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PREFACE. 
. -~. 

On 24 May 1973, the National Severe Storms Laboratory (NSSL) collected a 
u,nique data set on the Union City, Ok.lahoma. tornadic storm~., This data set is 
unparall~led, insev~ralways: . for the first time at~ani of nleteorologicsts . 
sought out and photographed the life history of a, tornado:; forthe.first.,ti~me 
Doppler radar measurements we're made fn 'a storm producing a major tornado ;.a 11 
the Laboratory's sensors, as well as thos'e of visiting scientists, covered'the 
storm. 

Aft~r the uniqueness of this situation became apparent, Dr. Edwin Kessler, 
NSSL Director, commissioned an in-depth study of the tornado and its parent . 
storm. Dr. Stanley Barnes, then head of the Severe Storms Morphology and 
Dynamics Project, helped to get the study underway. This Technical Memorandum 
reports the results. 

Individual research results helVe been grouped 'into three main categories: 
macroscale, mesoscale and tornado,sca1e. Abstracts are written, so that a. ' 
reader can scan the entire report, sense the gist of the findings and then 
read pertinent chapters. 

This study represents the involvement and cooperative efforts of the 
entire Laboratory: meteorology research supervised by Dr. Ron Alberty; 
administrative and graphic arts support supervised by Jack Andrews; engineering 
and electronic technician support supervised by Dr. Richard Doviak; computer 
data processing supervised by Kathryn Gray; and operation and maintenance of 
the Laboratory's meteorological sensors supervised by Ken Wilko Members of 
these groups joi ned forces under the 1 eadershi p of 1973 Spri ng Progr'am Coordi
nator J. T. Lee to make the Laboratory's data collection program a success. 

Within NSSL a special group of individuals--the electronic and meteor
ological technicians--deserve recognition for their competence and resource
fulness. The high-quality data available for this study bear testimony to 
their dedication. 

The physical appearance of this Technical Memorandum is due to the 
conscientious efforts of several individuals. Connie Hall, Evelyn Horwitz and 
Joy Walton typed preliminary drafts of various chapters. The task of typing 
later drafts, as well as setting up the entire report in its final "camera
ready" form, was handled admirably by Debbie Killian. Jennifer Farris skill
fully drafted the figures. Charles Clark did a fine job preparing the photo
graphic prints. 

As coordinator and editor, I appreciate the time and effort devoted by 
the authors of each chapter. This treatise is a tribute to these scientists 
who represent the Air Force Geophysics Laboratory, Illinois State Water 
Survey, National Severe Storms Laboratory, Naval Electronics Laboratory Center, 
and the Wave Propagation Laboratory. 

v 



My colleagues, Don Burgess and Les Lemon, were very helpful during the 
several years of report preparation. In addition to being major contributors 
they critically reviewed preliminary drafts of most chapters. 

Drs. Ron Alberty and Edwin Kessler reviewed the entire manuscript; their 
comments significantly improved the text. The suggestions and comments of 
other NSSL staff members have been most appreciated. Helen J. Ardrey's 
editorial seasoning added a special savor. 

Rodger A. Brown 
December 1976 

N. B. Several chapters are to be published in the Monthly Weather Review and 
the Journal of Geophysical Research. Before referencing chapters from this 
volume, please consult those journa1~. 
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Chapter 1 

FLASHBACK: .24 MAY 1973 

Rodger A. Brown 
National, Severe StomsLaboratory 

Nor.man~ OkZahoma 73069 

On 24 May 1973, NSSL meteorologists and visiting scientists 
wer~ prepared--as ~n any other day during the Laborato~y's Spring 
data collection program--to document fully tornadic storms 
developing in central Oklahoma. Preparation and perseverance 
paid off. The appearance of an isolated radar echo, ahead of a 
cold front, focused attention on the storm that would produce the 
devastating Union City tornado. Thischapter provides an overview 
of Laboratory activities during the storm1s lifetime. 

At 1545 CST on 24 May 1973, the darkened National Severe Storms Labora
tory (NSSL) radar room was a typical beehive of activity. The surveillance 
meteorologist carefully monitored storm development on the WSR-57 radar con
sole; the Federal Aviation Administration (FAA) aircraft controller, NSSL 
aircraft coordinator and his assistant were gathered around a nearby repeater 
scope; the radar technician was keeping an eye on a balky radar data tape 
recorder. A visiting scientist was monitoring Doppler velocity shear regions 
on the Plan Shear Indicator scope. Meanwhile, the tornado intercept coordina
tor had just hung up the phone and was leaving the room to check on the latest 
teletype reports when the phone rang again. An excited member of the NSSL 
tornado intercept team reported that a large tornado was touching down to his 
northwest. That team was positioned 5 km south of a small farming community 
in Canadian County with an unfamiliar name, Union City. A quick check re- . 
vea1ed that Union City was 47 km west-northwest of NSSL. 

Excitement in the radar room intensified as more details were relayed via 
radio telephone from the field location. "Funne1 is half-mile wide at cloud 
base. II "Tornado is less than a mile away.1I (In reality, the funnel was about 
half the estimated size but six times farther away than originally thought.) 
In the meantime, the forecaster hurried into the radar room with a teletype 
report that the tornado was visible to the west of the National Weather 
Service Office in Oklahoma City. " 

As word quickly spread throughout the Laboratory, "a number of staff 
members crowded onto the observation platform atop the building. The tornado 
was visible in the distance adjacent to a dark rain shaft. With time, the 
tornado became obscured by rain. The storm's anvil, with many mammatus forma
tions, extended over the Laboratory and was stretching far to the east and 
southeast. 
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1. FZashback: 24 May 1973 

Twenty-four hours earlier, the NSSL Spring Program forecaster had seen 
nothing to indicate a chance of severe weather on the next day. However, by 
morning of the 24th, conditions looked more portentous (Chapter 2). An ad
vancing weak cold front was entering northwestern Oklahoma and moist unstable 
air was streaming northward into the state. At midlevels in the atmosphere, 
a minor short wave soon would be overtaking the cold front (Chapter 3). The 
rawinsonde coordinator alerted the NSSL, Fort Sill and Tinker Air Force Base 
personnel that special rawinsonde releases (Appendix C) might be requested 
during the afternoon. 

By noon, conditions were becoming even mor~ favorable for severe storm 
activity. Monitoring of a remote display from the NSSL-instrumented tower 
north of Oklahoma City indicated that the moisture content of northward
flowing air had been increasing steadily during the past 12 hours (Chapter 4). 
Radar echoes along the front in southeastern Kansas were extending southwest
ward to the Oklahoma border. At 1300, the National Severe Storms Forecast 
Center issued a Tornado Watch covering most of southwestern, central and 
northeastern Oklahoma for the afternoon and early evening. 

During this time, the tornado intercept team was making final plans. 
Cameras already were packed in the intercept vehicle and at 1300 the team 
headed toward the cold front in western Oklahoma. A Popular Science writer, 
who was spending the week at the Laboratory exploring its various research 
activities, accompanied the intercept team (Gannon, 1973). 

Radar echoes were appearing by 1400 in north central and southwestern 
. Oklahoma along the advancing cold front (Appendix B). Based on this develop
ment, the aircraft coordinator notified the crews of the Colorado State 
University F-10l and U.S. Air Force F-100 aircraft based. at Tinker Air Force 
Base to be prepared for take-off at 1500. 

In the nearby Doppler radar building, the Doppler radar meteorologist, 
engineer and technician were making final preparations for data collection. 
At about 1415-the Doppler radar began scanning the largest echo within range 
along the developing line--located just south of the Kansas border in north 
central Oklahoma. A few minutes later word was received from the radar room 
via IIhot line ll telephone that there was a teletype report of a funnel sighting 
with that storm. 

The 'surveillance meteorologist in the radar room, while monitoring storm 
development and computing echo movement, was keeping an eye on small inter-· 
mittent echoes that were popping up just ahead of the line .. By 1420 it was 
clear that a significant isolated echo was growing well ahead (50 to 60km) 
of the line. Since echoes developing in such a location occasionally become 
tornadic, the Doppler meteorologist was informed of the new echo. It was 
decided that the Doppler radar should continue to collect data in the. previous 
funnel-producing (perhaps tornado-producing) storm for a while longer. 

Between 1415 and 1420 , the tornado intercept team passedw.i thi na few 
kilometers of the cumulus congestus cluster that was producing the isolated 
radar echo; darkened cloud bases with little or no precipitation were ob-. 
served. They continued west until 1425 when they stopped to photograph new 
cloud development ahead. After 'stopping, they called NSSL and learned of the 
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isolated echo's existence. From their vantage point they could see that now 
the storm hada.rapidly developing cirrus anvil. The intercept team faced a 
crucial decision: Should they turn north tQward a major echo along the front? 
Turn southwest toward another major echo along the front? Or turn around and 
overtake the now distant isolated storm? After much debate, they decided to 
pursue the isolated storm. They not only had to catch the storm but also ha~ 
to maneuver to get southeast of it where tornado photography would be better. 
Due to limited mobility, it would take an hour to get into position (Appendix A). . .... ... 

By this time Doppler radar data collection on the severe storm to the. 
north had ceased; at 1446 sampling of the new storm began. The only real-time 
Doppler velocity display was the Plan Shear IndiCator (PSI) display that the 
Air Force Cambridge Research Laboratories had brought to NSSL for the. 1973 
Spring Program (Chapter 7). The first PSI scan through the storm showed 
appreciable flow disturbances at 1453. Five minutes later, the first clear 
evidence of a vortex (5 km diameter) appeared at heights of 5 to 8 km. 

As aircraft take-off time approached, the aircraft· coordinator called off 
the mission for the day. It had been agreed that when a tornado was likely to 
develop, the Doppler radar would sample the tornadic storm. Thus~ the radar 
would not be available to record Doppler velocity spectra in nontornadic 
storms where the aircraft would have been making comparative turbulence 
measurements. . 

The storm--like so many in the past--taunted the research meteorologist 
by skirting along the northern edge of the surface /3-scale mesonetwork 
(Chapter 5). Primary purposes of the mesonetwork are.to establish surface 
characteristics associated with tornadic storms: convergence, vor:f;icity, gust 
front evolution, mesoscale low pressure areas, thermodynamic air characteris
tics, etc. 

Seeing thunderstorms ap~roaching, a visiting scientist from the Naval 
Electronics Laboratory Center turned on his directional sferics detection 
equipment at 1450. As one of three widely separated sites to study radio 
propagation of sferics caused by lightning discharges, this equipment in 
Norman documented the azimuths of sferics activity during the remainder of the 
storm's lifetime (Chapter 10). At the Oklahoma City National Weather Service 
Office, 27 km northwest, all sferics activity within 70 km was recorded con
tinuously with a higher-frequency nondirectional detector built by the Wave 
Propagation Laboratory (Chapter 9). 

As the tornado intercept team slowly overtook the storm from the west, 
they were able to document its visual evolution. Soon after 1500, they 
noticed that the storm had extensive north-south dimensions. Although then 
not recognizing it, they were watching a storm that was about to split 
(Chapters 5, 6 and 8). Alas, the team did not witness the split because they 
were moving southeastward to get around the storm's southern edge. Instead, 
they watched the development of a slowly rotating lowered cloud base south
west of the storm's primary precipitation area. 
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1. FZashback: 24 May 1973 

By 1515, there was distinct Doppler velocity evidence that a tornado
scale vortex was present at midlevels near the storm's southwest edge (Chapters 
7 and 15). At the same time, the NSSL intercept team was observing funnel
like protrusions extending beneath the more rapidly rotating lowered cloud 
base. 

Also watching and photographing the storm were two teams of University of 
Oklahoma (OU) meteorology students (Moller et al., 1974). One team, approach
ing the storm from the southeast, got into position 12 km southeast of Union 
City just before the funnel first appeared. The second team had headed toward 
the cold front, but--based on a phone call to NSSL--had turned around and now 
was rushing southeast to catch the storm. 

With time, what now is known as the Doppler tornadic vortex signature 
descended to the ground and, concurrently, a funnel appeared below cloud base 
(Chapter 15). From 1538 to 1548, while the funnel descended and retracted 
several times as it moved eastward, a dust cloud continuously was evident on 
the ground. The NSSL intercept team, racing eastward during this development 
stage, arrived at their final photography site--9 km southeast of the tornado-
just before the visual funnel made continuous contact· with the ground (Chapter 
11). . 

By the time the tornado reached Union City, it had left in its wake a 
10-km long damage swath through open farmland. Of the six farmsteads affected, 
five had damage limited primarily to outbuildings and trees. However, on the 
sixth farm--2 km west of Union City--the house was destroyed completely 
(Chapter 13). Post-analysis of photographs taken by the intercept team about 
the same time would reveal tangential velocities over 80 m s-l in the debris 
cloud (Chapter 14). 

As the tornado entered the northwest outskirts of Union City at 1556, it 
started to shrink in size, move more toward the southeast and gain forward 
speed. In Union City, about 20 houses were totally destroyed and an equal 
number received major damage. All mobile homes (18) within the tornado's 
path were demolished. The town's grain elevator was toppled and several 
churches and businesses were heavily damaged. Miraculously, no one was 
killed. The populace was alerted both by seeing the approaching tornado as 
well as by timely National Weather Service warnings. 

From the north, the second OU student team entered Union City just as the 
tornado was leaving the southeast part of town. The team had been forced to 
drive through heavy rain and increasingly large hail to get to the storm's 
south side. Setting up cameras in the damage path, the students photographed 
the receding tornado (Moller et al., 1974). . 

The damage path extended another 6km southeast of Union City.' Although 
the tornado was shrinking and becoming more tilted, it remained destructive 
withphotogranmetricwind speeds of.at least 65 m s'-l (Chapter 14). It 
passed over two more farmsteads southeast of town and both received heavy 
damage; the second farmhouse completely disappeared leaving a clean concrete 
slab. When the fragmented serpentine tornado funnel dissipated at 1604, it 
was 4 km east of the NSSL tornado intercept team. 
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Before sunset~ an NSSL-chartered aircraft surveyed and documented the 
damage path. Later that night, NSSL meteorologists and OU meteorology stu
dents exchanged experiences and outlined procedures for conducting damage 
surveys and eyewitness interviews starting early the next morning. The days 
and weeks to followJw6u1d be occupied by the arduous tasks of .organizingand 
interpreting data that should lead toward a better understanding of tornadic 
storms. . , 

REFERENCES 
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Chapter 2 

GENERAL SYNOPTIC SITUATION 

Charles L. Vlcekl 

NationaZ Seve:roe Sto:roms Labo:roatoroy 
No:roman, OkZahoma '13069 

The synoptic-scale situation leading to the occurrence of 
severe weather on 24 May 1973 is investigated. Severe weather 
events in the central Plains were concentrated along an advancing 
cold front and those in the southern Plains formed along an axis of 
moist air. The Union City tornado occurred in the region where 
the front intersected the moisture axis. 

2.1 Synoptic Analysis at 0600 CST 

The sequence of events leading to the Union City tornado began on 23 May 
1973 when ~ 500 mb low north of Lake Superior elongated west-southwestward and 
a new center formed at the junction of North Dakota, South Dakota and Minn
esota. A weak, but well-defined, short wave associated with the new low began 
to sweep southeastward from the northern High Plains. The principal features 
of the 500 mb chart at 0600 CST on 24 May (Fig. 2.1a) are (l) moderate jets in 
southern Nebraska and southern Texas and (2) a thermal trough coincident with 
the approaching short wave which indicates the beginning of cold air advection 
over Oklahoma. The pocket of warm air over eastern Colorado, actually quite 
weak (maximum temperature -14°C), probably is due to mountain-induced subsi
dence and may be ignored since. it did not persist. A region of weak difluence 
and velocity divergence was present over the Oklahoma and Texas Panhandles. 
However, there was little or no change in local vorticity in or near that area 
throughout the day. 

Analysis of the 700 mb field at 0600 (Fig. 2.1b) revealed a sharp short
wave ridge over extreme western Oklahoma with its following trough almost 
directly underneath the 500 mb trough. Warm air advection occurred in Oklahoma 
at the time with the temperature at 9°C over Amarillo, 8°C over Dodge City, 
and 7°C over Oklahoma City. Cold advection took place behind and along the 
trough. There were no definite regions of maximum winds or dry intrusions. 
Instead the air was rather uniformly dry with dew-point depressions of 13°C or 
more south of the Kansas-Nebraska border. 

Ipresent affiliation: National Meteorologic'al Center, National Weather 
Service, Washington, D.C. 20233. 
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2. Synoptia-ScaZe Environment 

a) b) 
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Fig. 2.1 MeteoroZogicaZ parametersanaZyzed at a) 600 mb~ b) 700 mb~ c) 
860 mb anddl surface~ 0600 CST~ 24 May 1973. Solid'lines~height above sea 
level (decameter:s) or sea~leveZ pressure (millibar); thin dashed Zines~ tem
perature; dash-dot lin.es~. de1;)~point ,temperature; wind barb~ 6 m s-l~ flag~ 
26 m s-1. Pressui'e tro~gh indicated by heavy dashed line. Union City loca
tion denoted by dot in west-central Oklahoma. 
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Moist air was pres~nt at the 850 mb level-(Fig. 2.1c). The region with 
greatest moisture extended from the TexasGul f coast northwestward into the ,
Texas panhandle, western Oklahoma and eastern Kansas. Meanwhile a thermal 
ridge lay over eastern New Mexico and southwestern Texas, while a thermal 
trough ,extended from the Dakotas to southeastern Colorado. A branch of the 
thermal ridge, coinciding with the moist air over the Texas Panhandle, north
western Oklahoma and central Kansas, lay parallel to and just ahead of the 
height trough. This particular configuration greatly enhances the prospects __ 
for severe activity in the form of a squall line along the front by combining 
maximum instability with maximum low-level convergence. 

At 0600 on 24 May, moisture at the surface (Fig. 2.ld) was still mostly 
confined to Texas and the Gulf coast as low-level return had not yet become 
organized. At 1800 on 23 May, the surface front northwest of 'Oklahoma was 
poorly defined but frontogenesis continued through the night and by the next 
morning the front was well marked with 'Clearly defined support at all levels 
up to 500 mb. Strength and definition of the trough continued to increase at 
all levels as the day progressed. 

Over central Oklahoma the strongest tropospheric winds were about 
40 m s-lfrom the west-northwest occurring at the tropopause near the 200 mb 
pressure level (12 km). These winds were at the northern edge of a broad band 
of slightly stronger winds at tropopause height which were centered over Texas 
and Oklahoma. 

A composite view of some of the pertinent synoptic features at 0600 
(Fig. 2.2) reveals that--although severe weather was not imminent for Oklahoma 
and the Texas Panhandle--there was 
strong likelihood that severe weather 
would occur if the front and upper 
troughs invaded the region occupied by 
the moist 850 mb air. The moist air 
in the Texas panhandle coincided with 
a small region of greatest temperature 
difference between 850 and 500 mb 
levels, as well as a moderate amount 
of wind shear between these two levels. 
This area was the scene of some early 
convective development, shortly after 
noon. 

Since the low-level moisture 
had just begun to return in Oklahoma, 
local soundings made at 0600 were not 
representative of the severe weather 
potential for Oklahoma that day, but 
there was little doubt that unstable 
air was on its way for a rendezvous 
with the front and upper troughs 
over Oklahoma. Abilene, in west
central Texas, recorded a Lifted 
Index of -8 and a Lifted Index of-5 
was forecast for Oklahoma City by the 
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2. Synoptic-ScaZe Environment 

National Severe Storms Forecast Center (NSSFC), later verified by soundings 
taken at NSSL. 

The sequence of events through 0600 on 24 May gave enough indication of 
potential severe weather to permit NSSL to prepare for data collection; mean
while NSSFC put out a Convective Outlook indicating the possibility of a few 
severe thunderstorms in the eastern two-thirds of Oklahoma, later amended to 
include all of Oklahoma except the Panhandle. 

2.2 DEVELOPMENT OF SEVERE WEATHER POTENTIAL 

As th'e day progressed the likelihood of severe weather increased. Al
though the next available upper level charts show the condition of the atmo
sphere at 1800, two hours after the occurrence of the Union City tornado, the 
intervening sequence of events can be inferred by interpolation between these 
and the charts shown in Fig. 2.1. The surface front and associated upper 
level troughs continued to advance into Oklahoma. The approach of the 500 mb 
trough was marked by slight (1°C) cooling over Oklahoma City between 0600 and 
1800 CST, a time when diurnal warming would be expected. 

Cooling at 700 mb was also slight, with a 1°C drop during the day over 
Amarillo and Oklqhoma City. The strong cold advection occuring over western 
South Dakota and western Nebraska at 0600 had not reached Oklahoma during the 
day. However, the short-wave ridge which had been over central Oklahoma at 
0600 moved east and winds were backing from northwest to southwest with the 
approach ,of the next trough. ' 

Winds over Oklahoma were backing a few degrees at the 850 mb level, 
drawing in moisture over Oklahoma City and raising the Total Totals Index from 
48 at 0600 to 53 at 1800. Significant low-level convergence at 1800 was 
indicated along the 850 mb trough and attendant surface front by winds which 
were southerly ahead, northw~sterly behind, and southwesterly along the 
trough. 

The surface front which had been south of the Red River moved back into 
southwestern Oklahoma, then gradually dissipated. Moist air flowed into 
southwestern Oklahoma where dew-point temperature exceeded 20°C. Dew-points 
were generally in the upper teens elsewhere in Oklahoma except in the north
east where drier air was slow to evacuate. Meanwhile solar heating raised 'the 
temperatures ahead of the front to 25°C or greater. 

2.3 SYNOPTIC FEATURES AT 1400 CST 

By 1400, just before the NSSL surveillance rada'r detected first echo of 
the Union City storm, linearly-interpolated positions of significant synoptic
scale features were stacked almost vertically over northwestern Oklahoma 
(Fig. 2.3). The superposition of these features would mean that the regions 
of maximum horizontal wind shear at each level and maximum low-level moisture 
would overlap, with considerable vertical wind shear and low-level convergence 
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also present. The timing of trough 
line passages at various levels through· 
special ~awinsondes sites operated by 
NSSL is discussed by Brandes (Chapter 
3). 

Evolution of key severe storm 
parameters during the day indicated 
that environmental thermodynamics 
provided the primary influence on 
severe storm development (Table 2.1). 
The Lifted and Total Totals Indices at 
1400 indicated strong potential in
stability near the developing storm. 

Despite the absence of certain 
ingredients for producing severe 
thunderstorms (Table 2.1), those that 
were present were potent enough. The 
NSSFC forecaster issued Tornado Watch 
#267 at 1300, valid from 1330.to 1930. 
The area covered was aiong and 110 km 
either side of a line from 35 km 
s.outhwest· of Altus, Oklahoma, to 35 km 
northwe.st of Joplin, Missouri; this 
area included most of southwestern, 
central and northeastern Oklahoma. 
Scattered severe thunderstorms (up

CharZes L. VZaep. 

500mb , 7~00. b . SURFACE 
TROUGH UNE. : 

I I 

i !. 
. ': /1J'w 

. !//A H 
,// 

T-TORNADO 
H,.HAIL 
F -FUNNEL CLOUD 
W-DAMAGING WINDS 
, I , , ! , 

o 500km 

• I 

24 MAY 1973 
1400 CST . 

Fig. 2.3 Composite map key para-
meters interpoZated to 1400 CST on 
24 May 1973. Shown are the Zoaations 
of severe weather events during the 
afternoon and earZy evening. 

graded from IIfew severe ll in the Convective Outlook) were expected as the 
result of an anticipated southwestward extension of the heavy activity that 
had already formed in northeast Kansas and west central Missouri. The squall 
line did build southwestward as forecast and resulted in severe weather in 
northwest and north central Oklahoma, while the activity which had erupted in 
the southern Texas P.9nhandle moved eastward into southwest Oklahoma resulting 
in some severe weather occurrences there. 

The. composite map (Fig. 2.3) shows all severe weather events reported by 
Storm Data (NOAA, 1973) during the afternoon and early evening. As expected, 
the severe activity was concentrated along the advancing cold front, as well 
as in Texas near the axis of low-level moisture where a surface intrusion of 
dry air led to late afternoon severe weather occurrences. 

2.4 SUMMARY 

Severe activity surrounding the tornadic Union City storm resulted from 
the meteorological sequence: 

(l) A west-southwestward elongation developed from a 500 mb low pressure 
area just north of the Great Lakes, and a new center formed at the 
western end of this elongation over the Dakotas and Minnesota. 
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2. Synoptic-ScaZe Environment 

TABLE 2.1 Strength of ~ey Severe Stor.m Parameters (after MiZZer, 1972) Over CentraZ 
OkZahoma on 24 May "1973. Strength Categories are Weak (W), Moderate (M), 
or Strong (8). PaPameters at 1400 CST Obtained From Composite Sounding 
and InterpoZated Constant-Pressure Maps. 

RANK PARAHETER 0600 CST 1400 CST 1800 CST 

I 500 mb No Positive Vort. No Positive Vort. No Positive Vort. 
Vorticity Advection (W) Advection (W) Advection (W) 

2 Stab iIi t'y Li fted Index +2 (W) -7.6 (s) -4.9 (H) 
Total Totals 48 (W) 60 (S) 53 (M) 

Hiddle Jet 9 m s -I . (w) 16 m s -I (w) 17 m s -I (W) 
3 level 3x10-5 5-

1 (W)* -5 -I 3x10-5 s-I(W)* Shear 3xl0 s (W)* 

Jet 39 m s -I (H) 42 m s -I (H) 32 m 5 
-I (H) 4 Upper 

5.5xI0-5 s-I 6x10-5 s-I 6x10-5 5 
-I Shear (H)* (H)* (M)* 

5 
low-level (; m s -I (W) 12 m s -I (W-H) . 10 m s -I (W) Jet 

6 low-level Hoisture -I (W) -I (H) 14 g -I (s) 
(Hean Hixing Ratio) 7 g kg 11.3 g kg kg 

7 
850 mb Hax. West of Hoist West of Hoist West of Mo i st 

·Temp. Field Ridge (S) Ridge (S) . Ridge (S) 

8 700 mb Dry Dry Air Dry Ai r Dry Ai r 
Air Intrusion Present (S) Present (S) Present (S) 

9 
Surface· .12-h I mb (H) 1mb (M) 2 mb (M) Pressure Fa II s 

10 500 mb 20 m. (W) 20 m (W) 20 m (w) Height Change 

I I 
. Wet-Bu I b o°c 

1.83 km (H) 2.75 km ,(H) '. '. 3.35 km (H) Height AGl . 

12 Surface Pressure 1007 mb (M) 1003 mb (s) 1005 mb (M-S) 

13 
Surface Dew-Point 11.5°C (W) 17.6°c (M-S) 21.0°C (S) 

Temperature 

*Shear over 165 km distance 
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(2) 

(3) 

(4) 

(5) 

(6) 

CharZes L. VZcek 
A short-wave trough formed at all levels, including frontogenesis at 
the surface, and rotated about the low. 

As the trough and front approached Oklahoma, low-level wi-nds ahead 
of the front backed to a more southerly or southeasterly direction, 
increasing the convergence along the front and drawing moist un
stable air around an old front which lay parallel to the Red River 
in northern Texas. The western end of the old front backed into 
southwest Oklahoma under the influence of the approaching short 
wave, concentrating low-level moisture into that region. 

Initial activity broke out in two regions particularly favorable for 
such development~ The first region, in northeastern Kansas, was one 
of maximum dynamic lifting, where high-level divergence coincided 
with the intersection of the tip of the moist tongue with the sur
face front, near the low-level jet. The second region, in the 
southern Texas Panhandle, was one of maximum" instability triggered 
by the arrival of the cold front and upper troughs as well as by 
solar heating at the surface. 

The initial severe weather activity in Oklahoma resulted from the 
squall line in northeastern Kansas building southwestward along the 
front into northwestern Oklahoma and the activity in the Texas 
Panhandle advecting into southwestern Oklahoma. " 

Juxtaposition of the surface front, upper troughs and low-level 
moist tongue in western Oklahoma at 1400 CST led to concentrated 
dynamic forces in central Oklahoma later that afternoon. 
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Chapter 3 

SUBSYNOPTIC-SCALE METEOROLOGlCAL FEATURES AND 
ASSOCIATED CONVECTIVE ACTIVITY ON 24 MAY 1973 

Edward A. Brandes 
NationaZ Severe Sto~s Laboratory 

No~an, OkZahoma 73069 

The Union City tornadic storm deve10ped approximate1y 55 km 
ahead of a s1ow-moving co1d front. Environmenta1 conditions were 
characterized by deep surface moisture and 1arge vertica1 wind 
shear. The storm apparent1y was triggered by a ~inor upper air 
trough that moved out ahead of the co1d front. 

3.1 Introduction 

In this Chapter we examine subsynoptic-scale meteorological conditions 
associated with the convection of 24 May 1973 and describe the environment in 
which the Union City tornadic storm developed. For our investigation we 
utilize hourly products (1300-1700 CST) from a subsynoptic objective analysis 
routine (Barnes, 1973). The output includes streamlines, divergence, vor
ticity, wet-bulb potential temperature, and moisture convergence fields in 
addition to the more fam,iliar wind speed, pressure,temperature, and dew-point 
temperature fields. Reports from National Weather Service and military 
stations have been supplemented with observations from the National Severe 
Storms Laboratory (NSSL) a mesonetwork (average combined station spacing 80 
km). A complete collection of all hourly maps and all analyzed fields is 
gfven in Appendix B. Observations from the NSSL !3 mesonetwork (average 
station spacing 15 km), a three-station rawinsonde network, and the NSSL 
weather radars also were used. 

3.2 SURFACE METEOROLOGICAL FEATURES 

At 1300 (all times CST) a weak cold front stretched across northwestern 
Oklahoma. Strong thunderstorm activity along the front in eastern Kansas 
tapered to small but intensifying showers in north central Oklahoma. In 
northwest Texas, an area of moderate thundershowers was located ahead (south) 
of the cold front, in a region of westerly winds which converged further east 
with southeasterly winds. The attendant cloud pattern as viewed from the 
Defense Meteorological Satellite at 1252 is shown in Fig. 3.1. The wind 
streamline pattern (see Brandes, Appendix B) reveals a confluent wave-like 
wind feature with its crest in the southwestern corner of Oklahoma; surface 
observations indicate convective activity was just beginning in this area. 
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3. Subsynoptic-Scale Features 

Fig. 3.1 Defense Meteorological Satellite cloud photograph at 1252 CST~ 
24 May 1973. 
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EdJua:r>d A. Br'andes 

The surface pressurepatte.rn consists of a trough extending from a low 
pressure center :;in southeastern Kansas southwestward to a second center south 
of the Texas Panhandle. Nearly uniform temperatures, in the upper 20'soC, 
were obs~r'led over Oklahoma except behind the front. Maximum dew-point tem
peratures (>18°C) were in a band along and just ahead of the front--coincident 
with the broad band of cumulus clouds ~vident in Fig. 3.1. The presence ~f 

. dry air, both at ;thesurface and aloft, suppressed convection- along the front 
in the Texa~ Panhandle .. A ~ry line p~r ~ was not readily a~pa:entin the· 
data, due--ln part--to mlSSlng dew-polnt temperatures at P1alnvlewand Lub-
bock, Texas. . 

Except in western Texas, thunderstorms were near the axis of maximum wind 
convergence located slightly to the west of the high moisture axis •. ' Compa.red 
with other severe weather days, convergence, vorticity and moisture conver
gence we·re not parti cu1 ar1y strong. 

After 1300, thunderstorm activity .increased. Nearly all radar echoes· 
remained within the moisture convergent area and in general were oriented 
along the maximum moisture convergence axis. The largest and most intense 
thunderstorms were near moisture convergence maxima. A surface low pressure 
center was located in the vicinity of the wave crest between 1400 and 1700. 
However, a closed cyclonic circulation was evident only at 1600 and 1700 •. 

FSI 

33) 

CliO 

ADA 
29 " 

BVO 

.y 
TUL 

;; 
OKM 

5 

MLC 

~ 

1400 CST 
24 MAY 1973 

Fig. 5.2 Surface conditions at 1400 CST~ 24 May 1975 using observations 
from NationaZ Weather Service stations (0) and NSSL, a and S mesonetwork 
stations (x). L denotes center of Zow pressure area. Temperature (OC) is 
pZotted next to station Zocation.. Long wind barb is 5 m s-:. StippZed areas 
are 0° eZevation radar echo outhnes from NSSL WSR-57 survet-ZZance radar. 
Position of first radar echo (1405 CST) of Union City storm is indicated. 
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3. Subsynoptic-Scale Features 

The Union City storm "first echo" was observed at 1405 approximately 55 km 
ahead of the cold front (see Fig. 3.2). NSSL field observers noted that the 
echo was associated with the largest cloud tower in a north-south line of devel
oping cumuli within the general cloud band ahead of the cold front (see Golden, 
Appendix A). ·Further east and west, except in the frontal zone, clouds had 
considerably less vertical development. Showers which formed between the Union 
City storm and the front remained small scale and dissipated as the storm grew 
rapidly between 1400 and 1500. New cell growth to the north and south even
tually extended to the cold front and to the activity in Texas. 

As convection coverage and intensity increased, temperature and computed 
meteorological fields dependent upon wind observations (i.e., vorticity, 
divergence, etc.) became increasingly dominated by smaller scale features. By 
1700, southerly winds began to return at sites west of the thunderstorms indi
cating storms in eastern Oklahoma were detached from the front. 

Still later, precipitation coverage and intensity slowly began to de
crease. The wind pattern revealed two distinct convergent areas--one along 
the cold front and another in southeastern Oklahoma. The Iinoise level" 
remained high in the computer products (especially in the vorticity and con
vergence fields) while extrema decreased. Moisture convergence was consider
ably weaker and was primarily located at the leading edge of the thundershower 
line. ' 

3.3 ENVIRONMENT OF THE UNION CITY TORNADIC STORM 

The Union City storm formed within a region of light southwesterly winds 
and surface temperatures of approximately 28°C. Slightly greater wind speeds 
(6 to 8 m s-l) from the southeast were located to the east (Fig. 3.2). On the 
subsynoptic scale winds were convergent and vorticity was slightly negative. 

In anticipation of severe weather, rawinsondes were released from Fort 
Sill (FSI) and Tinker Air Force Base (TIK) at 1400 (see Appendix C for illus
trated soundings). The FSI sounding, northeast of the Texas activity and 
within the prefrontal band of southwesterly winds where the storm formed, 
revealed a Lifted Index of -7 and a low-level moist layer extending to nearly 
850 mb (1.06 km AGL). The TIK release, east of all showers, revealed the 
moisture layer to be below 900 mb (0.56 km). The Lifted Index for this 
sounding (TIK) was -2, a decrease from +2 at 0600. Except near the ground, 
low level winds were parallel to the front throughout the moist layer while at 
greater heights they veered rapidly to the west. Environmental stability and 
wind shear characteristics given by Marwitz (1972) for several documented 
supercell storms are reproduced in Table 3.1. Computed parameters for the TIK 
sounding (Union City tornadic storm) are included for comparison. 

An interesting feature of the NSSL sounding released at 1532. is the 
appearance of a 1°C lOW-level inversion near 870 mb (0.85 km). Beebe (1963) 
has shown that lOW-level temperature inversions in the vicinity of severe 
storms are lifted by the approaching storm. It may be that some inversions 
owe their existence to large severe stOrms. Mass continuity consider~tions 
require strong updrafts to have subsidence in surrounding regions. Fankhauser 
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TABLE D.l 

CASE STUDY 

EdMard A. Brandes 

Thermodynamia.· StabiZity and Wind Shear Parameters for Certain 
Wel:l-Doaumented SuperaeZZ Storms (after Marwitz:I 1972).· 

Thermal buoyancy at Veering in Mean wind in Mean wind Storm motion Shear in 500 mb using parcel subc10ud subc1o~d l~yer surface to· 1 (de / -) c1o~d l!Ier 
method (OC) layer (deg) (deg/m s-l) 10 km (deg/m s- ) g m s (10 3 s ) 

Browning and Donaldson +4 \ 50- 180/17 260/27 255/10' 2.5 

Browning +8 80 190/13 255/25 270/10 4.0 

Haglund +5 60 200/13 265/25 280/14 2.5 

Marwitz and Berry +9 90 , 190/10 250/17 ·285/14 4.5 

Grover Storm +5 60 160/11 250/15 320/9 4.0 

Union City Storm. (TIK 1400) -1;8 60 227/9 268/19 283/10. 3.7 

(1971) has found that moisture requirements for large thunderstorms are met by 
drawing moisture from an area approximately three times that swept out by the 
storm. Convective activity, except in proximity to the main updraft, would be 
suppressed due to a reduction in low-level moisture content in surrounding 
regions. Fu.rthermore, the temperature inversion would restrict the region of 
low-level energy re1ease:--a self-preserving characteristic of large severe 
storms. 

3.4 POSSIBLE TRIGGERING MECHANISMS 

The TIK andFSI soundings indicated a 31°C surface temperature would be 
required to initiate convective overturning. Inspection of standard level 
wind data (Table 3.2) shows. that northwesterly wind directions early in the 
day (700 and 500 mb) backed to the southwest at 1532 and later returned to the 
northwest. The extent to which severe storm blocking influenced the 1532 
sounding is not known but is thought to be less than the total directional 
change over the period shown. . The pattern suggests the passage of a minor 
upper air, trough that likely acted to trigger the Union City storm. During 
the afternoon, this upper air feature, which may also have been responsible 
for the early activity in Texas, overran both the front and the moist tongue 
to the east. Thus, after 1700, activity decreased along the front due to lack 
of upper air support and decreased further east due to reduced convergence of 
moist surface air. 

3.5 SUMMARY AND CONCLUStON 

The Union City storm environment has been described with the aid of 
hourly objective surface analysis products and periodic rawinsonde measure
ments. Storm formation was approximately 55 km ahead of a developing line of 
frontal thunderstorms. Presence of large vertical wind shear, abundant low 
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3. Subsynoptia-SaaZe Features 

TABLE 3.2 Trend in Wind Direation at Standard LeveZs. 

T1K and NSSL FSI 

850 mb 

0600 230/4 m 5 
-1 1400 206/9 m 5 

-1 

1400 241/11 1600 222/13 

1532 212/14 1715 231/12 

1715 244/7 

1818 226/8 

700 mb 

0600 340/8 1400 255/13 

1400 248/12 1600 263/17 

1"532 239/16 1715 295/18 

1715 283il5 

1818 295/15 

500 mb 

0600 295/16 1400 278/16 

1400 285/18 1600 MISSING 

1532 265/18 1715 277/20 

1715 268/15 

1818 283/19-

1 eve 1 moi sture, and a front are typical of severe storm envi rons. The i so
la.ted sever~storm ahead of the squall line most probably was triggered by the 
passage ofanupper-l evel trough. . i . . . 
'. !", . .., • • 
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EduJard A. Brandes 
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Chapter 4 

TALL TOWER MEASUREMENTS PRECEDING 
THE UNION CITY TORNADIC STORM 

W. David Zittel 
Nationa. Z Severe Storms Laboratory 

Norman, OkZahoma . 73069 

Data from a 481 m meteorologically-instrumented TV tower in 
north Oklahoma City are analyzed for the 24-hour period prior to 
a tornadic storm during the afternoon of 24 May 1973. Differential 
advection during the night enhanced a radiational low-level 
inversion that restricted convective mixing the following morning. 
Also, a shallow moist layer permitted strong surface radiational 
heating. In the late morning, a deeper moisture layer was ad
vected into the area. 

4.1 Introduction 

Since 1966, the National Severe Storms Laboratory (NSSL) has collected 
data from a 481 m tall meteorologically instrumented TV transmitting tower 
owned by WKY Television Systemsl • The tower is located 37 km north of NSSL in 
gently rolling terrain. Downtown Oklahoma City is 10 km southwest while its 
suburbs extend to within 4 kmof the site. Sanders and Weber (l970) provide 
details of the local terrain. 

On 24 May 1973, the Union City tornado occurred approximately 45 to 55 km 
west-southwest of the tower facility. Being east of the developing tornadic 
storm, tower measurements reflect general characteristics of the lowest 0.5 km 
of the environment in which the storm formed. Round-the-clock monitoring of 
the atmosphere has made it possible to deduce the sequence of events which 
favored convective activity on this day. 

4.2 TOWER INSTRUMENTATION 

For the 1973 spring season, meteorological instruments were located at 
89, 266 and 444 m above the ground. Wind speed and direction were sensed with 
aerovanes, while vertical velocity was sensed with Gill vanes. Dry- and wet
bulb temperatures were measured using aspirated shielded linearized thermis
tors; wet-bulb temperature measurement was achieved by attaching a muslin wick 
over a thermistor and placing the other end in a water reservoir. Pressure 

I Now KTVY. 
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4. TaZZ Tower Measurements 

units were mounted at 89 and 444 m and a pyranometer and raingage were located 
at the surface. Some signal conditioning was performed at the tower site. 
Data were converted from analog to digital form and then telemetered to NSSL 
in Norman for recording on magnetic tape. Carter (1970) and Goff and Zittel 
(1974) give more information about instrumentation and calibration procedures. 

4.3 MEAN DIURNAL PATTERNS FOR mT AIR 

During the 1973 spring season, 37 days of digital data were collected at 
a 10 sec sampling rate. From these data, mean hourly values were computed and 
then the values were averaged by hour to determine an overall diurnal pattern 
for the approximately 20 days when a southerly wind was present. Data were 
stratified in this manner to provide a homogeneous sample of maritime tropical 
(mT) air originating over the Gulf of Mexico. The smaller diurnal temperature 
change and lapse rate variation revealed in the stratified data are consistent 
with that reported by Goff and Hudson (1972) for mT air. The mean moisture 
values for all hours averaged together at 89, 266, and 444 mare 11.2~ 10.7, 
and 10.2 g kg- l , respectJvely. The resultant wind follows the expected 
diurnal pattern of veering during the night and backing during the day (Craw
ford and Hudson, 1973). 

4.4 CONDITIONS ON 23-24 MAY 1973 

During the evening of 23 May and the morning of 24 May, tower-layer 
temperatures exhibited several interesting features--the two most prominent· 
being the warming at 444 m after 2300 CST on the 23rd and the strong heating 
at 89 m which occurred the morning of the 24th (Fig. 4.1). The 89 m tempera
ture rise was nearly 10°C while the diurnal temperature variation for other 
days with a southerly wind component was only about 7°C • 
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Fig. 4.1 Comparison of diurnal, pattern of averaged temperature dt:lta at 89 m 
for southerl,y wind days (dashed l,ine) to mean hourl,y temperatures (sol,id l,ines) 
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· W. David Zittel 

Excessive low-level heating was favored by the presence of an inversion 
in the tower layer (Fulks, 1951). The inversion acted as a cap, restricting 
convection to a shallow surface layer and thus, preventing dilution of the 
surface layer (Fleagle and Businger, 1963; Lee, 1973). Inversions are formed 
by three processes: (a) radiational cooling, (b) differentiafadvection, and 
(c) .subsidence(Watson, 1971). The first two.contributed directly to the 
formation of the inversion through-the tower layer. :A subsidencejnversion, 
while not directly observable by the tower, was indicated in the 24 May, 0600 
Tinker AFB (OKC) sounding at ahefght of 1750 m above the ground. 

On the evening of the 23rd, the temperature fell at 89 in (Fig. 4.1) due 
to surface radiational cooling, while after 2300, the- temperature started to 
rise at 444 m (Fig. 4.2). Warm air advection which likely accounted for the 
warming at 444 m, was also indicated on·the 0600 850 mb map. Between 0500 and 
0800 the lowest tower layer warmed quickly destroying the surface inversion 
(Fig. 4.2). Between 0800 and noo both the lower and mid levels warmed 
several degrees while the top warmed only slightly. After 1100 the entire 
tower layer warmed rapidly, the inversion through the tower having lifted and 
weakened. As late as 1530 CST, a Norman sounding still indicated a 1°C cap' 
at about 850 m height (see Brandes, Appendix C). 

Differential advection, while not strong on 23-24 May, played a crucial 
role in establishing favorable severe storm conditions. During the night and 
most of the morning winds veered both with time and height shifting to south
westerly flow (Fig. 4.3). Air arriving at 444 m after midnight was consider
ably drier than that at 89 m; the difference became especially pronounced 
between 0500 and 1000 (Fig. 4.4). The 
drier air permitted long-wave radia-
tion loss and surface cooling during 
the night as well as strong surface 
heating in the morning (Fig. 4.1). 
After 1100, tower layet winds began to 
back with time and height. As a 
result, the mixing ratio increased 
during the early afternoon reflecting 
moist air advection. Maximum hourly 
mixing ratio values for the day--12.2 
g kg-1 and 12.0 g kg- l at 89 and 444 m 
respectively--occurred at 1600. Also 
affected by the moisture return was 
the rate of temperature rise with 
time. The slope was much steeper 
between. 0600 and 1000 CST than between 
1000 and 1500 CST. 

The events, in chronological 
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during the early morning hours of 24 
May which produced a capping inversion. 
After sunrise, with moisture restricted Fig. 4.2 Tower temperature pro-
to the ground'layer, strong surface files at three hour intervals from 
radiational heating occurred. By late 2300~ 23 May 1973 to 1400~ 24 May 

1973. 
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4. TaZZ Tower Measurements 
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(dashed Une) for 23-24 May 1973. 

morning, a deeper moist layer was advected into the area. These events--along 
, with other atmospheric conditions discussed by Vlcek (Chapter 2) and Brandes 

(Chapter 3}--provided a favorable environment for the development of the Union 
City storm. 
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Chapter 5 

UNION CITY STORM HISTORY 

Donald W. Burgess and Leslie ~.Lemonl 
National, Seve:r>e Storms Labo:r>ato:r>y 

'Norman; OkZahoma 73069 

~igh resolution NSSL radar recorded the reflectivity life 
history of the Union'City tornadic storm. The developing storm 
is categorized a~ multicellular, but evolves into the cl~ssical 
supercell structure (sloping overhang, vault and hook echo). ' 
During the supercell phase, a complex of nearby cells develops 
but the Union City storm retains i~s dominance over all other 
convection. While the tornado is on the ground, the supercell 
~ndergoes collapse. The tornad6's final stages occur in an 
echo ~hose intensity is weakenfng and whose character appears 
benign. 

5. 1 Introduction 

Historically, the interpretation of radar echoes has played a leading role 
in research aimed at understanding thunderstorm structure and evolution. 
It was a radar study of two storms (Wokingham and Geary) which led Browning \ 
and Donaldson (1963) to the conclusion that the severe local storm maintained 
a distinctive structur~," Similarities in echo characteristics for severe 
storms pointed to classification systems and life cycles based on radar echo 
appearance. Notable severe storm classifications, proposed by Browning (1968), 
Marwitz (1972) and Chisholm (1973), include the categories of squall line, 
multicell, supercell, and severely sheared storms. 

Radar echoes also have been used as the leading tool in storm severity 
determinations for warning purposes. Tornado warnings are issued partly from 
observations of pendant or hook type echoes (Donaldson, 1965). 

The location of the Union City tornadic supercell storm provided a 
unique opportunity for the National Severe Storms Laboratory (NSSL) radars to 
record its reflectivity life history. Using reflectivity data, we examine the 
storm's multicelluar origin, its development into a dominant single cell 
(supercell) and subsequent evolution into a storm complex composed of several 
cells. The character of the supercell weak echo region (WER) is emphasized. 

Ipresent affiliation: National Severe Storms Forecast Center, Techniques 
Development Unit, Federal Building, Kansas City, Missouri 64106. 
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5. Union City Stop,m Histopy 

A portion of storm development was over the NSSL mesonetwork of surface 
recording sites, permitting echo character to be compared with surface para
meters. In addition, reports from NSSL storm intercept teams were blended 
with surface data to provide more information. 

All radar reflectivity, surface and storm intercept data were utilized to 
prescribe storm life cycle. The conventional radar data, comparable with that 
available to facilities with warning responsibility, are tested for its value 
in providing accurate tornado warnings to the public. 

5.2 DATA SOURCES 

Reflectivity data were available from the NSSL WSR-57 surveillance radar 
(beamwidth 2.2°) and Doppler radar (beamwidth 0.8°). See Sirmans (Appendix D) 
for complete radar parameters. Multiple pulse integration in spatial volumes 
by both radars provide very accurate intensity estimates (Sirmans and Doviak, 
1973). The data collection mode for both radars consisted of antennatilt 
sequences. TheWSR-57 sequence interval was 5 minutes and the Doppler se
quence interval was approximately 10 minutes. Only the WSR-57 tilt sequences 
included scans through the altitude of storm echo top. 

The storm echo was first detectable by the WSR-57 radar at 1405 CST, but 
Doppler reflectivity data collection did not begin until 1445. Therefore, 
early echo development was traced through the use of the WSR-57 and later echo 
evolution was studied by analyzing the higher resolution Doppler data •. Un~ 
fortunately, a Doppler radar malfunction .caused receiver saturation at rela
tively low power return levels after 1503. As a consequence, absolute values 
of intensities much above 45 dBZ at storm ranges were pot determined and·the 
highest intensity contoured from the Doppler data after 1503 is 45 dBZ. 
Doppler radar data were objectively analyzed using the method described by 
Brown (Appendix E). .. 

5.3 FIRST ECHO DEVELOPMENT 

Union City storm first echo formed just northwest of the NSSLmesonetwork 
and several kilometers west of a wind-shift line separating regions of south
easterly and southwesterly winds (Brandes, Chapter" 3). ·Intensification of the 
first precipitation core or.cell (labelled l' in Fig. 5.1) was depicted at 0° 
elevation angle as continuous growth. Howeve.r, at higher elevation angles, 
exemplifie.d by 4° elevation,. Cell l' grew rapidly until 1430· and then weaken
ed. ·A second 4° elevation cell (labelled 1) developed Just behind l' at 1430 
and inunediate1y experienced explosive growth. Apparently, ·precipitation from 
the two cells aloft merged at low levels giving rise to the single cell 
appearance at 0° elevation. Cell 1 became dominant by 1440 and served as the 
parent for future development while Cell l' gradually weakened and lost its 
identity. 
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Fig. 5.1 WSR-57 padar eahoes at given times and eZevation angZes fop 
deveZoping Union City stOr'fTl. ContoUI'S are in 10 dBZ interoaZs beginning at 
10 dBZ. . , 

First echo height has been correlated with later storm severity. Storms 
with great first echo height are quite often severe (Browning and Atlas, 
1965). The great height is _attributed to strong updrafts which carry cloud 
particles to high levels before they grow to radar detectable sizes. Cell l' 
first-echo midheight was 4.0 km, a level common for showers that fail· to 
develop into severe storms. Cell 1 fi'rst:"echo midheight was considerably 
higher--8.2 km--indicatingthe existence of much stronger updraft and high 
potential for severe storm development. 

Low-level echo motion for Cell 1 from 1410 to 1510 was from 260 0 at 
8 m s-l. This motion is slower and somewhat to the left of the pressure
weig~ted mean wind (clou.d base to tropopause), determined to be 2740 at 19.6 
m s- (Fig. 5.2). A portion of the deviation from the mean wind may be ex
plained by the development of Cell 1 aloft to the left rear ,of the existing 
cell (1') and both their contributions to the low-level echo. 

5.4 STORM EVOLUTION 

At 1446 the Doppler radar began a series of tilt sequences through the 
Union City storm which continued until the storm moved within the radar 

Lemon. 

ground 'clutter after 1600. Tilt sequence time periods, maximum e1ev~tion 
angles per tilt and selected reference times are in Table 5.1. These radar 
data are summarized (Fig. 5.3) by displaying together the objectively analyzed 
low-level reflectivity fields and regions where mid-levels echo between 4 and 
7 km above the ground extended outward 'beyond low-level echo. These mid-level 
overhang regions are ,used to detect new echoes, measure approximate echo size 
aloft and indicate possible updrafts. It is realized that all overhang does 
not indicate updraft, but consistent observat1on of overhang along echo,f1anks 
(not in the anvil outflow direction) is believed to reflect rising air within 
the storm's weak echo region or WER (Marwitz, 1972; Chisholm, 1973). Intense 
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Fig. 5.2 Hodog~h of~indS at 1400 comrosited from simultaneous r~insonde 
releases 90 kIn south cind 90 kIn east of the developing Union City stOP17l. Speed 
and direction of right-moving (R.M.) and left-moving (L.M.) portions after 
sp.Ut are indicated. 

updraft centers are often indicated by weak echo completely bounded by strong 
echo (Browning, 1965a). Bounded weak echo regions (BWER) appear hatched in 
Fig. 5.3; see Fig. 5.7 for enlarged presentation 

TABLE 5.1 

Number 

_2 

- 3 
4 

5 
6 

1 
8 

NSSL Doppler Radar Tilt Sequences through the Union City TOPrtadic 
StOP17l on 24 May 1973. 

Time Period (CST) 
1446 - 1453 
1503 - 1510 
1515-- 1519 
1527 - 1532 
1535 - 1540 
1544 - 1550 
1556 - 1601 
1604 - 1609 

Max. Elev. Angle 
(Intermittent) 5.90 

38 

10.0 0 

4.9 0 

5.9 0 

9.8 0 

11.90 

11.90 

11 • go 

Reference Time 
1446 

1503. 
1515 
1528 
1536 

·1545 

1556 
1604 
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Surface mesonetwork parameters of pressure~ temperature, dew.-point tem
perature and three minute average .wind, were obtained at one minute intervals 
from chart records. These data are plotted at selected times; time-to-space 
converted data were used to determine surface discontinuity positions (Fig. 
5.3). In addition, accurately timed observations from NSSL intercept teams 
are plotted to further illuminate the surface wind field along the storm's 
ri ghtfl ank. 

Early Doppler reflectivity data at 1446 (Fig. 5.3a) portray asmall~ 
west-east elongatec;l, low-level echo (Cell 1 from Fig. 5.l) with large overhang 
areas on both left and right storm flanks (storm is moving generally toward 
the ea~t).Embedded within the right flank overhang is a developing BWER 
labelled as A. The large overhang and deve10pin~ BWER serve as an indication 
of updraft intensification and transformation into a severe, supercel1storm. 

The storm at 1446 has overtaken the wind-shift line between southeasterly 
and southwesterly winds (broad dashed line in Fig 5.3a). It may be seen that 
the region of southwesterly wind is characterized by high moisture values, 
generally higher,in fact, than the region of southeasterly Winds. Note that 
the developing BWER A is apparently situated above the wind-shift line but 
data are sparse and preclude knowledge of exact line placement and possible 
extension to the north of the storm. The wind discontinuity preceded the 
storm in time and should not be thought of as a storm related gust front. A 
storm gust front is not inferred from the available data until 1528. 

Rapid storm intensification occurs (Fig.5.3b) as evidenced by increases 
in echo size, maximum reflectivity and BWER strength. Overhangs along the 
storm's left and right flanks persist, permitting inference of organized 
updrafts along both storm flanks. 

A north-south elongation and turn to the right of Cell 1 coincided with 
separate mid- and high-level reflectivity core development above the left and 
right flank WER's (Fig.' 5.3c); only one reflectivity core had been detected 
earl i er. The mu1 tip1e cores mark a developing sp1 it of the parent cell (1) 
into two separate thunderstorms. One cell (labeled 1L) moves left of the mean 
wind and the other (lR) moves to the right. The splitting process and airflow 
within cells 1L and 1R are discussed by Burgess et a1. (Chapter 6) and Lemon 
and Burgess (Chapter 8). It will suffice here to indicate that the WER's 
located on both left and right storm flanks are associated with the observed 
storm sp1 it. 

The wind-shift line and storm migrated eastward in a man'ner permitting 
the line to remain beneath the right flank WER. Confluence along the wind
shift line is depicted at all analysis times and strong convergence is in
ferred at 1515 from the appearance of a new weak echo center, BWER B. Its 
development is accompanied by a simultaneous dissipation of BWER A, so that by 
1528 (Fig. 5.3d) BWER B is taken as the right flank updraft center. 

A slight concavity in low-level echo contours is noted along the storm's 
right flank at 1515. This concavity grows and results in pendant echo forma
tion (Fig. 5.3d)--a change consistent with cyclonic circulation along the 
storm's right flank. The cyclonic perturbation continues to expand at low 
levels and may be called a hook echo by 1536 (Fig. 5.3e) and 1545 (Fig. 
5.3f) although it is poorly developed. 
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5. Union City Storm History 

A new cell, 2, is identified to the storm's rear at 1515 and is followed 
by another, Cell 3, identified 13 minutes later. Expansion of the rear over
hang and development of new cells give evidence of strong updrafts existing 
behind the splitting storm. This is confirmed by the observation of a 1arqe 
area of cumulus congestus overtaking and building into the storm from the rear-,.., 

. noted by the storm intercept team from their 1515 camera stop location (Golden, r 

Appendix A). Cell 4, a part of the original squall line, overtakes the storm . 
rear flank beginning at 1536. AJso two new cells, 5 and 6, are observed near 
the WER's of Cells 1L and 1R, respectively. The appearance of these two new 
cells is taken as discrete propagation along the storm flanks. Cell 6 is 
first seen in a confluent area near the wind-shift line and just ahead of the 
developing gust front. 

By 1536, the split of the original storm and the addition of several new 
cells result in a storm complex. However, one cell (lR) continues to dominate 
all others by virtue of its size and organization. Cell lR, stippled in Fig. 
5.3d through h, evidences its high degree of organization, i.e.~ supercel1 
status, by maintaining the largest horizontal echo area and maximum echo top, 
and by possessing a large WER with bounded center.and accompanying hook echo. 

Most supercell storms produce a surface gust front along their right 
flanks and Cell lR is no exception. Unfortunately, the sparsity of surface 
sites along the right flank precludes accurate positioning. The gust front 
locations shown in Fig. 5.3 were obtained fro~ storm intercept wind observa
tions and to a greater extent, by tracing, via pnotographs, the development of 
a low-level cloud line believed to describe the gust front position at 1545 
(for example, see Golden, Chapter 12, Fig. 12.1). As inferred, the gust front 
formed on the right rear cell flank just before 1528 and accelerated rapidly 
toward the right forward flank. 

The Union'City tornado funnel first appeared within the hook'echo of Cell 
, lR near 1536 (dot at north end of gust front) and produced damage beginning at 
1538. As can be seen from Fig •. 5.3e, the gust front rotates around the 
tornado position from south at 1536 to east at 1545. A rapid intensification 
of Cell 6 is noted as the gust front passes beneath it at 1545. Thejuxta:-

. position of the gust front and Cell 6 combine to explain, in part, the weaken
ing and collapse of storm lR. It can be seen (Fig. 5.3f) how the updraft 
regi on of 1 R . ;,scut off from the 1 ow-1 eve 1 southerly i nfl ow source that exi sted . 
earl i er.· . . 

The wind-shift line.becomes stationary after 1545 to the south of Cell 6 
and vigorous convection occurs along its boundary. Cells 7, 8, 9, 10 and 11 
form in rapid succession so that;by 1604·the storm complex has transformed 
into a short northeast-southwest oriented line, stretching from Cell 5 On the 
northeast to Cell 11 on the southwest. Cell 1 R is greatly reduced in inten
sity and loses its supercell status, becoming just another moderate cell 
within the line at 1604. Heavy rain, hail, high winds and funnel clouds were 
reported frQm Cells 3 and 6 through 11 after 1604 • 

. :Echo nlotion for all observed cells is tabulated in Table 5.2. Cell lR 
moves farthest to the right of the· mean wind of any cell although other well 
documented storms have deviated much further to the right (Marwitz, 1972; 
reproduced qy Brandes, Chapter 3, Tabl e"3. 1 ) • '. 
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All cells move slower than the mean wind with the most rapidly moving cells 
being lL and those along the wind~shift line south of Cell. lR. 

TABLE 5.2 Motion of Eahoes in Tiiainity of Union City Storm (lR) on 24.l1ay 
1973. Deviation Direationsand Speeds are Relative to Mean· 
Environmental Winds from Cloud Base to Tropopause. 

Ce 11 Direction Speed Time Period Dev. Dir. Dev. Seeed 
260 0 -1 8 ms .. 1410-1510 14 0 left -12 m s -1 

lR 286 0 10 m s -1 1515-1604 12 0 right -10 m 5 
-1 

lL 246 0 15 m s -1 1515-1604 28 0 left - 5 m 5 
-1 

2 N.A. N.A. N.A. N.A. N.A. 

3 264 0 9 m s -1 1528-1604 10 0 left -11 -1 m 5 

4 275 0 12 m s-1 1500-1556 10 right 8 m 5 
-1 -

5 268 0 15 m 5 
-1 1528-1545 60 left 5 m 5 

-1 -
6 278 0 14 m s -1 1535-1604 40 right 6 m 5 

-1 -
7 270 0 15 m 5 

-1 1545-1604 40 left 5 m 5 
";1 -

8 268 0 16 m-s -1 1556-1604 60 left 4 m 5 
-1 -

9 26r 18 m s -1 1556-1604 r left 2 m s -1 -
10 26r 16 m s -1 1556-1604 r left 4 m s -1 -
11 N.A. N .A. N.A. N.A. N.A./ 

5.5 WEAK ECHO REGION WITHIN CELL l-lR 

The previous section described the evolution of all cells making up the 
storm complex. Mention was made of the large weak echo region (WER) along the 
right fl ank of Cell 1 before echo spl it and 1 R after the spl it. This section 
examjnes the right flank WER in greater detail through the use of vertical 
cross-sections of Doppler reflectivity data oriented perpendicular to cell 
motion. These cross-sections are used to make inferences about updraft 
distribution. 

A vertical section through the right flank of Cell 1 at 1503 is oriented 
as shown by the solid line in Fig. 5.3b. The orientations for all cross
sections are shown at the appropriate times by solid lines in Fig. 5.3. The 
1503 section (Fig. 5.4a) shows the full extent of BWER A as it penetrates to 
the great height of 14 km. The BWER is believed to represent an unu~ua11y 
intense updraft center. Almost all of the BWER tilt is contained within the 
plane of the cross-section and is toward the north-northeast with increasing 
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height. A high-reflectivity dome caps the BWER and rises well above the 
estimated tropopause height (behavior of the maximum echo top is treated in 
the next section). 

Seemingly as rapidly as it has developed, BWER A diminishes in vertical 
extent. At 1515 (Fig. 5.4b) BWER A is smaller and is in the process of 
dissipating. An extensive WER remains along the right flank (Fig. 5.3c) and 
within it a new BWER labelled as B begins to develop (not detected in Fig. 
5.4b). The WER and even BWER are known to propagate continuously (Marwitz, 
1972) but in this case a discontinuous propagation of the BWER apparently 
occurs. The developing BWER Band dissipating BWER A are depicted in the 1528 
cross-section (Fig. 5.4c) with bounded center B extending the right flank echo 
overhang further to the south. 

It is curious that BWER A would become so strong and then begin dissi
pating so quickly. Past researchers have noted long-lived BWER'sand related 
their longevity to tilts which allow precipitation to fall outside the rising 
air. Also, those updraft centers ventilated aloft by strong winds--that carry 
precipitation away from the updraft summit before mass overloading can occur-
are believed to have longer lives. BWER A dissipated despite its favorable 
tilt and existence in a field of strong winds at its summit level. The larger 
dome of capping precipitation apparent at 1515 is responsible for updraft 
water loading (Kessler,1969), but probably not enough to destroy the intense 
updraft. A possible explanation for the observed updraft core dissipation 
based on Doppler derived airflow is discussed by Lemon (Appendix F). . 

Along with the development of bounded ce.nter B, a channel of weak echo is 
formed between centers A and B with horizontal extent sh6wnby the hatched 
areas in Fig. 5.5. Cross-sections taken at 1515., 1528 and 1536 (Figs. 5.4b, 
c and d) are a long the weak echo channel. The WER featurE~s of BWER A, BWER B 
and connection channel are used to infer that before 1515 the updraft is 
concentrated into one intense center (A), but after 1515 the updraft covers a 
larger area with center B never approaching the size or vertical extent of 

. center A. 

o 10 20km 
I . , \ s· , 

Pig. 5.5 Motion of bounded 'Weak echo· regions A and B. Solid contoUX's aPe 
for 6 km height~ dashed for 5· km. Hatching denoteiJ 1lJeakrefiectivity channe~ 
at 1515~ 1528 ana 1536. 
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BWER B grows until 1536 when it too begins to dissipate. Note that it is 
nearly vertical before 1545 (Fig. 5.4) and its limited lifetime .may be caused 
by precipitationfallirig back through the rising air. Duririg the dissipation 
of BWER B (Fig. 5.4e) the updraft core does not propagate further south and 
the supercell weakens. A contributing cause for the failure of updraft propa
gation is the nonbuoyant air found beneath the updraft as a result of the gust 
front movement- and development of Cell 6. By 1545, BWER B and the entire 
right flank overhang are collapsing.· Cross~sections at 1556 and 1604 (not 
shown) do not reveal a WER for Cell lR. 

The movement of BWERls A andB (shown in Fig. 5.5) is to the left of cell 
motion and, also, .left of the pressure-weighted mean wind for the height . 
interval involved (cloud base to 7 km wind--269Q at 15 m s-'). The observed 
deviate motion is most likely produced by updraft mixing of momentum from 
different levels or internal storm circulation steering. In any event, it may 
be seen that discontinuous propagation of the intense updraft center (BWER) 
was necessary to maintain its position on the cellis right flank. 

5.6 STORM LIFE CYCLE 

The Union City storm is best summarized by viewing its maximum radar echo 
tops (Fig. 5.6). As previously mentioned, the developing storm was composed 
of two cells (multicell) until one cell 'became dominant and assumed supercell 
characteristics (persistent sloping overhang (WER), BWER and hook echo). The 
supercell stage began near the time of first Doppler data collection (1445} 
and, with time, the maximum echo top grew until it exceeded the tropopause
height by 5 km. 

During the one hour supercell stage, the parent storm split into two 
deviate-moving thunderstorms and new convection appeared around the storm 
flanks. This resulted in the formation of a cell complex. However, during 
this period, the supercell (right-moving portion) retained its characteristics 
and domi nance over the surroundi ng cell s. A 1 so, a gust front appeared on the 
supercell right rear and accelerated toward the right front flank • 

. , 

Historically, quasisteadiness has characterized the supercellis radar 
appearance (Browning, 1965b); however, important changes were detected in the 
Union City supercell. Echo split and new cell development on multiple storm 
flanks provided for a continually changing radar echo. Only the right flank 
overhang (WER) approached a quasisteady nature (Fig. 5.7). Evolution was seen 
even within the overhang as differential movement between the BWER and the 
overall cell caused the BWER to discontinuously propagate to retain its 
position relative to the inflow. 

Near 1536, the supercell structure began to coilapse. This was evidenced 
by loss of the BWER, rapid storm top decrease and descent of the overhang to 
the surface. The 1545 and 1556 portions of Fig. 5.7 depict the loss of over
hang and masking of the hook echo. The observed collapse is inferred to occur 
for two reasons. The first is attributed to the vortex valve effect (Lemon, 
Appendix F). The second, perhaps interrelated, is due to gust front movement 
and new convection which deprive the updraft of its supply of moist unstable 
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Fig. 5.6 WSR-57 radar eaho and bounded weak eaho region (B~R)tops versus 
time. Storm aZassifiaation is shown at top. Dark bar indiaates time period 
of tornado. Note thatma:x:imum eaho intensities and-B~R tops are different 
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air. Total cell dissipation was averted by new updraft along the front 
quadrant (see Fig. 5.3h overhang) as the laterally aligned cells formed a 
short squall line. ' 

With the above life cycle in mind, it is interesting to compare changes 
in the radar ecno structure with tornado occurrence. Fig. 5.6 shows that the 
to.rnado formed during thesupercell stage but continued Well into the super
cell collapse. Tornado~s occurring during supercell collapse have been 
'previously documented (e.g., Burgess, 1974) and maY be common, for many storms. 

The tornado was initially located within the hook echo ( Fi g. 5.7) but 
after collapse began, the descending overhang placed the tornado well within 
the radar echo. During the tornado's later stages, no indication of its 
presence could be found from the radar reflectivity data. However, this is 
not the case with Doppler velocity data that provided a contin~ous tornado 
signature (see Donaldson, Chapter 7; Brown and Lemon, . Chapter 15). A con
clusion from this study must be that, if reflectivity fields are the only data 
sou~ce, initial supe~cell collapse should not be inferred ~s an "all cle~r" 
with respect to tornado or damage producing potential within a storm but 
rather should be considered as a period of-very high potential. 
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Chapter 6 

SEVERE STORM SPLITTING AND LEFT-MOVING STORM STRUCTURE 

Donald W.Burgess, Leslie R. Lemon1 

NatiO'na~ Sever>e Stomzs Labor>atopy 
Nomzan~ Ok~ahoma ,'15069 

and 

Gary L. Achtemeier2 " 
I~~inoi8$tate Water> Supvey 

Ur>bana~ I~Zinoi8 61.801. 

The initial Unio.n City sto.rm split into. two. separate echo.es-
o.ne mo.ving left and the ~ther mo.ving to the right o.f the mean 
wind. Sto.rm evo.lutio.n was identical to. that o.bserved in o.ther 
well do.cumented splitting cases. Facto.rs that pro.moted the split 
remain unkno.wn because the splitting pro.cess o.ccurredo.utslde 
the range o.f all NSSL senso.rs except the WSR-57 survei11anceradar. 

Ho.wever, single Do.ppler radar data were used to. infer the 
structure and airflow within the, left-moving echo. after the split. 
The airflo.w pa'ttern, similar to. that pro.po.sed previously, includes 
'updraft o.n the 1 eft sto.rm fl ank and do.wndraft o.n the rear fl ank. 
Mid-level airflo.w is do.minated by anticyclo.nic ro.tatio.n o.f the' 
updraft and o.bstacle flo.w aro.und the updraft. High-level di
vergence is o.bserved abo.ve the updraft. Pro.pagatio.n and fo.rces' 
pro.duced by updraft ro.tatio.n are hypo.thesized to. yield the 
deviate left sto.rm mo.tio.n. 

6. 1 Introduction 

Why thunderstorms split when they come under the influence of one, or more 
di srupti ve factors is not yet well understood. Occasi onally storms may develop 
in close proximity and briefly appear as splitting storms. However, these 
storms show little if any change in propagation characteristics or intensity. 
In other instances, the split seems to be from a single echo. In these cases, 
the postsplit character of the storm differs so markedly from the presplit 
conditions that extensive dynamic reorganization. within the storm is implied. 

lpresent affiliatio.n: Natio.nal Severe Sto.rms Fo.recast Center,- Techniques 
Develo.pment Unit, Federal Building, Kansas City, Missouri 64106. 

2Research initiated while at the Natio.nal Severe Sto.rms Labo.ratotY as a Post
Do.cto.ral Associate o.f the Natio.nal Research Co.uncil. 
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One of the earliest references to these 'dynamic splitting, storms' was by 
Hitschfeld (1960) who found adjacent storms moving on paths that diverged at 
angles as large as 50 degrees. More recent splitting storm occurrences are 
tabulated in Table 6.1. One result of these studies is the knowledge that 
storms which travel to the right of the mean wind (RM storms) move slowly and 
are accompanied by hail, high wind and tornado reports~ The left of the mean 
wind (LM) storms move much more rapidly and are accompanied by hail and high 
winds, but usually not tornadoes. 

This chapter documents the character of storm split as viewed by radar 
and presents the LMstorm airflow derived from Doppler radar. Where needed, 
features of RM storm character and airflow are drawn from Burgess and Lemon 
(Chapter 5), Donaldson (Chapter 7) and Lemon and Burgess (Chapter 8). The LM 
storm structure is compared with existing storm models and theories on deviate 
storm motion are discussed. 

6.2 DATA SOURCES 

, NSSL's 10-cm WSR-57 radar recorded a nearly complete history of the 
24 May 1973 splitting storm. Reflectivities in tilt sequence format were 
available from first detection at 140fr CST until dissipation of the postsplit 
echoes. Higher resolution reflectivity and velocity component data from the 
NSSL Doppler radar (see Sirmans, Appendix D for radar characteristics) were 
gathered during four tilt sequences through the LM storm. Those ti)t sequences 
began at 1515, 1528, 1536 and 1545. The digital Doppler data were corrected, 
objectively analyzed (see Brown, Appendix E) 'relative to LM storm motion and 
displayed in constant altitude planes. Ancillary data are available from the 
NSSL surface mesonetwork (south and east of the LM storm) and special rawin
sonde releases (southwest and east of the LM storm). 

6.3 CHARACTER OF THE STORM SPLIT 

Although splitting thunderstorms observed to date have occurred under 
varyjng synoptic conditions, they are found to share a number of general .,
cOarac~eristics. Regardless of size or presplit direction of motion, split-, 
tingappears to develop similarly. Achtemeier (1969b) has proposed a four, 
stage sequence of changes observed on radar that remarkably resembles.bio-
logi ca 1 mi.tosi s as seen wi th a mi croscope.. These stages are: ' 

(1 ) 

(2) 

The Formation Stage: A thunderstorm develops and propagates 
generally eastward or northeastward not necessarily in the direction 
of the mean wind. A pronounced reflectivity gradient appears along. 
the storm's rear flank. 

The Elongation Stage.: The thunderstorm elongates to an elliptical 
shape with the major axis of the ellipse generally perpendicular to 
the direction of storm motion.' During this stage, splitting of the 

. intense reflectivity core is observed. The broadness of the radar. 
-beam makes it difficult to determine whether a single cumulus tower 
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TABLE 6.1 Swrunary of PostspUt Stoms Giving Approximate Lifetimes, Accompanying Severe 
Weather (Hait - n; Damaging Wind - W, Tornado or .Funnel, Al,oft - T), Deviations 
from the Mean Wind and Average Speeds. 

APPROX. MAX. DEV. AVERAGE 
LI FET I ME SEVERE (deg) FROM SPEED 

DATE STORM (Hours) WEATHER MEAN WIND' (m s-I) SOURCE 

7/27/56 

4/3/64 

4/23/64 

5/27/65 

B/25/65 

B/26/65 

'-1/16/67 

4/19/72 

6/27/72 

5/24/73 

la 

Ib 

la' 

I a" 

R c 
R a 
L 

R 

L 

C3 
cB 

C9, II 

CI7 
CIB 

EI 
E2 

E4 

E5 
kl 

SI 
S2 

B 

A 

L 

R 

LI 

RI 

L2 
R2 

L 

R 

Total No. of Storms 
RM 16 
LM 16 

>2 

>2 

>1 

> I 

4 

>5 

>5 

>4 

>3 

>2 

>3 

3 
I 

>3 

2 

2 

>3 

2 

>5 

>2 

>3 

>3 

>2 

2 

>2 

>2 

2 

2 

H, W, T 

H; T 

H, W 

H,W, T 

H, T 
H, T 

H, W 
H 

H 

H 

H 

H, W, T 

H 

H, T 
H 

H 

H, T 

H 

H, T 

H 

H 

H, T 

H, W, T 

H 

H 

H·, T 

BL 

43R 
29L 

BR 

20R 

20R 

37L 

40L 

35R 

35L 

32R 
25R 

17L 
21R 

15L 

15R 
4BL 

12R 
40L 

5L 

16R 

29L 

45R 

15L 

22L 

25R 

47L 
25R 

35L 
22R 

2BL 

12R 

Average DeVIation From Mean Wind 
24R 
2BL 
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15 

13 

17 
14 

10 

10 

15 

20 

10 

15 

10 

13 
IB 

15 

23 
B 

17 

13 
20 

23 

19 
26 

14 

17 

29 

13 

16 
10 
16 

II 

15 
10 

Hi tschfe I d (1960;) 

Fuj ita, .Grandoso (I 96B) ; 

Charba, Sasaki (1971) 

Hammond (1967). 

Harrold (1966) 

Achtemeier (1969a) 

Achtemeier (1969a) 

Hag I und (1969) 

Brown, Burgess, Crawford 
(1973) 

Achtemeier (unpublished) 

Average Speed (m s-I) 
12 
19 
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divides or two towers develop in close proximity. The 'split cores' 
grow apart and reflectivity gradients intensify along the left and 
right storm flanks. 

(3) The Splitting Stage: The central portion of the echo rapidly 
diminishes in size and intensity. This dissipation leaves two 
separate thunderstorm cells. 

(4) The Deviate Stage: To a viewer looking along the direction of 
motion, the left member veers sharply to the left of the mean wind 
and increases in speed. Conversely, the right member veers to the 
right of the mean wind and decreases in speed. Because of the 
deviate motion, a considerable horizontal distance develops between 
the two echoes. 

These four stages are well illustrated (Fig. 6.1) by views of the Union 
City storm radar echo at low levels. Higher level data (not shown) indicate 
the splitting process begins aloft about five minutes before it is apparent at 
low levels. The formation stage begins with first echo at 1405 and continues 
until 1500. A new convective tower emerges about 1430 and rapid storm ,in
tensification begins. The echo remains a single entity as it changes from a 
small and east-west oriented cell (1444) to a larger and more rounded cell 
(1459). 

The elongation stage occurs between 1500 and 1525 as the storm core 
expands in a direction perpendicular to storm motion and separates into two 
cores. It is during this period that extensive overhang develops on the 
storm's left flank (see Burgess and Lemon, Chapter 5--Fig. 5.2 b and c) and 
organized updraft may be identified. Another updraft has been present on the 
right storm flank since before 1446. 

A rapid decrease in reflectivity between the two cores occurs from 1525 
to 1535; denoting the splitting stage. Two distinct and separate cells are 
visible. After 1535, new convection takes place on all storm flanks and masks 
the echo separation in the deviate stage. The two cores (L and R) are 50 km 
aparta:t 1600 but are beginning to dissipate. Deviate echo motions are 
computed to be from 2460 (-f8° left of mean winds) at 15 m s-l for the LM echo 
and from 2860 (12 0 right of mean winds) at 10 m s~l for the RM echo. 

The factor or combination of factors that promote storm sp1 it cannot be, 
identified from this study. The area of the split is outside the NSSL surface 
mesonetwbrk and the split's first two stages occur before Doppler velocity 
coverage '. of the storm began. 

However, the evolution of the storm updraft is judged most important to 
the splitting process and a limited amount of information is available on 
updraft changes. The major updraft of the presp1it storm develops on the 
right flank by 1446 (Burgess and Lemon, Chapter 5) and the same intense up
draft continues on the RM storm right flank after the split. Storm split does 
not seem to greatly influence this updraft. 
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1459 1504 

1509 1514 1519 

1524 1529 1534 

1539 1544 1600 

Fig. 6.1 WSR-57 radar echoes at 0° elevation for Union City storm split. 
ContoUl'> intervals are 21-30 dBZ (dim) -' 31-40 (bright)" 41-45 (black) -' 46-49 
(dim)" 50-57 (bright) and >58 dBZ (black), At 1600" Land R identify left
moving and right-moving echoes. Right side and bottom of photographs are due 
north and west., respectively" of the Norman radar. 
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6. Left-Moving Storm 

, Secondary updrafts are .inferred to exist along the rear and'left storm 
flanks of the presplit echo for two reasons. First, the NSSL and University 
of Oklahoma tornado intercept teams, west of the developing storm, reported a 
continuous north-south line of towering and building cumulus flowing into the 
storm's rear. Second, a small finger of weak echo is consistently visible 
(Fig. 6.1--1459 to 1509) on the storm's left flank during the formation stage. 
The location and persistence of this small echo indicates the possibility of a 
separate weak updraft, but a strong updraft is precluded because of the lack 
of any significant overhang or weak echo region (WER) aloft. 

Shortly after 1500, during the elongation stage, a significant WER does 
develop on the left storm flank and the primary LM updraft is identified. The 
updraft source cannot be established. It could be the result of actual 
splitting of the right flank updraft, intensification of the previously in
ferred rear or left flank updrafts, or the development of an entirely new 
updraft. In any event,. the updraft becomes intense and is the parent for the 
LM storm. 

The split is completed when the two intense updrafts (left flank and 
right flank) move in different directions and their accompanying radar echoes 
separate. Explanations for the differential movement are treated in a later 
section. However, the mechanisms that promoted the formation and rapid inten~ 
sificatiop of the left flank updraft remain unknown. 

6.4 LEFT-MOVING STORM AIRFLOW 

A single Doppler radar measures a precipitation particle's radial velocity 
component but is unable to measure the particle's velocity component normal to 
the radar beam. This inability greatly limits the application of the data 
unless the unknown wind component may in some way be deduced. 

For the study presented in this chapter, an interpretive technique 
descr.ibed by Lemon and Burgess (Chapter '8) was used to estimate the unknown 
wind component and, thereby, derive horizontal streamlines (see Fig. 8.3, 
1515 CST at 5 km height). Briefly, the technique utilizes 12'restrictive, 
interpretive assumptions,which perturb the upwind ambient flow ina manner 
that doesn't violate the radial velocity component distribution while account
ing for radial' velocity signatures. The upwind ambient flow is prescribed 
from a compositehodograph relative to the LM storm (Fig. 6.2). The hodograph 

'was obtained by averaging sirnultaneous rawinsonde releases 90 km east and 90 
km south of the deve 1 opi n9 storm. ' 

The resulting streamline fields (F1g.6.3)are subjective and nonunique 
solutions to the within~storm flow. However, they do deserve carefuli;onsid
eration becau,se of their correlation with past observations and the continuity 
maintained between different analysis times. 

6.4. 1 Low-Level Flow (0 km) 

Streamline analyses in lowest storm levels, typified by the 0 km display 
(data are interpolated downward from 200-300 meters above ground), indicate 
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COMPOSITE HODOGRAPH 
RELATIVE TO L.N. STORN 

24 NAY 1973 
1400 CST 

09O"-+-'---+-....;...;!'r-+----f----i1--"""":'"".........,~_:__ 270· 
20 

Fig. 6.2 Left-moving stoY'm Y'elative hodogY'aph of windS at 1400 CST aomposited 
fY'om simultaneous Y'awinsonde Y'eleases 90 km south and 90 km east of the 
developing Union City stoY'm. 

that storm relative easterly winds apparently pass through the echo nearly 
unaffected. However,a difluence region is located in the left rear echo' . 
portion at all times except 1545. Detailed analyses of LM storm mesoscale 
surface data by Fujita and Grandoso (1968) and Charba and Sasaki (1971) have 
depicted similar divergent areas on left' rear storm flanks. The difluence 
location suggests its association with the thunderstorm downdraft, but this 
cannot be verified. . 

A second lOW-level flow feature is a wind-shift line and confluence area 
detected on the left front storm flank at 1515. Similarity to past studies, 
e. g., Cha rba and Sasaki (l971), Fuj i ta and Grandoso (1968), and Hammond 
(1967), permits interpretation of the shift line as the LM storm gust front 
and extension of the shift li~e outside the echo at 1528, 1536 and 1545. The 
streamline outside the echo indicates the probable source for updraft air 
lifted up over the gust front. 

6.4.2 Mid-Level Flow (5 to 6 km) 

The dominant feature at mid-levels is the blocking of ambient upwind flow 
on the left front storm flank in an area of anticyclonic vorticity. The 
blocking and vorticity occur in the echo overhang previously identified as the 
result of storm' updraft. These features are vertically above the lOW-level 
gust front location at 1515; apparently the same relationship exists at other 
times. Downwind from the updraft momentum block a turbulent wake region is 
indicated. Ambient flow entering the storm at mid-levels is dry (see Brandes, 
Appendix C) and would be evaporatively cooled by encountering large liquid 
water concentrations at the periphery of the blocking updraft. Therefore, the 
downdraft source is thought to be on the flanks of the block with subsidence 
continuing into the downwind wake. 
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6. Left-Moving StoPm 

Fig. 6.3 StoPm-relative strfJamZines for low3 mid and (where available) 
high levels within stoPm. Reflectivity contour levels are 303 40 and·45 dBZ; 
areas greater than 45 dBZ have dark stippling. Relative environmental wind is 
indicated at each height. Long wind barb equals 5 m s-l. Cold front symbols 
mark inferred gust front location and dashed streamline indicates probable 
path of inflow air. Double line indicates data edge and long dash-dot line is 
arbitrary left-moving stoPm boundary. 
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6. Left-Moving Storm 

The anticyclonic vorticity becomes organized in such a manner after 1515 
that it satisfies criteria (proposed by Donaldson, 1970 and listed by Lemon and 
Burgess, Chapter 8) to establish it as a closed circulation situated about a 
vertical axis--a mesoscale anticyclone. The single Doppler anticyclone signa
ture (Fig. 6.4) is composed of a couplet with adjacent closed contours of 
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flow away from and toward the radar. 
At the center of the couplet is a 
region of strong shear with flow con-
tours oriented radially. This signa
ture is analogous to that seen for the 
right flank cyclonic vortex. 

The anticyclone has a lifetime 
greater than 17 minutes and extends 
fram a base at 3 km to at least 7 km 
height (Fig. 6.5). Data collected 
below 3 km reveal small amounts of 
anticyclonic shear but no indication 
of a closed circulation. Mid-level 
core circulation (defined by Lemon and 
Burgess, Chapter 8) is 3 to 4 km in 
diameter with a peak rotational veloc
ity of 15 m s-l. The vorticity source 
for the anticyclonic rotation cannot 
be identified from available data. 
However, it may be .important that the 
anticyclone is above the confluence 
region associated with the gust f.ront. 

The concept of a mid-level 
momentum block agrees with the severe 
left-moving storm models advanced by 
Hammond (1967). and Browning (1968). 
They propose a mirror image of the 
well-known right-moving storm model 
introduced by Browning and Ludlum 
(1962). The updraft of the proposed 
LM storm model is inclined over the 
surface cold air outflow and fed by 
low-level warm air approaching the 
storm front quadrant •. The low-level 
downdraft is located within the pre
cipitation area and is fed by poten
tia'lly cold mid-level air appr'oaching 
the left ~ront storm quadrant. 

Fig. 6.5 WSR-57 radar echo tops 
and antiayaZonia vortex extent versus 
time for Zeft-moving storm. Storm tops 
after 1615 are from merged eahoes. 
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Several authors, including Fujita and Grandoso (1968) and Charba and 
Sasaki (l971), have inferred weak anticyclonic rotation for the LM storm echo 
as a whole. A recent storm model developed by Raymond (1976) predicts signi- .' 
ficant anticyclonic vorticity in left-moving storm updrafts. These Doppler 
data; however, are the first measurements to show an anticyclone confined to a 
diameter smaller than the storm and coincident wi,th the updraft. 

6.4.3 High-Level Flow (9 to 10 km) 

Flow information at high levels is limited to the last two data collec
tion times (1536 and 1545). In general, it would appear we are viewing the 
updraft summit with divergence centered on the precipitation core. At 1536, 
ambient flow encounters the divergent momentum block with obstaclj flow and a 
wake region. Upstream flow exists in the face of ambient 20 m s- relative 
winds indicating strong divergence. ' 

High-level flow at 1545 is s;'gnificant1y different from that at 1536. 
Upstreain flow is absent and the amount of difluence indicated is greatly re
duced. The direction of the ambient winds entering the storm has apparently 
shifted from northwesterly to westerly. Reasons for the wind shift are . 
unknown but it may be related to the blocking influence of new convection 
developing west of the LM storm. 

6.5 LM STORM EVOLUTION 

The first Doppler observations (1515) occur during the early stages of 
the LM storm development but well after the splitting process began. The 
storm updraft has been in existence for at least 15 minutes and a downdraft 
apparently has reached the surface producing an outflow boundary or gust 
front. The storm updraft is intensifying as evidenced by the rapidly ascend
ing storm top (Fig. 6.5). Anticyclonic shear is noted in the updraft area and 
rotation is developing. 

By 1528, the LM storm reaches maximum maturity with a large echo core 
area and a storm top that penetrates the estimated tropopause height by 5 km. 
An anticyclone of at least 4 km depth has formed and is at the center of a mo
mentum block to ambient airflow. The mature stage persists beyond 1536. Very 
little change in storm character or airflow is noted between 1528 and 1536. 
Hail, up to 2.5 cm diameter, was reported during the mature stage. 

Pronounced weakening of reflectivities and the dissipation of storm 
characteristics are beginning by 1545. Confluence on the gust front is 
inferred to be lessening and the WER (overhang), that has persisted for 45 
min, is almost entirely gone. At mid-levels, updraft rotation is being re
placed by divergence. In turn, the divergence, which had existed at high 
levels earlier, is no longer identified. New convection competing for avail
able lOW-level flow is occurring on several storm flanks (see Fig. 6.1), 
particularly near the updraft region, and is a possible cause of storm dissipa
tion. The original LM echo is difficult to identify by 1600 and completely 
lost by 1630. 
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6. Left-Moving Storm 

6.6 THEORIES ON LEFT DEVIATE MOTION 

Several explanations for the anomalous translation speeds and directions 
observed for postsplit LM storms have been suggested. Fujita and Grandoso 
(1968) studied the severe 3 April 1964 splitting storm that yielded 60° di
vergent echo motions. They concluded that deflecting forces generated by 
storm rotation acted to produce observed motions. Rotation was considered to 
exist throughout the horizontal cloud diameter. Good agreement was found 
between observed echo deviations and those derived from a numerical simulation 
model when rotation rates were just a few meters per second. 

Charba and Sasaki (1971) also studied the 3 April 1964 storms. Their 
detailed analysis of cell tracks within the LM storm provided evidence for 
anticyclonic circulation of the entire storm. However, they recognized that 
rotation alone could not account for observed motions (in opposition to Fujita 
and Grandoso). Therefore, Charba and Sasaki concluded that a second factor 
must be at work. A qualitative model revealed that propagation is an addi
tional influence. The model suggests that rotat'ion enhances propagation on 
the left flank and it is a vector combination of the two that produces ob
served deviate motion. 

Raymond (1975) has developed a linear model of moist convective instability 
which predicts LM and RM storm propagation velocity. His calculations suggest 
that such storms take the form of convectively forced internal gravity waves. 
Excellent agreement has been achieved between predicted propagation values and 
observed deviate storm motion. Unfortunately, the model does not include the 
possible effects of environmental rotation. Vorticity aloft is produced by 
the tilting term of the vorticity equation acting in a sheared environment. 
The model constrains LM storm updrafts to be anticyclonic and RM storm up
drafts to be cyclonic. 

New evidence from the present study reveals the ariticyclonic rotation to 
be confined to a smaller diameter, but possessing faster rotation ra'tes than 
previously hypothesized. Additionally, strong evidence for left flank propa
gation exists based on inferred gust front and updraft location. 

Howe,ver, nothing is found to invalidate the qualitative model of Charba 
and Sasaki. Rotation.,.generated for~es alone can explain . some but not all, of 
the deviate storm motion. It would appear likely that a vector combination of 
rotation influence and propagation are responsible for the observed deviate 
motion of theLM storm. . 

6.7 SUMMARY 

The splitting of one thunderstorm into two deviate moving halves was 
observed by lO':"cm surveillance radar. The .character of the radar echoe.s 
during the split agrees well with past studies. Just after the split began, a 
WER was identified on the left storm flank and the development of strong up"'; 
draft was inferred. Unfortunately a lack of·additional data sources prohibit 

. 'knowledge of the mechan i smstha t promoted the sp li tand thedeve 1 oprrient of an 
intense left flank updraft. We hope future Doppler radar data collected . '. 
during the initial phases of storm splitting will shed light on this important 
phenomenon. 
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The airflow of the left movin-g storm was specified from analysis of 
single Doppler radar data. The airfl()wpattern is similar to that proposed 
previously. The LM storm model, a mirror image of the well ~knownRM storm, 
includes a low-level gust front and substantial blocking flow at mid-levels. 

Anticyclonic rotation of t.he LM storm updraft was discovered at storm 
mid-levels. "The anticyclone's position, small circulation diameter and 
moderate rotational velocity are probably the most significant new knowledge 
of LM storms contributed by this study. Rotation and propagation toward the 
left flank likely work together to produce observed storm motion to the left 
of mean winds. 
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Chapter 7 

OBSERVATIONS OF THE UNION CITY TORNADIC STORM 
, BY PLAN SHEAR INDICATOR 

Ralph J. Donaldson, Jr. 
Aip Fopae CambPidge Reseapah LabopatoPies1 

Bedfopd~ Massaahusetts 01731 

The sto~m that spawned the devastating Union Cfty, Oklahoma tornado 
of 24 May 1973 was observed by Doppler radar., with velocities recorded at 
various times by Plan Shear Indicator (PSI). The PSI is an ana1log 
technique for dispiay of. velocity gradients that was developed at AFCRL 
and had been mated temporarily to the lO-cm Norman Doppler radar' operated 
by the Nat i bna 1 Severe Storms Laboratory (NSSL) • Th~fi rst PSI picture 
showed intense shear at 8 to 9 km altitude in theUn'ion~ C.ity storm, 45 
minutes before the earl iest tornado darilage.· . About 40 minutes before the 
tornado struck the ground, a vortex pattern with cyclonic rotation was 
recogn i zab 1 e at 5 to 8 km, but the wi nd field in the storm' be 10W\ 4 km 
was quite uniform. The base of the flow disturbance as well as the 
vortex descended and intensified during _this early period prior to the 
appearance of the tornado. The vortex w~s tilted toward the left of the 
storm direction of travel, at an ar,gle of about 30° from vertical. 
Vortex diameter was as large as 5 km when initially detected but de
creased to less than 1 km at the surface when· the tornado was in progress. 
Measured maximum tangential speeds of the vortex were generally 10 to 
25 m s-l, with the higher values measured just before and during the 
period of surface damage. Shears as large as O. 1 s-l were measured in 
the vortex. While the tornado was in progress the vortex was a highly 
organized, intense singularity in an otherwise smooth wind field near the 
ground; but in the upper third'of the storm, at heights of 10 to 14 km, 
the disturbance was greatly enlarged and rather disorganized in space and 
unstable in time. These observations suggest a within-cloud tornado 
structure which extends up into the lower half of the storm as an organ
ized vortex circulation, but somewhere in the upper half of the storm the 
disturbed region expands and degenerates into a disorganized but ener
getically boil ing caldron. 

7.1 DESCRIPTION OF THE PLAN SHEAR INDICATOR DISPLAY 

The Plan Shear Indicator, or PSI, is a display scheme for portraying, in 
plan view, the location and magnitude of Doppler velocity gradients. It has 
been discussed in detail by Armstrong and Donaldson (1969), and its main 
features have been summarized briefly by Battan (1973). A brief description 
is provided here for the benefit of readers who are not familiar with its 
operation. 

lNow the Air Force Geophysics Laboratory. 
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The PSI display resembles the picture obtained on the familiar PPI scope 
of an ordinary incoherent radar, except that the PSI pattern is not solid but 
is broken up into a series of concentric arcs. Fig. 7.1 is the PSI display 
photographed during the development of a severe thunderstorm in Massachusetts. 
Ground targets are indicated by the arcs at the bottom left corner (radar 
location) and by the tiny scattered segments of arcs at greater distances in 
several directions. 

Fig. 7.1 PSI photograph of the 
Marblehead, Mass. storm of 9 August 
1968, taken at 3° elevation angle at 
1426 EST. Radar is located at lower 
Zeft corner of picture, north is 
toward the top, and tick marks toward 
the east indicate range in 10-km 
increments. Storm moved toward the 
ESE. From Donaldson (1970). 

The key to the PSI display is a 
sharing of range and velocity in
formation on the same radial coordi
nate. As the radar antenna rotates, 
the location of any precipitation echo 
is marked by a series of concentric 
arcs which represent consecutive adja
cent range gates, each having a width 
of 855 m. The distance of each arc 
from the center of the display is the 
sum of a large term which corresponds 
to range, plus a small term, no greater 
than the range gate width, which 
represents velocity. The maximum 
range of the PSI circuitry developed. 
by AFCRL is 164 km. After successful 
mating to the 10-cm NSSL Doppler 
radar, the PSI is capable of display
ing avelocity interval of 48.3 m s-l 
unambiguously, utilizing the space 
between consecutive arcs. 

'Po smooth, evenly spaced pattern 
of arcs, as portrayed most clearly in 
the eastern end of the echo in Fig. 
7.1, indicates a homogeneous.wind 
field, with no appreciable shear or 

velocity gradients. A disturbed wind pattern, on the other hand, is easily 
recognized by the irregular appearance of its PSI arcs. A good example is 
provided by the central part of the echo in Fig. 7.1, where disturbances are 
espeCially pronounced in the vicinity of the echo hole. Wrinkles in the arcs 
and/or variability in their spacing indicate intense shear or local gradients 
in the observed wind component • 

. Wi thin-storm wind fi eld di sturba·nces are conveniently characteri zed by 
measurement of the maximum value of the slope of any arc with respect to its 
tangent circle~ Arc slope is proportional to tangential shear of radial 
velocity, that is, the gradient of the radial velocity. in a direction normal 
to this velocity vector. Minimum discernible tangential shears are of the 
order of 10-2 s-l. . .. 

The PSI is particularly useful for display and measurement of regions of 
high shear occurring within a scale of a kilometer, because it is not limited 
by grid conformity and hence always utilizes the full azimuthal resolution of 
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the radar beam. Consequently, the PSI is well adapted for following tornado:" 
scale motions. On the other hand, it has the disadvantage of insensitivity to 
small gradients -of velocity, so it is especially difficult to determine, from 
a PSI display, the dimensions (and sometimes, indeed, the existence) of a 
broad, low-shear maximum or minimum in velocity. Therefore, large mesocy
clones with shears considerably below 10-2 s-l may be missed or tbeir> size· 
recorded inaccurately by PSI. 

Recognition of a vortex by Doppler 
radar is a significant aid in under
standing how a tornado develops and 
for providing adequate warning. The 
tangential shear of radial velocity 
determines one of the two vorticity 
terms for a vortex with axis normal to 
a radial from the Doppler, as is the 
case for a vortex oriented more or 
less vertically, viewed by a radar 
with small antenna e1evationan~les. 
Fig. 7.2 shbws, in plan view, the wind 
field of a typical vortex and the 
corresponding PSI pattern. Unfortun
ately, a single Doppler radar is 
sensitive only to components of 
velocity directed parallel toi t~ beam 
and there is no certainty that the PSI 
pattern in the vicinity of the echo 
hole in Fig. 7.1 represents a vortex 
rather than a deformation in the wind 
field. Undisputed vortex identifica-
tion is possible only by the use of at 
least two Doppler radars viewing the 
feature from different aspects. 

LoJ---~1 
Cl 
Z 

~ 

VORTEX 

/ 

AZIMUTH .. 

Fig. 7.2 Schematic PSI pattern for 
a cyclonic vortex. Arrows represent 
wind vectors and thick lines indicate 
how the PSI . arcs would appear when 
radar is viewing such a wind field. 
Prom Armstrong and DonaZdson (1969). 

Nevertheless, a reasonable inference of vortex existence may be drawn 
from the appearance of a vortex signature (as provided by nature in Fig. 7.1 
and portrayed schematically in Fig. 7.2) and a set of qualifying conditions. 
The conditions for credibility of vortex recognition, using data from a single 
Doppler radar, have been discussed at length by Donaldson (1970). In brief, 
these conditions require the vortex signature to extend vertically through a 
depth greater than its diameter, and to persist for a greater time than re
quired for half a revolution. The necessary time duration is ~ divided by the 
tangential shear. For example, for a shear of 10-2 s-l, the minimum per
sistence time is slightly more than five minutes. 

7.2 DEVELOPMENT OF FLOW DISTURBANCES DETECTED BY PSI 

The first PSI observation of the Union City storm, taken at 1453 CST, 
revealed appreciable flow disturbances at 8 to 9 km altitudes a full 45 min 
prior to initial tornado damage. The largest tangential shear at this time 
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was 3 x 10-2 s-l, with a velocity increment of 30 m s-l across the shear zone. 
Velocities, however, did not seem to be organized into a pattern suggestive of 
a vortex. 

Following the first picture, four elevation sequences were photographed 
while the antenna was raised in one-degree increments. Then several miscel
laneous PSI photographs were taken at a very high elevation angle while the 
tornado was inflicting it~ initial damage, followed by a sequence of nearly
zero elevation pictures while the tornado was in and just beyond the central 
part of Union City. (PSI observations had to be alternated with another data 
collection mode because the two modes were incompatible.) 

All photographs were sector scans, some with azimuthal width as narrow as 
40°. By this means the Union City storm could be covered quickly, an impor
tant consideration because of rapidly developing storm characteristics and the 
large number of elevation angles encompassed by the storm depth. The time
height coverage of the Union City storm represented by the useful PSI photo
graphs is depicted in ~ig. 7.3. Some time gaps are filled by other Doppler 
modes. Storm top, indicated by echo heights measured on the NSSL WSR-57 
radar, ascended from a linearly interpolated 15 km at the beginning of PSI 
observations, to a measured value of 17 km at 1515. 

10 

-- ....... 
........ 

........ 

LIMITED TO 
HIGH ALTITUDES 
ONLY . 

1600 1630 

Fig. 7.3 Time-height coverage by PSI of the Union City sto~. Hatch~d . 
areas shOlJ} where maximwn tangentiaZ shear exceeded 10-2 s-l., and solid black 
areas where it exceeded three times this value. Spirals adjacent to the areas. 
indicate observation of a vortex pattern. Pashed curves indicate base of 
vortex. All heights are above the Norman DoppZer radar. 
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Tangential shear with a magnitude of at least 2 x 10-2 s-l was observed 
somewhere in the Union City storm during every elevation sequence (1453 to 
1640). Measurable shear was observed throughout storm depth. except in its 
early stages, when little or no shear was detected near the surface. Table 
7.1 tndicates the minimum height of two shear values during the pre;"'tornado 
period, <and shows the rapid descent of di sturbed flow toward tne grQund. 

TABLE 7.1 

Time (CST). 

1454-59 

1500-02 

1521-26 

1527 

Base Height (km) of Tangential SheaX' 
Values in the Union City StO!'7ll Measuxoed 
by PSI. . 

Shear Magnitude 

~ 10-2 5- 1 ;?; 2x10-2 5-1 

4.2 5.6 

4.2 5.7 
2.5 5.0 

0.2 0.2 

It is interesting to compare these observations with a study, using 
Doppler PSI, of 22 thunderstorm days in Massachusetts (Donaldson, 1971). 
Storms with a2re1ative1y smooth wind field, characterized by maximum tangential 
shears of 10- s-l or less, never produced large hail or inflicted wind damage 
at the ground. In other words, low shears·measured by the PSI display faith
fully indicated nonsevere storms. Tangential shear magnitudes of at least 
2 x 10~2 s-l were observed somewhere within the echo volume of 94% of severe 
storms. Wind field disturbances of this magnitude or larger occurred aloft 
far more frequently and more extensively than severe weather at the ground. 
The Union City storm thus is consistent with Massachusetts storms. 

Another similarity between the Union City tornadic storm and several 
well-observed severe storms in Massachusetts is the initial appearance of 
large shears at middle altitudes. During the first half hour of observations 
the wind field at lower levels in the Union City storm was quite unruffled, as 
indicated by smooth PSI arcs (Fig. 7.4). In r~assachusetts, the appearance of 
high shears aloft and their gradual descent toward the ground have preceded 
destructive surface winds by nearly an hour in two severe storms. Again, the 
Union City storm is inessential agreement, displaying tangential shear in 
excess of 3 x 10-2 s-l at an altitude of 8.5 km at the first PSI observations, 
45 minutes before the earliest tornado damage at 1538. Quantitatively, how
ever, the Union City storm was much larger and more vicious than anything we 
have observed in Massachusetts. Not only was the Union City tornado far more 
devastating than the most severe Doppler-observed Massachusetts storm, but its 
wind field was more disturbed, and the disturbance extended to higher alti
tudes. 
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Pig. 7.4 Earliest PSI photographs of the Union City storm. Ran~e mar~ers 
in Pigs., 7.4 through 7.8 are at 20 km intervals G:nfl base of each f1,gure 1,S due 
west of the radar. (aJ 1463 CST" elevation 6.9 0 shoUJing disturbed flow" 
indicated by wiggles in the arcs" at an altitude of 8 to 9 km. (bJ 1466 CST" 
elevation 1. ~·o. shOUJing. relatively homogeneous flow" indicated by smooth PSI 
arcs" at an altitude of 1.8 to 3.2 km. 

7 . 3 THE UN lONC ITY TORNADO VORTEX 

. The most exciting event during the PSI observations was the appearance, 
intensification, and descent of a recognizable vortex pattern. Altbough, on 
some pictures there were several PSI arc wiggles which resembled the model 

. vortex· depicted in Fig. ·7.2, rather stringent requirements were imposed during 
the analysis for a pattern to qualify as a probable vortex. First of all, the 
pattern must display a definite maximum in Doppler velocity adjacent to a 
minimum. Next; it must appear as such a singularity that it can, without 
confUsion, be traced into adjacent heights and successive times~ Finally, it 
must satisfy the vortex credibility standards of persistence in time and 
extension in height discussed earlier. This selection process may have elim
inated m·any minor or ephemeral vortices, but there is high confidence that any 
Velocity pattern which passes the tests is in fact a vortex circulation. 
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7.3.1 Quality of Vortex Measurements 

Table 7.2 presents the history of the Union City tornado vortex as 
portrayed by PSI. Bracketed entries in the table indicate another possible 
vortex pattern but it is uncertain whether and how it is connected with the 
Union City vortex. Time was read from a dial clock which appeared on the 
film. A + or - after the time indicates that the average time during the 
picture was clearly greater or less than the tabulated minute by 10 to 30 .. 
seconds. Where two· elevation angles occur together (at times 1502 and 1526) 
there was a double exposure on the film owing to camera malfunction. Azimuth 
angles with a - in front have an unknown inaccuracy which probably exceeds the 
half-power radar beamwidth of 0.8°. There are three main sources of this 
error: double exposures, off-centering of the.sector scans, and the tendency 
of echoes to shift a degree or two in apparent azimuth with reversal in 
direction of the sector scan. 

The range of a PSI arc, which cannot be determined with an accuracy 
greater than the range gate width of 855 meters, was specified as the be
ginning nf ~achrang~ gate. To better evaluaie the instantaneous vortex t~lt, 
a correction was made for storm motion during the time required for each ele,.. 
vation sequence. Range was corrected by assuming a 10 m s-l motion toward the 
radar and referring all ranges in the sequence to the earliest time of the 
sequence. This correction was an excellent one between 1522 and 1555 CST, 
when the vortex positions indicate a mOrion from about 290°, almost directly 
toward the radar, at a speed of 10 m s- . 

Height was computed from the product of uncorrected range and sine of the 
elevation angle, plus a small increment for earth curvature. The maximum 
tangential shear, av/ras, (S is azimuth angle) was given by the peak slope of 
a PSlarc, according to the formula 5.65 x 10-2 tan <5 s-l, where <5 is the 
angle of a sloping arc toward the radar from its tangent circle. This formula 
is easily derived by noting that the distance between normal arc spacing on 
the PSI display is 855 meters, which also corresponds to the maximum unambig
uous velocity interval of 48.3 m s-l. The total velocity increment, !J.V, was 
estimated by eye to the nearest 5 m s~l. Vortex diameter is an estimate of 
the distance between maximum and minimum velocities. Velocity extrema are 
generally flat and therefore difficult to locate accurately, so a spread of 
values is tabulated, indicating smallest, most likely, and largest possible 
estimates. Note that the average shear across a vortex, !J.v/diameter, is 
always somewhat less than the maximum shear values recorded in Table 7.2, 
which are limited only by the resolution capacity of the radar and PSI cir
cuitry. 

7.3.2 Vortex Features 

The first clear evidence of a vortex appeared in the height range of 
5.4 to 8.0 km at 1457-58 CST. At this time the vortex was broad (involving 
several adjacent PSI arcs), had only moderate shear, and was accompanied by a 
fairly large echo hole or bounded weak echo region (see Table 7.3) centered at 
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TABLE 7.2 DeveZopment of the Union City Tor-nado Vortex 

Time 
(CST) 

1457+ 

1458-

1458+ 

Eleva-
tion Azimuth 

Angle Angle 

3.8° 285.5° 
4.9° 286° 

5.9° -286° 

1501+ 3.9° -286° 

1502 4.9° -287° 
+5.9° 

1522 

1523 

1523 

1524 

3.9° _291° 

4.9° -291° 

Range 
(km) 

75.7 

75.5 

75.3 

Height 
(km) 

5.4 

6.7 
8.0 

74.6 9.2 

73.1 5.3 

73. I 6.5 
+7.8 

68.0 4.8 

68.2 6.0 

1525- 7.0° 291.5° 67.5 8.2 

1526 8.0° -293° 
+9.0° 

[1526 8.0° -288° 
+9.0° 

1534 1.9° _291° 

1535- 2.9° -291.5° 

- - -'-
1555- 0.2° -292° 

66.7 9. I 
+10.2 

67.0 8.2 

65.9 9.0 
+10.1 

59.6 2.2 

59.6 3.3 

59.4 4.2 

48.5 0.3 

48.1 0.3 

1555+ 0.2° -291.5° 47.7 0.3 
~ - - - - - - - -

43.0 0.1 

1603+ 1.8° _290° 42.8 1."4 

1611+ 0.8° -281.5° 38.5 0.6 

Maximum 
Tangential 

Shear 
(10-2s -l) 

+1 

+1 

+1 

+2 

+2 

+1 

+1 

+3 

-+5 

+6 

+3 

+2 

+2 

+5 

+7 
+4 

+4 

-+10 

+10 

+3 

+4 

+2 

+1 

74 

/J.v 

(m s -I) 

15 

25 

15 

20 

30 

25 

25 

25 
40 

35 

30 

30 

25 

40 

50 

45 

45 

>50 

45 

20 

20 

20 

10 

Diameter 
(km) 

1.8-2.4-3.0 

3.5-4.8-5.7 

2.0-2.7-3.4 

Remarks 

Bottom 

Top of primary vortex. 

1.0-1.2-1.4] Secondary vortex. 

1.5-2.0-2.5 Bottom; in weak echo. 

2.5-3.0-3.5 No info on top. 

2.5-2.9-3.2 Bottom. 

0.9-1.3-2.5 
1.0-1.4-1.7 High quality observa

tion. 

0.6-0.9-1.3 High quality observa
tion. 

1.0-1.3-1.6 High quality observa· 
tion. 

1.7-2.3-2.8 No info on top. 

1.3-1.4-1.6] Bottom of secondary 
vortex. 

0.8-1.1-1.4] No info in top. 

1.1-1.4-2.2 No info on bottom. 

1.4-2.1-2.8 All three in this 
series are high 
qualityobserva
tions. 

1.3-2.3-3.2 . No info on top. 

0.7~1.0-1.2 No info on top for 
this or next two 
.1 i st i ngs. 

0.5-0.7-1.1 High quality observa-
tion. 

0.7-0.9-1.0 

0.5-0.8-1.0 High quality observa
tion. 

1.0-1.4-1.7 No info on top. 
- - -.- ~ - - - -

-I Bottom; no info.on 
top. 
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TABLE 7.3 Bounded Weak Echo Region (BWER) Related to Union City Vortex. 

Time 
(CST) 

Elevation 
Angle 

Center 
Azimuth 

Center 
Range 

(km) 

Center 
Height BWER Extent 

(km) 

1457+ 

1458-

286° 

286.5° 

75.7 5·.4 3.5 km in range by 2 km in azimuth 

75.5 6.7 2.5 km in range by 1.5 km in 
azimuth 

1458+ -286.8° -76. 1 8.1 2.5 kmin range byit.: J km in 
azimuth 
- - - - - - - - - - - -

NOTE: Center location d i ff i.9u ltto pin down on 5. 9°p i cture because BWER is 
long and thin. At all three elevation angles the maximum shear is 
definitely along south srde of BWER. 

1502 -28r 73. 1 6.5 
+7.8° 

km diameter 

NOTE: At both of these elevation sequences, the BWER at lower elevation 
angles becomes ~nbounded and open toward the south. 

about the same range but nearly a kilometer north of the vortex (Fi~r 7.5). 
Similar characteristics existed in the Marblehead, Mass. severe storm of 
August 9,1968 (Donaldson, 1970). Below 5.4 km the weak echo region was 
unbounded, opening toward the south. There were extremely weak arcs, detected 
by the sensitive integrating capability of the PSI, that were free of wiggles. 
Therefore, we are confident that the vortex base was at 5.4 km when first 
detected. 

During the next elevation sequence, 1501-02 CST, vortex base was detected 
at a height of 5.3 km in weak echo a few kilometers southwest of a right-angle 
indentation in the strong echo. Four minutes previously at the same height~ 
this region had been an echo hole surrounded by strong echo. The southern 
part of the strong-echo ring had disappeared by 1501. PSI arcs in the weak 
echo were a bit sketchy so it was difficult to specify shear accurately; it 
could have been larger than indicated. This sequence terminated at an ele
vation of 5.9°, so there was no information on the top of the vortex. 

The vortex intensified during a 20-minute hiatus in PSI observations. By 
1521 CST a classical reflectivity hook had developed at low levels on the 
southwest side of the Union City storm, and the PSI showed a disturbance in 
the hook down to a height of 1.3 km. However, a vortex could not be validated 
clearly by the PSI at this height, because the velocity profile on either side 
of the disturbed region was so flat that neither minimum nor maximum velocity 
was discernible. At a height of 2.5 km the case for existence of a vortex is 
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stronger because a small velocity 
maximum, indicating flow toward the 
west, appeared between the hook and 
the main body of echo. However, the 
PSI was unable to detect an adjacent 
velocity minimum, or eastward flow, 
which would have suggested a vortex 
pattern. The requisite couplet of 
velocity extrema did appear on the 
2.9 0 photograph, so a vortex base 
height of 3.7 km is indicated by PSI. 
Fig. 7.6 shows how the vortex appeared 
on the PSI display during this 
sequence at a height of' 6 km, where 
it was most intense. 

An interesting complexity of the 
elevation sequence of 1522-26 is the 
appearance of velocity structures 
above 8 km which are very suggestive 
of a secondary vortex several kilo
meters south of the Union City vortex. 
These are bracketed in Table 7.2 to 
indicate doubt about their validity. 
The only suggestion of persistence of 
this hypothesized secondary vortex 
is a possible connection with the 
bracketed entity which appeared nearly 
a half hour earlier at 1459. 
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Fig. 7.5 An earZy PSI vi~ of the 
Union City vortex, centered aZong the 
southern edge of the echo hoZe. Time 
is 1458 CST, elevation is 4.9 0

, and 
echo hoZe and vortex are at a-range of 
74 km (6.7 km height). 

Fig. 7.6 The Union City vortex is 
intensifying. In this PSI photograph, 
taken at 1523 at 4.9 0 eZevation, the 
vortex is at a range of 67 km, 
corresponding to a height of 6 km, 
and is Zocated a short distance north 
of the weak echo nearZy encZosed by 
the hook. 



. A O~elevation photograph taken 
at lSZ7

l 
showed tha t modera te shea r of 

10-2 s- had reached the ground by 
this time, but it was not yet a vor-

· tex. By 1534 ... 35, the vortex had 
· intensified remarkably. Tornado 

Ralph J. Donaldson3 Jr • 

· dall1age started only 3 t04 minutes 
later. Fig. 7.7 shows the Wil~ PSI 
pattern tY~i cal of a 11 three eleva ti ons. 
With increase in height from 2.2 to 
4.2 km, the area of heavy involvement 
with the vortex circulation roughly 
doubled, going from three to four arcs 
in range with a correspondi ng azi
mutha 1 i ncreasefrom 1.4 to 2.3 km in 
diameter. Furthermore, the vortex for 

· the first time became highly asymme
trical; the main anomaly was a strong 
westerly flow (toward the radar) on 
the south side of the vortex. 

Between 1542 and 1553 several 
high-altitude PSI photographs were 
taken. No vortex could be identified 
on any of these pictures, but they did 
show, mos.tly above 10 km, an ellipti
cal region roughly 10 to 15 km in 
horizontal extent centered somewhat 
northeast of the extrapolated surface 
vortex, with many extreme flow dis~ur
bances. Shears as high as 7 x 10- s-l 
were measured, with 6V in excess of 50 
m s-l in several places. Also, 

I 
60 

I 
40 
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Fig. ?? Extremely intense vortex 
at a height of 3.3 km3 elevation 2.9 0 

at 1535 CST3 just three minutes prior 
to the earliest tornado damage. The 
large vortex straddles the 60 km range 
marker. 

successive pictures at the same elevation, separated in time by less than a 
minute, showed remarkable changes in velocity pattern. One gets the impression 
of a vast, wildly boiling caldron above the smaller and more organized vortex 
down below. Apparently the Union City tornado funnel extended its violence 
right up towards cloud top, but exhibited progressively disorganized circula
tion as it expanded with increasing height. 

Three of the most fascinating PSI photographs were taken successively 
between 1554 and 1555, with the elevatio~ angle fixed at 0.20 (Fig. 7.8). 
They show the tornado circulation roughly between ground and cloud base. In 
all three pictures the highly disturbed region is small, only 1 to 1.5 km in 
diameter. with very little disturbance anywhere else on the photograph except 
for a slight and narrow "broadcasting" of the disturbance several kilometers 
toward the southeast of the tornado. The time between first and last picture 
in this series is 75 seconds. In this time the vortex traversed one range 
gate, as nearly as we can measure, so the vortex is now traveling at a ground 
speed of about 11 m s-I and is beginning to accelerate. Also, as nearly as we 
can tell it is beginning to turn slightly toward its right during the last two 
pictures. 
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Fig. 7.8 PSI photographs taken consecutively during 1554-55 CST of the 
Union City tornado on the ground. All have eZevation of O.2~ so radar beam is 
vieuJing tornado funneZ and associated debris. 
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Velocities measured below cloud base likely are not those of the funnel 
cloud, because the radar is not sensitive enough to detect backscattered power 
from a condensation cloud. Near the damage path, tracers of air motion 
probably consist of wet debris and organic material (e.g. leaves) torn loose 
and picked up by the tornado, as well as scattered raindrops observed in the 
vicinity. Such tracers probably underestimate winds in the· funnel, but the' 
shears are still impressive. fn the first picture at 1554, D.V exceeds the 
maximum unambiguous velocity of 48 m s-l, since the PSI arc is split for a 
short azimuthal segment. The shear is difficult, if not impossible to measure 
under these circumstances. It was roughly estimated to be about 0.1 s-l 

The second picture reveals a D.V of about 45 m s-l; great care was taken 
to accurately determine the maximum tangential shear. The result is indis-. 
putable: . the max,imum shear isO.l s-l. This implies that the resolving power 
of the radar can reveal detail in a sharp velocity structure only 0.7 of the 
half-power beamwidth. 

The third picture shows a sudden and marked decrease in vortex intensity, 
both in shear and in D.v. Not surprisingly, this decrease occurred within one 
minute of the observation of a rapid shrinking in the si~e of the condensation 
funnel (Purcell, Chapter 11). In all three pictures the probable vortex width 
is less than a kilometer and there isa notable asymmetry, with the main flow 
disturbance moving toward the west. 

A later PSI view of the vortex at 1602-03, when the funnel was rope-like 
but still inflicting heavy damage, shows the vortex turning markedly toward 
its right. Only two pictures were taken during this sequence. We know only 
that the top of the vortex extended up to 1.4 km and was fairly symmetrical. 

The final PSI evidence of the vortex, at )611, was barely distinguishable 
from several other minor disturbances in the wind field at 0.8° elevation. It 
was found by extrapolation from the 'previous vortex position. The vortex was 
definitely absent (i.e., PSI arcs were smooth) on the previous picture taken 
at an elevation of 0.4° and on the succeeding one at -0.1°. Therefore, its 
minimum base height just before extinction was at least 0.6 km, the height of 
the radar beam axis, and probably was higher in consideration of the lack of 
any vortex signature in the radar echo only half a beamwidth below 0.8°. 
InCidentally, this final radar observation of the vortex is consistent with 
visual observation, that is, a small turbulent area in the cloud base was 
noted after the funnel had disappeared and the damage had ceased. 

A plan view of all Union City vortex locations identified by PSI is 
presented in Fig. 7.9. Table 7.4 shows the vertical dimensions of the vortex. 
Its base desc~nded gradually at first, and the~lDounced. For example, from 
1501 to 1522 lts descent rate was only 1.3 m s ; from 1522 to 1534 it de
scended at a rate of at least 2 m s-l; and considering it hit the ground at 
1538 with the iritial damage, the descent rate averaged over 1522 to 1538 was 
nearly 3.9 m s- . . 
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x PSI VORTEX 
® PSI VORTEX WITH BOUNDED 

WEAK ECHO REGION 
~------~~--------~~------~~--------~------270° 
~ ro ~ ~ ~ ~ 

RANGE FROM RADAR (km) 

Fig. 7.9 Plan view of Union City vortex positions located by PSI. X 
denotes vortex position corrected for storm motion to time of elevation 
sequence~ which is boxed in. .circles around X's show bounded weak echo 
regions attendant with vortices. Heights in km are printed alongside each 
vortex location. 

TABLE 7.4 Altitude Limits of the Union City Vortex 

BASE OF IDENTIFIABLE VORTEX TOP OF IDENTIFIABLE VORTEX 

Time (CST) He i ght . (km) Time (CST) Height (km) 

1457 5.4 1458 8.0 

1501 5~3 1502 . 7.8 or above 

1522 3.7 1526 9. 1 or above 

1534 2.2 or below 1535 4.2 or above 

1554-55 ) on the 1603 1.4' or above 
1602 ) ground 

1611 0.6 
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7."4 VORTEX TILT 

Measurements of vortex tilt were attempted where possible. In all· 
instances except one these observations contained small but unknown azimuth 
errors. The measurement at 1534-35, however, is regarded as especially 
accurate because the azimuth errors at the lower and upper heights of the. 
vortex segment were of the same polarity and approximately the same magnitude. 

Results of the tilt measurements are listed in Table 7.5. "Left" and 
"front" refer to th~ direction of tilt, with increasing height, as s.een by an 
observer at the vortex faCing in the direction of translation. Thecompass 
direction of tilt is the projection on the ground of the tilted vortexaxis~ 
going from lower to higher height. 

TABLE 7.5 TiZt of the Union City Voptex 

Measured 
Vortex 
Height Azimuth Angle Compass 

Time Interval Ti 1 t Range Tilt with Direction 
(CST) (km) (km) (km) Vertical of Ti 1 t 

1457-58 5.4-6.7 left 0.7 front 0.2 280 0320 

1457-58+ 5.4-8.0 left 0.7 front 0.4 lr 0460 

1524-25 7.1-8.2 left· <0.3 front:0.2 <18 0 >055 0 

*1534-35 2.2-4.2 left 1.0 front 0.2 280 0320 

1602-03 0.1-1.4 left 0.8 front 0.2 300 0340 

*High Quality Measurement 

Several interesting features are revealed by the tilt data. For example, 
the prime axis of tilt is invariably normal to the direction of travel, and to 
its left, rather than along it. The greatest tilt occurred toward the end of 
the vortex existence, when the tornado was in the rope stage. Finally, the 
two measurements with significantly lesser tilts involved the two greatest 
upper height limits. The vortex apparently became more vertical at higher 
altitudes. 

7.5 CONCLUDING REMARKS 

Progress of the Union City tornado vortex, using the PSI display, was 
observed for a period of 74 minutes. Although data are intermittent, we have 
traced vortex development from its early appearance as a large, weak circu1a
tionlocated 5 to 8 km aloft, through its descent, contraction and remarkable 
intensification while the tornado funnel touched down and inflicted severe 
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damage, until it finally disappeared into the cloud base as a small and weak 
disturbance. PSI measurements complement digital Doppler time-series data 
acquired at alternate times and presented elsewhere in this volume. Each 
method has advantages that compensate in large measure for the disadvantages 
of the other technique. The most important feature of the PSI display is its 
capability for accurate measurement of large values of shear and their easy 
recognition in real time. 

The Union City tornado, should it prove to be typical of such storms, 
furnishes a basis for significant improvements in tornado warning systems. A 
vortex was first detected by Doppler radar 41 minutes before initia"l damage. 
The means are available to recognize a potentially threatening mesoscale 
cyclone aloft and monitor its development and descent in order to provide an 
accurate and reliable short-term warning of destructive winds. Future re
search should address why some vortices never descend to the ground and a 
corisideration of conditions that affect the descent, intensification and 
stab il i ty of vort ices that evo 1 ve into dangerous tornadoes. 
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Chapter 8 

TORNADIC STORM AIRFLOW AND MORPHOLOGY DERIVED FROM 
. SINGLE DOPPLER RADAR MEASUREMENTS' . 

Leslie R. Lemon1 and Donald W.Burgess 
National Severe. Storms Laboratory 

Norman, OkZahoma 73069 

Single Doppler velocity data reveal a tornadit'thunderstorm 
dominated bya core cyclonic circulation, 2 to 6 klriin diameter, 
extending to at least 9 klR above ground. Deduc'edin-stonn relative 
f·low fields .are characterized by apparent flow through the pre-

. cipitation echo at low levels and by divergence at high levels •. 
Consigerable similarity is noted between mid-leveLflow structure 
around the core circulation and that observed around a solid' 
rotating cylinder embedded in classical potential flow. Core' 
cir~ulation tangential velocities increase with time while dia
meter decreases. Contemporaneously, collapse of storm top and 
extens i ve. echo overhang suggest updraft weaken i ng. . 

8.1 Introduction' 

Doppler radar measures both the reflectivity distribution and also radial 
precipitation particle velocity. The radial velocity component changes with 
azimuth; this inability to measure motion normal to the radar beam limits the 
application of single Doppler radar to investigate the convective storm. 
Some limitations are overcome by using interpretive techniques and restrictive 
assumptions about the velocity field character. . 

Pulsed Doppler radar investigations of convective storms were originally 
limited by vertical pointing antennas. Probert-Jones and Harper (1961) were 
the first to show that vertical air motion in showers could be obtained. 
Battan (1964) and Battan and Theiss (1966) mapped the vertical air patterns in 
air mass thunderstorms by extending the technique of Probert-Jones ahd Harper. 
With the Air Force Cambridge Research Laboratories' Doppler radar in a VAD 
(Velocity-Azimuth-Display) mode at intermediate elevation angles, Donaldson 
(1970b) determined wind direction and speed in a thunderstorm anvil. When 
sufficient echo encircles the radar, the VAD technique can provide estimates 
of the horizontal wind as well as particle fall speeds. 

lpresent affiliation: National Severe Storms Forecast Center, Techniques 
Development Unit, Kansas City, Missouri 64106. 
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8. Tornadic Storm Airflow and Morphology 

During the late 1960·s and 1970·s, attention has turned toward the study 
of horizontal motions in convective storms using data at low elevation angles. 
Easterbrook (1967) deduced wavelike perturbations (wavelength about 4 km) in 
the horizontal wind field of a convective echo. Donaldson (1967, 1971) and 
Donaldson et a1. (1969), using the single Doppler Plan Shear Indicator (PSI), 
identified localized regions of strong tangential shear (i.e., normal to the 
beam) up to 4 x 10-2 s-1 and possible cyclonic vortices within severe thunder
storms. With the NSSL Doppler, Brown et a1. (1971), Burgess and Brown (1973) 
and Sirmans et~. (1974) obtained quaST-horizontal data within tornadic 
thunderstorms containing cyclonic circulations (vortices) averaging about 5 km 
in diameter above funnel cloud or surface tornado locations. 

During the afternoon of 24 May 1973 the NSSL Doppler radar obtained the 
most extensive (at the time) single Doppler data set in a tornadic storm. 
Digital velocity measurements began 23 minutes before tornado touchdown and 
~ontinued until after tornado dissipatibn. Th~ purpose. of this paper is to 
derive a within-storm flow structure, determine its relationship to storm 
evolution and examine the relationship between the tornadic vortex signature-
directly related to the tornado (see Brown and Lemon, Chapter 15)--and the 
larger cyclonic circulation revealed by Doppler measurements. 

8.2 . DATA AND ANALYSIS ASSUMPTIONS 

The primary data source used here is the Doppler radar; its characteris
tics are listed by Sirmans in Appendix D. These data were edited and, using a 
three-dimensional Weighting function; objectively processed and displayed for 
analysis (see Brown, Appendix E).. . 

Recognizing limitations of single Doppler radar, Donaldson (1970a) intro
duced a somewhat objective method for defining a flow pattern which has an 
identifiable Doppler velocity signature--name1y, that of a Rankine combined 
vortex. The vortex (which tornadoes and mesocyclones. most closely resemble) 
is characterized by essentially two flow regimes. The first regime is the 
vortex core (r :s R), -where R is the radius of maximum tangential velocity. 
the core, in solid rotation (most ~asi1y identified in'single Doppler . 
radar data by the radially separated ·velocitypeaks of opposite polarity, Fig., 
8.l), has an idealized velocity distribution: 

v _ ...,... - C], r . 
v 

where C = max 
1 R 

ahd V is the tangential velocity •. Outside the core, the flow regime is 
that of a potential vortex 

V· r = C2' where C2 = Vmax • R 
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and is very difficult to detect by 
single Doppler radar. In this study 
we, have chosen to combi ne Donaldson I s 
vortex criteria and a number of 
assumptions to deduce internal storm 
flow structure (streamline patterns) 
from measured Doppler radial velocities 
(Section 8.3). The four primary 
vortex identification criteria esta
bli shed by D(;maldson (1970a) are: 

1. There is significant tangen-
tial shear of radial velocity 
in a quasi-horizontal plane 
with the sum of the angular 
diameter and elevation 
angle of observation being 
less than 30°. 

for 
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2. Tangential shear persists 
at least half the period 
required for one vortex 
revol ution •. Fig. 8.1 SingZe DoppZexo horizontaZ 

signature of a stationaxoy Rankine aom
extent,' bined voxotere (uppexo) and veZoaity 

pxoofiZe aZong areis xy{Zowexo). 
3. Shear pattern vertical 

exceeds its horizontal 
diameter. 

4. Qualitative shear pattern'is invariant during a viewing angle change 
approaching or exceeding 45°. 

A cyclonic shear signature in the 24 May data satisfies the first three 
criteria and identifies a solidly rotating vortex core. The flow pattern in 
the .shear signature portion of the field is thus defined (providing the 
assumptions listed below also apply). The remainder of the streamline pattern 
is determined through the use of the following assumptions: . 

5. Precipitation particles, regardless of size,flow with the horizontal 
wind. 

6. Vertical components contributing to the measured radial velocities 
are negligible. 

7. The flow field is characterized by stationarity (i.e., all time 
derivatives are zero) during each radar tilt sequence. 

8. Changes in radial velocity component indicate flow curvature 
rather than radial changes of wind speed (except in the upper level 
divergence region above the updraft). 

9. Zero Doppler velocities represent winds normal to the beam. 
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8. Tomadie StoY'm Airf"lo1;) and Morpho "logy 
-

10. As a first approximation, regions of maximum radial velocities repre-
sent flow directly toward or away from the radar. 

11. Free stream relative (to the moving storm) flow is modified 
within the -storm by convective processes to obtain perturbed flow 
field, i.e., streamlines originate with incoming relative ambient 
wind. 

12. Streamline solutions requiring minimum flow accelerations are used 
where possible. 

Assumptions 5 through 7 have been commonly used in single Doppler radar 
storm investigations. Assumptions 8 and 11 were first used by Lhermitte 
(1969) and subsequently by Brown et al. (1971) who also used 9 and 10 with 
success. The circumstance that stormmotion, relative environmental wind and 
storm inflow generally are parallel to radar radials aids considerably in use 
of this technique to analyze data for the Union City storm. However, it must 
be emphasized that the resulting storm-relative streamline fields presented 
here represent one nonunique solution to the true within storm flow. 

8.3 SINGLE DOPPLER DERIVED THUNDERSTORM FLOW STRUCTURE 

Digital Doppler veloCity data were collected from 1515 through 1608 CST. 
Relative (to storm) velocity and streamline fields in horizontal cross-sections 
are analyzed at about 10 minute intervals for the surface (data collected Q.1-
0.2 km.aboveground level (AGL) and extrapolated downward to 0 km), mid levels 
(5 km) and upper level~ '(highest data collection level). 

To begin building the streamline pattern for a given level , an ambient 
-rel~tive wind -was estab1 ished uSing either surface mesonetwork or rawinsonde 
data. 'A mean environmental hodograph ·(Fig. 8.2) was obtained using two rawin
sonc~es-at-the time of first storm echo (1405), one 90 km south and the .other 
9km east of the storm. Streamline solutions were subjectively determined 
from the relative radial ve1ocitY,fie1ds. An example of streamline construc-

.tion from the Doppler velocity fields using the earlier stated assljmptions is 
shown in Fig. 8.3 at 5 km. . 

. . Perhaps the n:Jost s i gnifi cant aspects of the Doppl er vel oei ty (and there
fore streamline) fie1d~ at low and mid levels (Figs. 8.3 through 8.8) is the 
stationarity or persistence of larger scale features (wavelengths generally 
~ 5 km)! The flow field persistence is surprising in light of substantial 
reflectivity structure change~ during the same period. The stationarity 
assumption was invoked only during each 'tilt sequence (3 to 4 minutes). 
Outside of those restricted periods, any large-scale velocity field changes 
wouJd be apparent fromthe analyses. '. . 
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COMPOS ITE' HODOGRAPH 
24 tolAY 1973 
1400 CST' ' 

10 30 4O~oni.-1 
0900 1-----,---1i<::::----t-~"""""01::~__:__I_--_1_--_.1 2700 ' 

10 

20 
3600 

Fig. 8.2 Hodograph of winds at 1400 CST on 24 May 197:3 aomposited from 
simultaneous rawinsonde releases 90 km south and 90 km east of the developing 
Union' City storm. Speed and direation of right-moving (R.M.) and left-moving 
(L.M.) portions afterspZit are indiaated (see Burgess et al., Chapter 6). 

8.3.1 Surface Flow (0 km) 

Streamline analysis in the lowest storm levels, typified by the 0 km 
display, indicates that storm-relative southeast flow (110° ,-140°) apparently 
passed through the echo nearly unaffected, consistent with Brown et al. 
(1971) findings. Only small amounts of cyclonic curvature are apparent in the 
right rear echo quadrant (echo quadrant is defined relative to echo lTIotion). 
Surface observations at 1515 indicated convergence and strong updraft without 
significant cloud ba~e circulation in this region (Golden, Appendix A). The 
gradual core circulation emergence from 1515 to 1545 (Figs. 8.3 through 8.6) 
is due to descent and advection of precipitation into the feature with the 
collapse of the echo overhang (see Burgess and Lemon, Chapter 5) a,nd the 
bounded weak echo region--BWER (Chisholm, 1970; Chisholm and Renick, 1972). 
At 1556 (Fig. 8.7), the circulation is located at the echo rear edge and by 
1604 (Fig~ 8.8) appears to be outside the low level echo. During this period 
(1545 to 1604) the eastward circulation movement was only half that of the 
storm (5.3 m s-l versus 11.4 m s-l), and caused the relative westward dis
placement. After 1545 the storm became front feeding (forward flank updraft). 
Thus, through propagation, the storm was able to persist beyond 1630--well 
after all radar indications of the supercel1 updraft along the rear flank had 
disappeared. 

A second flow characteristic conserved during the analysis is a dif1~ence 
region, in the central rear portion of the echo. The region is most notice~b1e 
at 1536 and 1545 located 7 to 9 km north of the core circulation. Difluence 
location suggests its association with the thunderstorm downdraft, however, 
this cannot be verified due to inadequate surface data. 
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8. Tornadic Stop,m Airflow and Mopphology 

Fig. 8.3 Objectively dete~ined stop,m-relative radial Doppler velocity 
isotachs (left side)~ derived streamlines and reflectivity (right side) for 
surface~ 5 km and highest complete data at 1515 CST. Reflectivity contour 
levels are 30~ 40 and 45 dBZ; areas greater than 45 dBZ have dark stippling. 
Hatching is the EWER and star indicates TVS location. Relative environmental 
wind is in lower left except for Okm AGL which shows relative winds at surface 
sites. Long wind barb equals 5 m s-l. Double line indicates data edge and 
long dash dot line is arbitrary right-moving stop,m boundary. 
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8. Tornadic StoPm Airflow and Morphology 

8.3.2 Mid-Level Flow (5 km Above Ground) 

Major flow field characteristics in mid levels are also conserved. The 
feature which domin~tes the flow throughout the analysis is the core circula
tion centered on the BWER at 1515. Circulation diameter, considered in much 
greater detail in Section 8.4, decreases from 1515 to 1545 and increases 
thereafter. By 1528 the collapsing weak echo region (BWER A in Fig. 8.9 and 
detectable only as a weaker reflectivity channel east of the circulation) has 
become separated from the circulation. Throughout the rest of the analysis 
period, the circulation is embedded in high reflectivity. This type of separa
tion has been documented in another tornadic storm by Burgess and Brown (1973) 
and Burgess (1974). Between 1528 and 1545 the circulation is centered north
west of BWER B while both are moving on closing paths (Fig. 8.9). At 1545 
BWER B is rapidly collapsing and has completely dis'lppeared by 1556. 

1515 

o , 10 , 20km , 

Fig. 8.9 Paths of boundea weak echo regions (arrows) as welZ as mesocycZone 
(dot) and tornadic vortex signature (star). SoUd contours are from 6 km 
height; dashed~ 5 lon. 

Browning (1964), Chisholm (1970), Marwitz and Berry (1971) . and others 
have presented theoretical as well as observational data supporting the con
tention that the BWER (also called echo weak or echo free vault) is created 
and sustained by organized intense updraft .. Doppler velocity data in this 
case also lends supportive evidence. BWER A is coincident wi~h the core 
circulation and probably coincident with the updraft (based on visual observa
tionsof lowered. cloud base and rapidly ascending cloud fragments beneath the 
circulation). Strongest evidence for an updraft with BWER B occurs during the 
1536 tilt sequence (corresponding to initial BWER collapse stages). At 6 
km (not shown), the first height at which BWER B is bounded~ weak divergence 
is centered on the BWER. At 9 km, in higher reflectivity above the BWER, a 
divergence signature exists (Fig. 8.5, Doppler velocity analysis, 55 km west, 
18 km north); upwind flow (away) is nearly 5 m s-l and downwind flow (toward 
the radar) exceeds 15 m s-1. . 

Related to, but in the lee of, the circulation at mid levels is a large 
"back flow" regi on; winds wi th strong easterly components as opposed to . 
ambient westerly winds. The back flow sustained throughout the analysis gives 
rise to a confluence line or dilatation axis that extends northeast from the 
circulation. The curved "back flow" resembles flow in a rotating cylinder 
wake. Similarly the confluence axi.s resembles flow merger occurring in the 
rotating cyllnder waKe in classical fluid mechanlCS (Schlichting, 1~60). 
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Prandtl and Tietjens (1934) filmed experiments to investigate 
flow structure around solid rotating cylinders embedded in free streamflow. 
The· ratio of the cyl inder's peripheral (tangential) velocity Vt to the ambient 
free stream velocity v was varied as in Eq. (8.3). 

V / = C t v where 0 < C < ~ • (8.3) 

Figure 8.10 shows the streamline patterns around a rotating cylinder for 
C = 3 and C = 4. Ratio between core circulation tangential velocities (before 
objective analysis smoothing) and the relative ambient wind ·speed at 5 km 
from 1515 to 1535 varied between 3 and 4. The resemblence of the experimental 
patterns inCluding back flow (especially when C = 4, Fig. 8.10) and the con
fluence axis orientation and structure 
are impressively similar to· the actual 
data derived streamline patterns (see 
especially 1528, Fig. 8.4). 

A she~rregion is centered on the 
zero Doppler velocity contour south~ 
east of the core circulation. Following 
the analysis assumptions, this region 

Vt 17l=4 

is interpreted as curving flow. 
Beginning about 1528, the shear region 
strengthens and between 1545 and 1556 
trao$forms into a second closed cy
clonic circulation. Lee vortex 
formation in association with block
ing, rotating thunderstorm updrafts 
has been found by Lemon (1976a). 
Those vortices, also occurring in 
severe or tornadic thunderstorms, were 
confined primarily to mid levels (4 to 
8 km) as is the second cyclonic vortex 
in this case. Fluid theory predicts 
the development of a cyclonic vortex 
when the rotational speed of a block
ing cyclonically rotating cylinder 
slows (Prandtl and Tietjens, 1934). 
This theory may account for the second 
cyclonic vortex because core circula
tion tangential velocities decreased 
about 10 m s-l or 40% just before it 
developed. By 1604 the elongated 
second vortex (6 km diameter) no 
longer is in the parent circulation 
lee. This vortex, like those studied 
by Lemon (1976a), is believed to be 
passive and no severe weather was 
associated with the circulation. 
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Fig. 8.10 Schematic of streamlines 
. produced in laboratory experiment in

volving a soUd rotating cyUnder 
(peripheral velocity Vt) embedded in 
free stream flow (with velocity v). 
Resulting confluence axis in the 
cylinder wake .is indicated by a 
dashed Une. After Prandtl and 
Tietjens (1934). 



8. Tornadia Storm A iT'fZoU) and Morpho Zogy' 

As occurred at the surface, the core circulation after 1545 slowly propa
gates toward the echo back edge. Unlike lower levels, the circulation in mid 
levels stays within the echo through 1604. However, examination of 1614 data 
indicates the parent circulation is no longer detectab1e--having either 
dissipated or emerged from the echo rear flank. 

8.3.3 Upper-Level Flow (9 to 10 km Above Ground) 

Adequate Doppler radar data were obtained at ~ to 10 km levels only 
during .three tilt sequences--1536, 1545, and 1556. The 9 km level at 1536 
(storm top approximately 16 km) is influenced as at lower levels, by the core 
circulation (Fig. 8.5). The large "back flow" region evident at 5km has been 
replaced at 9 km with flow essentially parallel to relative ambient winds. 
Back flow absence may be explained by the lee side wake being occupied by air 
diverging from within the core circulation updraft. Ambient flow blocking is 
still occurring, however, and is identified by two velocity maxima either side 
of the circulation. This type f10w-around-an-obstacle signature in single. 
Doppler data has been. discussed by Brown and Crawford (1972). 

Two difluent or divergent zones can be deduced from the velocity and 
streamline pattern at 1536 and 9 km. The first (as described in Section 
8.3.2) in association with BWER B lies just southwest of the circulation and 
is most easily identified by a velocity region slightly greater than zero. 
The second divergent region lies to the circulation northwest and is again 

, characterized by small positive. upwind velocities. Most impressive ~owever, 
is that the weak upstream flow exists in the face of ambient 20 m s- relative 
winds. Nonhydrostatic pressure excess forces are obviously active here at a 
height of over half the storm depth. . . 

One kilometer higher and only 10 minutes later at 1545 (Fig. 8.6) no core 
circulation is present (nor was present at any level at 1545); storm top at 
this time was approximately 15 km. Only the small intense cyclonic shear--the 
tornadic vortex signature (TVS)--is present, embedded at the divergence center. 
The vortex and divergence coincidence' suggests that, despite BWER collapse, 
the major supercell updr~ft (although weakening) is still associated with the 
core circulation and tornadic vortex. Divergence is the dominate feature at 1 
this level and includes flow upwind in excess of 5 m s-l into ambient 26 m s
flow. The divergence acts as a block to the ambient winds and produc;es the 
flow-around':"an-obstacle sig?ature referred to previously. Storm-relative 
velocities of 20 to 30 m s- are present in the blocking signature maxima. 

. While the core circulation does exist at lower heights, neither it, nor 
the TVS, is present in the 9 km data by 1556 (Fig. 8.7); storm top is approxi
mately 12 km. Instead, divergence dominates the field. The core circulation 
upper detectable limit has decreased considerably. Areal echo coverage. also 
has decreased considerably since the 9 km scan at 1536, consistent with lower
ing.divergence level and storm top. During this collapse the intense tornado 
is still on the ground, remaining there until 1604 and inflicting considerable 

. damage. 

At. 1604 no high-level data were acquired; the highest complete data were 
.obtained at6 km. There the circulation breaks down into an open wave or 
trough-like flow. 
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8.3.4 Flow Structure Summary 

Low-level relative winds apparently flowed through the precipitation echo 
with limited disruptions of a core circulation and difluence (possible down
draft) region. The core circulation, weakening and expanding, exited the rear 
echo flank during later analysis stages (moving more slowly than theprecipita-
tion area). . ", .', . 

. . . . . 

Mid-level flow exhibited features similar to laboratory experiments with 
solid rotating cylinders embedded in free stream flow. These features inc.lude 
a wake, region in the core circulation lee, "boundarylayer" separation and 
eventual formation of a wake cyclonic vortex. Core circulation and BWER A ' 
were found to be coincident as consistent with theory; however, BW.ER A subse
quently collapsed and separated from the circulation, leaving the circulation 
and associated updraft Wholly contained within high reflectivity echo. 
Evidence indicates that BWER A and B were associated with updrafts for at 

. l€ast a portion of their existence. 

High-level flow (9-10 km) was dominated by divergence"tha,t.b'lock~d 
ambient flow. The co~e circulation initially extended to'high levels but 
dissipated from the top downward. 

8.4 CORE CIRCULATION RELATIONSHIP TO TVS AND STORM EVOLUTION 

Core circulation relationship to overall storm flow structure has been 
included in some detail in previous sections. The present section treats the 
core circu1ation·s relationship to a small high shear region--the TVS--and the 
relationship of both to storm metamorphosis. 

A closed cyclonic circulation of thunderstorm updraft size has been 
labeled Imesocyc10ne". Fujita (1965) in his study of the Fargo, North Dakota 
storm and other tornadic storms labels a large rotating thunderstorm cloud 
mass a IItornado cyc10ne" when a tornado is associated with the mesocyc10ne. 
Here II core circu1ation" describes the mesocyc10ne (or tornado cyclone) core as 
detected in single Doppler radar data; in this case, the core diameter varied 
from 2 to 6 km. Core diameter--having a unique single Doppler velocity 
signature--is specified by the distance (along xy in Fig. 8 .• 1) between the two 
opposing velocity peaks at the edge of the vortex·s solid rotat'ion core. 

. Temporal ch~nges of cor~ ci~cu1ation diameter have been mentioned pre
vlou~ly and are.l11ustrated ln Flg. 8.11 along with diameter changes in the 
vertlca1. The lnterna1 TVS location is also shown. This is the first time 
that such detailed data concerning the core circulation has been obtained and 
affords ,the opportunity to examine how core circulation changes relate to , 
tornado production and storm morphology. .' 

Diameter determined for the core circulation in Fig. 8.11 can be measured 
with confidence only in the direction normal to the radar beam. Axial sym
metry is assumed. Diameter in general decreased from 1515 until 1545 when the 
larger vortex core $ignature was no longer discernible, leaving only the 

,tornado vortex signature. The larger potential vortex region outside the TVS 
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was evident, however. After 1545, a larger core circulation was once again 
detectable and continued to increase in size. 

Peak core circulation tangential velocities were examined at 3 and 6 km 
and are presented as a function of time in Fig. 8.12. Diameter change as a 
function of time is also presented. Velocity trend i's generally inversely 
proportional to the circulation radius. During the 1545 data collection, 
maximum tangential velocities and minimum circulation diameter were recorded; 
these extreme tangential velocity and diameter values represent the TVS and 
therefore are under and over estimates, respectively, for the tornado (see 
Brown and Lemon, Chapter 15). The 1545 collection period was also near the 
time of the largest visible tornado size. 

Circulation, r, can be expressed by Eq. (8.4) 

(8.4) 

where rand Vt are radius and mean peak tangential velocity, respectively. 
Using this expression, circulation values for the core vortex range from 0.7 
to 3.7 x 105 m2 s-l, consistent with Fujita's (1965) findings for the tornado 
cyclone. 

Internal relationships between the core circulation flow structure and 
the TVS early in the observation period (see Fig. 8.11) could not be conclu
sively identified from the data. Two possibilities exist and are shown in 
Fig. 8.13. The tornado could act as the displaced (relative to velocity 
maxima) circul ation center. The second possibil ity is that the closed tor
nadic circulation is embedded within the closed parent circulation. Available 
.data tend to support the former possibil ity. 

Throughout its observed vertical depth the TVS was displaced west (to the 
rear flank) of the core circulation center at 1515. TheTVS migrated to the 
circulation center with time," first at low levels, then at progressively 
higher levels •. During the migration process, TVS intensityand core circu
lation tangential velocities increased (Fig. 8.12). Contemporaneously the TVS 
(and tornado). lowered to the surface while the core circulation decreased in 
size. This progression of events suggests concentration (and conservation) of 
angular momentum ona small scale, perhaps that of the tornado~ 

During the TVS a,rrival at the surface and rapid decrease in core cir
culation size, the storm BWER and rear flank storm· top also collapsed (Fig. 
8.14).' After 1545, the level-at which the core circulation (and TVS) broke 
down and was replaced by divergence lowered considerably. Tor-nado occurrence 
at the time of storm top and WER collapse has been documented e.lsewhere by 
Burgess (1974). Fujita (1973) proposed an updraft water loading and twisting 
downdraft hypothesis to explain storm top collapse and tornado production. A 

.lIvor tex valve ll hypothesis has been -proposed by Lernon (Appendix G) as a pos~ 
sible explanation for storm top collapse. . 
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8.5 SUMMARY 

Objectively analyzed single 
Doppler velocity data reveal a severe 
thunderstorm dominated by a Rankine 
combined cyclonic vortex with a 2 to 
6 km core diameter. At low levels 
outside the vortex circulation, rela
tive flow is mostly southeast through 
the storm with some difluence in the 
central rear flank. Considerable.· 
similarity is noted between the de
rived mid-level flow structure around 
the core ~jrculation and that around 
a solid rotating cylinder embedded in. 
potential flow. Dominant flow at high 
levels underwent a transition from 
circul~t,ion to divergence as the storm 
top des,cended. 

Core circulation diameter de
creased as tangential velocities 
increased. Minimum diameter and ; 
maximum velocities were reached at: the 
t·ime of largest, visible tornado size. 
The tornadic vortex signature (related 
directly to the tornado vortex) 

Les~ie R. Lemon and DonaZd W. Burgess 
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Fig. 8.14 Graph of Union City·· 
storm top and maximum height of 
bounded weak echo regions A and B as 
a function of time. Tornado duration 
on the ground indicated by stipp Zed . 
bar. 

descended with time as its relative position migrated to the circulation 
center. Tangential velocities lessen~d as the visible tornado decreased in 
size. Core circulatioriincreased in di~meter a~d the discernable ~ircula
tion's upper limit lowered markedly as the tornado dissipated. 

In summary, the following steps were observed in the Union City storm 
evolution:· . 

1. The storm updraft increases rapidly and develops an overhang and 
bounded weak echo region (BWER). 

2. BWER and core circulation coincide at mid levels where both are 
detectable. Separation of radar detected echo mass into left and 
right moving thunderstorms begins. 

3. The tornadic vortex signaiure (TVS) is first detected in mid· levels. 

4. Swirl in the core circulation increases as circulation diameter 
decreases. BWER and circulation separate as BWER begins collapse. 

5. Echo overhang and storm top begin collapse. 

6. Tornado and TVS reach the surface. 

7. Upper limit of circulation lowers and is replaced by divergence. 
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8. Reorganization begins with new updraft development on the forward 
storm flank. 

9. Supercell updraft, tornado and TVS dissipate. 

10. Newly organized moderate thunderstorm persists without superce11 
characteristics. 
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Chapter 9" 

ELECTROMAGNETIC SIGNATURE OF THE, 
UNION CITY TORNADIC STORM AT THREE MEGAHERTZ 

. ~ .. '. . 

. . " ~. ", .' 
. ./ 

,Wl1li~m.L~ ; Taylor 

'. Wave' Propagation, Laboratory 
Boulder {Jo'loraao 80302"" 

. ~ .' . ~ . 

>;" 

:: 

The Union Citytornadk storm produced a· 3 MHz·electroniagnetlc: 
5i gnature~ _ The burst rate observed on a detector loca'ted'< at' Wi J.1. Ro'gers 
World Ai rport exceede'd20 bursts per minute a Imdst TO'minutes before 
tornado tou'chdownand continued for 20 imihutesafter tornado' decay,.' 

9.1 Irytroduction 

The development of an electromagnetic technique possibly suitable for 
tornadic stormde,tection was undertaken, severa} years' ago in the Wave Propaga
ti on Laboratory. Initial observations were made by:Taylor (l9n, 1972). during 
the 1969;"1971 tornado seasons in' coo'perati on 'wi th the Natrona r Severe Storms 

,Laboratory. This ec;trl ier work- consis~tedof searching" for an electromagnetic 
'Signature associated with to'rnadic conditions by obsE!'rving the radiation from 
1 i ghtni ng di scharge processesi n the' frequency band, from 10' kHz to 137, MHz. " ' 

• ',,">1, 

Taylor (1973a, 1973b, 1974) concluded from the previous work that: 

(1) 

(2) 

(3) 

(4) 

. . '. . 

The observed level of sferic activity, i.e., emissions from 
lightning discharges, corresponded closely with thunderstorm severity 
as indicated by reported tornadoes, funnel clouds,damagingwinds or 
hail. .. , 

Severe storms that produced tornadoes were generally associated with 
greatly enhanced sferH: acti vity, with many bursts of hi gh' sferi,c" 
rates. Nevertheless, relatively few storms with high burst r,ates 
produce tornadoes. 

The enhancement in burst rates waseasfly recognized onliat fre-,' 
quencies above about 1 MHz. 

Sferic bursts originated in the parent storm rather than'in 'the 
tornado vorte~; , 

Some of these conclusions agree with the work of Jones (1965), Lind etal. 
(1972),Scouten et al. (1972), Silberg (1965) and Stanford etal. (1971). 
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9.2 INSTRUMENTATION 

For the 1972 tornado season, an instrument was developed to measure the 
sferic activity of thunderstorms as indicated by the sferics "burst rate" 
which is simply the number of clusters or groups of large-amplitude sferics 
occurring in a one-minute period. The signals applied to a single-stage 
tuned-radio~frequency circuit with a center frequency near 3 MHz and a band
width of 10 percent were supplied by a one-meter-long vertical monopole 
antenna. Amplitude threshold levels of the detector were adjusted to 5 VIm 
and 2 VIm, and correspond to nominal sferic amplitudes expected at ranges of 
30 and 70 km, respectively. A burst was counted in each threshold circuit when 
the amplitude of a received signal was greater than the threshold level and 
the sferk rate exceeded 500 per sec for a period longer than 0.1 sec. Burst 
rates were obtained from integrator circuits and presented to a multichannel 
event recorder to show when the burst rate exceeded 3, 10, 20 and 30 per min. 
The data .. available consisted of 8 channels of burst rate information and one 
channel of time marks from a local clock. 

9.3 OBSERVATIONS AND RESULTS 

A total of 15 tornadicstorm detectors were installed within or near 
"tornadq alley" during the 1972 and 1973 tornado. seasons. The resul ts of 
evaluating this tornado-detection technique have been presented previously by 
Taylor (l973a). One detector in the network was located at the Oklahoma City 
National Weather Service Office at Will Rogers World Airport. The response of 
this detector during the time of the Union City tornado on 24 ~1ay 1973 is 

. presented in Fi g. 9. 1 • The tornado. was on the ground from 1538 to 1604 CST. 

Fi gure 9. lsh~\'Is .t~a~st~ri cSE!xceE!_clJng~I·LC!.rl1iJlityge_thresho 1 ci of 2 V/IT} 
---produced -burst rates faster than 3 per min between 1510. and 1652~ (At no tlme 

during the 24 hr either preceding or follo.wing this period was the minimum 
detector response burst rate of 3 per min exceeded.) . Beginning about 1520 the 
burst rate increased rather rapidly and exceeded 30 bursts per min at 1533. A 
burst rate greater than 20 per min--frequently measured in tornadic storms 
.(Tay10r, 1973a)--was attained abo.ut 9 min before the tornado touched down~ 
.The burst rate, remained above this 20 per min "warningleveV' until 1625,more 
than 20 min after the tornado· di ssipated. 

The increase in burst rates prior to the tornado was approximately that 
of an exponential rise. Differences between the observed and the actual burst 
rate produced during the increasing phase of this tornado activity should be 
very small, in the time domain of interest here, since the charging time 
constant of the byrstrate integrators was of the order: oflO sec. But this 
was not the situation for the decay period because the discha.rge time cbnstant 
of the burst rate integrators was about three minutes and in addition there 
was a rel ayhyst.eresis of about 20 percent of the burst rate. Consequ.ently, 
the a:ctual burst rate undoubtedly decreased somewhat more rapidly than is 
shown in Fig. 9.1. 
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Very little activity was observed on the 5 Vim threshold level as shown 
in Fig. 9.1. The burst rate exceeded 3 per min between about 1537 and 1622. 
Only for a brief 2 min period around 1606 was the burst rate faster than 10 
per min. 

9.4 DISCUSSION 

Typically, a rapid rise in burst rate is observed prior totornadic 
conditions and a burst rate exceeding 20 per min generally is observed about 
15 min before tornado touchdown. Usually the burst rate decays much slower 
than it rises.· Often. other severe 'storm .activity in- an area tends to mask 
burst rate enhancement accompanying a tornadic storm by inc:reasing the back
ground burst rate level. In these respects, the Union City tornadicstorm was 
typical. Although, during the Union City storm period, numerous funnel clouds 
were reported in the Oklahoma City area; there is no evidence they were 
associated with any enhanced electrical activity. 

Initial touchdown point of this tornado was about'40km due we~t of our
detector." The storm moved'toward the east-southeastthroygh Union City and 
dissipated at a range of about 28 km. Figure 9.2 indicates the distance to 

'low-level radar reflectivity cores (~ 45 dBZ) of the closest echoes. The 
ranges of the DO'ppler radar tornadic vortex signature aloft and the tornado .' 
damage track also are shown. After the tornado dissipated at 1604, there was 
no longer a Doppler tornadic vortex signature in the storm (Brown and Lemon, 
Chapter 15.) 

Figure 9.1 shows clearly that the sources of the bursts were within 70 km 
range but farther. than 30 km since (1) the burst rate for the 0 to 30 km 
threshold level was less than 3 per min l.lnti'): after-the tornado had formed and 
(2) the 0 to 70. km thres-holdlevel "i{id-icated a burst rateexceed'ing 30 per 
min. As the storm moved closer to the detector, the burst rate of the 0 to 30 
km channel ~ended to increase until , just.after l~OO"a burst rate between 10 
and 20 per min was attained. However, from this storm, burst rate activity 
probably began to decrease around 1600;, there were insufficient sources of 
electrical a'ctiviti within the 30 km range to produce a burst rate more fre
quent than 20 per min. As new storms--developing south ()f thedec&ying Union 
City storm--moved close to the detector, the burst ,rate cont'ir'IIJedto decrease, 
indicating that the enhanced electrical activity diminisnedrather rapidly 
after the tornado and its parent storm had dissipated •.. 

. ' .• :", : 
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Chapter 10 

DIRECTIONAL MEASUREMf;NTS OF VERY LOW FREQUENCY (VLF) 
SFERICS IN THE UNION CITY TORNADIC STORM . 

Rodger A. Brown 
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Md 

Herbert G.Hughes 
NavaZ EZeatpon,ia.{;J Labopq.tory Centep 
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The Naval Electronics laboratory Center made directional 
sferics measurements in the Union Gity, Oklahoma tornadic storm. 
These data verify the very interesting findings of two earlier 
directional sferics studies. Whereas sferics activity in tornado
producing Storms is known to peak near tornado time, all these 
studies show conclusively that sferics do not originate in the 
tornado itself but rather do 9riginate throughout the parent 
thunderstorm. 

10.1 Introduction 

Tornadoes long have been a source of fascination. for both scientist and 
layman. In addition to the incredible destruction that a tornado can cause, 
the parent storm frequently displays intense electrical activity. Noting the 
apparent relationship between tornadoes and electrical activity, in 1947 Jones 
began a pioneering study of atmospherics (sferics) associated with tornadic 
storms. His published results (Jones, 1951; Jones and Hess, 1952; Jones, 
1958, 1965), employing 150 kHz measurements, led to the concept that high 
sferics rates are associated with the tornado funnel. Other omnidirectional 
studies at a variety of frequencies convey the same impression (e.g., Kohl, 
1962; Silberg, 1965; Stanford et al., 1971 ; Lind et al., 1972; Trost and 
Nomikos, 1975). Omnidirectional measurements do not isolate the portion of a 
storm from which extremely high sferics rates emanate--the tornado typically 
is assumed to be the source. 

Similar assumptions have been used to postulate exotic theories' that link 
electrical activity with the formation and maintenance of tornadoes. These 
theories can be divided into two general categories: those based on electro
dynamic motion and those based on thermodynamics caused by electrical heating. 
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Electrodynamic models (e.g., Rathbun, 1960; Vonnegut, 1960; Rossow, 1966) 
generally assume a particular distribution of charged particles that is per
turbed in such a way as to initiate a cyclonic circulation. As the charged 
particles rotate,surrounding~iris accelerated into a tornado vortex. Wil
kins (1964) examined some of these models and concludes that "any model 
showing promise of forming a vortex by electrodynamic action is so improbable 
in nature as to be unworthy of serious consideration". ' 

Thermodynamic models (e.g., Vonnegut, 1960; Brook, 19671; Colgate, 1967) 
assume that a vertical channel of air is heated by repeated lightning dis
charges or by a continuous arc or glow discharge. These models have been 
proposed to explain hypothesized sonic wind speeds in tornadoes. However, 
most reliable wind speed estimates made, during the past 20 years (summarized 
by Davies-Jones and Kessler, 1974) have maximum values only one-third the 
speed of sound'. Using inorerea1istic wind speeds, Wilkins (1964) deduced that 
repeated lightning strokes must continue in the same channel for several 
minutes in order to generate the same amount of buoyancy that is readily 
available from latent heat release. Based on field observations near 18 
tornadic storms, Davies,:",Jones and Golden (1975) report a pronounced lack of 
lightning activity in the iminediate vicinity of tornado genesis regions. 
Directiona1'sferics measLirements appear to hold the most promise for further 
examination of thermodynamic hypotheses. ' 

In this chapter, we discuss directional sferics measurements made in the 
Union Citytornadic storm and compare them with directional measurements made 
in other tornadic storms. Location and movement of the Union City storm 
allows unambiguous differentiation of tornado sferics from those originating 
within the main body of the storm. 

10.2 EQUIPMENT 

, Durihg the month of May 1973, the Naval Electronics Laboratory Center 
(NELC)c'onducted .radio propagation measurements at1 to 50 kHz in the very low 
frequency (VLF) region between three widely separated locations (Oklahoma, 
California ,and Hawafi). The' measurements we're of naturally occurring electro
magnetic emissions (sferics) generated by 1 ightning flashes (Hughes and . ' 
Gallenberger, 1974). The Oklahoma station (in Norman about 6 kmSSE of NSSL) 
was u,~ed to locate and identify the types of sferics sources propagating to 
the remotesta tions'.· .. , " , , ' 

.' The NELCsferitsreceiveris a high':'speed digital, system capable of 
recording'severa1 thousand impulses per' minute .. Adetafl eddescription 6fthe 
system is presented by Ga11enberger (1972). Basically the system..:-tnr6ugh a 
minicomputer controlled process~-records on magnetic tape the digitized analog 
voltages of the VLFvertica1 electric and horizontal magnetic field components I 
:()f a received a'tmospheric,' itsd'i,rection'oT arrival (DOA) and time of arrival 

lZrnic·;(1976) 'has shown that the magnetometer· perturbation that Brook (1967) 
attributed to the presence of a nearby tornado actually was due to a global 
magnetospheric disturbance. 
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to thE! nearest 10 llS of universal time.' DOA selectivity is provided stich that 
" o.nly,sferJcs a.rriving from a preselected azimuthal value are recorded. System 
, gain. is controll~d through logic circuitry and a progr~mmable amplifier-whose 
" gain 'is automatically set to accept peak voltage of the triggering waveform. 
"After a preselected time the amplifier sWitches to ma);{imum gain. This' a.llows 
, recording of the low. amp) itud~:skywaves that follow t,he precursory' high-

ampl itudegrolmdwave from nearby flashes. The' VLF sensors include a 'one-
" meter wh,ip'anteima and, for DOA information"a 's,et or'electrostatically, 
',shielded loop antennae. Frequ~ncY response of the vettlcal' whipante'nnci' is: 

flat between-3. dB pointsofl 'kHz and 50 kHz. , Digitjzing of' si gna.ls tn each 
, : channel 5s~acc6mp 1 tshed via 8-bi t ana, 1 og-to-di gita 1 converters'. SamPl irig rate 
, andnumberot',$'amplesfor each waveform are" indep~ndEmtly variable and are set 

by teletype Htput to the computer. Digital valuesa.re stored .in computer 
, memory untila"speci'fiednumber of waveforms have been accumulated;~hese are 
, then output as one record ,to,9~track magnetic tape in a format suitab'le' for 

subseqiJentcomputer processing. " 

10.3 DATA ANALYSIS " 

,At VLF, strongsferics are produced by the return stroke of a cloud-to
ground discharge. Much weaker signals are generated by K processes (small 
rapid electric field charges) occurring both in ground and intracloud flash~s, 
and still weaker sferics are produced during the leader phase of the discharge 
to earth (Mal an, 1958). 

On 24 May 1973, the sferics receiver began data collection on the Union 
City storm at about 1450 CST, shortly after NSSL meteorologists ,decided that 
the storm had distinct tornado-producing potential. The storm was about 75 km 
west-northwest of, and moving generally toward, the receiver at approximately 
10 m s-l. " 

During the recording period, the system was programmed to record all 
impluses having an electric field intensity greater than 1.6 V m- l . As storm~ 
approach the sferics receiver, thesferics magnitude increases (for a given 
discharge rate) and therefore the number of impulses exceeding the threshold 
level increases. Computer processing allows the data to be analyzed using a 
selected azimuth..,.time window. In this study, sferics counts measured in a 
five-degree azimuthal sector over a three-minute period were chosen for anal
ysis. (There is an unknown azimuthal uncertainty caused by the presence of 
nearby buildings, telephone wires, etc.) 

The number of sferics events recorded between 1450 and 1630 are presented 
in Fig. 10.1. To aid sferics data interpretation, an ~zimuth-time plot of 
maximum low-level radar reflectivity was prepared (Fig. 10.2). An important 
feature is the long thin shaded region,that indicates the location bf the 
tornado vortex at the southwest edge of the radar echo. Prior tO,tornado 
touchdown at 1538, the region represents the tornadic vortex signature aloft, 
which had been detectable on the NSSL Doppler radar for well over half an hour 
(see Donaldson, Chapter 7; Brown and Lemon, Chapter 15); after 1538 it repre
sents both the tornado on the ground and the Signature above cloud base. The 
width of the shaded region indicates the north-northeast tilt of the tornado 
vortex with height. 
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Fig. 10.1 Azimuth-time ptot of the 
totat number of sferias events reaeived 
per five-degree azimuth seator in a 
three-minute period. Long, thin dark 
region is the horizontat projeation 
of . the ti tted tornado and Doppter 
vetoaity tornadia vortex signature 
atoft. 
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~~g. lO.z Maximum radar reftea
tivity faator near the ground as a 
funation of azimuth and time. Eahoes 
greater than 100 km from the reaeiver 
have. dashed aontours. Long, thin dark 
region is the horizontat projeation of 
the titted tornado and Doppter veto
aity tornadia vortex signature atoft. 
Range to nearest radar eaho aore 'lJJith~ 
in the overatt azimuth seator (as a 
funation of time) is indiaated atOng 
right side. 

A very interesting picture emerges--the peak count, as a function of 
time, coincides with. peak radar reflectivity. Since the radar echoes have 
greater areal extent aloft to the south of the Union City storm (see Burgess 
and Lemon, Chapter 5), sferics activity extends to the left of the low-level 
reflectivity contours. In the azimuth sector containing the Union City storm 
(generally 2809 to 340°), sferics activity peaks just after tornado demise, 
then decreases. At the same time, new storm deve.10pment to· the south passed 
within 20 to 40 kmwest and southwest of the receiver, producing high sferics 
counts due in part to the proximity of electrical discharges. 

, . No' apparent correlation exists between the sfericsand the location of 
the:tornado vortex either before or after touchdown (1538). Likewise, tornado 
dissipation at 1604--a1ong with the disappearing tornadic vortex$ignature 
aloft-~had no effect on thesferics activity. At all times the tornado stayed 

'near the edge of both radar echo and peak sferics region. 
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These findings are consistent with those of the only two other direc
tional sferics studies known for tornado-producing storms (Scouten et al., 
1972; Taylor, 1973). Scouten et ale analyzed some of Jones' directional ,150 
kHz measurements in the 1955 Blackwell, Oklahoma tornadic storm: one sample 
40 min prior to touchdown and the other while the tornado was on the ground. 
They found tha't high sferics count rates do not originate from 9n isolated 
portion of the storm, but from the storm asa who1e~ In fact,tornad'otouch
down did not produce any significant changes in the sferics rate. Taylor 
recorded the arrival direction of sferics from the' 1970 Oklahoma Citytornadic 
storms using a wide-band unit with. a frequency response between 2 and 600 kHz. 
He found that while thesferics rate increased near the time of the two 
reported tornadoes, the directional measurements clearly indicatedthatsferics 
activity peaked in the center of the respective storm masses (radar echoes), 
with no significant act.ivity at the respective tornado azimuths. Nontornadic 
severe storms likewise have sferics events distributed throughout the storm 
(e.g., Taylor, 1973; Kinzer, 1974). 

Based on these directional sferics studies, one may reasonably conclude 
that the tornado is not the source for enhanced sferics activity at the time 
of the tornado. Apparently tornado-producing storms undergo an electrical 
1 ife cycle such that 1 ightning occurrence reaches. a peak near tornado time. 
Concurrently (as Lemon and Burgess documented in Chapter 8), tornado-producing 
storms 'undergo a thermodynamical life cycle that peaks at the time of tornado 
production, then quickly subsides. This correspondence of events agrees with 
the speculations of Scouten et a1. and Taylor that the buildup of high sferics 
count rates is related to vigorous convective activity peaking in the storm 
at about the time of tornado occurrence. 

10.4 CONCLUSIONS 

Directional sferics measurements in the Union City tornadic storm sub
'stantiate recent findings of Scouten et a1. (1972) and Taylor (1973) that 
sferics activity peaking at the time of a tornado is not associated with the 
to.rnado but is associated with the parent thunderstorm. The preferred loca
tion of tornadoes along the southwest flank of storms makes it possible to 
distinguish between sferics generated along the tornado azimuth and those 
originating within the parent storm. It appears that as storm dynamics build 
up to tornado production, electrical discharges in the storm simultaneously 
build to a peak. 

This rather consistent simultaneity led researchers using omnidirectional 
sferics detectors to understandably, but erroneously, conclude that tornadoes 
are the source of intense electrical activity. Theorists, in turn, have used 
the erroneous information to propose exotic electrical processes for tornado 
formation and maintenance. 
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Chapter 11 

HISTORY OF THE UNION CITY TORNADO 

Daniel Purcell 
Nationa~ Severe StO~8 Laboratory 

Norman~ Ok~ahoma 73069 

A major tornado struck the small farming community of Union 
City, Oklahoma. on 24 May 1973. It was on the ground for 26 minutes 
and ~ttained a maximum width (at cloud base) of nearly 600 met~rs. 
Even though the funnel narrowed toward the ground, the width of 
the damage path consistently equalled funnel width at cloud base. 
The tornado life cycl~ consisted of four disti~ct parts: organizing 
stage (visible funnel intermittently touching ground with con
tinuous damage path), mature stage (tornado at largest size), 
shrinking stage (entire funnel decreasing to thin cblumn) and 
decaying stage (fragmented, contorted funnel). Even in its final 
stages, the tornado retained its destructive intensity. 

11.1 Introduction 

The embryo of the Union City tornadic storin was first detectable by radar 
in west-central Oklahoma, shortly after 1400 CST on 24 May 1973 (Burgess and 
Lemon, Chapter 5).· As the storm grew, it developed characteristics (isolated, 
explosive growth) that attracted the attention of the NSSL tornado intercept 
team. The team was positioned about 40 km west of the storm at 1440 when the 
decision was made to intercept the storm and photograph whatever tornado might 
appear (see Golden, Appendix A). 

As the intercept team moved east-southeastward to get to the storm's 
south side, the formation of a wall cloud with its characteristic lowered 
cloud base (defined by Fujita, 1960) was observed shortly after 1500. After 
the wall cloud began to rotate slowly, some short-lived funnel-like protru
sions formed beneath it (Fig.. 11.1). The bottom edge of the wall cloud went 
through many rapid changes in form as moist air was drawn up through the wall 
cloud base into the storm's rotating updraft. At 1538, a short smooth funnel 
appeared beneath the wall cloud. 

Overall tornado damage track (1538 to 1604) and associated characteristic 
funnel shapes are depicted in Fig. 11.2. Damage extent at each farmstead 
location along the damage path is presented in Table 11.1. The F-scale column 
in the table refers to a descriptive scale devised by Fujita (1971) for 
classifying tornadoes according to the damage they caused; the scale typically 
runs from F 0 (damage to chimneys and TV antennas; twigs broken off trees) to 
F 5 (frame houses destroyed with little or no debris remaining on foundations; 
automobile-sized missiles generated). 
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Fig. 11.1 DeveZoping waZZ cZoud~ Zooking east at 1515. NSSLtornado inter
cept team members in foreground (Z. to r.): PurceZZ~ GoZden~ VZcek and Morgan. 
Photo courtesy of Robert Gannon. 

The following sections discuss the tornado and damage path in more 
detail. Tornado life cycle is divided into four distinct stages: organizing, 
mature, shrinking and decaying. 

11.2 ORGANIZING STAGE 

. Initiation of surface damage 9.7 km west of Union City coincided with 
f(mnel formation (Fig. 11.3.) .. At the time of formation the funnel was deter
mihed by photogrammetry to be 175 m wide at cloud base and it extended only a 
thir9 of the way to the ground. The first hint of anything unusual at Farm
stead A was swirlingdust,leavesand trash that approached from the west and 
mom'entarilyengulfed the farmhouse. From a distance, this debris cloud was 
observed to remain on the ground beneath the funnel as the tornado headed east 
at a speed of 8 m s-l. - . 
. '.'~' . ... ; .. 

":O~ring most of the first 10 min of its 1 ifetime, the visible condensation 
····fuhnerremain~d aloft, extending to :the ground only twice for periods9fl~ss 

than ,15s. The lower two-thirds of the funnel appeared and disappeared in' a 
.ghos1:1i~e m~nner. However, the tornado produced a conti nuous damage pat~as ' 

" tt:"pas,s~d-,over five farmsteads (A through E in Fig. 11.2). These farmstead~ 
, sustained moderate damage; several wooden sheds were destroyed along \'iithtwo 

silos (Table 11.1). None of the farm homes in this area received structural 
damage (for example, see Fig. 11.4). 
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Duration 26 min 
Palh Length 17 km 
Max. Width O.5km 
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UNION CITY, OKLAHOMA 
24 MAY 1973 TORNADO 

Fig. ,11.2 'il.,amage path of the Unio,n "City tornado with sketahes of the funnel 
and assoaiate~\debPis aloud as seen from the south. Letters A through H 
indiaate damage4 f~steads (details in Table 11.1). 

\ 
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Fig. 11.3 Condensation funnel at 
1541 near beginning of Union City 
tornado organizing stage. Looking 
toward west-northwest. Photo 
aourtesy of Steve Tegtmeier. 
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TABLE 11.1 Damage to Farmsteads Near Union City 

A 

B 

C 

D 

E 

F 

G 

H 

Time 

1539 

1541 

1542 

1547 

1548 

1555 

1600 

1602 

Farmstead F-Scale 

Aust 

Boll i nger 

Dawson 

Acres 

Pappes 

Sanders 

Bosler 

Ninman 

2 

2 

2 

2 

5 

4 

5 

Damage Extent 

Corral blown over; telephone poles 
knocked down. 

One silo blown over, another damaged; 
farm building and barn destroyed; 
standing trees denuded. 

Two barns destroyed; garage damaged. 

Trees blown over but not denuded. 

Tool shed and barn destroyed. 

Carport carried intact to north, 
rest of house gone, foundation 
clean; barn destroyed; standing 
trees denuded; flatbed truck rolled 
over; car torn apart with only . 
frame remaining nearby (Fig. 13.5). 

Twisted second story of far~house 
came to rest on collapsed/fi rst 
story; hay barn, machinJ,{ry barn, 
garage and other outbu-11dings 
gone; standing trees/denuded, others 
blown over but·not ,denuded; car 
rolled over; farm ~achinery 
damaged or destro~ed (Fig. 13.9). 

J 

Sma 11 frame hous~ gone wi th 
foundation clearn; nearby barn 
undamaged excep for some sheet 
metal roofing or~off; car and 
pickup truck f ipped over. 

Condensation funnel width anddama.~:e"path width in ata relatively 
slow rate during the tornado's organizing'~tage. Both'. amage path width at 
the ground and funnel width 'at 550 m.height.averaged 2 Om. 

During this.: stage of the tornado' s.,JiJe' cycle th".wall clou~ was well
defined (Fig. ll.~). Its sides were ·ne~:~ti.l-y:"ver,tical:fi1akin~ it.qu1te distinct 
from the surround1ng cloud base. Photogt.armtetric 'surements lndl·cate that 
wall cloud width was approximately 1l00m>antfits bsewcis 600 m above the 
ground. '. ;;': .' i . . 
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Fig. 11.4 Aerial photograph (toward south) of damage at Far.mstead C. 
Tornado w~s in its organizing stage at this time. NSSL photo. 

127 

Fig. 11.5 Union City tornado at 
1545 near end of organizing stage. 
Note well-defined wall aloud. Looking 
toward west-northwest. Photo aourtesy 
of Steve Tegtmeier. 
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11.3 MATURE STAGE 

The condensation funnel remained on the ground beginning at 1548 (Fig. 
11.6). During this period the funnel began to widen rapidly as it continued 
east-southeast over open countryside at a speed of 9 m s-l. Associated 
tree damage indicated a concurrent broadening of the damage .path. 

Fig. 11.6 Union City tornado funneZ 
making contact with ground at begin
ning of mature stage (1548). Looking 
northwest from NSSL fiZming site. 
Photo courtesy of Robert Gannon. 

Maximum tornado size was attained 
at 1552:30 with funnel width of 590 m 
at cloud base and 155 m at 150 m above 
ground. The tornado·s shape was that 
of a broad, truncated, inverted cone-
a characteristic of the mature stage 
(Fig. 11.7). Note that the wall cloud 
had become indistinct by this time. 
Damage path width also reached its 
overall maximum of 500 m here. In the 
same area, just west of Farmstead F, 
wheat in an open field was swirled in 
odd patterns (see Davies-Jones et al., 
Chapter 13). 

A barn and two-story farmhouse at 
F were the only buildings hit by the 
tornado during its mature stage. Both 
were completely destroyed with only 
the bare foundation of the house 
remaining. An eyewitness reported 
that the house as a whole was lifted 
5 to 10 m before it disintegrated. 
Beyond Farmstead F, funnel width as 
well as damage width began to de
crease slowly as the tornado continued 
east-southeast toward Union City. 

11.4 SHRINKING STAGE 

The tornado hit the northwest 
edge of Union City at 1556:30 and 
began its shrinking stage. A large 
bend developed in themi~dle of,the 
funnel at this point (Fig. 11.8), as 
the tornado turned sharply to the 
southeast. 

Fig. 11~?Union City tornado 'at 
1554 during its mature stage. Looking 
toward northwest. photo courtesy of 
Steve Tegtmeier. 
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Fig. 11.8 ToPnado at beginning of shrinking stage (1556:50) as it was 
entering northwest edge of Union City. View toward north-northuJest from NSSL 
fiZming site. NSSL photo. 

As the tornado passed through the middle of town, it shrank rapidly. 
Whereas the upper part of the funnel was 290 m wide at the northwest edge of 
town, it measured only 60 m in width at the same height 3.5 min later. The' 
damage path likewise narrowed from 220m to 160 m. Many people who took 
shelter in town insisted that there were two separate tornadoes. They thought 
the tornado they saw approaching town before they took she"lter was entirely 
different from the one they saw heading away from town when they came out. 

Destruction was complete along the center of the damage path (Fig. 11.9) 
with the exception of one house that had half its walls left standing. Maxi
mum F-sca1e damage was between F 4 and F 5. In all, about 20 homes" and 18 
mobile homes were destroyed. Another 20 homes suffered major damage and 23 
received minor damage. Several commercial buildings and a couple of churcnes 
were heavily damaged (NOAA, 1973). 

The tornado shrank more slowly as it headed southeast from Union City and 
tilted strongly to the east-northeast with height (Fig. 11.10). Its trans
lational velocity had increased to 15 m s-l by this time--a speed it main
tained for the remainder of its lifetime. 

As the vortex passed through wheat fields southeast of town, its damage 
path gradually narrowed to a width of 100 m at point G. The family at Farm
stead H saw the tornado hit Farmstead G where the house and several barns were 
destroyed. When they realized that the funnel was curving toward them, they 
tried to outrun it in their car. The tornado overtook them and rolled the car 
over, causing minor injuries. Crawling out of the car, they found that their 
home nearby had disappeared--on1y a bare concrete slab remained. 
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11. Tornado History 

Figr 11.9 Aerial, view (toward southeast) of damage path through Union City 
from northwest of town. Photo courtesy of Okl,ahoma Publ,ishing Company. 

11.5 DECAYING STAGE 

After striking Farmstead H at 1602, the tornado entered its decaying 
stage. At a height of 350 m, funnel diameter now was only 40 m. The bqttom 
third.ofthe condensation funnel temporarily evaporated after hitting the 
farm, altpough the vortex maintained contact with the ground. At the same 
time, it began bending rapidly into a serpentine shape (Fig. 1l.1l).The 
lower part of the condensation funnel reformed briefly before the tornado 
dissipated over the South Canadian River at 1604 (Fig. 11.12). 

11'.6 SUMMARY 

The entire lifetime of the Union City tornado spanned 26 minutes: 
longest stage was the organizing stage (10 min)' followed by the mature (8.5 
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Fig. 11.11 Union City tornado at 
1603 during decaying stage. Looking 
toward east-northeast from NSSL 
fiZming site. Photo courtesy of 
Robert Gannon. 
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Fig. _11.10 Topytado in its shrinking 
stage (1600) southeast of Union. City, 
11ecu> Farmstead 9. Looking towcu>d 
nor>th-nor>theast fr>om NSSL fi Zming 
si te. NSSL photo. 

Fig. 11.12 Union City tornado at 
point of finaZ decay (1604) over 
South Canadian River. Looking east 
from NSSL fi Zming site. Photo 
courtesy of Robert Gannon. 



11. Tornado History 

min)5 shrinking (5.5 min) and decaying stages (2 min). These stages were 
marked by significant differences in funnel width, funnel shape, damage path 
width and damage characteristics. 

During the organizing stage, overall funnel size increased only slightly 
(Fig. 11.13). Even though the visible tornado funnel touched ground inter
mittently, a continuous dust cloud and damage track was evident. During this 
stage, as well as in the later stages, damage path width bears a remarkable 
resemblance to funnel width at 550 m (Fig. 11.14). 

When the visible funnel finally remained on the ground (mature stage), 
both funnel cloud and damage path width rapidly increased, peaking at about 
the same time. At the beginning of the shrinking stage, the tornado underwent 
significant changes in addition to becoming narrower: it tilted more toward 
the east-northeast with height, a bend developed in the middle of the funnel 
and its translational speed nearly doubled. In the last stage of decay, the 
funnel had a contorted and fragmented rope-like structure. When it was all 
over, the people of Union City and Canadian County knew that they had been 
visited by one of the most intense tornadoes anywhere during 1973. 
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Chapter 12 

COMPARISON OF UNION CITY TORNADO LIFE CYCLE 
WITH FLORIDA KEYS WATERSPOUT LIFE CYCLE 

Joseph H. ,Golden 1 

National, Severe Storms Laboratory 
Norman3 Okl,ahoma 73069 

The life cycle of the Union City tornado is found to resemble, 
in many respects, the typical life cycle of the Florida Keys 
waterspout. Both commence with surface evidence of vortex existence 
before a visible furinel cl04d has descende~ a slgnifican~dtstance , 
toward the surface. Approaching the mature st;age, the tornado " 
and waterspout exhibit spiral inflow characteristics with a 
dlstinctboLindary.between warm, moist air and cool, dry air. The 
cooler ai~ mass from a nearby preclpitatJon.area apparently cuts 
off flow of warm, moist air into the,circulation" leading to 
vortex decay. The visible funnel' becomes thin and increasingly 
tilted and distorted as it dissipates. Major dJfferences between 
the tornado and waterspout appear to be vortex ,and parent cloud 
scales and, to a lesser extent, vortex lifetimes and intensities. 

12.1 Introduction 

Golden (1973, 1974a, 1974b) has shown that Florida Keys' waterspouts 
undergo a characteristic life cycle consisting of five discrete but over
lapping stages: (1) the dark spot, a prominent light-colored disc on the sea 
surface surrounded by a 'dark patch, diffuse on its outer edges, which repre
sents a complete vortex column from cloudbase to sea surface; (2) the spiral 
pattern, the primary growth phase of the waterspout, c:haracterized by alter
,nating dark- and light-colored surface bands around the dark spot; (3) the 
spray ring (incipient spray vortex), concentrated around the dark spot, with a 
lengthening funnel above; (4) the mature waterspout (spray vortex), the stage 
of maximum overall organization and intensity; and (5) the decay stage, when 
waterspout dissipation (often abrupt) is initiated by cool downdrafts from a 
nearby developing rainshower. 

It has been hypothesized on 'the basis of detailed waterspout observations 
in the Lower Florida Keys (Golden, 1974a, c) and Tornado Intercept Project 
results in Oklahoma (Golden and Morgan, 1972) that the two vortices are 
qualitatively similar, but differ in certain quantitative aspects. Primary 

1 
Present affiliation: NOAA, Environmental Research Laboratodes, Office of 
Programs, Boulder, Colorado 80302. 

135 



12. Tornado - Waterspout Comparison 

differences between waterspouts and tornadoes elucidated by the Union City 
study are funnel size, three-dimensional structure of the synoptic and sub
synoptic environments (see Vlcek, Chapter 2; Brandes, Chapter 3; and Golden, 
1974 a,c for details), parent cloud size and organization, and, to a lesser 
extent, differences in vortex intensity and translational speeds. Scale con
siderations are implicity manifest in the vortex differences listed above in 
that the forcing functions which concentrate vorticity are larger and operate 
over 1 ar'ger space and time scal es for the tornado. Many waterspout parent 
clouds and the Union City cloud system exhibit organized rotation on the 
subcloud scale well before waterspout/tornado formation. 

12.2 ORGANIZING STAGE 

The first stage of the Union City tornado life-cycle began at 1538 CST, 
and may be termed the "organizing stage", analogous to the combined dark spot 
and spiral pattern stages of waterspouts. A wide but short, tapered funnel 
cloud was observed descending rapidly from the rotating "wall cloud". When 
the funnel had descended to a pencil-point about one-third of the way downward 
from cloud base, a large dust whirl could be clearly seen over open fields 
below the slightly tilted funnel. (Similarly, Golden (1974a,b) has demonstra
ted that the dark spot is associated with a closed circulation on the sea sur
face.) During the period 1538 to 1545, the funnel cloud touched the ground 
momentarily, and then withdrew rapidly upward into the rotating wall cloud, 
repeating the process several times. 

The second stage of the waterspout life cycle, the spiral pattern stage, 
represents the primary growth phase of the vortex. Similarly, about 1545 a 
larger, blunt funnel began its earthward descent 5 kmto the west of Union 
City. As the lower tip of the funnel reached the ground, an outer shell of 
condensate formed temporarily around the funnel mid-section. The double
walled funnel resembled in structure and development sequence a large double
walled waterspout studied by Golden. ,However, the double-walled tornado 
funnel evolved further, within a few minutes, to one larger-diameter funnel. 
(It appears likely that the tornado funnel's double-walled structure was the 
result of rapid, irregular vortex intensification and inhomogenities in the 

"su'rrouncling low-level air's m'oisture content. L ' 

12.3 MATURE STAGE 

The second stage of the Union City tornado, the "mature stage", lasted 
. from about 1548 to 1556. During thi s peri od, the rota ti ng wa 11 cloud became 
better organized with stronger rotation apparent around its edge. A 'feeder 
band' of low-hanging fracto-cumulus clouds could be seen spiralling into the 
upper portion of the tornado. funnel from the northeast. By the end of the 
mature stage, the tornado funnel evolved to a large, slightly-tapered cylinder 
with a large debris cloud at its base. A composite-schematic plan view of the 
tornado and associated cloud structures and mean subcloud flow field is given 
in Fig. 12.1. The subcloud flow field has been inferred from eyewitness and 
surface mesonetwork observations and photogrammetric cloud-tag motions. For 
comparative purposes, Fig. 12.2 shows the boundary layer vector· wind field 
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around the spiral pattern of a large mature wqter?pout. We note the strong re
semblance, apart from scale, between the pre-existent dark 'shear-band' from 
which the spiral pattern evolved and the flanking cloud line in Fig. 12.1 
which spirals into the rotating wall cloud. Both the flanking line and 
waterspout shear-band appear to be the demarcation of gust-fronts from nearby 
precipitation, and both signify pronounced low-level wind discontinuities with 
large cyclonic shear (vorticity). In Fig. 12.1, the portion of the flanking 
line closest to the wall cloud and tornado appeared to accelerate northeast
ward more rapidly than the remainder of the line~. as it was intruded in the 
rear by an enlarging tongue of drier air. Note also the similar geometry in 
shower locations relative to the major circulation centers in Figs. 12.1 and 
12.2. Limited aircraft measurements over waterspoiJt spiral patterns suggest 
that cool, drier air is present in the anticyclonica1.ly-turning outflow to the 
north of the shear-band in Fig. 12.2. Likewise, observations from the NS$L 
intercept vehicle and University of Oklahoma students at other locations in 
Fig. 12.1 indicate the presence of cool, drier air in the clear intrusion to 
the west of the flanking line axis and very warm~ moist air to the east. The 
primary high-intensity precipitation core in Fig. 12.1 was located to the 
northeast of the tornado during this stage, and new precipitation developed 
southward from the core and in southern portions of the flanking line later. 

At about 1552, some 3 km west of town, the tornado reach its maximum 
overall size and apparent intensity. During the tornado's' mature stage, 
strqng rising moti0ns (in cloud tags) aPPeared to be concentrated along 
the 'feeder-band' of clouds streaming into the tornado's circulation from 
the northeast (Fig. 12.1). There are also definite indications on the NSSL 
films of descending, evaporating cloud tags in the southeast quadrant of the 
peripheral cloud circulation around the tornado funnel. This apparent descent 
may be partly due to the large northeastward tilt of the funnel near cloudbase 
during the mature stage. 

12.4 SHRINKING STAGE 

As the tornado moved into the northwestern portion of Union City, the 
funnel diameter decreased rapidly at all altitudes, the easterly tilt com
ponent increased and the tornado turned toward the southeast at greatly in
creased speed. This sequence of events defines the onset of the tornado's 
IIshrinking stage ll

• Even though the funnel diameters and damage swath width 
were considerably smaller southeast of town, the funnel remained in contact 
with the ground, practically destroying everything in its path (see Purcell, 
Chapter 11). 

12.5 DECAYING STAGE 

As the tornado continued its southeastward movement, the heavy precipita
tion core to the northeast (Fig. 12.1) spread southward. At 1602, the tornado 
began its "decaying stage ll as warm, moist inflow was cut off by rain-cooled 
air from a precipitation boundary about one kilometer to the northeast. As 
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12. Tornado - Waterspout Comparisons 

UNION CITY TORNADO 
COMPOSITE 
MEAN SUBCLOUD FLOW 
24 MAY 1973 
1550-55 CST 

i 
o Skin 

Fig. 12.1 . Schematic plan view of composited meansubcloud mesoscale flow 
around Union City tornado (at circulation center) during mature stage. Sur
face gust-front location is dashed~ major low-level cloud boundaries~ precipi
tation types and intensities are indicated. Regions of heavier precipitation 
are shaded. Note flanking line cloud base relative to surface gust-front~ 
streamfZow~ and tornado. 

with decaying waterspeuts, the visible funnel centinued to. shrink, increased 
its tilt rapidly frem the 1eca1 vertical and became very centerted •. At 1604, 
the ephemeral repe':'like vertex quickly dis~ppeared as it meved ever the nerth 
bank ef the Nerth Canadian River abeut 3.5km east ef the NSSL intercept·team. 
The cembined shrinking and decaying stages resemble in remarkable detai1 the 
merphelegical changes fer the decay stage ef waterspeuts. 

12.6 SUMMARY 

In summary, the Unien City ternade has afferded the first cemplete 
descriptien efa ternade life cycle bya team ef trained meteerelegists who. 

.witnes.sedit, .and it appears in many respects to. resemble the waterspeut life 
.~yc·le. Majer differences appear to. be vertex and parent cleudscales,.and, 
less impertant, vertex lifetimes and intensities .• The primary mechanism 
respensibl e' faT the decay ef beth types ef verti ces appears to. be. the 
fermatien and slew mevement into. the'vertex circulatiens ef density-surge 

138 



Joseph H. Go lden 

1000 M 

750 

500 

250 

o 

Fig. 12.2 Streamlines (solid) and isotaahs (dashed) of boundary layer flow 
on spiral saalearound ayalonia, mature waterspout of 10 September 1969. 
Isotaahs are in m s-l. The boundary layer airaulation is assumed to be steady 
as the spray vortex advanaes; streaklines approximate relative streamlines, 
after Golden (1974 c). 

lines (Charba and Sasaki, 1971) from nearby precipitation areas.* An important 
analogous intermediate scale of vortical circulation and organization of 
airmass properties has been documented for each vortex (Flgs. 12.1 and 12.2). 
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Chapter 13 

INTERPRETATION OF SURFACE MARKS 'AND DEBRIS 
PATTERNS FROM THE UNION CITY TORNADO 

/RQbert P. Davies-Jones, Donald W. Burgess, 
Leslie R. Lemon I and Dani~l Purcell 
NationaZ Severe Storms Laboratory 

Norman, OkZahoma 73069 

Changes in tornado structure were accompanied by corresponding 
changes in damage intensity and debris configuration~ . Initially, 
damage was 1 ight over a 200 m wide path but the vortical nature 
of the winds was clearly evident. -During the .inature stage, damage. 
was sever.e and still showed signs of circulation. Intriguing and 
mysterious microscale patterns were observed in wheat. In .the 
shrinking and decaying stages, heavy damage occurred over a 150 m 
wide path and there was evidence of ~trohg radial inflow' in the 
lowest meter above fhe surface. Generally, debris was thrown ahead 
of the vortex, with heavy objects coming to rest on the right 
forward side. Signs of circulation were no longer apparent in the 
debris configuration. Flow relative to the moving vortex appeared 
asymmetrical with strongest winds on the right side of the funnel. 

13.1 Introduction 

Fujita, Bradbury, and Black (1967) first classified tornado-produced 
marks or debris patterns on the ground. They divided the marks into six 
categories: 

(a) Captive-debris marks--consisting of small debris captured by loose 
wires. Debris also is collected by fences and buildings which 
withstand the tornado. The side on which the debris impacts reveals 
wind direction. 

(b) Scratch marks on fields--produced by sharp-edged objects dragged by 
strong winds. These marks are extremely rare, most objects roll or 
become airborne in tornadic winds. 

(c) Bounce marks--made by heavy objects rolling and bouncing downwind. 

lpresent affiliation: National Severe Storms Forecast Center, Techniques 
Development Unit, Federal Building, Kansas City, Missouri 64106. 
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13. Debris Pattern Interpretation 

(d) Drift marks--short lines of wind-driven debris oriented in the 
direction of the strong wind which caused the final drifting of the 
debris. These patterns reflect the final effects of high winds upon 
the debris distribution. 

(e) Debris marks--referring to the configuration of debris from known 
origins. Lines of debris distribution emanating from a given source 
approximate streaklines rather than streamlines. 

(f) Cycloidal suction marks--consisting of short light pieces of debris 
such as corn stubble laid in cyc1oida1 rows about 15 cm high and 2 m 
wide. They are indicativ.e of local "suction spots" of convergence 
rotating around the axis of the vortex system. The suction spots are 
thought to be multiple vortices in a single convergence area (Fujita, 
1971; Ward, 1972). Strong radial inflowvery near the surface 
tarries small pieces of debris into the bases of these vortices. As 
each vortex translates in a cyc1oida1 path, it deposits debris on 
the ground. This explanation clearly requires that the radial flow 
component be greater than the tangential wind next to the surface 
and that the debris never be sucked up high enough to encounter the 
strong swirling winds above this surface layer (otherwise, such high 
organization would not be observed). Relatively few tornadoes make 
suction marks. . 

During the Union City damage survey we observed all these marks except 
suction marks and in addition, identified three other patterns, namely; 

(g) Wheat bundled together in circular clumps 0.5 - 2 m in diameter. In 
each bundle the wheat was twisted together cyclonically as if by a 
small scale cyclonic whirlwind. These swirls were found in the 
convergence~divergence patterns described below but were also dis
tributed haphazardly in other parts of the path. 

= J1!1!!I!II!!!lI!!l I 
CONVERGENCE \\\\\~\\ \\\\ \\\\\2m 

=~«<~(~«<~(~ ) 
~.--------7m--------_ 

Fig. 13.1· Convergenae-divergenoe 
pattern in .the wheat. 
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(h) Patterns of convergence and 
adjacent divergence in the wheat 
in rows of characteristic length 
of 6-12 m (Fig. 13.1). In some 
areas as many as a dozen conver
gence-divergence rows were found 
together before the pattern broke 
down. Each row was approximately 
1 mwide. In the convergence 
rows the wheat was twisted to
gether in cyclonic bundles as 
descri bed- in" (g). The di vergence 
was strong enough to reveal bare 
ground in the center of the 
divergence rows. The rows did 
not appear to be oriented in any 
systematic manner relative to the 
tornado's motion. 
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A quasi-rectilinear deposition 
line (Fig. 13.2) similar in 
origin to the cycloidal suction 
marks but. caused bya s-ingle 
rather than multiple vortex 
system .. The width of the 
.deposition line averag~d 0.6 
m. The line consisted of 
soil, mud balls about 1 to 
2 cm in djameter, ahd small 
debris (such as straws, wood 
splinters, small sticks and. 
wheat) generally less than 
0.3 m in length and precisely 
aligned parallel to the line. 
Across a plowed fielq the Fig. 13.2 The aorrrposition of the 
deposition 1 ine looked 1 ike deposition line southeast of Union 
a narrow dirt road as the City. Deposition line runs from left 
soil had partly filled in the to right and is delineated by furrOlJ)s 
furrows. Suction marks also fiUed up with mud baUs. Individual 
have this same appearance on mud balZs and pieaes of stubble are 
occasion (Fujita et al., visible in the foreground. 
1972). 

The depth of the line varied 
according to composition. When wheat made up a large portion of the 
deposited material a 30 cm depth was typically observed while in 
areas where soil was the main deposit the depth ranged between 5 and 
20 cm. At one point the deposition line was sinusoidal with a small 
amplitude. The mud balls are believed to have been generated by 
wind scouring over clay soil still moist from a previous day·s rain. 
This idea is based on obser-
vations that in several 
places the ground bore scour 
marks and exposed objects 
were covered by a thin layer 
(1 mm) of soil (Fig. 13.3). 

A broader area (30-50 m 
wide) on either side of the 
deposition line showed a 
debris pattern (flattened 
wheat, sma11 pieces of 
straw, wood splinters aligned 
along curved lines as shown 
in Fig. 13.4), suggesting 
strong radial inflow into a 
moving vortex. A similar 
inflow configuration was 
observed by Staats and 
Turrentine (1956). 

Fig. 13.3 Mud-aovered aaetylene 
tank found in this position south
east of Union City. Ground in 
viainity is saoured by mud. 
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Fig. 13.4 Debris orientation 
pattern either side of the 
deposition Zine. 

In addition to analyses of all 
N the preceding debris patterns, we can 

make inferences about the tornadic t flow field from directions in which 
wheat and grass were matted down and 
in which trees, fence posts, and 
telephone poles fell or 1 eaned. The 
final positions of fence posts and 
telephone poles may not be always 
representative of the tornado wind as 
they were connected by wire initially. 
Partially damaged houses also reveal 
wind direction. The heaviest damage 
usually occurs on the windward side 
(Eagleman and ~uirhead, 1971). Also, 
windward walls tend to fall inwards 
whereas the other three walls exper
ience outward forces. 

13.2 INTERPRETATION OF 
DEBRIS PATTERNS FROM UNION 

CITY TORNADO 

In this section we interpret 
i.nformation reportedo by the damage survey crews (both ground and aerial) and 
deduce some features of the vortex flow in the first few meters above the 
ground. Since characteristics of the surface damage pattern changed with the 
visible structure of the funnel, the description is divided into four parts, 
each covering a different stage of the tornado's life cycle (for more detailed 
description of life cycle see Purcell, Chapter 11 and Moller et al.1974). 

13.2.1 Organizing Stage 

Damage began 10 km west of Union City and 2 km northl in the form of 
broken tree limbs. For the next 5 km the tornado (which was moving east at an 
estimated 9 m s-l) was in the 'organizing stage' of its life cycle since th~ 

. condensation funnel was a narrow cone which reached the ground only inter
mittently. However, a debris cloud near the ground was observed continuously 
throughout this period. Surrounding. the upper portion of the funnel was a 
turbulent rotating wall cloud (in fact, the wall cloud pre-existed the funnel 
by 30 min). This stage apparently represented a concentration of pre-existing 
low level mesoscale vorticity into the funnel scale; the vortex was inten
sifying but in an unsteady manner as evidenced by two observed funnel retrac
:tiOns. ° 

10istances from Union City are precisely from the intersection of Highways 81 
and 152 (see Fig. 11.2 for map). 
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The damage pattern confirmed the above picture of the flow. The terrain 
'around Union City is'flat farmland and there were few buildings or trees 

outside town for the tornado to blow down. However, the debris patterns 
showed definite signs of circulation. For example, on the north side of the 
damage path, debris from a chicken house and a tool shed were found to the 
westand a large tree was blown over to the west. On the south side similar 
evidence was found for westerly winds. The width of the damage path during 
this stage was about 400 m. Barns, sheds and a silo were blown away, tele
phone poles were downed but two houses 30 m and 60 m from the apparent center 

. of damage were unharmed except for scars from flying debris so that the damage 
must be classified as light during this period. 

13.2.2 Mature Stage 

The next stage was the mature stage, characterized by a very broad 
condensation funnel in the form of an inverted cone truncated by the surface. 
The rotating wall cloud still surrounded the upper funnel. The tornado was 
moving east-southeast during this period of its life. The damage path widened 
to 500 m and the vortex became immensely destructive. Apparently, the transi
tion from organizing to mature stage was similar to the processes occurring in 
a numerical experiment described by Leslie (1971). Cyclostrophic balance 
became established at consecutively lower levels and as the vortex started 
interacting with the ground, acceierated amplification took place because of 
restrictions on the inflow (which is confined to the lower boundary layer) and 
the associated surface pressure fall. 

The intensification of the vortex was evident from the total destruction 
to the Sanders' farm 2 km west of town and to many structures in Union City. 
All that remained of the Sanders' house (one-story frame construction) was the 
concrete foundation and debris was widely scattered (Fig. 13.5). The carport 
was found over 75 m north. A large roof section impacted from a northerly 
direction, about 300 m west of the house and shattered, leaving a long NNW-SSE 
arc of small debris. The engine from a car originally parked by the house 
ended up 300 m south. The car's frame was found just east of the house and 
other parts such as the horn a·nd gri 11 about 0.8 km east along the center of 
the damage path. Several cattle were killed in the field south of the house, 
one by a 5xlO cm board driven through its hips. The Catholic recreation hall 
on the western edge of town was irreparably damaged with total collapse of its 
steel frame (Fig. 13.6). One steel I-beam was found 150 m north in a ceme
tery. Some mobile home frames were also wind driven 50 m northwest into the 
cemetery. Three other trailer frames were wrapped around the east sides of 
trees and telephone poles (Fig. 13.7). 

Tree falls and debris marks showed pronounced signs of circulation with 
an appreciable amount of debris landing upstream (relative to tornado trans
lation). For example, in the field immediately west of town many boards 
(presumably originating from town) were discovered driven into the ground from 
the NW, N or NE. 

The wheat in this portion of the tornado path was badly damaged (some 
stalks were cropped about half way up) and arrayed in a chaotic pattern. 
However, the two organized patterns described in Section 13.1 (g) and (h) 
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Fig. 13.5 AeriaZ photograph (toward south-southwest) of the debris from 
the Sanders' house. Carport roof is Ught area in Zower center. ' 

stood out. The convergence-divergence' rows (h) were observed between 3.2 and 
2.7 km west of town, and also about 1.0 km west. The swirled wheat bundles 
(g) were seen in these rows, and were also distributed randomly outside of the 
rows in this same general area of the damage path. The origin of these wheat 
patterns is a mystery. We can only speculate that they arise from boundary 
layer instabilities. The convergence-divergence rows may be visualizations of 
shallow horizontal roll vortices generated by a local Ekman-type instability. 

Mrs. Sanders noted some small dust vortices in the debris cloud as the 
tornado approached her house. Minia'ture whirlwinds were also observed moving 
around the base of the 1957 Kansas City tornado by one observer (Bigler, 
1957), and are visible in a movie of the 26 May 1973 Wichita, Kansas tornado 
(Gerber, 'personal communication). l 

The direction of wheat fall in the field east of Sanders' house revealed 
signs of low 1 eve 1 convergence for 40 m each side of the damage center 1 i'ne. 
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F~g. 13.6 Aerial photograph (toward southeast) of the western side of Union 
City. The Catholic recreation hatZ is in the foreground. Photo courtesy of 
Oklahoma Publishing Company. 

Fig. 13.7 Trailer frame bent 
around broken-off telephone pole. 
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13.2.3 Shrinking Stage 

As the tornado was passing through Union City the funnel narrowed rapidly, 
and began accelerating to about 15 m s-l, tilting increasingly toward the 
northeast with height, and veering toward the southeast. In addition, the wall 
cloud became much smaller and eventually disappeared. The narrower funnel and 
smaller wall cloud were indications of decreasing circulation, presumably 
caused by weakening of the parent updraft and by the immediate environment 
becoming less rich in cyclonic vorticity. 

The width of the damage path narrowed to less than 200 m on the east side 
of town but within this swath property losses were high (Fig. 13.8). Sharp 
gradients in damage severity were observed on both sides of the damage path. 

Fig. 13.8 Aerial photograph (toward north) of eastern side of Union City. 
Intersection of u. S. Highway 81 and State Highway 152 in foreground. photo 
courtesy of Oklahoma Publishing Company. 
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Along the center line of the tornado track the walls of only one house in town 
withstood the winds. Trees along this line tended to be defoliated but not· 
uprooted whereas on either side trees were uprooted but the leaves were not 
stripped off. 

Evidence for strong radial inflow in the lowest meter was found at the 
intersection of highways 81 and 152. The tornado passed to the left (east) of 
this intersection and buildings were damaged on their north and west walls, 
consistent with mainly tangential winds. However, 1 m high reflector posts at·. 
the intersection. were smudged with mud on their southwest sides only, implying 
mainly radial flow into the vortex in the lowest meter. The deposition line 
and attendant inflow pattern in the fallen wheat described in (i) above are 
further evidence for such radial flow. They were observed in the fields 
immediately southeast of town. 

The existence of the deposition lin~ suggests that there is a point of 
strong surface convergence in the vortex core. For a symmetric vortex such a 
point would exist only if the vortex were of the one·-cell variety (Rott, 1958) 
with updraft along the axis. However, Golden (1974) has observed that water
spouts are two-celled vortices (Sullivan, 1959) with central downdrafts, that 
they are usually asymmetrical and·that at times there is a point of strong 
convergence located at the edge of the core in the right front quadrant of the 

. vortex. Thus, an asymmetric two-celled vortex could also give rise to a 
deposition line. 

Radial inflow next to the ground is expected according to boundary layer 
theory. Outside the boundary layer the radial forces are in cyclostrophic 
balance (inward radial pressure gradient force is balanced by centrifugal 
force). In the boundary layer, tangential velocity is frictionally retarded, 
hence the centrifugal force is reduced. However, pressure is nearly constant 
across the boundary layer except very close to the vortex core. The reduction 
in centrifugal force thus results in a net inward force which creates inward 
radial flow along the surface. Experimental laboratory measurements by Ying 
and Chang (1970) and calculations by Kuo (1971) indicate that the tangential 
and radial velocities are comparable in magnitude in the boundary layer. 
However, sophisticated theoretical work matching a laminar boundary layer to a 
potential vortex by Burggraf et el. (1971) showed that for a lower surface of 
finite radius, the boundary layer in fact has a double structure with an inner 
layer next to the surface in which the flow is primarily radial and an outer 
layer of predominantly inviscid nature in which the flow recovers to the 
external potential vortex. The boundary layer erupts upward very close to the 
axis. 

On both sides of the downed wheat that comprised the inflow pattern were 
swaths of undamaged wheat running parallel to the deposition line at 20 m 
distance. Outside of these swaths the wheat was flattened along strips 15 m 
wide about 100 m from the deposition line. The chaotic manner in which the 
wheat was laid down suggested that a strong downward flow might have been 
responsible. 

During this stage, the debris from known sources were strewn primarily in 
cones between south and east. This was most clearly evident from the debris 
marks (see Section 13.1 (e)) emanating from the Bosler house (2.1 km E, 1.6 km 
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S of Union City) (Fig. 13.9) and the Ninman house (3.2 km E, 2.9 km S). Heavy 
wooden and metallic objects and large pieces of roofing were found only on the 
right side of the southeasterly pointing deposition line. Large debris on the 
left side were li.ght projectiles such as sheet metal. A movie loop of the 
tornado at the time it hit Ninman's farm revealed that debris orbiting around 
the back of the funnel were ejected far ahead of the tornado on the right 
side--same effect in the 1957 Dallas tornado has been noted by Hoecker (1960). 
In addition, numerous missiles were generated on the right side. Thus, both 
the damage and movie observations imply that there was an isotach maximum 
(hence more damaging winds) on the right side of the funnel. This maximum is 
due only in part to the translation of the vortex. Asymmetries in the flow 
relative to the vortex with maximum winds on the right would explain why 
debris in orbit around the vortex would be centrifuged out on the right side 
and land ahead of the vortex. The vertical velocities due to the tornado's 
northeast tilt - upward on the back side, downward on the front side - were 
also favorable for debris fallout ahead of the tornado. The resulting debris 
distribution showed little signs of circulation and, in other circumstances, 
could have been mistaken for straight line wind damage. In fact, damage with 
no signs of circulation along narrow paths less than 1 km wide, often attri
buted to plow winds (Huschke, 1959), are probably caused by tornadoes. 

Fig. 13.9 Aerial photograph (toward north-northeast) of Bosler's farm 
showing debris strewn out in cone between south and east. Line of changing 
aZbedo in wheat field (upper left) delineates deposition line. 
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Reynolds (1957), Hall and Brewer (1959), Prosser (1965) and Browning and 
Donaldson (1965) described other tornadoes which showed no obvious evidence of 
rotary winds in their damage patterns at times •. 

There were very few signs of circulation in the damage. Although the 
damaging winds were predominantly northwesterly, some bales of hay, sheet. 
metal and branches were found NW of th~ir original locatitin at the Bosler's 
farm. Also, along a fence line 0.8 kmSE of town cyc10ni"c rotation was 
evident from the directions in which fence posts and telephone poles were 
leaning.' 

An empty 7600 liter gasoline . 
. storage tank (Fig. 13.10) originally 
supported with otners on a pedestal 
O.lkm northeast of the intersection 
of Highways 151 and 82 was discovered 
badly crumpled 0.8 kmSE. It was 
about 1~5 m in diameter, 3 m long and 
made of 6 mm steel. Bounce marks on 
the ground showed that the tank was 
airborne for 400 m then bounced to its 
final position. A 60-70 kg steel 
instrument container and an acetylene 
tank (Fig. 13.2) were found 1.9 km E, 
1.3 km Sand 0.8 km E, 0.5 km S of 
Union City, respectively. Their 
points of origin were unknown. 

Fig. 13.10, 7600 Ziter gasoZine 
storage tank moved 0.8 km by the 
tornado. 

13.2.4 Decaying Stage 

The decaying stage began as the tornado passed the Ninman farm. The 
tornado's death throes appeared similar to those of waterspouts (Golden, 
Chapter 12). The vortex became very rope-like, contorted and unsteady before 
becoming invisible. By this time the mesoscale circulation had become very 
weak. Until within 1 min of the vortex's demise, a debris cloud (present 
continuously) indicated the vortex was still in strong contact with the 
ground. . 

The Ninman farm was the last structure hit by the tornado. The house, 
completely 'swept away, demonstrated that even rope-like tornadoescan be 
locally destructive. The debris was strewn in a cone along the direction of 
motion as described in the previous subsection. 

13.3 PERIPHERAL DAMAGE 

Two areas of Union City were damaged even though they lay completely 
outside the main damage swath about 400 m from the center of the tornado 
track. The areas were 400 m W of the intersection of US 81 and SH 152 where 
three trailers (Fig. 13.11) were damaged and 800 m E of the intersection where 
three structures were damaged from the southeast. This pattern was consistent 
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Fig. 13.11 Aerial photograph (toward north) of damaged trailers outside 
main damage path. Photo courtesy of Oklahoma Publishing Company. 

with. a secondary vortex rotating around the main tornado at a radius of 400 m. 
-This satellite vortex was not intense enough to have its own condensation 
funnel--otherwise, it would have been observed by the NSSL intercept team. 

13.4 LIST OF MISSILES 

Heavy missiles generated by the tornado are listed in Table 13.1 for the' 
interest of engineers working on designs of tornado-proof structures. 
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TABLE.l:3.1 CrudeZy Estimated Diameter (D) -' Length (L)" and Weight(W) of 
Heavy MissiZes Generated by the Tornado. Units are MK$. 

MISSILE D 

7600 liter gas 1.5 
storage tank 

Acetylene 0.4 
storage tank 

Steel cOntai ner, 

Steel I-beams 

Steel tra'iler 
frames 

Cars andpi ckup 
trucks 

Car engine 

House roofs 

Telephone pole - 0.36 
sections 

L W 

3 700 

1.5 65 

1.2 60 

10 225 

15 900 

5 1800 

1.2 250 

10 

3 100 

13.5 SCORCHING 

REMARKS 

Made of 6 mm steel. Airborne 
400 m, then bounced 400 m: 

Carried 150 m. 

,Width 4 m. tarri~d 50 m. 

Width 2 m. , 

Width 0.6 m. Carried 300 m. 

Scorching and dehydration of vegetation, reported along some tornado 
tracks (Vonnegut, 1960; Silberg, 1966), was not observed anywhere along the 
path. Such burning has been associated with intense electrical activity near 
the funnel; however, no such activity was seen by the NSSL observers any time 
during the tornado's life cycle. 

13.6 CONCLUSIONS 

We have shown that the damage caused by the Union City tornado varied in 
form and intensity during its life cycle. These changes accompanied corres
ponding changes in morphology. The organizing stage was characterized by a 
large wall cloud, a debris cloud, and a condensation funnel which was only 
intermittently in contact with the ground. Damage, light over a path 400 m 
wide, clearly indicated the vortical nature of the winds. The mature stage 
was similar, but the condensation funnel was wide and continuously on the 
ground and damage was severe. Intriguing microscale patterns were seen in the 
wheat. In the shrinking and decaying stages, the tornado funnel speeded up, 
became narrow and increasingly tilted. The wall cloud was much smaller. 
Heavy damage occurred over a 200 m wide path. Evidence was found for strong 
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radial inflow in the lowest meter above the surface. Generally, debris was 
thrown ahead of the vortex with heavy objects coming to rest on the right 
forward side. Signs of circulation were no longer obvious in the debris. 
We surmise that there was a pronounced isotach maximum on the right side of , 
the vortex during the last two stages. 
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Chapter 14 

AIRFLOW CHARACTERISTICS AROUND THE 
UNION CITY TORNADO 

Joseph H. ~oldenl and Daniel Pur~ell 
NationaZ Severe Stor.ms LaboratopY 

Nor.man., OkZahoma 75069 

The NSSL tornado intercept team intercepted and pho1:ographed 
an intense tornado that struck Union City, Oklahoma on 24 May· 1973. 
The 1 ife cycle of the tornado was photographically documented. 
Photogrammetric data have permitted velocities to be measured from 
debris and cloud tag motions. When the tornado was at its peak 
size and intensity, maximum measured horizontal velocities in the 
debris cloud were 60 to 80 m s-l at 90 m elevation and radius of 
200 to 250 m. At the same time, cloud tags rotating around the 
upper periphery of the tornado funnel had horizontal velocities 
as strong as 30 to 45 m s-l at radii of 400 to 700 m from the 
tornado's axis. A few representative calculations of upward. velo
cities yield 13 to 30 m s-l in the debris cloud below 100 m elevation, 
and 10 to 15 m s-l in a "feeder" band of cloud tags which spiralled 
into the tornado near cloud base from the northeast. During the 
tornado's decaying stage, tangential velocities of particles orbrting 
the funnel ranged from 40 to 65 m s-l, at radii generally between 
25 and 50 m. Throughout the tornado's lifetime, its apparent flow 
structure was strongly asymmetric in both rotational and vertical 
flow components. 

14.1 Introduction 

The most intensely concentrated atmospheric vortex, the tornado, has 
received increasing attention in the research community during the last two 
decades. More sophisticated laboratory vortex models have been developed 
(Ying and Chang, 1970; Ward, 1972), but some of the underlying assumptions and 
boundary restrictions remain questionable in light of limited tornado observa
tions. Physically reaHstic numerical vortex models (Gutmart., 1957; Kuo, 1966, 
1971; and Lesl ie, 1971) produce very diverse f]ow patterns in the radial
vertical plane. 

Most of our current knowledge of tornado struc'ture has been" derived from 
piecemeal reconstruction and analysis OT eyewitness accounts and pno~6graphs 
of tornadoes (e.g., Dinwiddie, 1959; Beeb~, 1960; Fujita, 1960; Williams, 

Ipresent affiliation: NOAA, Environmental Research Laboratories, Office of 
Programs, Boulder, Colorado 80302. 
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1960). There remains much disagreement over the three-dimensiona-l flow 
structure of a tornado, particularly maximum horizontal windspeeds and the 
vertical motions within and surrounding the core. Several attempts have been 
made to estimate the maximum tangential windspeeds and their distribution near 
funnels by applying the cyclostrophic wind equation to still tornado photo
graphs (Fujita, 1960; Glaser, 1960; Dergarbedian and Fendell, 1970). This 
approach also has employed the hydrostatic approximation, the validity of 
which at low levels in tornadoes is open to question. Tornadoes have passed 
within a mile or two of conventional anemometers, and the instruments recorded 
gusts of 45 to 70 m s- (Fujita et ale 1970; Barnes, 1974). Another indirect 
method of estimating tornado windspeeds near the ground has been assessments 
of structural damage caused by tornadoes (Segner, 1960). Mehta et ale (1971) 
performed a careful engineering analysis of many buildings damaged by the huge 
Lubbock, Texas tornado on 11 May 1970. Their best estimate of the highest 
wind velocity generated near the ground by the storm was 90 m s-l, but most of 
the damage was caused by winds in the range 35 to 55 m s-l. Aerial surveys of 
tornado damage have revealed characteristic ground marks, sometimes in the 
form of multiple cycloidal swaths (Van Tassel, 1955). Fujita et ale (1967) 
hypothesized that the cycloidal marks are produced by one or more vortices' 
rotating around the periphery of the tornado core. Using the shape and 
spacing of the cycloidal marks and inferred values of the ratio of the torna
do's tangential to translational speeds, Fujita (1967) found maximum wind
speeds of almost 90 m s-l for one of. the Palm Sunday, 1965 tornadoes. Similar 
calculations on cycloidal swaths in the Lubbock tornado damage led Fujita 
(1970) to conclude that rotational speeds in that tornado were between 65 and 
130 m s"'"l. 

Probably the most reliable estimates of rotational and vertical motion 
fields in tornadoes have been derived from photogrammetric analyses of eye
witness motion pictures. The most definitive photogrammetric studies are 
those by Fujita (1960) on the Fargo, North Dakota tornadoes of 20 June 1957 
and Hoecker (1960a, b) on the Dallas, Texas tornado on 2 April of the same 
year. Both efforts utilized scaling of the motion pictures from known camera 
characteristics and site surveys to synthesize air tracer motions near the 
tornado. Fujita (1960) tracked cloud tags in rotation around the bottom of a 
suspended funnel and edge of the parent wall cloud at Fargo, and thereby 
derived both tangential and vertical windspeeds. No eyewitness film data were 
available for the tornado's lower debris cloud at Fargo. Hoecker (1960 a"b) 
synthesized his photogrammetrictracking of cloud tags, dust parcels an<;isolid 
debris around the Dallas tornado funnel to obtain radial-vertical profiles of 
tangential and vertical windspeeds. A comprehensive review of previous obser
vational and theoretical tornado research is given by Kessler (1970) and 
Davies-Jones and Kessler (1974). Lilly (1965) has noted that further progress 
in both the analytic-numerical and ·laboratorymodelling of tornadic vortices 
is hindered by the lack of observational data. 

14.2 DATA SOURCES AND ANALYSIS TECHNIQUES 

The primary data source for this paper is high-resolution, 16 mm color 
motion picture footage taken of the Union City tornado·· from 'the tornado 
intercept ve·hicle located 5 km south of Union City. Two Skylabmovie c-ameras, 
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on loan from the National Aeronautics and Space Administration (NASA),were . 
run a t 24 frames per second. We started filming the' tornado funnel-as, it 
descended to the ground for thes,econd time at 1545 CST S.5,- km northwest pf , 
our position. As.the tornado approached the western outskirts of Union City 
at 1556<, both NASA cameras ran out of film. A Super-S zoom movie camera was 
utilized to record the tornado as it continued southeast of Union City~ 

, 
Inqddition, a fairly complete sequence of regul~r, wide~angl~ and tele~ 

photo still photographs were taken of the tornado throughout ,its life-cycl e 
from the intercept vehicle. Well-documented photographic and meteorological 
observations were taken by two University of Oklahoma student teams', viewing 
the tornado from nearly opposite directions (Moller et al.~ 1974). Fihal1y, 
many valuable eyewitness still photographs and threemov;es were taken of the 
tornado from all directions, encompassing most of its life cycle. The excel
lent surface visibility, inunense size of the funnel and tornado warnings 
issued by the National Weather Service all contributed to enhanced public 
awareness and observations of this storm. 

The photographic sites w,ere carefully marked and subsequently surveyed 
with a transit and rod. ' Landmarks clearly visible in the foreground of the 
film sequences were located in vertical and horizontal angular !I1easure with 
respect to camera location and principal axis of the-lens. Scales of features 
in the movie frames were derived by trigonometrically combining the angular 
measurements with known radial distances to the tornado's surface damage track 
and landmarks. Landmarks such as telephone poles and large trees were most 
useful in the scaling procedure. Overall scaling errors are estimated to be 
less than ±2 percent. 

Analysis of the Union City film data was divided into two parts: (a) 
scaling and (b) tracking of air tracers around the tornado at various eleva
tions. Closed movie loops of 200 frames each (at constant focal length) were 
made from NASA enhanced copies of the original 16 mm and Super-S (enlarged to 
16 mm) tornado footage. After scaling characteristic tornado features on each 
movie loop, aggregates of debris near the tornado's base or cloud tags in 
peripheral rotation about its upper portion were tracked on a simple grid. In 
some clear-cut cases, the outline of a tracer element was followed and re
corded at regular frame intervals. In all cases, an effort was made to 
retrack the same tracer element (debris aggregate or cloud tag) several times 
for consistency; the resulting mean velocity value was accepted only if all 
tracking estimates were within 10 percent of the mean. 

An overall scaled drawing of the Union City tornado which illustrates 
features tracked on the film loops is given in Fig. 14.1. Note the rotation 
of cloud elements around the upper periphery of the funnel; the leading edge 
of the brightest portions of cloud streamers at different radii and elevations 
have been traced at regular frame intervals. Protrusions on the funnel wall 
and low-level cloud pendants on the funnel were observed to be moving upward 
at times. A schematic, scaled debris cloud is also indicated in the figure 
with typical orbital trajectories of debris elements. The first debris and 
upper-peripheral cloud tag tracking on the film was performed during a two
minute interval (1554-1556) when the tornado was about 2 km west of Union 
City. It is apparent from various photographs taken during this period that 
the rotating debris cloud is asynunetric with respect to the tornado's center. 
Surface damage analyses in this area indicate that the debris particles are 
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14. Airflow Around Tornado 
composed primarily of dust and small bits of vegetation (see Purcell, Chapter 
11 and Davies-Jones et al., Chapter 13). There were no manmade dwellings in 
the tornado path during the primary film sequences used in debris tracking. 
In this regard, we would expect that trajectories derived from the tracking of 
these aggregates of small debris particles should be more representative of 
actual air motion than larger pieces of building material. On the other hand, 
keeping in mind the relatively homogeneous size distribution of debris, we 
could not follow discrete debris elements for one or more revolutions around 
the tornado. The pattern of low-level windflow and tangential windspeed 
analysis given later were derived by the repetitive tracking of darker aggre
gates in the debris cloud. These aggregates had irregular shapes, as depicted 
in Fig. 14.1, with largest dimension about 10 to 30 m. In general, it was not 
possible to distinguish debris aggregates on the near edge of the debris 
annulus from those in the rear. Separation and radial location was possible 
in some cases by carefully noting the slowing down and radius of curvature of 
debris aggregates as their orbits became parallel to the line of sight. 

~ 
FRAME NO. 30 

,~,~ 
300 

Fig. 14.1 Schematic outline of Union City tornado funnel and upper wall 
cloud from single movie frame showing features tracked photogrammetrically on 
movie loops. Sequential outline of cloud tags and streamers in waU cloud ' . 

. and typical traJectoPy and displacement of debris aggregate are superimposed. 
Note asymmetric structure of debris cloud with respect to funnel axis. 

14.3 PHOTOGRAMMETRIC VELOCITY FIELDS 

14.3.1 Mature Stage 

At the final NSSL intercept vehicle stopping point, the lowest 55 to 80 m 
of the tornado·s debris cloud circulation was obscured by an elevated railroad 
track and shrubbery in the foreground' (see Fig. 14.1) . Moreover, debris' 
circulating around the left side of the tornado funnel was illuminated by 
bri'ght sunlight. Poor photographic contrast in this region obviated the 
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possibility of tracking debris aggregates there. Thus, the bulk of our debris 
velocity data was obtained to the right of the funnel wall, at elevations from 
75 to 145 m. Since the debris aggregates have a variable optical depth in the 
debri s cloud, our deri ved vel oc it i es represent means through a hO,rizontal 
depth estimated to be of the order of 50 m. 

Between 1552 and 1554, photogrammetric measurements at an estimated radius 
of 200m indicate tangential velocities of 50 to 80 m s-l at heights of between 
60 and 120 m above the ground; maximum velocities occurred at a height of 90 Ill.' 
Vertical velocity components in the same height interval range from about 13 
to 30 m s-1. Measurements imply that as the small debris particles are picked 
up off the ground on the southside of the tornado, they accelerate (with the 
wind) upward and outward before orbiting the east side of the tornado. Com
parativemeasurements have been obtained by Fujita (1960) who tracked cloud 
pendants around the base of the Fargo tornado funnel (height of approximately 
100 m). He fbundtangential velocities between '40 and 48 m s-l for radii 
ranging from 30 to nO m. . 

A composite, scaled outline of the tornado funnel with cloud-tag motion 
vectors superimposed is given in Fig. 14.2. Some of these cloud motions were 
derived from the successive cloud-tag positions traced on Fig. 14.1. Approxi
mate radius from the funnel center has been noted for each major cloud 
streamer. Since the cloud-tag speeds are those actually measured in the image 
plane, only those near the tilted center line of the funnel represent true 
velocities. Visual observations from the NSSL intercept vehicle of peripheral 
cloud rotation about the upper southeast quadrant of the funnel indicated. that 
cloud elements were sinking and evaporating. This downward motion, confirmed 
in Fig. 14.2, is in excess of 8 m s-I halfway up the funnel, near its closest 
edge. Maximum values of cloud-tag tangential velocities (along each tra~ 
jectory near the tilted centerline) range from 30 to 40 m s-l at a radius of 
approximately 400 m. 

Fig. 14.2 Scaled outline of 
tornado funnel with cloud-tag 
trajectories superimposed. 
Cloud-tag velocities (m s-l) 
and radii (m) are indicated 
along each trajectory~ Since 
cloud-tag speedS are those 
actually measured in the image 
plane, only those near the 
tilted funnel center line 
represent the true velocities. 
Note pronounced sinking 
motion, as large as -8 m s-l 
(dashed region), on BE side of 
funnel and rising motion into 
base of "feeder band" of 
clouds spiralling into upper 
funne l from NE. 
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14. AirfZow Around Tornado 

14.3.2 Shrinking Stage 

Fig. 14.3 illustrates changes in tor.nado structure when the funnel was 
about 4 km NE of the camera site. Note that there is no well-defined 'wall 
cloud' and precipitation is evident in the near-background to the funnel. 
Most important, there were cloud streamers which rotated around the upper 
periphery of the funnel. 

Using the funnel's upper section 
for scaling and orientation1 cloud-tag 
velocities of 35 to 45 m s- were 
derived for mean rotation radii of 
100 m (1600-1601 CST). There are 
definite indications that cloud tags 
evaporated as they descended around the 
right side of the tilted funnel, as 
was apparent when the tornado was much 
larger west of Union City. 

14.3.3 ,Decaying Stage 

As the tornado continued toward 
the southeast, it entered ,the decay.ing 
stage just as the tornado destroyed 
the Ninman house (see Purcell, Chapter 
11). At that point, the tornado was 
about 3 km ENE of the NSSL intercept 
vehicle location. Large amounts of 
debris from the house could be fol
lowed in orbits at several elevations 
around the tornado for several suc-

Fi~. 14.3 Union City tornado cessive frames'on the film (1602-1603 
during shrinking stage. NSSL CST). It was not possible to deter-
interaept team and vehiaZe in fore- mine radii for all debris particles 
ground. Photo aourtesy of Robert tracked, but those whi ch coul d be 
(lannon. followed in revolution around the 
, right side of the funnel ranged in 
radius from 25 to 50 m. In general, the tangential velocities of parttc:les 
orbiting the funnel ranged from 40 to 60 m s-I. Maximum velocities occurred 
at heights between 50 and 80 m. Most debris tended to sink as it orbited 
ahead of the vortex. 

14.4 CONCLUSIONS 

Pho:togrammetrically derived horizontal wind speeds indicate that after 
devastating Union City,the tornado decreased in both size and, to a lesser 
extent, intensity. Using representative maximum rotational windspeeds'and 
estimated true radii,we find that the tornado's debris-cloud circulations 
decreased from 6.0 x 104 to 1.6 x 104 m2 s-l between the mature and decaying 

:stages. These values are both of the same order of magnitude as the circulation 
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computed from Hoecker's (l960a) data for the Dallas tornado. Wi nd speeds 
should be taken as conservative estimates of both the expected maxima and 
tangential components. at 1 Cirger radii. Somewhat higher tangential velocities 
may be found withfn'the funnel wall, or below .the apparent horizon. Corres-

. pondingly, a representative value of circulation in the upper, perip'heral 
cloud tags when the tOrnado was southeast of Union City is 2.8 x 10~ m2 s-l. 
This is about one-fourth of the cloud tag circulation computed when the torna-
do was west of Union Ci ty. ' . 

Fi'nally, the tornado's structure, inferred from debris and cloud-tag 
trajectories, appears strongly asymmetric in both rotational and vertical flow 
components. RotatJona1 flow asyinmetries may have be~n due injpart to the 
tornado's differing translation speeds before and after striking Union City. 
Vertical motion asymmetries can be related in part to the three-dimensional· 
vortex tilt, but they may have achangjng dynamical cause as well. The maxi
mum rotational velocities in the tornado's debris clol,Jd west of Union City are 
of comparable magnitude to Hoecker's (l960a) for the Da 11 as tornado; however, 
the Union City funnel was much bro'ader, wind speeds higher over a larger 
radial distance outward and maxima occurred at higher elevations above the 
ground. 
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Chapter 15 

EVOLUTION OF THE DOPPLER RADAR TORNADIC VORTEX 
SIGNATURE IN THE UNiON CITY STORM 

Rodger A. Brown and Leslie R. Lemon1 

NationaZ Severe StoPms LaboratorY 
NOPman, OkZahoma 73069 

Doppler velo"city measurements in the Union City storm have 
revealed--for the first time--auniquetornadic vortex signature 
(TVS) associated with a tornado. This signature--approxim~tely 
one beamwidth across--documents·the spatial and temporal evolution 
of the Union City tornado. The TVS originates at storm'midlevels, 
descends to the ground with the tornado, becomes most intense 
when the tornado is largest and finally disappears at all heights 
wh~n the tornado dissipates. 

15.1 INTRODUCTION 

The promise of Doppler radar has been tornado detection and determination 
of tornadic wind speeds (e.g., Atlas, 1963). Various investigators have used 
DO'pp1er velocity spectra of within-storm motions to deduce the presence of 
tornadoes (e.g., Smith and Holmes, 1961; Kraus, 1973; Zrnic et a1., 1976). A 
continuous-wave Doppler radar used by Smith and, Holmes measured velocities up 
to 92 m s-I in the developing funnel of a major tornado that struck El Dorado, 
Kansas on 10 June 1958~ For pulsed Doppler radars that have low pulse repeti
tion frequencies, Zrnic et al. (1976) proposed a technique for estimating 
peak tangential velocities. from the folded Doppler velocity spectra; folding 
refers to the situation where velocities greater than the radar's velocity
measuring capability are aliased back into the measurable interval, thus 
greatly complicating spectrum interpretation. (See Brown, Appendix E, for 
more information about spectrum folding.) 

In this chapter, we discuss a new way to detect tornadoes and estimate 
peak velocities without the use of Doppler velocity spectra. We take advan
tage of the mean of the Doppler velocity spectrum; the mean can be computed 
in real-time--using a covariance estimator (e.g.; Sirmans and Bumgarner, 1975), 
for example--without requiring knowledge of spectral characteristics. Up to 
the time of the NSSL Doppler velocity measurements in the Union City, Oklahoma 
tornadic storm of 24 May 1973, it had not been expected that the presence of a 
tornado could be detected in afield of mean Doppler velocity values. However, 
data collected on that day did reveal a distinct tornadic vortex signature 

lpresent affil iation: National Severe Storms Forecast Center, Techniques 
Development Unit, Federal Building, Kansas City, Missouri 64106. 
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{TVS).2 We compare the measurements with simulations and then, after estab
lishing the nature of the TVS, proceed to describe the temporal and spatial 
behavior of the tornadic vortex within the storm. 

15.2 VORTICES MEASURED BY DOPPLER RADAR 

The single Doppler velocity signature of a vortex is a function of vortex 
size relative to radar beam size. At one extreme, mesoscale vortices--having 
dimensions considerably greater than the beamwidth--produce a unique signature 
when mean Doppler velocity values are plotted as a function of range,and 
azimuth (e.g., Donaldson, 1970; Lemon and Burgess, Chapter 8). 

At the other extreme, a tornado vortex within a radar beam is expected to 
produce a broad velocity spectrum with a mean of zero (e.g., Atlas, 1963; 
Lhermitte, 1964).' However, when the radar beam is not centered on the vortex, 
it is difficult to accurately predict the spectra and mean Doppler velocity 
fields. Fortunately, Zrnic recently developed a model that simulates a Dop
pler radar looking at a'Rankine combined vortex (see Zrnic and Doviak, 1975). 
The radar and vortex characteristics are sufficiently flexible that the model 
can be used to simulate Doppler velocity measurements in vortices ranging from 
very small tornadoes to large mesocyclones. The model also allows the reflec
tivity profile across the vortex to be varied; a uniform profile is used for 
the simulations presented in this paper. 

TheZrnic model aids understanding of data from a finite Doppler radar 
beam scanning across a vortex. In a-Rankine combined vortex {heavy curve in 
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2Th i:ss i~nc:ttuTe had been referred toby the interim descriptive name of IIgate~ 
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Fig. 15.1), the tangential velocity increases lfr'learly until the maximum 
velocity at the outer edge of the II corell is reached then decreases inversely 
proportional to radius. Various sized vortices generated by the model can be 
normalized by dividing all velocities by the maximum core velocity and by 
dividing all lengths by the core radius. . ' 

As indicated in Fig. 15.1, when. the. radar. half~power'beamwidth is a small 
fraction of the vortex core radius (beamwidth/core ragius ratios ml;lch less :~ 
than one), Doppler velocity measurements reproduce the mesoscale vortex very 
well. However, when the beam becomes significantly wider than the core radius, 
and the vortex center is encompassed by the beam,someportion of both the .' 
positive and negative vortex peaks will.be within the beam and they will tend 
to cancel each other. Therefore, one would not expect themean Doppler vel 0-. 
city value to maximize until the beam edge has just cleared the vortex center. 
For example, when the beamwidth is three times the core radius, the peak is 
approximately 1.5 core radii or one-half beamwidthfrom the center. Likewise, 

'for beamwidths 5 and 10 times greater than the core radius, the peaks are at 
approximately 2.5 and 5 cor~ radii, respectively. Also, the wider the beam, 
the greater the smoothing of the true tangential velocity profile and conse- . 
quently the smaller the magnitude of the peak Doppler velocities. Detectability 
decreases with range as the beam becomes larger relative to the vortex. 

Since the Doppler velocity profiles appear to peak at a radius of about 
one-half beamwidth, the curves in Fig. 15.1 were replotted relative to beam
width. The resulting curves (Fig. 15.2) vividly port~ay what we call the 
tornadic vortex signature (TVSJ. The 
peak-to-peak diameter is not signifi-
cantly affected by the size of the . 
within-beam tornado. However, signa
ture amplitude, which is affected, 
plays an important role in TVS detec
tability. TheTVS can not be resolved 
unless the peak-to-peak Doppler 
velocity shear is appreciably greater 
than the background cyclonic shear 
produced by the parent mesocyclone. 

Several other practical limita
tions must be considered when attempt
ing to identify tornadic vortex 
signatures from mean Doppler velocity 
measurements. First of all, when data 
are collected at discrete azimuthal 
increments, peak values may not be 
sampled when the sampling interval is 
greater than one beamwidth. Secondly, 
Zrnic and Doviak (1976) have shown 
that a radar antenna rotating rapidly 
relative to the sampling time has an 
effectively broadened beamwidth. 
Thus, for a given peak tangential 
velocity and tornado size, the ampli
tude of the TVS will decrease as the 
antenna rotation rate increases. 
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15.3 SIGNATURE OF THE UNION CITY TORNADO 

The NSSL lO-cm pulsed Doppler radar has a 0.8 deg half-power (one way) 
beamwidth and 0.15 km pulse length. Using this radar, data were collected in 
the Union City storm primarily with an azimuthal sampling interval of 1.0 deg 
or 1.25 beamwidths; it has been fortuitous for TVS detection that data rarely 
are collected at intervals greater than 1.0 deg. 

Discovery of the TVS was facilitated by its anomalous character relative 
to the surrounding mean Doppler velocity field (Figs. 15.3 and 15.4). At 0° 
elevation, the TVS coincides very closely with the surface damage path. As an 
example, the shaded TVS at 1545 in Fig. 15.3--with a Doppler velocity gradient 
from -30 to +23 m s-l in less than 1 km--is positioned on the tornado azimuth 
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Fig. 15.3 TOPnadic vortex signa-
,ture near ground (stippZed) within 
fieZd of singZe DoppZer mean veZoc~ 
ites (m s,-l). VeZocities are reZa
tiv,e to TV,B motion (10. Om s-l from 
283°). VeZocities cauay from radar 
are positive3 toward radar are nega-
tive. Dark dot indicates surface ' 
tornado position. ' Dark rectangZes 
sholt) re Zativescorrp Zing voZwne ('range 
gates) size. . AzimuthS and ranges are 
from the NSSL DoppZer radar in Norman. 

(black circle) and within a few 
hundred meters in range. The range 
uncertainty is a consequence of the 
sampling volumes being four pulse 
lengths (0.6 km) apart. 

Above cloud base, the TVS can not 
be directly related to the tornado 
position because the latter is un
known. However, as illustrated at a 
height of 3.5 km in Fig. 15.4, the 
signature has vertical contiriuity-
revealing significant tornado vertical 
extent. 

An azimuthal Doppler velocity 
profile through the TVS at 3.5 km is 
very similar to the theoretical 
simulation (Fig. 15.5). The data 
pOints were positioned by plotting 
them on an overlay and manually . 
adjusting the overlay for best overall 
fit to sets of curves having different 
peak TVS velocities. The best fit 
(Fig. 15.5) was for a TVShaving peak 
velocities of 45 m s-l. 

A basic TVS feature is revealed 
in Fig. 15.5--namely, the signature 
remains essentiallY,invariant for a 
wide range of tornado sizes and peak 
tangential velocities. Thus, the 
fitting of mean Doppler velocity., 
measurements totheo~etical curves can 
not be used by itself to determine 
either the size or peak velocity of '. 
the vortex that produces a TVS. . 
However, if core size could be deter"': 
mined independently, the peak tangential 
velocity then could be estimated. For 
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example~ if core radius at 1546 is assumed to equal the visual tornado radius 
below cloud base (about 120 m), the ratio of beamwidth to core radius would be 
about 6. The corresponding peak tangential velocity would be about 135 m s-l. 
The highest photogrammetric velocity in the outer edges of the surface debris 
cloud was an expectedly lower value of 80 m s-l (see Golden and Purcell, 
Chapter 14). 

15.4 EVOLUTION OF THE UNION CITY TVS 

The NSSL Doppler radar in Norman was first trained on the Union City 
storm at 1446. ~or the first half hour, tilt sequence data collection alter
nated between the real-time scalar mean velocity processor (SMVP--deScribed by 
Sirmans and Doviak, 1973) and the Air Force Cambridge Research Laboratories' 
Plan Shear Indicator (PSI--described by Armstrong and Donaldson, 1969); PSI 
measurements are discussed by Donaldson in Chapter 7. Unfortunately it was 
not understood at the time that biases in the scalar mean velocity processor 
renders this mode of data processing useless for severe storm applications, 
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where Doppler velocities exceed ± 20 m s-l. Thus, none of the SMVP data 
collected could be used with confidence. 

At 1515, alternating tilt sequences between time-series and PSI data 
collection commenced. {Time-series data permit the mean and variance of 
velocities within the radar beam to be computed later on the NSSL computer.) 
The first tilt sequence of time-series data at one-degree azimuthal intervals 
revealed the presence of a TVS from about 2.5 km to a height of over 6 km (end 
of data). The TVS was not at the center of the parent mesocyclone, but it 
moved to the center with time (see Lemon and Burgess, Chapter 8). 

A time-height profile of the maximum Doppler velocity value for each TVS 
pair (Fig. 15.6) reveals that the TVS originates aloft in the storm and 
descends to the ground at about the same time that the first damage occurs. 
The signature is strongest at all observed heights when the tornado below 
cloud base is the widest (funnel diameter near cloud base is given by black 
area at bottom of figure). TVS magnitude decreases markedly at all heights 
during the tornado·s shrinking and decaying stages. 

I-
:z: 
~ 6 
w 
:z: 

MAGNITUDE OF UNION CITY TVS 
24 MAY 1973 

UPPER LIMIT I 
OF DATA I 

ACQUISITION I 
~I 

/ 

1615 

Pig. 15.6 Time-height ppofiZe of 
the magnitude of the maximum DoppZep 
veZocity vaZue fop each TVSpaip 
(adjusted fop TVS motion). Dots in
dicatedai;a points and dashed Zines 
:r.eprese:ntthe Zimits,ofdata coZZec-

.tion.·' In the Zf"ghtZy shadedpegion$.J 
:ve"loai ty -s,he:aP Was. be:ww .. the .TVS . de
teOtabiZi ty. Ze.VB z~ Theb lack .pegion 
at ])O'tto"l cen;l?er ts the diameter 
(u$ing opdinate. s,caZe) . o/the tornadc' 
fUnnel. 'rl!3aPcZQua base. 

As discussed earlier, TVS magni
tude is directly proportional to both 
vortex size and peak tangential 
velocity. It is impossible to know -
whether changes in TVS magnitude are 
due to size changes, velocity changes, 
or both. For the case of the Union 
City TVS, one might speculate that the 
signature magnitude was primarily 
influenced by vortex size because its 
magnitude and the observed tornado 
diameter varied together, while damage 
intensity remained unchanged. One 
also might speculate that the magni
tude decrease above 4 to 5 km is due to 
vortex expansion with accompanying 
tangential velocity decrease (con
serving angular momentum) •. 

A horizontal projection of the 
TVS data points (Fig. 15.7) reveals 
that the signature consistently tilts 
towards the north-nQrtheastat an 
average angle of 25 deg from the 
vertical. Relative to the direction 
of storm motion, TVS tilt. is to-the 
leftt consistent with the observed 
tilt of the. tornado funnel below cloud 
base .(seePurcell, Chapter ]1). 

. . 

. . . Plan Shear Indi cator meas:ure~ ' .. 
ments--interspersed' between the SMVP 

.or time:-series measurements--reveal 
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the. same genera 1 evo 1 uti on of· the TVS '. 
(Donaldson, Chapter 7)~ The PSI, with 
its continuous display in azimuth (in 
contrast with discrete az.imuthal 
sampling dtscussed in this chapter), 
. is extremely well su·i ted for d i s
playing the complete tornadicvortex 
signature. Most pronounced on the 
indicator scope are azimuthal shears 
larger than 1 x 10-2 s-l. At the time 
of the first PSI indications of a 
vortex (1457), the peak-to-peak diam
eter was several times greater than a 
TVS--indicating a mesoscale circula
tion. By 1522, the vortex was char
acteristic .of a TVS. The data vividly 
illustrate the descent of the TVS 
prior to 1'538 and its disappearance 
after 1604. 

15.5 .SUMMARY 

The presence of a tornadi c vortex 
within a radar sampling volume results 
in a unique signature.that had not 
been anticipated. The peak values of 
the signature occur about one beam
width apart, regardless of tornado 
size or strength. However, the 
magnitude of the signature decreases 
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24 MAY 1973 
DOPPLER VELOCITY VORTEX SIGNATURE 
AND UNION CITY TORNADO TRACK 

2700 
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Fig. 15.7 PZan vie7JJ of aU TVS 
observations (daP.k dots). Eaah dot 
represents the surfaae projeation of 
an eZevated TVS position and groups of 
dots (adjusted to a referenae time) 
indiaate individual, tiZt sequenaes. 
The' 'left-most dots represent a refer
enae time of 1515 and the progression 
is 1515, 1528, 15J6, 1545, 1556 and 
1604. Broader regions of 'lesser shear 
(dashed aircZes at 1604) appear after 
tornado and TVS dissipation. Thin 
soZid 'lines are aontours of TVS height 
above the surfaae and thiak soZid 'line 
is the tornado traak. 

as tornado size (relative to beamwidth) and/or peak tangential velocity de
creases. Detectability of a TVS depends upon the Doppler velocity shear 
'between signature peaks being significantly stronger then the surrounding 
shear. Based on this first study, it is premature to specify the azimuthal 
shear reqtiired for the classification of a TVS. 

The TVS is a qualitative signature. However, the signature can produce 
quantitative tangential velocities when the tornado's core radius can be 
determined reliably. 

Detection of a TVS in the Union City storm led to the first substantiated 
information about tornadic vortex behavior above cloud base. The tornadic 
vortex signature originated at storm midlevels. It took at least 25 min for 
the signature to work its way to the ground. During this time, the signature 
magnitude increased at all detectable heights and continued to increase until 
the tornado reached its maximum observed size. As the tornado progressed 
through its shrinking and decaying stages, the signature magnitude and verti
cal extent gradually decreased (measurements from t~e surface to over 10 km 
height). The TVS was no longer detectable at any height after the tornado 
dissipated. 
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CHAPTER 16 

UNION CITY TORNADO AND BEYOND 

Ronnie L. Alberty and Rodger A. Brown 
National Sevepe StOTlJ7l8 Labopato'PY 

NOTlJ7lan, Oklahoma . 73069 

The Union City study, a milestone for thehNational Severe 
Storms Laboratory (NSSL), provides a clearer understanding of. 
severe storm kinematics arid tornado evolution~ During the ~eport 
preparation period, equipment improvements--especially with the 
dual~Doppl.r radar system--have resulted in mo~e efficient data 
collection procedures~ Over the past several years, a high 
correlation between tornado occurrences and Doppler mesocyclone 
and tornadic vortex signatures has been documented. As a conse
quence, a joint tornado warning experiment with other federal 
agencies is planned for Spring 1977. Doppler radar systems 
continue to reveal unprecedented details of internal severe 
storm circulations. Research meteorologists now need today's 
technology applied to sampling and recording of all meteorologi
cal parameters in the near environment of these ~torms.An 
initial improvement would be to digitally record data from our 
surface and upper air mesonetworks. 

16.1 Introduction 

In preceding pages the reader has available detailed documentation of 
physical interpretations and perceptions developed as a result of carefully 
executed observational and analytical efforts. Such studies are a vital part 
of NSSL efforts to continually prod the frontiers of meteorological knowledge 
as applied to perhaps the most transitory and violent of nature's atmospheric 
manifestations, the severe thunderstorm. Chapters 2 through 4 outline the 
meteorological setting in which the Union City storm developed; Chapters 5 
through 10 discuss various aspects of the storm, including embedded circula
tions and electrical properties; while Chapters 11 through 15 discuss char
acteristics and implied properties of the resulting large and very intense 
tornado. 

NSSL offers visiting scientists a nearly unique opportunity to actively 
participate with the highly competent Laboratory staff in a carefully con
ceived attack on severe storms. Such cross-fertilization of expertise pro
vides for both cooperative and complementary studies (examples are Chapters 6, 
7, 9, and 10) and allows a more comprehensive approach to severe storm 
research than is possible through separate indep~ndent efforts. 
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16.2 SIGNIFICANT FINDINGS 

Advancement of severe storm knowledge presented in this report has been 
due primarily to the availability of a pulsed Doppler radar. Most important 
is the discovery of a unique tornadic vortex signature (TVS) in the field of 
mean Doppler velocity values (Chapter 15). The presence of such a signature 
has made it possible to document the three-dimensional evolution of the torna
dic vortex in the Union City and subsequent storms. Basically, the TVS 
originates at storm mid1evels and works its way both upward and downward, 
reaching cloud base at about the same time that a visible funnel appears. 
The TVS completely disappears with tornado decay. 

Single Doppler velocity measurements also provided insight about 1arger
scale flow fields within the storm. Doppler data collection began as the 
developing Union City storm split into right-moving and left~moving (relative 
to mean wind) portions (Chapter 5). The right-moving storm included a region 
of mesoscale cyclonic circulation, within which the TVS and tornado developed 
(Chapters 7 and 8). Storm dissipation apparently was related to tornado 
production (Appendix F). The left-moving storm did not exhibit any pronounced 
rotation but an anticyclonic vortex appeared briefly at midlevels (Chapter 6). 
Though not entirely conclusive, it appears that deviate storm motion is due 
primarily to propagative effects and secondarily, perhaps, to rotational 
forces. 

Directional sferics measurements from the Union City storm complex 
provide additional evidence to discount the theory that tornadoes are caused 
by electrical activity and consequently become the source region for sferics 
activity. These data clearly indicate that sferics emanate from the entire 
storm and that sferics activity is unaffected by the development, maturation 
and decay of the tornado (Chapter 10). The directional, as well as nondirec
tional (Chapter 9), measurements indicate that sferics activity peaked just 
after tornado dissipation. . 

The importance of mobile tornado intercept teams was demonstrated on 
24 May 1973 (Appendix A). Three separate teams of meteorologists converged on 
the Union City storm, guided by portentous visual ch~racteristics that were 
augmented by radar observations. Their documentation of the tornado's positior 
in time and space established the significance of the TVS. In addition, the 
NSSL team obtained movies that revealed tangential velocities as great as 

·80 m s-l and vertical velocities up to 30 m s-l in the surface debris cloud 
(Chapter- 14). 

Tornado characteristics varied during the different stages of development 
(Chapters 11 through 13).' During the organizing stage, there was continuous 
surface damage even though the visible funnel only briefly extel1ded to the 
ground. As the tornado matured, it attained a maximum cloud-base diameter .of 
nearly 600 m; at the same time, surface damage path width waS 500 m. In·the 
later stages, evert though the funnel became narrower and eventually c?ntorted, 
the tornado retained its destructive intensity. Throughout its lifetlme, 
tornado width at cloud base closely parall~led surface.damage width. In all, 
over a 26 min period, the tornado produced a damage track 17 km long. 
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, Some hints of why the Union City storm formed ahead of an advancing cold 

front/squall 1 inehave emerged from this studY (Chapters 2 through4). A l.ow
level inversion concentrated morning heating into a fairly shallow layer of 
moist air. During the day, southerly winds advected a deeper moi.st layer into 
central and western Oklahoma. Ahead of the 'front was a surface confluence 
zone between southwesterly and southeasterly winds. The first echo of the 
Uni on Ci ty storm formed near the zone at about the same tfme that a minor," 
upper-air trough passed overhead. Apparently, the presence of surface conflu
ence and abundant low-level moisture, coupled with strong vertical instability 
and wind shear, provided a favorable environment in which strong convection, 
could b~ triggered by upper-air trough passage. 

16.3 RAMIFICATIONS OF THIS STUDY 

Ongoing research since the Union City storm (e.g., Burgess et al., 1975; 
Davi es-Jones et &., 1976; Nelson, 1976; Ray et a 1 ., 1976; Brandes, 1977) has 
benefited from knowledge of severe storm characteristics reported in this 
v?lum~. Perha~s the most exciting possibility for future operational applica
tlOn 1S detect10n of the parent mesocyclone and the tornadic vortex signature 
which provides the basis for earlier and more exact definitions of those ' 
storms having very hi gh tornado potenti a 1 (Bro\'m and Lemon, 1976; Burgess, 
1976). This discovery has led to a cooperative effort--beginning in Spring 
1977--involving the National Weather Service, Air Weather Serivce, Air Force 
Geophysics Laboratory, Federal Aviation Administration and NSSL to more fully 
evaluate the operational warning potential of Doppler r~dar. 

The Norman Doppler.radar ha$ undergone many improvements since 1973, as 
has the newer Doppler radar that was activated at Cimarron Airport in 1974. 
These improvements facilitate data acquisition and processing, provide for 
multiple Doppler probing of selected storms, allow selection of an increased 
unambiguous velocity interval, and provide data of increased reliability. 
Further refinement of the Doppler radar systems hopefully will continue to 
address reliability and data quality. . 

Other improvements in supporting data sources are now needed. While 
Doppler radars can provide unprecedented details of internal thunderstorm flow 
f.ields, the requirement for mapping internal thermodynamics and all aspects of 
external flows has not been adequately satisfied. Some very recent successes 
in. mapping flow fields in the absence of hydrometeors and radar-reflective 
chaff shows potential of revealing prestorm circulations on spatial and tem
poral scales previously unattainable throughout the near-surface layer. Un
fortunately, inherent range limitations may preclude areal coverage sufficient 
to reveal mesoscale forcing mechanics. Additionally, no remote sensing 
technique is presently visible that will allow simultaneous mapping of environ
mental flows and the adjacent thunderstorm echo. Most meteorologists agree 
that physical understanding of the severe storm environment, the interaction 
of internal and external storm flows, and energetics of the entire system are 
ultimately required to effectively address the thunderstorm prediction 
problem. 
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Meteorological research at NSSL can be further improved through available 
modern techniques to acquire and process data. Analog information from the 
surface station network is currently extremely difficult to prepare for 
analysis and, as a result, seldom is utilized in other than individualized 
case studies. A similar restriction applies to rawinsonde data. We urge 
implementation of state of the art technology to acquire, process and display 
observational information in optimum fashion for meteorological interpretation. 

Research scope at NSSL is being carefully expanded. A rejuvenated effort 
in severe storm electrification is on the very near horizon, modeling studies 
now are receiving new attention and the scientific expertise of the staff is 
growing steadily. Cooperative studies both among staff scientists and with 
experts outside the Laboratory are being nurtured to expand the capabilities 
required to further unravel the complicated physical processes attendant to 
thunderstorms. This study of the Union City tornadic storm has helped to put 
some of these processes into a more understandable framework. 
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Appendix A 

TORNADO INTERCEPT STRATEGY AND 
MORPHOLOGICAL OBSERVATIONS 

Joseph H. Golden l 

National Severe Storms Laboratory, 
Normani Oklahoma' 73069 -

Early in- the afternoon of 24 May 1973, the NSSL tornado 
intercept team headed west toward a developing. squall I ine in 
western Oklahoma. After passing near' a region of growing cumulus 
congestus clouds, it became apparent (with the help of radar ob
servations) that the congestos area was developing into an isolated 

. storm ahead of the squall I ine--a favorable .location for tornadic 
storm formation. The team then turned around and started. moving 
toward the southeast in order to catch up with the storm, while 
maintaining a safe position to its south. Just as the anticipated 
tornado was touching down, the camera crew was in. position 5 km 
south of Union City. 

As noted by Vlcek (Chapter 2) and Brandes (Chapter 3), a cold front was 
moving into northwestern Oklahoma late in the morning of 24 May 1973.; Shortly 
after noon, a scattered line of thunderstorms developed rapidly along the 
front in western and north central Oklahoma. At about 1300 CST, the N~tional 
Severe Storms Forecast Center issued a tornado watch for much of northern and 
central Oklahoma , val i d from 1330 to 1930 CST. A deci s ion already had been 
made for the National Severe Storms Laboratory (NSSL) tornado intercept 
vehicle and crew (Golden, Morgan, Achtemeier, Vlcek and Purcell, plus Popular 
Science reporter, Robert Gannon) to depart at 1300, and have as its initial . 
i nterc-ept goal the southernmost deve 1 opi ng thunderstorm along the front .. 

Heading north on Interstate 35 (see map, Fig. A.l), the largest visible 
storms at this time (1315) were NNE, NW and W in order of decreasing size. We 
were anticipating that new cell development would continue to occur on the 
southern end of the line, in the region W or WSW of NSSL. The cell NNE was 
immense (top over 15 km AGL) and had a definite protruding cumulus top. At 
about the same time, a funnel pendant from that cell was reported by the 
public. 

lpresent affil iation: NOAA, Environmental Research Laboratories, Office of 
Programs, Boulder, Colorado 80302. 
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NSSL INTERCEPT TEAM 
24 MAY 1973 

N 
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~~~_--"III~C:ITY 

MINCO 
PHOTOGRAPHY 

SITE (1545 +) 

1-35 

NSSL 

Fig. A.l Map of NSSL intercept vehicZe route reZative to Union City storm 
(two. radar echo outZines) and reZative to Union City.tornado damage path 
(dark curved path). 

As the intercept vehicle moved westward from Oklahoma City on 1-40, the 
cluster of cumulus congestus NW began to build rapidly. We cou14 also perceive 
a broad band of cumulus humilis extending N-NW-W-SW. The vehicle passed under
the eastern border of these cumuli a few kilometers west of El Reno. Continu
ing westward toward the increasing line of thunderstorms, we passed about 5 km 
north of a small, developing cluster oJ cumulus congestus when'we were near 
the Hydro exit. Little or no precipitation was evident from the congestus . 
cluster then (roughly 1420), but it had darkening cloud .bases. (It shou]d_b~ 
noted that this congestus cluster was the embryonic Union City storm.) More
over, there were broken sma 11 er cumu 1 i north and south of the Hydro exi t wi th 
many narrow cloud towers rising rapidly, pinching off slightly in the middle 
and shearing noticeably toward the east-northeast. 

The vehicl~ intercepted new cloud developments at the leading edge of the 
squall 1 ine about 1425 in Weatherford. It was dark with anvil cloud above to 
the west (we were told via radio-telephone that NSSL radar showed a large cell 
in the line 90 km to our southwest). In addition, cumulonimbi were building 
NW-NNE and SW of Weatherford. We set up the 16 mm camera for verti ca lly
pointing ti~e~lapse, with rapidly rising cumulus congestus cloud towers and 
nearly overcast middle cloutl conditions both north and south of our position. 
Low-level fractocumulus was moving from the WSW, while cumulus cloud turrets 
were being strongly sheared by northwesterly flow aloft. The surface wind was 
from the WSW at about 5 m s-l. We could see a rapidly developing. cirrus. anvil 
in the large congestus cluster to the east. 
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The most crucial decision in the tornado intercept strategy of 24 May 
1973 had to be made at Weatherford. The storm intercept coordinator at NSSL 
indicated that there were two severe cells within our reach in the squall ' 
line, which was nearly over us at the time (1435), one cell north and another 
southwest. A third option was to head east on 1-40. The cluster of cumulus 
congestus which we had passed to the north some fifteen minutes earlier had 
explosively developed into an isolated, severe storm which was continuing to 
increase in intensity as it passed just south of the Hinton exit on 1-40. 
Based on previous experience among ourselves and the OU student chase groups, 
we decided that the severe, developing isolated cell to the east of Weather
ford wOl!ld be the best storm for intercept attempt. The decision was based on 
the fact that isolated supercell storms forming and moving out ahead of a 
squall line in Oklahoma have often been observed to spawn a tornado. The 
decision was facilitated because of the extreme difficulty in surface vehicle 
navigation and visibility restrictions encountered previously in squall line 
interce'ptions. Even though one of the primary objectives of the Tornado 
Intercept Project is to obtain detailed scientific photography of tornadoes 
and their parent storm si'ructures, those squall lines with embedded hook 
echoes should in general be intercepted and followed only with great caution 
and only when there are no isolated seve~e'storms a~ailable. This rule is' 
based on both scientific data acquisition and safety considerations. 

The NSSL tornado intercept vehicle headed east from Weatherford at 1440. 
As we were approaching the backside of the storm from about 5 to 10 km west of 
the Hinton exit at 1500, we could see that it was very extensive in north
south dimensions and in vertical extent. A multitude of hard, sharply-defined 
cumulus caps'extended upward on the rear flank of the storm, where they merged 
with streamers of thick, anvil cirrus from the squall line to the west. 
Several dark cumulus bases could be seen ahead of us to the east, being drawn 
into the rear flanks of the storm from the WNW. We could see that the dark 
precipitation core extended from 080° through 110°, relative to our position. 
This was confirmed from the NSSL WSR-57 radar, which indicated a large echo 
core about 25 km east of our position straddling the interstate highway. 
Finally, we noted one of the telltale signs of a potentially-tornadic thunder
storm--a flanking line of small cumulus congestus clouds merging into the main 
body of the storm from the southwest. The storm had the additional distinction 
of several cloud towers which merged as a ~olid mass with thick anvil cirrus 
overhead to the ESE. 

In order to avoid the heavy rain and large hail being reported at the 
time by the public and indicated by NSSL radar ahead of the vehicle'on Inter
state 40, we turned south and then followed the zig-zag highway southeast 
through Hinton. This decision also was based on strategy rules set up before
hand. One of the most important rules for successful tornado interception has 
been to position the vehicle on the south or southeast flanks of a potentially
tornadic thunderstorm. This relative position has to be maintained while 
moving with the storm on the ground and allows the best visibility and con
trast with a light background for photography. 

Shortly after 1500, we could see ahead of us (ESE) the development of a 
dark, lowering cloud base just southwest of the main precipitation core. This 
dark cloudbase which at first was somewhat ragged began to exhibit slow 
cyclonic rotation about its edges, and gradually lowered in a shallow bowl-like 
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A. Tornado Intercept Strategy 

shape from the higher, flat bases (1 km AGL) in the flanking cumulus line. 
The upper rim of the left side of this dark, slowly rotating IIwa ll cloud ll 

merged with the heavy precipitation veil over 8 km to our northeast. Several 
large condensate elements formed in situ within a hundred meters above the 
ground and rose very rapidly in a helical fashion into the wall cloud above. 
There were no funnel clouds or funnel-scale rotations discernible in these 
condensate elements at this time. When the intercept vehicle was about midway 
between Hinton and Cogar at 1515 (see Fig. A.1), we stopped on a curve in the 
road and took 16 mm movies of two large, apparently truncated funnel clouds 
located side-by-side and pendant from the wall cloud. These two 'funnel 
protrusions' had lifetimes of 5 to 7 min and were located at about 085° and 
100°. Both funnels had weak cyclonic rotation evident in cloud tags with 
strong rising motion apparent on each funnel edge. Three or four c10ud-to
ground lightning discharges apparently came down through one of the funnel 
protrusions. Observations made of the same lightning discharges by Mr. Steve 
Tegtnleier, on the opposite side of the flanking side, confirm our impression 
that the lightning bolts did emanate from the protrusion. Frequent c10ud-to
ground lightning was also observed from the precipitation core immediately to 
the northeast of the wall cloud and funnels. The rain area extended from 
about 020 to 070°, darkest at about 040°, but was not as dark as it was 
earlier from the west on the Interstate. Cumulus clouds from the storm 
extended overhead at this point and were rapidly being drawn into the storm 
from the west. 

We were increasingly convinced that a tornado would form. At about 1520, 
the funnel protrusions bec.ame tilted slightly away from the heavy rain area to 
the north and their smooth edges started to fragment. We noticed that it was 
completely clear behind the funnels and to the E-SE-SSE, ahead of the major 
flanking cumulus congestus line. Lightning in the precipitation core became 
most frequent at this time, to the northeast, and the ,surface wind was strong 
and gusty from the west-northwest. We continued to be impressed by the 
developing cyclonic rotation in the wall cloud and by the rapidly-rising 
cumulus fractus beneath the southern portion of the wall cloud. The NSSL 
intercept vehicle left the first stopping area at 1528 and continued south. 
Before reaching Cogar we observed that the wall cloud appeared to be lowering 
and becoming more pronounced. At this time (near 1530), the wall cloud was 
centered about due east of our position. 

Continuing southward, the intercept vehicle turned eas-t at Cogar. As we 
were approachi'ngMinco, a definite funnel, very large in diameter near the 
top, started to descend from the southwesterri edge of the wall cloud. As the 
intercept vehicle reached the highway between'Minco and Union City, the funnel ': 
had tapered down to a pencil pornt near the bottom and was more than two-
thirds extended to the ground. Even though the visible funnel was not touch-
·ing the surface at this time, a definite large -dust whirl could be seen on the 
ground. As we turned north toward Uni'on City, the funnel appeared to retract 
upwards after its initial 1 to 2 min of existence. Then, within another 
minute or two, the haifway-ex,tended funnel appeared to become much larger in 
diameter and began to descend in an irregular manner to the ground. At 1545, 
just before the large Union City tornado funnel descended earthward for the 
final time,the NSSL intercept ,vehicle stopped at a point 5 km south of Union 
.City and began photographic data acquisition that continued until tornado 
demise at 1604. 
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Appendix B 

HOURLY SURFACE WEATHER MAPS AND ANALYZED FIELDS 
OF METEOROLOGICAL VARIABLES: 24 MAY 1973 

Edward A. Brandes 
NationaZ Severe Storms Laboratory 

Norman~ OkZahoma 73069 

Regional surface maps drawn by computer have been prepared with a modi
fied version of the analysis scheme developed by Barnes (1973). Observations 
were interpolated to grid points (25 km spacing) with a Gaussian spatial weight 
function. Two passes are inade through the observations. The first pass uses 
the observations themselves while differences (corrections) between the first 
analysis and the input observations are used in the second pass to generate a 
field of corrections for adjusting the first analysis. 

The wei ght (Wi) each observation or correction (Gi) receives at a parti
cular grid point is given by 

(B.1) 

where r is the distance between the observation site and the grid point and EP 
is a constant. The analyzed grid point value (P) is determined from 

(B.2) 

The observations and analyzed data fields are presented in Figs. B.l 
through B.5. All input weather observations (National Weather Service stations 
supplemented with NSSL a mesonetwork stations) are plotted in observed (Eng
lish) units. Streamlines for a subsection of the analysis grid and composite 
low-level weather echoes from NSSL (denoted by a +), Amarillo (AMA), Wichita 
(ICT), and Fort Worth (GSW) radars are overlayed. Analyzed fields in metric 
units are also displayed (for only a subgrid). Dimensions and multiplicative 
factors are given in Table B.l. 

The persistent moisture maximum (dew-point temperature, moisture conver
gence, wet-bulb potential temperature) found in southwestern Oklahoma is due 
to Fort Sill (FSI) measurements, which may have some local bias. 
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B. Subsynoptic AnaZyses 
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B. Subsynoptic AnaZyses 
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B. Subsynoptie AnaZyses 
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B. Subsynoptic AnaZyses 
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B. Subsynoptic AnaZyses 
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B. Subsynoptic Analyses 

TABLE B.1 

CODE 

TEMP 

PO 

SPDO 

DEWP 

WBPT 

MCON 

DIVO 

VORO 

Key to Analyzed Meteorological Fields 

PARAMETER 

Temperature 

Pressure Anomaly (from 1000 mb) 

Wind Speed 

Dew-Point Temperature 

Wet-Bulb Potential Temperature 

Moisture Convergence 

Divergence 

Vort i ci ty 

DIMENSIONS 

mb 
-1 m 5 

°c 
°c 

10- 4 k -1 -1 g g 5 

10-6 5- 1 

-6 -1 10 5 

The usefulness of an objective surface analysis program cannot be 
ascertained with one case study. Nevertheless, the following observations are 
made. All thundershowers formed and for the most part were contained within 
wind and moisture convergent areas. Although a large maximum was located in . 
the Union City area at the time the tornado was on the ground, there was less 
continuity in the vorticity field than other meteorological fields. 

It is clear that care must be used when interpreting meteorological 
fields computed with observations influenced by convection. Exclusion or 
suppression of such observations may help to define "undisturbed" meteorologi
cal fields. Th~ objective analysis scheme tended to place fronts or other 
discontinuities halfway between observation sites rather than close to a 

- particular site. Consequently, features may appear to "jump" in sparse data 
areas. In such cases, the plotting of remarks_such as FROPA 1453 (frontal 
passage at 1453) can be a valuable aid to the user when evaluating the pro
duct. 
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Appendix C 

RAWINSONDE OBSERVATIONS ON 24 MAY 1973 

Edward A. Brandes 
NationaZ Severe Storms Laboratory 

Norman~ OkZahoma 73069 

Special rawinsonde observations for Fort Sill (FSI), Tinker Air Force 
Base (TIK), and NSSL (NRO) are presented. Data are displayed as computer
drawn StUve diagrams. Wind vectors extend in the direction from which the 
wind blows and vector lengths are proportional to the observed speed (scale at 
lower right). Balloon ascent rates are assumed constant and height data (scale 
at right, km above sea level) are plotted versus time (circles), hence fluctu
ations in ascent ,rates indicate changes in environmental vertical velocity. 
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C. Rawinsonde Observations 
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Appendix D 

NSSL DOPPLER AND WSR-57 RADAR CHARACTERISTICS 

Dale Sirmans 
National, Severe Storm$ Laboratory 

Norman3 OkZahoma 73069 

The NSSL Doppler radar and WSR-57 surveillance radar, both 
located at NSSL, have been central to the study of the Union 
City tornado and its parent storm. These IO-cm wavelength 
systems have comparable transmitter peak power and receiver per
formance, but the Doppler radar provides velocity estimates and 
much finer spatial resolution. 

D.l DOPPLER RADAR PARAMETERS 

.. In 1971, NSSL put into operation the first 10..;.cm wavelength Doppler radar 
developed for severe storm studies. The radar's pencil beam (0.8° wide) and 
150 m pulse length is well-suited for probing details. of thunderstorm flow 
fields. Output of realtime processors (mean velocity and intensity) and 
complex video (for spectrum analysis) are recorded on digital magnetic tape. 

During the Spring 1973, the radar operated in one of two basic modes. 
One was the conventional or normal mode with a puls~ repetition time (PRT) of 
768 ~s and included capability of recording the digital complex video as well 
as radar intensity (Sirmans and Doviak~ 1973a) and mean velocity by scalar 
phase change {Sirmans, 1973; Sirmans and Doviak, 1973b}. Detailed character-
istics of this mode are listed in Table D.l. . 

In the other mode, the radar PRT was slaved to the Air Force Cambridge 
Research Laboratories'coherentmemory filter (Groginsky,. 1965; Armstrong and 
Donaldson, 1969; Donaldson, Chapter 7). Although the real time estimates were 
available for analog display, no digital recording was possible. When slaved 
to the coherent memory filter and plan shear indicator (PSI), the radar,pulse 
repetition frequency (PRF). and acquisition parameters were dictated by PSI 
characteristics give~ in Table 0.2. ~ , . 

A hardware malfunc:f;ion worthy of note in the 24 May 1973 data set is the 
failure of the digital intensity integrator caused by the 4 bit of the output 
word always being active. The failure was d~tected early in data acquisition 
and the system automatic gain control (AGC),whichuti'lizes the integrator 
output, was switched off. Almost all data analyzed were _taken in this' 
fashion.' AGC loss resulted in a decrease ineffective dynamic range of the 
Doppler receiver chain to about 40 dB for I,.mdistorted spectral densityesti
mates. Also, 1 oss of the digital intensity ·estima-te required the reflectivity 
to be calculated .from the digital time series. root mean sqLiare{RMS) amplitude 
(Zrnic~ 1974) .. 
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D. NSSL Radar Characteristics 

~.< ... 

,': ;, 

TABLE D.1 No~an DoppLer Radar System Characteristics During 1973 

: Y. 

Antenna 

Diameter 
Half-Power Beamwidth 
Gain 
Po I ari zat i on 

Transmitter 

Wavelength (f=2.85 GHz) 
Peak Power 
Pulsewidth 
Pulse Repetition Time (PRF=1302 Hz) 

Receiver: 

Transfer Function 

Dynamic Range 
Bandwidth 
Min. Detectable Signal (SNR=1) 

Doppler Time Series Data Acquisition 

No. of S imuJ.taneous Range Gates (l Block) 
Max. No. of Range Gate. Blpcks Along. Radipl 
RangeGa te Spacing . .... . . 
Complex Video Digital Word Length 
No. of Time 'Samples 

Intensity Data Acquisition. 

Averaging Weighting Function (Time Only) 
No. of' Range' Gates 
Range GateSpaci ng· " ..• 
No. of Samples in Estimate (Everyfour;tti 

Radar Pulse) . 
Recorded Word Length 
Estimate Standard Deviation 

9.15 m 
0.810 

.46.8 dB 
Vertical 

10.52 cm 
500 kW 
I lIS 

'768 lIS 

. Doppler - linear 
Intensity - logarithmic 
60 dB 
4 MHz 

-98 dBm 

16 
8. 
,150, 300, 600, 1200 m 
lRbits (binary)' .' 
2.; n = 2, 3, 4, 5 .•• I 0 

n= 6 (usually) 

Linear 
200 
150, 300 m 

64 
6 bits (binary) 

-I dB 

Real Tlnie Velocity Data ACqulsition ,(Scalar;"Phase Change) 

No. of Range Gates' . 200 
Range Gate 'Spac i n9 150, 300 m 
No. of Samples'ln Est·imate' :256. 
Recorded Word Length . . 6 b its (slgned binary) 
Estimate Standard Deviation -I m s-I . 

General Features 
. . 

Max i mumUnilll!bi guous !\i:!nge 
. .M~ximumUn,ambigLious Velocity 

. ·t}ata Recordfngi riterval : 
\: .. 

.. 115 km . 
'±34 m s-I 

Azimuth 
EI eva·t j.on, 

.,' i: Time .. '" .' 
.Antenna Rotation Rate~ .CoO\/Tiensuratewi th 
.' Spadal ,Samp I jng ~nd ·.D .. ~ia .• · ·1J.. ... :.,Cq. u.'is It .... i.p, n ... ; . 'Time ..... . ..... 

.; : 

2tO 

0.5, I, 20 

0.5, 1;2°. 
. -1', 5 •.. S.· 



DaZe Simans 

TABLE D.2 Norman DoppZer Rada:I> Charaateristias* in PSI Mode DuPing 1973 

System PRF 
Receiver Bandwidth (PSI) 
Gate Spacing (PSI gates) 
Unambiguous Velocity 
Unambiguous Range 
Antenna Rotation Rate 

917 Hz 
640 kHz 
5.7 11S 

±24 m s-l 
160 km 
12 0 s-l 

- - - - - - - - - - - - - - - - .- - - - - - - - - - - - - - -
*Only those radar system characteristics which are different from Table 0.1 
are given. 

Practically all quantitative analysis is performed on velocity estimates 
made from the time s'eries data (complex video) by either fast Fourier trans
form (FFT) or the covariance technique known as pulse pair processing (PPP). 
Performance of these estimators are examined in detail by Berger and Groginsky 
(1973) and Sirmans and Bumgarner (1975). Comparisons of the two techniques 
for estimating mean velocity are shown in Figs. 0.1 and 0.2. 
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D. NSSL Radar Characteristics 

Most of the intensity estimates were inferred from the RMS amplitude of 
the complex video. The standard deviation of these estimates are dependent on 
Doppler spectrum width with a value of about 1.5 dB for a spectrum width of 
3 m 5-1• . . 

D.2 WSR-57 RADAR PARAMETERS 

The NSSL WSR-57 surveillance radar is a slightly mOdified'version of the 
type used by the National Weather Service. It is equipped with a mean inten
sity processor and associated digital recorder. Radar system characteristics 
are listed in TableD.3. 

TABLE D.3 NSSL WSR-57Radar.ChaPacteristics Du:ring 197J 

'/ ". 

Antenna 

Diameter 
Hal'f-Power Beamwidth 
Gain 
Polarization 

Transmi tter 

Wavelength (f=2.834 GHz) 
Peak Power 
Pulsewidth 
Pulse Repetition Time (PRF = 162.75 Hz) 

Receiver 

Transfer Function 
Dynamic Range 
Bandwidth 
Min. Detectable Signal (SNR=l) 

Intensity Data Acquisition 
Averaging Weightin~ Function 

No. of Range Gates 
Range Gate Spacing 
Number of Samples in Estimate 
Independent Ti me .Samp I es 
Independent Range Samples 

.Recorded Word Length 

General Features 

Maximum Unambiguous Range 
Data Recording Interval 

Azimuth 
Elevation 

Antenna Rotation Rate 
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3.66 m 
2.20 
38.2 dB 
Hori zonta I 

10.58 cm 
305 kW 
4 llS 
6.144 ms 

Logarithmic 
70 dB 
0.75 MHz 

-100 dBm 

Time = exponential 
Range == linear 
200 
Ikm 
65 
31 
2. I 
6 bits (binary) 

~IO km 

2 0 . 

Selectable in 10 

.. steps 
180 s-l 



DaZe Sirmans 

The standard deviation of the intensity estimate (both theoretical and 
measured) is 0.7 dB. Theory of the signal processing can be found in Sirmans 
and Doviak (1973a) and a detailed examination of the WSR-57 radar performance 
can be found in Sirmans (1974). 
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Appendix E 

SINGLE DOPPLER RADAR DATA ACQUISITION AND ANALYSIS 

Rodger A. Brown 
NationaZ Severe Sto~s Laboratory 

No~an, OkZahoma 73069 

Due to desired temporal and spatial data resolution in severe 
storms, Doppler radar measurements are restricted to limit~d regions 
o'f space. Preparation of these recorded data f,or analysis involve 
two major steps. First, an archive data tape is prepared where 
hardware and recording problems have been corrected. Second, the 
meteorologist prepares a user tape that contains data tailored to 
analysis and research specifications. Once data are in proper form, 
they can be interpolated to grid points for further analysis and 
interpretation. A data sample, from the Union City tornadic storm, 
illustrates how an int~rpolationscheme modifies the extreme 
values and gr~~ients within the data field. 

E.l INTRODUCTION 

The purpose of this Appendix is to outline the data collection, editing 
and analysis procedures employed at NSSL during 1973 and especially for the 
Union Citytprnadic storm on 24 May 1973. To clarify the reasons for some of 
these procedures, we start with a ;discussion of pulsed Doppler radar general 
characteristics. 

E.2 ,GENERAL DOPPLER RADAR CHARACTERISTICS 

A [)oppler radar transmits a coherent signal and detects the phase 
difference between transmitted and received radar signals. The time rate of 
phase.change (dcp/dt) is related to the radial component of target motion 
relative to the radar by the Doppler radar equation (Battan, 1973): 

l~ - f = 2ir dt - d -2 VIA , (E.l) 

where fd is Doppler frequency.shift, V is Doppler velocity (by convention, 
velocities towa.rd the radar are negative, those away are positive), and)' A 

. i sradar wavelength. Thus as a Doppler .radar scans a storm it measures· the 
. - radial components of all targets within the radar sample volume weighted by 

their respective reflectivity values; the net result is a spectrum of Doppler 
:yelocity values. 
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E. Doppler Acquisition and Analysis 

A pulsed Doppler radar is a time sampled data system and thus is subject 
to sampling criteria. It can be shown (e.g., Battan, 1973) that the maximum 
unambiguous range (rmax) and maximum unambiguous Doppler velocity (Vmax ) 
measured by a Doppler radar are governed by the relationships: 

rmax = c/(2 PRF) , (E. 2) 

Vmax = ± A(PRF)/4 , (E. 3) 

where c is radio wave propagation spe~d (3 x 108 m s-l) and PRF is the pulse 
repetition frequency of the transmitter. 

A basic limitation of pulsed Doppler radars becomes apparent when Eqs. 
(E.2) and "(E.~) a~e combined: . 

Vmax • rmax = Ac/8 • (E.4) 

The larger the desired maximum unambiguous range, the smaller will be the 
unambiguous velocity interval, and vice versa (Fig. E.l). Therefore, a 
compromise must result. Investigators using 3.2-cm wavelength Doppler radars 
typically choose a maximum range of about 75 km and maximum velocity of about 
±16 m s-l--indicated by the dot in Fig. E.l (e.g., Lhermitte, 1970; Lhermitte, 
1974). 
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. Fig. &:1. . Relationship bettiJeen . 
mazirrrum unarril?iguous range and mazimwn . 
unambiguous Doppler veZoCity as a· 
lunation of radaP. uJeWe length tAj. 

. Dots indicate typical trade-offs 
between range and velocity. 

For the study of severe storms in 
Oklahoma, however, much larger un
ambiguous velocities and ranges are 
required. One must then use as long a 
wavelength as i~ practical, consider
ing beamwidth and antenna size limita
tions. At lO-cm wavelengths, the 
compromise chosen for the NSSL Doppler 
radar was a maximum range.of 115 
km and maximuin velocity of±34 m s-· 
(Sirmans, Appendix 0). Another.· 
advantage of operating at this longer 
wavelength is reduced signal attenua
tion by heavy precipitation areas.in 
sever:-e storms. 

The maximum unambiguous range is 
the maximum distante (radial) at which . 
a transmitted pulse can be "reflected 
and return to the radar before the 
next pulse is transmitted. Whena 
radar echo is located beyond the 
maximum unainbiguous range, the signal 
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returns from that area after the next pulse is transmitted--consequently, 
range is determined relative to the second pulse. Thus, the echo appears on 
the PPI scope at a range equal to the true range minusrmax (Fig. E.2). Since 
the angular width of the echo are~ 
remains unchanged, the echo usually 
appears elongated along the radial. 

While maximum unambiguous range 
affects the apparent range of a radar 
echo, the maximum unambiguous velocity 
affects the measured Doppler velocity 
values. If the true radial velocity 
exceeds the maximum unambiguous 
velocity limits of ± Vmax , the radar 
measures an erroneous "folded" velo
city value within the ± Vmax velocity 
limits that is offset from the true 
value by a multiple of 2 Vmax (Fig. 
E.3). For example, a 3-cmuoppler 
radar having a maximum unambiguous 
velocity of ±16 m s-l measures a true 
spectrum mean velocity of +20 m s-l 
as -12 m s-l (20 - 32 m s-l); in 
fact, true v~1ocities of +52, +20, 
-12, -44·m s ,etc., all produce a. 
measured mean Doppler velocity of 
-12 m s-l. On the other hand, a 10-cm 
radar with ± 35 m s-l unambiguous 
velocity measures the true 20 m s-l 

DOPPLER RADAR RANGE AMBIGUITY 

Fig. E. 2 Sohematio radar soope 
presentation of range ambiguity in
voZving a WSW-ENE Zine of four xaadar 
eohoes. Shaded eohoes are those that 
aotuaZ Zy tuouZd be deteoted by a 
DoppZer radar with Zimited unambig~ 
uous range (r J. . max 

velocity correctly· in this case, mean velocities would have to be as_extreme 
as +90 or -50 m s-1 (20 ± 70) before a folded mean velocity of 20 m s 1 would 
be measured. 

DOPPLER VELOCITY (m sec-I) 

-I -80 -60 

TRUE 

10 em 

Fig. E.:5 HypothetioaZ DoppZer veZooity speotra iZZustrating the veZooity 
foZding probZem at :5 and 10 em· waveZengths. 
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E. DoppZer Acquisition and AnaZysis 

E.3 DATA ACQUISITION PROCEDURES 

The NSSLWSR-57 surveillance radar plays an important role in conjunction 
with Doppler radar investigations of severe storms. It provides a continuous 
history of storm evolution (recorded on film and digital tape) and aids in 
selection of individual storms for limited azimuthal sector scanning by Dop
pler radar. With an unambiguous maximum range of 910 km, the WSR-57 radar is 
used to resolve Doppler range ambiguities that may not be as apparent as those 
in Fig. E.2. When the surveillance radar indicates that two echoes are at the 
same azimuth and separated in range by rmax ' no data are collected unless the 
more distant echo is significantly weaker .. When a nonoverlapping storm of 
interest is beyond the maximum unambiguous range, a flag is set (on the 
digital tape) to indicate that rmax should be added to all range values during 
computer processing. . 

The mass of data. required for Doppler velocity processing and the four
dimensional density of data required for meteorological analysis dictate that 
data collect jon be restricted to a limited region of space. In 1973, all DQp
pler velocity measurements were in the form of time-series data, that is, the 
in-phase and quadrature components of the radar complex video signal were 
recorded for a finite number of pulses. Typically the time-series record 
consisted of 6~ consecutive pulses from the same point in space. For the 
radar characteristics tabulated by Sirmans (Appendix D), a mean Doppler velo
ci ty val ue computed from 64 samples has a standard e.rror of approximately 
1 m s-l; the standard error of the mean velocity estimate decreases propor
tionate1yas the square root of the number of samples increases. 

Time-series data are recorded simultaneously at: 16 discrete range 
locations. About 0.07 s are required for the sampling and recording of 64 
pulses from one block ·of l6 range gates. A number of 16-gate blocks with 
'gates separated by 0.6 km, for example, are needed to cover the range interval 
(30 to 40km) of a severe thunderstorm. Thus, the radar antenna must rotate 
slowly enough for the returned signal to be sampled and recorded before the 
next desired data azimuth is reached. For azimuthal data spacing. of 1 deg 1 
(1 km increment at range of 60 km), typical rotation rates are 2 to 4 deg s- . 

At these rates, approximately 4 to 6 min are required to complete a tilt 
sequence up through a storm. Sometimes it is not possible to record a com
plete tilt sequ,ence on one digital tape (maximum of 3000 16-gate blocks). 
When this happens, a new tilt sequence is started on the next tape because the 
several minutes that ~lapsed during tape change would produce too large a time 
gap in the completed tilt sequence and would .doub1e the time interval between 
tilt sequences.'In many cases, one must compromise the acquisition parameters 
(e.g."three-dimensiona1 data spacing, azimuthal sector width, Doppler velo
city resolution, etc.) in order to record measurements from the entire storm 
on the same computer tape. (This situation has since been relieved by use of 
more efficient data acquisition procedures.) 

218 



Rodger A. Broum 

E.4 DATA PREPARATION PROCEDURES 

Time-series data recorded at the radar site are transformed into fre
quency data that are directly proportional to Doppler velocities. From these 
data and other measurements an archive tape is generated. Archive tapes 
provide the basic data source for meteorological analyses. However, before 
performing analyses, the user frequently edits the data by using a signal-to
noise ratio (SNR) threshold, unfolding folded velocities and eliminating 
obviously erroneous values. 

E.4.a Archive Tape Preparation 

Preparation of NSSL Doppler radar archive tapes is the responsibility of 
the Computation and Data Processing (COP) Group. The most time-consuming 
part of the task is to diagnose and correct correctable hardware and re
cording errors. These errors can occur in the time-series data, integrated 
reflectivity and "housekeeping" information (that is, range; azimuth, eleva
tion, time, etc.). As a matter of policy, no missing data or bad data are 
replaced by interpolated values on the archive tape. 

A routine aspect of the task is transforming time-series measurements 
from the time domain to the frequency doma.in through the use of a fast Fourier 
transform (FFT) process (Sirmans and Bumgarner, 1975). This procedure results 
in a Doppler velocity spectrum from which the spectrum mean and standard 
deviation can be computed. However, before these parameters are computed, 
several things must be done. First, a threshold (15 dB below the spectrum 
peak for strong signals) must be specified to e1i~inatenoise and the ever
present secondary mirror image (relative to zero Doppler velocity), of the 
primary velocity spectrum. Second, a check must be made for partially folded 
spectra (like shaded 3-cm spectrum in Fig. E.3); the side containing the 
spectral peak is assumed to be correct (wrong choice for Fig.E.3 example) and 
the smaller portion is unfolded to its proper relative position before the 
mean and standard deviation are computed. (For .the 3":cm spectrum example, the 
mean spectrum velocity would be identified as being folded during preparation 
of the user data tape.) 

During 1973 (continuing through mid-1975),equipment problems caused a 
strong spectrum mirror image to occur in specific range gates. For Doppler 
velocity magnitudes greater than 17 m s-l, the image was. slightly stronger 
than the true spectrum; the computer program chose the image to be correct and 
discarded the other half of the spectrum. The resulting mean Doppler velocity 
was of nearly proper magnitude but wrong sign. 

When one is not interested in seeing the Doppler velocity sp·ectrum,.a 
pulse-pair processor (PPP) computer algorithm can be used to compute the
vector mean arid standard deviation directly from the time-series data (Sirmans 

. and Bumgarner, 1975). The PPP procedure has two distinct advantages over the 
FFT process: signal can be extracted at lower signal-to-noise ratios and the 
mean is computed directly (without spectrum manipulations) when the spectrum 
is partially folded. 
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In addition to housekeeping information that identifies data location in 
four dimensions, the archive tape contains range-normalized reflectivity (from 
hardwired integrator), Doppler velocity mean and standard deviation computed 
from time-series data using either the FFT or PPP algorithm and~ in 1973 only, 
a hardwired scalar mean velocity processor that proved to be inappropriate for 
severe storm applications.· Since the reflectivity integrator failed on 24 May 
1973, reflectivity data had to be computed from the time-series data; unfor
tunately the signal was saturated at higher reflectivities and, thus, reflec
tivity values have an upper limit of 45 to 50 dBZ (Sirmans, Appendix D). 

E.4.b User Tape Preparation 

When pursuing one's own research objectives~ a meteorologist may use 
specialized analysis techniques that require data in a unique format; thus, 
more than one type of user tape may be produced. Typically the user tape is a 
condensed versi'on of the archive tape with data having weak returned power 
deleted (because velocity measurements are u·nreliable when the ratio .of signal 
to noise is small) and with mean Doppler velocity values corrected for fold
ing. 

To aid the analyst in determining data quality and information content, 
B-scan printer outputs (range versus azimuth display of data at each elevation 
from the archive tape) are requested from COP. By comparing signal-to-noise 
ratio values with the region where mean Doppler velocity values become noisy, 
a SNR threshold is established. On the user tape, all data are flagged as 
missing when the SNR is below the threshold value (typically 15 dB) .. 

Inspection of the B-scan print-out reveals the location of gates with 
mean velocity image problems. On the user tape, mean Doppler velocity values 
at these gate locations either are flagged as missing or are corrected. 

With SNR thresholds, image gates, and any obviously erroneous mean 
Doppler velocity values taken care of, the correction of folded mean velo
cities can commence. A unique characteristic· of velocity folding is the . 
abrupt change in velocity (such as from +34 to -34 m s-l for the Norman Dop
pler radar). The unfolding technique we employ computes the velocity dif
ference between adjacent range gates along each radial from the radar. With 
rang~gatesposition~d 600 m apart, the radial difference (due to vel?city 
fold1ng) frequently 1S less than 68 m s-l. Therefore one must establ1sh a 
threshold value that is greater than naturally occurring radial velocity 
differences but less than differences observed with velocity folding. Typical 
'threshold values are 45 to 50 m s:"l between adjacent gate positions. 

Final preparation of the user tape includes a data print-out incorpor
ating all modifications for confirming that the data set is error-free. With 
conf~dence~in thecorrect~d data tape, the user proceeds with data analysis. 

: .! 
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E.5 DATA INTERPOLATION TECHNIQUE 

Radar data--co11ected at uniform range, azimuth and elevation increments-
are not uniformly distributed in space and, more importantly, are not distri
butedin. horizontal or vertical planes that the meteorologist prefers. There
fore, data are interpolated to planar surfaces before meteorological analysis 
and interpretation proceed. 

There are a number of interpolation techniques available, ranging from a 
simple procedure using the value of the closest data point for the grid point 
value to more sophisticated procedures designed to bring out particular wave
lengths in the data (e.g., Cressman, 1959; Barnes, 1973) or that use a weight
ing function based on the autocorrelation of the data field (e.g., Eddy, 1967). 
Considering the fact that radar data density decreases with range, an approach 
has been devised for Union City data analysis that uses the same number of data 
points for interpolating grid point values, regardless of grid point range 
from the radar. The variable radius of inf1uence--which is the maximum dis
tance a data point can be away from a grid point and still influence the inter
polated grid point va1ue--consequent1y is based on the average three-dimensional 
data separation; for every 10-km range interval a different influence radius 
is used. 

E.5.a Three-Dimensional Weighting Function 

A weighting function (W) of the followingform--originally proposed by 
Cressman (1959)--is used for the computation of grid point values: 

R 2 _ R2 
W = 0 ~ 0 

R 2 + R2 
o 

(E. 5) 

where Ro is radius of influence and R is distance from grid point to data 
point. When a data point coincides with the grid point (R=O), a weight of 1.0 
is given to that data value (Fig. E.4). As the distance between grid point 
and' data point increases, the value of the weighting function decreases until 
at R = Rothe weight is zero. No data points at ,distances greater than Ro 
contribute to the grid point value. 

Choice of the Cressman weighting function was based primarily on its 
computational simplicity. Also the decision to use it as aspher.ica1 instead 

. of ell ipsoida1 weighting function was based on simp1 icity. A1 though not an 
optimum weighting function, it is adequate for objective analysis of single 
Doppler radar data. . 

. Even though a fairly large number of data points may occur within the 
sphere of influence, slightly less than one-fifth of them have a weight 
greater than 0.5 (Fig. E.4). In fact half of the data points have a weight of 
0.23 or less. Therefore, the interpolated grid point value will be highly 
influenced by relatively few nearby data values, with the 1es'ser influence of 
more distant values serving to smooth or filter out small-scale meteorological 
rwise. 
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1.0 CRESSMAN WEIGHTING 
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Fig. E.4 Data point weighting values as a function of no~alized distance 
from grid point. Percentages of all data points (within influence sphere) 
which lie within various no~alized distances of the grid point are indicated. 

E.5.b Computation of Weighted Mean Value 

This technique uses the method of least squares to determine the inter
polated grid point val ue.· For each of the N data points within the sphere of 
iQfluence, let e:n be the difference between the interpolated grid point value 
(V) and tne nth data point value (Vn): 

(E.6) 

Summing the weighted squares of differences, 

N N 

L W .2 L 
A 

S = = Wn (V ne:n (E. 7) 

n=l n=l 
A 

We want to choose V such that the weighted variance, S, is minimized. Thus, 
differentiating S with respect to V arid setting the result equal to zero, we 
obtai;n the normal equation, 

N 

}:Wn (V - Vn) = 0 (E.8) 
n=l 

The summation can be expanded into. 
N. 

vI Wn = (E.g) 

n=l n=l 
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.... 
where V is a constant relative to the summation. Rearranging terms, we have 
the expression for computing the weighted mean value 

N 

L W V 
.... n=l n n 

(E. 10) V = N '" 

LWn 
n=l 

where the Wn are determined from Eq. (E.5). 

The above development, following Draper and Smith (1966), shows that the 
expression commonly used to compute the weighted mean grid point value is a 
weighted least-squares fit to all data point values within the sphere of in
fluence centered on the grid point. 

Since a storm typically moves several kilometers during the time required 
to collect a three-dimensional data set, it is necessary to spatially adjust 
each data point to the location it would have had at a specified reference 
time. This spatial adjustment is accomplished by using the speed and direc
tion of a characteristic storm feature (e.g.; reflectivity centroid, bounded 
weak echo region, tornadic vortex signature, parent circulation center). The 
adjusted data then are interpolated to grid point locations on arbitrarily
oriented vertical or horizontal cross-sections through the storm. A set of 
such cross-sections constitutes a three-dimensional grid array of a particular 
radar parameter (reflectivity, mean Doppler velocity, standarq deviation of 
the Doppler velocity spectrum). " 

Actual employment of Eq. (L 10) is not ona grid point by grid point 
basis but rather data point by data point. For each data value read from the 
user dat~ tape, the grid point subset within the influence radius is deter
mined. The properly weighted data value then is accumulated at each grid 

" "point position;' the weight value itself also is accumulated at the same time. 
After all data points have been read, the summed weighted value at each grid 

. point is divided by the corresponding sum of weights. 

\. 'Since a particular radar echo will not occupy the entire'grid array, care 
must be taken such that data are not extrapolated to grid points outside the 

. echo area. Two independent checks are made to prevent data extrapolation; if 
(a) the number of data points within the influence sphere is.less than a 
specified .percentage of the maximum number possible or (b) the accumulated 
weights are less, thana specified value, then a flag is set to indicate that 

. ·the grid point is too far away from data points to have a representative 
weighted mean value computed. 

E.5.c Effect of Influence Radius 

Any interpolation scheme produces a smoothed analyzed field~ The amount 
of smoothing typically can be controlled by the user. Interpolation leads to 
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several noticeable changes in the analyzed fields relative to the raw data 
values; namely, smaller scale /lnoise ll is suppressed and extreme data values 
and gradients of large scale features are reduced in magnitude. 

Elimination of small scale noise. can be expressed as a reduction of over
all variance in the data field. Doviak et a1. (1976) derived the following 
expression for computing variance reduction for a spherical Cressman weighting 
function: 

Variance Reduction = 1 - 0.418(Ro/D)-3/2 (E.11) 

where RolD is the ratio of the influence radius to the three-dimensional 
average data spacing (D). Derivation of Eq. (E.11) is based on the assumption 
that data points are uniformly distributed within the influence sphere; this 
assumption is not strictly satisfied in general. The equation is approximate 
for RolD values less than 1.5. 

Choice of an appropriate influence radius depends, in part, upon the 
scale of phenomena being investigated. To illustrate effects of the influence 
radius, Doppler velocity and reflectivity data from the 1545 CST tilt sequence' 
on 24 May 1973 were objectively analyzed at a height of 3.0 km. I!1 ·the sub-
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Fig. E.b Average three-dimensional 
. data spacing (D) for the fieZds pre
sented in Figs. E.6 and E.'l.Grid 
point spacing (dictated by. print-out) 
indiaated in lower Zeft dorner. . . . 

region selected for display, average 
'three-dimensiona1 data spacing ranged 
from approximately 1.0 to 1.4 km 
(Fig. E.5) . 

There is a pronounced interpola
tion influence on small scale features 
of the Doppler velocity field (Fig. 
E.6). The data field collected at 3.8 
deg elevation (Fig. E.6a)--primary 
source of data affecting the 3.0 km 
objective ana1ysis~-contains the 
tornadic vortex signature (48 km west, 
20 km north) discussed by Brown and 
Lemon· (Chapter 15). Extreme va 1 ues . 
of -21 and +36m s-l occur at adjacent 
data points about 0.9 km apart. With 
an average three-dimensional data 
spacing of 1. 2 kin in that area, the 
use of a 1.2 km irif1uence radius 
(Ro/D = 1.0) completely masks the 
signature because both extreme values 
1 i ewith in the influence radius of all 
gri d poi nts in the immedi ate vici ni ty 
(Fig. E.6b). Note that larger scale 
features are retained relatively 
unchanged except for decreased gra

. di ents. As the radi us of i nfl uence 
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increases (Fig. E.6c and d), the field becomes progressively flatter with only 
the prevailing larger scale features remaining. 

The corresponding radar reflectivity field (Fig. E.7) exhibits similar 
features. In general, the most significant change is between the subjective 
analysis and the first objective analysis (RoID = 1); this fact is reflected 
in a theoretical variance reduction of 58%. With an increase of Ro to twice 
D, 85% of the variance in the original data field has been smoothed out. 

Cressman (1959), Barnes (1973) and others have used the method of suc
cessive corrections to recover smaller scale features lost during the first 
analysis pass through the data. On successive passes, the difference between 
the original data value and the previously analyzed value (interpolated back 
to the data position) is interpolated to the grid location and added to the 
previous value. One (Barnes) or more (Cressman) passes are required to bring 
out details in the original data. This approach has not been used here be
cause small-scale features such as the tornadic vortex signature should not 
appear in the larger-scale analyses. 

Stephens and Stitt (1970) have investigated optimum influence radii for 
the successive corrections approach. They find that the optimum radius is 
primarily dependent upon average data spacing. For a given data spacing, the 
radius increases as the data noise level increases. Also, for the same aver
age data spacing, nonuniform spacing (indicating some areas with larger 
distances between data points) requires a larger influence radius than uni
formly distributed data. Under average conditions, the optimum radius of 

. influence for first pass should be between 1.0 and 1.5 times the average data 
spacing; this radius size seems reasonable relative to Figs. E.6 and E.7. 

E.6 SUMMARY 

The acquisition and analysis of Doppler velocity data is more complicated 
than that for conventional radar reflectivity data. During data collection, 
trade-offs among the acquisition parameters (overall azimuthal sector width, 
data density, Doppler velocity resolution, etc.) mU$t be considered in order 
to fit one tilt sequence of time-~eries data on a single data tape. 

Prior to data analysis, the user must have ·sufficient knowledge of 
general Doppler radar characteristics to be on the look-out for superimposed 
range-folded echoes, areas of velocity folding, presence of image gates, 
Doppler velocity values that are too noisy to use (resulting from low signa1-
to-noise ratios), etc. As is the situation with all types of meteorological 
data, the user must be aware of instrument idiocyncracies and must be familiar 
with data quality before attempting data analysis. 

Since Doppler radar data must be interpo1~ted to a set of. horizontal or 
vertical ~ross:-sections to facilitate data i,nterpretation, the user.a1so must 
be very familiar with the interpolation scheme. Otherwise, one might develop 
a.n erroneous theory because the ramifications of using a particular analysis 
procedure were not understood. 
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Appendix F 

TORNADIC STORM EVOLUTION: VORTEX VALVE HYPOTHESIS 

Leslie R. Lemonl 

NationaZ Severe Sto~s Laboratory 
Norman~ OkZahoma 73069 

In the Union City and other tornadic storms, weakening of the 
supercell updraft and collapse of storm top coincide with peak core 
ci rcu 1 at i on and tornado strength. The "vortex va 1 veil phenomenon 
is invoked to explain this. Thus, as the energy represented by the 
mesocyclone pressure deficit is expended to produce swirl (tangential 
velocity), less energy remains to drive the vertical motion. 

During the past two decades, kinematic properties of severe storms have 
been deduced from conventional radar reflectivity measurements. Updrafts have 
been inferred from the presence of sustained echo overhang (weak echo region-
WER) and bounded weak echo region (BWER) or vault (Browning and Ludlum, 1960, 
1962; Browning, 1964; Chisholm and Renick, 1972). These inferences have been 
supported extensively by aircraft measu~ements, chaff and balloon releases 
(Hart and Cooper, 1968; Marwitz et a1. 1969; Chisholm, 1970; Marwitz and 
Berry, 1971; Marwitz et a1. 1972}.Maxima in updraft intensity, storm top, 
echo intensity and reITectivity gradients have been noted during the organized 
stages of echo overhang (Marwitz, 1972a). Organized updrafts have also been 
noted by the presence of lowered rain-free cloud base due to "scud", lens
shaped, or pedestal clouds (Auer et al. ,1~70). Marwitz (1972b) observed that 
as updrafts within a WER weakenedtheWER filled with echo and developed , 
downward (overhang and WER collapse). Lemon and Burgess (Chapter 8) used the 
resul ts of these studies t,o conc1 ude that--as overhang and storm top coll apsed, 
storm reflectivities weakened and cloud base 1ifted--the Union City storm 
superce11 updraft corr~sponding1y weakened and eventually ceased. 

'" "Sev~re thunderstorm updrafts, unlike stratiform 1if'ting, are confined" 
flows venting low-level unstable air masses through Iho1es" in typica'l1y " 
strong inversions (e.g., Miller, 1972).' Ward (1968), using 1abQratory simu1a
tions,concluded that moderate rotation in a localized thunderstorm updraft' 
decreased entrainment aloft, increased surface convergence and enhanced mass 
f1ow~ However, large ,rotation rates inhibit effects of buoyancy (or vertical 
'mass flow) as shown by Ward (l967) and Sasaki et al. (1968). ' The fluidic 
vortex valve (i nvented by Thoma, 1928, and described in Lewellen, 1971) makes 
use of pecreased mass flow caused by vortex development ina confined fluid ' 
flow • Mass flow through an exhaust is reduced bya vortex because, much ,of the 

lpresent affiliation: National Severe Storms Forecast Center, Techniques 
Development Unit, Federal Building, Kansas City, Missouri 64106. -
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pressure head available to drive the flow is diverted into the swirl motion 
(Lewellen, 1971). For each of several flow types (e.g., steady, inviscid, 
potential flow) Lewellen determined that swirl and mass flow were approxi
mately inversely proportional. 

For the Union City storm, core circulation tangential velocities 
increased (Fig. F.l) as storm top, BWER B and echo overhang collapsed (Fig. 
F.2). P~an Shear Indicator Doppler data (Donaldson, Chapter 7) coupled with 
digital Doppler data suggest that BWER A collapse and 1 ~ storm top lowering 
also took place while core circulation tangential velocities increased (1457 
to 1515). These data imply that increasing swirl can reduce significantly the 
updraft mass flow and velocity. The associated surface mesolow provides a 
finite amount of potential energy to drive both vertical motion and core 
circulation tangential velocities. As increasing amounts of available pres
sure head are used to generate increasing tangential flow, progressively less 
is available to drive air vertically. When updraft strength decreases, water 
loading effects begin to dominate more as precipitation is allowed to descend 
in the updraft maxima and develop at lower levels (Kessler, 1969). Additional 
mass flow reduction may be due either to decreased updraft diameter (evidenced 
by core circulation diameter reduction) or to cut-off of low-level inflow air 
by the gust front occlusion process discussed by Burgess and Lemon (Chapter 5) 
and Brandes (1976). 
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Fig. F.l Core circulation tangential velocity and diameter at two heights 
above ground as a function of time. Velocity and diameter values obtained at 
about 1547 are from the TVS gates and are therefore considerabLe under and over 
estimates~respectiveLy. . Tornado duration on the gi'ound indicated by stippLed 
bar. From Lemon and Burgess (Cho:pter 8). . 

Increase in downdraft (as theorized by Fujita, 1973) aJso occurs because 
of enlarged pr:ecipitati:on descent associated with overhang and BWER collapse. 
Core circulation tangential velocity or swirl decreased (vortex valve choking 
decreased) after 1550 in the Union City storm and thus increa,sed updrqft . 
velocities,ormass flow, again were favored. However, by then the residual 
updraft region was dominated by large amounts of descending precipitation •.. 
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While the vortex valve is an 
appealing analogy, an important un
answered question remains. What is 
the critical or threshold tangential 
velocity beyond which rotation becomes 
detrimental rather than beneficial to 
the updraft? Ward's (1967) data 
clearly show a critical rotation rate 
beyond which the mass flux decreases 
with increasing swirl. In these ex
periments the flow through an exhaust 
is forced by a fan and enhanced by the 
variable addition of heat to the 
rotating buoyant column. The critical 
rotation rate increased as the buoy
ancy of the rotating column increased 
(for a fixed fan speed--corresponding 
to low level atmospheric forcing). In 
the atmosphere the critical core 
circulation rotation rate is probably 
variable and a function of surface 
forcing, initial (before rotation) 
updraft strength or buoyancy and 
updraft diameter. The critical labor
atory determined rotation values, how
ever, are not directly applicable to 
the atmosphere (just as laboratory 
flow experiments using molecular 
viscosity and Reynolds numbers are 
not. ) 
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Fig. F.2 Graph of Union City stoPm 
top and maxirrrum height of bounded 
weak echo regions A and B as a function 
of time. Tornado duration on the 
ground indicated by stipp Zed bar. 
From Lemon and Burgess (Chapter 8). 

. In summary, the vortex valve effect may have an important influence on 
the following observed steps in the Union City storm evol ution (Lemon and 
Burgess, Chapter 8): 

1. 

2. 

3. 

4. 

5. 

6. 

The storm updraft increases rapidly and develops an overhang and 
bounded weak echo region (BWER). . 

BWER and core circulation are coincident at mid 'levels where both are 
detectable. Separation· of radar detected echo mass into left and 
right moving thunderstorms begins. ... 

The Doppler radar tornadic vortex signature (TVS) is first detected 
in mid levels. . 

Swi rl in the core circul ationincreases as ci rcul ation di ameter .. 
decreases·. BWER and circulation separate as BWERbegtns collapse. 

Echo overhang and storm top beg i nco 11 apse. 

Tornado and TVS reach the surface. 
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7. Upper limit of circulation lowers and is replaced by divergence. 

8. Reorganization begins with new updraft development on the forward 
storm flank. 

9. Supercell updraft, tornado and TVS dissipate. 

10. Newly organized moderate thunderstorm p~rsists without supercell 
characteristics. 

While the vortex valve effect appears applicable to the Union City storm, 
a quasi-steady balance between core circulation and updraft is possible. When 
balance is achieved, rare long-lasting, long-track tornadoes can occur. 
Rarity of long-track quasi-continuous tornadic damage is perhaps due to the 
storm IIself destruct ll vortex valve mec.hanism. 
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