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PREFACE 
A few weeks after one of the tornadoes of June 20, 1957 leveled a part of 

the residential area of Fargo, N. Dak, A h .  Ferguson Hall of the US. WeatIior 
Bureau, Washington, D.C., visited our Department to show us a series of 
tornado pictures collected during his trip to the Fargo-Moorhead area. Not 
only were they unusually good in quality, t h y  included moreover the greater 
portion of the rotating cloud from the base of which the tornado which ]lit 
Fargo dropped. 

Impressed by the photographs, the author decided to make a complete 
analysis of the storm by collecting all available photographs from the local 
people. During three visits to the Fargo area he made photographic measure. 
ments and damage surveys in cooperation with Mr. Dewcy Bergquist, WDAY- 
TV weatherman. As the research continued, the number of tornadoes, origi- 
nally thought to be only three, was confirmed to be five. Each of them loft a 
continuous damage path extending up to 10 miles. Further study also c ~ I l -  
firmed that these tornadoes were produced by a rotating cloud sometlling li]<o a 
miniature hurricane. 

Using tlie abundant photographs-color, black and white, movie, and still- 
dimensions of the system from the tornado funncl to the entire rotating cloud 
were successfully triangulated. I t  became evident that the tornadoes in the 
Fargo area did not occur by chance but Were the product of well orgaliized 
conditions very favorable for tornado formation. 

Animation of a series of charts showing the successive stages of the tor1ladoes 
and tlie rotating cloud resulted in a rather successful film. The test film pro- 
jected on a Screen was found to bc capable of ShoWillg the features of tho 
rotating cloud as i t  produced tornadoes one after another in a narrow Z O I ~ ~  
exterlding across tbe North Dal- rota-Minnesota border. 

Importallt results leading to future thoretical studies of tornadoes and their 
relahod systems were obtained. For instance, an intense vertical motion inside 
the ring-sliaped wall cloud in rotation resulted in a convergence at the surface 
of as 11ig11 as 3 0 0 0 ~ 1 0 - ~  set.-'. It will be intercsting to discover why suc}l a 
lligil value of convergence is initiated and maintained in spite of the filling 
action talring place beneath the cloud base. of intcrcst also is the liquid 
water inside the rotating cloud, which was postdated from the existence 
of a higll-pressurc ring indicated by tlie two barograph traces. 

yylc autllor will bo vrry happy if this technical report is widely used by 
tllose wllo are interested in studying tornadoes, the most intense natural 
vortices on the surface of the earth. 
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3 n  the afternoon of June 20,1957, a cone-shaped 
funnel dropped over the rural area west of Fargo, 
N. Dak. The time was approximately 1830 CST. 
Figure 1 shows the general weather situation at  
tho time tho tornado occurred. It is, of course, 
not possible to see meteorological features of the 
tornado itself on such a large-scale weather chart; 
however, the chart will help us to study the gen- 
eral weather conditions which gave rise to the 
formation of that particular tornado. 

At the time when the storm hit the city, a small 
mesoscale thunderstorm High accompanied by 
heavy convective activity was approaching Fargo 
from the northwest. A wave cyclone with a cen- 
tral pressure of 994 mb. was about to be filled up 

The 700-mb. chart seen in figure 2 covers the 
same area as that of the surface map. The chart 
includes height contours, isodrosotherms, areas of 
low cloud coverage of 5/10 or larger, and the pre- 
cipitation areas occurring during the one-hour 
period ending a t  1800 CST. 

It seems evident that the tornado appeared near 
the eastern edge of the precipitation area inside 
the surface warm sector. A narrow area of the 
700-mb. moist air extending from Wyoming to 
upper Minnesota is closely related to the areas of 
precipitation and low cloud coverage. Careful 
examination of these charts leads us to  tho conclu- 
sion that the tornado under discussion occurred at  
tho point where the low-level southerly flow ex- 
tended deeply northward beneath the 700-mb. 
moist-tongue. 

Tho vertical cross saction of wind, temperature, 
and daw point temperature shown in figure 3 re- 
veals further a rather complicated structure of dry 
and mniat I R v P w  overrunning the lowest moist 

the mesoscale High. 

' 

F I Q U R ~  2.-700-mb. ohart for 1800 CST, June 20, 1957 
wind barb and a flag represent 5 and 25 knots A 1 

res] ively. 
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VERTICAL CROSS SECTION AT 18OOCST; JUNE 20, 1957 cu,, 

FIQURE 3.-Vertical cross section of wind, temperature, and moisture along Lander, WYO.; Rapid City, s, D & ;  Bismarck, 
N. Dak.; St. Cloud, Milin.; and Snult Ste. Marie, Mich. 

layer and extending up to about the 800-mb. level. 
The low-level jet is pronounced in the St. Cloud 
sounding. It should be noted, however, that the 
existing stations of the upper air network in the 
area of the northern Great Plains were not dense 
enough to obtain any quantitative knowledge in 
the immediate vicinity of the tornado. 

An attempt was made to construct three hourly 
charts, presented in figures 4, 5 ,  and 6. In anal- 
ysing these charts, time-section sheets including 
traces obtained from each weather station were 
prepared bcforchand ; then the standard mcso- 
analysis techniques were applicd. (c.f. [I]). 

The areas of precipitation occurring in the hour 
prior to each map time are shown by thrce types of 
stippling corresponding to the amounts 0.01, 0.1, 
and 1 inch. A long wind barb arid a flag denote 
the speeds of 5 and 25 knots, respcctivdy. 

The  chart at I800 (fig. 4) shows that the tornado 
was very close to Fargo when a mesoscale High 
began filling up a low pressure centcr. In onc 
hour (fig. 5 )  the tornado moved into htinncsotu, 
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F ~ ~ I J I ~ E  4.-Surface chart for 1800 CST, June 20, 1957. 
Precipitatioll amounts for the 1-hour period ending at  
map time arc shown by the stippling: light stippling 
S ~ I O W S  0.01 in., medium stippling shows 0.1 in. 

FIGURE G.-Surface chart for 2000 CST, June 20, 1957. 
Three degrees of stippling here and in figure 5 show the 
area of precipitation nmounts 0.01, 0.1, and 1.0 in. 
occurring in the I-hour period ending at map time, 

The Bargo tornadoes, the most active part of 
which hit the residen t i d  districts of Fwgo, were 
thought to he several sepwate tornudoes. Ex- 
tensive iiivcstigntiolls of the field cwricd out by 
the author with the nssistmcc of Mr. D. Bergquist, 
televisiori wentherinun, WDAY-TV, li’nrgo, con- 
firmed this impression : the storm consisted of 
five scpnnrte tornudoes, ericl~ of wliicll wns idcnti- 
fied as having completed its entire life cycle. 

Figure 7 shows the distribution of these torntL- 
does, wliicli tire dcsigniLtcd by tllc c~utllor us : 

T O I T I ~ L ~ O  No. (1) WllciLtltlIid torni~do 
(2) Cnssclton tornado 
(3) Fttrgo tornr~do 
(4) Glyiidon tornado 
( 5 )  Dde tormdo 

FIGURE 5.-Surface chart for 1900 CST, June 20, 1957. 

2. FIVE TORNADOES OF JUNE 20, 1957 

3 

The term “Pnrgo tornadoes” will be used liere- 
after to designate these five tornadoes talcen to- 

WHEATLAND TORNADO 
gc tiler. 

Tllis tornndo WILS observed nromld 1630 csT to 
tlie mis t  of tlie Wliet~tland gruin elevator by 
Mr. JtLcobsoii, operntor of the elevator (see fig. 8). 
The exact position of the storm when it WILS first 
sighted \VLLS later dctcrmined to be in Scctioii 29 
of BuR’alo Township. ‘I‘lic storm, described ns 
II (lust doud pickcd up by IL wliirlwind, inovc~d 
~nst-nortlicnst\Ynrd across tlic Nortlierri Pncific 
1ZiiilwrL-y tmclrs. 

Sooii tifter, observers ut tlie Hollniid furm north 
of Ciiss County Route 10 SILW 1111 n~toiiiobile 



FIQURE 7.-Fargo tornado family of June 20, 1957. The family consisted of the Wheatland, Casselton, Fargo, Glyndon, 
and Dale tornadoes. 

O I 2 3 4 5 MILES 
1 

FIGURE 8--path of the Wheatland tornado. a and p are the sketches made at Absaraka and the  Madsen farm, re- 
spectively. Numbers 1, 2, and 3, in the figure designate the points where the tornado pictures were taken. 
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g.-Path of the Casselton tornado. Sketch Y was made by Mrs. Madsen. Photographs 1.4, 3a, and 3b are tile 
only photographs of the tornado funnel. 

stopped by eastward-moving whirling dust. In  
a few minutes they observed haystacks east of 
their farm being piclied up by the storm. Al- 
though the storm at this stage was not strong 
enough to produce ally dan~age on farms, the 
rising dust was observed by many people working 
in the farms along its path. 

Observation of the funnel of this small tornado 
was made first from Absaraka by a group of 
people standing on a hill with a wide-open view 
to the south. In  figure 8, slietch a, made by one 
of these observers, suggests that the stornl was 
Inore or less a waterspout type with a diameter 
of less than 100 feet. The tornado appeared like 
IL rope or a light-colored snalie to observers from 
the Madsen farm, who would have seen the last 
stage of the storm. 

SummanJ.-l'his storm, with its path of about 
11  miles. was accompanied by a funnel aloft. 

described by local observers. No property dam- 
age was reported in its path. The storm merely 
picked up haystacks and dust, causing some 
damage to crops such as beans. 

CASSELTON TORNADO 
This storm was first witnessed by Mrs. Madsen, 

who later took two continuous strips of motion 
pictures of the funnel in the mature stage of the 
storm. As shown in figure 9, sketch y, she re- 
ported that the storm was picking up quite a lot 
of dust while moving eastward in a direction south- 
oust of the Madsen farm. Pcople on the farms 
south of tho storm observed a funnel moving 
eastward. 

The outlines of the funnel appearing in every 
teiith frame of the iiiovie film 3a* (see fig. 15) are 
reproduced in figure 10. The movie was taken at  
an estin1ated distance of 2% miles fro111 the funnel. - -  

Throughout the life of the storm the funnel re- 
mained narrow and long lilre a ropc or a snalie, as 

*Tho picturc iiumboring systoin usod to idontily photographic obsorvn. 
tions c0110ct0d in  flguros 15-30 is oxpluinod in ScCtion 3. 
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0 1000 2000 3000' 

FIGURE lO.--Everg tenth frame of the movie film 3rt tnkcri u t  the Mudsen f m n ,  1735 CST, June 20, 1957. 

The computed ditimcter of the ragged bottom 
funnel was about 400 feet. The height of the 
cloud bnse w t ~ s  ftiirly low-only 900 feet above 
the ground. 

The second shot, 3b (fig. 15),  made by Mrs. 
Mndsen reveals that the funnel, with its bottom 
altnost touching the ground, was accoinpnnied by 
r~ cloud of dust. The time interval between her 
shots 3 %  and 3b cannot be determined; I~owcvcr, 
a comparison of the two pictures shows thnt thc 
elevt~tioti tingle of the cloud base and the lociition 
of the hlt~ck low cloud basc to the left of the funnel 
remtiiried prncticdly uncliungcd i~rid t h t  the 
wliitc intiss of the cloud in the forcgroiind tiiovecl 
only 10 degrees to the right. Therefore it will be 
rciisonnblc to iis~iinie that 31, was taken within ti 

few iriinutcs riftcr 3n. We can further wsume thrit 
the still photogrtiph 01 A (fig. 15) by Mr. Fiiuglit 
was ttdCen nltnost at the sniiic time as sa ~ C ( * I L I I S C  

of the position of the white cloud in the foreground. 
As ti rcsull of the triangulation of tlie funnel using 
these pictiircs, the tornido c m  bc p11~ccd 134 inilcs 
west-northwcst of the Byrarn f m n ,  whcrr t~ 

garrigc wtis picltcd up i ~ r i d  trccs w c ~ c  1)ridl-y 
dunlgcd. 

6 



pat11 of 5 inilcs in Cusselton Township. Tlie 
storm in its mature stage wns acco~ilpanied by a 
cone-sliaped funncl which probtibly touched tlie 
ground north-northwest of Cassclton, tlicn was 
lifted rapidly. Tlie traceable damage path was 5 
iriilcs, but the system aloft would have drifted at 
least a few i d e s  toward the cast-southeast. 

FARGO TORNADO 

Prior to the nppeurance of the funnel, citizens 
of Fargo stnrtcd tdiillg pictures of a rotating cloud 
c~pproaching froln the wcst. About 200 still aiid 
Illation pictures ttikeii from various points in the 
Jj'tLrgO-Moorlieid mea cover the entire life history 
of this storm, eiinbli~ig us to ~ n t ~ l i c  a quantitntive 
study of it. The piitli of the stor~n is sliown in 

Sumrnu~y.--Tliis WIIS tlic third tornado to drop 
jn the r u r d  jwcn some 2j4 ruiles west of the Fwgo 
city liinits. 'l'lie totctl da~iit~ge ptitl~ W ~ L S  9 niilcs, 
extending in to M'inncsotiL. This storm will be 
Iully discussed ill tlio following chnptcrs. 

figure 11. 

GLYNDON TORNADO 

'J'lic first iiidicntioil of this ~oriir~clo wns con- 

7 

firined by its damngc to the Grwt  Northern 
Ruilwtky fence north of Glyiidon. In its dcvdop- 
rnerit stage tlic storm dmitigcd IL bean field and 
sonic trees dong its path. 

The mature stage of the stonii occurred ns i t  
crossed tlie Buffalo River. Trees along tlic bunlis 
were severely damagcd; and north of the river, the 
Wyland farm was pructically deniolished. The 
width of appreciable dtnnage was estimntcd to be 
about two blocks. Tlicn the storm iiioved (wt- 
wwd, weakening considcrcLbly. No one observed 
tlie fuiinel a t  this stage except Mr. Wilsoii, IL 

meteorologist, who described it, t is  IL d d :  cone. He 
was scpartited from the fiiiinel by d i s t ~ ~ i i c c  of 
nt lenst 10 niilcs. The extent of the dniiiagc rilso 
suggests that  tlie storm would hrbvo been 1 ~ ~ ~ 0 1 1 1 -  

pnnied by IL very large and powerful cone-slitLped 
fullllcl. 

A cylindricul funncl wliicli gri~duitlly clitingcd 
irito ti ligli 1,-colored rope while moving nortlieast- 
m r d  wris observed from the Wyllnnd t i l id Ackcr- 

Src 
slwtclios 6 tirid E in figure 12. 

Obscrvcrs from tlw vicinity of tlic Snudnl fwm, 
which \viis dcinolislicd, witncssrd a splasli of \\TIL~CL' 

suckcd up by t lie rope-typc toriindo ns i t  vrossrtl 

sot1 flirllls after the plLssage of tlic storlll. 



FIGURE 12.-Path of the Glyiidon tornado. Sketches 6 and e were made at the Wyland and Ackerson farms, TespeotivelY. 

over the Beaver Dam some one mile south of the 
farm. Thereafter, thc storm kept moving north- 
ward until it disappeared in the direction of a 
gravel pit north of thc farm. 

Summury.-The storm, appearing in the form 
of a large cone-shaped funnel, left a damage path 
of about 10 miles in length and two blocks in 
maximum width. Before it dissipated, the storm 
resembled a huge rope. 

DALE TORNADO 

The last tornado of the Fargo tornado family 
started disturbing the surface in Section 32 of 
Highland Grove Township. As shown in figure 
13, ti cone funnel droppcd to the ground just east 
of Minnesota Highway 32, lji miles north of 
US.  Highway 10. 

Then the storm moved northeastward, damag- 
ing the Carlson farm, where the course changed 
toward due east. The Go1 farm was hardest hit. 
An electric clock there stopped a t  2005 CST, when 
a high-voltage pole was shattered. The tornado 
at this time was characterized by a dark cone 
funnel. 

Observations from rioarby farms revealed that 
the funnel gradually changed into a big black hos0 
and finally into a long rope-type funnel which dis- 
appeared over Stinking Lake. 

Su?nmary.-The fifth or last tornado left 8 Sur- 
face damage path of as milch as 7 milos in Higll- 
land Grove Township, Minnesota. It began, as 
commorily seen in the other cases, in the shape Of 

a cone funnel and ended in the form of a rope. 

CHARACTERISTICS OF FARGO 
TORNADOES 

Five tornadoes occurring in the afternoon Of 
June 20, 1957, are summarized in figure 14. A'- 
tlloug~l tlie s~lape of tlle funnel of tlie ~11eat land 
tornado in its early stage and the Casselton tor' 
nado in the dissipating stage necessarily 
unknown to the author, their life cycles are con- 
sidered to involve the redevelopment of a cone- 
shaped funncl into a rope-type funnel. 

As far as the shape of the funncl is concerned, 
the rope-type funnels witnessed during the Limo 
of the Fargo tornadoes would have been Of the 
waterspout type if thcy wcre traveling ovor 8 la l~e 

8 



TORNADO, JUNE 20, j 
R D A L  

n 
W (r 

0 I 2 3 4 5 MILES 

FIGURE 13.-Path of the Dale tornado. Sketches b, I), 8, 1, K )  show how the funnel shape changes. NO photographs 
were made to  show the funnel. 

1 E[ TORNADO , 

GLYNDON TORNADO 

I k-CON E - R O P E 1  

I i[ DALE TORNADO I JUNE 20. 1957 

FIGURE 14.-Summary of the paths of the five tornadoes. 
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or an ocean. It might be stated that many tor- 
*ladoes characterized by majestic cone-shaped 
funnels change into rope-like vortices before tbey 
dissipate. The Wheatland tornado, which prob- 
ably remained as a rope-type funnel throughout 
its lifetime, would perhaps not be called a tornado 
in a strict definition. There is, however, no reason 
why we should not call it a tornado, since other 
tornadoes belonging to the same family went 
through a similar rope-like stage before tlieir 
dissipation. 

The extrcme east and west ends of the Pargo 
tornado family mark an area extending for 64 

miles, of which 35 miles are in North Dakota and 
29 miles in Minnesota. The average length of 
the damage path produced by each tornado Was 
only 8 miles, 11 miles being the 101lgest arid 4 miles 
the shortest. 

Widths of each damage path varied from prac- 
tically zero to 700 feet. Tlie maximum width OC- 

curred in Fargo, where the residential areas in the 
western suburbs werc practically leveled. BY an 
examination of figure 14, we may postulate the 
existence of one or two small tornatloes next to 
the Dale tornado. 

3. TORNADO PICTURES 

An unusual number and quality of photographs 
were collected from citizens of the Fargo-Moor- 
}lead area, Some of the pictures were taken long 
before the tornado funnel started dropping from 
the base of a huge rotating cloud. After hearing 
radio and television reports of the US.  Weather 
Bureau's tornado warning, some people apparently 
mistook the black rotating cloud, a t  least 10 times 
larger than a tornado in horizontal dimensions, for 
the tornado itself and began taking pictures of the 
cloud. 

Table 1 lists tlie photographers ("observcr") 
who made the excellent observations used in com- 
pleting this report, the township where each obser- 
vation was made, point of observation designated 
by number, type of observation, and frame iden- 
tification. The frames of still photographs are 
designated by capital letters chronologically in the 
order of each shot. The first frame of each movie 
strip is identified by lower case letters. Repro- 
ductions of reliable sketclics made at the time of 
thc storm are designated by Roman numerals. 

Figures 15-39 show reduced reproductions of all 
the photographs and sketches available for the 
study of the Fargo tornadoes. 

Figure 40 indicates the exact position of all 
observation points distinguished by the type of 
observations. It will be seen that thc obscrva- 
tion points are concentrated in the area southeast 
of the Weather Bureau station at  Hcctor Airport 
(No. 28). The author found, when his visits wcrc 
made, that the area, with a wide southeast-north- 
west view, was excellent for the observation of t l ~ c  
stosm to thc west. 

In the uppcx left section of figure 40 arc shown 
the points where the early activities of the Fargo 
tornadoes were photographed. 
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01 A FAUGHT 

0 2  B FAUGHT 

0 3  a MADSEN 

0 3  b MADSEN 

/ -e-- 

04 A FRADET 

04 B FRADET 

\h, 

04 C FRADET 

04 D FRADET 



0 5  A PAYNE 

0 6  B PAYNE 

0 6  C PAYNE 

07  A STENSRUD 

07 B STENSRUD 

07 C STENSRUD _ -  

I . ’1” 

0 8  A BEATON 

0 8  B BEATON 



0 8  C BEATON 

09 A BERGQUIST 

09  B BERGQUIST 

I O  C BERGQUIST 

IO D BERGQUIST 

I I E BERGQUIST 

I I F BERGQUIST 

12 G BERGQUIST 



12 I BERGQUIST 15 L BERGQUIST 

13 H BERGQUIST 16 M BERGQUIST 

14 J BERGQUIST 16 N BERGQUIST 



18 A BYERS 20 A FRANK 

18 B BYERS 

I9 C BYERS 

19 D BYERS 

21 8 FRANK 

22 C FRANK 

22 D FRANK 



23 A GEBERT 

23 B GEBERT 

23 C GEBERT 

23 E GEBERT 

23 F GEBERT 

23 G GEBERT 

24 H GEBERT 



24 I GEBERT 

24 J GEBERT 

25 K GEBERT 

25 L GEBERT 

26 A HUTCHINSON 

26 B HUTCHINSON 

26 C HUTCHINSON 

26 D HUTCHINSON 



26 E HUTCHINSON 

26 F HUTCHINSON 

26 G HUTCHINSON 



26 M HUTCHINSON 

26 N HUTCHINSON 

26 0 HUTCHINSON 

26 Q HUTCHINSON 

I 

26 R HUTCHINSON 

26 S HUTCHINSON 

26 P HUTCHINSON 26 T HUTCHINSON 



26 U HUTCHINSON 

26 V HUTCHINSON 

1 .  

27 A JENNINGS 

27 B JENNINGS 

27 C JENNINGS 

27 D JENNINGS 

27 E JENNINGS 

27 a JENNINGS 



27 b JENNINGS 

* I  . 

27 c JENNINGS 

27 d JENNINGS 

27 e JENNINGS 

27 f JENNINGS 

27 g JENNINGS 

27 h JENNINGS 

27 i JENNINGS 



27 j JENNINGS 

27 k JENNINGS 

27 I JENNINGS 

27 m JENNINGS 

27’ n DOOLEY 

2 7 ‘ 0  DOOLEY 

27 p JENNINGS 

27 q JENNINGS 



27 r JENNINGS 

27 s JENNINGS 

28 C KITTELSRUD 

28 D KITTELSRUD 

28 A KITTELSRUD 

28 B KITTELSRUD 

28 E KITTELSRUD 

28. F KITTELSRUD 



28 G KITTELSRUD 28 K KITTELSRUD 

28 H KITTELSRUD 28 L KITTELSRUD 

28 I KITTELSRUD 28 M KITTELSRUD 

28 J KITTELSRUD 28 N KITTELSRUD 
I ~ J O L J I ~ I ~ C  28.  I ’ h ~ t o g ~ . : ~ p l ~ s  by l~i i , lc lsr~~d.  
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28 0 KITTELSRUD 

I . .  

29 A OLSEN 

29 B OLSEN 

30 C OLSEN 

30 D OLSEN 

31 a PILATO 

31 b PILATO 

31 c PILATO 



31 d PILATO 

32 a SCHRADER 

32 b SCHRADER 

32 c SCHRADER 

32 d SCHRADER 

32 e SCHRADER 

32 f SCHRADER 

33 g SCHRADER 
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490 H A G E N  \49H HAGEN 
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5 0 8  F R A H M  
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5 0 D  F R A H M  



5 0 E  F R A H M  

I 
" i 

i 

50F F R A H M  

5 2 A  GREGORNICK 

I . "  

52B GREGORNICK 

51D P A Y N E  

51E P A Y N E  

5 2 C  GREGORNICK 

520 GREGORNICK 
FIGURE :37.--Pliotogrnplis by Frnhm, Grcgornicli, mid l'nync. 
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FIGURE 4O.-Distribution of the observation points of the Fargo tornadoes of June 20, 1957. A summary of the observations is given in table 1. 



4. MOTHER CLOUD OF FARGO TORNADO FAMILY 

In  view of the successivo formations of five 
independent tornadoes in a narrow zono 6 x 6 4  
miles centered around Fargo, N. Dak., it is of 
importance to investigate a tornado-producing 
system which moved eastward over that zone. 

A rotating cloud system was successfully photo- 
graphed (see photographs 04B (fig. 15) ; 09A ,B (fig. 
17);  lOC, D (fig. 17); 23A, B, C ffig. 20); and 40A 
(fig. 32), some of which show II. funnel sticking out 
from the base of thc rotating cloud). Interviews 
in Wheatland, Cassclton, Glyndon, and Dale all 
revealed that the rotating cloud was in existence 

The rotating cloud was characterized by the 

(1) Wall cloud-a main inass of circulating 
cloud with a very low cloud base. Its 
outer boundary was very steep, forming 
a cylindrical wall. 

(2) Tail cloud-a low tail-like cloud extending 
outward from tlie wall cloud. 

(3) Collar cloud-a circular cloud surround- 
ing the upper portion of the wall cloud. 

(4) Disc cloud-disc-like cloud with spirt11 
strcalrs on it. The dinineter of the disc 

following significant features : 

at the tinic of the tornadoes. was about 10 miles. 

0 ! 2 3 MILES 

FIGURE 41.-An example of triaiigulutioii of the rotating cloud. Photographs 40A nud 29C were used for tllc triniigulstion. 
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T R I A N G U L A T I O N  OF T H E  ROTATING CLOUD OF JUNE 20, 1957 

PHOTOGRAPH 

3 MOTION PICTURE 

0 I 2 3 4 5 6 7 MILES 

0 I 2 3 4 5 6 7 8 9 IO KILOMETERS 046 

I I I I I I I I I I I I I I I I I I 
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0 7  A 1804C 297" 4 4 MILES 

0 4  A 1805 296 5.2 

I 
--2- 

0 4  B 1809 302 4.1 

i - -  . . I /  -- 

04 C 1812 307 3.4 . 
\ \t I . 

2 0 A  1812 051 3.3 

-a* * --- 
0 9 A  1814C 269" 64MlLES 

0 9 B  1816 268 5 8  

7 
29 A 1817 296 6.1 

------ . 

I O C  1820 266 3 3  

4 0 A  1820 249 7.0 



0 I 5 f W  

21 B 1821C 021" 1.9 MILES 

29 B 1821 300 5.1 

--L- -a_- 

- 

IO D 1821 266 31 

I -\ 

- 7 =----, \ 

28 A 1821 263 4.7 

29 C 1823 302 

0 I L 3 4 M I  

4 2  A 1823C 276" 9.7MlLES 
I 

0 5 A  1825 047 2.2 

-- -- - I 

23 A 1825 263 4.3 

27 a 1825 286 4.8 
FIGURE 44.-Itotating cloud show11 in the same scale, 1821-1 825 CST. 
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After careful examination, some of the photo- 
graphs of the rotating cloud under discussion were 
found to have very similar features, suggesting 
that they were talcen within a very short time 
interval. They were classified into several groups 
according to time. Figure 41 shows a triangula- 
tion technique by means of which the true dimen- 
sions of the rotating cloud were obtained for plan 
position representation. 

Triangulation also permits computation of the 
height of each point on the cloud. For cxamplc, 
the heights of four points (A-D) on the cloud 
were obtained by using the technique appearing 
in the figure. First the iso-height lines, indicated 
as a group of hyperbolas a t  1000-foot intervals, 
were drawn. By combining the plana and vertical 
cloud figures, it  is possible to place any point on 
the cloud on the upper diagram of the figure for 
height computations. 

After carrying out the photographic analysis of 
the rotating cloud before and during the time of 
the Fargo tornado, an organized prcsentution was 
achieved. The result is given in figure 42. It can 
be Seen that the tail cloud grew in length and width 
as it moved northwest of South West Fargo. Whcn 
the tail had completely disappeared, the second 
tail ~ppeared to  the north of the main mass of the 

cloud. Both tail clouds rotated cyclonicallY 
around the center of the main rotating cloud. 

Motion and still pictures reveal that each tail 
cloud was sucked into the darlc, stationary wall 
cloud, while the formation of the new tail cloud 
was taking place at  the frLr north end of the 
wall cloud. 

The figure also shows the path of the Bargo 
tornado, which formed at 1827 yz CST about j6 milo 
to the south of the rotating cloud center. No 
funnel was seen in the cloud pictures talcen between 
180.5 CST and the f i s t  appearance of the Fargo 
tornado funnel. After its form&on the funnel 
gradually moved east-southenstwrLrd away from 
the center of the rotating cloud. After a few 
minutes it changed course and weakened as it 
movcd to the northeast and crossed the path of 
the rotating cloud center. 

An attempt was inadc to reduce or enlarge tho 
rotating cloud photographs to a single scdc SO 

tliat successive stages of tlle cloud could be di- 
rectly compared. Figurcs 43, 44, and 45 show 
the pho tograplls arrmgcd in chronological order. 
Each photograph is iden tified by observation point 
nuinbcr and frame order. Since the outlines of 
the cloud extended even beyond the area of the 
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PI10 tographs, each box in the figures includes only 
the greater portion of t ~ i e  rotnting cloud. 

The degrees and miles are the direction and tllc 
distance of the ceiitcr of the rotating cloud from 
the photographer. As seen in most of the photo- 
graphs, a tail-like cloud extended to the right, with 
the exception of 20A (fig. 43) and 21B (fig. 44) 
p11otographed fwing toward the axis of the tail, 
and 05A (fig. 44) with the tail extending to the 
left. 

Very intense vertical motion was observed on 
the side of the wid1 cloud. Observers described 
the motion as boiling or turbuIolice. A movie 
strip taken by Jennings (observation point 27) was 
usable for the cornputation of tlie vertical inotion 
occurring in 6110 portion of the cloud indicated by 
arrows in figure 46. Shown in the lower pOl.tiOl1 
of the figure is the profile of the side of the wall 
cloud appearing in every tenth frame of the movie, 
%diich was tnlren at 24 fraincs per secolld. T h e  
time scalo in seconds appears at, the bottom. 

Using the hcight scde to tlie left, vertical ve- 
locities of scveid sections of the rising cloud wwc 
coinputcd. Speeds were vei-y high, reaching 80 
ft. set.-' n t  the 3000-foot level. Below that IcveI 
the velocity decreased in proportion to the height 
above the ground, \diere the vertical veIocity is 
zero. It is of interest to compute the horizontal 
convergence, Aw/Az, using the values Aw=80 ft. 
sec.-I and Ax=3000 ft .  The value thus obtained 
is about ~ ~ 0 0 x 1 0 - 5  set.-'. It is e v i d e ~ ~ t  that tlie 
convergence does not change with height in the 
portion of tho cloud under discussion. If we pos- 
tulate that, the sanie diveigence value ILS obtained 
above is applicable up to t11e IO,OOO-foot level, tlic 
vertical velocity nt that level would bo about 
333 ft. set.-'. Although this value seclns too high, 
an incloud updrnft of 100-200 ft. stc.-' c m  be 
considered n. rclativcly redistic value. 

I n  order to coniputo the rotntionrd motion of 
tho cloud under discussion, every 30th frtlme of 
Jennings' movie (27 IL, b) \vas transcribed in figure 
47. This filii1 includes 81 0 fmInes t t ~ k e n  nt 24 per 
second. Thc rcsults of computatioii rcvct~lcd t l ia  t 
the ring cloud circling iiro1md tlie uprising cloud 
inass W~LS rotating a t  0 1 1 l ~ r  25 111.p.11., t~ very slow 
speed coinpared with the vertical velocity involved. 

Another indrpcndent coinputtit ion of tlic ciwu- 
Iation velocity of tlic rotating cloud was innde by 
using four still ~ ~ h o t o g ~ t ~ p l ~  (49 B, C, D, E) t t i l w ~  
by Mr. Hagen. Although the tinic i n~c rv t~ l  o€ 
these photogmphs is ~i~jlinowii, the displnceiiicn t! 

I 11825, JUNE 20, 1957 

. I 

' --J-+.TT%- I 

FIUUI~E 47.-lhcry 90th frarnc of Jenrrings' movie used in 
obt:iiniiig thc rot:ttioii:il sprcd of thc collar cloud. 

of the tonindo ccntcr dcterniined by the photo- 
grsplis enables us  to cstimtbte the t~pproxiiiiatc 
Lime to be tLboiit 25 seconds. Using tliis estimate 

32) figurc 48 wvns innde. The individual niove- 
tt11d p110tOgt'iLpllS 49 B-E (fig. 35) t111d 43 I) (fig. 
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5. CHANGE IN SHAPE OF THE TORNADO FUNNEL 

section was repeated for the trittngultition of the 
tornado funnel. The result is shown in figure 49. 222; 
Two dozen pictures were ttrlren within one lninutc tornado -- 
after the nppetirttncc of the cone-slinpcd funnel. 
This fact indicates t h t  a greitt number of peoplc 
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4- G 
ti-8 

8-10 
10-12 
12-14 
14-10 
10-18 
18-20 
20-30 
30-40 
40-M) 
5’1-m 

with ctiineriis hnd correctly anticiptrted tlie arca 
wliere the funnel WILS to drop. Table 2 sliows the 
number of pictures taken during eitcll 2- or 10- 
minute period after the rippeiirance of the funnel. 

It is interesting to find that the number of pic- 
tures decreased with tirne tLfter the appeurance of 
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T R I A N G U L A T I O N  OF THE S U R F A C E  T O R N A D O  C E N T E R  

0 S K E T C H  
P H O T O G R A P H  

0 M O T I O N  PICTURE 

0 I 2 3 5 MILES 

0 I 2 3 4 5 6 7 KILOMETERS 

I I I t I I I I I I I J 

FIGURE 49.-Triangulation of the surface center of the Fargo tornado. 
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FIGURE 5G.-Funnel diameter-time diagram. 
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F J G ~ ~ E  5g.-Successive change in shape of the rope funnel appearing in Mickclson’s movie 39a and 39b. 
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39 - 

FIGURE 6o.-Movement of the rope funnel appearing in 39a and 39b. 

4 4 - H  31 - d 17- 0 28-0  

1905 CST, JUNE 20, 1957 
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Mr, Miclcelson toolr two movie strips (39 a and 
b). The shape of the funnel at 2-second intervals 
appears in figure 59. In  spite of attempts to obtain 
the movement of wide or narrow portions of the 
rope, no solution has yet been found. Although 
the time interval between these two movie strips 
is not known, i t  is evident that tlie rope became 
definitely narrower. 

It is of interest to see the superimposed repre- 
sentations of the first and the last frames. Figure 
60, with the rope funnel looking north, reveals 
that the upper portion was moving eastward while 

the lower portion of the funnel moved westward 
or remained stationary. According to witnesses, 
the end of the rope was whipping the ground 
occasionally. 

Photographs 44H, 31d, 170,  and 280, appar- 
ently taken at approximately the same time, were 
used to  construct tlie three-dimensional picture of 
the rope funnel slightly before i t  dissipated. Tlie 
triangulation is described in figure 6 1. It should be 
noted that tlie funnel was vertically inclined near 
the ground and tilted almost horizon tally near the 
cloud base. 

6. ROTATION OF THE FUNNEL 

Attempts were made to compute the rotational 
speed of tlie Fwgo tornado funnel in its cone 
stage. 

If we assume t h t  the water vapor in rising air 
parcels condensed a t  the funnel edge, along which 
the pressure was consttint, tlic hydrostatic arid 
cyclostrophic assumptions enr~ble us to write : 

(1) 

Ap= - pgAz (2) 

1 A p  V 2  
p Ar  r 

-- -=- 

Therefore we liavo : 

(3) 

where V is the cyclostrophic wind speed; p ,  the 
density; r ,  tire radius, and p ,  the pressurc. Tlie 
s l o p  of the funnel, Az/Ar, is given in figure 62. 
As sliown in equation (3), this slope denotes the 
centrifugal acceleration in terms of (I, the gravity 
acceleration. The inaxirriuni centrifugal acceler- 
ation appeared at  the 130-meter level shortly 
before 1829 CST, when tlie funnel looked lilce ti 
]luge cylinder with n fltit botton1. 

Using t b  centrifugnl acccleration given in figurc 
62, cyclostrophic wind speeds nt tlie funnel edge 
were coinputed (see fig. 63). It should be notcd 
that no cyclostrophic wind speeds were computed 
for the flat portion of the funnel. Tlie dt~slied 
lines tlic figure indicate funnel diameter in 
meters; the full lines, rotation speed in nietcrs 

FIQURE 62.-Ratio of centrifugal acceleration to accelera- 
tion of gravity a t  the funnel edge of the Fargo tornado. 

PIQURE GS.-Cyclostropliic mind spccd, V =  per second. 
230 1n.p.h. 

Tlic iniixiinuiii , spccd obttiined ~ i i s  
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7. STATEMENT OF THE RESULTS OBTAINED 

Through this case study of the Fargo tornadoes 
of June 20, 1957, important problems concerning 
tornadoes have become evident. The five torna- 
does under discussion appeared one after another 
at the base of a rotating cloud which moved 
eastward over the Fargo-Moorhead area. Had 
a radar station beon operating within 50 miles 
from the storm, it would almost certainly have 
shown a hook or ring-shaped echo. There are, 
of course, other types of tornadoes in which funnels 
appear without relation to any recognizable rotat- 
ing system as in the Fargo tornado case. 

Discussion of the results obtained here should, 
therefore, be limited to tornadoes associated with 
a rotating system seen on radar scope as a “hOOk” 
or in ordinary photographs as a “rotating cloud.” 

RELATIVE MOTION OF TORNADOES 
WITH RESPECT TO THE ROTATING CLOUD 

Using the results of the tornado survey and the 
triangulation of the rotating cloud, it is feasible 
to locate the relative positions of the tornadoes 
with respect to the cloud center. 

1x1 order to determine the positions of the rotat- 
ing cloud center a t  15-min. intervals, an x-4 
diagram was constructed in the lower portio11 of 
figure 70. The open circles on the path of the 
rotating cloud center represent the positions thus 
obtained. 

Then the locations of the surface tornadoes were 
determined or assumed to exist a t  the arrow points 
in the figure. The results of the triangulatioll Of 

the rotating cloud and the tornadoes were fully 
considered in determining these locations. I t  call 
reasonably be concluded that the relative positions 
of the tornadoes and the rotating cloud centers are 
represented by the vectors indicated by the arrows. 

Tlie relative movement of the five toriiadoes 
summarized in figure 71 reveals several extremely 
important facts : 

(1) Each of the five tornadoes was initiated 
within 5 miles from the center of the rotating 
cloud. 

(2) Tlie centers of the toriladoos moved cyclo11- 
ically around tho cloud center and dissipated as 
they moved westward away from the cloud center. 

(3) The funnels were cone-shaped when located 
within about 2 miles from the cloud center. 
Rope funnels were observed in the region beyond 
2 miles from the center. 

The Wheatland tornado, which never came 
close to the rotating cloud center, remained rope- 
shaped throughout its lifetime. The Casselton 
tornado was cone-shaped only when it was located 
2 miles from the center of the rotating cloud. 

AXIS OF TORNADO FUNNEL 

Examination of the tornado photographs ap- 

FIGURE 70.-Relative position of the Fargo tornadoes and 
the center of the rotating cloud. 

FIGURE 71 .-Relative moveincnt of the surface tornado 
center with respect to  the ccnter of the rotating cloud. 
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FIGURE 72.--Paths of the Fargo tornado at the surface, 
5000-ft., and 10,000-ft. levels. 

pearing in this report shows that the cone funnel 
had a more or less vertical axis, while the funnel 
in the rope stage was characterized by a long 
diagonal or horizontal axis. 

The three-dimensional shape of the axis of the 
Fargo tornado was carefully triangulated in order 
to obtain the paths of the funnel at  higher levels. 
Figure 72 gives the result. It is not possible to 
obtain directly the upper portion of the co~ie- 
shaped funnel because it was hidden at  the 
1,000-3,000-foot level by the base of the cloud. 
The axis of the rope funnel was triangulated up to 
the 6,000-foot level, where it entered the stratus- 
type cloud. 

It can be seen in the figure that the higher the 
level, the more the funnel was displaced toward 
the center of the rotating cloud. Extrapolated 
positions of the lunnel suggest that the axis of the 
tornado coincided with tlint of the rotiLting cloud 
a t  the level between 10,000 and 20,000 fcet. Tlie 
rope-type funnel, standing at its latest stage in 
the rural area north of Moorhead, probably 
extended almost 10 miles to the east-southenst as 
far as the rotating cloud system. 

PRESSURE FlELD BENEATH THE 
ROTATING CLOUD AND THE LIQUID 

WATER STORAGE 

Two barograph traces, one lrom the U S .  
Weather Bureau station a t  Hector Airport and tlic 
othor from thc North DabotiL Agricultural Collcge, 
both in Fwgo, indicated the cxistcwcc of a high 
pressurc ring surrounding the surface center ol  
the rotating cloud. 

JUNE 20, L957 
x1000' I 

PRESSURE TRACE (w 

FIGURE 73.--Pressure field beneath the rotatirlg cloud. 

As shown in figure 73, the relative positions of 
these barograph stations A-A' and B-B' were 
obtained by converting the tiine cllange into space 
change. The 16 m.p.h. speed of the rotating 
system w~ used. A schematical drawing of the 
cloud was made for the purpose of finding the 
dimensions of the high pressure ring in relation to 
the extent of thc rotating cloud. Tllc figure shows 
that the dimeter of the higIi pressure ring was 
about 3 miles, which was much larger tllall that 
of the collar cloud surrounding tile ri11g-s11aped 
wall cloud. 

It is proposed thrLt the rotating cloud under 
discussion hnd a liquid wt~ter storage rkbove the 
high pressure ring on the ground. Tlle hatchcd 
t~rcas in the cloud indicate this storage. Tlle 
timount of the pressure rise, i ~ s  1lig-h as 3 nib., 
permits us to imxnnc that tllc iLlnount of liquid 
water contributing to the excessive wcigllt of the 
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FIGURE 74.--Pressure, wind, and precipitation traces from 
the U.S. Weather Bureau Station at Hector Airport, 
Fargo. 

In ordcr to charge lo8 kg., the total amount of 
the liquid watcr in the cloud, a t  the rate of 6X 105 
Bg. set.-', i t  would take 2x IO3 see. = 30 min. 
The rotating cloud traveled a t  least a few hours 
before arriving at Fargo, whcre the pressure traces 
were recorded. If the computed period of 30 
minutcs is corrcct, thc rotating cloud would havc 
been discharging the liquid water in the form of 
precipitation. There arc, however, scvcral reasoils 
to believe that 30 minutes would be too short a 
period for this to occur. First, the convergence 
bcncath the cloud would havc been very small in 
the early stage of the development of the rotating 
cloud. Secoiid, the cscape of moisture from the 
sidcs of the cloud would also havc prolonged the 
charge period of thc liquid water. Taking these 
poiiits into coiisidcration, it is reasonable to as- 
sume that thr rotating cloud was in its mature 
stage when it traveled over the Fargo-Moorhead 
area. I t  is probablc that the liquid water st80red 
in thr cloud was discharged as it niovcd inside 
hlliniicsota. 

WINDS INSIDE THE ROTATING CLOUD 
AND THE FARGO TORNADO 

Thc tniigeiitinl wind specd showii~iii figure 75 
snmmarizcs tho computation presrnted in figures 
47 and 48. If a vc.locity profile were made through 
tlic cciiter of thr tornado funrid, the peak spced 
\vould be over 200 m.p.11. as described in figure 69. 

Tlic cstiination of thr vrrtical wind speed givcii 
in figure 46 rcvrals that the vcrt,icnl motion at the 
edge of the cylintlricnl wall cloud was about 50 
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FIQURE 75.-Schematical diagram showing the wind 
distribution beneath the rotating cloud. 

m.p.h. and was still increasing upward. Based 
upon this result, a mechanically driven ring vortex 
(M in fig. 75) is assumed. The vortex is continu- 
ously enforced by rising air which makes contact 

with the vortex at its inner side. Forced circula- 
tion would result in condensation of the air existing 
above the convergence layer, which extends up to 
1200 feet above the ground; and the condensed 
moisture would evaporate at  point A along the 
circular stream line. The vertical wind speed a t  
the 4000-foot level thus estimated appears in the 
figure. 

The radial wind speed inside the convergent 
layer below 1200 feet was also computed from the 
vertical wind speed by assuming that the thickness 
of the convergent layer was the same throughout 
except beneath the wall cloud. 

It will be worthwhile to  study the shape of tho 
cloud of dust picked up by the Fargo tornado. 
Figure 76 represents three drawings of the dust 
clouds in the same scale as the surface debris pat- 
terns left by the storm. The circles in the debris 
chart give the outer boundary of the dust cloud 
on the ground. The clearness of the boundary 
near the ground enables us to determine its exact 



F I G U ~ E  77.-Damage path in the western suburb of Fargo. 



diameter on each photograph. Figures 77 and 78 
are detailed debris charts madc by using thc aerial 
photographs taken immcdiatcly after the storm. 

The three drawings of the Fargo tornado in its 
very early stage shown in figure 69 corlsistently rc- 
veal that the edge of the dust cloud corresponded 
to the circle of 60 m. set.-' tangential wind specd. 
The destruction outside these lines was very 
minor, indicating that most of the damagc took 
place inside the clouds of dust. 

IRREVERSIBLE PROCESS TAKING PLACE 
IN AIR FLOWING INTO THE TORNADO 

One of the most interesting lcatures of the 
shape of the Pargo tornado funnel was its rounded 
portion. Thc cyclostrophic wind spcecl computcd 
from the slope of the rounded portiorl of the funnel 
was negligible compared to  tlic rotational spt.ed 
computcd by using Jcnnings' movie ( s w  fig. 08). 
That is, the slope of thc rouiideil funnel would 
havc to be much steeper than it actually was if 
thc surface of tho rounded portion of the funnel 
is to denote a surface of constant prcssure. This 

should cut through the bottom of the funnel. 
fact suggests that tlrc constnnt prcssure surface 



crease in entropy is equal (reversible process) or 
larger (irreversible process) than the amount of 
given heat divided by temperature. 

A typical example of such an irreversible process 
is Joule-Thomson’s “porous plug” experiment, 
which was done by compressing a gas through 
a porous plug in an adiabatic cylinder. As is well 
h o w n ,  the gas conserves its ent11aIp;y thugl-1 
the irreversible adiabatic process, namely, 

U,+P,V,=U+PV 

tlie air parcel immediately above the ground flows 
more or less toward the funnel sub-point while 
converting its pressure energy into internal heat 
energy through friction and turbulence. Such an 
internal production of heat will increase the 
parcel’s entropy, namely, its potential tempera- 
turc, adiabatically. I t  should also be noted that 
flying debris and dust particles around tlie funnel 
axis near the ground will help to increase irre- 
versibility. The rate of cooling under this condi- 
tion appears in the figure as Ao-A‘,-Ar4. 

As soon as tlie air parcel starts climbing verti- 
cally, the internal heat8 production becomes less 
appreciable, rcsulting in a process of isentropic 
cooling. The figurc thus schematically shows 
how t h o  condensation pressures are obtained for 
different parcels. It is of importance to see that 
tlie sligli t entropy increase due to irreversible lieat 
production is extremely cfYective in lowering the 
cond cnsatio t i  pressure. 

It is evident t lint’ the second law of therino- 
c1yiiamics is indispmsablc in solving tornadic 
circulation problems. In studies of future cases, 
a more complete survey and photogrammetric: 
analysis of tornado funncls will be mandatory. 
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