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10. Conclusions 

Through the study of the wind speed of the Palm Sunday tornadoes, five 

important characteristics of tornado circulation were found. They are: (1) a 

tornado circulation is characterized by a nearly circular core SUl!Irounded by an 

irrotational vortex (2) there are several spots of strong suction along the edge 
/ 

of the core; (3) the core chaµges its shape and diameter, (4) the rotational rate of 

the core increases as the mean core diameter decreases, and (5) a tornado cyclone 

surrounding a tornado is almost axially sy~tric as far as the pressure field is 
f\ 

concerned, but the front and the rear sides are dominated by convergence and 

circulation, re spec ti vel y 

This study has shown that it is highly important to perform aerial surv~ys 

of the damage paths of future tornadoes . Such surveys should investigate the damage 

patterns by undisturbed tornado vortices, such as could be formed over open 

fields. 



the loop tops and the path of the tornado center. The phase angles were computed 

from the positions of the ~ .. e-tii:.s~ of perpendiculars dropped from each loop top to the 

path of the tornado center . 

\ Of interest is the. change in the stippled area obtained by smoothly connecting 

the suctfon--s"j:)ot . The number of suction spots varied between 4 and 5 while their 

16 

'fa.~:hu.s ':R:it0 r& s changed considerably from time to time. It should be noted that the rotational .,.. 
wi'!Wtt..e.. ~1"wo..-d rnoll'I'""-~ of 

period decreased as the mean diameter of the stippled area shrunk~ the storm 

rnouerJ castwart:l . This would imply that (1) the shrinkage of the stippled area increased 

the rotational rate, keeping probably the angular momentum constant and that (2) 

the stippled area represents the central core of the tornado, which kept deforming 

rather rapidly. 

The mean tangential speeds of the suction spots when the tornado center 

was at locations 1 through 7 are 110, 114, 111, 118 , 118, 111, and 104 mph, re­

spectively. By adding 62 . 5 mph to these values, we obtain the maximum ground 

speeds of 178, 176, 173, 180, 180, 173, and 166 mph, respectively. 

These tangential speeds are very similar to those of funnel rotation obtained 

by Fujita (19SCJ) using motion pictures of the Fargo tornadoes of June 20, 1957. 

The tangential speeds of seven pendants appearing at the base of a sheared-off 

funnel just above the ground were 112 (90), 112 (60), 93 (30), 100 (60), 111 (110), 

100 (100), and 102 {nph (90), respectively. The numbers in parenthesis are the 
\ y\ V"f\..r. f .s 

distanceft of the pendants from the funnel center. . 

From these results, it will be reasonable to assume that these suction 

spots rotate around the tornado center with approximately the rotational rate of the 

funnel . 

/Q..._ . 
.JF-. Conclusions 
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-~· Computation of .the Ro~tional! Rate . ot S~ction Spots · 
. ·.... \ t ·. .. . . . . . . ' 

•.:· 

. . I . . . ~ . . ...... . 
·It · has b¢en shown in the .p~evious section that~ the ratio of.· ~rigenti.al and 

translational speeds . Of a ,:SU~tidn $pot can J~ obtained by . measuririg( W the relativ~ . 

loop width ·on an aerial photograph_. U;nder: the .fair ass~mptioh that a suction . .spot 
. . ! . - . • . . . . . 

rotates around the tornado center,, we obtain the ·tangential sileed of a ·suction spot 
~- .. ;. · ·.·' ·. · · . . ... ,. .. 

as a product of Y\. '~ lJroR , th~ translational speed· of' the· torti.tidO. • · .. ' . . 
. . . ., .. . . ~ . . 

The speed. 9f a fast~}:,Il?Yi~g tornado seems: to ·be .'rathe!::·con$t~t~ · lt::±S. 
probably- because . tb.rnadoe~ tend to .move, on the. average,; w:illi tlie<speed of the 

parent .thu.ri_detstor~ . ~ FigX4!.f: Ji a :i; ' . ;t,'.'d~;~~ ot~~:.~ilr ·of: Si~ tor­

nadpes in series t~4\pa;:e which traveled from Indiana to .Ql}to ~s shown in Flg. · .. 2, 

· cliap~er:II! · ·This famHy_ of .to~na.4o·e~· · l.~ft a daµiage path.in~af~~st~st~~ight"line · ·. 
. . . . . . : . . . . . . . . . . . . . . 

274 miles· long qµ~ing a .period of:4 hr -23 min ... From the slope of a. diagonal line 

. throug~ th~ black dots in th~ . figuie ~was estimated to···be 62 .. S·· mph: 
. . ·. ~- ..... . . 

In".orcte:i;- to apply the techrl.ique of cycloidaI curve analysis pre.sented in . 
·. . . . ,• I • . · . . . ·;.· . 

. the . pl;'evious section, a picture· o~ a group. of suction .marks take~ a;l,ong the path .. 

of the ·above-:mentioned t[lrnado t4m:ilywas investigat~d i~· det~ii.; . A:n:.:aerial photo-· . 

graph .. t.a.k~n· ~ndir~~tifi~d ·by th.e a~th~r is ~hown-in Fig.·, 15 ; · .rhe. horizontal sc~Ie . · 
. ·. . . I . .. . , . .• . 

and ... the es.timated .path· of the torn!ido :.center ·are ·sliperlrrrposeci"~ine·,photograpq> . . . 

. .. Tra~ed · ~uction rriarks ap~ar~ng ,(n!{:?ig ." - ~6· permit-us·· to ~oippute t:he · _r~l~tive ·. · 
Joop .. wictth , vJ, wiifoh can J:?e··~ortv1r,ted mt<>: ~th '{\ artct:.? by ' usi~g~6 _cur!e~. in.~·· .·· · ·· 

Fig ... 13.> ·in tbi:~:·case ~- we. corhpu~ed § / to ·repr~~ent the distance ~f.: tiie-loop ·~]~~t,~~ , 
Two p~rsistent -stictioii spots, . ide'.ritif~ed with. ietters a and e , we~e folfoweg~du~ing 
t~ o.ne ~rotation peri0.ds j L :deterin~ du: . ' I £E!I I ed lo~tion.s of the.r...-

. . . . . .· t . , 

_.pe.r.iodi¢ appearances~oi J} e Jrn:psi•· ·.. . . '·- : . . . . ., 
·lhe open circles with runnbe:r:s l through 7 are .the estimated , pos.~tions .of .. · . . . . I . . . . . . . . . . . .- . . .· . •. ·:'·o:: .. . . . ·.. . . 

the ~ornado ce.nter i:;i.fter t;he suctic>n n;arks completed. each revolution .. ·around the ·· 
. '. : . . . I ,. - . . . . : . . ·_:, .. , .. 

center. Th,e distance, of trav:el during each ·revolution can be conve·rtecf .-into the · 

·rotational period by_ a~sumip!( U,-0~ .. ~ '62. S ·m_p~~ ·.·The pe-;riods .in second$ .. given _: 

in the. fl.gun~ . are the r.otatioP.a1 i)E:~_iods ibus .obtained~ · .. · 
. . . . . I . . . . . 

. . The fi,gi;tre also. sh0Ws the jpositi.ons·· of the 8\lction · spot~ when the. tornado 

. Cehter was ~(th~)()C~ti()nS · l .thrOf gh 7 . .. in 'det~rmirti_ng ·~e . positions· Of these · . 

. suction. swts • . ih¢ . ~adhis vectors 1were obtained by meastrring the :dis_tance 'betWeen 

. I . ~ . . 

. ! 
j. 
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Table I. Relative loop width, \f., g;;;;A-

Jj, io~;~~Lci,... 

J5 ~ 
o. OJ o.oz. ~ 

0. 9". A-f ~ Q.3 0.4 0. 5 0.6 0.7 o. 8' 

~)..-

~.i~ t". o-s I, 08 eft 
1.00 1. 29 · 1 ~ 54 1. 85 2.24 2.78 3.58 4.89 7. 52 . 15, 38 

D. I~ 
,.,,.,q 

1. 05 1.31 .1. 57 1.88 2-. 29 2.84 3. 68 5. 08 7. 94 17.13 

0.1.cr.m-
.,.ss 
1.0 "l ; 33 1. 60 . 1. 92 2.33 2. 91 . 3.78 5.27 . 8.40 19. 31 

'O . ~ 9:;:00"" 1.11 1.36 1.63 1. 95 2. 38 2.98 3.90 5.48 .8.9i 22.12 
0. 04 1.14 1.38 1. 66 1. 99 2.43 3.06 4.02 .5. 70 . 9. 49 25.86 
0. 05 l, 16 . 1. 41 1. 69 2.03 2.48 3.13 4. 14 5. 95 . lQ. 14 31.09 
0. 06 1.19 1.44 1. 72 . 2.07 2.54 3. 21 . 4.27 . 6. 21 10.89 38.95 
0. 07 1.21 1.46 1. 75 2.11 2.60 3.30 4.42 6.49 11. 76 *** 

0. 08 1.- 24 1.49 1. 78 2.15 2: 65" 3.39 4.57 6.81 12.76 *** 

0. 09 ·1.26 1.51 1. 81 2. 19 2.71 .. 3.48 4.72 7. 15" 13. 95 *'!'* 

***No values computed because ·of too large n 

~~ ·l-t~' s 
~~- 10.011 ·"t.J"V. 

Table II. Relative: loop width, W, ¥s. 11elMi¥e leefl 8fti:if:, ~ 

o.oo 0 .01 o.oz, oca .e.."ic.. .. 
~) 0;1 ~ 0.4 0.5 0.6 0.7 0.8 0.9 

o.o~ 3.14 2A4 2~0¥ 1. 70 1.40 1.13 0.88 0.64 .0.42 o, 2D 

0. ' 0.01 2.97 2.40 2.00 1.67 1. 37 1.10 .0.85 . 0. 62 0. 40 0.18 

0 .;L 0.02 2.90 2.36 1. 97 1.64 1. 35 1.08 0.83 0.60 0. 38 o,if, 
d.3 0.03 2.83 2.31 1. 94 1. 60 1. 32 1.05 0. 81 0.58 0. 35 0.14 

z.q 
0.04 2.76 2.27 1. 90 1. 57 1.$0 1. 02 0. 78 0.55 0. 33 o. '12 

0.05 . 2.-70 2 .. 23 1. 87 1. 54 1. 26 1.00 0.76 o; s2 0.31 0. 10 
0.06 2. 64 2.18 1. 84 L52 1. 24 0.98 0.73 0.50 0.29 o.os 
0. 07 2.59 2. 15 1. 80 1.49 1. 21 0.95 0. 71 0.48 0.27 0;06 
0.08 2.54 2. 12 1. 76 1.46 1.18 0.93 0.69 0.46 0. 25 0.04 
0.09 2.49 2.08 1. 73 1.43 1.16 0.90 0. 66 0. 44 ·0.22· 0.-02 



which may be called the "relative loop shift." Sinc,e l)'\I and W are functio:r!of each 

other, we are able to express S as a function of W only. The right-hand diagram 

in Fig. 13 presents the relat ive loop shift a s a function of W . It is evident that 
/~ 

f .S}decreases from a maximum value of"i\to zero as the relative loop width increases 
"/ 

to 1. 0 . 

More accurate values of Y\. andf S ~ are given in Tables I and II in which both 

quantitues are computed by increasing W a t 0 . 01.interval s . The tabl~permit us 

to obtain h:between i.oc(whenS1~ o . ocyand 38.95f:!henW == 0 . 9~. Such a range 

would be sufficient for analytical purposes) since there will be no tornado when ~ 

is less than 1. 0, and since cycloidal marks are too close to each other if W exceeds 

about 0. 9. 

13 



of tangential and translational speeds. 

Figure 12 was made by changing ~ n., from 1. 0 to 10. The height of 

the loop as well as the loop width increases with rv, becoming Haa1 a Hy very close 
~·r;r 

to 2 ~ whe~ exceeds .110. . 
/ 

The l oop width is measured as the difference of-;l when the slope changes 

from plus infinity to m inus infinity, which occurs when 

1 - rt :Sif"L ~'TT' C. -:0 

or ~ ITC::: S i /7 _, I n;-
lhe time corresi:"-~in~-~-o this rok'!!'gle is 

it t:. ; .a17~ - ,,, c 1(\, 
' / ; .... ,-1 - ! \,/ .. / 
\..._.... \...__~./ '""~_,y. __ ... , . 

which is now put into Eq. {!).to obtain --··--... _ 

,C -::_ 1-"' ;. 'iT C,; R .+-. , . ~ ~ ' \ 
(,!_J,/ ,_.·:,_ -· ···' h> . . .... -~- ··· ~ .:. :..~tu 

a-A- / j . ····,-:::: (( 'l\ - :2. 11 c) R _ R f--n-~--,-
\ .. ____ ~) . \._.:_,·. - :(\) . . ' , .. ., . ·- ' ' .-~ .. ., .. ..... .,n.. 

tltus we have ..... .... . · · · ··· -·- ..... · ·· .. -..... 

VJ = - :x --~x ·· · -~ · -- .R_" \ ;l. in~:; -"IT+ J.. s;,,.-'~··1 -"\ 
.. / ... I 2.. ·:-, __ }'\I 1 rt, J 

~ · - ' • ..,, .. ~·· , . • ·~· .... • ~· . • .r .. ... . • •• • ..... • •.· · ..... . .... . . , • • ~ .-..... ......... .. 

wher e W denotes the width of the loop which naturally increases with n. 
In!·o:rder to define a non-dimensional quantity related to the loop width we 

( 3 ) 

( 4 ) 

c~~~~duce the r~~-~-of,~~~~' ~6·> :h~~ ... . ·- · .. lit- . · ... - ... 

· ~:=. f!I/~ g.·. -= ;~n ( fYl ~-' ... ~-, ~ .-t ----~'~ ~ 1 ~1) _-1 ( 5 ) 

which may be called the "r elative loop width ." It is evident that this quantity varies 

as the funct!f>n~~j It is, therefor e , feasible to determine6)f~~<?,!P.,._ measured 

values of W . Figure 13 pr esents the variation of_ rv as a function o(~) !his 

figure permits us to d::!.~-~in{f! from a suction mark on an aerial photograph 

and the known value of 9) ·,~ 
When a large number of suction marks appear , . such as~ the schematic pattern 

in Fig. 13, it is very difficult to identify the loops pr oduced by a single suction 

spot which rotated mor e than once ar ound the tornado center .'. In such a case, the 
.. ~·· -.. ,,,. ::"-.. 

distance of the loop shift / 'S) can be estimated frorriW ) an(! R ,: We shall now define 
\./' ;;::--\ ..... _/ .... y 

the non-dimensional quantity(·§ ) as ... .. · ... ..... ,_ 

S =- .s j ;z. R -, ··'i~ R j :i:R: == /: ;"1 < 6 > 

12 



be expected. 
~ 

The size of these spots with strong convergence, determined from the width 

of cycloidal lines is only several to 20 ft, implying that the convergence inside a 

tornado is concentrated at several spots which rotatz around the traveling tornado 

center. Such spots of concentrated convergence~ ~alled the "suction ~12_ots, " /5 ' -·' 

' 
and the ground ma rks appearing along the loci of s uction spots, the " suction ma r ks. " 

Suction marks, if preserved, would represent a group of cycloidal curves;~ 
to strong winds 'm1 the rear side of a traveling tornado, the marks produced by suction 

spots while moving~ the front side are either partially or totally destroyed by 

those suction spots in the rear side. This is wh~requently see{in aerial pictur~ 
the rear half of the cycloidal marks more distinctly . Before the end of the tornado 

wind bomew·r. the rear half will be swept by the remainder of the whirCwind. 

The "drift marks" as indicated in Fig. 11 are the common features produced by 

debris which is blown off in the direction of the final strong winds. 

8. Shape of Cycloidal Marks, aBd their Loop Width and Loop Shift 

If a suction spot is assumed to rotate around the tornado center maii.taia.hig 

a constant radius~ the locus of. the spot can easily be computed as a function of 
,.. . ..,_ r;-:-. ~~'°'"il'°f, st-..!, ;.,,,.a. . ( V.., V , anct.R 'which are, the translational~ tangent~! speeds, and~ radius 

be tween the spot and the tornado center . Parametric equations of a cycloid with the 

0 -axis taken along the path of a tornado center are , 
- .. ~~ .. ..... ..... ~ .... --...... ~·-- .......... ''-·--... 

1J = R .:sin. wt 'J 
a."' J ~ = L/t + 'R ca.s. wt ( 1 ) 

wher~0, denotes the angular velocity of a suction spot and !) the time measured 
~' r 

from the initial@ax~s crossing tof the spct. If q r.._Wt/211) the total aad ffactional 

rotation numbe:i; of the suction spotll' around the tornado center. is substituted in 
if i\..c.. 'l'eS...Jt',~ c7-.<1;"o-.. ,·:, . 

Eq. (1), an~differentiated in order to obtain the slope, then 

. . . d y__ - !}_j_ ~~ = .. /~-r1··~z;,~---;-frf:2··-.\ 
!~ dx dti'd-t :u - V ~,n .211~,,-,.,, 

" \ 
I 
I 

= 
n cos .;i,,1TC.. 

i ·.• 

I - n.. $/rv :i1TC-
_,--·---...., 

when( 6i ~V/l)_) the ratio of the tangential and the translational speeds. Eq. (2) 

indicates-· th~~- the slope of the cycloidal curve is a function of bott6) and(C:Without - ~/ 

depending upor(~J , the distance of the suction spot from the rotation center. This , __ ....... /'· 

means that the ove rall shape of a cycloidal mark depends only upoi(~, the ratio .. ~.,.· 

·' :. · . .. ~ ~:. _ .. ·}~ " :.;.' ·. 

( 2 ) 

11 



10 

Inidana and Ohio caused by the Palm Sunday tornadoes were not the loosened or~~ ti:> 
blown-off soil from plowed fields,but Ctle) ICprcao tt ftlffFQW 13ancis in 1lhid1 l8tn- i ~ \, 
up pj§i!CiS of GOTP it1.1b)?la5 are pHcd "f' seurral iEeaes. In fact , RORe ef the CMn \,_ :- ~ 

1 .-~ j: fie is 'Mith these m ark£ bad I"'iQriRM:y BccH :@lQl,nQQ l"hen the tornado hjt Oil lzf!Jtil 11 . .> ...... 
The Nebraska tornado studie.J by Prosser occurred on May 5 when some fieHis 

O(Ccr.t't'-."c.• of +I.e.. could have been plowed prior to th€1\ tornado. 
It is of interest to :qote:.tha:t<-':Fros-serfeels ·t-hat the marks are the result of 

differential soil characteristics while the author thinks that they represent narrow 
bands of debris accumulation. Nonetheless, both researchers seim -:m agi:;ee that 
they represent loci of spots which act like nature's vacul,lm cleaners . In Prosser's 

; ~e case, the vacuum cleaner was so strong that it loosened up and vacuum cleaned a. 

AF ~ -~· ~ 0 Ir ... ; ,..r 
~:t-
p - ~ 
I/' ( .. 

~> ~ 
} t t .. ~ ~ 

~ r i-
" . ~ (/' 

, · fk,'f'cSu.Jt of ~ \ ~~ . ,J. The debris accumulation seen in the author s case can be explained as" vacuum 
"\)U\.,"\~"'< · • cleaners which are strong enough to converge debris, but nd: capable of sucking 

( 
\ 
~ 

UJ'rl\ Y'fl'Ko..\.,,. ""' ' ~~ ... 0- (ci!«." 0 {.&...J \ ..... c.Lc$ cl."~""'"• w up the accumulated debris which remains w1thia a fcv,r i<R- layer above tbe cot:n ., · ~-. ' "•-...a. 
. -I iµi>\ ~(A; household vacuum cleaner head with 15 ft sec· s uction speed~ produce 

/a convergence of 
/ ' , . suction speed .. _ ., ......... ·~--.. ~ . -\__ Conv~: .<· = , c,;;-;;;;L::~;:.:.:.~ .. -::_:;~''.~~·.~: '.. .. . . . ... . . .. · -..... . .. >' 

height of head above the floor 

when the head was placed about 2 inches above the floor. If we assume that a 

- I) 
= 100 s ec-

C:f' . . convergence of 10 sec ·, only one tenth of that of household vacuum cleaner~ 
"' ~ exis~ near the ground, it would res ult in t!ie vertical motixms of 5 ft set-' _, - n •we.lier, at 6 inches above the ground, 10 ft sec · at one foot, 100 ft seb at 10 ft, etc. · 

order to determine the characteristic~ of tornadoes just above the surface, it is 
,b$~t"V<d necessary to examine the marks" in aerial pictures by means of detailed ground 

survey. 
. ~ . 

Despite the fact that we do not know thel\magnitude of the convergence giving 
rise to the formation of these ground marks, it is obvious that they can be produced 
only if the convergence near a tornado center is concentrated at several spots which 
rotate around the center. In case the convergence takes place uniformly around a - ~t cir·cular area, a uniform damage belt such as,4produced by a rotating grinder would 

·---·-···-~·--··-·· -- ·~· .. 
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1. The Nature of Characteristic Cycloidal Marks on the Ground 

Since Van Tassel (1955) first reported on the oia11nn: sd elliptic marks left 

on fields by the North Platte Valley tornado of June 27, 1955, several other such 

phenomena have been reported. Prosser found a large number of cycloidal marks 

in a series of vertical aerial pictures photographed along the path of a Nebraska 

tornado of May 5, 1964. The aerial survey of the Palm Sunday tornadoes of April 

11, 1965 as reported in Chapter II (SMRP Research Pa}!le:x 49) revealed the existence 

of a large number of well -defined cycloidal marks in Indiana and Ohio. 

Complete interpretations of these marks have not been made at the present 
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time; however, both Van Tassel and Prosser concluded that they a,re closely related :i._ . 
1 

. 
1o dchi~~, .. ~ ~ c-s1',,,.,.+,tf,'f'-1•nn11 WlnJ ~ 

to the rotational and translational moti<;>ns o~ each to.rnado." Van Tassel assumed ~ 
::.o--fla11v1 ~~ c.11rr1a.d l.Clif'k f'flc s"-t:i •t ~ rc..;;i!"J."•w'111 J ·~. that the marks were produced by a t:fa:ppcd obfe st waiefi retlil te s itroWid ths-to o 1 .,.. "'' Tll'"""' 

u,.1111 4, '- . "'e 
eent@i: . Using C, the circumference of the ellipse ; N, the number of scratch"" """~ 

rings per mile; and S, the translati al s eed of the tornado as input data he estimated 
~$\IJ&.$ 

a tangential wind speed of 484 mph · Sased upon his closer inspection of high-

esolution aerial photographs and also upon a damage survey by R. E. Meyers , 

State Climatologist for Nebraska who stated "the path gave the impression that 

an enormous vacuum cleaner had swept the ground clean of vegetation, loose soil, , 
I 

all other movable o~jects.' Prosser considered, on the other hand, that these marks{o.~ ~· 
are probably the r esult of light reflected differently from the disturbed and the ·, -~ 

~~~~ ~ undisturbed areas . Careful examination of th1' photographs by Prossertle.cLhi_J?l to Pt; 

make an important suggestion that the vortex diameter was oscillating about the 

mean since the radius of curvature of closed loops varied along the tornad~!1th. 
¢.,0 ,.,. 'k..c. r .... 1-. s---, c. .. ,e- , 

In an a ttempt to find out the nature of these marks" the auther took a number 

of 35-mm telephoto pictures from a low-flying Cessna-310. Figure 11, reveals 

the detailed structure of the marks, the overall view of which appears in Fig. 39, Chapter 

II. A cycloidal line super-imposed upon the telephoto pictu:1:e was drawn by following 
. U.S Co.w .0~ Sc•~ smoothly 'One of the most pronounced lines in the picture. h :o iH be f0MR§ that there 

otT"M.. 
are a few more cycloidal marks within the one cycl~cycloid in the figure, suggesting 

wc-r<. 
strongly that several "spots" rotating around the tornado center w:a:s responsible 

~:fa producing these cycloidal marks. If we assume, like Prosser did, that th~,.._ 
Q., .. ~ s-

spots represent ~ of very strong suction capable of vacuum cleaning the soil 

on a plowed field ,, it is feasible to determine the size and position of these spots 

relative to the tornado· center. 

Closer inspection, C?f a number of telephoto pictures and repeated visual 
~ dt;4--o Y. ~ o..v.-'+"'->r 

observation from. 500:tr by th• Hther led 0:i:m. to believe that the cycloidal lines in 
. f\ r:F ... : Ccf" 



radial outflow~ are plotted as functions of the radius. These intensities are defined 

by:·\4-~)ncti~:-~:'which can be integrated, respectively, as 
\~---" -~--;~-,,.-·····ir, · · --· ·-. -·-.,_, 

/ ... IT = _L __ '{t. .~ .. d -~_.) , circulation 
.. ·;.,.----" . . '~'fj' ... . .. . - .. . '·'"·~~ 

. and / f::: 1 Yr r J e~:) , influx, 

where('4'.)~;·--a:ri<r(~)<lell:~t~~~;~gential velocity, radial.<Vteloc~· . and the 
-~~ ·· ····~··· f .... ci ....... r • t~-i ~ 

horizontal angle around the cyclone axis. The qgn1!iC, lvr , re esen~circulation 
. / 

or outflow pei unit angle around the cyclone axis, is:£JfpFeseed in GQS 1:1n:i:t~, 

cm£; 88!; I ra4·"1
• and its intensity, is a function o@and@).rithinJ'tornadO cyclone. 

Figure_ 10 indicates that the circulation intensity is negative or very small 
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; ~I~ ~,_...., +c..., 
in the front q~adrant some 20 miles away from the c~er . As thel\center i~ appt=:a h 1 l~&c:.yc--.$eE 

the intensity f"adually increases to about 100 stat m'f"hfDracfd? The intensity 

increase continues after the passage of the· center, reaching a maximum in the near 
' 

quadrant abo~t 15 miles from the center. We may postulate, therefore, that a 

certain time ~s required for the surface winds to acquire a cyclonic circulation when 

a tornado cyc~one aloft moves over an area. In this specific case, about 40 min 
i a,~f" l"-.vc.I +o +,,-.,11-.I -Ir.-- f, • .,.+ -+o v-e•r 4,,..,..4,,.._r · · 

was required !for the pc gs g IP of the tornado cyclone. ' 
! wi~~ ... 

The fiHd of inflo~ intensity insirle this tornado cyclone was also quite asymmetric. 

In the front quadrant the inflow increased to a m aximum about 15 miles from the center. 

But the inflowl intensity was more or less constant outsi.de a circle about 8 miles 

in diameter. : The inflow intensity around this circle ·wa~ about 150 stat m~¢facf-? 
If consta~t cop' rgence inside th~· circle is assumed, the mean convergenc~.t1Y.Q.1Jl~.;-, 

. .-1 . - Q 1 f ·. - --· ~ 
be about 20 h . or about 500 X. l sec . I~ the region of the tornado bounded 

. by the dashed! lines is excluded from the region of converge nce by the tornado cyclone, 

a 0du~n o~ the convergence ;rea would increase the convergence to about soo© 
Il63~ec • Nevertheless, convergence of this order of magnitude would result in a 

30 t~ 40 ft se~pdraft at the 5000-ft level. . 
! 

The itjflow in the rear quadrant is extremely small . This characteristic 

coincides wit~ the fact that~ or no spiral rain echoes are~ observed in 

.:the rear quadtant of tornado cyclones. Figure 3 includes two good examples of 
I 

this feature; Ijtamely, April 11, 196§ and April 9~ 1963, which were cases accoin-
1 

panied by well-developed tornado-cyclone circulations. Note that two spiral echoes 

with crossingi angles of more than 40/:fe seen in both examples. 



: JJ .;ft bl/ 
A question which will arise immediately is" the diameter of such an air colum~ 

ins ide which the tangential speed decr eases outward. Accordin to Fig. 8, the diameter 

seems to be apout 5 miles.~out 20-mph tangential speed seen 

along the outermost boundary, indicated by a dashed circle. It seems that this rotating 

air column, 5, miles in diame ter, is acting as an obstacle to the r elative winds from 

the east-soutq east. ·Right at the ground, where theoretically the air does not move 

even inside a ~ornado, the r elative wind velocity should be opposite to that of the 

translational ielocity of the tornado . A rotating air column sucifshown in Fig . 8 

must, ther efore, be undercut by an extremely shallow layer. As the height above 

the ground inqreases from the order of inches to feet , the relative winds quickly 

change into those repre;:;enting a column circulation around the center of a traveling 

tornado_. T-= @~ is:i}>lly that the tornado inflow takes place ins ide a very 

shallow laye r ~ ust above the ground. 

Becau~e of the fact that a tornado cyclone is accompanied by a much weaker 

wind system than that of a tornado, r elative surface winds inside a tornado cyclone 

do not always ·r epresent a r elative flow. Figlt a 1 a dy ~the is• t that relative 

surface winds . of a fast-moving tornado cyclone appear to blow through the region of 

the cyclone. Since the tornado cyclone, as well as most others, was locate d over 

a region where the southerly surface winds are about 30 mph, a moving tornado cyclone 

with a few-millibar pressure drop at the center is not strong enough to modify the 

30 mph southerly wind or 55 mph relative wind from the east-southeast into a cyclonic 

flow within the area of the tornado cyclone. 

Assuming, however, that a tornado cyclone induces perturbed winds)!( no . 

matter how fast it travels, the field of perturbed winds can be obtained by subtracting 

estimated~turbed winds from the total winds r ecorded by the Tecumseh wind 

recorder. T~king the time changes in the undisturbed wind into consideration, it 

was changed linearly from SSE 31 mph at 1850 CST to S 31 mph at 1925 CST. 

Figure 9 show's the field of perturbed wind r esulting from tornado cyclone .... f ... 
as it was mov~ng north of Tecumseh. llt\dashed circle in the figure represents the 

...... 
region of the ~hirl_,w ind around the tornado center . Winds outside the cirtle form 

i 
a spiral flow extending ~ about 20 miles from the tornado-cyclone center. 

It should be noted that the s treamlines of perturbed winds are considerably 

asymmetric, suggesting that most of the inflow takes place in the front quadrant 

of the tornado cyclone . More quantitative aspects of such an asymmetry will be 

understood by refering to Fig. 10 in which the intensities of the circulation and the 
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\ ~j, o,.#c.A-' 

.~''& 
is tha~the relative winds beneath the echo are more or less straight with increasing 
wind speed toward ·the tornado-cyclone center, which represents the tornado center 
in. tht'S case. It is, therefore, difficult to depict.. the flow accompanying the tornado 
cyclone by using the i elative winds as shown in Fig. 7 . The whirling wind around 
Tornado J-4 is presented in Fig. 8 by enlarging a portion of Fig. 7. The dashed 
circle represents the boundary of the wind field of 1:ornado J-4 . Shown in the upper .. 
half of the dashed circle is the profile of the tangential wind speed plotted against 
the radii in the front and rear sectors of the storm. It shows that the tangential 
wind speed increases toward the center inversely proportional to the radius, implying 
that the eye or the core circulation of this tornado was surrounded by a irrotational, 

@vortex'. ..... Tne -ci-i:culation-of.-the vort~~J~ estimated to be 
//r::: ;J.1/ (' 11 ~ I 8o'fr mi.2. hr_S). 
\.......__ ·- ... ... .... . -~-· -------

If we assume that this circulation remains constant everywhere outside the core, the 
maximum wind at the.~o.relxmndacy would be _ ... ~ _,..,.--- - ~.h ... -··-···"'-· ···-----..... 

i v - r rJ qo ',,_ . 
\ ~0..)C - tr." = - ,, '.. ~ I I f'c.,,..~ Y"co,..e. j 
--·-···----· -······ -·~···-······· - ---·--·~---;_,::;;,-which is inversely proportional to the core radius. Tornado J-4 produced widely-

scattered m~ium damage to the north of the wind tower. If we assume that the 
3-mile wide damage path was caused by a tornado with a core of one mile in diameter, _,.,--~--... 
~~)-ould be about 180 mph. The maximum wind speed including the translationJ. 

motion of the storm was, therefore, about 240 mph. 

6 

_ · In fact, jqrnado K-3 also contributed to the overall damage path north of 
Tecumseh.J~tness accounts indicated that the first one c;~~id most f!; .. !3e damage ,. 
howe oe-r, Figure 1 also shows that the maximum wind speed~was 85 mph which is 
slightly more than the translational velocity of the tornado. 

·'· Relative Surface Winds and Pertur~d Winds Accompanied by Fast-Moving 
Tornadoes and Tornado Cyclones 

It was shown in Figs ; 7 and 8 that the wind velocity representing the vortex 
motion around a tornado axis near the surface can be obtained by subtracting from 
the total wind the translational velocity of the tornado center. In other words, 
the surface winds around a fast-moving tornado are very similar to those inside 
.a rotating air column extendin~m near the surfa~war;!J . 



.Joo 
. progresses from A, B" to C. In Stage C, the central region of a tornado cyclone 
seems to act like a weak tornado with a very large diameter. Periodic concentration 
of vorticity near the central region would produce a series-mode tornadqea;: 

4. Circulation Around Tornado J-4 Estimated from Tecumseh Wind Records 
,....;~_, 

In order to study the 151-mph gust recorded at Tecumsel\ in relation to 
tornado J -4, a 40-min section of the ,wind trace in Fig. 1 was enlarged. Figure 
5 shows such an enlargement including wind velocities plotted at the bottom. · ·Using 
heavy line segments, the s.uccessive maxima and minima were connected to show 
the range of the wind fluctuation clearly. The numbers next to the plotted winds 
represent the gust speed in knots. The highest gust of 151 mph occured between 
1907 and 1908 CST when the direction was shifting rapidly from WSW to WNW, 
suggesting that it was recorded when the tornad~ center was passing just to the north 
of the station. 

Figure 6 was made to determine the wind field in relation to the damage 
area and radar hook echo""] .... which produced four tornadoes of the combined mode . , 
~ Tornado J-4 was of the series mode. The upper chart in Fig. 6 indicates 
that the wind tower was located near the southern boundary of the damage path. It 
also revd5atl'tli~ Hict that the diameter of the eye in the PPI echo was approximately 
the width of the damage path. This does not mean that the diameter of the tornado 
eye was over two miles ; it could be considerably smaller. The lower chart shows 
the space cross-section of winds converted ·from the time cross-section of the 

i 
Tecumseh winds. Tuff wind £a~~rn seems to be. affected by the cyclonic circulation 
of the tornado cyclone as well as by the tornado which was near the cyclone center. 

Since tornado J - 4 was one of the series of tornadoes belonging to a combined­
mode family, we may reasonably assume that it moved with the center of the tornado 
cyclone at 60 mph toward the east-northeast. Due to the significantly low pressure 
around the tornado center, the surface wind field around the tornado axis r epresents 
a circular wind field superimposed upon a straight flow which represents the trans­
lational motion of the storm. Figure 7 shows the stream lines of relative flow 
and was obtained by subtracting the 60 mph straight flow from the winds reco!r!.ded 
in Fig. 6. There are two important features in this figure. The 5~:s that the 
tornado circulation appears only inside the dashed circle in the figure. The other 
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wind speed .ah= decreases rapidly. Associated radar echoes would assume 
the shape of several spirals giving the impression that the storm is a 
miniature hurricane. 

-t: Location of Tornadoes in Re lation to the Eye of the Tornado Cyclone 
tJ.4 ;,~ From Mlle te rminologf""point of view, if one emphasizes the geometric patterns 

of radar ech oes t the above-mfntioned four s tages would represent a comple te 
evolution of a r otating thunders torm. If we emphastze the circulation accompanying 
these s t9rms, we may consider that the circulation increases through s tages A 
and B, reaching a maximum in sta ge C, and finally disappears in stage D. The 
whole system may thus be called a mesocyclone initiated by a rotation of a thunder­
s torm. According to the definition by Brooks (1949), a mesocyclone accompanied 
by one or m or e tornadoes i s called a tornado cyclone . 

Surveys of tornadoes indicate that a family of tornadoes forming inside a 
tornado cyclone may form in one of three modes: the parallel mode, the combined 
mode, and the series mode . Based on the damage surveys of the Scottsbluff tornadoes 
by Van T assel (1955), the Fargo tornadoes by F ujita (1960), the Dallas tor nadoes 
by Hoecker (1958), the Worcester tornadoes by Penn et al. (1955), the Blackwell 
tornadoes by Staats and Turrentine (1956), the Illinois Tornadoes by Fujita (1958), 
and Chapte r II (SMRP Report No. 49), the positions of the tornadoes relative to the 
tornado-cyclone center are shown in Fig. 4. In this model of ~ornado paths,llormation 
of parallel - mode tornadoes takes place mostly on the right~ side of the,i~Y~t .~ 
of a tornado cyclone, ~bile those of the series•mode occur near the center of the 
eye . Of interest is the change~ parallel mode to the .series mode. Such a 
change has been found quite frequently. However, no case in which a series - mode 
family changed into a parallel-mode family has been found. This would imply that 
the s tructure of a tornado cyclone , which is favor a ble for the production of a parallel­
mode family, somehow changes into that likely to produce a series mode. Further 
s tudy has indicate d that the parallel -mode family forms out of storms in Stage B, 
the Development Stage, while the series-mode one forms out of storms in Stage C, 
the Mature Stage . The reason for such a preference in tornado fam ilies is not 
known at the present time . We may suspect, however, that the concentr ation of 
vorticity around the center of a tornado cyclone takes place as the storm stage 
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IAl1.11J 
which stands semi-vertically and is surrounded by a vortex of high tangential/\ velocity. 

Fujita (1958) estimated that the tangential velocity around the eye of the storm 

which produced the Illinois tornadoes of April 9, 1953 was about 40 kt at a distance 

3 

of one mile from the center of the eye. A collection of four h@@l' IElilAe radar pictures of ho.Jr-ec1, 

appears in Fig. 3. T~ examples suggest that the vault is predominant in very ~ 
early stage~of the hook-echo development when the rotational rate of a thunderstorm cl..,,.L~ 
is relatively low. As the rotation becomes faster, an eye forms to the south or south-

east end of the vau_lt. Even though we have not obtained a good example of a radar 

picture showing a well-developed vortex around the eye, it _would be natural to 

suspect that such a picture would appear as a miniature hurricane with several 

spiral echo bands surrounding an eye. 

The evolution of a hook-echo circulation may be expressed as follows: 

A. Initial Stage: A thunderstorm starts rotating slowly, forming 

a vault in the region where the updraft is the strongest. According to 

Browning's (1964) definition a vault may appear even before the onset of 

the storm's rotation as long as the updraft is sufficiently intense to 

result in inadequate time for droplet growth and ti,_ inhibit.mg the 

rOntry of large hydrometeors. 

B. Development Stage: A'S dhe stoi;rn' s : .i.I'O~tianallimm' increase sr; :~he 

air . cehv:er-gingdl@wa:d:icthe·.:fu«DJ: of: tbe· til)t;tta:f P, ~x:i·,,no 1bnge}r:· :reaohrthe:,{cii:':-. :.- .. ~ 
. n~ ~~ 
culation center because sf tn;; m 1 ge angular_ momentum, t1'3t must be 

transported inward without increasing the tangential velocity '..e11~rmously, is -1-oo le r;e. 

Thus a small eye forms at the low level first and rapidly extends upward. 

C . Mature Stage: In this stagef the eye of the storm reaches almost 

to the top of the cloud, thus initiating upper divergence or significant 

outflow at the cloud-top level. Such a divergence aloft would efficiently 

inhibit the entry of hydrometeors into the eye from the cloud-top level. 

Near the ground, an intense inflow with strong tangential velocity creates 

a vertical column of rotating air surrounding the eye. The tangential velocity 

outside the circle of maximum wind would drop hyperbolically outward. The 

diameter of noticiable circulation will be about 30 miles. 

D. Dissipating Stage: The diameter of the circulation reaches a maximum 

in this stage. The diameter then decreases as the maximum tangential 



a. Recorded Traces of Tornado and Tornado Cyclone Winds 

De spite the fact that the Palm Sunday tornadoes of April 11, 1965 left more 

than 30 damage paths over a six-state area, only one anemometer was near enough 

to a path to record tornado-related winds . This one was located at Meyers Airport, 

north of Tecumseh, Michigan and was operated by the Tecumseh Community Health 

Study, the University of Michigan . As indicated in aerial survey map No. 11 in 

Chapter II (Firoire J:.3, SMRP Research Paper No. 49), the wind to~as located 

along the southern boundary of a very wide damage path resulting,./rom tornado 

J-4. The anemometer recorded a peak gust of 151 mph at 1907 CST. About one 

hour later another tornado, K- 3, passed north of the same anemometer, rec~_:rding 

a 75 mph pea~ gust at 2004 CST . The gust recorder trace converted into rectangular 

coordinates with wind direction added is shown in Fig. 1. It is seen that the wind 

speed increased from about 30 mph to 151 mph in about 15 min, then dropped back 

to_ 30 mph in three to four minutes. After the passage of the first tornado,~-4J, 

the wind direction returned to southerly and remained there until about IO min before 

the arrival of the second stoID)(K-3f. The ratter was located just ahead of the 

cold front, referred to as a dry't cold front in previous chapters. Note that a straight 

westerly wind with:a gust up to 70 mph came shortly after this storm. 

According to the analysis of the radar echoes as presented in Figs. 17 and 
. . . 

18 in Chapter V (SMRP Research Report No. SI) these two tornadoes were born 

.fZf.."two separate thunderstorms which traveled along almost identical paths. A 

reduced gain picture of these thunderstorms taken by the Detroit (DTW) WSR-57 

radar at 1852 CST appears in Fig. 2. Both echoes show distinct hooks with a cyclonic 

finger located in the southwest guadrant. 

/I . w "f tke.. 
t<ecJ1& 

~ . Formation of Vault and Eye in a Rotating Thunderstorm 

It has been well documented that tornadoes appear in the vicinity of a hook 

echo characterized by a well -defined finger or a 6-shaped configuration observed 

in the southwest quadrant of a thunderstorm e cho obtained by low-level, reduced-

gain PPI scans . In Browning's and Fujita's (1965) comments and reply on the difference 

between the "vault" and the "eye~ Fujita suggested that the eye should be clearly 

di s tinguished from the vault since the former represents a small, circular column 
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Footnotes 

1 . . . . . ' 
The research presented in this paper has been sponsored by the .u. S. Environ-

mental Scienc;:e Services Administration under grant No. E -86-67-(G). 

2 
A comprehensive study of the Palm Sunday t~rnadoes of April 11, 1965 was originally 

planned to include the following seven chapters: 

Chapter I - Locatfons and .mimes of Tornadoes, 

Chapter II - Aerial Survey of the Palm Sunday Tornadoes. SMRP Rep. 

No . 49. 

Chapter III - The Synoptic Situation, 

Chapter IV - Early Stage of Tornado Development as Revealed by Satellite 

Photographs. SMRP Rep . No. 50, 

Chapter V ,- Features and Motions of Radar Echoes . SMRP Rep. No·. 51, 

Chapter VI - Stability and Differential Advection Associated with Tornado 

Bevelopment . SMRP Rep. No. 52, 

Chapter VII - Estimated Wind:Speeds of the Palm Sunday Tornadoes. SMRP · 

Rep . No . 53 . 

Chapter VII concludes the portion to be submitted by SMRP. 

Further plans for the completion and publication of the comprehensive study 

are being conside.red. 



ABSTRACT 

The wind speed of a tornado in relation to its parent tornado cyclone is 

discussed in this last chapter2 on the Palm Sunday tornadoes. One of the most interesting 

wind traces in this study, obtained from Tecumseh, Michigan, showed a peak gust 

speed of 151 mph, at which time the recorder pen went off the scale. The radial 

distribution of gust speeds around the tornado indicated that the outer vortex of the 

tornado was characterized by an irrotational wind f i{ik,ti in which the product of 

;/ and r is constant. An indirect wind-speed estimate was attempted by examining the 

characteristic cycliodal mark)(s left on the fields along the tornado paths . These 

marks are assumed to be produced by several spots rotating with the tornado funnel. 

Microscale convergence effects beneathit these spots are estimated to be much larger 

than in other parts of the funnel, so that streaks of disturbed features l'emain 

along the cycloidal paths of these spots. The computed tangential speed of the 

sppts .is .:Slightly higher than 100 mph inside the tornado paths of moderate damage. 

1. Introduction 

The Palm Sunday tornadoes had many r emarkable features. Due to the rapid 

motion of the parent thunderstorms, most of the tornadoes traveled atrn rate in 

excess of 60 mph. One by one, as many as six ~tl!!ar ilif tornadoes were system­

atically born out of the parent thunderstorms as described in Chapter V (SMRP 

Research Pape r No. 51). Moreover, a rare event occurred when one of the tornadoes 

passed a short distance from a wind recorder which indicated a 151 mph gust. 

Since most of these tornadoes occurred within a few hundred miles of Chicago, 

an easy flying distance, a large number of aerial photographs were obtained for the 

pul\pose of examining the damage areas which might include features related to the 

speed of the tornadic winds. 

Even though this study does not conclusively establish the wind speed of 

tornadoes , the discussion presented will stimulate inte rest on tornado winds among 

those who wish to investigate the nature of the most violent vortex in the atmosphere. 



Fig. 7. This shows that an area within a circle of 5 mi in diameter was charac;terized 

by a tangential wind speed inversely proportional to the radius. The expected region 

of the eye of the tornado is indicated by the fine dashed line. 

Fig. 9. Perturbed wind field accompanied by the tornado cyclone in Fig. 1. Note 

that this wind field .shows a definite sign of circulation and convergence, since .this 

part of the wind field represents the vector difference between the actual wind and 

the undisturbed wind, computed by assuming that there was no tornado cyclone. 

Fig. 10. Radial distribution of circulation intensity inside the front and rear q~adrant 

of the tornado cyclone. These intensities were computed from the perturbed winds 

as a function of the distance from the storm center. 

Fig. 11. An aerial photograph of typical suction and drift marks left by a tornado 

on an unplowed field. This picture was taken with a 135-mm telephoto lens while 

flying over the area shown in Fig. 13, Chapter II (SMRP Research Paper No. 49). 

Fig. 12. Theoretical cycloidal suction marks obtained by increasing the ratio of 

tangential velocity, V, to translational velocity, U, from 1. 0 to 10. 0. Note that the 

size of the loops increases as the tangential speed increases. 

Fig. 13. Variation of n, the ratio between tangential and translational speeds, and 

S , the relative shift, as functions of relative loop width, W, which can be measured 

on a rectified aerial photograph showing suction marks . .. This figure is used in 

determining both n and S from aerial photographs. 

Fig. 14. An x-t diagram showing the time and locations of Family L tornadoes 

in Indiana and Ohio. Refer to Fig. 2, Chapter II (SMRP Research Paper No. 49), 

for a more detailed picture. 

Fig. 15. A rectified aerial photograph showing a large number of cycloidal suction 

marks. Refer to Fig. 39, Chapter II (SMRP Research Paper No. 49) for the original 

photograph. 

Fig. 16. Change in the shape of the tornado core as determined from the analysis of 

the cycloidal suction marks shown in Fig. 15 (lower part). Core diameter, rotation 

periods, and funnel positions 1 through 7 are given in the upper part. It should .be 

noted that the rotational rate increased as the core diameter decreased, suggesting 

a conservation of angular momentum. 

C-2 



CAPTIONS #53 

Fig. 1. Wind recorder trace from Tecumseh, Michigan, on 11 April 1965, when ~o 

tornadoes passed north of the station. The recorder pen went off .the chart at 151 

mph. A combination of wind direction and wind speed indicates that the peak gusts 

at 1908 and 2004 CST were caused by two tom8,does, and the one at 2014 CST by 

straight winds associated with the passage of the cold front. (Courtesy of the Tecum-

seh Community Health Study, the University of Michigan). ) 

Fig. 2. A WSR-57 radar ·picture from Detroit taken at 1852 CST with the cold front 

superimposed. Comparison of this picture with Fig. 1 shows the relationship be-

tween the peak gusts and the weather systems which produced them. 

Fig. 3. Four radar pictures showing stages in the intensification of tornado-cyclone 

circulation. Note that the first picture, a tornadic storm south of Chicago on 

22 July 1963, shows a pendant finger attached to a large echo to the north. The 

circulation intensity appears to increase from picture 2 through picture 4 . which 

represent the northeast Kansas tornadoes of 19 May 1960, the Palm Sunday tornadoes 

of 11 April 1965, and the Illinois tornadoes of 9 April 1953, respectively. 

Fig. 4. Three modes of damage paths produced by a family of tornadoes, namely; 

parallel, combined, and series modes. 

Fig. 5. Enlargement of the wind recorder trace appearing in Fig. 1. In completing 

the wind speed chart, both time and speed of all visible maximum and minimum 

values were read from the recorded trace and then connected with straight lines. 

At the same time, successive maximum and minimum values were separately joined 

to show the range in the variation of gusty winds. Wind velocities plotted at the 

bottom represent 1-min means of maximum values in mph. 

Fig. 6. Damage area in ·relation to the hook echo at the time of the highest r ecorded 
, 

wind (upper chart). and to the space section of the mean maximum winds (lower chart). 

Fig. 7. The space section of relative winds obtained by subtracting 60 mph, the 

translational velocity of the storm, from the 1-min means of maximum winds. Due 

to the rapid motion of the tornado cyclone, the relative winds computed tend to iblow 

through the tornado cyclone near the ground. Inside the tornado area, as indicated 

by the dashed circle, the relative winds are circulating around the tornado center. 

Fig. 8. Enlargement of the 'field of relative winds inside the dashed circle shown in 
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Figure 2a. Examples of echoes with rotational characteristics accompanied by tornadoes. 1. Tornadic Storm south 

of Chicago, July 22, 1963. 2. Northeast Kansa·s tornadoes of May 19, 1960. 3. Palm Sunday Indiana tornadoes of April 
11, 1965. 4. Illinois tornado of April 9, 1963. 
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