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ABSTRACT

A remarkable case of severe weather occurred near Springfield, Illinois on 6 August 1977. Aerial and
ground surveys revealed that 17 cyclonic vortices, an anticyclonic vortex, 10 downbursts and 19 microbursts
occurred in a limited (20 km X 40 km) area, associated with a bow-shaped radar echo. About half of the
vortices appeared to have occurred along a gust front. Some of the others appear to have occurred within
the circulation of a mesocyclone accompanying the bow echo, but these vortices seem to have developed
specifically in response to localized boundary-layer vorticity generation associated with horizontal and vertical
wind shears on the periphery of microbursts. Some of these vortices, and other destructive vortices in the
literature, do not qualify as tornadoes as defined in the Glossary of Meteorology. A more pragmatic definition

of a tornado is suggested.

1. Introduction

A significant research effort in recent years has in-
volved the development of Doppler radar techniques
to identify thunderstorms which produce tornadoes.
The efforts have been rather successful, identifying
the mesocyclone and tornado vortex signatures as
indicators of storms which produce major tornadoes
(Lemon et al., 1977; Burgess and Devore, 1979).
Lemon and Doswell (1979) have described the de-
velopment of these tornadoes.

Not every tornado which develops is associated
with a thunderstorm possessing a mesocyclone sig-
nature, however. Burgess and Donaldson (1979)
found that several weak and short-lived tornadoes
occurred in developing echoes without detectable
mesocyclone circulations or supercell characteristics.
Later in their lifetimes these echoes developed me-
socyclones and strong tornadoes. Weak tornadoes
also can form outside of the mesocyclone circulation
along the gust front and flanking line of a supercell
thunderstorm (Burgess ¢t al., 1977; Brandes, 1978,
1981) and along gust fronts and downbursts from
non-supercell thunderstorms (Burgess and Donald-
son, 1979; Fujita, 1979; Wilson et al., 1980; Testud
et al., 1980). Additionally, weak tornadoes can form
under a flanking cloud line behind or to the right of
the main cumulonimbus, where radar echoes are
weak or absent (Bates, 1968; Barnum et al., 1970;
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Burgess and Davies-Jones, 1979; Burgess and Don-
aldson, 1979; Lemon et al., 1980). In this paper we
present additional evidence of tornadoes associated
with a gust front and with downbursts. We also pre-
sent evidence which suggests that some tornadoes
may be associated with microbursts.

Fujita (1976b) originated the term “downburst” to
describe the intense downdraft involved in an air-
plane crash. In association with damage near the
ground, Fujita (1978) defined the downburst as a
“*strong downdraft inducing an outward burst of dam-
aging winds on or near the ground.” Microbursts are
small downbursts with horizontal dimensions less
than 4 km (Fujita, 1981).

The damage paths of 8 of the 10 downbursts, 18
of the 19 microbursts, and 18 tornadoes which oc-
curred on 6 August 1977 are shown in Fig. 1. The
remaining downbursts and microbursts occurred be-
yond the east and west edges of the figure. The paths
were located using techniques described in Section
2. Description of the damage is presented in Sections
3-5. A complete report on this case study (including
40 damage photographs) is given by Forbes and Wak-
imoto (1978).

The presence or absence of damaging winds was
determined essentially unambiguously over the entire
region shown in Fig. 1, as the area was extensively
covered by 2 m high corn (readily susceptible to dam-
age). The paths of the 18 tornadoes were unmistak-
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ably clear. Thus, it is noteworthy that 18 tornadoes
occurred within a 20 km X 40 km area. This tornado
density 1s roughly a factor of 10 greater than that of
the 3 April 1974 “super outbreak” (Fujita, 1975). The
average spacing between tornadoes 1, 4, 6 and 8 of
Fig. 1, occurring essentially simultaneously, was
about 4 km, whereas the lateral separation between
simultaneously-occurring tornadoes on 3 April 1974
was about 45 km. Clearly, the tornadoes of 6 August
1977 were not part of a typical outbreak of family
tornadoes, such as those presented by Fujita e al.
(1970), Fujita (1974) and Galway (1981). In fact, the
density of vortex occurrences on 6 August 1977 raises
some questions about the criteria for tornado clas-
sification. These criteria are discussed in Section 6.

2. Techniques for classifying damage from tornadoes,
downbursts and microbursts

Damaging wind speeds on 6 August 1977 were
estimated using the Fujita (1973) scale, referred to as
F-scale. Fujita (1981) presents details of the estima-
tion of F-scale on the basis of damage to trees, vehicles
and structures. For example, FO (18-32 m s™!) winds
produce some damage to chimneys, antennas, bill-
boards and tree branches. A few shallow-rooted trees
may be uprooted. F1 (33-49 m s™') winds normally
damage roofs, overturn mobile homes and uproot
trees. Some trees may be snapped. Once winds reach
F3 category (70-92 ms™'), roofs are removed and
some walls are torn off well-constructed frame homes,
and most trees are uprooted or snapped.

Tornado path lengths and path widths were based
upon the extent of the FO damage. Scales for path
length and average path width were assigned using
the Pearson scales (Fujita, 1973). All reported tor-
nadoes are now rated by the National Severe Storms
Forecast Center using these Fujita and Pearson scales,
the FPP scheme (Kelly ef al., 1978).

Wind speeds deduced on the basis of damage ap-
pearance must be considered only estimates of the
true wind speed. There are many inherent limitations
in the technique due to variables which include hous-
ing construction practices, building orientation, du-
ration of wind required to damage various structures,
and, in the case of trees and other vegetation-species,
upwind fetch, and soil moisture and type. Neverthe-
less, engineering-oriented examinations of tornado
damage by Minor ef al. (1977) indicate that F-scale
estimates of wind speed based upon damage appear-
ance are accurate at winds below about 55 m s™', but
are less reliable at wind speeds which produce more
extensive damage (appearing to be F4 of F5). Fujita
and Wakimoto (1981) discuss wind speed estimation
techniques in additional detail.

When damaging winds occur away from trees and
structures, other techniques must be used. Some of
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these are based upon experience gained during past
damage surveys performed by the authors, studies by
Fujita (1978), and discussions with farmers and agri-
culture experts. A rule of thumb invoked during the
6 August 1977 surveys was that some corn is damaged
by winds at the low end of the FO category (~20 m
s7!), and damage becomes extensive as the winds ap-
proach F1.

If the tornado path contains suction vortex swaths,
then the speed of revolution of suction vortices about
the tornado axis can be estimated from the swath
shape, if the speed of tornado translation U can be
estimated. Using the technique presented by Fujita
et al. (1970), the shape of the swath (cycloid) deter-
mines the ratio of revolution and translation veloci-
ties, VU™!. The maximum wind speed occurs on the
right side of the tornado (facing in the direction to-
ward which the tornado is translating) and is ap-
proximately ¥+ U, neglecting radial velocity and
neglecting the speed of winds rotating about the axis
of the suction vortex. Forbes (1978) calculated speeds
of rotation averaging 39 m s~ in well-developed suc-
tion vortices, however. Thus, total wind speed may
exceed ¥ + U by more than 39 m s™'.

Tornado 9 was classified as FF3, on the basis of both
damage to structures and the shape of looping marks
in the suction swath patterns. These loops were more
broad and more pronounced than in any of the other
tornadoes, and suggested that VU™' =~ 3. With a
translation speed of about 15 m s™! and the rotation
about the suction vortex axis estimated at 20 m s™/,
the maximum wind speed in tornado 9 was estimated
as 80 m s™! (sum of translation, revolution and suc-
tion vortex rotation). Looping marks in suction
swaths observed by the authors on other occasions
suggest that ¥U~' can be as large as 3 or 4 in tor-
nadoes translating 20 m s™! or slightly faster. Thus,
extreme structural damage is not necessary for cate-
gorizing a tornado as F4 or even F35, though present
tornado statistics certainly contain that classification
bias.

In the absence of suction vortex swaths, easterly
components of damaging winds signify strong tan-
gential velocities in a tornado moving eastward. On
the left (north) side of the tornado path the total wind
speed is J — U because the translational and tangen-
tial velocities are in opposite directions. To produce
crop damage the winds here must be ~20 m s~ or
stronger (using the rule of thumb mentioned above).
Hence. if U = 15 m s™', /" must be at least 35 m s
For an axisymmetric tornado with these velocities the
total wind speed on the right (south) side of this tor-
nado, V' + U, must be at least 50 m s~' (F2).

Tornado damage can be distinguished from down-
burst and microburst damage because tornadoes are
characterized by convergence and large vorticity
whereas downbursts are characterized by divergence
and typically weak vorticity. Thus, a tornado damage
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pattern exhibits confluence and some sense of rota-
tion, while downburst damage exhibits a diffluent
pattern. When the tornado is weak and translating
rapidly, the distinction is more difficult. Fujita (1978,
1981) and Fujita and Wakimoto (1981) give numer-
ous examples of the damage produced by these phe-
nomena.

In the absence of real-time measurements or mo-
tion pictures of a damaging wind storm, inferences
about values of wind velocities, vorticity and diver-
gence can sometimes be made from the damage pat-
tern. For example, if there is a spatial pattern in the
damage that suggests that in a limited area the dam-
age was produced essentially simultaneously by nearly
straight winds, then a gradient of the damage intensity
(F-scales) normal to the wind direction implies shear
vorticity.

Cyclonic shear vorticity was inferred along the
northern edges of most of the microburst swaths on
6 August 1977. For example, the cyclonic shear was
very large along the north side of downburst 9 of Fig.
1. Using the spacing between the FO and F1 contours
on the original detailed survey maps, the horizontal
shear was estimated as 15 ms™' over a distance of
250 m. This gives a rough estimate of the downburst-
related horizontal shear vorticity, { ~ 6 X 1072 57"

Diffluence in the damage pattern normally implies
divergence. Diffluence from a point (e.g., in micro-
burst 11 of Fig. 1) indicates a short-lived outflow. If
the downburst accompanying the outflow is translat-
ing, then the outflow damage pattern is fan-shaped
rather than circular (Fig. 2). An elongated swath of
downburst damage, such as downburst 9 of Fig. 1,
indicates a sustained translating downburst. An es-
timate of the horizontal divergence associated with
downburst 9 of Fig. 1, based upon rate of expansion
of the FO damage, is 1.5 X 1072 57",

A sufficient condition for confluence in the damage
pattern to indicate convergence is for the pattern to
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FIG. 3. Photograph of a spin-up mark associated with one of the
multiple stray suction vortices in tornado 7, looking WSW. Di-
ameter of the tornado’s path of solid destruction is about 10 m and
left-right width of the figure is about 550 m.

culminate in a vortex, such as shown in Fig. 3. Based
on the rapid confluence of streaklines of damage at
this location, horizontal divergence is estimated as
—1.6 X 107" 571, Caution must be exercised regarding -
other confluent patterns. They sometimes represent
sequential strong winds of differing directions, ini-
tially from the west-southwest and subsequently from
the west-northwest. An example of this occurred near
the “confluence” of microburst 7 and downburst 7
of Fig. 1, shown in Fig. 4.

Even without substantial evidence of vorticity and
confluence patterns in the damage (i.e., when VU™
is small), paths of vortices are generally unmistakably
clear in corn fields and wheat fields. Their damage
paths are distinguished from microbursts and down-

FIG. 2. Photograph of damage from microburst I 1, looking west.
Streamlines represent direction of corn fall. Left-right width of the
photo represents about 400 m.

FIG. 4. Photograph of damage to corn near the junction of down-
burst 7 and microburst 7, looking west. Left-right width of the
photo represents about 3.2 km.
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bursts in several ways. The vortex path is usually
sharply defined by a “line” of intense crop damage,
and a sharp transition to much lesser damage on the
periphery (Figs. 3 and 5). When viewed from the
proper perspective at low sun angles, confluent or
“herringbone-patterned™ cropfall is easily detected,
marking the vortex path (Fig. 5). Some tornadoes are
also characterized by multiple swath marks (Fig. 6)
and poorly defined looping marks.

Fig. 7 shows the path of the anticyclonic tornado
(number 11 of Fig. 1) on 6 August 1977. The tornado
was moving from south to north (bottom to top in
Fig. 7) with looping marks on its right side, opposite
those of a cyclonic tornado. The marks begin on the
“weak-wind” side of the tornado path and are not
fully closed loops, suggesting that the suction vortices
did not make complete revolutions about the tor-
nado, consistent with observations of a cyclonic tor-
nado by Agee et al. (1975) and Forbes (1978).
Ground-based proof of the anticyclonic rotationis
shown in Fig. 8. Looking northward (top of photo)
from a spot just west of the tornado center line, corn
initially fell from the southwest and subsequently
from the southeast as the tornado proceeded north-
ward.

Though these techniques for classifying damage
patterns are general guidelines, experience is invalu-
able for accurate and efficient assessment of the dam-
age pattern. Also, it is very desirable to perform aerial
surveys, ground surveys and resident interviews in
regions of complicated damage, in order to obtain the
best possible interpretation of the damage pattern.
During the interviews, it is worthwhile to ascertain
whether or not significant hail occurred with the
strong winds. Towery ef al. (1976) note that winds
greatly increase the damage caused by hail. Similarly,
the presence of large hail driven by winds of slightly
less than damaging speed may nevertheless result in-
what appears to be wind damage. With'this in mind,
the authors asked residents whether hail occurred,
and checked corn for bruising and shredding. It was
concluded that hail was either non-existent or quite
insignificant on 6 August 1977. Accordingly, streaks

FIG. 5. Photograph of the path of tornado .17 through a corn
field, looking SE. Left-right width of the photo represents about
200 m.
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FIG. 6. Photograph of suction swaths in tornado 10, looking
north. The path of the anticyclonic tornado can be seen at lower
right. Left-right width of the photo represents about 600 m.

in the corn damage patterns shown in Fig. 4, very
similar to that Towery and Morgan (1977) referred
to as “hailstripes,” can be caused by wind without
hail being present (e.g., Figs. 2, 4).

FiG. 7. Photograph of the path of the anticyclonic tornado 11,
looking north. Arrows point to well-defined suction swath loop
marks. Left-right width of the photo represents about 250 m.



FIG. 8. Pattern of corn fall in the anticyclonic tornado,
looking north from a point just west of tornado center.

3. Downbursts, microbursts and tornadoes on 6 Au-
gust 1977 near Springfield, IL

Tornado paths and swaths of downburst and mi-
croburst wind damage were located during four days
of aerial surveys, and documented by detailed map-
ping on topographic maps (scale 1:24 000) and by
roughly 1600 color photographs. The authors sub-
sequently interviewed residents on three days, ob-
taining information about the sequence of weather
events during the storm. Downbursts 1 and 2 oc-
curred beyond the west edge of the region shown in
Fig. 1, and microburst 18 occurred beyond the east
edge, as damage extended 14 km west and 29 km east
of the region shown in Fig. 1. Overall, the swath of
wind damage was over 106 km long and averaged 8-
10 km in width, affecting portions of at least five
counties. In some regions the swath was 13 km wide.
With this windstorm, which occurred between 2100
and 2230 GMT. also came torrential rains which
caused flash flooding.

Damage from the downbursts, microbursts and
tornadoes was primarily to crops and trees. Down-
burst 9 caused minor damage to at least 10 struc-
tures, the worst of which are indicated by damage
streaks in Fig. 1. Winds were so strong in this area
that residents were sure they had been hit by a tor-
nado. A Cessna 140 aircraft crashed in this downburst
east of I-55. as noted on Fig. 1 [see Forbes and Wak-
imoto (1978) for additional details]. Only eight of the
tornadoes (4, 6, 9, 10, 14, 15, 17, 18) caused damage
to structures. Of these, number 9 was the most de-
structive. Most of the tornadoes were weak and short-
lived. FPP classifications of the tornadoes are listed
in Table 1.

Tornado 9 struck the Glenwood Park housing de-
velopment east of Springfield, heavily damaging or
demolishing 20 homes and causing lesser damages to
at least 20 others. This tornado was classified as F3.
Fig. 9 is a detailed mapping of the latter half of the
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TABLE 1. FPP classifications* of the 18 Springfield-area
tornadoes of 6 August 1977.

m
o
~
s
<]

- Name

. Auburn

. Waverly
Maxwell

Thayer

Loami Township
Divernon

. South Fork
Twin

. Glenwood Park
10. Brush Creek

11. Brush Creek anticyclonic
12. Ball School

13. Beamington

14. Pawnee

15. New City

16. Lake Kincaid
17. Breckenridge

18. Buckhart

* F-scale classification of tornado intensity and Pearson scales
of path length (P.) and path width (Py) are defined by Fujita
(1973).

S
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path of this tornado, which displayed suction vortex
swaths, loops in the debris patterns, and an abrupt
left turn. ;

~ A phenomenon became apparent in association
with this outbreak that had not been evident in the
authors’ prior surveys. Small pockets (with diameter
of about 5-10 m) of isolated damage, much smaller
than those of typical microbursts, were observed to
the right (southeast) of the path of the tornado, at
locations A and B of Fig. 9, where houses were dam-
aged. The damage pattern at A resembled that of a
tiny microburst with diameter of about 10 m, and
has been termed a “blow-down spot.” The divergent
damage pattern at MB may have been this type of
phenomenon. Blow-down spots were also observed
to the right of tornadoes 1 and 8, with an example
shown in Fig. 10. The cause of these blow-down spots
i1s not known. However, it is nct uncommon to ob-
serve downward motion in the outer portions of a
tornado debris ¢loud. Golden and Purcell (1978) re-
ported low-level downward motion on the right pe-
riphery of the Union City tornado. One of us (Forbes)
has witnessed a blow-down spot-like phenomenon on
the periphery of weak vortices in the University of
Chicago laboratory model (see Fujita, 1977). These
observations prompt the speculation that blow-down
spots are the manifestation of a tornado-induced pe-
ripheral circulation.

Tornadoes 2, 7 and 8 appeared to contain a dif-
ferent type of suction vortex, defined as a “stray vor-
tex” by Fujita (1976a). These vortices occur in very
close proximity to one another but show little ten-
dency to revolve about each other, as if the parent
tornado circulation is very weak and the stray vortex
circulation is extremely limited in radial extent. The
path of one of the stray vortices of tornado 7 is shown
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FI1G. 9. Path of the latter half of tornado 9, as it passed through
Gienwood Park. Heavy lines represent roads and thin lines rep-
resent edges of fields. Dots and dotted lines denote debris and debris
swaths.

in Fig. 3. Davies-Jones et al. (1978) report haphaz-
ardly-distributed swirls that may have had a similar
origin within the damage pattern of the Union City,
Oklahoma tornado.

4. Synoptic and mesoscale aspects of the 6 August
1977 storm

The Springfield-area storm was not associated with

an extensive, rapidly-moving squall line. Instead, the

windstorm was associated with a mesoscale echo con-
figuration referred to as a bow echo (Fujita, 1978,
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F1G. 10. Photograph of blow-down spots on the southeast side
of tornado 1. Diameter of spots is 5-10 m.

1981). The bow echo occurred just south of a slow-
moving (almost stationary) cold front. The storm
developed in the vicinity of the intersection of a mois-
ture front and thermal boundary [of the type de-
scribed by Maddox et al. (1980)], which resulted from
thunderstorms during the previous night. Tempera-
tures and dewpoints in the warm sector were about
32 and 22°C, respectively. The downburst thunder-
storms were triggered by the approach of a weak 500
mb trough. Additional details of the synoptic situa-
tion are given by Forbes and Wakimoto (1978), and
general synoptic-scale conditions favorable for down-
burst thunderstorms are discussed by Forbes et al.
(1980). -

Fujita (1978) observed that the potential down-
burst region can be identified in radar and satellite
imagery: at the leading edge of a bow echo on radar,
and just ahead of a warm spot in a large anvil area
in satellite imagery. Downburst-producing thunder-
storms are sometimes embedded in convective sys-
tems which resemble mesoscale convective com-
plexes (Maddox, 1980). Fig. 11 shows infrared im-
agery of this type associated with the downburst

- thunderstorms at 2100 and 2200 GMT (1500 and

1600 CST) on 6 August 1977, with radar echoes su-
perimposed.

Fig. 12 shows the evolution of the radar echo pat-
tern between 2127 and 2222 GMT. Most of the
downbursts and tornadoes occurred during this time
period, while the echo shape evolved from an arc or
bow into a comma. The comma stage generally sig-
nals the imminent cessation of downburst activity.
Dots on the figure indicate the best estimates of the
locations of the downbursts and tornadoes relative to
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Fi;. 1. Infrared satellite imagery (NESS enhancement curve MBj associated with the siornt of 6 Auvgust 1977, at 2106 and 2200
GMT (1500 and 1600 CST) with radar imagery superimposed. Warm spois appear as grav areas surrounded by white, D denotes the
axis of the downburst activity.

the echoes. It was not possible to pinpoint definitely
the time of occurrence of each of the downbursts and
tornadoes using standard survey techniques, such as
clock stoppage, since only a few of the tornadoes were
witnessed and the downbursts and tornadoes all oc-
curred in close proximity. However, a few residents
were able to pinpoint times of downburst and tornado
occurrence, and each of the witnessed tornadoes oc-
curred just prior to the onset of heavy rain and wind.
Sometimes it was raining lightly as the tornado
passed.

At least nine of the tornadoes (1, 4, 6, 8, 10, 11,
14, 15, 16) appeared to occur along the tail of the

bow echo (just south of the surge region), near the
southern dots of Fig. 12. An eyewitness to tornadc
4 noted at the time of the tornado there was a rain
shaft to the west and that it became windy after the
tornado passed. Other residents in the vicinity of these
tornadoes did not witness the vortices, but indicated
that the winds were strong and gusty, though not
strong enough to cause substantial damage. On the
basis of the damage survey and eyewitness observa-
tions, it seems likely that these tornadoes occurred
along a gust front associated with the tail of the bow
echo.

Many of the other tornadoes appeared to occur
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FIG. 12. PPI radar displays from the St. Louis radar at 2127, 2148 and 2222 GMT. Range marks are at 25 n mi (46 km)

I
|
i

intervals. Innermost light shading is very strong echo, video integrator processor (VIP) level 4; surrounded by black, strong
echo, VIP 3; and outer light, moderate echo, VIP 2. Dots indicate locations of downbursts and tornadoes. Elevation angle

is near zero.

along the south side of the head (north portion) of
the bow or comma echo configuration. Because the
echo pattern was rotating slowly about an axis in the
vicinity of the comma head, there may have been a
mesocyclone present there. Hence, some of the down-
bursts, microbursts and tornadoes may have been
associated with a mesocyclone.

5. Generation of tornadoes and other eddies

Vorticity can be generated through a number of
processes. The change of magnitude of the vertical
component of vorticity { of an element of fluid is

it + ) (au au) da dp  da dp
e e B g —_—— — 4 — = ==
dt €+h ax ay dy dx dx dy
A B
dw du owdv aF, or;
—————— =) B
dy 9z Ox dz ax  ay
C D

where f is the Coriolis parameter; u, v and w are the
components of velocity in the x, y and z directions,
respectively; a is the specific volume; p is the pressure;
and F, and F, are the components of the frictional
force in the x and y directions. Term A is commonly
referred to as the stretching term, term B as the baro-
clinic (solenoid) term, and term C as the tilting term.
Term D represents viscous effects, and for a fluid with
constant kinematic viscosity (v), can be written vV2{.
Thus, under conditions of uniform viscosity, term D
represents diffusion of vorticity.

Tornadogenesis is generally explained through
terms A and B, representing stretching and tilting

processes. Quantitative studies by Lemon and Dos-
well (1979) using Doppler radar data' indicate that
large mesocyclone-related tornadoes occur ot the
downdraft-updraft interface where the tilting term is
most significant in mid-troposphere. Stretching is a
close rival, especially at low levels. Brandes (1981)
indicates that at low levels the stretching term is most
significant. Lemon and Doswell also indicated that
the solenoid term (C) may contribute to tornado-
genesis. Maxworthy (1973) proposed that tilting of
vortex tubes associated with boundary layer vertical
wind shear is the mechanism for tornadogenesis.

From only damage pattern information, it is not
possible to state definitely which of the vorticity gen-
erating mechanisms was most significant for torna-
dogenesis on 6 August 1977. Some order of magni-
tude estimates of the values of some of the terms in
(1) can be obtained, however. A representative value
of downburst-related vorticity, 6 X 10725, and mean
horizontal divergence associated with genesis of a
stray suction vortex within tornado 7, —1.6
X 107" s7!, were calculated in Section 2. Insertion of
these values into (1) yields a vorticity generation rate
of about 1072 s72 due to stretching.

Integrating the stretching term of (1) with respect
to time yields the spin-up time At of a vortex (ignoring
the Coriolis parameter, which is negligibly small on

this scale:
g _; id (fvonex) ’
DIV c

(2)

! A number of researchers have used Doppler radar data to eval-
uate the contributions of the terms of (1) to mesocyclogenesis. Only
tornadogenesis studies have been cited here.
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where DIV is the mean horizontal divergence during
the period At, { is the initial vorticity, and {,onex 1S
the vorticity of the mature vortex. Based upon an
estimate of the damaging wind speeds in Fig. 3 of
40 m s7', and a translation of 20 m s™', the tangential
velocity of the suction vortex was ~20 m s™'. (Here
the speed of revolution of this stray suction vortex
about the tornado was negligible, as discussed in Sec-
tion 3.) Assuming solid rotation about the vortex of
radius ~ 5 m, the vortex had vorticity {yomex =~ 8 57
Using this with the above values of initial shear vor-
ticity and mean divergence yields a spin-up time of
the vortex from (2) of about 30 s, which is consistent
with a subjective estimate of between 8 and 50 s,
based upon inspection of Fig. 3. Hence, stretching of
downburst- or microburst-related vorticity appears to
be a possible mechanism for generation of vortices
and tornadoes.

Values of the components of the tilting term (C)
of (1) are most difficult to estimate. Damaging (20
m s~') winds at height of 2 m suggest extreme bound-
ary layer vertical wind shear (du/dz ~ 10 s™'). Fujita
(1980) has indicated that downward vertical velocities
exceed 5ms™' in microbursts. Horizontal shears of
vertical velocity along the edge of the downburst or
microburst may be ~5 X 107> s™! [based upon Figs.
9 and 10 of Fujita and Caracena (1977) and Fig. 29
of Fujita (1981)] to ~2 X 1072 s™! [based upon Fig.

8 in Fujita (1980)]. Hence, the magnitude of the tilt-

ing term in (1) is estimated as ~5 X 1072 to 2
X 107" 572, If the magnitude of the tilting term is as-
sumed constant with time, integration of (1) yields
a spin-up time for the vortex in Fig. 3 of ~40-160
s, which also seems reasonable. Thus, both stretching
and tilting of boundary-layer vorticity appear to be
possible mechanisms of downburst- and microburst-
related vortex formation.
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In the general formulation in (1) the viscosity may
be assumed variable, and term D can explain the
generation of vertical components of vorticity in the
vicinity of topographic or artificial obstacles in the
flow. The vortex sheet generated in this manner can
become unstable and roll up into eddies in the wake
of the obstacle. Examples of this phenomenon on the
mesoscale include von Kdrmdn vortex patterns in the
field of stratocumuli in the wake of islands (Hubert
and Krueger, 1962). Lemon (1976) has proposed that
mesoscale vortices in the wake of a thunderstorm are
generated in a similar manner.

Mechanical eddies produced by interaction of the
flow with obstacles also occur on the microscale. Bar-
cilon and Drazin (1972) report that dust devils can
form through stretching of vertical vortex tubes which
arise owing to Kelvin-Helmholtz instability within a
vertical sheet of horizontal shear vorticity. The hor-
izontal shear vorticity for the dust devil often arises
owing to obstacles in the flow (Williams, 1948) or
small-scale terrain features (Sinclair, 1969; Ingram,
1973; Idso, 1974). )

Shear-induced swirls of diameter 5-10 m were ob-
served in the damage patterns of 6 August 1977 in
the wake of rows of trees, in von Kdrman-like pat-
terns. These swirls were located in the zone of hori-
zontal wind shear downstream of the edge of the row
of trees, as in Fig. 13.

Fig. 14 provides an overview of the same region,
just east of Interstate 55 (see Fig. 1). Winds from
microburst 18 interacted with the north end of the
row of trees near A, producing the von Kdrman-like
pattern of Fig. 13. Winds from microburst 10 downed
corn on the south (left) portion of the photograph.
These winds interacted with the south edge of the row
of trees near C. Some spotty damage east of D in-
dicates that some wind penetrated through an open-

FIG. 13. Photograph of von Karmén-like patterns in corn damage associated with microburst 18, downstream
of the edge of a row of trees, looking NNE. Corn damage from west-northwest winds is extensive at the top of the
photo and negligible downwind of the trees near the bottom of the photo. Left-right width of the photo represents
about 150 m. Edge of tree row is at A of Fig. 14.
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FiG. 14. Photograph of the junction of microbursts i0 and 18,
looking west. A swirl formed at B along the left edge of microburst
18, whese shear may have been increased due to interaction with
the row of trees at C. Lefi-right width of the row of trees (A-C)
represents about 330 m.

ing in the row of trees at that location. A marked
swirl occurred at B, shown in close-up in Fig. 15 Figs.
14 and 15 suggest that the swirl at B was due to a
short-lived vortex which developed in association
with 1) horizontal shear along the north side of mi-
croburst 10 and 2) enhanced horizontal shear result-
ing from interaction of the southwesterly flow with
the tree row near C. The sign of the shear vorticity
from each of these contributions is positive, and the
swirl at B appears to be cyclonic.

An inspection of Fig. 1 suggests that tornadoes may
form from the shears on the periphery of microbursts,
as suggested above, even in the absence of orographic
or other obstacles (e.g., rows of trees). Tornadoes 2,
3,5,7,9,12, 13 and 18 all formed just downstream
and on the cyclonic shear side of microbursts. The
Kelvin-Helmholtz instability discussed by Barcilon
and Drazin (1972) may be a mechanism of formation
of these tornadoes.

F1G. 15. Closeup photograph of the swirl in Fig. 14, looking west.
Swirl has diameter of ~35 m.
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These microburst-related tornadoes may also have
been in the immediate vicinity of the mesocyclone
accompanying the head portion of the comma echo
discussed in Section 4. Nevertheless, the close spatial
relationship between the microbursts and tornadoes
in Fig. 1 suggests that the vorticity source for these
tornadoes was boundary-layer horizontal or vertical
shear accompanying the microbursts. The downdrafts
of these microbursts may have been acting as agents
for the transport {(downward flux) of horizental mo-
mentum from the mesocyclone aloft into the bound-
ary layer. Because of the localized nature of the mi-
crobursts, large horizontal shears would develop on
the periphery of these zones of momentum flux, pro-
viding a source of tornadic vorticity. This downward
flux is consistent with reports by Lemon et al. {1977)
that the Doppler mesocyclone signature descends to-
ward the surface in association with tornadogenesis.

Fujita (1979) indicates that two tornadoes on 25
June 1978 formed on the leading edge of a downburst
confirmed by Doppler radar. Although the damage
suggested that there was downburst-related cyclonic
shear in the vicinity of the tornado, Doppler radar
showed the tornado directly ahead of the downburst,
rather than on its left flank. This suggests that vortex
development associated with shear instability may
also occur along the leading edge of downbursts. spin-
up is expected to be rapid owing to large values of
convergence at the downburst-environment interface.

It can be seen from Fig. 1, as discussed in Section
4, that tornadoes 1, 4, 6, 8, 10, 11, 14, 15, 16 and 17
did not have damaging microbursts near their point
of touchdown. Most of these tornadoes appeared to
form along the gust front (though origin is uncertain
for 17). Other researchers (Burgess and Donaldson,
1979; Wilson et al., 1980) have reported the devel-
opment of tornadoes along the gust front and suggest
that they develop as a result of shearing instability of
the type discussed by Barcilon and Drazin (1972).
Similar developments of tornadoes have been re-
ported from shearing instabilities associated with cold
fronts (Testud et al., 1980; Wilson et al., 1980; Car-
bone and Serafin, 1980; Carbone, 1982) and within
mesocyclones (Brandes, 1977; 1978). Golden (1974)
and Barnes (1978) indicate that waterspouts and
mesocyclones, respectively, may also develop as a
result of this type of shearing instability.

6. Classification of tornadoes

The Glossary of Meteorology (Huschke, 1959) de-
fines the tornado as “a violently rotating column of
air, pendant from a cumulonimbus cloud, and nearly
always observable as a funnel cloud or tuba.” The
general term for a smali-scale rotating column of air
is the “whirlwind,” with dust whirl, dust devil, wa-
terspout and tornado listed as specific forms. These
guidelines are rather vague, and place high priority
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on eyewitness observations of the tornado and its
parent cloud. The meteorologist surveying the dam-
age from an unwitnessed vortex or other windstorm
must make a classification decision, nevertheless. We
took the liberty of classifying all non-wake vortices
on 6 August 1977 as tornadoes because they produced
damage and because they were associated with a se-
vere thunderstorm system.

It is not uncommon for documented “tornadoes’
to appear primarily in the form of a low-level dust
and debris cloud, occasionally without any visible
condensation funnel (e.g., Golden and Purcell, 1977,
Lemon et al.,, 1980). Fig. 16 shows three vortices,
which Burgess and Donaldson (1979) referred to as
gust front tornadoes, that formed along the leading
edge of the outflow from a nearby thunderstorm.
From eyewitness observations, it seems that torna-
does 4 and 18 on 6 August 1977 resembled these gust
front tornadoes, and did not possess funnel clouds.
There is, of course, a possibility that an unnoticed
funnel did exist near cloud base. Funnel clouds were
observed with tornadoes 2, 9 and 17. The other 13
tornadoes were not observed.

It is clear, therefore, that at least two of the 6 Au-
gust 1977 “tornadoes” may not have possessed funnel
clouds. Also, it is possible that not all 18 tornadoes
were directly pendant from a cumulonimbus, and
some were not particularly violent. In many cases,
the wind speeds in the tornadoes were probably only
15-20 m s~! greater than the microburst and down-
burst winds in the vicinity.
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Some scientists (e.g., Ingram, 1973) have resisted
classifying damaging vortices as tornadoes unless all
Glossary criteria were met. Other documented “tor-
nadoes” in the literature fail to meet requirements in
the Glossary definition. Bates (1968), Barnum et al.
(1970), Moller (1978) and Burgess and Davies-Jones
(1979) cite tornadoes which developed pendant from
growing cumuli and congestus in flanking lines as-
sociated with nearby cumulonimbi. Bluestein (1980)
observed funnel clouds and eddies associated with
flanking lines and along gust fronts.

Under ideal circumstances the classification of at-
mospheric vortices is straightforward. Vortices with
wind speeds exceeding 70 m s™! or producing F3 tor-
nado damage (Fujita, 1973), connected by a funnel
cloud to a severe thunderstorm, are unquestionably
tornadoes by any definition. Vortices accompanying
cumuli off the Florida Keys are unquestionably wa-
terspouts. Vortices triggered by a moving vehicle over
a flat desert on a calm day under a cloudless sky are
unquestionably dust devils. A scan of the literature
indicates that virtually any other combination of
cloud, nearby water body, presence or absence of fun-
nel cloud, and short-lived vortex with winds near 25
m s~ results in confusion.

Table 2 lists “borderline” vortical phenomena re-
ported in the literature. The list is not intended to be
comprehensive, preferentially citing articles contain-
ing numerous cases or extensive bibliography, or
those readily available. Because the synoptic condi-
tions under which they form differ from their mid-

F1G. 16. Photograph of three vortices which formed along the leading edge of the outflow from a hearby thunderstorm
on 21 August 1979 near Pawnee, OK. Courtesy of G. Moore, D. Perry and B. F. Smull.
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TaBLE 2. Examples of atmospheric vortices which challenge
Glossary of Meteorology definitions.

Phenomena References

Tornadoes from developing
thunderstorms or flanking
cumuli*

Gust front, downburst, and
other shear zone tornadoes*

Tornadic waterspouts

Barnum et al. (1970)

Burgess and Donaldson
(1979)

Wilson er al. (1980)

Dinwiddie (1959)
Golden (1971)
Idso (1975a)
Meaden (1981)

Dust devils over water

Whirlwind at sea breeze front

Dust devils along sea breeze
front

Desert whirlwinds

Eddy tornadoes

Mountainadoes

Cold air funnels

Steam devils over lake

Fire whirlwinds

Simpson (1969)

Idso (1974, 1975b)

Ingram (1973)

Bergen (1976)

Cooley (1978)

Lyons and Pease (1972)

Graham (1955)

Church er al. (1981)

Thorarinsson and
Vonnegut (1964)

Volcano whirlwinds

* Refer to text in Sections 1, S and 6 for additional references.

western counterpart (Novlan and Gray, 1974), hur-
ricane-induced tornadoes could be added to the list.

Most of the phenomena listed in Table 2 are easily
understood from their descriptive names. Desert
whirlwinds, eddy tornadoes and mountainadoes merit
further explanation. Ingram (1973) believes that
many Arizona tornadoes are really eddies induced by
local topographic obstacles within a field of strong
straight-line winds. The source of the strong straight-
line wind is often the outflow from a nearby thun-
derstorm. Mountainadoes (Bergen, 1976) occur
during winter downslope windstorms in the lee of
topographic barriers. Idso’s (1974, 1975b) desert
whirlwinds appear to be of two types: the eddy tor-
nado type and a second type which develops along
or just ahead of the frontal boundary of the dust storm
or haboob (i.e., just ahead of, rather than within, the
strong straight-line winds). Warn (1952) describes
dust devils and gives a remarkable description of
whirlwinds along strong cold fronts, along the leading
edge of thunderstorm outflow, and in association with
thunderstorm updrafts. _

In pondering the table of “borderline” atmospheric
vortices, some basic principles ultimately assert them-
selves. (i) Tornadoes should be naturally-occurring
convective vortices rather than mechanically or ar-
tificially induced vortices and should be capable of
producing damage. (ii) Some distinction should be
maintained between tornadoes accompanying thun-
derstorms and other damaging vortices, on the basis
of both tradition and meteorological considerations.
(1i1) In keeping with the dominant phrase in Huschke’s
definition, “violently rotating column of air,” all
damaging vortices deserve tornadic rank. Accord-
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ingly, we propose the following pragmatic definitions:
A vortex is classified as a tornado 1) if it produces at
least FO damage or exhibits wind speeds capable of
producing such damage and 2) if it forms in associ-
ation with the wind field of a thunderstorm or its
accompanying mesoscale features, such as the gust
front and flanking line. Damaging vortices not as-
sociated with thunderstorms are referred to as for-
nadic vortices of a particular type, such as tornadic
waterspout. Non-damaging vortices retain their pres-
ent Glossary definitions.

Invoking these pragmatic definitions clarifies the
classification of the “borderline” vortices of Table 2.
Mechanically-induced vortices in the lee of shelter-
belts and topographic features are eliminated from
consideration as tornadoes. Thus, mountainadoes
(also eliminated because they are associated with win-
ter downslope windstorms rather than thunder-
storms) and most dust devils are eliminated. Dust
devils or eddy tornadoes associated with haboobs,
triggered by thunderstorm outflow (Idso et al., 1972),
are considered tornadoes if they produce damage.

Steam devils, fire whirlwinds and volcano whirl-
winds are tornadic vortices under normal circum-
stances, when they are not associated with thunder-
storms [although Fujita (1973) reports that fire tor-
nadoes developed from cumulonimbus clouds auring
the 1923 Tokyo fire]. Cold air funnels can be tornadic
vortices or tornadoes, as they sometimes occur in
association with thunderstorms, but are normally
non-tornadic because they do not touch ground or
produce damage.

Under normal circumstances the other vortices of
Table 2 are considered tornadoes if they produce
damage. Thus, thunderstorm-related waterspouts
moving inland, tornadoes from flanking cumuli and
along the gust front, and tornadoes associated with
downbursts and microbursts are included as torna-
does. Inclusion of these phenomena as tornadoes and
tornadic vortices in climatological data bases should
allow for an accurate assessment of the hazard due
to atmospheric vortices.

Suction vortices embedded within a damaging tor-
nado are not classified as separate tornadoes, though
it would be useful if their presence were noted in
Storm Data. Stray suction vortices, associated with
a weak tornado circulation, are somewhat problem-
atic in that the swaths may be relatively widely sep-
arated. Here the distinction between multiple suction
vortices and separate tornadoes is somewhat arbi-
trary, but stray vortices and their swaths separated by
less than | km should probably be considered mui-
tiple vortices of a weak parent tornadic circulation.

Classification of “eddy tornadoes” and downburst-
and microburst-related vortices as tornadoes may in-
crease tornado frequency statistics somewhat in re-
gions where such phenomena are not now classified
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as tornadoes. Frequency alone, however, is not a good
indicator of tornado hazard, since a fraction of all
tornadoes—the strong ones, which also are generally
long-lived—produce most of the yearly damage and
fatalities (Kelly ez al., 1978). -Additionally, some tor-
nadoes inevitably are unreported and some wind
damage is incorrectly classified as tornadic. There are
also cases in Storm Data where multiple vortices
within a tornado have been reported as several tor-
nadoes. A more realistic assessment of tornado haz-
ard includes information on area affected, and inten-
sity, in addition to frequency (Abbey and Fujita,
1975). Tornado-hazard assessments of the latter type
should not be greatly affected if a few additional dam-
age occurrences in a region are now classified as tor-
nadic.

7. Conclusions and discussion

A detailed survey of the damaging windstorm near
Springfield, Illinois on 6 August 1977 revealed the
occurrence of 10 downbursts, 19 microbursts, 17 cy-
clonic tornadoes, and one anticyclonic tornado. The
18 tornadoes occurred within a 20 km X 40 km area
in a 45 min period. The tornadoes were associated
with a bow echo configuration on radar; no hook
echoes were observed. Many of the tornadoes ap-
peared to develop in conjunction with wind shears
associated with the gust front and with microbursts.

Many of the tornadoes did not conform to the def-
inition listed in the Glossary of Meteorology, as many
of the tornadoes were 1) weak and short-lived, 2)
without funnel cloud, and 3) not necessarily pendant
from a cumulonimbus. More pragmatic definitions
are suggested in Section 6, and adopted in this case
study. A vortex is classified as a tornado (i) if it pro-
duces at least FO damage or exhibits wind speeds ca-
pable of producing such damage and (ii) if it forms
in association with the wind field of a thunderstorm
or its accompanying mesoscale features, such as the
gust front and flanking line. Damaging vortices not
associated with thunderstorms are considered for-
nadic vortices of a particular type.

The case study presented in this paper is significant
in that it calls attention to a severe weather event that
was rather different from most others cited in the
literature. Whereas supercell thunderstorms produc-
ing families of major tornadoes have been the subject
of concentrated research, less research has been done
on the origin of weak tornadoes. Nevertheless, a num-
ber of such studies have been cited, and this partial
survey reveals that the origins are varied.

As future meteorological service programs such as
NEXRAD and PROFS evolve from the planning to
operational stages, it would be useful if some feedback
could be obtained from a national severe weather
reporting system. Whereas research has provided a
basis for a successful program of detection of meso-
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cyclones and major tornadoes, on a national basis
relatively little is known regarding even the frequency
of occurrence of various other severe weather sub-
types. It would be useful if comments could be in-
serted in Storm Data, for example, that would indi-
cate the occurrence of severe weather in these atypical
contexts. For example, it would be useful to know
whether or not a hook echo or bow echo was observed
and whether the tornado or tornadic vortex could be
sub-classified as one of the types in Table 2. Such
information would provide valuable feedback to the
research community, indicating situations urgently
in need of study. Efforts should continue which are
devoted to broadening the research base regarding
various severe weather situations.
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