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ABSTRACT

A STUDY OF TORNADO PROXIMITY DATA AND AN OBSERVATIONALLY DERIVED
MODEL OF TORNADO GENESIS

The results of a detailed analysis of 159 tornado proximity
rawinsonde soundings are considered in Part I of this study. Soundings
were stratified into four different categories, based on mean wind
characteristics. The tornado soundings were compared to soundings as-
sociated with destructive multiple tornado outbrezks, and to soundings
associated with non-tornado producing severe thunderstorms.

It is found that there is no distinct set of "tornado conditions".
Tornadoes are associated with a surprisingly large range of synoptic
conditions. Sub-synoptic scale phenomena play an important role in tor-
nado production. There are no distinctive differences between general
tornado, multiple tornado outbreak, and severe thunderstorm soundings.
Situations which may produce severe thunderstorms also have some dis-
crete probability of producing tornadoes. A suggested new manner of
issuing severe thunderstorm and tornado watches is presented.

An extensive discussion of tornado features and a hypothesized

physical model of tornado genesis is presented in Part II of this paper.
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INTRODUCTION

Although many researchers have studied the tornado, this intense
vortex remains one of the least understood of meteorological phenomena.
Part I of this paper presents a detailed observational study of tornado
proximity soundings. A physical model of tornado genesis is developed

in Part II of this study.

Fawbush and Miller (1952 and 1954), Beebe (1958), and Miller (1967)
have studied proximity soundings with emphasis on developing and im-
proving tornado forecasting techniques by identifying antecedent condi-
tions. Darkow (1969) and Darkow and Fowler (1971) found subtle differ-
ences between proximity soundings and 'check" soundings within the same
general air mass. Wills (1969) and Novlan (1973) emphasized the vertical
wind shear of the tornado environment and tried to relate the sounding
data to meso-scale storm/environment interactions. The method of study-
ing tornado proximity soundings has been to define proximity sounding
criteria and then average the data meeting these criteria to find a
"mean" tornado sounding. Fawbush and Miller (1954) and Miller (1967)
have categorized different types of mean tornado soundings based on
synoptic situation and geographic location. In this study tornado
proximity soundings from the Central United States have been carefully
studied and stratified into four different categories. The objective
was not merely to arrive at a set of mean tornado conditions but rather
to examine the range of environmental conditions associated with torna-
does. Although most significant tornadoes occur during strong thun-
derstorm situations as documented by Miller (1967) and Wills (1969),
some tornadoes occur under conditions which would have to be regarded,

according to any of the studies cited, as unfavorable.



Proximity soundings were also gathered for Tormado Outbreak Days

and Severe Thunderstorm OQutbreak Days. A Tornado Outbreak Day was de-

fined as a day on which an unusually large number (roughly twenty or
more) of destructive tornadoes occurred over a contiguous region of ra-
dius approximately 200 nautical miles (n.mi.). A Severe Thunderstorm
Outbreak Day was defined as a day on which twenty or more severe thun-
derstorms and no tornadoes occurred over a contiguous region of radius
approximately 200 n.mi. These types of soundings are closely compared
to the tornado proximity soundings.

Four scales of motion which may play important roles in the tornado

formation process are defined as:

1. Synoptic scale - > 150 km.
2. Squall-line scale - 40 to 150 km.
3. Tornado-storm scale - 5 to 40 km.

4. Tornado scale - 0 to 5 km.

The tornado scale is defined to include the tornado and its associated
circulation. The four scales of motion, as defined above, will be fre-
quently referred to in this paper.

Previous tornado theories and models are reviewed in Part B, es~
pecially those of Fulks (1962), Bates (1970), Ward (1972), and Barnes
(1973a) . The observational studies of Hoecker (1960 and 1961), Fujita
(1960, 1970, 1972), Barnes (1972 and 1973a), and Golden (1973) are ex-
amined in addition to those of many other researchers. A new physical

model of the early stages of tornado genesis is advanced.



PART I

TORNADO PROXIMITY DATA

1. THE DATA SAMPLE AND ITS GENERAL CLIMATOLOGY

Proximity Sounding Definition. In this study a tornado proximity

sounding was defined as a sounding taken within 50 n.mi. of a verified
tornado which occurred between 1600 and 1900 Central Standard Time
(CST). Only afternoon (1800 CST) soundings were considered. After-
noon radiosonde release is at approximately 1715 CST. A further re-
striction was that the sounding must have been taken in the air mass
ahead of the storm so that the environment which spawned the tornado
was that being examined.

Previous studies have not specifically considered the fact that
thunderstorms which produce tornadoes are often moving at speeds of 30
to 60 knots. A thunderstorm which produced a tornado within 50 n.mi.

of a sounding at 1900 CST may have been located over 100 n.mi. away

from the radiosonde site at release time. To minimize this effect a

mean severe storm motion was assumed. The detailed studies of severe
storm motion by Marwitz (1972, Part I), Fankhauser (1971), Fujita, et al.
(1970), Achtemeir (1969), and Harrold, et al. (1966) were considered.

It was decided to assume a movement of the tornado producing thunder-
storm (hereafter referred to as the tornado-storm) of 30 degrees to the
right at 75% of the mean wind from the surface to 200 mb. Making the
additional assumption that the tornado-storm was in existence at 1715
CST it was possible to position the tornado-storm relative to the ra-

diosonde station at release time.
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Data Sources and Processing. The log of severe storm occurrences

kept by the National Weather Service's Severe Local Storms Forecast
Unit (hereafter referred to as the SELS Log) was the primary data source
used to determine which particular soundings might meet the proximity
criteria. The SELS Log was examiﬁed for proximity soundings during the
period 1958 through 1972. The criteria of this study were not as re-
strictive as those of Darkow (1969) in that, since the primary concern
was with wind fields, a sounding was not thrown out if showers had occur-
red ahead of the tornado-storm. A scunding was accepted if it was com-
plete through 200 mb.

A total of 267 potential proximity soundings were examined. The

sounding data was compiled from the Northern Hemispheric Data Tabula-

tions. Post frontal, dry-line, and squall-line soundings were elimina-

ted. For each remaining sounding three things were done:

1. The number of reported tornadoes in the general region
(this was considered to be the contiguous area within
200 n.mi. of the sounding station) of each proximity
sounding was recorded from the SELS Log. The time period
considered was from 1200 to 0000 CST.

2. The number of reported severe thunderstorm events in the
general region of each proximity sounding was recorded
from the SELS Log. A severe thunderstorm event was de-
fined as any of the following:

(a) a thunderstorm wind gust of > 50 knots

(b) an unmeasured thunderstorm wind gust which pro-
duced property damage

(c) hailstones > .75 inch in diameter

(d) a funnel cloud not touching ground

(e) a tornado,

3. Pertinent statements concerning the size, number, inten-
sity, severity, and property damage of the severe storms
and tornadoes in the general region of each proximity
sounding were recorded from Climatological Data National
Summary for 1958 and from Storm Data for 1959 through
1972.




Figure 1

Method Used to Determine Reported Number of Severe Events in the Sound-
ing Region. This Example Shows 14 Tornadoes (Triangles) and 32 Severe
Thunderstorms (Circles) for a Total of 46 Reported Severe Events in the
Sounding Region.

Figure 1 shows how reported tornadoes and severe thunderstorms

were counted in the general region surrounding a possible proximity

sounding. If no tornadoes were mentioned in the Climatological Data

or Storm Data, or if the tornadoes were listed as "doubtful" or "un-
confirmed", then the particular sounding involved was eliminated from
the sample. Of the original 267 soundings 159 were retained and studied
as tornado proximity soundings.

Data Sample Climatology. Figure 2 shows the area of the study,

the location and elevation (in meters) of the radiosonde stations, and
the number of proximity soundings obtained at each location. More prox-
imity soundings were obtained at stations located in the region of fre-
quent tornado occurrences from north Texas to south Minnesota. The four

stations, North Platte, Dodge City, Amarillo, and Midland were
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designated "High Plains" stations because of their high elevations and
were considered separately from the other statioms.

The levels used and studied were the gurface, 850 mb, 700 mb, 500
mb, 300 mb, and 200 wb. The surface pressure, and the temperature, and
dew point for each level through 500 mb was recorded for each sounding
in addition to the wind data. The mean wind (surface to 200 mb) was
computed for each of the proximity soundings, and the 1715 CST location
of each tornado storm was estimated.

Figure 3 shows the estimated 1715 CST positions of the 159 tornado
storms relative to the radiosonde station at the center. Notice that
only 19 éf the tornado storms were within 20 n.mi. of the radiosonde
station at release time.

Figure 4 shows the monthly distribution of the proximity soundings
studied. As expected, most of the soundings (71%) occurred during the
"tornado season" months of April, May and June with 35% of the total
being May soundings.

The Totals Index (an atmospheric stability index) was computed for
each proximity sounding. The Totals Index is defined as the 850 mb
temperature minus the 500 mb temperature plus the 850 mb dewpoint tem-
perature minus the 500 mb temperature, all in °c. Totals of 45 and 55
are roughly equivalent to Showalter Indices of 0 and -5, respectively.
Generally, the greater the numerical value of the Totals the greater
the likelihood of severe convection. Bonner, et al. (1971) evaluated
various severe storm predictors, and the Totals Index was found to be
the one which correlated best with the predictand (the predictand was

defined to be radar line echoes of heavy or very heavy thunderstorms).
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Figure 3
Estimated Positions of the Tornado-Storms at 1715 CST (Radiosonde
Station is Center Point).
For a more complete discussion of the Totals Index the reader should
refer to Miller (1967).
Scatter diagrams of Totals vs. month and mean wind speed (surface
to 200 mb) vs. month were plotted. Figures 5 and 6 show the estimated

best fit curves for all data points on these two scatter diagrams plus
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Proximity Sounding's Totals Index Versus Month.
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Proximity Sounding Mean Wind Speed (Surface to 200 mb) Versus Month,

the envelope of extreme values for each month. The Totals are greatest
during April, May, and June, the months of maximum tornado sounding fre-
quency. Mean wind speeds are greatest during the late winter and spring,
the time of year when strong synoptic scale storms are common. Not only
is May the month of most proximity soundings, but also it is the month
of greatest range of both Totals and mean wind speed.
Figure 7 is a scatter diagram of mean wind speed vs. mean wind

direction (surface to 200 mb) for all of the proximity soundings. .This
diagram was used to stratify the soundings into four different catego-

ries. Soundings with mean wind speeds of 30 knots or greater and mean

directions of 160° to 209°, 210° to 235°, and 236° to 280° were
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Figure 7

Mean Wind Speed Versus Direction (Close Soundings Included) -

classified respectively as Southerly, Southwesterly (hereafter refer-
red to as SW), and Westerly soundings. All other soundings (15% of
the data sample) were classified as Unusual soundings.

Of the 35 High Plains soundings 13 were SW, 13 were Southerly, 7
were Unusual, and only 2 were Westerly. On the High Plains the South-
erly type sounding is much more common than the Westerly type. Of the
19 soundings which were within 20 n.mi. of a tornado storm, 9 were SW,
1 was Westerly; 3 were Southerly, and 6 were Unusual. Of these close
soundings 32% were Unusual which indicates that the convection in the
area of the radiosonde release was probably modifying the environmental
wind fields of most or all of the close soundings. For this reason
these 19 close soundings are not considered in the remainder of this

study except when they are specifically mentioned.
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Data Positioning. It is important to realize that there are many

problems which must be considered in positioning the sounding data rel-
ative to the tornado-storm. Appendix I contains a complete discussion
of these p;oblems. The important conclusion is that the resolution of
the data positioning is > 50 km. Tornado-storm and tornado scale fea-
tures cannot be accurately defined using proximity data.

Tornado and Severe Thunderstorm Qutbreak Days. One of the objec-

tives of this study was to compare average tornado scundings to sound-
ings associated with intense tornado outbreaks and to soundings
associated only with severe thunderstorms.

A Tornado Outbreak sounding was initially defined as a proximity
sounding for which there were 20 or more tornadoes reported in the SELS
Log within 200 n.mi. of the sounding site (severe events were counted
during the period 1200 to 0000 CST). This definition was essentially
followad, but the following modifications were added:

1. If the SELS Log listed 20 or more tornadoes but Storm
Data reported less than 20 tornadoes and/or remarked
that the tornadoes were generally small or primarily
remained aloft, or that little damage occurred then
that particular sounding was rejected.

2. 1If the SELS Log listed less than 20 tornadoes but a
check of Storm Data showed that intense, very de-

structive, long track tornadoes had occurred then that
particular sounding was accepted.

A total of 23 Tornado Outbreak soundings were identified and examined.
Only one of these was a High Plains sounding.
A comparison of tornado conditions to severe thunderstorm condi-

tions has not been attempted before. This is a difficult task since:
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1. Soundings taken near severe thunderstorms were also
quite likely taken within 200 n.mi. of verified tornadoes.

2. Soundings taken in an environment that produced only an
isolated severe event can not be considered representative
of a severe thunderstorm environment.

In an attempt to distinguish between tornado conditions and severe thun-
derstorm conditions the following definition was made. A Severe Thunder-
storm Outbreak Day is a day on which 20 or more severe thunderstorm
events, but no tornadoes, occurred within a contiguous region of 200
n.mi. radius. The following modifications were made as the SELS Log was
scanned for days of this type: five days were found and accepted with
only 16 to 19 severe events and no reported tornadoes, and six days were
accepted with a large number (> 25) of severe events but only 1 or 2
weak, or unconfirmed, tornadoes reported more than 50 n.mi. from the
sounding location. Once such a day was identified it was used in the
data sample if an 1800 CST sounding was available ahead of the storms
in the air mass which supported them. One additional restriction was
that the severe thunderstorm outbreak soundings had to be in the same
geographical area from which the tornado proximity soundings were taken
(see Figure 2). A total of 25 Severe Thunderstorm Outbreak soundings
were obtained and studied. It is very significant that in the 15 years
considered there were so few days on which numerous severe thunder-
storms (16 or more) occurred without also producing tornadoes. It
seems that on any day that significant severe thunderstorm activity is
likely it is very probable that tornadoes will also occur.

Figure & shows the monthly distribution of Westerly, Southerly
and Unusual soundings plus the distribution of the previously mentioned

Tornado Outbreak and Severe Thunderstorm Outbreak Soundings.
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Number of Sounding Types Per Month .

This figure is most meaningful when it is compared with Figure 4.
Tornado Outbreak and Southerly soundings are most common during the
spring while Unusual, Westerly, and Severe Thunderstorm Outbreak sound-
ings are more common during the summer. This is primarily because
winds are lighter during the summer and because the flow aloft over the
Central U. S. in summer is often from the northwest which favors the

Westerly type sounding.

Geographical Preferences. Figure 9 shows the geographic locations

of the Westerly and Southerly soundings. Southerly soundings occurred

in the western plains, and Westerly soundings tended to occur in the
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Figure 9

Geographic Locations of Southerly and Westerly Type Soundings .

north central U. S. The postulated reasons for these geographical pref-

erences are:

1. In the spring of the year mid-tropospheric closed lows
frequently drop into the Great Basin and then move east-
ward over the plains. On the first day of the "coming
out" process winds are very southerly at all levels.
Tornadoes often occur on this first day. This is reflect-
ed by the relatively high number of Southerly proximity
soundings in the western plains. On the second day of
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sippi Valley.
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the "coming out" process the upper low has often become
an open trough and/or a dry front has swept far zhead of
the upper system so that severe storms occur with a SW
type wind profile.

In the summer the storm track (and thus stronger winds and
strong fronts) has shifted to near the northern border

of the U. S. A mid-tropospheric ridge is often present
over the Rocky Mountains which produces upper air flow
from the west or northwest over the central and north
central U. S. Strong outbreaks of thunderstorms, and
therefore tornadoes, are most likely where the synoptic
scale forcing is strongest. So, in the summer, tornadoes
often occur in the north central U. S. where westerly

to northwesterly flow prevails, and thus Westerly type
proximity soundings are most common in this region.

Many strong severe thunderstorm situations in the spring produce tor-
nadoes under Southerly type conditions on the western plains and then,

a day or so later, produce tornadoes under SW conditions in the Missis-



2. PROXIMITY WIND PROFILES

Tornado and Tornado Outbreak Hodographs. In this section the wind

profiles and the storm relative winds of the various types of tornado
proximity soundings are examined. The storm relative wind is defined as
the observed wind when a co-ordinate system moving with the storm is
used. The co-ordinate system is centered on, and moves with the tornado-
storm. The storm relative wind can be computed by vectorially sub-
tracting the storm motion from the envirommental wind. The important,
and surprising, features of the wind profiles are the large range of con-
ditions associated with tornadoes and the variability of the severity of
storm outbreaks under seemingly similar conditions.

Figures 10 through 13 are the mean hodographs for SW, Southerly,

Westerly and Tornado Outbreak types of soundings. Each figure includes:

1. The number of cases in the data sample

2. The mean winds and their mean deviations from the surface
to 200 mb

3. Average Totals Index and its mean deviation

4. Average number of reported severe thunderstorms and tor-
nadoes

5. The assumed severe thunderstorm motion for each mean wind
profile

6. The computed storm relative winds from the surface to
200 mb.
The wind profile of the SW proximity soundings, figure 10, is similar
to those obtained by Darkow and Fowler (1971) except that the winds of
this study are 5 to 15 knots stronger at all levels. The reason for

this difference is that the stratification of soundings into different

17
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categories precludes the averaging of unusual weak wind profiles with
stronger, more common, wind profiles.

All of the wind profiles in figures 10 through 13 are basically
similar and exhibit only slight differences in speed and veering with
height. Although the mean surface winds vary from 1550/20 knots to
195°/15 knots the vertical profiles, relative to the surface wind, are
very similar. The Tornado Outbreak winds are 5 knots stronger and veer
5 degrees less in the surface to 500 mb layer than the SW proximity

winds. The storm relative winds are very similar for all the categor-

ies of proximity soundings. The Totals Index is very uniform for all
types of proximity soundings ranging only from 55 to 57. The mean de-
viation of the Totals is 3 for all sounding categories.

The Westerly type sounding isn't associated with as many tornado
occurrences as the SW and Southerly types. The Southerly type sounding
tends to be associated with a stronger severe storm outbreak than does
the SW type. The differences in number of reported tornadoes become
pronounced when it is considered that Southerly situations favor the
sparsely populated western portion of the study area, and Westerly sit-
uations favor the more densely populated northeastern half of the study
area; see figure 9.

The High Plains SW and Southerly hodographs aren't specifically
shown since they exhibited no significant differences from the SW and
Southerly hodographs. The main differences were lower surface pressures,
slightly stronger surface winds and slightly higher Totals. These
effects are all a result of the elevation and terrain characteristics of

the High Plains.
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The mean deviations of the wind directions are approximately 15
degrees for all sounding types at all levels. A 30 degree interval cen-
tered on the mean wind direction would include only 58% of the data
sample (assuming a normal distribution). This is a remarksble variation,
since the soundings were stratified into seemingly similar wind cate-
gories before any averaging was done.

Severe Thunderstorm Outbreak Hodographs. Figure 14 is the hodo-

graph of an averaged set of similar Severe Thunderstorm Outbreak wind
profiles. The figure includes the same information as do the tornado
proximity figures. Figure 15 shows two individual Severe Thunderstorm
Outbreak hodographs. Included for each sounding are: wind profile,
sounding number, location and month of occurrence, number of reported
severe thunderstorms and tornadoes, and the Totals Index.

Figure 14 is the average of the most common type of Severe Thun-
derstorm Outbreak sounding. This hodograph is similar to that of the
Westerly type tornado hodograph except that the 300 and 200 mb winds
are respectively 10 and 25 knots stronger for the tornado cases. The
mean deviations of both types are large enough that there is consider-
able overlap between the individual soundings of the two samples. The
tornado case is more unstable with a Totals Index of 56 compared to 52
for the severe thunderstorm case. Storm relative winds are much strong-
er at 300 and 200 mb for the tornado case.

Figure 15 shows individual Severe Thunderstorm Outbreak hodographs
for two different cases. These soundings were all taken north of a
frontal boundary and are over-running soundings. The low level winds
are northerly to easterly while the middle and upper winds are westerly

to southwesterly. In this type situation, the warm moist flow feeding
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Severe Thunderstorm Outbreak Sounding Mean Hodograph.
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Figure 15

Two Individual Severe Thunderstorm Outbreak Hodographs
(LIT on 27 April, 1968 and JAN on 12 April, 1962).
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the storm rides over a low-level wedge of cool air. These conditions
produce large hail and occasionally strong winds, But seldom tornadoes.
Vortex circulations which develop in the inflow exist above hostile
thermal and wind fields. Vortices which develop can seldom penetrate
downward to the surface and funnels aloft are frequent. This type of
over-running situation was described by Miller (1967).

Variability of Winds, Totals, and Number of Tornadoes. One of the

outstanding features of the winds and Totals Indices of tornado prox-
imity soundings is their large variability. Figure 16 shows that there
is little difference between mean Tornado Outbreak conditions and mean
SW tornado conditions. The stronger winds in the middle and low levels
of Outbreak soundings indicate that synoptic conditions and thus forc-
ing functions (i.e. storm systems, fronts, and troughs) are, in the mean,
more intense on Tornado Outbreak Days.

Figure 17 supports the statement that individual tornado occur-
rences cannot be studied in detail, especially with regard to opera-
tional forecasting applications, using only proximity soundings.
Soundings with similar stabilities and wind fields are often associated
with tornado occurrences of greatly differing intensity and number.

The intensity of severe storm development not only depends on the warm
air mass properties but is also intimately related to synoptic and
squall-line scale conditions.

Figure 17 shows the individual hodographs, Totals, mean winds,
and numbers of reported severe thunderstorms and tornadoes for two
similar tornado proximity soundings. Also included in the figure are
remarks from Storm Data pertaining to each day's storms plus a table of

damage categories as defined and used in Storm Data. The wind profiles,
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Figure 16
Mean Hodographs for SW Tornado and Tornado Outbreak Proximity Soundings
(Mean Totals = 55 for Both Types).
mean winds, and Totals Indices are all similar, but one sounding was
associated with several insignificant tornadoes while the other sounding

was associated with many more tornadoes, at least two of which were de-

structive, long-track tornadoes.



Storm

Damage Categories

25

ata

e =]

' Damage Property Damage
!Co?eqory Range (Dollars)
[ Less than 50
2 50 to 500
//
/
3 500 to 5,000
4 5,000 to 50,000
g 50,000 to 500,000 _—
/
6 500,000 to 5 Million
| ! /
|
7 S5 to 50 Million
8 $0 to 500 Million
9 500 Million to 5 Billion
I 7 /
)
2 |
o Sounding No.47 (—) {
OKC in April \
Totals 56

Mean Wind=215/59
Severe Thunderstorms
Reported

Tornadoes Reported .. 4%
*®

i tornado destroyed several homes,
No injuries. Damage Category 5

——

100 ks
Sounding No. 72

Umn in May
Totals 56
Severe Thunderstorms
—Reported ................
Mean Wind....220/57
Tornadoes Reported . ..

13*

*g tornadoes in Southwest Missouri
Rothville -6 injured, freight train
derailed, heavy damage.

Joplin=1| killed,60 injured ,Dam_;
age Category 6.
Marceline - 12 injured, hedvy daomage.

6 other tornadoes in ERN KS
and NE OK.

180°

Figure 17

Two Similar Tornado Proximity Hodographs (OKC on 27 April, 1969, and
UMN on 6 May, 1971).

The graphs in figures 18 through 21 illustrate the wide range of

tornado wind and stability conditions and also the great variability of

the number of associated storms.

Figure 18 is a scatter diagram of number of reported tornadoes

versus mean wind speed for all proximity soundings and also for Tornado
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Figure 18

Number of Tornadoes Versus Mean Wind Speed (Surface to 200 mb).

Outbreak soundings. The Tornado Outbreak soundings are a sub-set of the
proximity sounding sample so that each plotted Outbreak data point is
accompanied by a plotted proximity data point. The number of reported
tornadoes generally decreases as mean wind speed decreases, and with a
mean wind of less than 30 knots the probability of more than 10 torna-
does occurring becomes quite small. The dashed line depicts this trend.
As mean wind speeds become large the range of number of reported torna-

does becomes very large. This demonstrates that tornado events are a
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result of interactions between the atmospheric wind field and thermal
structure, and also synoptic and squall-line scale phenomena.

Figure 19 is a combined scatter diagram and bar graph. The scatter
diagram is of 500 mb speed (left ordinate) versus 500 mb wind direction
for all proximity soundings, Tornado Outbreak soundings, and Severe
Thunderstorm Outbreak soundings. The means and standard deviations are
shown for the proximity and Tornado Outbreak soundings. The large
standard deviations again emphasize the variability of tornado associ-
atecd conditions. The three bar graphs show the number of Proximity,
Tornado Outbreak, and Severe Thunderstorm soundings (right ordinate)
which occurred in each 10 degrees of 500 mb wind direction. There is
considerable overlapping of the three types of soundings between 210
and 300 degrees, however, the maxima are rather distinct. The number
of Tornado Qutbreak soundings peaks around 225 degrees, while the num-
ber of Proximity and Severe Thunderstorm soundings peak around 240 and
280 degrees, respectively. Tornado outbreaks are characterized by more
southerly flow conditions and Severe Thunderstorm Outbreaks are char-
acterized by westerly flow.

Figure 20 is a scatter diagram of the number of reported tornadoes
versus both Totals Index and sounding mean wind speed. This is done by
dividing the figure into five separate scatter diagrams of number of
tornadoes versus both a mean wind category and a mean wind speed cat-
egory. The categories are defined in the figure. In each Totals
category the number of reported tornadoes tends to increase as the mean
wind becomes stronger; however, the range of the number of reported
tornadoes becomes very large as the mean speed increases. This is es-

pecially true for the three middle stability groups where the data
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Figure 20

Number of Tornadoes Versus Mean Wind Speed and Totals (The Range of the
Number of Reported Tornadoes in Each Category is Outlined and Stippled).
sample is large. Very strong winds coupled with very high Totals do not
necessarily produce the largest tornado outbreaks. The two largest out-
breaks in the data sample were both in the middle Totals category (51 to
55) and the third wind category (mean wind 41 to 60 knots). For all
stabilities light wind situations are weak tornado producers. All of
this again emphasizes the importance of synoptic and squall-line scale
features.

Figure 21 is a scatter diagram of Totals versus mean wind speed

for only the Tornado Outbreak Soundings. This scatter diagram for only
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Figure 21

Totals Versus Mean Wind Speed (Surface to 200 mb) for Tornado Outbreaks.

severe tornado days still exhibits a large range of values. In figure
21, the dashed line is an estimated best fit of the data points and the
solid lines are the envelope of extreme values. There is a tendency
toward stronger winds if the totals are small. Two Tornado Outbreaks
occurred with a mean wind of 63 to 65 knots and in one case the Totals
were 46 and in the other 58. Four Tornado Outbreaks occurred with To-
tals 55 to 56 and the mean winds for these four soundings ranged from
34 to 67 knots. The data points for several well known, devastating

Tornado Outbreaks are identified.



Unusual Tornado Proximity Soundings. The original sounding

categorization listed 18 soundings as being Unusual. Generally, these
soundings exhibit very light winds, have a relatively small (stable)
Totals Index, and tend to occur during the summer months. They are as-
sociated with a small number of severe thunderstorm events and only 1 to
3 small, isolated tornadoes. In 3 of the 18 Unusual cases the only re-
ported severe event in the region was one tornado.

Individual hodographs of 4 Unusual cases are shown in figures 22
and 23. Included on each figure are the sounding number, the location
and month, number of reported severe thunderstorms and tornadoes, and
pertinent information regarding the storms from Storm Data. There can
be little doubt that actual tornadces occurred on these days and yet the
wind profiles have little in common with average tornado profiles. The
Totals Index for most of these Unusual cases is barely great enough to
indicate that thunderstorms would be likely. Examination of each indi-
vidual Unusual tornado proximity sounding shows greatly differing wind

profiles and stabilities. The only common feature of these soundings

is that each one was associated with convective activity. It is highly

improbable that Unusual tornado events, such as those presented here,

could be successfully forecast.
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3. ENVIRONMENTAL WIND SHEAR

Definitions. Wills (1969) emphasized the large vertical wind shear
associated with U. S. tornado occurrences. In this study it was found
that, in the mean, the vertical wind shear is large, however, the mag-
nitude of the shear was extremely variable. The range of vertical wind
shear associated with tornado proximity soundings indicates that large

vertical wind shear is not a necessary condition for tornado occurrence.

Vertical wind shear, as used in this paper, is defined as:

1. Directional shear is the difference, in degrees, between
the wind directions at two different levels in the verti-
cal. It is positive if the winds veer with height and
negative if the winds back.

2. Speed shear is the magnitude of the vector difference
between the winds at two levels in the vertical, or
| Wbl = Wpol where Py < P, with p = pressure

Observed Shears. Table 1 shows the mean speed shear in several

vertical layers for different categories of tornado proximity soundings
and for severe thunderstorm soundings. Speed shears are virtually iden-
tical for both the Normal type and Tornado Outbreak soundings. There is
a considerable range of shear values in each layer (compare, for example,
the SW shears with the Westerly shears). Observed values of speed shear
show no discrete differences between tornado, Tornado Outbreak, and
Severe Thunderstorm Outbreak soundings. The magnitude of the shear does
not directly specify tornado conditions.

Table 2 shows observed speed shear for the same vertical layers as
Table 1 but for 4 different Unusual tornado proximity soundings. This
demonstrates that tornadoes can occassionally occur under conditions of

very weak vertical shear.

33
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Table 1

Speed Shear (Knots) For Different Types of Tornado Proximity Soundings

Soundin sfc 850 mb 700 mb 500 mb 300 mb sfc sfc 600 mb
9 to to to to to to to to
Type 350 mb 700 mb 500 mb 300 mb 200 mb 200 mb 600 mb 200 mb
S.W.
& e 2% 7 13 23 9 76 40 38
Tornado
Outbreak 24. 19 13 23 8 76 43 38
(23 Cases)
Westerly
o Coscad | 1B 21 9 24 21 8l 36 45
Southerly -
(19 Cases ) '8 7 IS 16 6 67 39 30
Severe
Thundersterm 15 22 16 13 5 63 36 27
(10 Cases)
Table 2
Speed Shear (Knots) For Unusual Tornado Soundings
Sounding s:: 858J mb 70?°mb Soeomb 300'°mb stgc s'f: GOOfomb
Number 850 mb 700 mb 500 mb 300 mb 200 mb 200 mb 8600 mb 200 mb
77 8 19 7 I 14 22 16 20
90 3 8 14 2 12 19 16 15
84 6 16 21 24 I3 4| 20 20
i62 4q 23 13 7 9 38 25 22
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Figure 24 is a scatter diagram of speed shear versus directional
shear for SW, Tornado Outbreak, and Severe Thunderstorm Outbreak sound-
ings. The winds used to compute the shears were the mean wind, surface
to 850 mb, and the 500 mb wind. This is felt to approximate the shear
between storm inflow and middle level flow. There is a large range of
values of both speed and directional shear. For the SW soundings speed
shear ranges from 8 to 80 knots and directional shear ranges from -15
to 98 degrees. Standard deviations are shown about each mean. Their
large values indicate great sample variability for all three types of
soundings. Notice that only Severe Thunderstorm Outbreak soundings ex-
hibited a directional shear of more than 98 degrees. It appears that
severe thunderstorms, without attendent tornadoes, are more likely in an
environment which displays very large veering. The physical implica-
tions of this will be discussed in Part II. Vertical wind shear is
large in the vicinity of frontal boundaries. Most tornado proximity
soundings were obtained during April, May and June (refer to figure 4).
It is not surprising then, that in the mean, proximity soundings exhibit
strong shear, since the majority of them occur during the time of the
year when convection is primarily triggered along and zhead of strong

fronts.
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4. STORM RELATIVE WIND FIELDS

Relative Winds for Different Sounding Types. Storm relative winds

were defined and explained previously in section 2. To hypothesize on
possible storm/environment interactions it is desirable to consider the
wind fields which exist relative to the moving storm. The environmen-

tal wind at some level is probably different than the wind at that level
relative to a moving storm. In section 2 storm relative winds (based
on an assumed storm motion) were shown for different sounding types.

The vertical configurations of these relative winds were quite similar

for the different types of tornado environment wind profiles as shown

in Table 3.

Table 3

Storm Relative Winds For Different Sounding Types

Sane sfc | 850 | 700 | 500 | 300 | 200
S.W.

(62 oses) |095/38 [125/30 [165/17 | 210/20 | 240/35 | 250/39

Tornado

outbreak | 090/41 |130/36 |160/21 | 190/22 |235/32 |245/38

(23 Cases)

Westerl

Wwesterly | 125/35 [150/28 |195/12 | 240/11 | 290/29 | 280748

(sf;'ge"" 080/34 |110/30 140717 | 200/21 | 215/35|225/35
ases)

High Plains
sw. |100/34 |115/36 [145/18 | 245/12 |260/27 | 245/42

(10 Cases)

High Plains

southerly |080/35 |095/36 |115/16 | 180/16 | 235/28|225/38

(12 Cases)

Severe

T?:J(;ldcersfov)'m 130734 | 155/31 |185/13 | 270/12 | 295/22|295/27
Qses

37
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All sets of relative winds show strong flow at the surface and 850 mb,
light flow at 700 and 500 mb, and strong flow again at 300 and 200 mb.
Westerly tornado and Severe Thunderstorm Outbreak soundings have similar
storm relative wind profiles except for weaker flow in the upper levels
of the severe thunderstorm case.

To determine just how similar a set of relative winds are the storm
motion must also be considered. To do this, a relative flow angle (6)
is defined as the angle between the storm's motion and the relative wind.

See figure 25 for an example of this.

Relative Wind
at Some Level )
/
Ve
/
6=Negative
Relative Wind

9= Positive at Some Level

Storm 8=The Angle Between the Storm
Motion Vector Motion Vector and Storm Relative
Winds. 8= Positive on the Right
Side and Negative on the Left
Side of the Storm.

Figure 25

Definition of Relative Flow Angle ().

A relative flow angle of —-45 degrees indicates that relative flow ap-
proaches the left rear of the storm and an angle of +90 degrees indi-
cates that relative flow approaches the right flank of the storm.

Table 4 shows the computed relative flow angle for different types of

soundings. This clearly demonstrates how similar the relative winds are
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Table &

Relative Flow Angle For Different Sounding Types

o veini sfc | 850 | 700 | 500 | 300 | 200 ;
(62 Coes) | *155 | +125 | +85 | +40 +8 0
T d
Bihrod 1 2156 < ¥apis o7 | g +55 +10 0
(23 Cases)
Westerly
B, | B +130 +85 +40 +0 0
'(5°“”“°-"y +145 +15 +85 +25 +10 0
19 Cases)
High Plains I
S.W. +145 +130 +00 0 -5 0
(10 Cases)
High Plains
Southerly +45 +|30 +10 +45 -10 0]
(12 Cases)
S r
Thanderstorm| +I155 | +130 | +00 +15 -10 -10
(10 Cases)

for the different types of tornado cases and for the severe thunderstorm
cases. It should be noted that the relative flow similarities of the
Westerly tornado and Severe Thunderstorm Outbreak soundings are partially
a result of making the assumption that individual storms move simi-

larly in both cases. This is probably not a valid assumption. The rel-
ative flow angles of Table 4 show the surface and 850 mb flow approaching
the right front of the storm. The relative flow at 700 and 500 mb
approaches the right or right rear flank of the storm. The upper rela-
tive winds approach the rear of the storm. It must be remembered that
the observed environmental wind profiles, which were used as a base for

the storm relative computations, do not have sufficient resolution to
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imply that they are representative of near storm winds. The winds in
the immediate storm region may differ significantly from the
squall-line scale winds.

Relative Winds for Varying Storm Motion. The storm relative wind

fields were derived for the mean sounding types based on an assumed
storm motion. An interesting question is: How does the storm relative
wind field vary if differing storm motions are assumed? To answer this
question the SW type (largest data sample) wind profile was used and
storm relative winds were computed for different possible storm motioms.

The different storm motions used were:

1. 30 degrees left at 75% of the mean wind.
2. With the mean wind.

3. 15 degrees right at 857 of the mean wind.
4. 30 degrees right at 757 of the mean wind.
5. 45 degrees right at 607 of the mean wind.
6. 60 degrees right at 507 of the mean wind.

Storm movement number 1 has been designated as left moving, number 2 as
mean wind, number 4 as right moving, and number 6 as extreme right mov-
ing.

Table 5 lists the computed relative winds for these different as-
sumed storm motions. The relative flow changes dramatically, in the
fixed environment, as the storm motion changes from left moving to ex—
treme right moving. Figure 26 shows the difference in relative winds
for two of the assumed storm motions.

Table 6 shows the relative flow angles for the various different
assumed storm motions. As the storm motion changes from left moving to

extreme right moving the following changes occur (see also table 5):
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Table 5

Storm Relative Winds (SW Sounding) For Different Storm Motions

As d
St sfc 850 | 700 | 500 | 300 | 200
Motion
190/36 | 027/23 | 282/24 | 288/24 | 282/36 | 277/58 | 278/66 i
220/48 | 067/37 | 094/20|003/7 |297/15 | 280/35 | 280743 | oo
235/40 | 078/37 | 117/25 | 139/6 [243/10 | 261/31 |267/39
250/36 | 095/38 | 125/30 | 165/17 |210/20 | 242/35 | 250/39 | ,f9
265/30 | 110/36 | 148/38 | 178/25 | 215/29 | 232/42 | 241/49
l Extreme
280/25 | 125/35 | 159/43 | 187/33 | 208/37 | 230/52 | 237/55 | Right
oving
Table 6

Relative Flow Angles (SW Soundings) For Different Storm Motions

Assumed

Storm sfc 850 700 500 300 200
Motion

190/ 36 +163 -92 -98 -92 -87 -88
220/48 +153 +| 26 =37 =77 -60 -60
235/40 +|57 +[18 +96 -8 -26 -32
250/ 36 +155 +125 +85 +40 +8 0]
265/30 +155 +17 +87 +50 +33 +24
280/25 | +Ii55 +121 +93 +72 +50 +43

Left
Moving

Mean
Wind

Right
Moving

Extreme
Right
Moving
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Figure 26

Storm Relative Winds (For the SW Type Wind Profile) for Two
Different Assumed Storm Velocities.

At the surface little change occurs with strong inflow to-
ward the right front of the storm in all cases.

At 850 mb flow approaching the storm varies all the way
from the left flank to the right flank and remains strong
for all but the left mover.

At 700 and 500 mb flow approaching the storm varies from
the left to the right flank and becomes weak for storms
moving with or near to the mean wind.

At 300 and 200 mb flow approaching the storm varies all
the way from left flank to right flank.

As the storm's deviate motion becomes greater (with re-
spect to the mean environmental wind) the magnitude of
the storm relative winds substantially increase (by as
much as a factor of 5 at 700 mb).
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These are most significant results. If it is assumed that there
is a preferred profile of relative winds associated with tornado occur-
rences, the probability of tornado production is a function not only of

the environmental wind field, but also of thunderstorm velocity.



5. TEMPERATURE AND MOISTURE FIELDS

Temperature and moisture {(dewpoint and relative humidity) values
were studied 2t the surface, 850, 700 and 500 mb. This was done for
SW type soundings because of their large sample size and for Tornado
Outbreak soundings. The temperature and moisture fields exhibit‘large
variability just as the winds and Totals do. The most extreme varia-
bility is found in the moisture fields.

Figure 27 is a scatter diagram of 850 mb temperature versus sur-
face temperature for SW, Tornado Outbreak, and Severe Thunderstorm Out-
break soundings. For SW soundings the temperature range at the surface
was 27°C and at 850 mb it was 22°C. The only distinction between the
three sounding types is that Tornado Outbreak temperatures cluster in
the cooler region of the diagram and Severe Thunderstorm temperatures
cluster in the warmer region. This is because of their respective oc-
currence maxima in spring and summer (see figure 8). The solid line in
the figure represents a2 dry adiabatic lapse rate from the surface to
850 mb, with a surface pressure of 980 mb. Some of the large scatter
of figure 27 is caused by seasonal differences. While most of the
soundings occurred in spring and early summer, 297 of the data sample
occurred in late summer, fall, and winter. Figure 28 is identical to
27 except it is for only May and June data. The range of values is not
quite as great, but it is still large. The range of both surface and
850 mb temperature for SW soundings was 20°C. There is no thermal dis-
tinction between SW proximity soundings and the other two types.

The SW soundings showed several different distributions of moisture

in the vertical. Many of the soundings were very moist or very dry at
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Figure 27

850 mb Temperature Versus Surface Temperature For All Soundings.

both 700 and 500 mb. All soundings had a high (Td > lOoC) moisture
content below 850 mb. The soundings were categorized as moist, dry or

indeterminate according to these criteria:

1. A sounding with relative humidity 60% or more at both
700 and 500 mb was a moist sounding.
2. A sounding with relative humidity 30% or less at both

700 and 500 mb was a dry sounding.

3. All others were indeterminate soundings.
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Figure 28
850 mb Temperature Versus Surface Temperature For
May and June Soundings.
The close SW soundings were included in the data sample. The number
of soundings obtained in each category were: 16 moist cases, 15 dry
cases, and 40 indeterminate cases. Of 71 soundings, 447 were either
very dry or very moist.
Figures 29 through 32 are vertical plots of temperature and mois-

ture for these three sounding types and also for Tornado Outbreak

soundings. Each figure includes:

1. The mean temperature and dewpoint profile.
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2. The mean deviation of the temperature and the range of
temperature extremes.

3. The Totals Index.

4. A Lifted Index obtained by lifting surface conditions to
500 mb.

5. The relative humidity profile.
6. The mean deviation of the relative humidity and the range
of relative humidity extremes.

A1l four sounding types display similar temperature profiles with
small mean deviations and ranges. The dry soundings are 2.7°¢ warmer
at 700 mb than the indeterminate type. This is probably due to subsi-
dence warming. The Totals and Lifted Indices are comsistent for all
sounding types except the moist soundings. The more stable profile of
the moist soundings is a result of convective modification of the en-
vironment. This is substantiated by their constant, much less variable,
moisture profile. The relative humidity profiles show large variability
for the indeterminate and Tornado Outbreak soundings and for dry sound-
ings at 850 mb and the surface. This large variability is not surpris-
ing when it is realized that these soundings are sampling a wide range
of convective conditions.

The mean temperature and dewpoint profile of figure 29, the inde-
terminate cases, is very similar to Darkow's (1969) average tornado
proximity sounding. This indicates that averaging produces similar re-
sults whether or not the very moist and very dry cases are included in
the sample. In averaging a large data sample one smoothes away the
very interesting, unusual soundings. These "lost" soundings might
provide a better insight into associated events. To further investi-

gate this point of view the locations of moist and dry soundings were
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Temperature and Moisture Profiles for Moist Soundings (16 Cases).
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plotted. Plotted first were the positions of all the moist and dry
soundings at 700 mb relative to the location of the tornado storm. The
results are shown in figure 33. The moist soundings tend to be within
50 n.mi. of the tornado storm indicating vertical motion and convective
mixing in the immediate storm area. The dry soundings tend to be well
ahead of the storm in a region of little vertical mixing and/or sub-

sidence.

360°

100 NM—"" [\\

100 NM

Figure 33

Locations of Moist (M) and Dry (D) Soundings at 700 mb. Tornado-
Storm is at Center.

Figure 34 shows the position of soundings which were either dry

or moist at both 700 and 500 mb. The moist area near the storms and
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the very dry region ahead of them are both well defined. Since the
time of all soundings is late afternoon, it is most likely that the dry
region ahead of the storms is a result of storm induced subsidence.
Also shown on this figure is a region where very dry conditions at 500
mb exist above a surface to 700 mb moist layer. This region, where up-
ward motion and mixing in the lower troposphere is likely capped by
upper tropospheric subsidence, tends to exist immediately ahead of and
to the right of the tornado storm.

These figures demonstrate that squall-line scale features can be
identified from proximity data. This is especially so when one realizes

that the data sample is not homogeneous and that important individual

soundings can be lost by indiscriminant averaging.
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Figure 34

Locations of Moist (M) and Dry (D) Soundings at Both 700 and 500 mb.
Tornado-Storm is at Center.



6. NORMALIZED WIND FIELDS

Definitions and Procedures. Wills (1969) derived a tornado wind

field by averaging data in sixteen different sectors around the torna-
do. The most serious problems of this approach are poor resolution in
data positioning, and the averaging together of different type sound-
ings. In this study an attempt was made to examine near tornado wind
fields at two levels, 850 and 300 mb, using methods which maximize data
compatibility. The term '"normalize" is used to describe the methods
used to derive comparable sets of wind data. The data considered were
the SW and close SW proximity soundings. This gave a large and basi-
cally comparable data sample.

The winds at 850 and 300 mb were normalized in the following man-
ner:

1. Each wind was expressed as a deviation in degrees from
its individual sounding's mean wind direction and as a
percent of the mean speed.

2. The deviation and percentage were then applied to the
mean sounding wind of the SW data sample (220°/48 knots)
to obtain a normalized wind.

For example, consider a proximity sounding with a mean wind 1950/80
knots and an 850 mb wind 1550/60 knots. Its 850 mb direction deviation
is then -40 degrees (a direction backed from the mean was considered
negative) and its speed percentage is 75%. When -40 degrees and 757
are applied to the mean SW wind of 2200/48 knots a normalized wind of
180°/36 knots is obtained.

In this manner the winds of both unusually strong and light wind

soundings are reduced or increased to be more comparable to the bulk of
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the data sample. This normalizing procedure was applied to a basically
similar set of data and the corrections applied were not generally large.
At 850 mb 527 of all speed corrections were 10 knots or less, and they
ranged from O to 28 knots. The direction corrections ranged from 0 to
50 degrees and 557 of the corrections were 20 degrees or less. The nor-
malization example given above is an extreme case. Each normalized wind
was plotted at its estimated location relative to the tornado-storm. No
averaging of resultant winds was done, inste?d the two plotted fields of
normalized winds were examined for general c&aracteristics.

i
Tornado Wind Fields. Figure 35 is the 850 mb normalized wind field.

Winds of 40 knots or greater are enclosed by a dotted boundary. The
zone of strong winds covers a large region from south to northeast of
the tornado-storm. No distinct jet maxima can be identified. The more
westerly winds near and to the north of the tornado—-storm are possibly
a storm produced effect. A general zone of confluence is apparent along
a line from southwest to northeast through the tornado-storm. These
normalized winds around the tornado-storm are generally 50 to 100 per-
cent stronger than the composited tornado proximity wind field obtained
by Wills (1969).

Figure 36 is the 300 mb normalized wind field. The area labeled
MIN and bordered by a dashed line is the general region in which winds
of less than 60 knots occurred (note that this is not a region of only
less than 60 knot winds and that it depicts a trend for lighter winds to
occur in the outlined area). The area labeled MAX and bordered by a dot-
ted line is the general region in which winds of 75 knots or greater
occurred (note again that this is not a region of only very strong

winds but rather a region where the trend is toward stronger winds). A
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broad zone of diffluence is apparent from east to north-northeast of the
tornado-storm. These general features might be expected if it were hy-
pothesized that a cluster, or line, of thunderstorms existed along a
slightly curved line from north-northeast to southwest of the tornado-
storm. There is a tendency for a zone of maximum wind speeds to exist
25 to 75 n.mi. south to east of the tornado-storm. This could position
the storm in a region of cyclonic speed shear. Once again the winds are
significantly stronger than those of Wills.

These normalized wind fields demonstrate again that it is possible
to investigate the squall-line scale environment surrounding tornadoes
using a large sample of proximity soundings. The important considera-
tion is that extreme care must be taken to obtain a comparable set of

data before any data processing or averaging is done.

Strongest Flow

\*‘7/ 40 to 55 Knots
Occurs Within

Figure 35

850 mb Normalized Wind Field (General Streamlines are Shown).
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300 mb Normalized Wind Field (General Streamlines are Shown).



7. RESEARCH AND PREDICTION IMPLICATIONS

Research Methodology. Many researchers have used compositing or

averaging techniques to study the '"tornado environment". The results
of this data study indicate that compositing techniques are not accur-
ate enough to resolve the near tornado or tornado-storm environment.

In addition to this, the ranges of various parameters associated with
tornado occurrence is so large that averaging processes smooth away any
unusual data; this unusual data could well be that which was actually
obtained very near the tornado~storm. The assumption that average prox-
imity data is representative of the near tornado environment is ten-
uous and conclusions based on this assumption may not be valid. The
research methods of the National Severe Storms Laboratory (NSSL) are
those most likely to specify the near tornado environment. The combi-
nation of dense observational data in the horizontal, vertical, and in
time, precise radar data (conventional and dual doppler), and a field

operation to track, photograph, and accurately locate tornadoes is the

only way to document the actual tornado and tornado-storm scale environ-
ment. Descriptions of the precise data processing methods of NSSL are
contained in Barnes (1973b) and Barnes, et al. (1971). An interesting
explanation and description of the tornado intercept field operation

is given by Golden and Morgan (1972).

It has been shown that there is a wide range of synoptic and squall-
line scale environmental conditions associated with tornadoes and that
similar sets of conditions may be associated with a large range of num-
ber, size and intensity of tornadoes. The range of tornado associated

synoptic and squall-line scale parameters is so great that the only
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necessary condition, on these larger scales, for there to be a

probability of tormado occurrence is that convection must occur. The
probability is quite small under all but strong severe thunderstorm
conditions. The set of Unusual proximity soundings examined in section
2 does verify that occasionally phenomena on the different scales of
motion interact to produce a tornado under very weak thunderstorm con-
ditiomns.

Forecasting Implications. The fact that air mass thermal and wind

structure does not specify either tornado likelihood or number and inten-
sity substantiates many of the severe storm and tornado forecast pro-
cedures of the Air Force Global Weather Central (Miller, 1972). These
procedures stress the importance of the interaction of air mass type
with synoptic and squall-line scale features. The proximity data of
this study verifies the usefullness of a severe storm predictor which
includes not only air mass stability but also incorporates important
synoptic features such as winds aloft and directional shear in the ver-
tical; the reader should refer to Miller, et al. (1971) for a descrip-
tion of such a predictor, the SWEAT Index. The importance of sub-
synoptic scale phenomena indicates that an index composed of important
hourly surface parameters (used to monitor synoptic and squall-line
scale conditions as closely as possible) should be very useful, espe-
cially when used in conjunction with a predictor such as SWEAT; see
Maddox (1973) for the description of such an index.

The small size of the Tornado Outbreak .and Severe Thunderstorm Out-
break data samples indicates that:

1. Sets of conditions which produce large, destructive tor-
nadoes occur rather infrequently.
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2. Sets of conditions which produce significant severe
thunderstorms, without attendent tornadoes, also occur
infrequently.

The soundings associated with only severe thunderstorms, although
their upper winds tend to be westerly, are not distinctly different from
certain of the tornado proximity soundings. This, coupled with the
small number of pure severe thunderstorm days, implies that there is
little observational data available on the synoptic or squall-line scale
which can be used to delineate a pure severe thunderstorm situation
from one that may produce an isolated tornado.

Fujita and Pearson (1973) have shown that a small number of large,
intense tornadoes are responsible for the major portion of tornado dam-
age, and that most tornadoes are relatively weak and have a short, nar-
row path. This agrees well with the data of figure 20, which shows
that most of the proximity soundings were associated with fewer than 10
reported tornadoes, and also with the fact that so few Tornadoc Outbreak
soundings were found. However, Fujita and Pearson are apparently pre-
senting a case for either:

1. Redefining the term "tornado" to apply to only large,
very dangerous tornadoes, or

2. Changing forecast procedures so that the public is alert-
ed only when large, very dangerous tornadoes are likely.

This study supports the contention that, rather than redefining
"tornado" or the meaning of a "tornado watch', only severe thunderstorms
should be forecast as such. The relative strength or weakness of each
severe thunderstorm situation could be assessed and a '"'probability state-
ment" that some of the severe thunderstorms may be accompanied by tor-

nadoes would be included in the forecast. The individual whose farm
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or home is destroyed by a small, isolated tornado can hardly be consoled
by the fact that, in a statistical sense, the tornado which destroyed
his property was insignificant. The tornado which did 135 million dol-
lars damage in Lubbock, Texas was one of three reported tornadoes in
West Texas on 11 May, 1970. Consider also that on 19 April, 1968,
there were four reported tornadoes in Arkansas. One of these formed
on the outskirts of, and then moved through, the small town of Greenwood.
This tornado had an observed lifetime of four minutes; yet it resulted
in 14 deaths, 270 injuries, and damage in category 6 (see figure 17).
The proposed new type of severe thunderstorm watch could be worded
similarily to these two examples:

1. Isolated severe thunderstorms are likely in a specified
area during a specified time period. The possibility
exists that one or two of these storms may produce fun-
nel clouds or small tornadoes. This could be the fore-
cast for a northwest wind or an over-running situation.

2. Numerous severe thunderstorms are likely in a specified
area during a specified time period. Some of these
storms will likely be accompanied by large, potentially

destructive tornadoes. This could be the forecast for
a strong, southerly type situation.



8. SUMMARY PART L

The results of a detailed study of tornado proximity soundings
were presented in Part I. This work differed from previous studies in
several important ways. The data was positioned relative to a moving
tornado-—storm. The various proximity soundings were stratified into
distinct categories before any averaging was done. The general, or
usual, type of tornado proximity soundings were compared to tornado
outbreak and severe thunderstorm proximity soundings. Four scales of
motion, important in tornado formation, were defined. Careful consi-
deration was given to inherent errors of the data sample.

The most outstanding characteristic of the proximity data was the

extremely large range of parameters associated with tornadoes. The

storm relative wind configuration was found to be very similar for all
types of mean tornqdo wind profiles. An important finding was that the
storm relative wind configuration changes dramatically as the storm's
velocity varies in a given environment. It has been shown that there
is little difference between tornado outbreak and more general tornado
conditions. This indicates that synoptic, squall-line, and tornado-
storm scale phenomena are very important, in addition to general air
mass features.

It was shown that data positioning errors of this study, and also
of past studies, are great enough that tornado and tornado-storm scale
features cannot be resolved by compositing techniques. Proximity sound-
ings can be used to study squall-line and synoptic scale features as-
sociated with tornadoes. There are several different types of moisture
profiles common in the vicinity of severe storms, and it was shown that

squall-line scale vertical motion can be deduced from careful study of
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moist and dry type soundings. General features of the tormado
associated, squall-line scale, wind field were identified using a nor-
malization technique.

Several important conclusions have been made concerning research
and forecast techniques. A detailed study of individual situatioms, the
approach used at NSSL, is the best way to investigate tornado and tor-
nado-storm scale features. Several severe storm forecasting techniques
of the Air Force Global Weather Central have been given additiomal sub-
stantiation. There was little distinction between tormado conditions
and severe thunderstorm conditions, and there have been relatively few
times in the past 15 years when a significant number of severe thunder-
storms occurred without isolated tornadoes also occurring. Since there
is little observational basis for differentiating "tornado watches"
from "severe thunderstorm watches" a new manner of wording severe storm

forecasts has been suggested.



PART II

AN OBSERVATIONALLY DERIVED MODEL OF TORNADO GENESIS

1. OBSERVED FEATURES AND CHARACTERISTICS OF THE TORNADO AND
TORNADO-STORM ENVIRONMENT

The most important prerequisite of any tornado theory or model is
that it must be compatible with documented features of the tornado-
storm environment. These observed features are reviewed in this sec-
tion.

Synoptic Features. Miller (1967), Wills (1969), Darkow and

Fowler (1971), and Novlan (1973) have all shown that most tornadoes
form under conditions when strong convective updrafts exist in lower
tropospheric layers of large vertical wind shear. Tornadoes are usu-
ally associated with high instability, strong wind fields, and severe
convection. However, it was shown in Part I that tornadoes can be as-
sociated with a very large range of synoptic conditions. The reader
should refer to Miller (1972) for a comprehensive review of synoptic
scale features most commonly associated with tornado occurrences.

Tornado-storm Features. The preferred location for tornado de-

velopment is on the right flank of a large, severe thunderstorm. Bates
(1961) emphasized this favored location. Purdom's (1971) work with
satellite imagery clearly demonstrates that tornadoes associated with
the severe storms he studied were on their right flanks.

The core of heavy precipitation is usually 2 to 5 km N to NNE of
the tornado. This feature is referred to many times in Storm Data re-
ports. It has been documented by Snider (1971) in his study of pre-

cipitation rates and amounts associated with tornado producing
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thunderstorms. Tornado photographs, and numerous accounts in Storm
Data, indicate that precipitation in the immediate tornado vicinity, if
any, is usually very light. Large hail frequently occurs just to the
left of the tornado's track.

Tornadoes usually develop beneath a lower based, rotating collar
cloud. Tornadoes often are located beneath the first (in relation to
the main thunderstorm) towering cumulus of a line of flanking cumulus
clouds extending southwestward from the main thunderstorm (see Bates,
1961 and 1970).

Size and Intensity. A wide range of sizes and intensities is as-

sociated with verified tornadoes (Pearson and Fujita, 1973). There is
a spectrum of dust devil and tornado intensity with some overlap be-
tween small tornadoes and large dust devils. There are many reports in
Storm Data that demonstrate the existence of this intensity spectrum.

For example:

1. 18 May, 1967, Omaha, Nebraska. A large whirlwind 100
feet in diameter and several thousand feet high formed
under clear skies. It destroyed garages, toppled trees
and downed power lines.

2. 21 April, 1971, Western Tennessee. A large whirl did
considerable property damage several minutes before a
thunderstorm began.

3. 16 May, 1971, Lubbock, Texas. A funnel cloud was spawned
by a small shower with a radar top of 22,000 feet. The
funnel was observed by thousands of persons and produced
no damage.

4. 6 October, 1969, Conway, Arkansas. A small, white, rope
funnel damaged four houses. It was 20 feet wide at the
ground.

5. 19 May, 1960, Eastern Kansas. A large tornado produced
heavy damage, 1 fatality, and 91 injuries along a 80 mile
path. The storm was not well defined as a funnel but was
described as a rolling, black mass of cloud accompanied
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by a dreadful roar. The damage path was exceptionally
wide, 1/4 to 3 miles, but the debris showed a definite
center line along the track.

Kraus (1973) studied a storm in Connecticut and Massachusetts that
produced a verified tornado which remained on the ground for three min-
utes. The storm's radar top at the time of tornado occurrence was only
35,000 feet. No hail and only one lightaing stroke was reported by
people in the storm path.

Duration. A relatively few large tornadoes exist for several hours
and produce a long damage track. These destructive storms have been
studied by Darkow (1971), Wilson and Morgan (1971), and Pearson and
Fujita (1973). However, descriptions in Storm Data indicate that most
tornadoes have a short duration of 15 minutes or less. In fact many
tornadoes had an observed duration of only 1 to 3 minutes. Reber (1954)
observed a series of tornadoes and funnel clouds in Northeastern Colo-
rado and Western Nebraska, and none of them had a life time of more than
3 minutes.

Pressure Profiles. Few pressure measurements have been made in the

actual damage track of a tornado. Fujita (1960 and 1970) reported in
depth on the Fargo, North Dakota, and Lubbock, Texas tornadoes. The
pressure traces associated with these tornadoes and also those obtained
at Topeka, Kansas, 1966: Newton, Kansas, 1962: and Dyersburg, Tennessee,
1952, have all recorded pressure drops of 35 mb or less. These measure-
ments may, however, be subject to significant errors. One of the most
important factors would be the instrument's response to the rapid pres-
sure changes. The intensity and stage of development of the tormado
could also affect the measured pressure deficit. For example, the Lub-

bock tornado was dissipating when it passed over the instrument site.
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The visible edge of the condensatien funnel has been said to
roughly represent the condensation pressure surface. The exactness of
this approximation depends upon many factors such as the precise tem-
perature and moisture distributions in the sub-cloud layer. However,
the height of the cloud base from which tornadoes often descend, 2,000
to 5,000 feet above ground level, implies a significant surface pres-
sure reduction. An approximate pressure profile can be obtained by
using measured winds and applying cyclostrophic balance:

2
= %-%% - %— » Where

density
pressure
radius
velocity

< ™Y O
[

Hoecker (1961) and other researchers have used this method to deduce
central pressure deficits of 60 to 80 mb.

Wind Profiles. Few wind measurements have been taken very near a

tornado funnel. Most '"measured" velocities are aetermined by photo-
grammetrically tracking debris and cloud features in tornado photographs
and movies. Studies of this type, in particular those of Fujita (1960)
and Hoecker (1961), have found maximum speeds on the order of 100 meters
per second. An annemometer near Tecumseh, Michigan, measured a wind gust
of 151 miles per hour as a tornado was passing by on Palm Sunday, 1965
(see Fujita, et al. 1970). This agrees well with inferred velocities.
The velocity profile near the tornado funnel is considered to be similar
to that of a combined Rankine vortex. The velocity increases exponen-
tially with decreasing radius until a velocity maximum is reached. The

velocity then decreases linearly to zero at the vortex center.
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Appendix II is a discussion of a series of photographs of tornado
genesis. Many of the important features of the tornado environment, as

discussed in this section, are clearly visible and are reviewed.



2. TORNADO THEORIES AND MODELS

Brief Review of Tornado Theories. Many theories of tornado

genesis have been advanced. Vonnégut (1960) , among others, advanced the
theory that electrical discharge heating was an energy source for in-
itiating tornado circulations. The electrical heating would produce
lowered pressure and increased wind flow. Many tornadoes are associated
with unusual electrical phenomena. However, only about 75 percent of
tornado producing thunderstorms can be identified as being unusually
electrically active (see Taylor, 1973). Since tornadoes tend to develop
on the right flank of a thunderstorm away from the electrically active
region, it is doubtful that electrical discharges are directly related
to tornado genesis.

Fulks (1962) hypothesized that a middle and lower tropospheric
vortex could develop and intensify beneath a region of strong upper tro-
pospheric divergence. The upper divergence field would be produced by
flow around the intense thunderstorm and the vortex circulation would
strengthen as it built downward into the warm, moist sub-cloud layer.

Some of the important requirements of his theory are:

1. A wind field that veers strongly with height.

2. A stable inversion at the top of the tornado associated
towering cumulus.

3. A basically hydrostatic pressure drop at the vortex cen-
ter.

4. Frictionally induced convergence into the vortex to pro-
duce a central core of rapidly rising air.

Bates (1961) felt that the tornado was produced by the subsidence
of a rotating, "wet" cloud layer. The middle level, wet cloud layer

was produced by a dying storm cell, and because of its relative
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coolness should be sinking. If it interacted with the cyclonic, wake
vortex on the right side of an active thunderstorm, rotation would be
induced. The rotation would produce a centrifugal redistribution of
mass toward the outer regions resulting in a doughnut shaped region of
strong subsidence and eventually a converging flow, with conserved an-
gular momentum, toward the center of the doughnut. The eventual pro-
duction of a tornado would occur at the doughnut center.

As more observational data became available Bates (1970) modified
his ideas and advanced a different theory of tornado formation. He
considered that a flanking line of developing cumulus-congestus was a
necessary prerequiste. The discrete updrafts of these developing cumu-
1i could, under favorable flow conditions, be sheared into the large,
rotating updraft of the parent thunderstorm. The mass demands of the
large updraft upon the interacting smaller updraft, and conservation of
angular momentum, could eventually produce a tornado beneath one of the
flanking cumuli. Bates also felt that large, long-lived thunderstorm
updrafts would inevitably rotate because of the convergence of weak
angular momentum from the environmental flow into the updraft region.

Gray (1969 and 1971) hypothesized that the impulsive blocking of
a strongly sheared vertical wind field by a new updraft would produce
a cyclonic, wake vortex necessary for circulation initiation. GCray,
like Fulks, advanced the idea that the overall approximate hydrostatic
balance of the central pressure drop must be considered when dealing
with the energetics of the tornado vortex. This idea requires subsi-
dence of upper tropospheric air down the vortex center.

Fujita (1973) proposes that the mechanism of tornado formation is

the production of a twisting downdraft on the right flank of a large
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rotating thunderstorm. When this downdraft interacts with the meso-
cyclone in lower levels a region of very strong cyclenic vorticity (on
the order of 10_2/sec or greater) is produced. He also points out
(Fujita, et al. 1971) that intense tornadoes tend to occur in the even-
ing when a more stable lapse rate near the surface forces stronger in-
flow into the vortex center because of less outer radius vertical motionm.

Maddox and Gray (1973) have emphasized the development of the ini-
tial vortex on the thunderstorm produced gust front. Once the vortex
is formed, frictional convergence toward the circulation center and sup-
pressed vertical motion in outer portions of the circulation appear to
play an important role during initial inteqsification.

Barnes (1972 and 1973a) made a precise study of the tornado occur-
rences in the NSSL data network on 30 April, 1970. He found that the
tornado circulations (hook echoes) were on the leading edge of the
thunderstorm gust front and that the echc configuration of two coexist-
ent hook echoes along the gust front resembled gravity waves. The
thunderstorm associated pressure field produced a strong west to east
acceleration of the downdraft air. Barnes suggests that the density
interface of the gust front may be unstable and that components of
gravity and wind shear normal to the interface may act to intensify vor-
tical perturbations upon it. These vortices could be entrained into
the main updraft enhancing its rotation. Once updraft rotation becomes
large smaller vortices moving into the updraft region may intensify
about their own axes.

It is of interest that Golden (1973) has found that Florida Keys
waterspouts form on a cloud-line produced wind discontinuity. In fact |

he occassionally observed several circulations existing along such a
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discontinuity line, one or two of which might intensify into waterspouts.
The waterspouts he observed rapidly dissipated when a flow of much cool-
er, precipitation associated air (the "density surge') entered the
waterspout circulation.

Laboratory Models. Many investigators have studied the tornado by

creating tornado-like vortices in the laboratory. Ryan and Vonnegut
(1969) created a vortex about a vertical axis by electrical discharge
heating. Many other researchers, in particular Chang (1969), Wan and
Chang (1971), Ward (1972), Fujita (1972), Hsu (1973), and Chang and Park
(1973), have produced laboratory vortices by imposing both vorticity and
vertical velocity on the air flowing into their models. Since many of
the results obtained studying these various models are similar, and
since the primary difference between the various models is their actual
physical and mechanical features only the model of Ward will be consid-
ered in detail.

Ward's model consisted of an exhaust fan which produced an upward
flow (considered analogous to convection) through a cylinder. Angular
momentum was imparted to the inflowing air by a cylindrical mesh screen
rotating around the edge of the inflow layer. The depth of the inflow
layer and the diameter of the updraft could be varied. Photography was
used in conjunction with smoke tracers to determine the flow fields.

The inflow angle was determined at the outer edge of the inflow layer by
using & small direction vane. Ward defined the ratio of the width of
the updraft cylinder to the depth of the inflow layer as the "configura-
tion ratio". The surface pressure profile was measured with a static
pressure port connected to an electronic manometer. The pressure sen-

sor could be moved in an arc across the bottom surface of the model.



71

The measured pressure profiles are qualitatively very similar to

actual tornado pressure traces. The magnitude of the measured pressure
drop was proportional to the ratio of vortex height divided by vortex
diameter. Of considerable interest is the fact that these pressure
reductions are maintained solely by the "convective updraft'". More
than one vortex can be produced when the "configuration ratio" is great-
er than unity. The number of vorticies which form depends strongly on
the inflow angle and the "configuration ratio". With a fixed "con-
figuration ratio" the greater the inflow angle the greater the number
of small, intense vortices which rotate about a common center.

A brief summary of the findings of the previously mentioned lab-
oratory modelers is presented in the following list:

1. Chang (1969) and Wan and Chang (1971) - boundary layer
effects very important, vortex inflow occurs in a very
shallow surface layer.

2. Ward (1972) - frictional induced inflow important, tor-
nado-like pressure profile duplicated, pressure reduction
proportional to ratio of vortex height to vortex diameter,
number and intensity of vortices produced strongly de-
pendent upon inflow angle, updraft diameter and depth of
inflow layer.

3. Fujita (1972) - updraft strength and rotation speed
affect intensity of resultant vortex, most intense vortex
produced by a combination of strong rotation and a weak
to moderate updraft.

4. Chang and Park (1973) - frictionally induced low-level
convergence and bouyancy drive the air upward as it
spirals inward.

5. Hsu (1973) - frictional retardation of tangential motion
near the ground results in an excessive radial pressure

gradient which produces convergence and the updraft near
the earth's surface.

The work of these modelers has demonstrated the importance of friction-

ally induced radial inflow and of boundary layer effects.



3. A QUALITATIVE MODEL OF TORNADO GENESIS

Vortex Initiation. The initial formation of a vortex circulation

probably occurs on the leading edge of the thunderstorm gust front.
This could be the result of perturbations on the gust front producing
intense shear zones and perhaps even unstable vortex sheets (Maddox
and Gray, 1973) or it could be the result of the shear across the gust
front density interface becoming so great that the interface becomes
unstable (Barmes, 1973a).

Figures 37, 38 and 39 show a hypothetical series of events which
could produce a vortex circulation 1 to 5 km in diameter. In figure 37
the gust front curves from downwind of the precipitation core around the
weak echo region (WER), or updraft inflow region (Marwitz, 1971 Part I),
and then trails off to the SSW. The occassional presence of a cyclonic
wave on the gust front, in the updraft region, is verified by the case
studies of Barnes (1972) and Lemon (1970). The portion of the gust
front extending SSW from the updraft region is considered to be the
discontinuity line along which vortices are likely to form. The tor-
nado storm relative wind profiles examined in section 4 of Part I, show
that, typically, strong inflow with a large easterly component is occur-
ring in the region labeled WER. Strong upper level flow is impinging
against and around the rear, or southwest flank of the storm (refer to
tables 3 and 4 in section 4). It is important that Marwitz (1973) and
Grandia (1973) have found low level winds in the WER inflow that are
significantly stronger than winds measured in nearby environmental sound-
ings. This implies that the storm-relative low level winds may be con-

siderably stronger than those derived in section 4 using environmental

72



73

Edge of
Visible Cloud

Gust
Front

M

Storm
Movement

Front

Surface
Flow

Flanking Line of
Building Towering
Cumulus

Figure 37

Simplified Model of a Single Severe Thunderstorm With a Flanking Line
of Cumuli (View is Looking Down From Above).
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soundings. Since the intense echo portion of the storm normally slopes
toward the inflow with height, or out over the area labeled WER, the

strong flow around the upper portion of the storm creates a convergent

region, and a dynamic pressure excess, over the area immediately south
of the precipitation echo (as depicted in figure 37) and west of the
gust front. Barnes' studies (1972 and 1973a) indicate that the region
of lowest surface pressure (or meso-low) exists, at least in some cases,
SE of the cyclonic wave on the gust front. This location of the meso-
low and higher pressures west of the gust front combine to produce a
strong pressure gradient across the SW portion of the gust front. Sub-
sidence produced by blocked upper winds, precipitation and cloud parti-
cles evaporating into dry, middle level air, and a strong west to east
pressure acceleration all act together to produce a strong westerly flow
behind the gust front, especially just south of the precipitation echo
(note that this refers to the low elevation angle precipitation echo).

Figure 38 shows how localized strong flow could perturb the gust
front configuration of figure 37 and cause an intrusion of westerly
winds into the right (moving with the storm) side of the updraft re-
gion. If the strong, horizontal, cyclonic shear zone produced by this
intrusion is unstable, a vortex could be produced on the right flank of
the storm. This is depicted in figure 39.

Charba and Sasaki (1971) did a detailed analysis of a squall-line
gust front. They found that the wind shift line preceded a strong den-
sity surge, and temperature minimum, by almost 4 km and that there was
actually a weak temperature maximum between the wind shift line and
density surge. Through the lower 500 meters the gust front was very

steep, actually exhibiting a slight forward tilt. These findings are
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important because they show that cold, stable air (air which would
probably destroy the vortex if it became involved in the circulation)
can be far to the west of the gust front. The nearly vertical slope of
the gust front means that any perturbation of it, as shown in figure 38,
could produce a nearly vertical surface across which there would be a
directional wind shear of approximately 180 degreés. This meets the
definition of a vortex sheet, an unstable phenomena which tends to wrap
itself into a vortex circulation (Milne-Thomson, 1955).

In section 2, Part I, it was shown that wind fields which were
characterized by a large veering between low and upper levels, or by
northwesterly flow at middle and upper levels were poor tornado pro-
ducers. It was also shown that most of the Severe Thunderstorm Outbreak
soundings had west to northwest middle and upper level winds. It is
hypothesized that in these type situations, with strong upper flow im—
pinging on the left rear of the storm, the thunderstorm produces a strong
northwest to southeast pressure gradient. This pressure gradient could
cause the gust front to be accelerated southeastward across the inflow
region. This would either cut off the inflow or, more likely, lift the
inflow aloft. A tornado-storm scale overrunning situation would thus be
created. As already discussed in detail this is an unfavorable situation
for vortex circulations to reach the ground. Crawford and Browns'

(1972) doppler study of a squall-line thunderstorm revealed a circula-
tion aloft over a shallow dome of outflow. The environmental wind field
was characterized by middle and upper level northwesterly winds.

Vortex Intensification. Once a vortex forms it may intensify ra-

pidly for a brief period of time because of strong frictional convergence

toward its center. The importance of frictional drag near the surface in
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allowing a strong radial inflow has been discussed by Kuo (1971), Wan
and Chang (1971), Ward (1972), Chang and Park (1973), and Hsu (1973).
This is considered to be similar to the CISK type of frictional con-
vergence associated with tropical storm development as discussed by
Charney and Eliassen (1964), and Gray (1968).

The possible effects of frictionally induced radial inflow were‘
examined by studying individual parcel accelerations from a lagrangian
point of view. Figure 40 depicts the basic symbology used in this
study. Individual parcel accelerations were computed and parcels were
tracked in time for different sets of conditions. The horizontal mo-
mentum equation may be expanded into the following two equations in the

natural coordinate system:
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\ a = Inflow Angle
V = \elocity
Vg = Tangential Velocity
\ Vg = Radial Velocity (Negative
V¢ when directed toward
~V, Ve lower pressure)
Vg = Vsin a
Vg =Vcos a

Figure 40

Vortex Symbology (P = an Arc of a Circular Isobar with Center at the
Vortex Center).

= radius of curvature

coriolis parameter

denotes along the direction of motion
denotes normal to the direction of motion.

8 0 i
|

-

Terms 2 and 3 can act to change the speed of a parcel and terms 4, 5,
and 6 can act to change the parcel's direction of movement. The cor-
iolis term (fV) is assumed to be negligibly small. If an inflow angle
profile is assumed and left constant then terms 4 and 5 need not be con-
sidered and the effects of terms 2 and 3 can be studied. Two sets of
inflow angles were assumed and left constant. These assumed inflow
angle profiles are shown in figure 41. The data of Fujita (1960) and
Hoecker (1960) both indicate that the inflow angles around actual tor-
nadoes are quite large (65o to 800) except at very small radii.

Before the effects of accelerations 2 and 3 are specifically

discussed the assumptions involved will be listed and considered.
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Figure 4i '

Assumed Inflow Angle Profiles.

The assumptions which were made in calculating accelerations were:

An initial circulation and velocity profile were assumed.

Frictionally forced inflow angles were assumed and held
constant in time but allowed to decrease with radius.

A pressure decrease was assumed to be occurring near the
center of the circulation.

Two dimensional flow. Any vertical motions considered
were those necessary to maintain mass continuity of the
two dimensional flow field.

A symmetric vortex was considered.

Density constant.

f negligibly small.

Frictional accelerations were approximated by

—CD/AZ V2 where

CD = drag coefficient which was assumed to be 5 x 10-3,
and
AZ = depth of dissipational layer which was assumed to be

250 meters.

All calculations involved mean values for the layer sur-
face to 250 meters.
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Such a restrictive set of assumptions precludes one from drawing
direct or precise analogies with actual processes. However, the results
can be used to help speculate on what might be occurring in the atmo-
sphere.

The initial vortex was assumed to have a radius of 1.2 km with a
weak velocity maximum of 10 m/sec at radius 0.6 km. The flow in the un-
disturbed environment was set at 7.5 m/sec. Accelerations were computed
and individual parcels were followed in 10 second time intervals for four
different cases. Little will occur, except a slow decay, if a drop in
central pressure is not assumed to be occurring during the time steps.
The assumed initial conditions were considered for two fixed inflow
angle profiles and for two sets of pressure profiles.

The pressure profiles were determined as follows: At each 10 sec—
ond time step the pressure gradient acceleration, along R, was assumed
to be either —V62/2R or - ZVBZ/R where R = radius. The assumed
pressure drop wés either half or twice what cyclostrophic balance would
require. It should be emphasized that the initial wind profiles, inflow
angle profiles, and rates of pressure drop were not meant to duplicate
any specifically observed features of actual tornadoes. Figures 42
through.45 show the initial and final velocity profiles, the inflow pro-
file, and the assumed pressure gradient for the four cases. In all four
cases the final velocity maximum occurred at a decreased radii and was
more pronounced. Two cases (I and III) intensified only slightly because
of the assumed weak pressure gradient. Case II with the stronger
pressure gradient and smaller inflow angle profile showed a marked in-
crease in intensity. In this example the velocity maximum has almost

doubled in intensity. The most spectacular intensification was in Case
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Case II Initial and Final Velocity (V) Profiles,
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Case III Initial and Final Velocity (V) Profiles.

IV where the large inflow profile (az) and stronger pressure gradients
(- ZVSZIR) were assumed. The broad 10 m/sec maximum rapidly becomes a
sharp velocity peak almost three times more intense. The calculations
were not carried beyond 40 seconds because in that short time frame the
pressure gradient and advective terms had acted to intensify the vel-
ocity maximum to its peak and also to deérease the radius of this max-
imum to inner radii where the inflow angle is very small. Beyond about
40 seconds all the resultant circulations considered decay rapidly as
the advective and frictional terms act to destroy the velocity peak.

It is of interest that the central pressure drop required in case
1V, the case of dramatic intensification, is only 1.8 mb. This cer-
tainly doesn't seem to be an unrealistically large pressure fall. How-
ever, an important point is that for this circulation to intensify
further a continued drop of central pressure must occur. In nature it

seems likely that the further intensification of the vortex must be the
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Case IV Initial and Final Velocity (V) Profiles

result of an unspecified interaction between the motion fields of the
vortex and those of the attendent thunderstorm.

The vertical velocities required by mass continuity at the top
of the 250 meter layer were computed fér the initial circulation and
for case IV. Ihese vertical vélocity profiles are shown in figure 46.

The broad area of upward motion in central portions of the initial cir-

culation rapidly shrinks to a small annulus of intense vertical motion.
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Required Vertical Velocity (W) Profiles.

The vertical motion is weakly up or down in outer portions of the cir-
culation and musf become downward at larger radii where inflow angles

of near zero increase to the large values assumed near the circulation.
The circulation tends to isolate itself as a separate flow feature as

it begins to intensify. It becomes characterized by subsidence at outer
radii (a result of the divergence of mass pfoduced by increasing radial
velocities) and an annulus of intense vertical motion near its center.
If the circulation exists in, or under, the fight portion of the main
thundefstofm's updraft it may develop in verﬁical extent to a point

" where it becomes coupled or interacts with the storm updraft. In the
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most simple case (that of a single intense storm) the vortex which
formed, or moved, into the region near the main storm would be the one
most 1@kely to become coupled to the intense storm updraft. Figure 47
depicts how the intensifying circulation could interact with the primary
updraft. This idea is similar to those of Bates (1970) except that the
entire right side of the storm and also the area along and ahead of the
flanking cumulus line is considered to be an updraft region. The im-
portant interaction is not then between updrafts of separate clouds but
is between the intensifying vortex and a strong updraft.

Figure 48 is a reflectivity cross-section through a large, tornado
producing thunderstorm and is from Burgess and Brown (1973). The weak
echo, or updraft, regions are shaded. At the time of the cross-section
a tornado was on the ground at the approximate position marked by the
"T". - The separate weak echo regions associated with the tornado and
the thunderstorm could be interpretted as indicating that the vortex
circulation is indeed isolated from the thunderstorm updraft at low
levels. The frequently observed fact that tornadoes tend to form be-
neath the first cumulus of the flanking line seems to verify the‘impor—
tance of an interaction occurring between the thunderstorm and the
intensifying updraft. The importance of this interaction is also sub-
stantiated by the studies of Golden (1973) and Henz (1973). Golden
found that ciréulations which intensified into waterspouts were usually

associated with a rapidly growing.cumulus. Henz found that tornado

occurrences on Colorado's plains were usually associated with rapidly
intensifying thunderstorms.
The vortex considered in cases I through IV was a symmetric cy-

linder by assumption. Frictional convergence is strongest nearer the
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Hypothesized Interaction Between the Intensifying Vortex Circulation
and the Strong Thunderstorm Updraft.
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Figure 48
Vertical Cross—-Section of Doppler Reflectivity Through a Severe
Thunderstorm. The Approximate Position of a Tornado is Indicated With
a "T". (From Burgess and Brown (1973), used Courtesy NOAA, Environ-
mental Research Laboratories, National Severe Storms Laboratory).
surface so that an initial cylindrical vortex must assume a conical
shape during the intensification process. Thus, the mean values ob-
tained would be most likely to apply at the mid-point of the vortex.
The circulation features would be stronger near the surface and weaker
at the 250 meter level.

Naturally the precise nature of interactions between tornado and
tornado-storm scale motion fields, and the manner in which these in-
teractions intensify a vortex until a tormado is produced, can not be
understood until more observational data is obtained on these scales.
The fact that most tornadoes form, intensify, and dissipate in a very

short period indicates that there may be substantial differences, at
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least quantitatively, between the processes and interactioms which
produce the short lived "average' tornado and those which produce the

occassional intense long-lived tormado.



4. SUMMARY PART II

The important features of the tornado and tornado-storm scale
environments have been considered. Tornado theories and laboratory
models have been reviewed and considered. The modeling work of Ward
was discussed in detail because the vortex features observed in his ex-
periments duplicate many features actually observed, in and near torna-
does. One of the very basic features of any tornado theory must be its

compatibility with observationally documented tornado characteristics.

A qualitative model of tornado genesis on the right flank of a
single, intense thunderstorm has been developed. The important fea-—

tures of this model are:

1. The initial vortex develops on an unstable perturbation
of the thunderstorm gust front.

2. Frictional convergence in lower layers allows the initial
vortex to intensify rapidly for some discrete time per-
iod.

3. The vertical motion field established by the intensifying
circulation establishes the vortex as a distinct flow
feature. It is characterized by a large outer region of
subsidence, or weak vertical motion, and a small inner
annulus of intense upward motion.

4. The interaction of the vortex and thunderstorm motion
fields provides the unspecified mechanism for increasing

the pressure drop at the vortex center which is needed
for continued intensification.

The hypothetical examples of frictional induced intensification
were very simplified and were done to achieve an insight into processes
which might occur in the atmosphere. Actual measurements of wind, tem—
perature, and moisture fields around tornadoes are needed so that the
manner in which the thunderstorm updraft and a boundary layer circula-

tion interact to produce an intense vortex can be understood.
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APPENDIX I
DATA RELIABILITY AND ACCURACY

Severe Storm Reports. There are many inherent problems in studying

severe storm/tornado proximity soundings. A general summary and dis-
cussion of these problems is made here.

The SELS Log, while it is certainly the most comprehensive and ac-
curate listing of severe storm occurrences, undoubtably comtains dis-
crepancies and inaccuracies. This is immediately obvious if one compares
storm reports in the SELS Log and in Storm Data. Unfortunately, many
of the discrepancies could be resolved only by detailed post-storm dam-

age and radar analysis; this is done only after very significant severe

storm/tornado outbreaks. Although the SELS Log was accepted as the
definitive listing of severe storm/tornado occurrences it must be re-
membered that:

1. Many severe storms and tornadoes which occur in remote
areas are never reported.

2. A long-track tornado may be reported as several different
tornadoes, or several tornadoes occurring in rapid se-
quence may be assumed to be one single tornado.

3. Some damaging windstorms may be reported and recorded
as tornadoes, or vice versa.

These inaccuracies have been partially resolved by the cross-check

process of determining proximity soundings described in sectiomn I, Part I.

Data Positioning. Once a sample of proximity soundings has been
gathered the problem of positioning the tornado-storm relative to the
data must be solved. Facts which must be considered in positioning the

data are:
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1. The tornado-storm is generally moving rapidly from west
to east.

2. Discrepancies of 5 to 15 minutes in the reported time
of tornado occurrence are probably common, especially
for rural storms.

3. Radiosonde release may not occur at precisely 1715 CST.

4. Once the radiosonde is released the data sampled varies
in both time and space.

It is realized that severe thunderstorms rarely travel in perfectly
straight 1ines; The path followed is often similar to a backward, flat-
tened S, i.e. — . The storm moves with the mean flow, veers to the
right during its mést severe périod, and then again follows the mean
flow. The reader should refer to Marwitz (1972), Fankhauser (1971),
and Haglund (1967) for examples of severe storm deviate motion. A fur-
ther complication is that the storm's speed is likely varying during
its lifetime. These problems were partially resolved by assuming a
probable mean storm motion for each individual proximity sounding.

Problem number 2 above can be avoided by using only proximity
soundings near large, very well documented and time positioned torna-
does. However, this would reduce the data sample to only a few sound-
ings. In this study the time of occurrence has been accepted as listed
in the SELS Log, even though it is realized that there are errors in-
volved.

Problems 3 and 4 can be solved by precise positioning of the sound-

ing instrument in time and space, as is done at the National Severe

Storms Laboratory, see Barmes, et al. (1971). During a typical tornado
proximity sounding the instrument is likely to be displaced 30 to 40

n.mi. from the release site by the time that 200 mb is reached. For an
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example of balloon positions relative to the release site see Henderson
(1972). Hoﬁever, since the storm and the balloon are both moving, in
the mean, at roughly similar velocities, the errors introduced by not
considering balloon movement are relatively small.
Figure 49 is an example of the complexities of placing data rela-
tive to the storm. A set of upper air data from Barnes, et al. (1971)
has been used to dépict an actual_x,y balloon trajectory. The trajec-
tory is shown from release, assumed to be 1715 CST, to 1742 CST (300
mb). If it is postulated that a tornado occurs at 1815 CST 30 km west
of the release point it is possible to estimate the errors involved in:
1. Positioning the data 30 km east of the 1830 CST tornado-
storm (the method of previous proximity studies).
2. Positioning the data at 068/100 km from the tornado-storm
(this position is determined by taking the mean wind of
the actual sounding and assuming an average tornado-storm
motion of 30° to the right at 75% of the mean wind and
also by assuming that the tornado storm existed at 1715
CST).
If the balloon is precisely located relative to the tornado-storm it is
found that at 1715 CST the storm is 248/100 km from the data point and
that at 1742 CST (300 mb) the storm is located at 246/98 km, a horizon-
tal discrepancy of only 4 km. A 15 minute error in either release time
or time of tornado occurrence amounts to a horizontal discrepancy of 18
km in the estimated tornado storms position (this possible error is
depicted by an 18 km circle around the assumed 1815 CST storm position).
The error introduced by not keeping precise track of the balloon (data
point) position is insignificant when compared to the unresolvable

errors of not knowing the exact time of tornado occurrence or balloon

release. The combined uncertainties of not knowing the precise balloon
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Figure 49

Data Positioning Relative to Tornado Storm.

location and the exact storm path may introduce a positioning error on
the order of 10 km. The timing inaccuracies could easily cause a po-
sitioning error of 50 km.

It is interesting to note that the method of placing the data rel-
ative to the reported tornado, rather than relative to a moving storm,
results in a positioning difference of 72 km in this example. Both
methods are subject to the same timing uncertainties. It seems reason-
able to assume that the data positioning methods of this study, even
though still subject to considerable error, give an improved location

of data relative to the tornado—storm.
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Most significant is the fact that past studies may have been well
over 100 km off in data positioning, and that this study may be as much
as 50 km in error. The size scale of the phenomena being studied, the
tornado thunderstorm, is only 5 to 40 km, while that of the actual tor-
nado circulation is less than 5 km. The scale of the phenomena is less
than the resolution of data pésitioning. Any study attempting to use
proximity soundings to define tornado-storm scale features or storm/
environment interactions must consider only precisely documented torna-
do-storms. A study of a large number of proximity soundings can examine
the sub-synoptic scale environment associated with tornadoes but only
implications can be drawn concerning the actual tornado-storm scale

environment.



APPENDIX II
PHOTOGRAPHS OF TORNADO GENESIS

Figure 50 is a series of photographs taken by Alc Cecil W. Nichols,
3 April 1964, at Sheppard AFB, Texas. The series runs from upper left
to right and from lower left to right. In the first photograph the low-
er based collar cloud is apparent in the center. To the left (moving
with the storm) of the collar cloud is a heavy shower. A line of
flanking clouds trails off to the right of the collat cloud. The
smooth-based, very dark cloud across all of the upper right portion of
the photograph indicates the presence of an updraft in this region (see
Marwitz, et al. 1972). At this stage an intensifying vortex probably
exists from cloud base to the surface beneath the collar cloud. In
photograph two the vortex is becoming intense and the downward bulging
cloud base indicates lowering pressures. Condensate, or dust, is
appearing in the lower portion of the circulation. By photograph three
the heavy shower has moved out of view to the right. An intense sub-
cloud circulation is present and the condensation funnel extends half
way to the ground. By the last photograph an intense tornado hés de-
veloped. The sky is lighter to the west of the flanking line. The
tornado developed at the right rear of a strong updraft associated with
the heavy shower which moved across the right edge of the photographs.
The total time period covered in the photographs is approximately ten

minutes.
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Figure 50

Photograph Series Showing the Development of the Witchita Falls, Texas, Tornado of 3 April, 1964. (USAF
Photographs Taken by Alc Cecil W. Nichols and Used With Permission of Air Weather Service.)
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