Vortex Breakdown in Atmospheric
Columnar Vortices
Abstract
Vortex breakdown occurs in tornadoes and waterspouts. This phenomenon may give information on the state and future behavior
of those whirlwinds. Because of the rarity of recorded events, archival sources are consulted for qualitative descriptions from earlier times and compared with contemporary sources. Drawings
and eyewitness reports from earlier times, rare photographs, movies, and observations from recent years indicate the occurrence of
vortex breakdown in tornadoes and waterspouts near the ground,
in the midsection of the funnel, and close to or inside the parent
cloud. Since the contour of the whirlwind's funnel is delineated
only by markers in the form of condensates, dust, or other debris,
these markers may distort or obscure the evidence of vortex breakdown. This is a likely reason for the rare observation and identification of vortex breakdown which might be more common in
whirlwinds than has been previously thought. According to the
records examined, meteorologists deserve the honor for discovering and describing vortex breakdown long before the systematic
investigation of recent years.

1. Introduction
Vortex breakdown or vortex burst in tornadoes and
waterspouts is an event in nature that is rarely observed, even in areas in which these whirlwinds occur quite often, as in the midwestern United States
in spring time. Any information about this vortex phenomenon is therefore valuable in understanding its
role in whirlwinds. If it could be shown that vortex
breakdown indicates a certain strength or the final
decay of a whirlwind, the observation of vortex
breakdown would be of practical meteorological interest. One source of information would be drawings
and eyewitness accounts of tornadoes and waterspouts from earlier times; another would be more
recent observations recorded in photographs and
movies. This paper evaluates a number of those earlier and more recent sources in the light of today's
knowledge of vortex motion. It is conceded that it is
not possible to check all archival sources1 (which

The earliest accounts of whirlwinds reach back to antiquity
(Lugt 1975, 1983). Probably the oldest book entirely devoted to
this subject in a scientific framework was written by Boscovich
(1749).
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may be hidden in newspapers and in merchants' and
captains' reports of earlier centuries) nor to evaluate
all contemporary findings. However, it is believed
that sufficient evidence of vortex breakdown in strong
whirlwinds can be provided.
Section 2 gives a description and explanation of
vortex breakdown and some general properties of
waves in vortices that are necessary for the following
sections.
Section 3 focuses on vortex breakdown of rotating
fluids in containers under laboratory conditions that
simulate or reveal essential features of tornadoes and
waterspouts. Some findings of the laboratory experiments are also applicable to "dust devils" (Mullen
and Maxworthy 1977).
Section 4 outlines briefly the relevance of laboratory experiments and numerical calculations of vortex breakdown phenomena to those in the
atmosphere. The difficulty of identifying vortex
breakdown in whirlwinds is noted. The occurrence
of vortex breakdown in tornadoes and waterspouts is
classified according to its location on the funnel. This
classification is based on observation and does not
necessarily reflect any physical distinction.
Sections 5-7 detail vortex breakdown near the
ground, in the midsection of the funnel, and near or
in the parent cloud. Conclusions are given in section 8.

2. Background information
In nature and technology, vortex breakdown has
been observed in tornadoes and waterspouts, in tipvortices of airplanes, ships, and machinery, and in
pipes and combustion chambers (Lugt 1983). The
systematic study of this phenomenon started more
than 30 yr ago with the observation by Peckham and
Atkinson (1957) of vortex breakdown in the tip-vortices of delta wings. Lugt (1959) discovered it independently in pipe flows with orifices. Since then a
flood of papers has appeared. A good review for an
introduction to vortex breakdown was given by Hall
(1972). More recent summaries were written by Leibovich (1984), Wedemeyer (1982), and Escudier,
Bornstein, and Maxworthy (1982). Maxworthy (1982)
wrote a summary of laboratory studies of vortex
Vol. 70, No. 12, December 1989
Unauthenticated | Downloaded 01/09/23 04:31 AM UTC

Bulletin American Meteorological Society

breakdown directly related to tornadoes.
Vortex breakdown may be defined in the commonly accepted form given, for instance, by Faler
and Leibovich (1977): ". . . the development of a
stagnation point on the axis, followed by a region of
reversed axial flow encapsulated by a greatly swollen
stream surface," or in the more general form, for instance, by Benjamin (1962) "as the abrupt and drastic
change of structure which sometimes occurs in a
swirling flow." A stagnation point may not necessarily exist.
The two basic prerequisites for the occurrence of
vortex breakdown are the presence of an axial velocity component in the vortex (swirling motion) and the
ability of a vortex to sustain waves, labeled as "inertial" or "centrifugal" waves. A measure for the
swirl is the swirl angle cp vvhich is defined by cp =
tan"1(v/w), where v and w are the tangential and
axial velocity components, respectively. A criterion
for the existence of infinitesimal stationary waves was
first proposed for inviscid flows by Squire (1960). This
criterion divides a supercritical from a subcritical
state. Only in the latter case, which occurs at cp ~
40° or greater, are upstream traveling waves and stationary waves possible. Although this hypothesis linking the criterion of stationary waves to vortex
breakdown is rather crude, since the appearance of
stationary waves does not automatically mean that
an axial stagnation point must occur, Spall et al.
(1987) have shown that the criterion is quite accurate
for predicting vortex breakdown, at least in wing-tip
vortices. Another criterion was proposed by Benjamin (1962), and is based on the hydraulic-jump analogy in which the so-called "flow force" F = 2tt Jo
r(p/p + w2)dr is the critical parameter. Pressure,
density, and radial coordinates are p, p, and r, respectively. The dimensionless form of the flow force
is M = F/K2, where K denotes the strength of the
vortex ( = 2TT x circulation). For M < Mcr the flow is
subcritical, and Mcr signifies the limit value below
which vortex breakdown can occur. For other and
more detailed explanations of vortex breakdown see
the review papers previously cited.
A stagnation point on the axis can occur when the
axial velocity component decreases downstream.
This decrease can be caused by axial pressure increase in the form of diverging streamlines or by jets
or obstacles in the vortex core. Downstream of the
stagnation point, two types of vortex breakdown can
be distinguished: axisymmetric vortex breakdown in
the form of a closed recirculation region or a separation "bubble," and nonaxisymmetric vortex breakdown in the form of one or two spiraling vortex
filaments caused by instability. Downstream of the
bubble or the spirals, the vortex's concentrated large
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tangential velocity may spread out and diminish
through turbulent motion (sometimes called "disintegration"). Figure 1 shows both types of vortex
breakdown in a laminar flow with turbulent "disintegration."
The wavy nature of the subcritical flow suggests
that the separation surface may close to form a bubble. This bubble can indeed occur in axisymmetric
flows, there can be several bubbles at one time, and
as many as three bubbles have been observed in
swirling flows in containers and pipes. The rotating
fluid in a container has a higher level of stability, due
to recirculation and geometry, than the pipe flow,
and the swirling motion in containers does not diminish behind the last bubble. Most experiments with
pipe flows, however, and external flows like tip-vortices, show instability and "disintegration" after the
first bubble (figure 1). To a certain extent, the swirl
can reconcentrate downstream. It is also possible that
the bubble is elongated or is replaced by an open
separation surface.
The spiral (or helical) type of vortex breakdown can
develop from a straight vortex column only through
nonaxisymmetric instability and occurs at a smaller
swirl angle than that of the bubble type (e.g., see
Wedemeyer 1982). A considerable controversy in the
literature concerns whether bubble-type vortex
breakdown is also inherently unstable and time-dependent (Leibovich 1984), or whether vortex breakdown is essentially axisymmetric (Wedemeyer 1982;
Escudier and Keller 1985). It appears, as experiments
with container flow (Escudier 1984) and burning
chambers (Gupta, Li I ley, and Syred 1984) have revealed, that laminar as well as turbulent axisymmetric bubbles are stable.
In whirlwinds, in which the fluid rotates perpendicular to the ground, the definition and description
of vortex breakdown may be applied to the following
scenario for flows with increasing swirl (figure 2). At
small swirl angles the meridional flow, created by the
boundary layer of the bottom, forms a "one-cell vortex"; the part next to the axis is depicted in figure 2a.
With increasing swirl angle (at cp ~ 40°), a stagnation
point at the axis of rotation appears with a dividing
stream surface forming a recirculation zone. This
flow represents vortex breakdown (figure 2b) and the
whole flow field is called a two-cell vortex. At still
larger swirl angles, separation occurs at the ground
as shown in figure 2c. This two-cell flow is no longer
vortex breakdown. The cylindrical separation-stream
surface need not be perpendicular but can have an
angle oblique to the ground (figure 2d). Vortex breakdown in whirlwinds may thus be considered an intermediate stage between a one- and a two-cell
vortex, with the dividing stream surface touching the
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FIG. 1. Vortex breakdown in a laminar swirling pipe flow. The flow is from left to right. The first breakdown consists of a separation
bubble, after which a helical breakdown with transition to turbulence follows. The Reynolds number is of the order of 5000 (Photo
courtesy of Turgut Sarpkaya, Naval Postgraduate School, Monterey, California).

FIG. 2. Sketches of meridional flows of vortices perpendicular to the ground, (a) One-cell vortex at small swirl angle, (b) At a larger
swirl angle, vortex breakdown in a two-cell vortex, (c) At still larger swirl angles, two-cell vortex in which the dividing stream surface
reaches the ground, (d) Situation of (c) but with an oblique dividing stream surface, (e) Dividing surface which forms a vortex ring.

ground. The latter can be the lower part of a separation region forming a vortex ring (figure 2e).
The location of vortex breakdown need not be stationary with reference to the ground but may move
along the axis of the vortex (Sarpkaya 1971; Maxworthy, Hopfinger, and Redekopp 1985). Such a

moving vortex breakdown must be distinguished
from ordinary vortical waves which can be solitary
and of either axisymmetric or nonaxisymmetric form.
Vortex rings ("knots"), which move along the vortex
axis (Granger 1974 and Schneider [see Lugt 1983,
figure 3.36]) belong to the first group. Solitary, nonUnauthenticated | Downloaded 01/09/23 04:31 AM UTC
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FIG. 3. Sketch of a container with a rotating lid. The meridional
circulation with separation bubble is indicated in the shaded halfplane (Lugt and Abboud 1987).

axisymmetric waves ("loops") were described by
Hasimoto (1972) and more recently by Leibovich and
Ma (1983), Aref and Flinchem (1984), and Maxworthy, Hopfinger, and Redekopp (1985). Two waves
may interact and form a wave of sufficiently large
amplitude to be of vortex-breakdown type (Hopfinger, Browand, and Gagne 1982).
Instability of a columnar vortex can lead to another
phenomenon called the "multiple vortex" (Fujita
1976). Laboratory tests (Weske and Rankin 1963;
Ward 1972; Vladimirov and Tarasov 1980; Lugovtsov
1982) and numerical calculations (Rotunno 1978,
1984) have clarified the generation and structure of
this phenomenon. Basically, multiple vortices develop from an unstable cylindrical shear layer in a
strong vortex. They rotate around the common center
of the system in the form of either straight or helical
filaments.

3. 200 years of laboratory experiments
with containers
The idea of using rotating fluids in containers under
laboratory conditions for studying atmospheric motions is not new, and a large volume of literature
exists (e.g., see Fultz (1951), Davies-Jones (1976),
and Maxworthy (1982). In this study, the interest lies
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in laboratory experiments specifically dealing with
vortex breakdown in the simulation of atmospheric
events. Two kinds of rotating-fluid arrangements may
be distinguished: (1) a closed container, and (2) a
container with inlets and outlets and a possible heat
source.
The simplest way to demonstrate vortex breakdown is to rotate a fluid in a container, e.g., by rotating a lid (figure 3). A meridional (secondary) flow
develops through the action of the boundary layers
of the container. For certain values of the two parameters involved (Reynolds number Re = flR2/v, defined by the angular velocity fi of the rotating lid, the
radius R of the cylindrical container, and the kinematic viscosity v of the fluid; and the ratio of height
H to radius R) stationary waves occur as demonstrated in figure 4. Such stationary waves can include
bubbles of "onion," "egg," and "cucumber" shapes
(Escudier 1984; Lugt and Abboud 1987). It is of historical interest that this type of vortex breakdown was
observed and recorded probably for the first time in
1889 by Weyher (see figure 5a taken from Joukowski
1916). Earlier, Vettin (1857) had observed bubbletype vortex^ breakdown caused by local heating of
fluid in a rotating container, but the transient bubble
appeared away from the axis (Figure 5b).
A better simulation of atmospheric motion can be
achieved if the fluid is allowed to enter and leave the
container through openings (Rotunno 1977; Maxworthy 1982). When the fluid enters the cylindrical
chamber tangentially in the lower part of the sidewall
and leaves at the top, the shape of the bubble can be
elongated until it is open-ended at the top (figure 2b).
If the boundary layer at the bottom interacts with the
formation of vortex breakdown—that is, if vortex
breakdown becomes imbedded in the boundary
layer—this type is called "drowned vortex jump"
(Maxworthy 1972). He also interpreted Wilcke's
drawing from 1 780 in figure 6 as such a phenomenon
(Maxworthy 1982). The recirculation zone can also
reach the bottom (figures 2c and 2d), independently
of whether a boundary layer exists (Rotunno 1977;
Maxworthy 1982). This type of two-cell vortex is no
longer a breakdown phenomenon. A well-known example is the eye of a hurricane whose exact origin,
however, has not yet been completely explored
(Emanuel 1988).
Instability to nonaxisymmetric disturbances that
leads to spiral vortex breakdown near the ground is
already present in the boundary-layer flow which approaches the center of rotation (Phillips 1985). This
spiral breakdown is the nonaxisymmetric form of the
drowned vortex jump. Movies of tornadoes show
rapid rotation of the helical funnel which, according
to Phillips, can be oriented in the same or opposite
Unauthenticated | Downloaded 01/09/23 04:31 AM UTC
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FIG. 4. a. Computed streamlines in the meridional plane of the flow sketched in figure 3 for Re = 1854 and H/R = 2. Two bubbles
occur in this instance, b. Corresponding laboratory experiment by M. P. Escudier (Lugt and Abboud 1987).

sense to the rotation of the main vortex. In the first
situation, an axial stagnation point may not occur,
and the definition of vortex breakdown must be generalized to the form given by Benjamin (1962), cited
in section 2.
Laboratory experiments with traveling waves have
been performed by Granger (1974) and Hopfinger,
Browand, and Gagne (1982). Usually, single waves
do not cause vortex breakdown, but Hopfinger, Browand, and Gagne's investigations revealed that vortex breakdown almost always occurs when waves
interact.
Sudden changes of otherwise steady, axisymmetric
flows with vortex-breakdown bubbles have been
studied by Neitzel (1988) for the flow situation of
figure 4. The unsteady "streak-line" patterns during
the abrupt transition from one rate of cover rotation
to another reveal changes in helical streak lines that
are similar to asymmetric vortex breakdown. (Markers, which enter the fluid flow at the same location
over a series of time intervals, form a streak line. This
line coincides in steady-state flow with the streamline, but in unsteady flow, the streak line is different
from the streamline.) The difficulty in distinguishing
certain flow patterns touches upon the problem of
how much can be learned (or misinterpreted) from
observation of the visible part of a whirlwind. This
question will be addressed in section 4.

4. Relevance to tornadoes
and waterspouts
Tornadoes and waterspouts are the strongest columnar vortices in nature. Since they have a sizable axial

velocity component, they are swirling flows and are
thus capable of exhibiting the vortex phenomena described in section 3. In relating laboratory vortex
flows to those in the atmosphere, however, a word
of caution is in order. Atmospheric whirlwinds are
usually highly turbulent, whereas laboratory-generated vortices are either laminar or turbulent with a
smaller Reynolds number. Numerical calculations
are based on ad hoc turbulence models. Moreover,
the assumption has been made that the phenomena
described in sections 2 and 3 are not essentially affected by latent heat release (see Davies-Jones 1986)
or by other nonmechanical influences, such as lightning (Davies-Jones and Golden 1975). The complicated generation process of whirlwinds in nature is
replaced in the laboratory by simple rotation devices.
Nevertheless, it is assumed (and this has been largely
confirmed [Maxworthy 1982]) that laboratory experiments and numerical computations with simplified
boundary conditions and crude turbulence models
can capture the essential characteristics of atmospheric vortices.
The most difficult—and so far not sufficiently resolved—problem is interpreting pictures and movies
of whirlwinds correctly. In contrast to numerical
computations and laboratory experiments, as exemplified in figure 4, which provide a unique representation of stream surfaces for identifying vortex
breakdown, the flow field of whirlwinds becomes visible only through markers in the form of droplets,
dust, and other debris. The visible boundary is determined either by condensation, crudely delineated
by an isobaric or isothermic surface, or by streak lines
and "time lines" of dust particles which may in a
steady or an almost steady flow represent stream surfaces. (Markers, which constitute a line at a certain
Unauthenticated | Downloaded 01/09/23 04:31 AM UTC

Bulletin American Meteorological Society

instant, move in time to new positions, forming a
time line, different from the initial line.) Since surfaces of constant pressure and temperature do not
coincide in general with stream surfaces, the flow
patterns discussed so far may not be sufficient to identify vortex breakdown. In addition, the surfaces of
constant pressure and temperature depend on the
moisture content of the atmosphere, so that the shape
and thickness of the funnel may vary. How such surfaces may look in vortex breakdown can be deduced
from computations by Rotunno (1984) and Lugt and
Abboud (1987). In addition to bubbles and swellings,
anvil-type patterns can occur with a seeming interruption of the funnel (figure 7). The appearance of
such unconnected parts of the funnel may indicate
vortex breakdown (Davies-Jones 1986; Pauley and
Snow 1988). The analysis is further impeded by the
fact that whirlwinds can be observed only within a
certain time span, and it is a matter of judgment to
label the observed flow patterns as steady or unsteady, a distinction which may be decisive for clas-

FIG. 5. a. Weyher'S sketch from 1889 (Joukowski 1916), probably the oldest rendering of an axial separation bubble in a rotating
container flow. The internal flow structure of the bubble is not
correctly presented if compared with Figure 4. b. Vettin's sketch
from 1857 of a transient bubble away from the rotation axis.
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sifying vortex phenomena (Neitzel 1988). Another
distortion of marker-designated flows is the effect of
gravitation and centrifugal forces on the markers
(Snow 1984a). All these factors make the identification of vortex breakdown in whirlwinds difficult,
leading either to misinterpretation or confusion with
other vortical disturbances or to not recognizing vortex breakdown. This may explain why vortex breakdown in whirlwinds is rarely reported (Pauley and
Snow 1988), and may indicate that vortex breakdown
is more common than previously thought.
Phenomenologically, three locations of vortex
breakdown in the funnel of a tornado or a waterspout
may be distinguished: 1) near the ground, where the
influence of the boundary layer is felt, 2) in the midsection of the funnel, and 3) close to or inside the
parent cloud. This distinction appears physically reasonable for locations 1 and 2 because vortex breakdown near the ground is largely determined by the
boundary layer. Higher up the funnel, the axial flow
behavior is quite independent of ground effects and
may be modeled by a swirling jet. The purely observational distinction of locations 2 and 3 appears justified so that breakdown in the midfunnel can be
distinguished from vortex breakdown whose contour
line blends into that of the parent cloud. Midfunnel
bubble and vortex breakdown at the parent cloud
may also occur at the same time as seen in figure 1
and as conjectured by Pauley and Snow (1988, figure 8).
In the following text, vortex breakdown at the three
locations is discussed by examining relevant past and
recent sources in the literature. These sources include
records from amateur and professional "tornado
chasers" and Hoadley's extensive collection of photographic material on tornadoes, and Golden's on
waterspouts.

5. Vortex breakdown near the ground

FIG.

6. Wilcke's experiment of 1780.

The drowned vortex jump of figure 2b was studied
first by Maxworthy (1972) in dust devils, and photographs support his findings (Idso 1974). For other
whirlwinds, the drawing of a waterspout near Konigswinter, Germany, from 1858 in Reye's book
(1880) is an early example (figure 8). A photograph
showing the same structure was presented by Koschmieder (1940) who observed this structure in the developing and decaying stages when the upward flow
is weak. A more recent photo provided by Golden
and Purcell (1977, figure 4) may show such a flow
pattern in the developing stage of the Great Bend
tornado (see also the photogrammatic study by
Hoecker 1960).
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FIG. 7. Sketches of two forms of isobars or isotherms (solid
lines) at a separation bubble that may constitute the funnel contours of the visible lower part of a whirlwind. Dashed lines are
streamlines, (a) Anvil shape, (b) upper resumption of the visible
funnel indicated.

Golden and Purcell's photo (1977, figure 4) may
also be interpreted as the type of flow separation
sketched in figure 2d. There are numerous indications of that flow type (figures 2c and 2d) in tornadoes
and waterspouts as can be seen in the book by Wegener (of "continental drift" fame) (1917), in Golden
(1974), and also in connection with multiple vortices.
The flow configuration of figure 2e is also possible
for columnar vortices, as evidenced by the "ground
roll" observed in tornadoes (Peterson et al. 1979).
The rarely observed pyramid funnel shape of waterspouts above the surface indicates such a separation
region, although this region should not be confused
with the spray-ring of a waterspout. The observation
that the water surface can be both elevated and depressed was convincingly explained by Wegener
(1917) as a time-scale effect. A short appearance of
the whirlwind on the water raises the surface because
of the whirlwind's low pressure. Over a longer time
span, however, an increasing amount of water is
forced to rotate, creating a depression with a ringshaped wave that dominates the low-pressure effect
of the air flow. This depression deforms the separation region in figure 2e to a more oval form (Golden
1971).
The difference between solid ground and a water
surface does not seem essential for the development
and occurrence of vortex breakdown, although the
meridional flow is stronger with the bottom nonslip
condition, and the shape of the water surface immediately under the funnel is affected by the vortex.
While these examples appear to represent axisymmetric flows (or leave the symmetry of the flow undecided), the clearly visible rotation of a helical
filament directly above the ground points to helical
vortex breakdown. This breakdown has been recorded in a movie of an 18 July 1986 Minneapolis
tornado (Pauley and Snow 1988). Another example

FIG. 8. Drawing of a waterspout near Konigswinter, Germany,
from 1858 (Reye 1880).

is shown in a photograph published in the Book of
by the National Committee for Fluid Mechanics Films (NCFMF 1972). A still picture, of
course, cannot give information on the rotation of the
filament. Such appearances must be distinguished
from that of multiple vortices, photographed by Bluestein (see Snow 1984b), which leave "suction marks"
behind, indicating that the axes of the multiple vortices impact the ground. In general, however, when
looking at figures 2b and 2c, it will be difficult to
distinguish whether an unstable helical filament originated in a cylindrical shear layer of the form
sketched in figure 2c, or whether this filament represents vortex breakdown as outlined in figure 2b.

Film Notes

6. Vortex breakdown in the midsection
of the funnel
The most fascinating and also the most convincing
type of vortex breakdown is that occurring in the midsection of the funnel, because the shape of a bubble,
a swelling, or an interrupted funnel is so distinctive.
Michaud's drawing of 1780 in figure 9 depicts a bubble-type vortex breakdown, a very rare example indeed. In recent literature, the drawings by Reber
(1954) of the 7 June 1953 tornadoes with such a bubble are usually cited. Both Michaud's and Rebels
pictures reveal similarity to figure 4 for the container
flow. Wegener (1917) points to this similarity between figures 4 and 9 when he refers to experiments
performed by Vettin and Weyher (figure 5), and he
Unauthenticated | Downloaded 01/09/23 04:31 AM UTC
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FIG. 9. Michaud's drawing from 1780 of a waterspout in the
Mediterranean with bubble (Wegener 1917).

notes that the funnel is interrupted; this is a reference
to the situation depicted in figure 7. Actually, Vettin
(1857) performed his laboratory experiments for the
sole purpose of studying atmospheric phenomena,
and he correctly explained the swelling of the core
as a vortex ring surrounded by the main vortex.
Only a few of the many photographs which the
author washable to see indicate a bubble (figure 10).
A swelling was recorded in photographs by Curtis
(Hoadley 1980) of a South Pacific waterspout and in

a photograph by Davis published in a paper by
Golden (1973). Curtis called his observation a "sliding knot," indcating that the bubble was moving
down the vortex core, slowly at first and then accelerating in a time span of 4-12 sec. This movement
was observed several times. Golden described the
swelling in Davis's photograph as a "protuberance."
In some cases this swelling may be interpreted as part
of a thick, helical vortex filament (figure 11). The
1986 Minneapolis tornado showed at one time a
large bubble-type structure of dust (Pauley and Snow
1988). The bubble as a vortex ring with a tangential
velocity component is characterized in a description
by Koschmieder (1940) of the waterspout in Thiessow, Germany, in 1937. In interpreting a sequence
of photographs, he spoke about the occurrence of a
"vortex ring" in the funnel shortly before its destruction. Asymmetric loops, running up or down the funnel, are not considered vortex breakdown unless they
interact (section 3). A crosswind, also responsible for
oblique funnels, may cause local weakening of the
flow force and a subcritical situation that can lead to
vortex breakdown. Such weakening ("roping" and
"tearing apart") has been recorded many times over
the last 100 yr (Wegener 1917). More recent examples are photos of the Great Bend tornado (Golden
and Purcell 1977) and the Union City tornado

FIG. 10. Tornado south of Hamilton, Kansas, on 30 May 1974 (Photo courtesy of David Hoadley).
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FIG. 11. Tornado south of Chautauqua, Kansas, on 26 May 1973, entering the decaying stage and then "roping out" (Photo courtesy
of David Hoadley).

(Golden and Purcell 1978). Disturbances generated
and destroyed in a turbulent surrounding were studied by Hopfinger et al. (1982). It is well known that
asymmetric disturbances of a vortex easily influence
the vortex structure. This behavior explains the reported success of cannon shots from ships in destroying waterspouts in earlier centuries (Wegener 1917).
The evidence for midsection vortex breakdown is
quite meager, although its occurrence is very likely.

7. Vortex breakdown near the
parent cloud
Michaud's drawing of 1789 in figure 12 displays the
common concave funnel shape to the left and the
convex one, which may indicate vortex breakdown,
near the parent cloud to the right (as seen from outside the vortex). The convex part of the funnel is
called "collar" or "bulge." The interpretation of a
convex funnel shape as a sign of vortex breakdown
can be inferred from 1) photographs of laboratory
experiments (Pauley and Snow 1988), an analogy
which is valid under the assumption that the funnel
contour is a stream surface, 2) the abrupt change of
the funnel structure (where the bulge meets the thin

FIG. 12. Michaud's drawing from 1789 of a concave (left) and a
convex (right) funnel of a waterspout in the Mediterranean (Wegener
1917).

filament) to which Benjamin's definition of vortex
breakdown is applicable, and 3) the upward movement of the separation bubble into the parent cloud
in Reber's (1954) observation. It is conjectured that
this vortex breakdown may extend into the parent
cloud (Pauley and Snow 1988) but cannot be directly
observed, of course. A convex funnel does not need
be vortex breakdown if the funnel contour is not a
stream surface (Pauley and Snow 1988). Sometimes,
oblique funnels are seen with one side concave and
the other convex. This appearance is very likely due
Unauthenticated | Downloaded 01/09/23 04:31 AM UTC
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to the obliqueness of the funnel and is not a sign of
vortex breakdown.
Leighly (1974) discussed a Baltic whirlwind of
1795 and pointed out the convex shape as characteristic of the terminal stage, but he did not mention
any connection with vortex breakdown. This connection was expressed and studied by Burggraf and
Foster (1977). They studied a flow model based on
Long's (1961) similarity solution for a jet-type vortex.
Their perturbation analysis showed that below the
flow-force value M cr = 3.75 the similarity solution
ceases to exist. This nonexistence was interpreted as
vortex breakdown in line with Benjamin's (1962) theory. For the 1957 Dallas tornado they gave a rough
estimate of M = 1.7 < M and the height at which
flow reversal occurred as about 300 m. Pauley and
Snow's (1988) figure 4 (when viewing the video of
the 1986 Minneapolis tornado) supports the conjecture that the abrupt convex enlargement of the funnel
indicates vortex breakdown. Older observations of
the convex funnel shape can be found in books by
Finley (1887) and Wegener (1917). One must keep
in mind in this context that drawings are subjective
and that the first photograph of a tornado was made
as recently as 1884 (Snow 1984c).
c r

In almost all these observations it is explicitly mentioned that the bulge occurs in the decaying stage
when vertical and rotational velocity components
weaken. Essentially two types of whirlwind decay are
distinguished: the slow ("roping out" through tilting
and stretching) and the sudden disappearances. The
latter type can almost certainly be related to vortex
breakdown. In this connection it may be mentioned
that the sudden decay is often accompanied by the
collapse of a cylindrical sheet (or sheets) of spray in
the funnel of a waterspout close to the ground, an
event which was apparently very dangerous for sailing ships in earlier centuries as the number of independent witnesses attests (Wegener 1917). It was
called "Platzen der Trombe" (burst of the tornado) in
German, probably taken from the French, and clearly
a forerunner of today's notion of vortex breakdown
or burst.
Observations abound on helical filaments caused
by disturbances below the bulge or below the parent
cloud in general. They are described as "snake-like"
filaments, "bottle opener," "spiral staircase," or
"spindle," and they can rotate very rapidly. These
filaments are transverse waves and do not indicate
by themselves vortex breakdown.

8. Conclusions
Swirling motions can sustain waves in a subcritical
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state. These waves may lead to vortex breakdown, or
they may manifest themselves as traveling waves running up or down the vortex. All these phenomena
have been observed in atmospheric columnar vortices, such as tornadoes and waterspouts.
The purpose of this paper is qualitative: to gather
information on the occurrence of vortex breakdown
in whirlwinds from archival sources of earlier times
and more recent records. This effort is impeded by
the difficulty of identifying vortex breakdown in
whirlwinds from markers, such as condensates and
dust, that determine the contour of the funnel. The
paper also wants to be an incentive for tornado
watchers to focus their attention on indicators of vortex breakdown.
From observations, vortex breakdown at three locations of a funnel may be distinguished: near the
ground, in the midsection, and near or in the parent
cloud. Near the ground, various types of flow separation occur (figure 2), of which only the "drowned
vortex jump" may be considered as vortex breakdown proper (figure 2b). The axisymmetric form may
occur; the asymmetric (helical) form is firmly established. Drowned vortex jumps indicate strong whirlwinds which, however, are not as strong as those
with multiple vortices that can develop from unstable
cylindrical shear layers of a two-cell vortex with
ground separation (figures 2c and 2d). Helical filaments in a drowned vortex can easily be confused
with multiple vortices. (The evidence for midsection
vortex breakdown is meager but such breakdown is
nevertheless very likely. Here too, vortex breakdown
can easily be confused with transverse waves [knots
or loops].) It appears that vortex breakdown near the
parent cloud, visible as a convex collar, occurs in
most cases in the decaying stage of tornadoes and
waterspouts. However, a convex funnel contour
need not necessarily indicate vortex breakdown.
Meteorologists certainly deserve the honor of having discovered and described vortex breakdown long
before systematic investigation started more than 30
yr ago. No explanation of it, however, was given by
the early observers. Even today the occurrence of vortex breakdown in whirlwinds is still judged from visual indicators which may often be ambiguous, and
the occurrence of vortex breakdown in tornadoes still
cannot be predicted because of the scarcity or nonavailability of meteorological data and the lack of
knowledge of the intricate effect of meteorological
factors on vortex breakdown. Identification and prediction of vortex breakdown thus may require other,
more sophisticated measuring techniques than pure
observation. Much research remains to be done.
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