Tornado Dynamics
Readings:
Klemp (1987) Dynamics of Tornadic Thunderstorms (handout)
Bluestein Vol II. Section 3.4.8.
Rotunno, R., 1986: Tornadoes and tornadogenesis. In: P. Ray (Editor), Mesoscale Meteorology and Forecasting.
AMS, Boston, 414-436.
Houze Sections 8.6-8.
Definition: tornado, n. A rotating column of air usually accompanied by a funnel-shaped downward extension of a
cumulonimbus cloud and having, ..[winds] whirling destructively at speeds of up to 300 miles per hour. (American
Heritage Dictionary of the English Language)
This definition reflects a fundamental property of the tornado: it occurs in association with a thunderstorm.
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Tornado Climatology in the US
Tornadoes in the United States are reported most frequently in a band stretching from West and North Texas
through Oklahoma, central and eastern Kansas, and into eastern Nebraska. This region is referred to as tornado
alley.
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Tornado Climatology based on updated data

Mean number of days per century with at least one F2 or greater tornado touching down in grid box. Based on
data from 1921-1995. Contour interval 5 days with lowest contour 5. From Concannon, Brooks and Doswell
(2002), Second Conference on Environmental Applications. http://www.nssl.noaa.gov/~brooks/concannon
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The elevated terrain to the west and southwest of the Great Plains and the Gulf of Mexico play important roles in
producing soundings having high amounts of CAPE.
The sloping terrain is partially responsible for the lee trough and low-level jet, the latter which advects the Gulf
marine layer northward, while warm dry air caps the moist layer.
The ubiquitous dryline and fronts approaching from the north and northwest are frequent locations of storm
formation.
Most tornadoes occur during the late afternoon and evening hours in the late spring. This suggests that solar
heating plays an important role in producing a potentially unstable environment for tornadic storm formation
during the afternoon.
Major outbreaks occur primarily during the spring, when strong disturbances in the middle and upper
troposphere promote regions of strong lifting and an environment of strong vertical shear and high values of
CAPE.
Tornadic activity begins along the Gulf States in late winter, and migrates northward, so that summer activity
is highest in the Northern Plains.
Environments for tornado outbreaks in the United States have been
produced as far east as the East Coast.
Tornado outbreaks in late spring and early summer are often associated with short waves moving through
northwesterly flow aloft, as a ridge is built up to the west and a trough is ensconced to the east.
In spring, outbreaks usually occur in southwesterly flow aloft, downstream from major troughs.
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Relation of tornadoes to supercell storms
Although not all supercell storms produce tornadoes, most of the intense tornadoes are generated by them.
In a radar study of Oklahoma storms during 1971-1975, for example, Burgess (1976) found that 62% of the 37
storms that exhibited strong storm-scale rotation developed tornadoes while none occurred in storms which did not
rotate.
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Transition of storms into their tornado phase
When a storm does move into its tornadic phase, significant alteration of the storm-scale structure occurs that
disrupts the nearly steady configuration.
These changes include
•
•
•
•

a rapid increase in low-level rotation,
a decrease in updraft intensity,
a small-scale downdraft forming behind the updraft, and
a flow at low levels in which cold-outflow and warm-inflow air spiral around the center of circulation.

As the downdraft (labeled RFD) adjacent to the updraft intensifies, downdraft outflow progresses cyclonically
around the center of rotation (marked by the northern encircled T), which is the likely location for tornado
formation.
As this outflow pushes into the path of the oncoming moist inflow, a new updraft and center of rotation may also
develop tornadic intensity (denoted by the southern encircled T in Figure 11). At the same time, the spreading
downdraft outflow cuts off the supply of warm moist air to the original circulation center (called occlusion),
causing the original updraft to weaken.
Although a supercell storm may persist in a nearly steady configuration for up to several hours, the transition to
the tornadic phase illustrated in the figure may take place in less than about 10 min.
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Figure 12 illustrates schematically the flow structure within a numerically simulated supercell evolving in a
unidirectional wind shear at a time when the low-level rotation is intensifying rapidly, but prior to the formation of
the occluded gust front shown in Figure 11.
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Barnes (1978) and Lemon fe Doswell (1979) have suggested that this transition is initiated by the rear-flank
downdraft (see Figure 11), which forms at midlevels, descends to the surface, and then intensifies the low-level
rotation by producing strong shear (Barnes) or temperature gradients (Lemon & Doswell) between this downdraft
and the updraft.
The numerical storm simulations of Klemp & Rotunno (1983), Rotunno & Klemp (1985) and observational
studies (Brandes 1984a,b) indicate a reverse sequence of events; the low-level rotation intensifies, followed
by formation of the rear flank downdraft.
Klemp & Rotunno (1983) proposed that the rear-flank downdraft that promotes this occlusion is, in fact,
dynamically induced as strong low-level rotation lowers the pressure locally and draws down air from above.
By decomposing the pressure field at a time when the simulated rear-flank downdraft was intensifying, they
demonstrated that the fluid shear term was responsible for virtually the entire adverse vertical pressure gradient
near the ground.
Since the intensifying rotation is largest near the ground, a downward-directed pressure gradient results, which in
turn promotes the downdraft.
The retarding influence of rotation has been called the vortex valve effect; Lemon et al. (1975) suggested that as
the rotation increases within the storm, this effect may be responsible for its collapse.
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In the numerical simulation just described, the maximum low-level vertical vorticity remained less than one half
the maximum at midlevels for over an hour, and then in less than 10 min it intensified to double the midlevel
maximum.
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Factors responsible for rapid amplification of the low-level rotation
Analyses of the storm simulations demonstrate clearly that the intensification is stimulated by the baroclinic
generation of strong horizontal vorticity along the low-level boundary of the cold air pool forming beneath the
storm (Klemp and Rotunno 1983, Rotunno and Klemp 1985).
Remember
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This horizontal vorticity is then tilted into the vertical and strongly stretched as the inflow enters the low-level
updraft.
To see how this situation arises, notice that in the evolving storm, precipitation is swept around to the northern side
of the cyclonically rotating storm. As it falls to the north and northeast of the updraft, evaporation cools the lowlevel air. With time, this cold pool of air advances progressively into the path of the low-level inflow to the storm.
A significant portion of the inflow can be approaching along the boundary of this cold air pool. The
horizontal temperature gradients thus baroclinically generate horizontal vorticity that is nearly parallel to the
inflowing streamlines. This process generates horizontal vorticity that is several times the magnitude of the mean
shear vorticity and that is more favorably oriented to be tilted into vertical cyclonic vorticity.
This same mechanism may also be responsible for tornadoes that form occasionally in non-supercellular
storms. If a storm encounters a pre-existing cold front or an outflow boundary from another storm, strong
horizontal vorticity (baroclinically generated along that boundary) may be swept into the storm and amplified.
The low-level vortex lines depicted in Figures 12 and 13 further illustrate the baroclinic vorticity generation
mechanism.
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Since the environmental shear is westerly, the horizontal vortex lines embedded in the shear are oriented southnorth with the sense of rotation as indicated in the undisturbed region southeast of the storm in Figure 12. As these
vortex lines penetrate the low-level pool of cold air, they turn rapidly toward the center of convergence and are
swept into the updraft.
At this stage, the low-level updraft is located along the boundary between the warm and cold air, and it intertwines
the warm and cold flow in the rising air.
As the rear-flank downdraft intensifies, this baroclinic generation supports the rapid intensification of rotation in
the secondary updraft forming farther to the east along the gust front in Figure 13b.
After the original updraft is cut off from the warm inflow, it begins to dissipate while the new updraft continues to
strengthen.
The strong rotation may then cause a new downdraft that spreads out at the surface, cuts off the inflow to this
updraft, and promotes yet another convergence center farther east. (In Figure 13, visualize the eastern circulation
center in 13b becoming the center shown in 13b, and then repeating the cycle.)
Such cyclical redevelopments or tornadogenesis, accompanied by successive tornadoes, are not uncommon in
tornadic storms (Burgess et al. 1982). See next example.
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In summary, the typical sequence of events of tornado genesis (see good summary in Houze section 8.6):

• Storm-scale circulation and development creates the forward flank downdraft and gust front;
• The gust front creates intense horizontal vorticity that can be significant stronger the environmental horizontal
vorticity;
• this vorticity gets advected into the center of storm and updraft, and is tilted into vertical and stretched to
intensify the vertical rotation;
• This process is believed to be responsible for the intensification of rotation at the low levels, the lower end of
the mesocyclone while the tilting of environmental vorticity is primarily responsible for the mid-level
rotation/cyclone;
• The increased low-level rotation creates pressure minimum at the low levels and downward PGF, which
promotes the RFD and weakens the original downdraft;
• The advection of cold air from RFD by the rotating circulation at the low levels cuts off warm air supply to the
original updraft and causes occlusion of FF and RF gust fronts and the demise of tornado at the occlusion the tip
of bust front wedge, and
• New tornadoes often form again at the occlusion point.
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Typical Tornado Life Cycles from Observational Perspective
Read Houze section 8.8.
The tornado frequently first becomes visible as a dust whirl on the ground under the wall cloud.
The condensation funnel soon appears aloft.
Late in life, it may bend at the ground while it stretches in length and narrows in width. This final decaying stage in
the tornado's life history is called the rope stage owing to the ropelike appearance of the condensation funnel.
The gust front associated with the RFD may tilt the tornado so that it becomes nearly horizontal.
The tornado life cycle of 10-30 min is common, but not exclusive.
For example, tornadoes sometimes occur in the absence of any condensation funnel, always look like a rope, or
never go through a rope stage. Some long damage paths are associated with tornadoes that last much longer than 30
min.
Most tornadoes in supercells are cyclonic. Anticyclonic tornadoes are rare. They have been documented, however,
along the RFD gust front away from the mesocyclone.
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Therefore the life cycle can be divided into:

• Organizing stage – visible funnel touching ground intermittently
• mature stage - tornado reaches its full strength and damage most severe
• shrinking – the funnel decreases to a thin column
• decay stage – funnel becomes fragments, contorted and still destructive
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Figure. Structure of a tornado observed at several stages of its life cycle. Sketches show funnel cloud
and associated debris.
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Multi-vortex tornadoes
Although tornadoes frequently consist of a single vortex, they occasionally
exist as two or more smaller "suction vortices" that rotate around the center of the wall cloud.
Laboratory model and numerical model evidence suggests that multiple vortices are associated with high "swirl
ratio," that is, relatively large azimuthal flow compared to radial flow.
Suction vortices often have a lifetime of only one revolution around the wall cloud; new ones form and dissipate
in the identical location relative to the mesocyclone.
Sometimes multiple-vortex tornadoes evolve into single-vortex tornadoes, and vice versa.
Some suction vortices extend all the way to cloud base; others are visible only near the ground underneath a
broader rotating cloud base.
The multiple-vortex phenomenon was first postulated by T. Fujita on the basis of cycloidal damage swaths.
The "suction vortices" create greater maximum wind speed inside the tornadoes vortex because the effect due
to the smaller and larger vortices are additive. They are observed to be particularly dangerous and damaging.
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Nonsupercell tornadoes and Gustnadoes
Read Houze section 8.7.
Tornadoes don't occur exclusively in supercells.
Non-supercell tornadoes can occur along a low-level convergence line underneath growing cumulus clouds.
Preexisting vortices along the line get stretched in the vertical by updraft of the growing cumulus cloud and
intensify to form usually relative weak tornadoes.
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Low-level convergence helps concentrate the vertical vorticity.
The vortex intensification can be further aided by rotation in the convective updraft.
Gustnadoes are short lives vortices occurring along preexisting gust fronts, coming into existence mainly due to
horizontal shear instability.
Watersprouts: Vortices forming over water often along outflow boundaries of nearby shower. The processes
involved are similar to the land-based non-supercell tornadoes forming along a gust front.
Flow structure inside tornadoes
The following schematic shows flow regions inside a tornado.
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• Region I is in cyclonstrophic balance
• Ia is called the outer flow region – region of converging flow where angular momentum is conserved
• Ib is the core – in a state of solid body rotation – the angular velocity is constant and the core is stable against
radial displacement
• The boundary between Ia and Ib is where max tangential velocity lies
• Flow along the core axis can be either up or down and there is little mixing with outside air
• II is region of turbulent boundary layer where cyclonstrophic is upset by friction
• Strong radial inflow exists in II towards III because of net inward force (centrifugal force is weaker due to
frictional reduction in wind speed)
• III is called the corner region where inflow turns into core region Ib.
• Region IV is the region of buoyant updraft
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Wind Speed inside tornadoes
Horizontal wind speeds in tornadoes can be as high as 100-150 m/s.
There is some theoretical evidence that even stronger upward vertical
velocities can occur near center of a tornado, near the ground.
The maximum possible tornadic wind speed is a function not only of the hydrostatic-pressure deficit owing to
latent-heat release in the updraft, which is a function of the CAPE, but also to the dynamic-pressure deficit,
which is a function of the character of the wind field itself, especially in the surface boundary layer.
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