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

INTRODUCTION 
WALTER H. HOECKER, JR. 

US. Weather Bureau, Washington, D.C. 

The study of the tornadoes of April 2, 1957, 
at Dallas, Tex., presented here is an assembly of 
illdependent efforts on some of the important as- 
pects of these tornadoes and the associated 
watlier situation. It is not intended as an ex- 
llaustive study. Initially, R. G. Beebe of the 
Ihnsas  City Severe Local Storms Forecast Unit 
alld W. H. Hoeclrer of tlie Severe Local Storms 
Research Unit, Washington, D.C., prepared sepa- 
rate studies using portions of the large number 
of photographs talcen of these tornadoes. When 
it %'as learned of other studies that were being 
Prepared by personnel of the Severe Local Storms 
Forecast XJnit at IZansas City, and by contract 
tornado investigators of the Texas A. & M. Re- 
se:ircll Foulidation, Dr. 13. Wexler, Director of 
Meteorological Research, U.S. Weather Bureau, 
SugFested that a]] these efforts be assembled into 
a slngle research paper. The papers are pub- 
lished in fu]\ as submitted, with the exception 
that tlie contributions of S. G. Bigler and E. p. 
Segiier of the Texas A. & M. Research Founda- 
tion (contract investigrators for the Weather Bu- 
reau) are condensations of their original Coli- 
tract reporis. Tliis was necessitated by the length 
of their contributions. 

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

Tlie second report, based on a photogrammetric 
a~ialysis 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 
iiiformatioii about the size and structure of tor- 
nadoes can be obtained from such studies of tor- 
nado sequence pictures. 

The third report of tlie series, by J. T. Lee of 
the Weather Bureau Severe Local Storms Fore- 
casting Center and the research staff of the I<an- 
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, -rvho 
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 tlie Texas A. & M. 
Research Foundation and iiow 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 inanifeststions 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, iiivolvilig computa- 
tions of wind speeds needed to cause certaiii struc- 
tures to yield, is a realistic approach to the tor- 
nado wind speed problem. The main drawback 
of the niethod is that i t  yields miiiimum mind 
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 safet,y 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. 

* Mr. Harrison’s views are contained in a memorandum to the 
Director of MeteorologIcal Research, dated Oct. 7, 1968. 

Here then under one cover is the most thor- 
oughly studied tornado situation known at  this 
date. I n  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 h e n  scaled 
from sta1.t to finish and tlie dimensions of the 
parent cloud have been determined ; tl1e engineer- 
ing report contains ComputQtions 011 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* 

US. Weather Bureau, Kansas City, Mo. 
[Manuscript received September 19,1958; revised October 27,19591 

ABSTRACT 
A series of photographs of ‘the fupnel 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, [l] 
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 a t  varying dis- 
tances and from different sides of the tornado. 
From these many photos, representative shots il- 
lustrative of the tornado’s life cycle mere selected, 
and are shown here. 

I n  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 dissipzted 
about a mile from the Jveather Bureau station 
at  Love Field), and many eyewitness accounts 

‘Present afflllatlon : Midwest Weather Service, Knnsas City, 110. 

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 sho.rvn 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 a t  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 toriiado 
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 CST, 
were obtained from records of the Dallas Power 
“& Light Co., containing the times of severance of 
powerlines. 

The first photograph, figure B, mas 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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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 \viis 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. E d  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 interesthg 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 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 a t  this 
stage. Note that the cloud base is a little lower 
(see the arrow) in the vicinity of the forming 

photo. 

PHOTO CREDITS 

E. H. LACE, 3103 Eisenhower, Dallas 34, Tex. 
CARL A. P O Y N ~ ~ ,  4024 Swiss Avenue, Dallas 4, Tex. 
MRS. CHARLES H. MONMOMERY, 3115 Wilton Avenue, 

STEPHEN TAYLOR STUDIO, 609 South Hampton Road, 

RUDD STUDIO, 2121 West Colorado, Dallas, Tex. 
ROBERT EI. DAY, 2533 Engle, Dallas 33, Tex. 
CHARLES B. RAYMOND, 6026 Wyche Boulevard, 

M A U ~ C E  Levy, NBC News, Dallas, Tex. 
EDWARD G. WOODS, 508 Eugene Street, Longview, 

Tex. 
BILL BURKFPT, Commercial Photographers, Inc., 

1104 Main, Dallas, Tex. 
J. D. LANCASTEII, Joy Manufacturing Co., 6540 Hines 

Boulevard, Dallas 35, Tex. 
All damage photos by Tornado Damage Survey 

Project, Texas A. & M. College, College Station, 
Tex. 

Dallas 11, Tex. 

Dallas, Tex. 

Dallas, Tex. 

tornado tlian 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. I n  the center of the photo 
another house under construction suffered more 
damage. At the time of the tornado the wag 
studs were in place and were all knocked down. 
At the completed home (with thrw cars in the 
driveway) between these two points a picture 
window WLS blown out and the north wall was 
also shifted outward. 

Photo 4 shows some funnel development (at the 
arroly) which occurred during the very short 
time interval between photos 3 and 4, Photo 6 ,  

a mile, Shows further funnel development (see 
arro\\.). At the time of these two photos, on131 
ininor, intermittent damage was occurring at the 
ground. 

I’hoto 6 shows additiollal funnel development 
(at the arrow) 8 little later, and here the dust 
bvhirl on the ground may be noted. At this time, 
the torllado was near the intersection of Sailer 
and (hrapari Streets, and the dust seen in photo 
6 m:ly from the street. 

I’hoto 7 shows increased funnel development 
(see arrow) and lowering, plus large pieces Of 
debris rising into the air. This possib1y is tha 
rooftop that is missing from one of the two 
ho~ses S h o ~ n  in the upper center of aerial darn- 
%e Photo NO. 7a (see arrow). During this form’ 
d v e  stage, the strength of the tornado WSLS grad- 
1~:~lly increasing :LS evidellced by the extent of the 

The condelisation funnel appeared to 
forin and lower gradually. The path width st 
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 wliirl. Note that a kink in the conden- 
sation funnel is forming &out, midway between 
the cloud base and the ground. Pboto 8a shows 
spotty, minor damage, mostly to roofs. From 
this Poillt 11orthward along the track, the extent 
of d:%mge became more intease, and the path 
width increased slightly. Also, the destruction 
slo\t71y became continuous. 

Photo 9 WRS taken from a point northeast of 

taken at a distance of less than three-quarters 0 f 
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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, 
tlie base of the funnel was curved toward the 
southeasl. 

Photo 22 is an enlargement from a 16-mm. film 
and shows buildings being lifted into the air and 
exploding. These buildings mere of light frame 
construction, mid \\-ere set on piers with about 
8-foot centers. Damage photos 22% and 22b illus- 
trate the extent of tlie damage here. Note that 
Some of tlie boxcars (some having a gross weight 
in excess of 50 tons) were overturned. 
I'lioto 23 shows the tornado during the final 

stnge :uid after it had passed the period of maxi- 
11111111 intensity. Note that tlie condensation fun- 
lie] is n a r r o ~ ~  even though the photo \vas taken 
from :L distnnce of only 1,100 feet. Also, breaks 
:Lre developing in the coiidmsation funnel. Dam- 
:Lge photo 23% illustrates the extent of damage. 
Rfach of the path in this area was over unim- 
proved grouiid. 

I'hoto 2.1 shows further dissipation of the tor- 
11i1do :IS it crossed Harry I-Iines Boulevard. hl- 
t hougli (lamage photo 24a shows considerable de- 
st rnction just before the tornado crossed Harry 
Hines, :L Ilt~IIas policeinnil drove his car through 
tlie tornado liere without sustaining any damage. 
Pllotos 24b mid 24c show' continued, though de- 
creasing, damage ns tlie tornado gradually dis- 
sipated. 

A niunber of photos mere taken in rapid succes- 
sion showing the find stages of this tornado. The 
top of the vortex (at the cloud base) w w  three- 
qiitirters of n mile northeast of tlie tip of the v0r- 
tex on the ground at the time the lower part ais- 
siptted. During this finid stage the vortex was 
very small jn diameter and knots, bends, breaks, 
et?., developed and moved rapidly along the v0r- 
tex. The ceiling at Love Field :it this time IYRS 

2,500 feet. (See Hoecker's sketches 40-51, pp. 82 
tllld 85.) 

Photo 25 shows the dissipating stage of the 
1 orni~do just described, and, about 2.5 miles to 
t lie east (to the right in  the photo), the formative 
st :ige O S  miother tornado. This second tornado, 
;ippe:wing lnrger since i t  is closer, cansed soine 
niinor 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  ,Jiilius Hiidson, Dallas pilot, flew near and 
described in considernble detail. 
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T N ~  DIMENSIONAL AND ROTATIONAL CHARACTERISTICS OF THE 
TORNADOES AND THEIR CLOUD SYSTEM 

WALTER H. HOECKER, JR. 
U.S. Weather Bureau, Washington, D.C. 

[Manuscript received November 14,1958; revised September 21, 19591 

ABSTRACT 

1. INTRODUCTION 

(1:tt:L provided ti t iinetnble of the tornado’s pas- 
s;lge : ~ n d  :t]Io\vod a rather accurate determination 
of its t rans1ntion:il speed. The ndditionnl data 
oollectcd Iit~ve imide it possible to nssigii a definite 
1 ilnc for each photogrnpll used in this allalysis 
serjes. Of necessity some interpolation between 
tilile fixes 11:~s been required but the results are 
qilite consistent. 
In the following section the significnnt dimen- 

sionnl : ~ n d  slitipe chitiiges of the tornado funnel 
tilld its :ittendant debris cloud will be discussed. 
I>uring the sctiling process innny of the measure- 
illeiits slio~vn in the sketches were checked by 
otller scaled plmtogrnplis tnlteii at or very nearly 
:it the sitine time by other photographers from 
otller ]ocntions. This was done to minimize er- 
rors ill the scnliiig process as \vel1 as to deterinine 
the 1 Iiree-dimensionnl disposition of the tornado 
funnel. 
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8ketch 1 
The first photograph used in this analysis, 

taken at 1625.0 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 tornada-shaped cloud had yet appeared. Evi- 
dently some unusual feature caused attention to 
hp drawn to this cloud since another photogra- 
pher was taking movies of it at nearly the same 
time. Fluctu:zlions in density of the cloud pro- 
jectiori along the lower boundary as shown by the 
movie suggested upward movement of air into 

lojvered portion of the cloud. 
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& \ V n \ v w d  from the main cloud just to the right 
(the west) of the tornado. Note that the break 
ill profile between the upper right-hand side of 
(]le funnel and the main cloud, locitted by the 
nrrow iii  sketch :?, \vns the same height as in 
s1tetc.h 2. In  tlddition, the height of the cloud bnse 
to tlie left of the funnel in both slretches 2 and 3 
I\~:LS ,It nenrly the siiiiie level, littinely about 1,800 
f ( a e i .  Tlie distance R C ~ O S S  the funnel cloud near 
1,800 feet in elewition in slretcli 3, where the fnn- 
lirl tLppnred to "brenk" with the parent cloud, 
!\,as 3,000 feet, virtually three-fifths of a mile. 
~ 1 ~ c ?  Jvpdge-sIitLped cloud was still visible beneath 
tile parent cloud. 

Sketch 4 
T~~o-tell t  lis of n minute Inter, sketch 4 (1629.0 

(W) shows the funnel somewhat broadened at the 
480-foot level nnd tibove, with a 30- to @foot 
\\.i(le "~ti~iger" t h t  reached downward and most 
1ilceI-j tonclied the grou11d. A house in the fore- 
ground Iiid tlitit detail. Only the narrow lower 
portion tlnd the lower right-hand side of the 
\\.ider portion l i d  nny appreciable optical den- 
sity. Tile remainder of the funnel was rather 
irt~nspnrrnt. At 680 feet above the ground the 
11e:~rly tr:~nsptirent funnel IVRS 220 feet across. The 
time cjifference bet ween these stages was short 
bni ilie tornrtdo slinpe and size did change con- 
si(1ei*iiI)Iy. The direction of view was to the 
so l~ t I~wpst  so that the tip, if in the plane of the 
pilot ogrttpli, i ~ o u l d  have been nearly 250 feet 
so1ltlleilst of the innin center. Note the size of 
1 I ,~ .  ornido coinpired to t lie square city block 
s11own in this slretcll. 

Sketch Ci 
Sltetci1 5 sllows cliniiges even though it was only 

0.2 millute sifter sketch 4. The l011g tubular tip 
llnd IrLgged to the southeast more tllan in sketch 
4; it l lnd betw nenrly 250 feet from benent,li the 
cellter ill No. 4 itlid at the time of sketch 5, was 
500 feet to the soutlienst. If its true direction of 
llLg \ m s  to the soatli the distance was even greater. 
'rllu 11jirrow tube WILS 40 to 50 feet in diameter, 
t],e ~nidportion of the fuiinel reduced to 170 feet 
\vide nei~r the (550-foot level (it, \vas 220 feet 
ttcross in sketch 4) ttnd the portion above that 
s p p w e d  to 1i:ive nnrro\ved a little. The level at 
\vliic.Ii the funnel faired into the cloud was at 
1,050 feet, 11s before. The cloud base to tlie left 
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FIGURE 2.-A series of 51 scaled outline tracings from photographs of the Dallas,. Tex., tornado of April 2, 1957. Scale for all drawings of figure 2 ie identical. 
Arrow in upper right-hand corner of each sketch shows direction from photographer to tornado (e.g., SSW in sketch 1.) ; time (CST) of photo is just below arrow. 
Time (min.) between photos is near baseline in corners or between sketches’. Sketches 1-4.--The wedge-shaped cloud from which the tornado extended is 
appaEnt. In the box of sketch 4 is d-sawn a square city block (one-twelfth d e )  to  scale for comparison with the size of the tornado. 



F ~ ~ ~ ~ E  2.-Sketches &8.--Note the predominance of vertically aligned cloud tags under the bulging tornado cloud. At sketch 8, the tornado decreased its 
m activity. 
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of the funnel (the southeast) Was higher than to 
as was the case before. At  this stage 

the funnel above the narrow tube was getting 
ragged and patchy and did not a t  all present a 
smootll appearance. It appeared in the photo- 
grnpll more like the stack smoke from a locomo- 
tive. The direction to the tornado was to the 
soutllwest. Observe thnt in sketch 4 only the nar- 
roAv tube slanted while the wide upper portion 

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 
WLS 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. 

Rketch 6 

In sketch 6 (at  1629.5 CST) the funnel straight- 
elled dthough it slanted 25' from the vertical 
alO11.g its entire length. The lowest visible per- 
tion was 50 feet wide and it opened up t o  380 feet 
in dinmeter at the 880-foot level, and at 450 feet 

the ground its diameter was about 110 feet, 
The frinnel had a ragged outline and its optical 
density was very nonhomogeneous; it \vas 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 lag 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 CST, 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 
frlrinel had retracted, leaving a 2,000-foot-wide 
I,u]ge of clout1 which extended about 600 feet 
I)e]ow tho generid cloud base nt the center of the 
bulge. Tlie vertically aligned cloud shreds ex- 
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CITY BLOCK 

FIGURE 2.--Sketches 9-16.-At the stage of sketch 10 the tornado became reactivated. A square city block, drawn to scale (one-twelfth mile), has been placed 
in sketch 14 for cornpaxison with the size of the tornado. 



resented by the scalloped outline which egtended 
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 snme scale as the tornado. 

Whether or not these cloud pendants were ro- 
t&g around the tornado was not easy to deter- 
,nine from the photographs. Movies taken at  8 

later stage show similar pendants and smaller 
cloud tags nctunlly moving nround the tornado. 
I t  is possible that some of these smaller pendants 
Rere the equivalent of the peripheral clouds that 
\\yere so prominent in the second Scottsbluff tor- 
llndo [ 5 ) .  They were much more continuous, like 
tL  cylindrical sheet, in the Scottsbluff case, how- 
ever. 

The torndo at this stage was less than 0.1 mile 
sollth of its position at the time of picture No. 8 
in tile section by Beebe. But the direction to the 
torl1ado in sketch 14 was toward the northwest 

in plloto NO. 8 W ~ S  toward the South-South- 
!vest. The dnrker, knoblike affnir on the tip of 
tile tornado in photo No. 8 (Beebe) is a result of 
tile view along the highly tilted portion of the 
fuIlne] tip at the 620-foot elevation in sketch 14. 

Sketch 16 
With sketch 15 (1636.2 C6T) the view shifted 

toward the east, and the photographer was 2.3 
nliIes from the tornado. It was observed in the 
sketclies previous to this that even though the 
vie\y varied nearly continuously from a direction 
toward south through northwest, there was lighter 
sllnded sky beyond the dark cloud immediately 
fissociated with the tornado. NOW with the shift 
of view toward the east, light-shaded sky east of 
tile funnel wns visible in this photograph also. 
This suggests that the storm cloud containing this 
tornado wns circular in liorizontal projection, or 
perhttps ellipticnl and elongated in a north-south 
d i rec t io~~ This effect of lighter shading beyond 
tho 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 t o  merge with the horizon in 
kvhicll case the funnel appeared white or light 
gray against the dark background. 

the photo for this sketch, it was difficult to 
determine where the funnel faired into the cloud 
base, b1xt contrast between the funnel and ap- 
parent cloud base ended a t  1,300 feet above the 
surface. The funnel bulge appeared to be about 
000 feet in diameter a t  the cloud base, but nttr- 
rowed to 250 feet at n slightly lower elevation 
which was 550 feet above the tip. The tip itself 
\\-as 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 rz spinning top as it did in sketch 11. The 
dust cloud had moderate optical density and tt few 
pieces of shattered structure could be Seen near it. 
It wns 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  as not the same one that has been 
described in several prior sketches. This view 
was 1.2 minutes after sketch 14. The torntkdo po- 
sition for sketch 15 was 0.2 mile north of the loca- 
tion for photos NOS. 9 and 10 in the section by 
Reebe. 

Sketch IG 
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 t ip lifted to an eleva- 
tion of 750 feet above the surface and was quite 
sharp. At the apparent cloud base a t  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- 
\vay between sketches 16 and 1'7. There is con- 
siderable shape resemblance between photo No. 11 
and sketch 17. The curved tip appearing in sketch 
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FIGURE 2.-Sketches 17-2L-R.apid changes in the shape and size of the tornado were evident in this period. 



its tilted centerline almost coincided with the fun- 

sity is outlined by the scalloped lines and i d -  
eated 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. I f  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 a t  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 Reebe 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. 18 places 
the tornado about 0.1 mile north of its location in 
sketch 18 ; observe the considerable shape change 
over such a short distance. 

Sketch 19 

The direction of view for sketch 19 (at 1640.0 
CST) was toward the southeast. Ry 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 i t  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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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 resideritial dwelling lot. 

Photos Nos. 16 and 17 are located by Beebe as 
being half\vny between sketches 21 and 22 of this 
section. The detached cloud to the right of the 
torimdo 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 
tlie passnge of the tornado, and this smoke was 
rlsed as a tracer of air flowing in the vicinity of 
tlie tornndo. 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 sllorter time before the photograph was taken 
t i  shift toward the right (the north) had taken 
place. The tornado was 1.1 miles southeast of the 
stack at this time. 

Sketch 23 
I n  sl<etch 23, looking to the west, the funnel tip 

hnd lowered to 530 feet above the ground, the tip 
11nd two sections, one 70 feet wide, and a larger 
section 200 feet wide at a higher elevation. (This 
!\.as 0.9 minute after the last sketch.) Higher 
still tho funnel had u section 750 feet in diameter. 
r,nr,ve vertical appendages developed and hung 
froin tile periphery of the funnel. The one on 
tile riglit wns 480 feet in vertical extent and the 
One oll the left (the south side) was over 700 feet 
long. Whether or not these were incipient fun- 
llels is not knomn, but in some movies taken at 
nbollt this time they appeared to be no more than 
peri p l i e d  cloud appendages rotating around the 
fltlliiel, and in the movie they did not appenr to 
change very rapidly in shape or dimension, which 
illdicitted nonturbulent, airflow in that region. I n  
a Inter sketch one of these appendages reached 
nearly to  the ground, and at that stage indeed had 
the appeiirance of a narrow vortex. Evidence of 
rotritional 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 dinmeter at 
its widest, and was 330 feet high. The overhang 
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FrGum 2.-Sketches 22-25.-The tornado had enlarged in this series. Observe the smokestack efauent moving to the right (noTther1y) with the tornado. 
square city block, drawn to s d e ,  has  been inserted in sketch 24 for compkon with the size of the tornado. 
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FIGUBE Z.-Sketches 26-30.-Penpheral vortices appeared in sketches 27 to 29, and the smoke plume, shown extending from its stack at "S" to the tornado, 
started to move around the tornado in sketch 30. 



Sketch 87 
Sketch 27, 0.3 minute Inter (zit l(i45.0 GBT), 

showed that the funnel had narrowed again some- 
whnt tis it had in sketch 25. Size and sllape 
chiiiige occurred very rapidly in this tornado. 
The lower portion and tip were ropelike. The 
funnel new the tip w-ns 50 feet wide, then ex- 
p l d e d  to 190 feet at the 1,050-foot level, and 
~ ' I W  600 feet in dinmeter at the 1,470-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 
inore prominent here and i t  had extended nearly 
to the ground. I t  was 420 feet wide at its top 
~llld was 1,400 feet in length ; however, the lower, 
11arrow portion mns rather hazy and the solid 
upper part still had ragged edges. This feature 
\WS photographed by other cameramen. Observe 
that the other cloud tags were suppressed at this 
time. The dust cloud i m s  only 50 feet wide at 
tile ground, but widened rapidly with elevation to 
,760 feet in diameter. Its upper two-thirds \vas 
quite ]1onllomoge:eneou~, and the distribution of 
]ig]lt dark portions suggests differential air 
velocities in  the dust cloud region. Large chunks 
of sllnttered dwelling, some about 30 feet across, 
Rere \risible close to the lower half of the dust 
clolld, lind small pieces could be seen as high as 
1,000 feet above the ground. 

The tornado had continued to move toward the 
illtersection point of its pat11 and the smoke 
plullle, Tllere w x j  definite indication from the 
pllotograpll that tlie plume was being influenced 
by tile tornado circulation in that the right-hand 
portioll of the plume, that is, the part nearest to 
tile torllndo, was being raised considerably higher 
tIlnll tile relnainder of the plume. At this in- 
stnlrre the tornado was 0.95 mile east-northeast 
of tile slllo]~estack. The direction from the cam- 
erii i o  the tornado was toward 278"' or a little 
llortli of west. 

Sketch 88 
[riel!? for sketch 28 shifted toward the 

l,o,.l.ll-llortIlecist, which reversed the sense of slant 
of ille f11nnel. The time interval was 0.1 minute 
so dptjlils are seen nearly as in sketch 2'7, but from 

different viewpoint. The cnmernman was some- 
,\.]lilt closer thnn for sltetch 27, m d  this narrowed 

field of view, obscuring upper-level details of 
tile funnel, The funnel \vas smooth, was 50 feet 
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wide at the stubby tip, and widened to 550 feet 
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 
hi& and 500 feet wide at the widest and had a 
small pointed top that pointed toward the t ip of 
the funnel. It 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 :L 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. 

rS7cetch a9 

at the 1,450-foot elevation. 

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 
S~wface 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 
clevcloped 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 

a Rk~tc l i  28 was rxtracted from R color ellde. 
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FIGTJ~E 2.-Sketches 31-34,The tornado became larger and entered the elephant-trunk stage. The dashed curve in sketch 32 points out the edge of the cloud 
A square city block, drawn to scale, is inserted in sketch 34 for shelf from which the tornado extended downward, see section on Tornado Cloud Structure. 

compsr\son with the size of the tornzdo. 
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FIGURE 2.-Sketches 35-39.-Cross-hatched area indicates nearer obstructions. Non-cross-hatched areas near the baseline represent more distant ridge. The 
The dashed curve in sketch 37 points out the edge of the cloudshelf elephant-trunk stage proceeded to maturity in sketch 37, then the tornado began to retreat. 

from which the tarnado extendea doownward. 



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 IO0 feet 
in diameter both at the 1,000- and 1,300-foot ele- 
gntions. 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 
llorth and west than any part above or below that 
level. The trunk continued to be generally smooth 
although close examination of the photograph 
slloM7s Some small irregularities in the surface. 
0110 of the surprising things about this stage is 
tlltLt despite the powerful appearance of the fun- 
nel, relatively little debris \vas being stirred up 
compnred to earlier stages when the tip was sus- 
p11ded several hundred feet above the ground 
l~lld yet rnuch flying dust and debris chunks were 
seen. This is not to be taken to indicate that less 
dlkmqre qras being done. A small eruptioll of dust 
oll rig]lt-]laad side (the west side) 160 feet 
hjgl,r]l \vas all that, was visible. This effect was 

torIl:l.does [ 51 and no logical explanation comes 
t o  mind, The degree of exposure O f  the print was 
llot fltctor here in revealing a lack of dust. For 
tllis stkkge the cameramnn was SO close (0.80 mile) 
Illat ollly 1,800 feet of the funnel were recorded. 
Slcetcll 37 represents the maximum develop~nent 
of the elephant-trunlr stage. 

noticed in some stages of 0110 of the Scottsbluff 

Sketch 38 
1 3 ~  tile lime of sketch 38, the tornado was be- 

rrillllillg to shrink in the lower part and widen 
Illove tLbout, 900 feet. The trunk diameter 'was 
,11]y 80 feet at the 450-footj level, 600 feet at 1,350 
feet in height (an increase of over 200 feet), and 
?,OOO feet at 2,300 feet elevation. The cameraman 
vas SO far nwny (8.5 miles) in this instance that 
110 view of the upper porkion of tlhe tornado was 
idden by intervening lower-level clouds. This is 
l1imcterisl ic of mnny tornado pictures taken 

T 
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from a distance of more than a few miles. The 
funnel increased its component of tilt toward the 

(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 a t  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 

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 a t  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. 

8ketch 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 i t  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 i t  to 650 feet a t  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 t ip 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 Bame 
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 alloved the camera 
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height. It had 0111~ a 'IO-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 otlisr pictures taken near this time and from 
anotlier point of view, it was determined that the 
tornado was also leaning with a component 
tomtrd the photographer. 

Until about this stage the tip of the tornado as 
\vel1 ns its ground-based dust cloud lagged to the 
south of the upper part of the tornado. Now the 
tip nnd top b e p i  to have an enst-west separation 
as well tlint continued to increase until the time 
thttt the tornado core began to shrink along its 
Iengtli. The effect was to have the tornado mov- 
ing in a direction at about 45" from its long 
dimension. 

Bkefch -4%' 
The tip of the trunk lifted in sketch 42 (at 

1662.6 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 lei~e] 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 mas a diameter of only 680 feet, 
wjleyens jl, the previous sketch the diameter was 
850 feet in that region. The total effect was a 
widel1i11g below 1,600 feet and narrowing above 
tiltit ]e\~el. Altliough the indentations in the up- 
per portion were cutting into the tornado cloud 
tl1er.q what was left at the upper level began to 
resemble an extrapolation of the lower smooth 
portion bused on a constant increase of width 
n.jt]l Ileight. The disk-shaped cloudform between 
1,noo nnd 2,700 feet was 2,100 feet across and in 
olle form or another had existed since sketch 40, 
1i lnpse of 0.5 minute. The left and riglit edges 
of the disk-shaped cloudform had downward- 
turjiing cloud tags which suggested shear in those 
regions, with reltttively stronger upward airflow 
nt sm:dler radii t h n  the cloud tags. Other curled 
cloud t q s  suggested turbulent eddies. The cloud 
ceiling netw the tomado appeared to remain near 
4,000 feet. The funnel was considered to have 
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FIGUEE 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 had become considerably taller than when it started. Note the cumuliform clouds in the background. 

in sketch 44 for comparison with the tornado ~ 



t,ies found in that region. The other photograph 
s11owing the funnel tip from the south and at 
nearly the smne time revealed large chunks of 
dlvelling up to 200 feet above the ground. 

Sketch &$ 
The time of sketch 44 (1653.6 CST) was 0.8 

minute after the last sketch, and the direction of 
view w;ts shifted to one toward the north. This 
view indicnted how far the top of the funnel 
extended to the east of the tip, a distance of 900 
feet. The tilt toward the east WRS 25’ from the 
\rerticnl. The trunk rose from a 50-foot-wide 
verticitl tip into a gradually widening and slant- 
iiig portion that became 240 feet, in diameter at 
an elevation of 2,300 feet. The vertical extent of 
tlie tornado cloud complex amounted to 4,000 feet. 
It wjdened rnpidly above 2,300 feet into the upper 
associated cloud system whicll was 3,000 feet 
across in u west-east direction. The dust cloud 
W R S  dense to  n Iieight of 280 feet and had n sur- 
face t ~ r e ; ~  200 feet mross. The less dense portion 
W ~ L S  IL~)OIIC 1,000 feet wide mid extended upward 
to t l ~ r  I ,775-foot level. Overhang and evidence 
of t11rl)ulent eddies continned to characterize tlie 

Plloto No. 24 in the section by Beebe was lo- 
cated about lialfway between sketches 43 and 44, 
 long the tornado path. The portion of the tor- 
nndo in the photo clearly resembles the lowest 
p r t  of sketch 44. 

allst violla. 

Rketch 48 
Tile direction to the tip of the tornado in sketch 

45 ~ n s  nearly northvest. By examining other 
p1lotographs, it was found that the funnel was 
tilted jil a direction nearly parallel to the plane 
of picture, but with the upper part a little 
,-loser to the photographer, so that the direction 
of tilt was nctunlly toward the northeast. There- 
fore, rat this time the tornado was traveling in a 
direction abont 45’ to the left of its direction of 
tilt. The tingle of tilt above 600 feet, was 35” 
f iwm the vertical. This allowed the t,ip to lag 
1,800 feet southwest of the position where the 
tornnclo trunk joined the associated cloud at about 
t t  height of 3,ooO feet. The t r ~ n l r  wns 40 feet 
wide tit the height of 370 feet, widened to 250 
feet at mi elevation of 1,400 feet, then to 700 feet 
in width tit the 2,400-foot level, an increase of 
nenrly 450 feet nt that level. The trunk had a 
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FIGXIBE 2;Sketches 45-4Qs-The tornado ended its temporarily revitalized stage in sketch 45, and began its fmal retreat into the parent cloud. In this process 
it became very slender and long- Note the stratus clouds low in the background- 





of &&man'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. I f  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. 
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have been known to break in the middle [q), 
However, in sketch 50, the core was 880 feet long 
and was attached to a 600-foot-long and 450-foot- 
wide “liub”. Above this the associated cloud was 
1,900 feet in width at  an elevation of 4,550 feet. 
The tip in this instance mas 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. 

S&etch 61 

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 CON remnant was about 
50 feet near its associated cloud. There mere 
Some vertically alined and ragged cloud ends ex- 
tending from the associated cloud or parent cloud 
11711ich 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 mould 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 tile 
ground at frequent intervals. Photographic in- 
terests were turned to this new funnel. 

One of the more interesting features of this 
tornado w ~ n s  the nlignment of the funnel after 
1652 CST sturtilig neitr mile 12 (slcetch 41). Ai- 
thougli the system was traveling in a direction % 

little mest Of north, the paths of the tip and the 
top did not coincide after 1652. 011 the map of 
figlire 1 are Shown tho diverging paths wit11 tile 
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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 a t  the 
time of the demise of the tornado (1701 CST) the 
two systems were 2% 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. 1311, 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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sketch 52; it was 2,000 feet from the ground and 
the ceiling was still at 2,400 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 64 
Sketch 54, 4.5 minutes later (therefore, a t  

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 elope (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 66 
At 1650.0 CST, 3.5 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 t ip 
had ragged edges) that occasionally sent a twisted 
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the horizontal dimensions at  the cIoud 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 thnt 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 
strpnmer 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 
tho orgnnization of airflow in the tmo cloud S ~ S -  

t ems being compared. 
photo No. 25 in the section by Beebe shows 

both tile retracting tornado and the tornadic 
cloud (the latter on the riglit) at approximately 
1658 cgT. A circular-appearing cloud shelf is 
sllo\fpli apprently surrounding the tornadic bulge. 
A f o l l o ~ ~ j ~ 1 ~  section will discuss the cloud shelves 
tllnt ,yui*rounded both the active tornado and the 
tornadic cloud. 

AND SIZE OF CLOUD STRUCTURE ACCOMPANYING THE TORNADO 
h. 
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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'-L 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 rigllt-hnnd edge of the picture. In  the nar- 

sector D-A' in figures 5 and 4,  the more 
distalit edge of a higher cloud layer is shown; it 
is presumed to be the next higher layer which was 
based at 2,700 feet.6 On that height assumption 
t]ie 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 
alld toward the tornado would be 1.1 mile from 
1iiIn. (Recall the tornado wns 2.3 miles distant.) 
Sillce 110 light-shaded cloud nppeared at the top 
of tlie picture, that is, only 1.1 mile from tho 
cfimeramal1, it wns presumed that, the upper layer 
axtended northeast and north of the cameraman 
an undetermined distance (recall that, the camera - 

" A  height obtalned from the sketch used for the next later 
cloud dlstrlbutlon discussed In this section. 
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FIGUBE 6.--Elevation view of tornado cloud system when tornado waa at location-mile 4.1 on its path. Key letters correspond to identical positions on the center 
Note the stacked layer effect on plan drawing of figure 4. 

the left edge (southeast) of the cloud system. 
The direction to the tornado was southwest. Location of photographer was at I1 on figure 4. 
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12,800' or 2.43 Miles 

FIGURE ?.-Elevation view of tornado cloud system when tornado was at location-mile 11.3. Key letters correspond to identical positions on the upper plan 
drawing of figure 4. The direction to the tornado was westcsouthwest. Location of the photographer was at VI in figure 4. Three distinct cloud layers 
are indicated. 



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

As mentioned in the descriptive portion of this 
pnper, the most darkIy shaded cIoud 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- 
nndo had descended eventually dissipated. What- 
ever the case, a photograph showing what 
undoubtedly the cloud system associated with the 
once tornadic cloud turned tornado, mas taken 
at the time when its position was estimated to be 
12 miles north of the 1650.9 CST position of the 
ollce active toniado, 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 
groulld and the western edge (left-hand side) of 
tile cloud system had a ceiling of 1,400 feet. The 
vie\v 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- 
otller base at 2,600 feet above the ground 
and nearly Over the funnel was given by the 
p11otograph. This figure represents the northern- 
most locntioll of the second tornado given by 
pllotographs Icnown to the author. Two items of 
SigilificaIlce are evident : (a) This tornado, which 
is the OIle that was followed by the plane, and its 
cloud system appeared to be considerably smaller 
tllnn the one that traversed Dallas, and (b) two 

s]1eIves can be identified above the tornado 
l,luc]~ lilt@ wlmt was found with the earlier tor- 
nado. 

The seemingly unusual situation in which a 
torllado extended downward from a stratiform 
layer has been photographed before. The author 
11as some photographs of the cloud system attend- 
ing another torllado that S ~ O W  the tornado ap- 
parently extelldi~ig from a thick stratiform layer, 
\Tit11 n cumulonimbus just to the north of both 
the tornado and the stratiform cloud layer. I n  
addition, Reber [SI writes of seeing tornadoes 
nnd funnels extending downward from a sllelf of 
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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. I ts  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. I n  light of 
the high degree of flexibility of the tornado vor- 
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age diameter change. After the 18th minute the 
variations of the funnel height exceeded those 
of the average width. 

111 studies of other tornadoes it was noticed 
that the height and the average width displayed 
certain interrelationships. For example, the 
Iieight and width would increase or decrease si- 
lnultaneously, or one would decrease while the 
&er increased. These in-phase and out-of-phase 
relationships were exhibited by the Dallas tor- 
nado. In  figure 9a it mill be noted that between 
the first and fourth minutes the out-of-phase 
cllnracteristic m s  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 
illverse relationship. The relationship between 
tile two curves from the 8th to the 10th minutes 
was indefinite. After the 10th minute and until 
the 26th minute a definite in-phase cliaracbristic 
pro\,ailed, A correlation coefficient of +0.74 
Sll0ll.s the fairly close relationship between this 
portion of the two curves. From the middle of 
ill@ 26th minute to the 30th minute, the relation- 
sllip q ~ r ~ s  in-phase, but the similarity of curvature 
s]lolvll by tho portion after the 10th minute was 
not retained. However, a correlation coefficient 
of +0.07 reveals a very close positive relation- 
ship. After the 31st inillUte the relationship was 
spin out-of-pliase, and the relative closeness of 

illverse relationship is shown by a correlation 
copfficient, of -0.78. 

The time trend characteristic of the tip height 
l,bolT~~ the ground is another feature that varies 
lLlll~llg t ornndoos. For example, some tornado 
(ips show n tendency for definite periodicities in 
t l lejI ,  &pping iip w d  down j some descend to the 
D crrOllld nnd remt~in there until the end of the tor- 
w 

I n c b t ~ w ~ ~  mlnutes 3.0 nnd 8.0 the funnel retrncted EO no 
,,.i,itl1 ~~lc~nsorcwen t ~ f l s  possible. 
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indicate an increase in the intensity of the tor- 
nado. Note that the period when the t ip 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 t ip 
did not descend again until the height and width 
were again increasing. Curiously enough the tip 
lifted ngnin 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 n 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. 
1t Seeins as though it  was necessary for the height 
rind width to be increasing simultaneously before 
this tornado could send its tip to the ground. 

Another portion of the curves that seems to 
f011ow the scheme suggested above, is that be- 
tween minutes 10.7 and 17.0. The tip descended 
part \\yay 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 
m1d width were decreasing a little between min- 
utes 11.6 14.0 From there until minute 17.0, 
\,,lien the height and width were steady, there 
little cliange in the tip height. From minute 17.0 
to 20.6, the 1ieight rose and the width decreased a 
little, but the tip was essentially steady. This 
could be tnkell to indicate no change in power 

were periods in the lifetime of this tornado when 
defillite relntionsliips existed between t,he height, 
&lid ajierage width of the funnel; also periods 
,\.],el1 definite relationships existed between height, 
\yidt]l, rind tip height taken together. There are 
Soin8 indications in  a qualitative sense that power 
esppl1ded by the tornado against its environment, 
CILI1 be related t o  funnel height and average width 

1 he Iieight l~bove ground and movement of 
the funnel tip nll 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, 

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 torliado photograph. I ts  
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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along 
or not they were traveling longitudinally The 
the core of the tornado or were stationary* apP@ 
lowest segment was nearly spherical in ding 
ante but had a thin tail attached to it ex*n This tail 
downward and to the left (the south). the 
was approximately 3 feet in diameter 
upper portion was about 20 feet across. con- 

densation funnel can be considered to Onvirop 
below the condensation pressure of the have 
mental air, these segments are presumed to than 
been in regions of pressure equal to or lower @ir. 
t,he condensation pressure of the surroundmg ragi0f18 
Therefore, the regions between them arO This fluG- 
of higher than condensation pressure. 

Since the pressure in any portion of thO be at Or 



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. INFZUENCE 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. I n  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. I n  the figwe 
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-lyhg 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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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 numbem 
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 i t  swung counterclockwise toward 
the ambient wind direction between the times of 
slretclles 32 and 37, and tlie direction of the ambi- 
ent wind. 

As mentioned earlier, the smoke plume was 
llearly 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 
tile smokestack was nearly zero. Evideiitly the 
pressure force of the ambient wind was balanced 
by that of the micro-Low containing the tornado. 
I-Ience the influence of tlie tornado extended con- 
siderably farther than the 1.2 miles between its 
location, at the time of sketch 22, and the smoke- 
stack. 

~y scalillg the sketches of figure 11 and know- 
jng the time between sketches, the %vera@ speed 
bet\Veen slretc~les was computed for the smoke 
puffs. A plot of these average speeds against 
tima fillowed some estimation of the speed at the 
tilne of the sketches. The direction of the puffs 
\vns nssumed to be from 215” during the entire 
time llllder investigation, because this was the di- 
rpctioli from the stnclr to the intersection position 
\\,itll the tornado, and photographs indicate that 
tlljs \TILS the most likely direction. For example, 
sltetcli 80 shows tho smoke plume extending from 
its source to the tornado, and figure 12 shows the 
2150 dircctioll taken by the plume to intersect the 
tornado at tlie radius of the smoke ring as meas- 
llred at that time. By taking the vector differ- 
elice bet ween the velocity of the puff at the time 
of encli sketch, and the vector sum of the ambient, 
wild velocity nnd tornado translation velocity, 
the velocity of the wind relative to the tornado 
center (tornado relative wind vector) was ob- 
tained. The method is illustrnted in figure 13. 
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FIGURE 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 
is 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 
it 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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PUFF B+ 

PUFF C, 
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b 
F I ~ U R ~  16.-(a) Variation of smoothed tornado relative 

wind veotor angle with distanoe from oenter of tornado. 
(b) Variation of vertioal speed of puff tops with distanoe 
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 outflotv from 
the t1lunderstorm accornpaiiyi~lg the heavy 
sllower. Therefore, it is further concluded that 
tile torll1~Jo circulnti~n did not extend to 0.86 
]nile radius by the time it, passed the Weather 

Another indication of the shrinkage of the tor- 
lllLdo system circulation was the observation of 
f i l e  mut11nlly divergent tips of the tornado and 
torlladic cloud nt 1657 CST, when the tornado \vas 
j u s t  west of the Weather Bureau station. At this 
tiin8 the vortices were a little over 2 miles apart 
a ~ ~ d ,  had the circulation around the tornado beell 
convergent out to 2.7 miles as it wns earlier, it 
seems as though the tip of the tornadic bulge 
~ o u l d  hnve pointed toward the tornado. Figures 
17n and 17b, composite drawings, tire plan and 

Bureau station at 1656.5 CST. 
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elevation views, respectively, of the diverging tor- 
nado tips at this time. Most likely, low-level &- 
verging air having a source in the thunderstorm 
just to the north forced t,he tips away from each 
other. The preceding rain shower is shown in 
the region between the two vortices in the eleva- 
tion view (fig. 1%). 

That i t  was possible for the associated thunder- 
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FIGURE 17.-(a) Plan view of active and developing tornadoes showing divergence of tips away from each other. The estimated location of the heavy shower 
sho rn  also. 
indicates horizontal scaling difficulty due to nomimultaneity of photogwphs. 

(b) Panorama drawing of the two tornadoes and the shower area as seen from a tall building in downtown D a b .  The break in the drawing 



precipitation certainly would have had the ability 
to produce Severe downdrafts whose divergence 
at the ground would result in fairly strong winds. 
~ ~ ~ ~ l l  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. I n  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), 
I ts  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. 
Puff 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 

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 t,he 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. 

I n  the irrotational model vortex the products 
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(VtXR)-products with radius R is plotted on a 
background of a family of curves of ( V t x ~ ) =  
constant. The curve for the Dallas tornado was 
hand-smoothed for all the available points. Since 
the ( VtXR) -products decrease with decreasing 
radius, the rate of increase of Vt with decrease of 
radius B, 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 2'1 
and 28. It is hypothesized that some impulsive 
addition of momentum on one side of the tornado 

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 
creased, so did (Rx U )  . I n  other words, U did 
not incrense sufficiently with decreasing radius to 
keep ( B x U )  constnnt. I n  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 tliese 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 
s]lown in table 2. Here a slice 1 meter thick was 
assumed. 

From this table itt can be seen that convergence 
mas increasing with decreasing radius. Under 
tile assumption that the air in the l-meter-high 
slice averr~ged 1 kilogram per cubic meter, there 
was an excess of 33 metric tons of air per second 
nccumnlating between 1,800 and 1,500 meters 

109 



24 

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. 

,-PUFF A 
- a.7. PUFF B 

I n  connection with all the measurements de- 
rived from the smoke puff movements, it is to be 
remembered that they should be considered in a 
qualitative sense. Although considerable care was 
used in making the computations, the assumption 
of a constant direction for the smoke puffs and 
Some graphical cornputsations as well as other 
items could have resulted in errors. 
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h 10. CONCLUDING REMARKS 

bris cloud indicated further that large vertical 
shear emisted near the trunk wi th  higher speed 
vert&& air flm nearer bh 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 corn- 
ponent near the ground at least part of the time 
(sketches 12,15,20,40-42, and 46). 

11. The average translational speed of the tor- 
nado was determined to be a little under 27 miles 
per ]lour 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 bwe bent inward in their lower portions, 
suggesting an inward compomn8t o f  flow between 
I.000 rend 1,400 feet from the ground (see sketches 
20 and 31). 

13. Toward the end of its lifetime the tornado 
kcnine extremely elongated and approximately 

middle one-third of the thin funnel was lying 
nearly in a horizontal attitude. Its horizontal 
projectioll was nearly 0.6 mile in length at this 
time (sketch 49). 

14. At, the time of the elongated form the fun- 
nel WRS trrveIinq in a direction about 45' from a 
hapisontal projection o f i ts  longitudinal axis (see 
fig. 1, north section). 

15. Tlie shape of the tornudo-cloud varied from 
tl1e concn.ve-cOne type (sketches 24-28), to the 
clnssical elephant-trunk shape (sketches 3 P 3 8 ) ,  
to the thin ropelilto type (sketch 49). The trunk 
sometimes nssumed a s l la l lo~  "S"-sllape (sketches 
3, 5, 25, 49) during which times part, of the core 
was nearly horizontal. 

16. A cloud bulge that developed into n tornado 
\r'}kS discovered 1 mile cast of the nctive tornado 
near tile midpoint of the tornado lifetime ( f ig .  3). 

17. After the cloud bulge became quite bullry, 
very ~ ~ I W S O W  vortices extended intermittently to 
tile gground while it \\.w ovw the north section of 
nalltis. The movim showed dust being carried 
t~pward but 110 dnnitrge was reported. The tor- 
nncio ltiter caused drbmnge to fnrm structures 
liorth of Ddlns. 
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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 that appeared to be not C tmUl i fom 
but rather more like vertically stacked zayer.9 O f  

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- 
-pzl.ted to be 1.5 by  9.7 miles across early in the 
tornado lifetime and imreaaed to 3.9 by  4.0 d Z e s  
in extent in the last fifth of the tornado lifetime 

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 wi th  the two vortices were 
shifting wi th  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 O f  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 
vwiations 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 19 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 
wid th  were both increasing, and for it to rise 
when one or both were decreasing. When width 
and height were steady the tip remained at abowt 
the s m  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 

(fig- 4). 
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THE SYNOPTIC SITUATION 
JEAN T. LEE 
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ABSTRACT 
A synoptic picture of the weather eituation at the surface and aloft on April 2,1957, 

presented. Maximum instability occurred nlong a low-level moisture axis with a loW-level 
jet in ClOW proximity. The upper-level jet indicates an arm of divepnckover 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 Nocana, Tex.-80 
miles north-northwest of Fort  Worth, T0x.- 
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 cm. 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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2. SPECIAL FEATURES 

F 

alia and the second WRS 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 900 F. 
The eastern warm tongue at 1530 CST had tom- 
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 
inoved into the Del Rio, Tex., area while the 
eastern one started to  move into southern Okla- 
llomn. After 0630 CST April 2, a rapid change 
began with the western intrusion retracting east- 
mnrd as the other one built northward. By no011 
600 dew points had penetrated as far north as 
Oklahoma City. From noon to 1530 CST the TOo 
dew points pushed rapidly out of the Gulf from 
just west of Galveston, Tex., to the vicinity of 
Fort IVorth-Dallas. This rnpid 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 willd pattern at the surface for 0630 CST 
April 2 showed the miiids over Texas to be east- 
soutllexst to southeast at 10 to 15 knots, except 

20 knots at Corpus Christi and Brownsville, 
Tex., and nbout 25 knots nt Abilene, Tex. At 
nooil tliese'wiads had a tendency to shift toward 
tile SOll i l l  jn the area east of the cold front and 
south of the mind-shift or qunsi-stationary front 
in northern Texas. The speed of the wind hnd 
il1(-1*c*.nsd to nhout 20 knots which wns held dur- 
ing tlir i*est of the nfternoon. The quasi-stntion- 
l q  fr.oiit or wind-shi ft lino from the vicinity of 
I~nllns 1 o IVidiit II. E'dls, Tex., remained weak 
wit11 only :L clmnge i n  wind direction across the 
front from enst-southenst to southetist, or south- 
iou 1 lir ns t . 
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PIQURE 3.-surfaCe pressure map, 0630 csT, April 1, 1967. 
116 





FIQURE 6.-Sectional surface chart, 0630 CRT, April 2, 1057. 
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FIGURE 8.-Sectional surface chart, 1530 C ~ T ,  April 2, 1057 
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FIGURE 10.-Sectional nurfacc chart, 2130 cHT, April 2, 1!)57. 
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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 CST the moisture 
and low-level jet axes nearly coincided from Gal- 
vestoil to DalIas 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, wit11 the area beginning in the vicinity of the 
quasi-stationary front and spreading northward. 

Tile isothorms at  850 millibars showed a gen- 
eral wealtelling of the w r m  front as it moved 
nortllward Over Texas on the 1st; it became quasi- 
stationary in the vicinity of Dallas on April 2. 
The strollgest thermal gradient on the 2d was 
assocjnted with the cold front moving through 
west Texas. 

4. 700-MILLIBAR CHARTS 
locntcd on the western side of the trough. As 
the cold nir from the west continued to move east- 
ward, the temperatures over Texas increased, re- 
sulting in a sudden increase in the temperature 
gradielli in \yestern Texas and eastern New Mex- 
jco froin 10 C. per 5' longitude to more than 
100 C. per bo longitude. 

By 2100 CST on April 2 the Low had split into 
two pt~rts with one center in western Colorado 
and the other southwest of Midland, Tex. Very 
dry air, with dew points of - 10' to - 2 6 O  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 csr in tin area 
bomided by IL line from Fort  Worth to Abileiie 
to Altiis to Olrlahomn City bnck to Fort, Wortll. 
I n  this nren above zero de\v points were illdicnted 
by the olserrntions titken at 1500 csr. 700-11&i- 
bnr winds over Textw clinncred k little in directioa, 
with Iirif r2 slight increase in  speed. 
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FIGURE 20.-700-millibar chart, 2100 CST, April 1, 1967. 
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FIGURE 24.-700-millibar chart, 2100 CST, April 2, 1967. 



5. 500-MILLIBAR CHARTS 

rillo to Dodge City. From 2100 CST April 1 to 
0900 CST on the next day, the 500-millibar tom- 
peratures were increasing over Texas with the 
largest rise a 6' c. increase in 12 hours a t  Ana- 
rillo. This mas 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 mtward  
and reaching a line from Laredo to Fort Worth 

A weak perturbation apparently moved out of 
the main center at 1500 CST and was situated 
along a line from Albuquerque to Lubbock, Tex. 
to a point nor*theilst of San Antonio, Tex. (fig. 
31). This perturbation ndvnnced northeastward 
Over the Dallas area to a line from north of Ama- 
rillo, through Olrlahoma City, Okla., to north of 
Shreveport, Ln., by 2100 CST (fig. 32) and to a 
liue 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 mas apparent over 
most of Texas during April 2. 

by 2100 CST. 

6. RAOB ANALYSIS 

SoutllerIi Texas and to 12 grams per kilogram in 
llortllerli Texas. With this influx of moisture, 
tile lifted index (LI) [2] dropped from nenr 0 at 
1500 C ~ T  to the very unstable value of -10 at 
2100 (:ST. 13y 0!)00 CST April 2 (figs, 33C and 
:j3n), tile nxis of mnsimnm moisture in the lower 
:3,000 feet miis-ns iiidicnted on the surface and 
p,5O-iniIlibnr chnrts-on an nxis from west of 
&dveston to 13nllns to Altus, Okln., with the most, 
l~nst nble nir-ns indicnted by the LI-lying along 
1111 nxis from Victoria, Tex., to west of Waco, 
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FIGU 

FIQURE 26.-600 millibar chart, 2100 CST, March 31, 1967. 
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FIGURE 29.-500 millibar chart, 0300 CST, April 2, 1957. 
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FIQIJRE 32.--500-rnillibar chart, 2100 CST, April 2, 1957. 
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F I ~ ~ J R T C  %.-Tropopause and jet ohart, 2100 C S T ,  April 1, 1957. 137 
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FIQURE 39.-SELS parameters, 0900 CST, April 2, 1967. 

7. JET AND TROPOPAUSE CHARTS 

140 



FIQUREI 40.-SELS parameters, 1500 CST, April 2, 1957. 

8. SUMMARY 
temperature ridge moved east ward. Figures 33D 
alld 33E show that the maxinium instabilit,y oc- 
curred dong this moisture axis. Th0 low-level 
jet moved eastwnrd and by late nfteriioon was in 
close proximity to the center of the moisture 
tongue. The upper-level jet indictites an area of 
divergence 0 1 7 ~  tho nren of tornado tlctivity. 
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THE ROLE OF A SUBSIDENCE LAYER' 
DANSY T. WILLIAMS 
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ABSTRACT 

21 E 
48 NE 
aj E 
11 N N E  

Although sufficient latent Instability for severe thunderstorms was present in the 
Dallas, Tex., area ag early tis OB0 CYST, April 2, 1957, the flrst tornado activity did not 
Occur until shortly after 150() om. An earlier relwse of the instability wns prevellted by 
(l) a low-level temperature inversion, and (2) an intermediatelevel subsidence layer. 
The temperature inversion was effective only during the morning hours : the subsidence 
layer alone retarded activity duriiig the early afternoon. The tornndoes that occurred 
are believed to have rexuited when the subsidsice 1uye.r was briefly and locally penetrated, 

The passage of a wind shift 
line is believed to have efTected this penetration. 

a sudden, violent release of some of the instability. 

1. INTRODUCTION 

were constructed. Tliese 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 :L 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 80-nautical-mile radius of Cnrswell Air Force 
Bnse was suiiiiii:wized from the log of the Severe 
Locnl Storms Center, U.S. Wentlier Bureau, Kan- 
S:LS City, Mo., t ~ n d  is shown in table 1. 

TABLE 1 .--Severe thundcrstornt activity occurring toithiic a 
60-nautical-milc radius OJ Carswell A FB, Fort Worth,  
Tex. 

l'imo 
(C8T) 

1508 
1655-1 660 
1 M8-1708 

I832 

I040-10Gl 
1x46 

Typo of wontlior and location 

l'oriuido vlrinlty Ask..  ........ '. ... . .... ~ .... . . 
,, i orniido vicinity l ) i ~ n l n i ~ ~ ~  ____.__._.._ ... ... ..... 
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2. UPPER-AIR CONDITIONS 

Love1 
(millibars) 

Burface. . - . . . . . . -. . . . . . . . 
9~.. . - . .  .,-.._.__.__.____ 
m-.. .... ~ ___...._._ ~ ..-. 
860. .--. . -. - ... . . . . . -. . . 
800... . . . . . . . . . . . 
7 w  --_. . . . . ~ .. . . .-:::I :::. 
700.. -..... ~ 

660 .- - - . . . . . . . . . . . . . -. . . . 
Bw .-_......_.__.._._..._ ~ 

560 ... . - - ~. . . . . . . . . . . . . . . 
m-. _._._..._.___.._._. ~. 
460... . . . . . . . . . -. -. . -. . . . 
400..-. . . . . . . . . . . . . -. . . . . 
3m.. . . . . . . . . . . -. 
300 --_...... - ...... 1 _._._ 
2m.. . . - . . . . . . . -. . . , . . . 

. . -. . 

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 [l] 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 CBT.~ 
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 a t  0230 to 43,000 feet a t  
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. 

0230-0830 0@0-1430 1430-17" 171t%i@ 
C8T C8T CST 

.--.----/ 

0.71 0.45 
.33 .a -. 87 .47 -. 87 .29 

.33 -. 83 

.20 -. 55 
. 1 2  . 02 . 06 .I5 
.IN . 'LO -. 10 .25 

- .06 . 6 6  
.20 .2a 
. I 7  . I 7  
.33 -. 03 
.33  -. 17 

.oo 

.20 

.03  
-,04 

. w  - , no . I4 
.37 
.56 
.11  
.15 
. 44  
.O7 
.5O 

.37 - - . M  -.IO 

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. 

a The lifted index was computed accordtng to operational pro- 
cedures of the Severe Local Storms Center, U.8. Weather 
Bureau, KonsaH City, Mo. In tbis 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 la the difference between 
the temperature a t  500 millibars of the ~oundlng and the lifted 
parcel. In the Case presented a fOreCa8t temperature of F. 
(potential temperature of 300' A.) was used. Actual maximum 
temperatures reached durin6 the day were: Love Field, Dallas, 
770 F.; Carswell AFB, Fort Worth, 77' F.: and Amon Carter 
Field, Fort Worth, 7 6 O  F. 
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FIQURE &-Time cross section of potential temperature. The time of tornado Occurence at Dallas is indi&ed On this 

and the other sections by the heavy black column. Times of other tornadoes and funnel are indicate d by the 
large black dots. Isentropes are drawn for each 2’ A. and the base and top of the temperature inversion l8 shown ** 
a heavy solid line. Note the merging of the isentropes into the inversion. ~~~~~t~ of the temperature iW’ersion 
are indicated in the circles. 

relative humidity at 320 millibars) at 1710 C8T 
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 GET, 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- 

in isolated columns. 
(1) formly over the entire area, but occurred rather - V* V p T Y =  V2-  bfffTV - 

b.2 9 
where: 

V=wind vector on constant pressur’ 

Vp=vector gradient operator on the ‘OD’ 

HORIZONTAL ADVECTION OF TEMPERATURE 

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

surface. 

stan t pressure surf ace. 
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Tv=virtual temperature of the constant 

'''''va advection of virtual temperature on 
the constant pressure surface. 

V=lwind speed on the constant pressure 
surface. 

&Y 
%-change in wind direction a with 

height z. This was evaluated 
through a layer which has the 
constant pressure surface as its 
mid heigh t , 

.I- Coriolis parameter. 
S1 acceleration of gravity. 

\ pressure surface. 

It * 
lS now assumed that TI the actual tempera- 

the '! constant height level, approximates Tvl 
l e u 6 F u a l  temperature a t  a constant pressure 

' and that V,Tl the gradient of tcrnpcratl~rc 

along a constant height surface, npproximntes 
VpTv, the gradient of virtual temperature along 
a constant pressure surface, so that: 

Equation (2) is sensitive to small changes in V 
and a. To obtain the best possible accuracy, 
values of V and a were taken to the nearest meter 
per second and the nearest whole dcgroe for each 
standard kilometer level. The equntion was 
applied to layers 2 lriloineter thick to yield the 
ndvection a t  the Inidheights of tlic layers. Layers 
were overlapped to providc values a t  each kilo- 
meter level. Values of horizontal advection of 
temperature obtained are shown in tnble 4. A 
time cross section of horizontal ndvoction of 
ternpernturo is shown in figure 8. 
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0230-0830 0830-1430 Level 
(kflomoters) C8T CYT - 

......................... 

....................... 

......................... 

........................ 
....................... 

......................... 
....................... 
..................... 

......................... 
....................... 

1 0.70 0.40 
3 
4 .35 . 0 3  

7.. .17 .70 
E---. .30 .60 

10. .76 .63 

2 .o . 42  

6.. .14 . 33  
0 .17 .7a 

9 .62 .e3 

.M) 

400 - 

500- 

600- 

v) a a 
9 7 0 e  
J 
2 
z 

800 

900 

lorn 

1430-1710 
CHT 

L__ 

1710-1v30 

$ : 24 -. 21 
21 : 61 
30 

0.40 
.62  
.I4 

- . I8  
.30 
.84 .a 
. 33  

.37 

. a4 

+ 0.6 

0.W 
.76 . CB 
.37 . 08 
. I 8  

-.02 -. 14 
.36 
.MI  

FIQURE %--Time cross section of horizontal temperature advection. Isopleths are drawl, for each 0.3' c. per hour' 
er 

Note the warm advection at low levels, the cold advection at intermediate levels arid the warm advection 
levels. 

0.56 
.44 
.43 
.32 
.10 
.16 
,36 
.73 
.88 

1.00 

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- 

1 ...................... 
2 ...................... 
3 ...................... 
4 ...................... 
6 ...................... 
G.. .................... 
7. ..................... 
8 ...................... 
9.. .................... 
10 ..................... 

TABLE 4.-Horizonlal advection of temperature. T7alues are 
in degrees Celsius per hour 

0.43 . 03 
.30 

-.OV 
.25 
.30 
.30 
.21 
.20 
.@a 

0.30 
.40 -. 03 

-.20 
. 47  

1.37 
1. 06 
.46 
. 38  . 0G 

0. 67 
.78 
.I7 -. 40 
.28 
.72 
.42 
.26  
.77 

1.06 
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MEAN VERTICAL MOTION 

?@an. vertical mot,ion was computed by the 
adlabah equation (cf. [3]) : 

LOVOl 
< U l  bnrs) 

.................. 
............ 

g..-.. 
g::::::::::; ............ 

.................. 

@0"'-- .................. 
.................. 
.................. 

................. 
460 
400"" 

7oo"--- 
860"'. 

5Q'--- 
@I):---- 

3&o...... 300""-- 
2b""- - 

....... ............ 

...................... 
................. 
................. 
................. 
................. --.___ 

(3) 

n230,+,~o 080-1430 1490-1710 1710-1"30 

--_--- 
0. 40 0. w .oo 

.71 
. 4 4  

.62 
.N) 

. 4 8  
. 43  

.93 
.oo 

.24  .31 
. 1 4  

. 68 
.20 

,43  -. 0 4  -. 17 
. 111 

.1R . OD 
.30 

. 30 

.40 
. 20 

.02 
.I7 

. 40 .51 
. 78  

. I O  
.99 

.73 
.05 

. 17  
.28 

. (!n 
, 98 

. I 0  
,110 

.35 .uo ,322 
. 66 , a0 

, 1n 
.25 . 32  

CS T CST CST CRT 

n. 40 
.40  

n. 70 

.5a -.on 
- .on  

. a2 

W =  mean vertical rno tion. 
ilT 
bt -local chango in tomperaturc witJh re- -- 

Lcvd (milllblWS) 0230 CST 

.................... 800 3.6 
760 .................... 3.5 
700 .................... 2.0 
a60 .................... 1 . 2  
Goo ._____ ~ _ _ _ _ _  _ _ _  _ _ _ _ _  1.2 
KW 1.0 
M)n 1.0 
460 1.0 
400 1.5 
360 1.0 

250 .................... 2.1 

.................... 

.................... 

.................... 

.................... 

.................... 
ann. _ _  - - - - - - ~ ~ - - - - - - I ,  n 

ture. 
r=ndiabatic 1t~pso rate (dry, moist, or 

combination of both 11s appro- 
priate). 

Y=existing hpse rate. 

0830 
__I--. 

11.6 
2.6 

.7 5. 5 

. 0  1.0 3.0 2. (1 

. G  1 .2  1.0 . 8  

. 4  1.4 1.0 1. 5 
2.6 2.0  2.0 1.0 
1.0 1.0 1.6 1.5 
3.0 1.6 1.6 1.5 
1.0 1.0 1.n 2.0 
1.6 3.0 1.0 1 . 6  

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 lieat usually occur at 
low levels due to insolation and radiation. In  the 
case presented the effects of these changes were 
minimized by mnlting computations only at  800 
millibars and above. Changes in heat due to 
change of state of wnter can be accounted for by 
the selection of the proper adiabatic rate (dry, 
moist, or combinittion of both). However, as 
pointed out, in the next paragraph, such changes 
in heat were also neglected a t  the few levels where 
tliey might have occurred. 

The lapse rate difference, (I? - y ) , was measured 
from the plotted soundings in degrees Celsius per 
Icilometer for each 50-millibar level from 800 to 
250 millibars. r was taken as the dry adiabatic 
rate in all cases; i.e., it was ass~med that the par- 
cels remained unsaturated during ascent or de- 
sen t .  This =sumption was warranted in 811 C ~ S W  

except the following : 800-, 750-, and 70U-miIlibar 
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 unrensonable. Consequelltly the vnlues 
computed at the dry adiabatic rate were retained, 
even though questionnble. Fortunately the sub- 
sidence layer to be discussed premlltly lies &OW 

the few levels at which (r-y) and vertical 
velocity might be questionable. Values of (r -7) 
are shown in table 7. 

Since all of the components of equation (3) me 
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TABJ,E &-Mean lapse rate difference. Values are in 
degrees Celsius per kilometer. Questionable values are 
enclosed by parentheses 

Level OZKH)830  0830-1430 14%-1710 1710-1930 
(millibars) 1 CBT 1 CBT I CBT 1 CBT ---- 

7.6 

1.0 
1.0 

. 8  

.8 
1.3 
1.8 
1.3 
2.0 
1.0 
2.0 

a. o 
3.2 
.8  
.9  

1.6 
2.3 
1.0 
2.2 
1.0 
2.8 

6.6 
2.0 
1.4 
1.6 
2.0 
1.3 
1.6 
1.0 
1.6 

4.3 
2.6 
1.2 
1.6 
1.8 
1.6 
1.6 
1.6 
1.2 

I I 1 I 

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 (r-7) are shown in table 8. 

300 

400 

500 

600 

rn a 
d 
'D 
2 700 
z 

e00 

900, 

tooa 

TABLE 9.-Mean vertical velocity. Values are in  centi- 
Questionable values are encbed by meters Per second. 

parentheses 

(6.8 
. 7  

-2.1 0.8 2.8 -1.4 
6.8 1.1 ;;:; 
2.2 8.3 8. a 

12.6 10.7 6. -1.1 
18.1 -7.' -8.7 

-8.8 6.4 

4. 8 

FIQURE 9.-Time cross section of mean vertical motion. Isotachs are drawn for each 5 cm. sec.-l ~ o t e  the 
upward motion at low and upper levels and the subsidence motion at intermediate levels, Near the 300-mi11ibe' 
level there is upward motion of 18 cm. sec.-i between 0830 and 1430 CeT, while between 1430 and 1710 CBT there 
is downward motion of 9 cm. set.-' at this level. 
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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. 

I n  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 
met hods. 

WIND DIRECTION 

A time cross section of wind direction is shown 
in figure 10. Values of wind direction and speed 

'9 

8 

7 

6 

5 

4 
2 
r 
0 
P 

3 7  
m 
W 
u) 

. e  

I 

-0 
1930G 1710G 1430C 083% OL30C 

prQuRE 10.-Timo cross wrind direction. 
time prior to 1710 CBT and the veering thereafter. 

Isogorls are drnwn for each 10". Notc the backing of the wind with 
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TABLE 11.-Winds aloft for  standard kilometer levels. 
Direction given to the nearest whole degree, and speed 
to the nearest whole meter per second 

1830 C8T 

160-08 
163-13 
171-20 
184-21 
186-21 

are shown in table 

1430 CST -- 
150-08 
162-13 
170-14 
179-17 
183-16 

1710 C8T 

130-04 
146-10 
166-16 
164-16 
172-1 6 
181-16 
191-16 
186-22 
188-24 
183-20 
196-21 
208-13 
206-21 
222-21 - 

le exc 

- - 
I930 CST 

140-05 
169-12 
169-17 
177-1 6 
182-12 
210-16 
208-21 
188-26 
188-27 
203-27 
210-28 
211-28 
216-26 
228-28 

~- ptions 
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 
OST; 2.5 to 3.0, and 7.0 kilometers, 0830-1430 OST; 

and 3.0 and 5.0 kilometers, 1430-1'710 CST. Wind 
veered with time at all levels after 1710 C~T. This 
veering indicates that a wind shift line, extending 

to great heights, passed the station at the 
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 



3. SURFACE CONDITIONS 
1654 to 1'716 CST. The first towering cumulus 
cloud was reported at  1326 CST, and the only 
cumulonimbus cloud reported was at 1927 CST. 

Carswell 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 1'749 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 
mornillg hours, (2) intermittent rain showers 
(most,ly very light) from just before noon to late 
afternoon and early evening, (3) cumulus-type 
clouds beginning just before noon or in the early 
afterrloon, and (4) cumulonimbus-type clouds be- 
ginning just after midafternoon. 

4. THE ROLE OF THE SUBSIDENCE LAYER 
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 
\$'ere weak for the period 1430 to 1710 CST with a 
maximum value of only - 1.7 cm.sec.-l at 600 m X -  
bars. The layer was somewhat more than 50 milli- 
bars thick during this period. Only a slight 
chmge in the vertical velocity would be required 
to eliminate the subsidence, at lenst locally and 
briefly. Small changes in the horizontal wind 
could have accomplished this, nnd it may be noted 
that a significant chnnge did occur. Specificnlly, 
the wind shift line, extending to great heights, 
which passed Carswell AFB during the late after- 
noon, is believed to hz~ve been the meclianism that, 
pl'ovided for the penetrn tioii of t,he subsidmice 
layer, which resulted in the Dtillus tornadoes. 
Some of the other tornadoes (e.g., McKinney a t  
1555-1550 CST and Azle a t  1845 CST) cannot be re- 
lated to this wind shift line. However, in these 
c w s  it is quite possible that small-scale changes in 
the wind, tenipernture, or both, which lvere too 
Iocnlized in time and space to affect the carswell 
A N ?  sowding, provided for local penetrations of 
tho siibsideiice Itiyer. 
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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 
bility of the general area. Since the subsidence 
layer continued in the mean Sense (and even in* 
tensified) to at least 1930 CST, and since latent 
instability remained great (-7.0 at 1930 CST)? 
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 -7.5 prevailed from 0830 to 1930 CST. 

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 CST. 

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- 
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ABSTRACT 

A brief &sum6 is given of the information gathered by perwnal interviews from e y e  
W i t n e s s e s  of the Dallas tornndo of April 2,1957. 

1. INTRODUCTION 

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 dnmage 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 hendquarters and all survey personnel of both 
the \?Tenther 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 n result of these discussions, some 
excellent witnesses mho would otherwise not have 
been found were located. 

INTERVIEW TECHNIQUE 

It appears at first glance a relatively simple 
procedure to obtain information about tornadow 
by spealting wii 11 persons who have experienced 
them. After some trial, however, it  becomes evi- 
dent that there is considerable skill involved in 
conducting dnmnge surveys. 

The preferred method developed during the 
investigation was the use of a long, informal, 
t ape-recorded interview. A bnsic list of questions 
wns  constructed to insiire inclusion of a11 impor- 
tnnt points in ench interview. The correct phras- 
ing of the questions w t ~ s  carefully considered as 
a s:bfegnard ngtiinst, prejudicing the answem, It 
~ n s  f ~ n d  tlltlt quest ions cnlling for simple “yes” 

159 



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 sipificant material and follow throug h 
with pertinent questions. 

The following remarks are based largely UP:” 
information derived from the published eyew1t- 
ness accounts [13. 

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. Each witness who watched the t o d o  
develop described the tomdo-bear ing  cloud as 
being a small one, although the estimates of size 
did not agree. Such differences are to be ex- 
pected, however, since i t  is very difficult to esti- 
mate cloud heights, thickness, and diameter. The 
largest estimate given was a cloud 1 mile in hori- 
zontal dimension. T h e  top of the cloud was de- 
scribed as being very diffuse, and not cumli- 
form, and it seemed to merge with an overcast a t  
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. I t  
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 w&s a small 
“knot” protruding from the cloud base. Two 
other lcnots also appeared and finally merged into 
one funnel. The condensation funnel was visible 
throughout the storm, usuf~lly extending about 
one-half of the distance from the cloud base to 
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Tliroiigli most of the Oak Cliff area little dam- 
age resulting from pressure clinnge alone could 
be found. A movie theater wall collapsed, prob- 
:ibly from pressure differential, but iiot until the 
tortitido reached tlie north end of its pntli mns 
there :my further evidence of hetivy dnmiige due 
to pressure vnrintions. Homes in the Oak Cliff 
section tvhich lost rooftops did not sppeiar to 
Iinve beell tiffected seriously by pressure. In 
t liose homes where n careful esainiimtion WLS 
111&, a l l  miidom dnlnage could be accounted for 
by flying debris, since tlie windows usually h:id 
Iloles in them riitlier tlinn htiving the full p m e  
ont. Some witnesses noticed their ears "pop- 

nlr. John Geyer, n IVeitther Bureau employee, 
reported hearing :I child's rubber duck honk 011 

tjvo SepiLrtite occasions as the tornado passed 
\\.itllill olie-hdf block of his house. This is par- 
1 ictIl:trly sjgnjfic:~t siilce the toy honks 0 1 1 1 ~  \\.hen 
air is 1)eiIlg espelled from it ( W  011 the passave ? 
of ]o\\.-pressura wen)  nnd iiot wlieii air IS 

entering. 

while others did not. 

SOUND 

Tlie soulld of tlie tornado wns described both 
lL stendy : L I ~  tis t i  pulsnting noise. The pul- 

StLtillg q11:Llity mny hnve been partly the result 
of su(l(len]y ridded noise as buildings were torn 
t l l l tLrt .  Most reports rhnmcterized it ns :L loud 
rOtlr like the npprotwli of many trnins or jet 
p1:nies. 

WIND 

1jTitI1 respect to  the wjnd in the vicinity of tlie 
f~t~iiiel, witnesses ILgreed thnt the wind W ~ L S  cnlin 
to (Iisttiliccs thout t~ mile from tlie tornado. Sev- 
~31'111 ~ v h o  were very close, including 0110 1111111 

wit hili RO feet of the d:i111t~ge :LYC:~, :tlso reported 
feeliilg 110 wind, 111 this regnrd, the observations 
ovp r I3:icIi 111:~n  T,:i ko w e  wl*y i literest ing. Neither 
of the two observers who mere witliin 300400 
feet reported seeing :tny rippling of the mnter 
SI[ rfrice csccpt jii the meti where tho tornado 
f u i i n c 4  w s  nctnrilly touching the l:tke, indicnting 
t Iiiit  the wind is slitirply discontinuous nt tlie 
fuiiire.l m i t i  need not docrewe p tdua l ly  with dis- 
t tiiice from the funilel ns most investigntors li:i\re 
r e p r e s ~ t e d  ; rind thitt inflow, ttt least at the slip 

f:lctb, IWS insigni fcnnt :tt this point the torliado 
p:li 11. The t orn:ido \\':is dissip:iting tit tllis point 
iii its path. 
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The movies of the tornado show rapld fluctua- 
tions in tlie motions mithin the dust, and debris 
nrett w11~ch indicate a vz~riable wind around t]le 
bnse of the funnel. 

While most witnesses described the action of 
the wind ns being one of suction, several felt 
tli:~! it wns just the opposite. Robert Huber, 
1)i~ll:is Police Depnrtlnent, volunteered the fol- 
lowing : 

Now 
thnt I get to tliinkiiig about it, if you are  standing out 
watering your lawn and you squirt your hose down nnd 
the debris aiid stuff that you hit with the water pressure 
gars nwny from it, that’s what it looked like i t  was 
doing. !Uie vapor froni the funnel itself and from the 
I)ottonl of the fiiiiiiel looked like the stuff was rolling 
out like this, nnd around in a circulnr direction. . . . 
I t  \vas r*olling np from the bottom and instead of corning 
fro111 the o11tdde in, it looked like i t  was maybe coming 
fro111 llie inside out. Like if yo11 hold n steam hose at the 
gronnd, and let the steam out, the steam is going to 
(w111e out awny from the hose in a kind of rolling, circu- 
Inr motion. 

Al lo tJ i~y  witness reported the nshes in her fire- 
pl:~c*c l)lo\vii :iround the lionse, yet nll doors and 
)vi~i(lo~vs were shut. The wind could only have 
conw tioir.11 the flue. 
311.. A. M. I3ro\vn watched the tornado cross 

I~:~clim:~n Tlnlie f roni a good vantnge point nnd 
rclported “to the best of my knowledge, it just 
op11~d up :L Iiole, :tnd yon could see riel * (I it to the 
1)0tio111, it  loolted like.” I-Te :dso stated that the 
l l o l ~  \vas 18-20 feet deep nnd nbout 40 feet wide. 

111 coiit rndid ion to their comments concerning 
s11c.1 io11 iiiosf witnesses described a11 debris :It t l i ~  
ground lewl :is moving nwny from the funnel and 
11olie :wt imlly :ippro:iching it. For instnnce, nc- 
(*ording to APr. 13. G. Harris, “it seemed to me 
like it, [debris] wtis coming out from the ground 
111 a n  ;~ngIe just like something had cilnglit hold 
of it :ind slnng it out.” Movies of the fume1 
co11frni tliese obserwtions. 

(’onsidering also the sigiiificiiiice of BIr. (’reyer‘s 
observntions concrrning the Iionliing of tlie rub- 
ber diick, the suggestioiis repeatedly ndrnnced, 
that the t o r n d o  fmuiel might possess ii cciitral 
clowndraft, slionld not be lightly dismissed. 

lhgineering est imntes of forces required to 
C I L U S ~  dit1n:tge (described in another section of 
this report ) gener:dly iiidicnt ed winds under 150 
niiles per hour. One of two estimates which cx- 

The debris seemed to go away from the funnel. 

( * ~ t l ~ ~ l  this \ r t \ l ~ ~  \\.w bnsed 011 t1Ie o\rerturIli11g 
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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 
frtime of the car confirmed the observat,ion. Judg- 
ing by the original position of the car and the 
tornnclo path, this car was closer to the center of 
the funnel tlim 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 3 4  miles from 
the 1):~llas tornado funnel. Another flew to 
within ;hoiit 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- 
nnclo cloud just, before the first funnel became 
visible. fIe too did not notice any turbulence. 

RADAR OBSERVATIONS 

Tile tornado was observed on the GCA radar 
ttt I,ove Field, and by several other radars in the 

164 

operator observed an 
location described by 
similar in appearance 
cept, th:~t, i t  was only intermittently observed' 



3. DAMAGE TO STRUCTURES 

The survey team was collstantly 011 tile alert 
to locate adjoining buildings of different con- 
striic*tion which might have been subjected to the 
s:~ine forces, but suffered different degrees of 
dtimcige. Before establishing that the buildings 
were subjected to the same forces, it is necessary 
to consider severnl factors which were in opera- 
tion, siich ILS (1) tlie eyewitness descriptions of 
side-to-side oscillations of tlie funnel at the 
ground, (2) the nrnount of ventilation in the 
Iiousc (niiniber of open windows, and direction 
relative to the storin of open windows, whether 
attic fans were opernting, tightness of construc- 
tion, whether or not the house was built on a slab 
folnidntion, etc.), and (3)  the effect of local ed- 
dies. A few Cases were found in which it ap- 
pertred that approximately the same forces were 
illvo]\.ed. In one insta~ice, a11 old house W ~ S  to- 
ttt]ly destroyed, while ndjoining houses of equal 
qre s11ffered only minor damage. The former 
\vlLs ~ ~ l l ~ ~ t  might be called a "cracker box", tlie 
osterjor wnlls contnining no studs. Both of the 
ndjoinjng liouses had studs in tlie walls. Figure 
4 sllo\vs bot11 of these houses. Frame houses 
:LcBross tlie street from the Reiinrd Rug CO. and 
sollie Ile:tr a movie theater in Oak Cliff suffered 
extensi\re roof cinmage OIIIY, but the ~ d l s  of the 
rlIg comp111y ttnd movie tlienter were masonry 
and collnpsed ns the tornndo passed. In  both 
~ilildings tlie wnlls were also supporting the roof 
so that the roof fell in, thus causing even more 
cstensjve d:unnge. The forces required to cttuse 
fslililre of these masonry wnlls hare been cdcu- 
lltted rtnd we included in the engineer's report. 
In the Riverside Drive area, wliere some of the 

lllost estensive damage occurred, the exterior 
\\.& consisted of sheetrock on the inside and 
nsbestos shingles miled to slttts 011 the outside. 
TIiese houses were one-story apartment units with 
three or four units comprising one building. 
Tliese were totttlly destroyed, even tlie first floor 
being gone. All of these buildinp lind been 
bolted to tlie foundation with bolts at, &foot in- 
tervals. The bolts and 2x4 plates containing 
them were still in  place. 

A cl~arttctc*rist ic sequence of dtirnage to frame 
houses brcnme ttppitrent during the dnlnnge sur- 
vey. 1 ' 0 ~ 1 1  roofs jlnd shingles were lnost coin- 
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rnonly and constitute the least serious 
destruction. Next in order of frequency arid seri- 
ousness J V ~  the removal of roofs or portions of 

In Some cases, especially with hipped 
roofs, a roof section, usually on tlie side away 
from ~pprouching tornado, was taken off. 
The collapse of exterior walls, lenving t,lie inner 
Ones intact, constituted incretisingly serious dam- 
%' culminfLting finally j n  total destruction when 
even the lower floor wit11 a11 partitions was blown 
"by. 

In studying damage to structures, two general 
of collapse, one typical for frame houses, 

':d the other for masonry structures, could be 
distinguished. Masonry buildings responded to 
t% intenla1 force caused by the pressure reduc- 
tlon outside of the building, which pushed the 
Walls outward and allowed the roof to full in 

(fig. 3) ,  while frtme 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. I n  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 n unit, and were pushed over at 
once, while frame construction could give and 
was therefore not so frequently seriously dam- 
aged. 

One eyewii ness who is a consulting engineer 
sitid tlint the building damage in Dallas indicated 
to him that, the destructive forces were about the 
snme as those in the Waco, Tex., tornado in 1953 
and the Drurnwright, Okla, tornndo of 1956. He 
had surveyed the dnmiige after both storms for 
insurance companies. 

4. AERIAL SURVEY 

The day following the tornndo, an aerial survey 
\vas made with Robert Beebe and Alton Duff, 
both of the 1J.S. Weather Bureau. Movies of the 
Path were made by Mr. Beebe, and still pictures 
Were talcen by the author using a I<-20 aerial 
camera. All pictures tvere made through the side 
Windows of the aircraft and some loss of defini- 

tion resulted. Flight altitude was between 500 
:~nd  600 feet above ground. 

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

5. PUBLIC REACTION TO TORNADO FORECASTS 

6. GENERAL KNOWLEDGE OF PERSONAL SAFETY PRECAUTIONS 
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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. Each item is 
only briefly discussed, and more complete infor- 
mation is contained within the original report 
[l]. To those interested in tornado models and 
structure, careful study of the statements in the 
interviews and the implications of some of the 
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ABSTRACT 
The results of computntions of the ininimum wind speeds rewired to Produce the 

damage observed to various kinds of structlwe,s during the I~nllus tornado are Presented. 
The highest speed computed is 302 miles per hour. Because of the liiiiittltions, these corn- 
Putations nrc of most vnlue US indic*ntors of reliitire iiing~iitudes of the wind speed. 

1. INTRODUCTION 
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2. ESTIMATES 

K. 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 construct,ion, 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. I1 

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 

FIQURE 1.-Plan view of building, item no. I. 

X \ X 

t 

K 

ITEM NO. I11 
hmov:il of the flat roof of a building OWned by 
Mr. A. Rnghnd, at, 3013 Navurro, on the corner 
of Navan-0 and Singleton Boulevard 
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Section A - A Removed by the wind. 

A A 

"0" 
Both side doors closed. 

'su~llY heavy for this type of construction, being 
4.pproximntely 13 pounds per square foot. None 
P' the supporting roof joists below, nor the ceil- 
'"g carried by the roof joists, was damaged. 

it appears that only external wind suction 
I n  the analysis, only 50 percent 

Of the attaching 20d common nails were assumed 
be effective in resisting this uplift, since the 

roof joists tliemselves were not damaged. It 
'I1ould be kept in mind that this is only an ap- 
Proxirnat,ioll at best,, but it is considered to be 
renson:Lble in view of the information available i 
therefore, the minimum wind speed requimd to 
Cause failure, in the manner described, was com- 
W e d  to be at, least 179 miles per hour. Of cOU~S~SB, 
the chief error involved in these calculations re- 
lates to the type of end connection involved and 
its particular manner of failure. 

involved. 

__ 

20.5' __- 

FIGURE 4.-(Above) End view of oar I, item no. IV. 
(Below) Elevation of oar IV, item no. IV. 

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

(;nR 3 n'as directly soutli of car 2 and of 
similar position and weight ; therefore, the hori- 
zo11tal wind speed was less than 1% miles per 
h 011 1'. 

CAR $1 was reported by an eyewitness to have 
been locnted soutli of car 6 and to have over- 
turned endwise with n center rotation about one 
end. This car was empty and had a gross weight 
of approximntely 45,300 pounds, excluding the 
weight of the trucks, wliicli remained on the 
ground. The doors on each side of the car were 
open. It slioiild be kept, in mind that. the values 
obt:tined from the cuialysis of this item were very 
:tpproxiin:tfe in nnture as tlie shape factors used 
i i i  the o:ilcul:~tions are only estimated average 
mlnes and w r y  greatly with the shape and rela- 
tive size of enrh structure. Exnct values can be 
cleterniined only by wind tunnel test for the par- 
t icular item concerned. The iniiiiinwn speed re- 
quired t o produce this overturning nction  vas 
cnlrnlnted to  be --. 217 miles per lionr. 

('-tit 5 WLS enipty having a gross weight of 
345,300 pounds excluding the weiglit, of the trucks 
wliicli were left on the ground as the car turned 
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side\r:tys to  the east. Only one of its doors was 
definitely kno\vn to have been open ; therefore, 
the other door was assumed t,o have been closed. 
Tile minimllm computed mind speed was 83 miles 
per hour. 

 AI^ 6 WLS overturned sideways to the east 
\yit]i  1)otll of its doors open at the time and had 
:L gross weight of 119,800 pounds. The minimum 
]iorizontnl speed required to overturn was 144 
miles per hour. 

('AIi 7 had :L 1o:tded gross weight, including 
its triicks, of 72,400 pounds and overturned side- 
\v;iys to tlie east. Both of its doors were closed. 
Tlie minimum computed required speed was 105 
miles per Iiour. 

CAR 8 1i:id iL 1o:ided gross weight, including 
ireiglit of its irucks, of 135,600 pounds and re- 
mained in 8~11 upright normd position. The door 
on tlie west side w-as open while the door on the 
east side \vas closed. The minimum computed 
speed to produce overturning i v w  143 miles per 
hour;  tlierefore, the actual wind 3 o c i t y  was 
pro1):J)ly less tlian 143 miles per hour since it 
remniiied uprigllt. Since only one door was 
closed, it slioiild be remembered that tlie exact- 
n('ss of :lily c.dcul:ttions \voulcl be very spproxi- 
mat e without win tl t iinnel t est s. 

--a 

\ 

e 

ITEM NO. V 

StrlI(.llll':L1 ('oll:ipse of 45-foot e1ev;xted sign- 
I)o: t~ .d  located 0 1 1  tlie west side of I-I:irry I-Iines 
I3onlev:~r.d in tlie 7400 hloclc 

(Pig. 5) 
r ,  1 his striwtiire consisted of 13 poles extencling 

; L ~ ) O V C ~  groiind. The 1iorizont;~I briicing 
was i n  the e1w:Ltion between 28 feet and 45 feet 
olily, above the groiind level, ;ind was of un- 
Itnown c1i:Lr:Lcter. Since the dispens:Ltion of the 
1)r:tcing n:is :ipproxim:tted, the exact sequence of 
failure w:is iinknown. Therefore, sever:Ll con- 
ceivable sequences of failure were considered 
with the lowest minimum speed computed being 
302 miles per Iionr. Tn this c:ise it w;ts :issumed 
that the bracing :ind f;tw of tlie bil1bo:ird itself 
failed first, and then e:ic-h pole, stripped of a11 
o t l i ~ r  componeiits of striicture, failed independ- 
~ i t l y ,  (lite to tlte wind pressure of its owii ver1ic:d 
siirf:ice aloitg its full height. 

Tu view of this high vtilue of ilie minimum 
wind speed and considering the other minimum 
speeds compit ted for  different sit n;tt ions, i t  would 

17I) 

t 9 ' i  

c - 56' 

All poles npprox. 
15" In dlnmeter 
and arc yellow pine., 

Ground level 

Scctlon A - A 



loteral 
support 

Overturning Is 
Assumed to be 
Polnt M. 

Portable supp 
carrlagc 

II 

Ded Is 96" long 
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R3 

All pipe has wall thickness of 
1 /4" 

17.7' 

4 +.-- 

. 2+  OD pipe 

3" OD pipe 

-31*, ODpipe 2 

Point of fixity 

Anchored in 
concrete base 

FIQURE 8.-Dimensions of flagpole (above), and stress 
distribution in pole, item no. VIII. 

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. 

- - 
Item 
No. - 

1 

2 

3 

4 

6 

6 

7 

8 

9 

Location 

I- 1 0 . 5 ' 4 -  10.5' - -1 

Assume hv 
60 penny nails 
per plank plank 

Pull-out resistance per nail - 357 Ibs 
Note: Planks fnlled at end cOnnectIons only 

TABLE 1 .-Summary of estimated wind speeds i n  Dallas tornado 
d 

-- 
Corner of Stewart and Edgefleld Sts. 

1616 Singleton Blvd ...-.. _ _ _ _ _ _ _  _ _ _ _ _  
Corner of Navarro and Blngleton 

Record Crossing on east slde of Trln- 
Blvd. 

ity River.' 

7400 Block of IIarry IIines Blvd ....-. 
2336 Burbenk _ _ _ _ _  ~ ____.____ ~ _______. 

Corner of Denton Rd. and Wyman 

WOO Donton Rd-.. _ _ _ _ _ _  ~ _ _ _ _ _ _ _ _ _ _ _ _  
WOO Denton Rd ...... _ _ _ _  _ _ _ _ _ _ _  

s t .  
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Of 3-i11c11 h g l e a f  pine sheathing covered with a 
four-ply tar &lid gravel roofing. I n  the analysis, 

’0 Percent of t,he nails a t  each end of each 
dreat111116, planlc were assumed t,o be effective in 
pull-out. The minimum pressure differential to 
c a ~ s e  failure of t,lie roof section above wtw ap- 
Proximately equivalent to a windspeed of 189 

miles per Iiour; however, this value would be 
subject to grent cliaiige with nny change in the 
type of connection failure assumed. Since the 
exact type of connection failure is unknown, this 
v t h e  must be considered, ttt best, only a roug11 
estimnte ; however, it, is probably correct witliin 
25 percent. 
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