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RADAR OBSERVATIONS OF A TORNADO THUNDERSTORM IN VERTICAL SECTION
. by
>Ralph J: Donaldson,.]r.1

- Geophysics Research Directorate - .
Air Force Cambridge Research Laboratories

'ABSTRACT

" The thunderstorm that produced tornadoes near Geary, Oklahoma on May 4

- 1961 was studied by means of a vertically-scanning radar equipped with a two-A.“
~tone gain switching 01rcu1t The storm. conflguratxon was remarkably similar

in ‘many respects to the severe hailstorm in England analyzed by Browning and

'Ludlam It had an overhang and, at times, a wall and echo-free vault. How-
~ever, it was not p0351b1e to confirm the ex1stence of a period of steady-
_ ‘state.conditions in the. Geary' storm,_and it was further compllcated by a
'himerger ‘with another storm overtaking it. It also had many precipitation .
-_dstreamers fallxng through the overhang, Wthh often had cyclonlc tra;ectorles

;I.’ INTPODUCTION

The Geary, Oklahoma tornadoes of May 4, 1961 occurred in a severe thunder- _
~-.storm situation that was under observation by the combined aircraft, radar, ’
:and ground-based meteorological resources.of the National Severe Storms Pro--
. ject! "'In addition, Mr. Neil Ward, of the NSSP staff, and an Oklahoma State
 Police officer traveled by car to the scene of the activity and made important -
' observations of the tornadoes while they were in progress (Ward 1961). The
" present study provides a history of the storm during its growing and active
phases as observed by just one of the radars, the Oklahoma City FPS-6, made
_ available by the Air Defense Command, U. S. Air Force. At this preliminary-
.. .stage of description, no other observations have been included with the ex-
_-_ceptxon of Ward’s visual reports of tornadoes and a few other reports of tor-
.. nadoes and 1arge hail that appear to be accurately timed and located. It
ffshould be emphasized that the observations presented here are incomplete wzth--
~  -out further detailed analysis and integration with other avallable data,jand
"Lf;any conclusions must be regarded as tentatlve at thlS tlme : :

o _.lPresented at the American Meteorolocxcal Soc:.ety Conference on Qevere Storms at Norman Oklahoma,‘ :
February 13- 15, 1962 : : *LE '
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' itxreshold Zg varies with the square of the range so that: the boundary 'is
Z. =102 mm.%/m.® at 40 n. mi. After 1750 CST, the low-gain part of the
fc1;cu1t was reduced in ga1n so that Z = 104 at 73 n. mi.: and 103 at 23 n. mi.

‘ﬂpo;t was’ Ward’s observatxon at 1730 CST

N

2. RADAR CHARACTERISTICS

The FPS-6 is. a vertically scanning radar which'displays echoes in a verti-
cal plane and at a controlled azimuth. Its wave length is 10.7 cm., and its
peak power is about 4 1/2 megawatts in a pulse of 2 psec. (providing a reso-
lution in range of 300 meters). The angular beam dimensions between half-
power points are 3.2° horizontally and 0.85° vertically. The observations,
conducted by U. S. Weather Bureau personnel, were made at a scanning rate of -
20 per minute. -Consecutive scans were made across the storm and several of
its neighbors at azimuth intervals of 2°. Depending on the total azimuth sec-
tor that was scanned, the observational cycle varied from just under two ‘min-
utes to four and one-half minutes, with occasional interruptions of 51x or
seven minutes for reconnalssance of echoes over.a w1der sector. -

The receiver of the FPS-6 radar was modified by a two-tone.gain-switching
device inspired by a similar circuit developed several years ago at Texas A.
and M. College by M. G. H. Ligda and his associates (1958). It was perfected
and ‘installed by William Lamkin, of Air Force Cambridge Research Laboratories.

‘_Or alternate pulses, the device switches the receiver gain from high to low
and back to high again.  Thus, echoes of high reflectivity, which appear at

both high and ‘low gain, are painted on the scope in. twice the density of the
low-reflectivity echoes which disappear at .low gain. For brevity, the hxgher— .
reflectivity echoes will be called "core" echoes. Further gain reduction .
would disclose one or more true cores of still higher reflect1v1ty, thhln a
region referred to hereln as a "core" echo. o

The two-tone circuit was 1ntended as a qualltat1ve means of dlsplaylng
echo cores simultaneously with the much larger boundaries of the precipi-
tation echo that would be observed at full gain. The value of reflectivity
at the edge of the echo core cannot be specified accurately, since the -
two-tone circuit was calibrated only infrequently. However, an order of
magnitude estimate seems reasonable, based on a calibration taken eight days - -
after these observations. Prior to 1750 CST, the core or high- reflect1v1ty
echo- was bounded by Z, (rain-equivalent radar reflectivity factor) of i . |
103 mm.%/m.3 at a rance of 130 n. mi. At a fixed value of receiver galn,

'*;_»3 HORIZONTAL ECHO' DEVELOPMENT

Radar mov1es in plan posxtlon show the Geary tornado storm flrst appearlngA
as an echo sometime betwéen 1456 and 1459 CST at the southern endof ‘a line of

_echoes oriented NE-SW. - It was somewhat in advance of the.line and about 100 m1.1fdd=

west of Oklahoma. Clty.. It moved approximately toward the ENE and later merged - L
with storms forming part of the line behind it. vThe_f;r;t#accurate tornado re-". -

The FPS 6 radar was- flrst dlrected toward the storm at 1521 CST Tbé’

. andlysis covers .the period 1521-1938 CST. “After 1938 CST the storm was.’ d1f¥;~
fbf’Cu1t to specify because of a comblnatlon of deteriorating. cell structure; en-
© ‘gulfment by other storms, and range of observation too close to record the tops:
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‘1fét'1802-1810 CST in the 30,000-ft. range-time contour, but are also indicated
‘by‘the change in slope of the lower azimuth boundary after 1800 CST. Deteri-

‘ mxd altltude in the storm.; However, the 45,000-ft. boundaries are closer ‘to g0 e b
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Figures 1 and 2 show the boundaries of the core of the storm (low-gain
echo) at 30,000-ft. and 45,000-ft. m.s.l. altitude, expressed as the greatest
extent in range (fig. 1) and azimuth (fig. 2) as a function of time. (In
fig. 2 and subsequent figs., azimuth angles are given with respect to magnetic
north and are 9.5° less than the conventional coordinates oriented with re-
spect to geographlc north.) If the storm were moving directly toward the
radar and maintained a constant radius of ten miles, the two boundaries of
figure 2 would be symmetric about the azimuth angle from which the storm was:
moving, and would cover an increasing angular spread as the storm approached
the radar. If the range to the center of the hypothetical storm decreased
from 100 to 60 to 20 mx., its angular spread would increase from 11° to 19°
to 52°,

~ GEARY TORNADO ECHO

" chimney locations. . : . chlmney 1ocatxons.

" Mergers of the Geary storm with storms behind it’ére particularly evident

~oration of the storm near the end of the period is indicated by the narrowing . ..
of ‘all contours,'and regions of growth at the perlphery of the storm are re- . - -
“vealed by irregular structures extending outward from the main trend of a:.h_A:

- boundary, more evident in the 45,000-ft. curves than in- the boundary at- = BT
30,000 ft. Note, for example, the period 1700-1720. CST. The 45,000-ft. Curves;l.
-are much more irregular than the 30,000-ft. 4curves,-reflect1ng greater changes

in convective activity at .the higher altitude. Also, the 45,000-ft. curves .
are almost. everywhere within the limits of the 30,000-ft. curves, showing that .-
the higher tower cores almost always are located directly over an echo core at
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; the 30,000-ft. boundaries for lower azimuths and greater ranges, indicating

| an asymmetric configuration of the towers with respect to the 30,000-ft. core: .
the towers tend toward a location above the southern and western sectors of .
the 30, OOO ft. echo.

The tracks of "chimneys" are also plotted on figures 1 and 2, but thls
feature will be discussed later.

. IVERTICAL ECHO DEVELOPMENT _fj_ﬂ'f“ﬂ,;;Q«}@gf

Flgure 3 shows the rise and fall of major tower tops.’Z Durlng the perlod
1521-1850 CST a total of 36 towers was identifiable, but only 14 of these ex-‘u‘
ceeded all other tops at one time or another and are plotted on the diagram. f;} N

* After camera trouble at 1850 CST, the first sequence of pictures was taken at - ' :
1903 CST; and no relationship could be found between the towers before and ';" VA
after this data gap. Also, the 4-min. cycle after 1903 CST was too long for . -
positive identification of towers from one sequence to the next, partly be-lf
cause of instability in the storm and partly because large azimuth changes

taking place over the short range were confusing to the analyst. - Therefore, - . .
.© ° from 1903-1938 CST only the hlghest towers’ at each observ1ng time are plot-. S
ted, as little dots. . . ke S 5T N aa e sty e T B
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HFiguré 3.'—Development in time of echo tops of 1nd1v1dual towers of Geary tornado storm."Litfle tri-fv 
angles denote tops of the hxgh reflectxvxty echo core. bt ) P -
o, 2The towers observable "in ‘this stotm have much longer 11Aet1mes and larger sizes' than vzsual cloud R
% Tturrets at the top of a cumulonimbus. - It is difficult to identify small-scale, short-lived cloud Y
. turrets with radar because of the poor angular resolution:of the radar beam compared with optical . @
7" -methods of measurement. 1In the icase of this particular radar observation, the difficulty was com=- . - ol »
.. pounded by the inability to separate echoes of maximum reflectxvxty fram surroundxng echoes of" moder~{;A. RIS
'v-ately hxgh reflectxvxty." PR X Sl T S B T o
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The little triangles on figure 3 denote the tops of the core, or low-
gain echoes. (The lines are the highest high-gain, or low-reflectivity echo.)
In every case the highest core echo occurred in the tower having the highest
top at high gain. Note the diminishing spread between core top and echo top
with time. During the early stage of the storm (up to the maximum in .the
first tower at 1555 CST) this diminishing spread very likely indicates de-
velopment of the storm as its core intensified, rose, and covered a larger
area. Another contributing cause is related to the height resolution of the
radar beam. When the first top was measured, its range from the radar was A
104 n. mi., but after 1930 CST the highest tops were within 20 mi. The radar
undoubtedly;overestimates the tops by at least one-half the vertical beam
width, or 0.4°, which amounts roughly to 1000 ft. for each 20 mi. of range._
Dependlng onn the structure of the echo top, the overestlmatlon may be everi’
twice thlS .amount. As a.rough approx1mat10n, the indicated core top may, give
a more valid idea of the true echo ‘top; thus, the storm probably never ex- .
ceeded 60,000. ft. in height and after 1640 CST spent most of its time 'in the
50,000-to- 55, 000- ft. range . _

Except durxng the early bu11d -up perlod the vertxcal movements of towers
were extremely complex Sometimes several towers fell or rose together, but
sometimes ascending -and descending motions were taking place simultaneously.

. Up to 1850 CST the towers could be identified with ease between 2-min. periods -

and usually without much difficulty between 4-min. cycles. Whenever a data
gap of six or seven minutes occurred, however, there was almost always serious

. trouble in carrying through the identification of towers. Even though the
fine structure of the towers was not visible ‘with the relatively low value of :
~Z_ at the core echo boundary, the time betweern successive observat10ns of a
~tower. should be no more -than 5 min. to assure. rellable 1dentlFlcatlon of the.

tower.

- In theAGeary storm there were two periods of general echo top build-up
separated by a period of echo top descent. The severe weather also followed
this pattern, with some time lag. The early echo top rise period (1521-1555

. CST) was followed first by heavy hail, reported up to the size of baseballs,
_.that began to cover the ground at about 1545 CST, then.followed by at least
" .another occurrence of large hail and one or more funnel clouds aloft. (Events

for which there is not confidence in timing accuracy are not listed on fig. 3.)

 Echo tops descended significantly from 1630 to 1702 CST, and the best deduc--

tion that can be made from the cooperative observer data indicates a complete

~~lull in severe weather from about 1645 to 1730 CST. The rapid echo top rises
_from 1700 to 1708 CST (culminating in more gradual ascent to a.new top at

.1745 CST) were followed by tornadoes and several reports of one-inch hail in .
. the period 1730-1845 CST. This sequence of two periods of violent b\:avlor

. and high echo tops, with the violent weather lagging echo top rises

‘lar to the performance of a tornado produc1ng hallstorm of June 1, 1956 in
'fNew England (Donaldson, 1958) : :

4 s Simif-”‘

: The maximum ascent rates of the towers of the Geary storm (flg 4) also B
show two pronounced periods of peak activity, one at the very beginning, and
several towers ascending at rates in excess of 10 m./sec. during 1650 to 1716
CST. . The greatest ascent rate of 17.5 m./sec. was.observed between 1706 and
1708 CST. After 1815 CST the cycling period of observations was three and
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cne-half to four minotes, so possibly the ascent rate of 9 m./sec. at 1830
CST might have indicated a considerably greater rate if observed over a 2-min. s
period. : h

MAXIMUM ASCENT RATES IN CELLS OF GEARY TORNADO

T T T T 1: - T  E— -I T T T Y T T T T ,7 f T T
-~ ' 11,; .@ * . s 7 :
:;.f();'-ﬂ # . ® . e ‘:v, i T Lin) ] o
~ ' ; beeand Tl e 8"y
53 i ‘&. o ' Vv. ol o ;ﬁavi
,_ U)’}o | ‘/ | [ e T O el ey
1600 700~ 1800 . .1900

TIME (CST)

’TF;gure 4. —Hlstory of maximum observed ascent rate of echo towers.: The lines join consecutive values_.

in the same tower.

o On flgure 4 a stralght line connects p01nts where the same tower ex-

' ceeded all others in ascent rate on consecutive observations. Up to 1600 CST ,
~“there was virtually no competition, since one tower dominated:. the storm up to

< that time. ~After 1600 CST, however, the maximum ascent rate shifts 45 times -

“ “from one to ‘another of 19 towers. Five of the towers had two or more perlods
" during which they -ascended at a rate of 5 m,/sec.- ‘or. greater,'separated by

 periods of top descent One might, therefore,’ Characterlze the top of the ==
storm after 1600 CST as very actlve and complex : oyl g

‘ A Nlne of the towers could be tracked for 20 min. or- longer - 'In fact, the:
,_-'fflrst tower was in view for nearly an hour. The trajectories-in plan view of = =
©-.."fhese persistent tower tops are plotted in flgure 5, together with areas where e Ty

. ‘the ascent rate of “highest echo tops or echo core tops exceeded 10 m./sec. Of
‘.special lnterest here is the cluster of rapid ascent rates just west of the

" “teornado area.’ Two of these are in towers whose ‘tracks are not shown because AL
- .of their: short lifetime. Another - 1nterest1ng,p01nt is the oscillation in thef{;'f"ﬁ
fftrack of .tower (s).: Also note tower (f) which moved. in a direction about.’ 40°._"'
.to the rlcht of ‘the other towers and intersected two of their trajectories
»after they had passed Th1s tower or1g1nated,3 m;n after merger of the»




original storm core with the core of an echo overtaking it from the west.
Tower (B) maintained the direction of the overtaking echo.

GEARY TORNADO MAY 4,196l
TRAJECTORIES OF PERS!STENT TOWER TOPS

: 290 TORNADO
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|280°
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IOO nouf mi.
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"V'Fxgure 5. ~Trajector1es of echo tower tops persxst1ng for twenty mlnutes or more. The radar
is at the origin of the polar coordinates. SR

‘*,5; THE OVERHANG

A severe hallstorm over southern England on July 9 1959 was studied by
.Atlas. and Ludlam (1961) using three radar wavelengths; by comparing reflec-
_tivities at the different wavelengths they were able to deduce hailstone

o Nizes: and concentrations. . Using these results and other data gathered dur-

ing +he day, Browning ‘and Ludlam (1960, 1962) examined the storm in great de-

L tail: and derlved a self-consistent model of the air flow in and about the

storm. One of the remarkable features that they ‘discovered was the: "overhang,'

" or echo at 12,000 ft. and higher," overrldlng a lower region with no echo.

'They demonstrated how the overhang reglon 1nd1cates the presence of 1nf10w1ng,
'rxsxng alr beneath 1t ET : . : .




The Geary storm was also notable for its overhang; this feature per-
sisted throughout most of the duration of the storm. The first suggestion
of an overhang appeared at 1527 CST, when some areas of less than core in- -
tensity appeared under a small part of the core at 30,000-ft. altitude. - The
first really good overhang showed up at 1551 CST when in the southern (right
flank) part of the storm the core extended downwards only to 19,000 ft. with
the exception of a smaller streamer descending to 12,000 ft. However, at
this time the area under the overhang was filled with low-reflectivity echo.

30,000 ft ECHO OVERHANG

256‘-’-—7——' N +
1530 | 1540 1550 %
- B A N
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B - e—s70RM 70 = - —
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Fxgure 6. —Development of overhang, or that portxon of the 30, 000 ~ft.-core echo-lying above a region . ... -
.- with no echo or low-reflectivity echo. Direction of travel is to right, and crosses deniate a = i i

S . mean-velocity position at each time. The portion of the storm havxng echo at” low elevations is:

.. not shown. ' The large overhang area at 1800 CST corresponds to the unstxppled area in the plan .

wview in fJ.gure 14, where the relation to low-level echo may be’ seens, The smaller overhang to .
;;;-no-'thwest is part of a separate storm, about to merg,e ) AN s R v R
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L core area_ 1ncluded in the overhang gradually dlmlnxshed after 1800 CST.__

ﬂ ’

9

The first sizable echo-free region appeared under the core overhang at 1628

CST. Up to this time the overhang might be interpreted as a tilting of the
core toward the right flank of the storm; but from 1630 CST onward parts of

_the overhang were higher toward the center of the storm than on its right

flank, and there was no doubt of the existence of strong forces in the over-
hang region preventing the fallout of a consxderable portlon of the core echo
above. it.

Tracings of the extent of the overhang in plan position, synthesized
from the RHI photographs, are reproduced in ‘figure 6. No distinction is made
here between echo-free space and space filled with low-reflectivity echo;

‘both are considered "overhung" if core echo at 30,000 ft: lies above them.

The height of the echo-free or low reflectivity reglon is. coded according to

- its vertical. extent above or. below an altitude of 15,000 ft. The crosses
" give an indication .of . the departure of the center of the’ overhang area at .

each time from a constant average velocity of 23 kt. in a direction from 242°
during the indicated time interval. (Thls velocity is somewhat misleading be-

- cause the overhang in its later stages is effectively slowed down by the
‘merger of the original storm with its western partrer which also featured am:
“overhang from 1730 CST onward.) .The overhang continued. for about an hour
' beyond the last trac1ng of figure 6.

" The overhang was located in the forward and rrght sectors of the ?O 000-ft.
core echo, and increased in relative size up to 1800 CST when. it covered about:
one-half of the total core area at 30, 000 ft. The proportion of 30,000- ft

fiAfVGf? (Alﬂdl)
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» ~Figu"re y s ,—Tracxng of Geary storm echo in 'verticdal section at 1701 CST, showzng streamers-
. falling beneath the overhang. High- reflectivity (or core) echo is shown in black
Storm is moving to left. . . :
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Figure 8. —Traciné 6f Gearyv storm echo in vertical section at 1729 CST, at approxi- :
. mately the time and location of the first tornado observed by Ward. )
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: - —"fracing of Geary 'sto'xfm'ech6 in vertical section at 1803 CST, just before :
. __"anof‘hef- tornado sighting by Ward. Wall echo is to the rear of the tornado symbol, _
.7 and chimney. extends above it.  Echo behind main storm is about to merge with it.. . . 7o-r
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Figures 7, 8, and 9 show sections through the overhang at three in-
teresting times, spaced about a half hour apart. Note the streamers of echo
penetrating the overhang, like giant mammata. Conventional mammata, ob- ’
served by Ward on his way out to meet the tornadoes, are indicated on fig-
ure 7 by the protuberances below the anvil between 20 and 33 mi. range.
Figure 7 has another 1nterest1ng feature, the small loop of echo near the
ground that seems to join two of the streamers.

Flgure 8 shows the echo conflguratlon at the time and place of the flrst

tornado noticed by Ward. Above the tornado there is. a large space extending up-

ward, free of echo to 23,000 ft. and not filled with core echo for a further
2500 ft. Browning and Ludlam noted this characteristic of thelr severe hail-
~storm. They called it the "echo-free vault" and I denote it "chimney" for
convenience and for. generality. to extend the definition to 1nclude areas- of
low-reflect1v1ty echo penetratlng upward. 1nto the core. -

Figure 9 shows an echo section very near the time and place of another
of Ward’s tornado sightings. At this time the "wall", described thoroughly
by Browning and. Ludlam, is present a short distance behind the tornado. -
(The direction of storm movement in figures 7, 8, and 9 is to the left.)
Here the chimney is a bit lower: it extends echo-free to 18,000 ft. and

can be. traced through low-= reflect1v1ty echo to 22,000 ft. The merger of the
main storm with its neighbor to. the west is just beglnnlng . Co

6. CHIMNEY HISTORY

Thfee-chimneys,‘the 1atter two . well formed occurred in the Geary storm.

, Detalled tracks with time of thée movement of the highest part of eachfchlmney,zp

are plotted on figures 1 and 2, and trajectories of the paths swept out by
the total indicated extent of the chimneys dre sketched on figure 10. Tor-
nado locations reported in detail in a private communication by Ward are also
spotted on figure 10. All of Ward’s tornadoes seem to be associated in some
- way with chimneys 1 and 2, with the exception of two small, brief vortices
observed around 1845 CST for which no association could be found.

Bigler (1958) showed the association of a Texas tornado with'en echo-
free hole in a thunderstorm echo, and mentioned other'observations of this
association. These echo holes might have been unrecognized chimneys.

It;isbinteresting to examine how the chimneys were formed. Chimney 1

never had a wall and lasted 17 min. at most; it was well formed for only 4 min.

In these two respects it was radically different in character from the other

two chimneys.  Its configuration very likely was caused by nothing more than -~ =~ -

_.i,an incidental space between echoes. Hence the name "chimney", which implies
an updraft, is mlsleadlng as ‘a designation for a space between echoes Wthh
“'mlght have been a reglon of downward motxon S : oy

o ‘ The space called chlmney 1 occurred between the main echo and new growth
- on its western, or rear side. The new growth was first visible at 1717 CST . .

~about 2 mi. to the west of the Geary storm. It developed explosively: 2
min. after detectxon it had a core from 15,000 to 25,000 ft.;. in another 9

R S,

v'»fmin th? core extended Upward to 36, OOO ft. and was begxnnlng ‘to merge w1th .

S ——
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CHIMNEY TRAJECTQR!ESIN GEARY TORNADOES
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'TORNADOES OBSERVED [ . “ , |
- O ; : _ - _'A-'g 1 . é
- 5onaufﬂu-4o~ 3 - 20" _—1l0

| CHIMNEY#1: 1723-1740
#2:1729-1834
%3 1810-1927

J Flgure 10. —Areas swept out by chimney-wall echo confxguratxons in Geary tornado storm. The areas
include the total extent of chxmneys and their associated walls without regard to quality or height.
. The best-defined chxmney shapes, as in figure 9, are located roughly in the center of the dotted
areas. . ) .

the main echo. At 1727 CST, 10 min. after first detection, the new growth had:f
" grown in area to about the same size as the main echo at altitudes of 20, 000 - :

- ft. and lower, and was solidly merged at hxgher altitudes. « Chimney 1 was “Nj”ﬁw“
. ofirst judged to be "good" at this time. At 1738 CST, after a frustrating data .
../.’gap,. chimney 1 was poor, very wide, and definitely dissimilar in shape to any"
1'_¢k1nd of a smokestack It was.more like- an 1nverted bowl among the streamers

: _ Chlmney 2 flrst formed in the exp1051ve new growth at 1729 CST about
. 75 mi. west of chimney 1. Tts height was 14,000 ft. at this time and it had a
~ swall even at the beginning. At 1740 CST it extended up‘to 20,000 ft. and was:
. _3Judged "good" ‘in appearance.  During- ‘the next 10 min..-it deteriorated some- -
'f.what but at 1751 CST it became "excellent" and stayed in good shape through i
7. 71820 CST. Then it deteriorated fairly rapidly. It reached its maximum helghtg
~oat 1756:30 CST of 24,000 ft. echo-free and 26,000 ft. low-reflectivity echo -
e 11) At this time its lateral extent normal to the storm direction was -
,;also maximum, estimated to be 4 mi. Its average echo-free height was: 15 000 -
;Kft durlng 1ts 11fet1me LT TR ‘ LTl CRE T ot oh S
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Figure 11. —RHI echo photograph of chimney 2 at its maximum echo-free height of 24,000 ft. at a ‘range
of 46 n. mi., azimuth 288°. Height markers at the left in photo are 30,000 ft. and 60,000 ft.
. Echo motion is toward left. 5 ’ . : : L
LM10° 20 7 .30°40 50 6

JFiguré 12, —RHI echo photograph of chimney 3 (range 45 n. mi., aéimuth.288°). Echa-free height of v

chimney_is'Zl,OOO ft. Height markers are 30,000 ft. and 60,000 ft. - Echo motion is tqward leftf




3 mi. behind the wall, though it first appeared 2 mi. ahead of the wall. The =~

..h*whvch fell into the otherwise echo-free region and sometimes hit the ground. -

.+ FEarly in the echo lifetime the streamers, falling from the rlght forward sec-

O, tilted sllghtly back toward  the center of the storm as they-fell from -
730.000 ft. As time went on the level from which the Streamer trails: departed__

14

Chimney 3 formed at 1810 CST in the overtaking echo that merged with the
main storm, around the time that the two echoes were merging. It maintained
the direction from the WNW of the western echo, cutting across the path of
chimney 2. It also had a wall from the beginning. By 1824 CST, 14 min. after
first detection, it was judged to have an "excellent" shape and continued that
way for the following 50 min., then deteriorated rapidly after 1914 CST.
Figure 12 shows the characteristic shape, remarkably similar to chimney 2. At
its maximum height at 1907 CST the echo-free area extended upward to 23,000 ft.°
and the low-reflectivity echo penetrated further to 30,000 ft. The maximum
lateral extent, also at and just before 1907 CST, was estimated to be 7 mi.
The average echo free helght throughout the existence of chlmney 3 was. 17 000
ft. e : o 3 ; 3 o

' During the deterioration phase, the'chimneys (and their attendant ﬁalls)”-:f .
"slowed down and slid off to the left, toward the cénter of the storm. Figure =~ i
1 shows that chimney 2 even reversed direction a bit, moving away from the . = - T
radar after 1830 CST. . This behavior is surprisingly similar to the tracks of
tornadoes in the Fargo, North Dakota storm that Fujita (1959) plotted. It
may be that as the chimney circulation and any attendant tornadoes deterxorate_
" they lose contact’ with the mid-troposphere and come under the dominant in-
fluence of the low-level inflow, which in this case as well as in the Fargo _,'
storm was from the south to southwest . :

Browning and Ludlam found the predominant tower to be located above the '

wall or within 1% mi. behind it. In the Geary storm, tower (q) remained the
- maximum during the best part of the lifetime of chimriey 1, and was located
~.within 2 mi. of the chimney, though sometimes ahead of it. Durlng the well

- established period of chimney 2, the maximum top was almost always tower (u)
until later in the period when tower (a), an outgrowth of (u), shared the '
maximum position. Tower (u) started near the wall of chimney 2 but moved - :
slower and fell four miles behind the wall before it disappeared in complete - -
capitulation to tower (a). While it was prominent; tower (a) varied from 0 to -

tower associated with chimney 3 was (8), and it frequently was located d1-3;5
- rectly over the wall and always within 1% mi. ahead of or behind it up to.
1830 CST, after which time tower continuity was lost. During the life of

. tower (8) it was the highest one only about half the time. Thus, the tower S

. activity during the “"wall" phases tended to follow the general pattern of the.  o"

Brownlng and Ludlam model but was not nearly so - steady state o P e A

7 STREAMERS

Another of the 1nterest1ng features in the overhang area were streamers :

d_ﬂlfrom vertlcal fell to about 20, OOO ft., and they txlted more . sharply.ij I

b Tbe greatest curv1ng away from vertlcal fall was in the forward edge of o
5,ithe overhang . For ‘example, at 1645 CST a.streamer near the central. part of /-
£ e r1cht flank of the': storm bent % mi.- to the west (toward the center of thea
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) Figure 13. —RHI echo photographs at 1700:30 CST, taken at 20 azimuth intervals, showing the nature of
i the overhang and the streamers falling below it -in the period prior ta the deve%apmeng of a chimney - - -
Height markers are at 30,000 ft., 40,000 ft., and 60,000 ft.. Storm is moving toward the -

Figure 13a, azimuth 2680, is a vertical slice across the southern,
Tips of

“cand wall.
left (generally towards east).

. or right flank: subsequent pictures penetrate northward, into the center of .the storm.
‘streamer trails, which originate on the right flank, at first fall northward toward the center
(figs. 13a and 13b) and eventually spiral westward toward the rear of the storm at lower alt@tudes
(figs. 13c and 13d). Figure 13c, from which the tracing of figure 7 was taken shows the typically
greater bending to the rear in the forward streamer compared with the streamers located toward the

rear of the storm. ..




ti_the wall echo

16

right flank) in falling from 15,000 to 8000 ft. Another streamer farther to___
the east bent one mile to the west as it fell from 15,000 to 6000 ft., and
the easternmost or farthest forward streamer bent 1% mi. to the west as it
fell the same distance.

In another example, illustrated in figure 13, the streamer on the east
(or forward) side tilted 2 mi. to the west from .15,000 ft. to 6000 ft. while. .
the large streamer near the center tilted only about % mi. to the west from
15,000 ft. down to 8000 ft. TN

The streamer trails appeared to be roughly parabolic, with no appre-
ciable discontinuity in slope or in intensity on the way down to indicate a
bright band at the melting level. It thus seems likely that they were com- .
poséd of small hail and graupel, but not snow, above the 0° C. isotherm.
Variations in the slope of the streamer trails would seem to be related
closely to variations in the inflow velocity under the overhang, since the
range of trail slopes in the high-reflectivity streamers greatly exceeds the
probable range of particle fall velocities where the particles have Z, well :
above 103 mmSm3. 1In fact, the .trails slope greatest during the most Cactive.
stage of the storm when the production of precipitation.is likely to be ex-
cessive and reduce the chance of the reduction of fall speeds by evaporation.
When chimney 2 was at its peak, at 1756:30 CST, the ESE or forward edge of the
large easternmost streamer bent 5 mi. to the WNW in falllng from 15, OOO to
5000 ft. (fig. 11).

" - As the storm approached the radar and the azimuth'resolutionlincreased,
streamer trails could be observed bending normal to the radar beam as well -
as along it. For example, in falling from 24,000 ft. to 4000 ft., the bot-: -,
tom tip of a streamer at 1903 CST apparently bent 3 mi. toward the northeast :
down to 14,000 ft. and then another 3 mi. toward the north during the lower
"half of its fall. The storm was mOVLng toward ESE. This cyclonic corkscrew
motion was apparent to some degree in nearly all trails that could be ob--
served at three or more azxmuth angles . - w7,

'Schematic views of the hlgh reflect1v1ty part of the Geary storm.at 1800
- CST are given in figure 14. 1In plan view, the tips of two streamers are-
. shown curving in towards. the chimney-wall locatien as they fall under the
. overhang (unshaded area of .30,000-ft. echo). The forward streamer tip shows
. the greatest cyclonic curve to ‘the rear as well as the greatest t11t in the:
~ lower altltudes 2 ' = : - RN

At'near ranges, the-outflow from the wall echo was apparent by vari-:
~ations in vertical slope of its leading edge and its right or: southern -flank.
At 1903 CST the wall echo extended near the ground about one mlle forward and

. wvery roughly 3 mi. to the right of its position at 17,000 ft. “As Ward was.
" . returning to Oklahoma City following his tornado observations; he acc1den- ;
© tally traversed the wall echo of chimney 3, fortunately somewhat to the- ‘rear:
" of the forward edge. ' He encountered heavy rain and small hail ‘with~ westerly
winds estimated at 60 kt. This was undoubtedly a part of the outflow from
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Fzgure 14. —Schemat;c views of high-reflectivity echo in Geary tornado storm at 1800 CST. Top view
shows contours at two altitudes. Arrow indicates storm motion.. Note the '"tornado hook in the.
3000 ft. contour (dotted) toward the right rear, behind the wall: it is poorly defined here be~
cause of. the wide azimuthal beam pattern and the smoothing by interpolation of points separated
20 in azimuth. But there is no doubt that the tornado hook which is defined well on PPI is
simply t he wall echo at low altitude. The chimney is denoted by the hatched area; it is wedge-
shaped in plan view and narrows toward the storm center. The overhang is the clear unstippled

part of the 30,000-ft. echo. The trajectories of two streamer tips are noted, showing cyclonic
spiral shape as they fall into the chimney-wall area.. (The numbers on the streamers are the

. heights of the tip in thousands of feet.) - Front and sxde views show towers (u) and (a) and

© streamers fallxng beneath the overhang. . z :

o e CONES

Durlng the study. of the streamers, ‘an occa51ona1 "cone" or apparently -

' V’vertlcal and symmetric streamer was noted just ahead of the wall and almost

pcountetp01sed below the chimney. ‘An excellent example has been depicted in
“figure 15.- Apparent continuity was found for five cone trajectories. These

?are plotted in flgure 16 with a- thlcker track 51gn1fy1ng a hlgher quallty of T

#appearance. *Q,v

= The cone echoes have the general appearance of a -funnel; though they are * - .
*;*uch more stubby and have a much larger apex angle t han the usual tornado. s e
. They are more similar in size and shape to the region of depressed cloud baseicff,
. .often observed above tornadoes. The cones typically extend down from the .

- overhang to altitudes between 5000 and 12,000 ft. On rare occasions there Lsi-
a very thin vertical projection below, and once a thin "stalagmite" was ob- :
served prOJecLlng upward from the ground toward t he cone base above lt.--;ﬂf‘
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" Figure 15. (a to d): —RHI echo photogréphs'at 1808 CST, taken. at 2° azimuth intervals, showing detail’
o+ of chimney and wall. Range markers are at intervals of 10 n. mi. Height markers visible on all
~photographs are at 30,000 ft. .and 60,000 ft. '‘Echo moves to left. Tower (u) reaches an altitude
of 58,000 ft. on figure 15d at 2920, range 46 n., mi. Figure 15b shows an intense part of the wall
echo near the ground appearing to the right and forward of the center of mass of the major part of
the wall photographed subsequently in figures 15¢ and 15d; this may be an indication of low~ - .. -
“altitude outflow spreading out toward the right and front of the storm from the intense precipi-
tdtion area denoted by the wall echo. Note also the marked tilt of the chimney toward the rear in

s?ntation‘it appears more nearly vertical because the horizontal scale is stretched by a factor
of 3.4. S L T AL W .

‘ figure 15c. The inclination is actually 25° away from vertical, though on the distorted scope pre- B
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: Figure 1S.(e) —An explanatory tracing of figure.15c (photograph at'2900) showing location. of wall at
: _ the rear of the overhang, chimney just ahead of the wall, and streamers and cone descending beneath
the overhang. .
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" Figure 16. —Trajectories of cones. .Thickened track indicates high-quality appearance of cone, Cones: .
: during 1725-1756, 1805-1811, and 1817-1827 CST were associated with chimney 2. ‘During 1831-1850
. -and 1907-1919 CST the cones were associated with chimney 3. Numbers 4 throqgh»Q locate Ward®s
_observation points. R O A . : c e, 3
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The cones are associated fairly well in time and space with the observed
tornadoes, though it is clear that these observations do not establish cone
echoes as reliable tornado indicators. Referring to figure 16, Ward's obser-
vations at position 4 correlate quite well with the earliest cone trajectory,
al though there is a distance discrepancy. At position 5 the distance error
is not large but the direction to the cone is toward the north, instead of
- northwest to the tornado as Ward observed. Position 6 checks almost exactly.
Positions 7 and 8, however, do not. indicate any close relation between tor-
nadoes and cones. | T -

j"g SUMMARY

The most 1mportant flndlng in thlS study is. the strlklng sxmllarlty'xn ke
echo features of the Geary, Oklahoma storm to the characteristics of a severe ...
hailstorm in England discovered by Browning and Ludlam and incorporated in-
their convection model. " The differences are mainly in detail.: .The principal
features common to both storms are: (1) the overhang, (2) wall, and (3) echo-
free vault. (or chimney) which, according to the Browning-Ludlam model, signify,
respectively: (1) an area of ascending inflow, (2) a region of heavy prec1p1-
tation and descending air with strong outflow, and (3) the location of the
most intense portion of the updraft at the base of the overhang. Another :

. feature common to both storms was the occurrence of the maximum tower tops di-

" rectly above the wall or within a very few miles of this line. However, the
Geary storm was more complex and less steady than the Browning-Ludlam model

and suffered a merger with an overtaking storm. Also, no conclusive informa-
tion was gained on the degree of updraft tilt in the Geary storm. Finally,

the Geary storm produced frequent streamers which descended in cyclonxc spiral
motion through the base of the overhang reglon. : oz

The observed tornadoes were a55001ated in a general way w1th one of the
two well-formed chimney and wall configurations, occurring in a zone of maxi- "
mum shear (in accordance with the Browning-Ludlam model) between ascending
inflow and-outflow from the descending air in the wall echo. . This is con- '
sistent with the impression gained by Ward (1961) who stated that "tornadoes ‘.

. formed along the shear line between the southerly surface winds and the t:a
"northerly outflow of rain-cooled alr, underneath a convective cell". o
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