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ABSTRACT
Experimental results are shown which indicate that one of the factors which differentiates
between ordinary thunderstorm convectivity and tornado activity may be the formation o r intensification of a restricting layer such as a temperature inversion. Evidence is presented to
show that such a layer, penetrated by a convective column, can bring about horizontal convergence beneath the layer into an area sufficiently small that, if some rotary motion is present,
a funnel is produced. Indications are that the diameter of the opening through which the c o n verging air exhausts has an important effect on the formation, type and intensity of the funnel.
Further, it is shown that the formation or intensification of a temperature inversion may restrict the diameter of an existing convective column in a manner similar to the experimental
device.

HIS is a study in an effort to find an im- built to study vortices using air as the fluid. By
portant factor which may cause the dif- this method, the air is exhausted upward, so that
ference between an ordinary thunder- the restricting surface above the converging area
storm and one accompanied by a tornado. No is equivalent to the bottom of the water vessel.
attempt is made here to prove the ideas advanced; In FIGURES 1 and 2 the convergence is contained
they are offered in their elementary form for the between 2 horizontal surfaces, the upper with a
consideration of others interested in the problem circular opening through which the converging
for whatever they may be worth.
air exhausts as a result of lower pressure above
There is sufficient energy in any thunderstorm the upper surface.
to produce a tornado; the requirement is that this
Considering FIGURE 1, if there is no circular
energy be concentrated into a small area. As motion in the converging air, the exhaust through
to the necessary circular motion required to form the opening will be in an orderly manner with moa vortex, considerable evidence is available, no- tion along regular streamlines. It is also true
tably in the work, "The Thunderstorm" [ 1 ], that that, when no circular motion is present, the major
cyclonic circulation is present in significant portion of the mass exhausted through the opening
amounts in micro-low pressure areas associated will be from layer 1, adjacent to the restricting
with strong convective action. Through the prin- surface. In FIGURE 1, it could be expected that
ciple of conservation of angular momentum, a layer 1 would easily supply most of the exhausting
fluid with even a low value of circular motion at mass, since it would require a maximum convergsome distance from the center of rotation can give ence velocity immediately beneath the outer portremendous circular velocity, if the fluid is forced tion of the circular opening of slightly more than
to converge into a sufficiently small area.
y2 the vertical velocity necessary through the openA tornado may be compared with the vortex ing, when only the mass from layer 1 is exhausting.
formed by water escaping through an opening in
If however, circular motion is present in any
the bottom of a vessel, as a kitchen sink. In this degree in the converging air at some distance from
case, the bottom of the vessel acts as a restriction the exhausting area, the circular velocity at some
which prevents vertical motion until the fluid point near the center of convergence, through the
reaches the exhausting area. The forced con- conservation of angular momentum, will become
vergence into a small area brings into action the so great that centrifugal force in the air will arforces which cause a vortex to form. The aim of
rest the convergence motion. At this point of arthis paper is to show the possibility that a surface rested convergence, an approximately cylindrical
in the atmosphere, as a temperature inversion, may surface, ABFG in FIGURE 1, is formed in layer 1,
be a factor in tornado formation by restricting where no radial motion is present. This dynamivertical motion into a small area.
cally formed surface, characterized by circular
After considerable experimentation with vor- and vertical motion only, would have two imtices in water, a converging-exhausting system was portant effects on the exhausting process; first, it

T
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FIG. 1.
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Converging-exhausting system
circular motion.

with

slight

reduces considerably the amount of mass which
can exhaust from layer 1, since none of the particles in the layer can now reach the inner portion
of the exhausting area, and second, the surface
now acts as a duct to transmit the pressure difference from above the restriction to layer 2,
thereby strengthening convergence in that layer.
As the air in layer 2 converges and exhausts
through the dynamic duct or chimney, the process
of the formation of the cylindrical surface of no
radial motion would be repeated at FGHJ, and so
on down to the surface. However, friction at the
lower surface would reduce circular motion and
thereby centrifugal force in the layer of air in contact with the lower surface. In FIGURES 1 and 2,

FIG. 2.

Converging-exhausting system with
circular motion.
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lines toward point D from C and E indicate the
approximate surfaces where centrifugal force arrests the convergence motion in that area. Although particles cannot move horizontally through
this surface, air beneath it can move upward into
the cylinder with no opposing force. This accounts for the inflow at the base of the vortex,
noted in the experiments, and is in agreement
with the theories of Ferrel [2].
For a fixed size of exhausting area and constant
circular motion, the diameter of the cylindrical
surface depends only on the pressure difference
above and beneath the restricting surface. But by
varying the size of the opening in the restriction
the convergence force on the surface of the cylinder is varied; that is, decreasing the size of the
opening will increase the convergence force on the
surface, while increasing the size of the opening
will decrease the force. Since the diameter of the
cylinder depends on the balance point of the convergence force and centrifugal force, by varying
the diameter of the opening in the restriction, the
diameter of the cylindrical barrier to radial motion
is varied.
If it is assumed that all the circular motion is derived from the converging air, then centrifugal
force in the air will vary toward the center approximately according to curve M N O of FIGURE
1, assuming equal angular velocity within the cylinder. The maximum centrifugal force will be
at point N, coinciding with the balance point with
convergence force. If the convergence force is
increased, as by reducing the diameter of the exhausting area, point N will rise along the dotted
line, indicating rapid increase in centrifugal force.
If the diameter of the exhausing area is increased,
pressure on the cylinder will decrease and point N
will move to the left, showing a decrease in centrifugal force.
FIGURES 1 AND 2 are diagrams illustrating the
probable flow in 2 types of vortices. In these cross
sections, the arrows represent the horizontal and
vertical motion, the length of the arrows indicating
the approximate relative velocities. In FIGURE 1,
with slight circular motion, the air within the cylinder ABCE will have some circular motion, so
that centrifugal force will be acting on the air
particles, favoring divergence within the cylinder.
This force results in decreased density of the air
near the center which in turn favors the exhausting
through the cylinder, so that the vertical velocity
will be greatest at its center. This type vortex is
illustrated by the lower portion of the one in FIGURE 3, and is referred to as a vortex filament.
If the centrifugal force on the particles within
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the cylinder, due to increased angular velocity,
becomes sufficiently great, it is possible that the
central pressure within may be reduced dynamically to less than the pressure above the restriction.
In that case, it would be expected that air would
flow from above the restriction down the center
of the vortex to replace the air involved in the
divergence. The air in such a downdraft would
be composed of particles initially having low
angular velocity, possibly through loss due to
friction. However, viscosity would cause the air
in the downdraft to tend to assume the angular
velocity of the remainder of the cylinder. In FIGURE 2, the surface generated by rotating FG
around the center of the cylinder represents the
surface of no vertical motion, where only diverging radial and circular motion are present.

FIG.
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3.

It is chosen so that the area of that part of the
open end of the cylinder inside FG is approximately equal to the part between FG and AC.
Thus the downflow area at the center is assumed
to be equal to the area of the updraft near the
outer portion of the cylinder. Inflow at the bottom of the cylinder can be compensated by either
slight relocation of the surface FG to allow more
exhausting area at the top or by higher velocity
in the upflow.
Assuming that the relative position of FG in
the cylinder remains constant with changes in diameter, the divergence area (represented by surface F G ) will vary directly as the diameter of the
cylinder, while the areas of inflow and outflow at
the open end of the cylinder will vary as the square
of the radius. Thus, for a given divergence force
at surface FG, variation in diameter of the cyl-

FIG. 4.
inder will require changes in velocity of the downdraft and updraft within; for smaller diameters,
higher velocity being necessary. Reducing the
diameter of the cylinder would be analogous to
restricting the flow of the inlet and outlet of a
centrifugal pump; that is, the more the flow is restricted, the greater the pressure difference between the inlet and outlet. It should be noted
that decreasing the diameter of the cylinder has
two effects which both tend to increase the pressure gradient; that is, increasing the angular
velocity and thus the centrifugal force causing the
divergence within the cylinder, and decreasing
the area for vertical flow for the mass involved
in the divergence. If the diameter of the cylinder is relatively small and centrifugal force inside is large, very low pressure may be developed
and maintained at the center. On the other hand,

FIG. 11.
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FIG- 6.
if the cylinder is of sufficient diameter to allow7 a
large area for vertical flow in proportion to divergence area, very low pressure cannot be developed dynamically.
The experimental apparatus shown in the photographs consists of 2 horizontal surfaces, 30 inches in diameter, one 8 inches above the other to
contain the convergence area between. The upper
is provided with a circular opening for exhausting
from the center, and contains a variable opening
diaphragm, so that the diameter of the exhausting
area can be varied from 3 to 16 inches. A chimney, 20 inches wide by 40 inches high, is located
above the opening in the upper surface with heating elements inside to provide the convection, the
air temperature being raised about 15 degrees
above room temperature. In order to have control over the circular motion in the converging air,
an array of vertical fins, radially positioned, is

FIG. 7.
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held by a rotating carrier at the perimeter of the
convergence area so that air entering the area between the surfaces is given the same circular motion as the fins. By this method, the rotary motion
can be held constant while varying the mass involved in the convergence. In the accompanying
pictures ( F I G U R E S 4 — 1 3 ) , the rotational speed
of the fins, at a 16 inch radius from the center of
convergence, is from y2 r P m to a maximum of 3
rpm. Smoke is introduced near the center of the
convergence area through two openings by small
tubing, the ends of which are flush with the lower
surface, to trace the air currents. With convection and convergence but no rotation, there is generally very little motion in the lower layer, air from
the upper portion exhausting through the opening
along regular streamlines. The first 3 pictures

FIG.

( F I G U R E S 3, 4, 5) are with the opening in the
restriction large, 16 inches in diameter, or twice
the depth of the convergence layer. In F I G U R E S
6-12 the diameter of the opening in the upper
surface is reduced to about 3 inches while maintaining the same convection temperature.
F I G U R E 3.
With very slow rotation of the fins,
a vortex filament of smoke forms, with the smoke
entering at the base of the vortex. With a slight
increase in rotation, as in this picture, a bulge
several times the diameter of the filament is noted
near the top, which is the downdraft beginning its
descent down the center of the vortex.
F I G U R E 4. This shows the effect of a slight further increase in rotation. The downdraft has
progressed over half way to the lower surface,
with a V-shaped, irregular rotation above.
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F I G U R E 5.
Here the rotation has been increased to 3 rpm, showing a wide V-shaped downdraft in the center and no very high velocities apparent. The circulation appears identical to the
"dust devil."
F I G U R E 6.
With a small opening in the diaphragm and slow rotation, the same as in F I G U R E
3, a bulge is seen about % the distance to the
base. Note that the smoke which did not enter the vortex at the base continues to circle and
rise slowly without entering the vortex. The
bulge at the terminal of the downdraft appears to
be a phenomenon identical to the bulges in actual
tornado funnels observed and reported by Reber
[3], Brewster [4], and others. This terminal
point is indicated by point X in Fig. 2.

FIG. 9.

FIGURE 7.
This shows the effect of increasing
the rotation slightly, the same as in F I G U R E 4 .
Note the downdraft nearing the lower surface;
but more important, note that the upper portion
of the vortex is cylindrical in form and well defined, in contrast to the V-shaped circulation when
the opening was large.
F I G U R E 8.
The rotation here is 3 rpm, the same
as F I G U R E 5 , and the downdraft is near the lower
surface. High velocity is apparent within the funnel; note the continued cylindrical and well defined form in the upper portion. Also note the
clearness of the air near the lower surface and accumulation of smoke in the upper portion. The
smoke in all cases was at room temperature or less
at the point of injection, and would settle along
the lower surface when a vortex was not in mo-

tion. This is considered evidence of large inflow
at the base with little above.
F I G U R E 9.
This is an example of the accumulation of smoke particles at the bulging terminal
of the downdraft and appears somewhat similar to
the bulges observed in actual tornadoes.
FIGURE 10.
The funnel here apparently surrounds a very narrow and sharply defined downdraft which is seen spurting from the lower center
due to its momentum, while the smoke involved
in the inflow is forced to the left and around the
eddying downflow terminal.
F I G U R E 11.
The somewhat spectacular appearance here shows a vortex filament in the lower
portion, the sharply curved upper portion of the
funnel containing the downdraft, and a large
amount of smoke spiraling upward which never
enters the vortex.

FIG. 11.
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FIG. 13. Diagram of a cumulus cloud with isotherms;
left side in unstable air and right side subsiding.
FIG.

12.

FIGS. 3-12. Convective vortices showing configurations
of air currents as a result of varying the diameter of the
convective column.
FIGURE 12.
This photograph outlines the extent and flow of the downdraft in a narrow funnel.
An invisible vortex is present but the smoke tracer
is introduced at the top of the funnel instead of
at the bottom. As the funnel wanders around, it
tends to avoid the obstruction of the tubing
through which the smoke is introduced, during
which time the smoke exhausts completely upward, circling around the narrow funnel. Occasionally, however, the funnel moves close to the
end of the tubing and some smoke from it is
caught in the downdraft in the center and jets
rapidly downward. This momentary jet of smoke
tracer, as shown in this picture, lasts for only a
fraction of a second as the funnel moves away
from the tubing end. Divergence from the center
is seen from the streamers of smoke radiating out
from the central portion.
The foregoing discussion has been concerned
with a mechanical apparatus which restricts vertical motion into a small area. If such a restriction
could be duplicated by natural forces in the free
atmosphere, it is reasonable to assume that the results may be comparable. Beebe [5] has given extensive evidence which indicates that an inversion
of temperature does not exist in the general area
where tornadoes occur. Actually, an inversion of
consequence might be expected to prevent strong
convection of the type generally accompanying
tornadoes. However, this does not necessarily
preclude the formation of an inversion in a lim-

ited area in the immediate vicinity of a tornado
after convection is in progress. It is possible that
an inversion may be brought about by extreme
convection; that is, convection may deplete so
much air from the lower layers over a relatively
small area, possibly 2 to 5 miles in diameter, that
an inversion of temperature may form at the top
of a subsiding cloud layer. It may be that such
an inversion could restrict vertical motion much
the same as the restriction in the mechanical apparatus. Subsiding cloud layers, as the mammatocumulus type, are considered characteristic of
tornado-favorable conditions. It is also possible
that temperature inversions may be formed locally
by other means, such as by the falling of rain
through layers with differing moisture contents.
FIGURE 1 3 is a diagram of a cumulus cloud with
isotherms, the left side indicating one which is imbedded in an unstable atmosphere. It can be noted
that all the air within the cloud is as warm or
warmer than the outside environment. The right
side shows the same cloud within a subsiding environment which contains a cloud layer. After subsidence at the layer cloud level has progressed
about 1500 feet, the isotherms indicate that a large
part of the outer portion of the convective cloud is
actually colder than its outside environment, cold
air being indicated by crosshatching in the diagram. This shows that an inversion of temperature, produced or intensified around the edge of a
convective cell, may reduce the diameter of the cell.
It would tend to pinch off the convective cell at
the inversion point, much the same as the mechanical diaphragm reduces the diameter of the convection in the experiments.

Unauthenticated | Downloaded 01/09/23 03:24 AM UTC

VOL. 37, N o .

4, APRIL,

151

1956

SUMMARY
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1. Experiments indicate that, for a given circular motion in a converging fluid, the diameter of
the exhausting area has an important effect on the
formation, type and intensity of the vortex funnel.
2. It is possible that the diameter of a convective
cell may be reduced by the formation or intensification of a restricting layer in the atmosphere surrounding the convective cell, as a temperature
inversion.
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The Rev. James B. Macelwane
T h e Rev. James B. Macelwane, geophysicist and dean
of the St. Louis University Institute of Technology, died
on February 15, 1956, at 72 years of age. H e had been
a member of A M S since 1938 and served as Councilor for
the term 1953-55.
Death resulted f r o m a liver infection caused by a tropical virus that he might have contracted in 1954, when he
•headed a delegation of American geophysicists attending
an international meeting in R o m e . T h e priest had been
ill for a year and in a hospital for two months.
Father Macelwane was a world-famed authority on
seismology, and his distinguished career was marked by
honors and achievements. One of his notable scientific
discoveries is a system of tracking hurricanes at sea.
A listing of Father Macelwane's scientific writings since
1911 covers nine typewritten pages. H e was the author
of two books.
In addition to his A M S affiliation, he was president of
the American Geophysical Union at the time of his death,
and in 1928-29 was president of the Seismological Society
of America.
H e was also a fellow of the American
Association for the Advancement of Science.
President Eisenhower named Father Macelwane to the
National Science Board of the National Science Foundation in 1954. T h e priest received honorary degrees f r o m
four universities and a large number of honors and awards
from scientific, cultural, and educational organizations.
Born near P o r t Clinton, Ohio, he entered the Jesuit
order in 1903, studying at St. Louis University. In 1912

Father Macelwane began teaching and was ordained a
Jesuit priest in 1918.
Survivors include three brothers and three sisters.

Annual IAS Losey Award Winner Announced
Lt. Col. Robert C. Bundgaard, U S A F , has been
awarded the Robert M . Losey A w a r d for 1955 by the
Institute of the Aeronautical Sciences. Accompanied by
an honorarium of $200, the award has been given annually since 1940 in recognition of outstanding contributions to the science of meteorology as applied to aeronautics.
T h e certificate was presented to Col. Bundgaard at the Institute's annual meeting in N e w Y o r k
City in January.
Col. Bundgaard has been a Professional Member of
A M S since 1947, and in 1952-53 served on the Committee
of Admissions. H e became a meteorologist during W o r l d
W a r II, after attending one of the first meteorological
training programs at the University of California at Los
Angeles in 1942. Previous to that time he studied at the
University of Denver and Teachers College of Columbia
University, and was a high school teacher in Colorado.
N o w studying at the A i r University in Montgomery,
Alabama, Col. Bundgaard was formerly chief of the
Evaluation and Development Branch, Directorate of Scientific Services, Headquarters, A i r Weather Service,
U . S. A i r Force, located at Andrews A i r F o r c e Base
in Washington, D. C. H e was also in charge of P r o j e c t
Black Sheep at M c D i l l A i r Force Base, Florida, a
weather research project for high-performance aircraft.
T h e meteorologist was cited for developing and improving techniques for forecasting weather at the high
altitudes flown by military jet aircraft and for devising
a procedure for predicting a minimal-flight path in time
and space.
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