accomplished this, and it may be noted
that a significant change did occur. Specifically,
the wind shift line, extending to great heights,
which passed Carswell AFB during the late after-
noon, is believed to have been the mechanism that
provided for the penetration of the subsidence
layer, which resulted in the Dallas tornadoes.
Some of the other tornadoes (e.g., McKinney at
1555-1559 cst and Azle at 1845 csT) cannot be re-
lated to this wind shift line. However, in these
cases it is quite possible that small-scale changes in
the wind, temperature, or both, which were too
localized in time and space to affect the Carswell
AFB sounding, provided for local penetrations of
the subsidence layer.
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The hypothesized penetrations of the subsi-
dence layer are not reflected in the computed
values of vertical motion. This does not invali-
date the hypothesis, since the computed values
are means for considerable periods of time, and
could not be expected to show brief and local
changes in the vertical motion.

Although brief and local penetrations of the
subsidence layer might result in violent releases
of the instability, as characterized by the Dallas

tornadoes, these releases would be too brief and
too local to make much change in the overall sta-
bility of the general area. Since the subsidence
layer continued in the mean sense (and even in-
tensified) to at least 1930 ost, and since latent
instability remained great (—7.0 at 1930 OsT),
it is reasoned that in spite of the tornadoes there
still was no general release of the instability that
was available.

5. SUMMARY

1. Stability decreased rapidly from 0.0 at 0230
CST to —6.5 at 0830 cst. Lifted indices of —6.5
to —17.5 prevailed from 0830 to 1930 csr.

2. The decrease in stability was accomplished
primarily by an increase in low-level moisture,
although differential advection of temperature
tended to decrease stability also.

3. Positive energy areas on the sounding charts
were large from 0830 to 1930 cst with the tops
of the areas extending to the tropopause.

4. The rapid decrease in stability and the avail-
ability of positive energy to a great height pro-
vided a thermodynamic potential for severe thun-
derstorm activity as early as 0830 csr.

5. A low-level temperature inversion existed
throughout the period. Although it was present
on all of the soundings (it may have been elimi-
nated briefly between sounding times), it pro-
duced a negative energy area on the sounding
charts for only the morning hours.

6. An extreme stratification of moisture pre-
vailed at low levels, except in the late afternoon
when some penetration to higher levels occurred.

7. The low-level temperature inversion and the
top of the moist layer rose from 0230 to 1710 csT
and descended thereafter.

8. A mean subsidence layer prevailed at inter-

mediate levels from about 0830 csr to the end of
the period.

9. Limited convective activity, in the form of
towering cumulus and very light rain showers,
began over the area shortly before noon.

10. Severe convective activity, in the form of
tornadoes and funnel clouds, occurred over the
area from 1508 to 1951 csr.

11. A wind shift line, characterized by a veer-
ing of direction with time at all levels up to 300
millibars, and a wind speed minimum at high lev-
els, passed the /sm/tion during the late afternoon.

12. The subsidence layer is believed to have
permitted the latent instability to increase, while
preventing its early release.

13. Sudden and violent release of some of the
instability in the form of tornadoes is believed
to have occurred when the mean subsidence layer
was briefly and locally penetrated.

14. The passage of the wind shift line is be-
lieved to have been a primary mechanism in ef-
fecting local penetrations of the subsidence layer.

15. In spite of the tornadoes there was no gen-
eral release of the latent instability. The lifted
index at 1930 cst was nearly as great as at any
other time during the day.
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A SUMMARY OF EYEWITNESS INTERVIEWS!
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ABSTRACT

A brief résumé is given of the information gathered by personal interviews from eye-
witnesses of the Dallas tornado of April 2, 1957.

1. INTRODUCTION

The Tornado Damage Survey Project was or-
ganized under Weather Bureau sponsorship to
conduct investigations of the effects of tornadoes
in order to establish knowledge of their structure
and behavior as revealed by their various mani-
festations. TIncluded for consideration were such
factors as path length and course, path width and
variations, distribution of horizontal velocities,
direction of rotation, vertical velocities, pressure
distribution, vertical structure, pertinent attend-
ant phenomena, relation of path to terrain, and
relation of the nature of the terrain at the place
of origin to subsequent behavior. This was to be
accomplished through specific quantitative meas-
urements of structural damage and displacements
of objects, accounts of interviews with eyewit-
nesses, and tornado and tornado-damage photo-
graphs obtained from both ground and aerial sur-
veys. Publication of the information was to be
in the form of raw data reports of each storm.
The effectiveness of the tornado warning system
and public reaction to tornado warnings were
also to be evaluated in the study.

The first member of the survey team arrived in
Dallas the morning following the tornado. He
was joined in the afternoon by two more of the
team, and 5 days later by three additional mem-

! Contribution from the Department of Oceanography and
Meteorology, the Agricultural and Mechanical College of Texas,
Oceanography and Meteorology Series No. 131, based on investiga-
tions conducted for the Texas A. & M. Research Foundation
through the Sponsorship of the U.S. Weather Bureau, under con-
tract Cwb-9118.

2 Present affiliation : U.S. Weather Bureau, Washington, D.C.

bers of the staff of Texas A. & M. College. A
total of 44.5 man-days was spent in Dallas by this
group to study the damage and collect data.
Thirty-five tape-recorded interviews were ob-
tained during this time.

During the entire investigation, close liaison
was maintained with Weather Bureau personnel
in Dallas. The Weather Bureau Office was used
as headquarters and all survey personnel of both
the Weather Bureau and Texas A. & M. stayed
at the same hotel. Each evening a meeting was
held, the results of the day’s work discussed, and
possible leads for further investigation ex-
changed. As a result of these discussions, some
excellent witnesses who would otherwise not have
been found were located.

INTERVIEW TECHNIQUE

It appears at first glance a relatively simple
procedure to obtain information about tornadoes
by speaking with persons who have experienced
them. After some trial, however, it becomes evi-
dent that there is considerable skill involved in
conducting damage surveys,

The preferred method developed during the
investigation was the use of a long, informal,
tape-recorded interview. A basic list of questions
was constructed to insure inclusion of all impor-
tant points in each interview. The correct phras-
ing of the questions was carefully considered as
a safeguard against prejudicing the anss
was found that questions calling for simple “yes™




and “no” answers were not helpful in stimulating
the witness to contribute details, and that ques-
tionnaires which the witness filled out in writing
were not as informative as the oral interview in
which the trained survey team members could

recognize significant material and follow through
with pertinent questions.

The following remarks are based largely upon
information derived from the published eyewit-
ness accounts [1].

2. THE TORNADO AND ASSOCIATED WEATHER

THE TORNADO CLOUD

Several witnesses gave fairly good descriptions
of the cloud associated with the tornado, particu-
larly during its incipient stages. They all agreed
that a thunderstorm was in progress north of the
tornado. The parent tornado cloud itself how-
ever was described as being distinct, and quite
different. Fach witness who watched the tornado
develop described the tornado-bearing cloud as
being a small one, although the estimates of size
did not agree. Such differences are to be ex-
pected, however, since it is very difficult to esti-
mate cloud heights, thickness, and diameter. The
largest estimate given was a cloud 1 mile in hori-
zontal dimension. The top of the cloud was de-
seribed as being wery diffuse, and not cumuli-
form, and it seemed to merge with an overcast at
6,000 feet. (One witness thought the cloud was
only about 2,000 feet thick). Whether the cloud
went above 6,000 feet could not be learned. It
grew as it moved northward, and finally joined
with the thunderstorm.

Mr. Winston Shelton, President of Tex-Air,
Inc., who first reported the tornado to the
Weather Bureau, said, “I noticed another cloud
sort of in the shape of a cumulus but not a big
buildup or anything like that. It had a dark
base, but not a threatening base. The diameter
didn’t appear to be over a mile.”

The base of the cloud was 600-800 feet above
the ground during the early stages, but was esti-
mated to be at 3,500 feet about midway in its
life cycle.

THE FUNNEL

The first evidence of the funnel was a small
“knot” protruding from the cloud base. Two
other knots also appeared and finally merged into
one funnel. The condensation funnel was visible
throughout the storm, usually extending about
one-half of the distance from the cloud base to
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the ground. Tt apparently was on the ground
only a short time, but an area of dust and debris
was visible beneath the funnel. The photographs
illustrate this well. The funnel was nearly ver-
tical during most of its life. At times its tip
tended to lag behind at the ground, and most
witnesses felt that damage was not as great then.
The funnel was about 50-100 feet wide at the tip
according to most witnesses, but widened out
and was considerably expanded at the cloud base.
At one time during the early stages the funnel
sloped about 45° toward the west.

The funnel apparently changed diameter quite
rapidly, with at least one observer reporting no-
ticeable changes taking place almost continu-
ously. During dissipation, the funnel divided
into at least two and possibly several parts. At
this time the base and top of the funnel were
separated (horizontally) by about 1 mile and the
end was observed to “whip” in the air.

During the latter part of its life, light rain
was reported in the immediate vicinity of the
funnel; some witnesses got wet while watching
it, or running from it.

A second funnel was observed at first approxi-
mately 1% miles east of the Dallas tornado; the
two gradually diverged. This second tornado
later caused damage north of Dallas and was the
funnel around which Mr. J. D. Hudson flew with
a Life magazine photographer. An account of
this flight was given wide distribution by the
Weather Bureau [3].

PATH AND MOVEMENT

The first surface indication of the tornado was
in an open field in the form of a whirlwind which
increased in intensity as it moved northward.
After traversing a path of about 14 mile, it began
to cause light damage such as breaking branches
off trees and causing minor damage to houses.
Considering the whirlwind to be the beginning,
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the path length was 1434 miles. Path width (de-
fined here as the width of tornadic winds rather
than width of damage area) did not exceed 100
feet, and in most locations was only 60 feet wide.
Width ef damage along the path usually ex-
ceeded 100 feet, but this resulted from buildings
being struck by flying debris rather than by the
tornado itself.

Direction of movement was slightly east of
north at first, but gradually altered toward the
north-northwest. As shown in figure 1, the path
was characterized by many small changes in di-
rection. The speed of movement averaged about
25 miles per hour; however, witnesses driving
near the tornado reported speeds varying between
10 and 40 miles per hour. Witnesses also reported
that the tornado oscillated from side to side as
it moved along.

PRECIPITATION

Nearly all witnesses reported heavy rain asso-
ciated with a thunderstorm prior to the tornado,
but ending 15 to 20 minutes before the tornado
passed them. This precipitation was associated
with a north-northeastward-moving thunderstorm
which covered most of Dallas. Love Field re-
corded 0.36 in. in 5 minutes as the cloud passed
over. Hail, usually reported to be of marble size,
occurred with this thunderstorm, but not with the
tornado. One or two reports of hen-egg-sized
hail were also made. All hail reports are plotted
on figure 1.

LIGHTNING

None of the witnesses reported any lightning
close to the funmel, although two or three ob-
servers reported seeing a glow or dancing lights
within the funnel. Dome lightning was asso-
ciated with the thunderstorm as it passed. Radio
static was at a minimum in the broadcast bands
and none was reported on the VHF channels.

PRESSURE

The fluctuations of the Love Field barograph
were less than are usually observed during thun-
derstorms. No pressure jumps that could be
associated with this tornado were evident on this
or any other barograph in the area. Since the
airport had been in the heavy rain area, the in-
fluence of the tornado on the pressure trace can-
not be determined with certainty.

546389 0—60——12

Through most of the Oak CLiff area little dam-
age resulting from pressure change alone could
be found. A movie theater wall collapsed, prob-
ably from pressure differential, but not until the
tornado reached the north end of its path was
there any further evidence of heavy damage due
to pressure variations. Homes in the Oak CLff
section which lost rooftops did not appear to
have been affected seriously by pressure. In
those homes where a careful examination was
made, all window damage could be accounted for
by flying debris, since the windows usually had
holes in them rather than having the full pane
out. Some witnesses noticed their ears “pop-
ping,” while others did not.

Mr. John Geyer, a Weather Bureau employee,
reported hearing a child’s rubber duck honk on
two separate occasions as the tornado passed
within one-half block of his house. This is par-
ticularly significant since the toy honks only when
air is being expelled from it (as on the passage
of a low-pressure area) and not when air is
entering.

SOUND

The sound of the tornado was described both
as a steady and as a pulsating noise. The pul-
sating quality may have been partly the result
of suddenly added noise as buildings were torn
apart. Most reports characterized it as a loud
roar like the approach of many trains or jet
planes.

WIND

With respect to the wind in the vicinity of the
funnel, witnesses agreed that the wind was calm
to distances about a mile from the tornado. Sev-
eral who were very close, including one man
within 50 feet of the damage area, also reported
feeling no wind. In this regard, the observations
over Bachman Lake are very interesting. Neither
of the two observers who were within 300400
feet reported seeing any rippling of the water
surface except in the area where the tornado
funnel was actually touching the lake, indicating
that the wind is sharply discontinuous at the
funnel and need not decrease gradually with dis-
tance from the funnel as most investigators have
represented ; and that inflow, at least at the sur-
face, was insignificant at this point in the tornado
path. The tornado was dissipating at this point
in its path.
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Ficure 1.—Continued

The movies of the tornado show rapid fluctua-
tions in the motions within the dust and debris
area which indicate a variable wind around the
base of the funnel.

While most witnesses described the action of
the wind as being one of suction, several felt
that it was just the opposite. Robert Huber,
Dallas Police Department, volunteered the fol-
lowing:

The debris seemed to go away from the funnel. Now
that I get to thinking about it, if you are standing out
watering your lawn and you squirt your hose down and
the debris and stuff that you hit with the water pressure
goes away from it, that’s what it looked like it was
doing. The vapor from the funnel itself and from the
bottom of the funnel looked like the stuff was rolling
out like this, and around in a circular direction. . . .
It was rolling up from the bottom and instead of coming
from the outside in, it looked like it was maybe coming
from the inside out. Like if you hold a steam hose at the
ground, and let the steam out, the steam is going to
come out away from the hose in a kind of rolling, circu-
lar motion.

Another witness reported the ashes in her fire-
place blown around the house, yet all doors and
windows were shut. The wind could only have
come down the flue.

Mr. A. M. Brown watched the tornado cross
Bachman Lake from a good vantage point and
reported “to the best of my knowledge, it just
opened up a hole, and you could see right to the
bottom, it looked like.” He also stated that the
hole was 18-20 feet deep and about 40 feet wide.

In contradiction to their comments concerning
suction most witnesses described all debris at the
ground level as moving away from the funnel and
none actually approaching it. For instance, ac-
cording to Mr. B. G. Harris, “it seemed to me
like it [debris] was coming out from the ground
at an angle just like something had caught hold
of it and slung it out.” Movies of the funnel
confirm these observations.

Considering also the significance of Mr. Geyer’s
observations concerning the honking of the rub-
ber duck, the suggestions repeatedly advanced,
that the tornado funnel might possess a central
downdraft, should not be lightly dismissed.

Engineering estimates of forces required to
cause damage (described in another section of
this report) generally indicated winds under 150
miles per hour. One of two estimates which ex-
ceeded this value was based on the overturning
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Ficure 2.—Radar echoes associated with Dallas tornado: (a) Before funnel formation, (b) just after the funnel lifted.
(Radars at different locations.)

of an empty railroad box car which two witnesses
independently described as being lifted on end as
the tornado passed. Damage to the top and
frame of the car confirmed the observation. Judg-
‘ing by the original position of the car and the
tornado path, this car was closer to the center of
the funnel than any of the other cars. An aerial
photograph, one of a series made by the Texas
A. & M. damage survey team and reproduced as
Photo 22b on page 45, shows the overturned rail-
road cars.

TURBULENCE

Several pilots flew close to the tornado funnels.
One, flying a commercial aircraft, reported no
turbulence at his distance of 34 miles from
the Dallas tornado funnel. Another flew to
within about 800 feet of a second funnel. He
reported only light turbulence at this distance.
A third pilot who was making an approach to
Redbird Airport flew in the vicinity of the tor-
nado cloud just before the first funnel became
visible. He too did not notice any turbulence.

RADAR OBSERVATIONS

The tornado was observed on the GCA radar
at Love Field, and by several other radars in the

164

area. Unfortunately, none of these photographed
their scopes during the actual period that the tor-
nado was on the ground. The Weather Bureau
station at Fort Worth took pictures before and
after the storm using a 100-mile range setting.
Figure 2a shows a picture taken before the storm,
and figure 2b is a picture taken by a different
radar minutes after the funnel had lifted. Move-
ment of the echo was toward 010° at 24 knots.
These pictures show that the tornado was located
on the southwest side of an echo, the same as is
usually observed. The northward movement of
the echo placed the tornado in the left rear quad-
rant of the echo with respect to motion. Torna-
does have been most frequently observed in the
right rear section of the echo [2].

The GCA operator made some interesting ob-
servations of the second tornado. A commercial
aircraft outbound from Love Field reported the
funnel to the radar operator and supplied infor-
mation concerning its touchdowns and path. Each
time the pilot reported a touchdown, the radar
operator observed an echo on his scope in the
location described by the pilot. The echo was
similar in appearance to that of an aircraft ex-
cept that it was only intermittently observed.
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3. DAMAGE TO STRUCTURES

For the most part, the tornado did not cause
excessive damage, and must be considered a com-
paratively mild one by almost any standard.
Heavy damage, except for masonry buildings,
was limited to areas of inexpensive and flimsy
construction, where damage was nearly complete.
(See photo 19a on p. 39.)

Descriptions by witnesses of buildings collaps-
ing are very interesting. Persons to the north
of the funmnel, watching it come toward them,
described the buildings as exploding; but people
to the sides or behind the funnel related that the
roof would go up, then the other walls would
blow along the path. To persons ahead of the
tornado, this sequence in disintegration could ap-
pear as an explosion.

Mr. Ed Hite who drove along behind the tor-
nado and watched several buildings destroyed
said “T saw several of them. I could see the roof
go together, and go up, and the walls cave in or
go together, just kind of like a giant hand had
reached out and pinched the thing and popped
the top off of it.”

The most obvious feature of structural damage
was the tornado’s effect upon buildings having
solid masonry wall construction. Most buildings
of this type in the path of the tornado suffered
extensive damage as the walls collapsed. The
common type of masonry wall encountered was
constructed of 8-inch concrete blocks with an
outer layer of 4-inch bricks and a 1-inch gypsum
slab on the inside. The walls of these buildings
fell outward and toward the tornado path. The
Renard Rug Co. (fig. 3) building was the only
one which suffered damage to the walls on three
sides, including the wall on the side of the build-
ing away from the tornado. This wall (A) fell
into the building and toward the tornado. Out-
side the rug company building, an empty railroad
box car overturned toward the path. Judging by
the debris around the car, it must have over-
turned at nearly the same time as wall (C) col-
lapsed. The force of the falling wall did not
appear to have aided materially in the overturn-
ing of the car. This suggests that wall (C) was
subjected to an inward wind force at very nearly
the same time that it fell outward because of a
pressure differential.

The survey team was constantly on the alert
to locate adjoining buildings of different con-
struction which might have been subjected to the
same forces, but suffered different degrees of
damage. Before establishing that the buildings
were subjected to the same forces, it is necessary
to consider several factors which were in opera-
tion, such as (1) the eyewitness descriptions of
side-to-side oscillations of the funnel at the
ground, (2) the amount of ventilation in the
house (number of open windows, and direction
relative to the storm of open windows, whether
attic fans were operating, tightness of construc-
tion, whether or not the house was built on a slab
foundation, ete.), and (3) the effect of local ed-
dies. A few cases were found in which it ap-
peared that approximately the same forces were
involved. In one instance, an old house was to-
tally destroyed, while adjoining houses of equal
age suffered only minor damage. The former
was what might be called a “cracker box”, the
exterior walls containing no studs. Both of the
adjoining houses had studs in the walls. Figure
4 shows both of these houses. Frame houses
across the street from the Renard Rug Co. and
some near a movie theater in Qak Cliff suffered
extensive roof damage only, but the walls of the
rug company and movie theater were masonry
and collapsed as the tornado passed. In both
buildings the walls were also supporting the roof
so that the roof fell in, thus causing even more
extensive damage. The forces required to cause
failure of these masonry walls have been calcu-
lated and are included in the engineer’s report.

In the Riverside Drive area, where some of the
most extensive damage occurred, the exterior
walls consisted of sheetrock on the inside and
asbestos shingles nailed to slats on the outside.
These houses were one-story apartment units with
three or four units comprising one building.
These were totally destroyed, even the first floor
being gone. All of these buildings had been
bolted to the foundation with bolts at 5-foot in-
tervals. The bolts and 2X4 plates containing
them were still in place.

A characteristic sequence of damage to frame
houses became apparent during the damage sur-
vey. Porch roofs and shingles were most com-

165



Fiaure 3.—Damage to a building of solid masonry wall construction. Labels A, B, C, refer to walls discussed in text.

Ficure 4.

166

Dashed line shows approximate path of tornado, moving toward the left.

Complete destruction of wooden house constructed with no studs in the outside walls.
next door was of approximately the same age.
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monly damaged and constitute the least serious
destruction. Next in order of frequency and seri-
ousness was the removal of roofs or portions of
roofs. In some cases, especially with hipped
roofs, a roof section, usually on the side away
from the approaching tornado, was taken off.
The collapse of exterior walls, leaving the inner
ones intact, constituted increasingly serious dam-
age culminating finally in total destruction when
even the lower floor with all partitions was blown
away.

In studying damage to structures, two general
modes of collapse, one typical for frame houses,
and the other for masonry structures, could be
distinguished. Masonry buildings responded to
the internal force caused by the pressure reduc-
tion outside of the building, which pushed the
walls outward and allowed the roof to fall in

(fig. 3), while frame houses with more ventila-
tion and therefore more possibility for equaliza-
tion of pressures, showed rather the struggle to
resist the sheer driving force of the wind. In the
latter, the roofs were ripped off by wind motion,
and the walls blown over and strewn along the
tornado path. Masonry walls, exhibiting more
rigidity, acted as a unit and were pushed over at
once, while frame construction could give and
was therefore not so frequently seriously dam-
aged.

One eyewitness who is a consulting engineer
said that the building damage in Dallas indicated
to him that the destructive forces were about the
same as those in the Waco, Tex., tornado in 1953
and the Drumwright, Okla, tornado of 1956. He
had surveyed the damage after both storms for
insurance companies.

4. AERIAL SURVEY

The day following the tornado, an aerial survey
was made with Robert Beebe and Alton Duff,
both of the U.S. Weather Bureau. Movies of the
path were made by Mr. Beebe, and still pictures
were taken by the author using a K-20 aerial
camera. All pictures were made through the side
windows of the aircraft and some loss of defini-

5. PUBLIC REACTION TO

Witnesses were unanimous in stating that they
thought tornado forecasts were beneficial and in
favoring their continuation. It should be remem-
bered, however, that most of the people ques-
tioned had just had a rather harrowing experi-
ence or a narrow escape, and such complete ac-
ceptance of the forecasts might not have been
found if a tornado had not occurred. The ma-

tion resulted. Flight altitude was between 500
and 600 feet above ground.

The data from this flight made it possible, by
identifying streets in each picture, to plot the
exact path of the storm. No scoring of the
ground by heavy objects dragged around by the
tornado was evident from the air.

TORNADO FORECASTS

jority of witnesses seemed to realize that there is
a real possibility of a tornado occurring outside
of a forecast area. It might be that radio and
television stations are at fault in trying to mini-
mize the danger present when the local town is
in proximity to, yet not actually within the
bounds of, a tornado alert area.

6. GENERAL KNOWLEDGE OF PERSONAL SAFETY PRECAUTIONS

To the surprise of the survey team, very few
people, when questioned closely, knew what they
should do to protect themselves during a tornado.
A great many lay down on the floor wherever
they happened to be. Others thought the south-
west corner of their house to be the safest place,
probably a result of hearing that the southwest

corner of basements is considered safe. Others
in automobiles stopped their cars and tried to run
away, when they could have easily driven away.
It seems that people consider the likelihood of
personally experiencing a tornado a remote pos-
sibility, and consequently adopt the attitude,
“Why learn the rules?”.
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7. SUMMARY

The preceding remarks should serve to empha-
size certain points about the tornado which be-
came evident through interviews. HTach item is
only briefly discussed, and more complete infor-
mation is contained within the original report
[1]. To those interested in tornado models and
structure, careful study of the statements in the
interviews and the implications of some of the

comments should yield some excellent material.
Some of the observations do not support classical
theories of tornado structure but this information
should not be ignored. It should be remembered
that most witnesses have very little interest in
the scientific study of tornado origin and be-
havior; they are merely relating what their expe-
riences were and what they saw.
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ABSTRACT

The results of computations of the minimum wind speeds required to produce the
damage observed to various kinds of structures during the Dallas tornado are presented.
The highest speed computed is 302 miles per hour. Because of the limitations, these com-
putations are of most value as indicators of relative magnitudes of the wind speed.

1. INTRODUCTION

This paper will show the minimum wind speeds
required to produce some of the structural fail-
ures that occurred during the Dallas tornado of
April 2,1957. The wind speeds were determined
from an analysis of many types of structures. In
each case the minimum or, in a few cases, the
maximum wind speed computations were based
upon reasonable sequences or modes of failure.
Although the results are limited by the assump-
tions required by the analysis, it is felt that they
have considerable value as an indication of the
relative magnitude of the wind speeds involved.

In selecting items for engineering analysis

from the great number of interesting and unique

occurrences present, consideration was given to
choosing only those for which sufficient and perti-

1 Presented hefore the Second National Conference on Applied
Meteorology : Engineering, under the joint sponsorship of the
American Meteorological Society and the American Society of
Civil Engineers, Ann Arbor, Mich., September 9-11, 1959.

nent information was available to make the engi-
neering estimate reasonable and reliable. Natur-
ally, some of the sites yielded an estimate much
more trustworthy than others, due to the extent
of the damage and obvious sequence of events, the
helpfulness of the eyewitnesses’ reports, the type
and quality of construction, and the availability
of wind tunnel data. Another factor which had
to be considered was whether or not the damage
resulted from actual wind forces or from flying
objects. This, in some cases, was impossible to
determine. It is necessary to keep in mind the
factors which have been mentioned and to realize
that, in each case, the speeds are probably some-
what in error and represent only a reasonable
estimate at best.

2 Contribution from the Department of Oceanography and
Meteorology, the Agricultural and Mechanical College of Tex
Oceanography and Meteorology Series No. 158, based on i
gations conducted for the Texas A. & M. Research Foun
through the sponsorship of the U.S. Weather Bureau. 1
contract Cwb—9116.




2. ESTIMATES

ITEM NO. I

Collapse of two walls of a service station located
on the corner of Stewart and Edgefield Streets
in southeast Dallas

(Fig. 1)

The walls A and B were blown outward at this
location. Both walls were constructed of 8-inch
concrete blocks and had a clear ceiling height of
12 feet. The minimum computed speed to col-
lapse walls A and B was approximately 92 miles
per hour. Of course, this estimate assumes sound
original construction, which may or may not have
been present, as the general character of masonry
construction makes pinpoint analysis impossible.
This is especially true where combined bending
and axial loading is involved.

ITEM NO. I

Overturning of a small empty storage tank at
Davisson Oil Co., 1616 Singleton Boulevard
(Fig. 2)

This tank was overturned and was seen by eye-
witnesses to roll for over 100 feet along the
ground after overturning. This analysis deter-
mined only minimum wind speed required to over-
turn, assuming the legs were not anchored. The
minimum wind speed required to produce this
overturning action was between 55 and 65 miles
per hour; however, it should be kept in mind
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Figure 1.—Plan view of building, item no. I.
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Figure 2.—Plan and elevation views of tank, item no. II.

Support consists of four legs and four horizontal braces.
All are 1% by 1% by ¥s-inch angles.

that the tank actually was blown along the
ground for some distance after overturning,
which might indicate that, perhaps, a much
higher wind was present. Since the legs were
not anchored, the tank may have been subject
to gust action.

ITEM NO. III
Removal of the flat roof of a building owned by
Mr. A. Ragland, at 3013 Navarro, on the corner
of Navarro and Singleton Boulevard

(Fig. 3)

In this item the built-up roof of the two-story
building was completely blown off, including the
10-inch shiplap. The roofing material was un-
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Ficure 3.—Elevation of roof section, item no. III.

usually heavy for this type of construction, being
approximately 13 pounds per square foot. None
of the supporting roof joists below, nor the ceil-
ing carried by the roof joists, was damaged.
Thus, it appears that only external wind suction
was involved. In the analysis, only 50 percent
of the attaching 20d common nails were assumed
to be effective in resisting this uplift, since the
roof joists themselves were not damaged. It
should be kept in mind that this is only an ap-
proximation at best, but it is considered to be
reasonable in view of the information available;
therefore, the minimum wind speed required to
cause failure, in the manner described, was com-
puted to be at least 179 miles per hour. Of course,
the chief error involved in these calculations re-
lates to the type of end connection involved and
its particular manner of failure.

ITEM NO. IV

Overturning of railroad freight cars at Record
Crossing Switch on the east side of the Trinity
River

(Fig. 4)

At this location several railway freight cars
were overturned by the force of the tornado.

CAR 1 was overturned sideways to the west
and at the time of overturning had gross weight,
without the trucks, of approximately 108,600
pounds. Both of its side doors were closed. The
minimum speed required was 128 miles per hour.

CAR 2 remained in an upright position and
had a loaded gross weight of 119,300 pounds at
the time, with both of its doors open. This does
not include the weight of its trucks, which
weighed a total of 10,000 pounds. The trucks
were dropped. The minimum speed required to
overturn was 144 miles per hour; therefore, if
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Ficure 4.—(Above) End view of car I, item no. IV,
(Below) Elevation of car IV, item no. IV.

the assumptions made are correct, it can be con-
cluded that the horizontal wind in the vicinity
of cars 1 and 2 was between 128 and 144 miles
per hour.

CAR 3 was directly south of car 2 and of
similar position and weight; therefore, the hori-
zontal wind speed was less than 144 miles per
hour.

CAR 4 was reported by an eyewitness to have
been located south of car 6 and to have over-
turned endwise with a center rotation about one
end. This car was empty and had a gross weight
of approximately 45,300 pounds, excluding the
weight of the trucks, which remained on the
ground. The doors on each side of the car were
open. It should be kept in mind that the values
obtained from the analysis of this item were very
approximate in nature as the shape factors used
in the calculations are only estimated average
values and vary greatly with the shape and rela-
tive size of each structure. Exact values can be
determined only by wind tunnel test for the par-
ticular item concerned. The minimum speed re-
quired to produce this overturning action was
calculated to be 217 miles per hour.

CAR 5 was empty having a gross weight of
45,300 pounds excluding the weight of the trucks
which were left on the ground as the car turned
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sideways to the east. Only one of its doors was
definitely known to have been open; therefore,
the other door was assumed to have been closed.
The minimum computed wind speed was 83 miles
per hour.

CAR 6 was overturned sideways to the east
with both of its doors open at the time and had
a gross weight of 119,300 pounds. The minimum
horizontal speed required to overturn was 144
miles per hour.

CAR 7 had a loaded gross weight, including
its trucks, of 72,400 pounds and overturned side-
ways to the east. DBoth of its doors were closed.
The minimum computed required speed was 105
miles per hour.

CAR 8 had a loaded gross weight, including
weight of its trucks, of 135,600 pounds and re-
mained in an upright normal position. The door
on the west side was open while the door on the
east side was closed. The minimum computed
speed to produce overturning was 143 miles per
hour; therefore, the actual wind velocity was
probably less than 143 miles per hour since it
remained upright. Since only one door was
closed, it should be remembered that the exact-
ness of any calculations would be very approxi-
mate without wind tunnel tests.

ITEM NO. V

Structural collapse of a 45-foot elevated sign-
board located on the west side of Harry Hines
Boulevard in the 7400 block

(Fig. 5)

This structure consisted of 13 poles extending
45 feet above ground. The horizontal bracing
was in the elevation between 28 feet and 45 feet
only, above the ground level, and was of un-
Imown character. Since the dispensation of the
bracing was approximated, the exact sequence of
failure was unknown. Therefore, several con-
ceivable sequences of failure were considered
with the lowest minimum speed computed being
302 miles per hour. In this case it was assumed
that the bracing and face of the billboard itself
failed first, and then each pole, stripped of all
other components of structure, failed independ-
ently, due to the wind pressure of its own vertical
surface along its full height.

In view of this high value of the minimum
wind speed and considering the other minimum
speeds computed for different situations, it would
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Ficure 5.—End elevation of sign (above), front view
(center), and plan view of sign, item no. V.

seem very doubtful that a single mode of failure
occurred. Rather it is more likely that a combi-
nation of failures actually took place, thus mak-
ing possible a reduced speed to account for the
damage. The possibility of destruction from
flying objects should not be overlooked because
of the distance from the damage and proximity
of other structures whicl. were not severely dam-
aged. Another consideration to be noted is that,
if the caleulated speed of 302 miles per hour is
regarded as a reasonable value, the speed of the
wind at the ground level could have been much
less since the large resisting face of the sign was
between 28 and 45 feet above the ground.
ITEM NO. VI

Structure failure of 12-inch masonry walls on
three sides at Renard Linolenm & Rug Co., 2335
Burbank Street

(Fig. 6)

In this structure, three of the four vertical
walls failed as shown, with the wall D remaining
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Ficure 6.—Elevation of wall and plan view of building,
item no. VI.

intact. All walls were 12-inch masonry construc-
tion consisting of 8-inch lightweight concrete
block interlaced by 4-inch brick. The clear height
of all walls was 18 feet 5 inches. The computed
minimum speed of collapse for walls A and C
was 107 miles per hour, while that for wall B
was 109 miles per hour. Of course, these values
assume no secondary failure of either wall which
might occur if failure of all walls was not simul-
taneous. In addition, it might be noted that, if
a so-called “down draft” existed in the vicinity
of this building, this downward vertical pres-
sure on the roof would have enabled the walls to
withstand a much greater pressure differential
before failing than the figures indicate. Of course,
the magnitude, or even the existence, of this fac-
tor is not known; therefore, it cannot be consid-
ered here.

ITEM NO. VII

Overturning of an empty truck bed and attached
hoist at corner of Denton Road and Wyman
Street

(Fig. 7)
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Ficure 7.—Front elevation of truckbed, item no. VII.

This item consists of a 3-yard truckbed and its
attached hydraulic hoist which was overturned
by the wind force while resting on a portable
support carriage about 30 inches off the ground.
The bed and the hoist were overturned about an
axis parallel to its longitudinal axis. In the anal-
ysis, the wind force was considered to have been
composed of vertical uplift as well as horizontal
pressure. In interpreting the results obtained by
this method, it should be kept in mind that this
value is only approximate in mature since esti-
mated shape factors were used. No horizontal
slippage was possible. Based on this analysis the
minimum wind speed required to overturn the
truck and attached hoist was approximately 123
miles per hour.

ITEM NO. VIII

The yielding of a flagpole in front of the Johnson
& Johnson Co., 9000 Denton Drive

(Fig. 8)

This flagpole, located in front of the Johnson
& Johnson Administrative Building on the east
stde of Denton Drive, was composed of three tele-
scoped sections of pipe having a total height of
42 feet. The pole was embedded in concrete for a
length of 6 feet which was undisturbed by the
tornado. This coupled with the fact that the
stresses in the portion of the pole above the
ground remained in the elastic range, as evi-
denced by its straightness when measured after-
ward, would seem to indicate that all of the per-
manent deformation occurred at its base; that is,
at the top of the concrete base. The final angle
of deviation off the vertical was 1° 30’. Assum-
ing a yield point stress of 35,000 p.s.i., the mini-
mum wind speed required to produce this stress
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would be between 115 and 133 miles per hour. It
might be added that the writer feels that these
values are quite accurate and can be taken as being
a very reliable indication of minimum wind speeds
encountered.
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Saddle for center beam
at each end

3" Longleaf Pine
Shearhing covering
with 4 ply tar and
gravel roofing - each
piece of sheathing is
21' long with tongue
and groove edges.
Planks are 3" x 8"
(37 planks in the
section).

3" | 21°
¢ L == = == = = and gravel
i . b
Assume two == 16 Assume two
60 penny nails “%ld’; 60 penny
per plank nails per
plank

|
| 4 ply tar

Pull-out resistance per nail = 357 lbs
Note: Planks failed at end connections only

Fiaure 9.—Plan and elevation views of roof, item no. IX.

ITEM NO. IX

Roof damage to Johnson & Johnson Co. ware-
house at 900 Denton Drive

(Fig. 9)

This item consists of a hole in the roof of the
Johnson & Johnson Co. warehouse which was the
result of either external suction or internal pres-
sure. The roof section considered was approxi-
mately 21X25 feet. The roof portion consisted

TABLE 1.—Summary of estimated wind speeds in Dallas tornado

Item Location
No.

Item description

Estimated speed
(miles per hour)

1 | Corner of Stewart and Edgefield Sts_| Service station wall collapse (12
(a) Collapse outward of sou

2 | 1616 Singleton Blvd__________________ Overturning of 48-foot diameter

(b) With pair of adjacent le;
3 | Corner of Navarro and Singleton | Uplift of roof section from flat-r

Blvd.
4 | Record Crossing on east side of Trin-
ity River.
5 | 7400 Block of Harry Hines Blvd______ Failure of 13-pole, 45-foot eleva

pole assumed critical.
6 | 2335 Burbank

(a) Southwest wall outward
(b) Northwest wall outward

(b) Assuming plastic action

(b) Collapse outward of west 8-inch concrete block wall__

(a) With single leg as center of rotation_____________ -

________________________ Structural failure of 12-inch concrete block walls of 18-foot height:
(c) Northeast wall inward_______
7 Cosrner of Denton Rd. and Wyman | Overturning of empty truck bed and hoist____________________ " 123 (minimum).

8 | 9000 Denton Rd__._..________________ Yielding of flag pole in front of Johnson & Johnson Co.:
(a) Assuming elastic action_

feet high):
th 8-inch concrete block wall___.______________ 91.6 (minimum).
92.2 (minimum).

empty tank on 3-foot 10-inch legs:
65.5 (minimum).
55.2 (minimum).
179 (minimum).

gs as center of rotation
oofed 2-story structure

128 (minimum).

144 (maximum).

144 (maximum).

217 (minimum).

83 (minimum),

144 (minimum).

105 (minimum).
_____________________________________ 143 (maximum).

ted signboard. Independent failure of each 30? (r)nlnlmum) (very doubt-

ul).

__________ 107.4 (minimum).
109.3 (minimum).
-| 107.4 (minimum).

115 (minimum).
133 (minimum).

9 | 9000 Denton RA__.__.________________ Removal of roof section from Johnson & Johnson warehouse._............ T (minimum).
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of 3-inch longleaf pine sheathing covered with a
four-ply tar and gravel roofing. In the analysis,
only 50 percent of the nails at each end of each
sheathing plank were assumed to be effective in
pull-out. The minimum pressure differential to
cause failure of the roof section above was ap-
proximately equivalent to a windspeed of 189

miles per hour; however, this value would be
subject to great change with any change in the
type of connection failure assumed. Since the
exact type of connection failure is unknown, this
value must be considered, at best, only a rough
estimate; however, it is probably correct within
25 percent.
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