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Thunderstorms that form in strong vertical wind shear often evolve into supercell storms.
Supercells are well-organized, monolithic units of vigorous long-lasting convection. A classic
supercell in its mature stage consists of a rotating updraft (mid-altitude mesocyclone) and a
downdraft that coexists symbiotically with the updraft in an almost steady state.
Doppler-radar and visual observations along with computer simulations reveal that tornadic
supercells evolve through three stages. Firstly, the updraft starts rotating and amesocyclone forms
aloft, secondly a narrower vortex develops near the ground (thus completing a rotating column
that extends from the ground to upper levels), and lastly a tornado forms from contraction of the
near-ground cyclone.
The updraft tilts environmental horizontal vorticity upwards. The updraft rotates cyclonically
as a whole if this vorticity is streamwise in the updrafts' reference frame (i.e., in the direction
of the storm-relative wind). Updraft rotation and motion are linked so a complete theory of
mid-altitude mesocyclones requires an understanding of how supercells propagate. There are
two principle propagation mechanisms; one is linear and the other is nonlinear.
The process whereby rotation develops in rising air cannot explain how cyclonic rotation starts
near the ground where updrafts and background vertical vorticity are normally weak. A near-
ground cyclone does not form without a downdraft. In computer simulations, low-altitude air
parcels with cyclonic vorticity have previously subsided in horizontal gradients of buoyancy that
generate horizontal vorticity. During an air parcel's descent, its horizontal vorticity is first tipped
downward into anticyclonic vorticity, but then upwards into cyclonic vorticity before it reaches
the nadir of its trajectory because the vorticity vector is inclined upward relative to the velocity
vector. The parcel then flows close to the ground into the updraft where its cyclonic vorticity is
greatly amplified as it is stretched vertically.
In simulations, this near-ground cyclone collapses into a tornado only if the model includes
surface friction, which paradoxically causes the extreme upward and rotary winds. With
friction, inflowing air parcels near the ground penetrate much closer to the rotation axis and
revolve much faster despite some loss of angular momentum to the ground. Their extra kinetic
energy comes from a further loss in their enthalpy.
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1. Introduction

In environments with convective available potential energy
(CAPE) and ground-relative winds that turn and increase
markedly with height, thunderstorms can evolve into vigorous
and highly organized units of convection known as supercells.
Despite ordinary cells being far more common, supercells
are responsible for much of the violent weather that occurs
(tornadoes, destructive straight-line winds, and large hail).
Almost all strong tornadoes are associated with supercells, and
most of them happen in environments with strong shear. The
structure of a typical supercell storm is depicted in Figs. 1 and 2.
A supercell is a large, quasi-steady, unicellular, propagating
storm with a rotating updraft. In the northern hemisphere1

(the viewpoint adopted here), most supercells have a cyclon-
ically rotating updraft that moves or propagates to the right
side of the environmental-wind hodograph curve (Bluestein,
2013, pp. 216 ff.). The cyclonically rotating region of a right-
moving (RM) supercell is a mesocyclone. A few supercells
move leftward and have amesoanticyclone (which is primarily
an anticyclonically rotating updraft). These left-moving (LM)
storms can be notorious hail producers, but rarely create
tornadoes.

The genesis of the first tornado in a supercell is a compli-
cated process that generally takes over an hour after storm
initiation. The tornado is generally preceded by a near-ground
cyclone that is intermediate in size between a mesocyclone
and a tornado. Tornadogenesis in supercells seems to occur in
three stages:

Stage 1 Formation of a rotating updraft aloft.
Stage 2 Development of a cyclone at the ground.2

Stage 3 Formation of the tornado (collapse and spin-up of
the above cyclone).
1 For southern-hemisphere storms, left and right are interchanged.
2 Technically winds at the ground vanish because of the no-slip condition.

Ground in this article refers to the top of the laminar sublayer (millimeters
above the ground) where significant winds do occur.
The three stages are described in Sections 2–4. Some super-
cell storms exhibit cyclic behavior with a series of cyclones that
generate a succession of tornadoes. Subsequent cyclones form
more quickly than the first one. For further details on this topic,
the reader is referred to Adlerman et al. (1999) and Davies-
Jones et al. (2001, pp. 192–195). Section 3.2 includes a new
perception of the baroclinic mechanism. Section 4 also gives
reasons why tornadogenesis sometimes fails when a tornado
is about to happen (within a few minutes). The diverse struc-
tures of tornado vortices and tornado decay are described in
Section 5. The dynamics of tornadoes and the reason why
they are so powerful are summarized in Section 6. The reviews
by Davies-Jones (1986), Lewellen (1993), Davies-Jones et al.
(2001), Markowski and Richardson (2010), Bluestein (2013)
and Rotunno (2013) contain additional topics andmore details.
2. Stage 1 of tornadogenesis: themid-altitudemesocyclone

Since 1971, Doppler radar observations have shown that
mesocyclones form aloft first and then near the ground prior
to tornadogenesis (Burgess and Lemon, 1990). The circula-
tion (line integral of tangential wind) around a mesocyclone
aloft is roughly 2 to 6 × 105 m2 s−1, based on a typical maxi-
mum tangential wind of 21 m s−1 at a radial distance from
the circulation center of 1.5 to 4.5 km.

The mesocyclone aloft is a consequence of the updraft
tilting up horizontal streamwise vorticity present in the
storm's inflow (Lilly, 1982; Davies-Jones, 1984). The resulting
vertical vorticity is then amplified by vertical stretching in the
lower part of the updraft and transported upward in the rising
air, thereby extending the mesocyclone to anvil height in
some cases. The component of horizontal vorticity parallel to
the air stream is not Galilean invariant; it is different, for
example, in ground-relative and storm-relative frames of
reference. The updraft is doing the tilting and so updraft-
relative streamwise vorticity is the physically relevant quan-
tity. The theory is incomplete because the updraft motion is an
unknown. In environments with strongly curved hodographs
the process is quite insensitive to the exact storm motion



Fig. 1. Composite view of a tornadic supercell as viewed from the southeast. The horizontal scale is compressed. All the features cannot be seen at the same
distance. Based on an original drawing by C. A. Doswell III.
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because the storm-relative vorticity has a streamwise compo-
nent for a wide range of feasible storm motions.

For forecasting mesocyclone formation and intensity, the
storm-relative environmental helicity (SREH; Droegemeier
et al., 1993) is evaluated (Davies-Jones et al., 1990) because
compared to streamwise vorticity it is far less sensitive to
measurement error and sampling resolution. The SREH is the
integral over the inflow's vertical range (nominally 0 to 3 km)
of the scalar product of the storm-relative inflow velocity and
the horizontal vorticity. Inclusion of the inflow wind filters
out cases where tornadogenesis is unlikely because the inflow
is too weak to prevent the storm's rain-cooled outflow from
surging far ahead of the storm (see Section 5). A hodograph is
a plot of the environmental vector wind v zð Þ on a (u, v)
diagram where u and v are eastward and northward vector
components, respectively (Fig. 3). The height z acts as the
parameter of the hodograph curve. The tangent vector dv=dz
is the environmental shear S(z) and the environmental
horizontal vorticity vectorωH zð Þ≡ k� S zð Þ is 90° to its left (k
is the unit vertical vector). Plotting the storm-motion vector
c on the hodograph diagram and drawing wind arrows from
it to the curve yields storm-relative wind v zð Þ−c. The storm-
relative streamwise vorticity is the component of ωH zð Þ in
the direction of the storm-relative wind. SREH is minus
twice the area swept out counterclockwise by the storm-
relative wind over the specified height range. It is easily
computed for all feasible storm motions c so the forecaster
can assess readily which of the observed storm motions are
most favorable for mesocyclones. Forecasters also can assess
visually the amount of SREH over the lowest kilometer. Large
0–1 kmhelicity is especially conducive to tornadoes (Markowski
et al., 1998) because the base of the mesocyclone aloft is not far
off the ground.

2.1. Updraft rotation in turning shear

We now present the linear theory, which explains how an
incipient updraft rotates in the case when the storm-relative
environmental wind v zð Þ−c veers with height without
changing speed and thus has purely streamwise vorticity.
Let Z be the original height of a parcel (i.e., far away from the
updraft). This is conserved. Fig. 4 depicts the process at a fixed
height z0 = 2 km. For an axisymmetric updraft, the contours
of Z in the diagram are roughly concentric circles with Z
decreasing to a minimum at the center. The vertical displace-
ment is z0 − Z and peaks at the center. The only horizontal
force (aside from a small amount of friction) is the pressure-
gradient force, which is irrotational. Therefore we can deduce
the rotational part of the horizontal wind field by proceeding
as if the horizontal momentum of each parcel is conserved. By
transferring the storm-relative environmental winds at
height Z to the Z-contours in Fig. 4, we find that the region
upstream (downstream) of the peak vertical displacement is
cyclonic (anticyclonic). We still have to deduce where the
maximum updraft is relative to the peak. The vertical wind is
w ¼ d z0−Zð Þ=dt ¼ −∂Z=∂t− v−cð Þ �∇Z in the updraft's ref-
erence frame where t is time. Because the shape of ∂Z/∂t is
roughly axisymmetric, the maximum vertical velocity occurs
on the upstream side of the peak, which is also where the
cyclonic vortex is located. The anticyclonic vortex is down-
stream of the peak in downdraft or weaker updraft. Thus,
vertical velocity and vertical vorticity are correlated and the
overall updraft rotation is cyclonic.

In the opposite case of purely crosswise vorticity where
the storm-relative environmental wind increases speed with
height with no change in direction (straight hodograph), the
above procedure reveals that the right and left sides (looking
downshear) of the updraft rotate cyclonically and anticyclon-
ically, respectively, with no overall rotation. Updrafts in this
case rotate as a whole only if their storm motion vector lies
oddly off the hodograph curve.

2.2. Updraft propagation and rotation

In strong unidirectional shear from low to mid heights,
initial storms split into right- and left-moving supercells. The



Fig. 2. Schematic surface plan view of a tornadic supercell. The thick line encompasses the low-elevation radar echo. The solid line with cold-frontal symbols
marks the rear-flank gust front, and the one with stationary-front symbols outlines the less obvious forward-flank convergence boundary. Sometimes there is also
a left-flank convergence boundary (not shown) that extends from the wave apex of the gust front towards the left flank (see Fig. 8 in Beck and Weiss, 2013).
Low-altitude locations of the updraft are finely stippled; forward-flank downdraft (FFD) and rear-flank downdraft (RFD) are coarsely stippled. Streamlines are
storm-relative. The northern encircled T at the wave apex of the gust front marks the most likely location of a major cyclonic tornado. The southern T at the bulge
in the gust front is where a new mesocyclone and tornado may be developing. The south side of the RFD is where an anticyclonic tornado occasionally forms.
From Davies-Jones (1986), based on an original drawing by C. Doswell.

277R. Davies-Jones / Atmospheric Research 158–159 (2015) 274–291
environmental winds acting on a passive storm would tilt it
but not cause it to move off the hodograph. The anomalous
motion of the supercell updrafts to the right and left sides of
the straight hodograph is due to propagation, which is the
part of updraftmotion attributed to the updraft actively growing
on one side and decaying on the opposite side. The non-
hydrostatic (NH) vertical pressure-gradient force (VPGF) is
the part of the VPGF that is not balanced by the downward
gravitational acceleration. At each level, supercell updrafts
deviate from the environmental steering wind at that
level by propagating towards (away from) the edge where
the NHVPGF is upward (downward) (Rotunno and Klemp,
1982; Davies-Jones, 2002). The RM updraft gains cyclonic
circulation at each level by propagating continuously into a
markedly cyclonic region and away from an anticyclonic
region, picking up strong cyclonic vorticity on its growth
side and discarding anticyclonic or weak cyclonic vorticity
on its decay side (Davies-Jones, 2004). The LM updraft does
the opposite. This mechanism of updraft rotation is equivalent
to the one in Section 2.1.

For a steady-state storm, the continuous propagation off
the hodograph at each level has to be just right to yield a
height-independent storm motion vector. The propagation
vectors P(z) from the steering current v zð Þ on the hodograph
curve must all end up at c so that P zð Þ ¼ c−v zð Þ. Qualitative
understanding of propagation clearly requires knowing the
factors that determine the locations of the maxima and
minima of the NHVPGF field in each level.



Fig. 3. Hodograph diagram for the environment of a violent tornado. Numbers
along the hodograph curve denote height above the ground in km. The
storm-motion vector c is from the origin to X. Vector from the origin (or X) to a
point z on the curve is the ground- (or storm-) relativewindv zð Þ−c at height z.
M marks the mean wind between the surface and 200 mb. The propagation
vector, P(z), is from z to X. The SREH (inm2 s−2) in the lowest 3 km is twice the
shaded area. Straight lines parallel to 0–3 km shear vector are contours of SREH
as a function of storm motion (location of X). From Davies-Jones et al. (1990).

Fig. 4. How the updraft rotates when the environmental storm-relative
winds veer with height. The level is at height z0 = 2 km. The circles in the
top panel are the contours of the heights Z of parcels when they were in the
upstream environment. The contours are circular for simplicity. In the lower
panel, the wind profile is shown on the left and the graph is for Z(r) where r
is the radial distance from the center of the Z field. The wind barbs in the
top panel are the winds that would occur if the horizontal momentum of
parcels were conserved. The wind pattern has cyclonic (curvature) vorticity
on the upstream side of the peak in vertical displacement, z0 − Z. This is also
the side where the vertical velocity is largest so vertical velocity and vertical
vorticity are correlated positively.
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2.3. The nonhydrostatic pressure

The non-hydrostatic pressure pnh is the solution of the
Poisson equation,

−∇2pnh ¼ g∇2
HMþ 2ρS zð Þ �∇Hwþ nonlinearsplat

þ nonlinearspin−ρfζ ð1Þ

obtained by taking the divergence of the equations of mo-
tion (Davies-Jones, 2002). The first term on the right is linear
forcing due to horizontal variations in the weight Mg of
overlying air and water. The second term is linear forcing
caused by the interaction between the updraft's horizon-
tal gradient ∇Hw and the environmental wind shear S(z)
(Rotunno and Klemp, 1982). The third and fourth terms are
nonlinear dynamical forcing terms (Davies-Jones, 2002). The
negative-definite spin term is minus the air density ρ times
one half the squared magnitude of the deviation (from the
environmental quantity at the same height) of vorticity and
tends to force low pressure (as in vortices). The positive-
definite splat term is ρ times the squared magnitude of the
deviation rate-of-deformation tensor. It acts to force high
pressure (as in highs at stagnation points). The last term is
a small Coriolis term, in which f is the Coriolis parameter and
ζ is vertical relative vorticity. Like the forcing in Eq. (1), the
NHVPGF, −ρ−1 ∂pnh/∂z, and hence the propagation can
be decomposed into mass-induced, shear-induced and non-
linear parts. Mass-induced propagation is generally small at
3 km, the level where the modelers typically have investi-
gated propagation. Note however that cold pools do affect
supercell propagation at lower altitudes.

2.4. Supercell propagation in unidirectional shear

In nearly or purely unidirectional strong shear the initial
non-supercell storm splits into RM and LM supercells. Let the
shear be westerly for example. The associated environmental
vorticity is northward so the lifting of vorticity tubes by the
initial updraft produces a cyclonic (anticyclonic) mid-altitude
vortex on its south (north) side.

The storm splits as a result of two effects. First, precipita-
tion that accumulates along its west–east axis exerts down-
ward drag on the air, turns updraft into downdraft there,
and causes the original maximum to disappear (Klemp and
Wilhelmson, 1978). Even though simulated storms split
without precipitation (Rotunno and Klemp, 1982), this effect
accelerates the splitting process. Second, the vortices are low-
pressure centers, and the upward pressure-gradient force
beneath thempromotes newupdraft growth. Thus, the super-
cell to the south (north) propagates towards the right (left)
into the vortex on that side, thereby picking up cyclonic
(anticyclonic) vorticity. Updraft propagation in both super-
cells depends on the nonlinear spin part of the forcing in
Eq. (1) (Rotunno and Klemp, 1985), and arises only indirectly
from the updraft-shear interaction. In simulations with uni-
directional shear and no Coriolis force, the two supercells
are mirror images of one other. The Coriolis term in Eq. (1)
increases themagnitude of the spin forcing in the RM rotating
updraft and reduces it in the LM updraft. Consequently,
the RM supercell is slightly stronger than the LM one when
the Coriolis force is included in the simulation (Klemp and
Wilhelmson, 1978).
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2.5. Supercell propagation in turning shear

Veering (clockwise turning) with height of the low-
altitude shear vector enhances the RMupdraft and suppresses
the LM updraft to a much greater degree than the Earth's spin
does (Klemp and Wilhelmson, 1978). As the hodograph cur-
vature increases, splitting becomes insignificant and the left
moving products of splitting are short lived (Klemp, 1987).
Even though the nonlinear NHVPGF has greater amplitude
than the linear NHVPGF, its maximum is centered almost on the
updraft maximum while the linear NHVPGF has a positive–
negative (upward–downward) couplet straddling the updraft.
Consequently, linear propagation, which arises directly from the
updraft–shear interaction, dominates nonlinear propagation. In
environments with circular hodographs, the highs and lows of
shear-induced pressure twist with height around the updraft in
such away that the resulting linear NHVPGF causes propagation
to the concave side of the hodograph curve (Davies-Jones, 2002).

2.6. Stage 1 summary

During stage 1, a mesocyclone forms aloft as a result of the
updraft tilting large storm-relative streamwise vorticity that
is present in the storm inflow. For this to happen, the motion
vector must lie significantly to the right of the hodograph
curve, and the quasi-steady supercell updraft has to propa-
gate strongly [since the propagation vector P zð Þ≡ c−v zð Þ].

3. Stage 2 of tornadogenesis: rotation at ground

The next stage is the development of rotation next to the
ground. Winds near the ground intensify rapidly as this
happens. The mechanism is a lot different from the procedure
formid-altitudemesocyclone genesis. Before describing it, we
need to introduce a logical partition of vorticity and circu-
lation into barotropic, baroclinic and frictional parts (Dutton,
1986; Epifanio and Durran, 2002; Davies-Jones, 2006). The
vorticity and circulation associated with the Earth's rotation
are included in the barotropic parts. The division is not unique
because it depends on the choice of an arbitrary starting time.
This choice often is dictated by data availability and accuracy
issues such as error growth in trajectory calculations.

Consider a parcel that is initially spherical. The barotropic
vorticity of the parcel at a current time is determined only by
its initial vorticity and its current deformation. Note that it
is independent of its deformation history. Barotropic vortex
tubes are frozen into the fluid (i.e., they always consist of the
same material parcels).

The baroclinic vorticity of a parcel is zero initially, and at
any current time depends primarily on its time-integrated
buoyancy history and its deformation history since the initial
time. The buoyancy force is

bk ≡−g
ρ0

ρ
þ q

� �
k ð2Þ

where g is the gravitational acceleration, ρ′ is the density pertur-
bation and gq is the weight of hydrometeors per unit mass of air.

A spherical parcel that is more buoyant on one side spins
about a horizontal axis with the vorticity directed to the
right of the buoyancy gradient. Thus, baroclinic vorticity is
generated horizontally by horizontal gradients of the buoy-
ancy force. If we divide the time between the initial time
and the present into many tiny intervals, the baroclinic
vorticity generated in each subinterval is bought forward to
the present by being frozen to thematerial fluid. The frictional
vorticity of a parcel is also zero initially. It is similar to the
baroclinic vorticity, but depends on the accumulated effects of
the curl of the friction force (rather than the time integral of
the buoyancy curl).

Absolute circulation also can bedecomposed into barotropic,
baroclinic and frictional parts. Around a material circuit C(τ),
the absolute circulation Γ(τ*) at the present time τ* is

Γ τ�ð Þ ¼ Γ τ0ð Þ þ
Zτ�
τ0

A τð Þdτ þ
Zτ�
τ0

∮
C τð Þ

F τð Þ � ds
" #

dτ ð3Þ

where τ is the time, τ0 is the initial time, F is the friction force, ds
is the vector increment of length along C(τ), and A(τ) is defined
by

A τð Þ≡− ∮
C τð Þ

αdp≈ ∮
C τð Þ

b τð Þdz ð4Þ

in which p is the pressure and α ≡ ρ−1(1 + q)−1 is the recip-
rocal of the density of the air-water system. The right side of Eq.
(4) is not a good approximation to A very close to a tornado
because perturbations from a horizontally uniform basic state
are large there. The first term on the right side of Eq. (3) is the
barotropic circulation ΓBT. It depends only on the initial time τ0
because it is conserved by Kelvin's circulation theorem. The
second and third terms are the baroclinic circulation ΓBC and the
frictional circulation ΓFR, respectively. Both are zero initially.
Results depend naturally on τ*–τ0. If this interval is small,
then obviously the circulation is mostly barotropic. The
frictional circulation has not been calculated directly, but may
be significant for circuits that are close to the ground in the
atmosphere and in simulations with surface friction, as well as
for circuits that pass through regions where the subgrid-scale
eddy stress terms in the momentum equations are large.

3.1. The need for a downdraft

Tilting by an updraft of horizontal vorticity fails to produce
rotation next to the ground because the vertical vorticity is
generated as the air is rising to hundreds of meters above the
ground. Furthermore, the baroclinic circulation term in Eq.
(3) around a horizontal material curve on flat ground is small
(compared to a tornado's circulation) on the thunderstorm
scale over a time interval of an hour or two. This is a consistent
with the insignificance of the solenoidal term in the vertical-
vorticity equation. Therefore, tornadogenesis must await the
development of downdrafts (Davies-Jones, 1982a,b). This
statement would be disproved if there were a way that sub-
stantial near-ground rotation could develop in a flowwithout
a downdraft. There are three possibilities.

The first idea is that near-ground rotation develops from
concentration of weak background vertical vorticity associated
with the Earth's rotation and large-scaleweather systems. Even
though Coriolis forces are insignificant on the scale of indi-
vidual thunderstorms,we cannot dismiss this hypothesis based
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on theory. In the Appendix we derive and use a formula for the
time that a persistent updraft of finite radius would take to
concentrate Earth's rotation into a strong vortex. The estimated
formation time for a strong tornado of 83 min obtained in the
Appendix roughly agrees with times that simulated super-
cells take to develop significant near-ground rotation. For an
observed large tornado cyclone the computed time is too long
(Appendix). Replacing the Coriolis parameter f with a sig-
nificantly larger environmental background vertical vorticity
ζ0 + fwould result of course in shorter formation times. How-
ever, in supercell environments the background vertical vor-
ticity is insignificant to low-level horizontal vorticity, which
can be 50 times f (Davies-Jones, 1984). Thus, tilting of hori-
zontal vorticity by the updraft, which quickly gives rise to
mid-level updraft rotation (Section 2), could set the stage for a
faster tornadogenesis mechanism involving downdrafts.

Furthermore, there is convincing numerical-modeling and
observational evidence counter to the theory that the rotation
of supercell tornadoes derives directly from the Earth's rotation
or other background vorticity. Most importantly, computer
simulations reproduce the observed features of classic super-
cells, including tornado-like vortices, with Coriolis forces deac-
tivated andwithout any background vertical vorticity.Moreover,
Doppler radar and visual observations show that the cyclonic
tornado does not form in the middle of the updraft as might be
expected based on the theory, but on one side with a downdraft
nearby. The theory also is incapable of explaining why there is
anticyclonic vorticity in close proximity to the cyclonic tornado
and why an anticyclonic tornado occasionally forms only a few
kilometers away. A downdraft is needed to account for these
observations.

The second possible process for developing near-ground
rotation without a downdraft is by air parcels and vortex
tubes being turned up abruptly into the vertical at a
gust front (Simpson, 1982). However, Davies-Jones and
Markowski (2013) used a two-dimensional, but three-
directional, simulation to show that such abrupt turning
does not happen. The flow ahead of the gust front resembles
a stagnation flow with high pressure at the front. The
approaching air decelerates rapidly in the adverse pressure
gradient, and starts rising before it reaches the gust
front. Thus, the tilting of vortex tubes is not abrupt. More
importantly, the horizontal vorticity available for tilting is
greatly reduced by horizontal shrinking prior to its tilting.

The third hypothetical mechanism is by air parcels and
vortex tubes being turned up abruptly through the dynamic-
pipe effect (Smith and Leslie, 1978; Trapp and Davies-Jones,
1997). The core of a vortex is in stable cyclostrophic equi-
librium, meaning that there is a balance of forces in the radial
direction between the inward pressure-gradient and outward
centrifugal forces and that parcels displaced radially experi-
ence a net restoring force. Thus the wall of a vortex core is
impenetrable to outside air. The wall acts dynamically as a
vertical pipe with suction (low pressure) because air enters it
from below, not through the side. The core builds downwards
if inflowing air has angular momentum because then it spins
up as it converges on the entrance, and adds itself to the
vortex. As the vortex continuously approaches the ground in
this manner, air accelerates along the surface towards the low
pressure in the core and turns suddenly upwards. However,
there is a Catch-22 (stalemate): the sharp turn in the
streamlines depends on the dynamic-pipe effect, which
works only when the air near the ground already has
considerable angular momentum. We should also note that
rotation still develops next to the ground in supercell
simulations with grids that are too coarse to resolve abrupt
turning. Furthermore, there is no evidence that the mesocy-
clone aloft builds downwards all the way to the surface
through the dynamic-pipe effect. Instead, it appears that a
near-ground vortex forms by a different process. When the
near-ground cyclone moves underneath the mesocyclone,
a continuouswide vortex column is completed from the ground
to upper levels of the storm.

3.2. Baroclinic mechanism

In computer models, rotation near the ground develops
though tilting of horizontal vorticity, which is generated
baroclinically in subsiding air that has spent 15 min or longer
in a horizontal buoyancy gradient (Rotunno and Klemp, 1985).
The vorticity in this air changes from anticyclonic to cyclonic
during its descent because the vorticity vector is inclined up-
ward relative to the velocity vector (Davies-Jones and Brooks,
1993; Davies-Jones et al., 2001). Its cyclonic vorticity is then
greatly amplified by vertical stretching as it passes into the
updraft. In simulations without surface friction, rotation just
above the ground stems primarily from the baroclinic process,
although itmay be aided sometimes by barotropic circulation if
the hodograph is extremely curved at low levels (Wicker and
Wilhelmson, 1995).

Prior to the field experiment VORTEX1 in 1994 and 1995,
researchers thought that the vorticity maximum near the
ground should be located in strong gradients of temperature
(T) and moist entropy. This belief was based on the results of
numerical supercell simulations, which we now know overdid
the baroclinic process owing to their microphysics parameter-
izations. The models produced too much rain too low in the
cloud too soon, and evaporation was too fast, resulting in
excessive cooling of the air (Straka and Rasmussen, 1997). All
this led to a strong cold pool occurring too early in a storm's
lifetime. Unexpectedly, field observations obtained during
VORTEX1 and subsequent experiments did not find very cool
air with low moist entropy at 3 m above the ground near
strong and violent tornadoes (Markowski, 2002a; Markowski
et al., 2002). These tornadoes were located only in modest
temperature and entropy gradients, while strong temperature
gradients sustained only weak tornadoes. The back-of-the-
envelope calculation below explains how enough circulation
can be generated baroclinically with only minor temperature
differences.

The origin of near-surface circulation in simulated and
observed storms is determined by drawing a small horizontal
closed curve around the vorticity maximum at time τ* and
using backwards parcel trajectories to trace the past where-
abouts of the material circuit to some initial time τ0 (Rotunno
and Klemp, 1985; Davies-Jones and Brooks, 1993) when it is
typically large and convoluted. The circulation at τ* equals
the initial or barotropic circulation plus circulation generated
baroclinically and by friction during the interval (τ0, τ*)
according to Eq. (3). Calculation of baroclinic circulation is
sensitive to the accuracy of the divergent backward trajecto-
ries. In particular, there should not be obvious errors such as
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parcels crossing an air-mass boundary into a region where
they clearly don't belong (Dahl et al., 2012).

Note that A(τ) in Eq. (4) is a signed area in (b, z) space or,
more generally, in (p, α) space. Thus, there is a large baroclinic
circulation if and only if there has been a large area in (b, z)
space for a long time. This area becomes small during the last
fewminutes before τ* as the circuit flattens out and its height
increment dz tends to zero. Most of the baroclinic circulation
is generated at earlier times in higher-altitude parts of the
circuit. Therefore, the relevant baroclinic zone is slightly aloft
and perhaps in a quite different part of the storm than the
vorticity maximum. Also note that the baroclinic zone does
not have to be narrow because the size of the baroclinic
circulation depends on horizontal differences in buoyancy,
and not on the magnitude of horizontal buoyancy gradients.
Baroclinic generation of horizontal vorticity is proportional to
the size of buoyancy gradients, leading to the belief that the
Fig. 5. Initial fields in a tornadogenesis model. The fields, in a radial-height (r-z) cro
radial, tangential and vertical wind, pressure, angular momentum and streamfunctio
limit (maximum initial vertical wind) is 1. The key to the list in the parentheses is (m
value, contour interval). To roughly scale up to a real supercell, multiply lengths by
by 4.1 × 105 m2 s−1, and streamfunction (volume flow rate/2π) by 4.9 × 109 m3 s−
baroclinic mechanism relies on parcels spending long times in
strong thermal gradients. However, vorticity can magnify from
small seeds of baroclinic generation as the circuit contracts
greatly.

The amount of baroclinic circulation may be estimated as

ΓBC ¼ τ �−τ0ð ÞA ð5Þ

where A is the average A in the interval (τ0, τ*). The baroclinic
process acting for 1000 s can produce enough circulation to
account for a strong tornadowith circulation of 5 × 104 m2 s−1

and a damage path 400 m wide (based on a outer potential
vortex and a damaging-wind threshold of 40 m s−1) if A =
50 m2 s−2. This value is feasible because A was about
100 m2 s−2 in Rotunno and Klemp's (1985) simulation (albeit
with the microphysical problems listed above). Now suppose
that the boundary of A in (b, z) space is an ellipse with axes of
ss-section with the axis r = 0 on the left side, are (clockwise from top left)
n. The domain is 1 unit tall, 0.7 units in radius, and the thermodynamic speed
inimum value, minimum contour value, maximum contour value, maximum
12,000 m, velocities by 34 m s−1, pressures by 1156 pa, angular momentum
1. From Davies-Jones (2008).
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lengths z2 − z1 and b2 − b1 (where z2 − z1 is the circuit's
height span and b2 − b1 is the maximum horizontal buoyancy
difference across the circuit). Then

A ¼ π
4

z2−z1ð Þ b2−b1ð Þ ð6Þ

For A = 50 m2 s−2 and z2 − z1 = 1000 m, b2 − b1 =
0.064 m s−2, which corresponds to a maximum horizontal
temperature difference ΔT = (b2 − b1)T/g of just 2 K for
T = 300 K. This small temperature difference should not
change much as the material circuit flattens out from low
altitudes and contracts. In principle, a thermal difference is
not required at all. The buoyancy difference can be composed
entirely of a difference in precipitation loading of 6 g kg−1

[=(b2 − b1)/g].
Fig. 6. Fields at time of maximum tornado intensity in the tornadogenesis model. T
shown here instead of the streamfunction and two contours (dashed, contour val
panel. From Davies-Jones (2008).
3.3. Barotropic mechanism: Fujita's ‘recycling process’

Ideally, tornadoes can form barotropically as a result of
some high-angular-momentum air being transported down-
ward and inward towards the axis of rotation. Fujita (1975)
proposed this mechanism, which he called the recycling
process, after observing in an eyewitness film that the ro-
tating rain streaks fell towards a tornado.

Davies-Jones (2008) simulated this process using a simple
axisymmetric model without buoyancy forces. This model
has some nice features. The domain is closed with a complete
storm-scale circulation so that there can be a realistic two-
way interaction between a tornado and its parent storm.
The domain is nonrotating to reflect the insignificance of the
Earth's vorticity in supercell environments (Davies-Jones,
1984). The boundary conditions are impermeable walls with
no slip on the tangential wind, free slip (no stress) on the
he time, when scaled up, is 36 min. The precipitation mixing ratio in g/kg is
ues 2 and 4) of angular-momentum advection are included in lower center
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other wall-parallel wind component. These boundary condi-
tions are the ones satisfied by the initial Beltrami flow, and
are the best ones to use at the ground (i.e., du/dz = v =w =
0 at z = 0) in an axisymmetric model with constant eddy
viscosity because the radial velocity in the turbulent bound-
ary layer of a strong vortex peaks just off the surface at the
bottom of the layer (Lewellen, 1993, p. 24). The side of the
domain does not rotate so angular momentum is not imparted
to the flow artificially. The initial condition is a Beltrami flow
(vorticity parallel to velocity everywhere) that resembles a
mid-altitude mesocyclone with a cyclonic updraft surrounded
by an anticyclonic downdraft (Fig. 5). Air near the ground has
little angular momentum initially. Winds in the corner region
(where the surface-based inflow turns upward into the vortex)
are light initially. The initial flow is balanced (apart from a slow
viscous decay). In other words, if it is left unperturbed, its
pattern does not change and a vortex does not form as an
unintended consequence of either an unbalanced initial state or
boundary conditions that create imbalances.

To simulate tornadogenesis, hydrometeors in moderate
amount are introduced through the top into the divergent
flow above the mature updraft; they fall around the side of
the updraft in a realistic rain curtain (albeit axisymmetric) on
the scale of a radar hook (roughly 5 km in radius, Markowski,
2002b) and drag air with substantial angular momentum
downward. The rotating updraft narrows as it is squeezed
by the precipitation-induced downdraft. The squeezing and
downward transport of air with fairly high angular momen-
tum causes the mesocyclone to contract, descend, and spin up
a bit. The mesocyclone comes within about 10% of being in
cyclostrophic balance as its diameter steadily decreases to less
than 3 km and its maximum in tangential velocity steadily
moves downward to around 2 km. As the air in the enhanced
downdraft hits the ground, some of it flows inwards towards
the nadir of the axis. A new maximum of tangential velocity
forms near the ground and moves inwards. The near-ground
vortex becomes more intense than the one above, and then
rapidly intensifies into a tornado, which is capped by the wider
vortex aloft (Fig. 6).

In this simulation, the axisymmetric rotating rain curtain
instigates the tornado by dragging down air with moderate
angular momentum down to the ground. The mechanism is
unequivocally barotropic because differential drag forces
generate azimuthal vorticity, which cannot be tilted into the
vertical in an axisymmetric flow. From the perspective of
Lewellen and Lewellen (2007), the precipitation-induced
downdraft causes the corner flow of the mesocyclone to
collapse to smaller radii by blocking the no-swirl surface
inflow of the original Beltrami flow and bringing air with
angularmomentum down into the inflowwhere it spins up as
it approaches the axis. Collapse causes dramatic increases in
peak velocities and pressure deficits with concomitant drops
in their locations to near the ground. Corner flow collapse
(Lewellen et al., 2000) and downward transport of vertical
vorticity to the groundwhere there is none previously (Davies-
Jones, 1982a,b) are two sides of the same coin.

Remarkably, a simple axisymmetric model without buoyan-
cy, environmental stratification and release of latent heat, can
simulate several observed features of tornadogenesis even
though axisymmetry requires the mechanism to be barotropic.
Themodel reproduces on themesocyclone scale an anticyclonic
clear-slot intrusion of descending air, a collapsing top, and
contraction and lowering of the mesocyclone prior to the
tornado. The most intense winds in the mesocyclone reach the
thermodynamic speed limit (Snow and Pauley, 1984; Fiedler
and Rotunno, 1986). On the small scale, it generates a tornado
with an axial jet capped by a vortex breakdown that is an abrupt
transition to the constricted mesocyclone aloft. Its winds
easily exceed the thermodynamic speed limit. At low levels,
practically all the rising air is contained in the tornado itself.
Tornadogenesis still occurs in a 3D version of the model (Kis et
al., 2008) that doesn't have axisymmetry constraints, such as the
one that makes the inward part of the outflow converge
towards a focal point (the imposed axis).

Fully 3D numerical cloud models are of course far more
accurate because they include tilting of baroclinically generat-
ed vorticity and more realistic thermodynamics, microphysics
and turbulence effects, but diagnosing how tornadoes form in
them is very difficult (Rotunno, 1986). Tornadogenesis in
the axisymmetric model is much easier to interpret. For exam-
ple, the vortex lines lie in the surfaces of constant angular
momentum (M), which are closed because the domain is
nonrotating and because a no-slip condition is imposed on the
tangential wind at the boundaries. The directed vortex lines
that enter the tornado emanate from the triggering downdraft
where they are downward, indicative of anticyclonic vorticity
there. From the base of the downdraft the lines stretch radially
inward until they reach the tornado where they turn abruptly
upward into the core.

3.4. Circulation around a horizontal curve

Instead of computing barotropic and baroclinic circulation
around a material curve, we can compute circulation around
a horizontal closed curve that is stationary relative to the
storm. The rate of change of absolute circulation Γa around a
horizontal curve L that is moving with a storm (at velocity c)
is

δΓa
δt

¼ −∮
L
ζ þ fð Þ vH−cð Þ � nds−∮

L
w

∂vH
∂z þ 2Ω

� �
� dx þ ∮

L
pdα þ ∮

L
F � dx

ð7Þ

where vH is the horizontal wind, Ω is the Earth's angular
velocity, dx = (dx, dy, 0), n is the outward horizontal unit
normal to L, ds is an element of arclength, nds = (dy, −dx,
0), and α is specific volume (Davies-Jones, 2004). Eq. (7) is
the areal integral of the vertical-vorticity equation with the
terms on the right being (after use of Stokes' theorem) the
areal integrals of the horizontal advection of the absolute
vertical vorticity ζ + f, vertical advection of ζ, the solenoidal
term, and the frictional torque, respectively. The horizontal
component of Ω appears in the second term on the right.
Since it is smaller compared to |∂vH/∂z|, we neglect it hence-
forth. When L is a circle C of radius r0, Eq. (7) becomes

δΓa
δt

¼ −∮
C
U
∂Ma

∂r dϕ−∮
C
w
∂Ma

∂z dϕþ ∮
C
pdα þ ∮

C
r0 Fϕdϕ ð8Þ

where (U, V, w) is the storm-relative wind in cylindrical
coordinates (r, ϕ, z) coaxial with C,Ma is the absolute angular
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284 R. Davies-Jones / Atmospheric Research 158–159 (2015) 274–291
momentum Vr + fr2/2 about the center of C, and Fϕ is the
tangential component of the friction force. In this special case,
circulation changes through radial and vertical advection of
angular momentum (AM) on the circle, solenoids (Dutton,
1986, p. 373) and frictional torque.

Markowski et al. (2012) showed relative angular momen-
tumM ≡ Vrwith respect to the circulation axis in an observed
tornadic storm (Fig. 7). They did not include the Earth's
angular momentum because it is insignificant [less than
2 × 103 m2 s−1 for r b 6 km]. In their paper C is a circle of
2 km radius around the circulation center. At 10 min prior to
tornado touchdown (Fig. 7a), the circulation center is on the
boundary between the storm's warm inflow and cool outflow.
Air from the warm sector is heading almost directly towards
the circulation center and radial advection of AM is either
weakly positive or negative. In the warm-sector −w∂M/∂z is
negative because air with lower AM is rising (Fig. 8a). This
is detrimental to low-level rotation. Thus there is little con-
tribution to circulation gain around C from advection of AM
on the side of the circle that is in the warm sector. In contrast,
air from behind the gust front (GF) enters the circulation
obliquely and there is considerable horizontal advection of
AM. Moreover, the vertical advection of AM is less negative
behind the GF than in thewarm sector and it is positive on the
northwest arc of C.

Four minutes prior to the tornado, the situation looks far
more favorable for tornadogenesis. The rear-flank gust front
(Markowski, 2002b) has advanced around the circulation and
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the low-level cyclone has occludedwith the circulation center
now in the cool air (Fig. 7d). Thewarm-sector air with lowAM
has been blocked off from the circulation and air with higher
AM has subsided in the rear-flank downdraft and wrapped
around the center (Fig. 8d). The rotation has intensified be-
cause the rear-flank downdraft has collapsed the corner flow
of the cyclone.
4. Stage 3 of tornadogenesis: tornado formation or failure

We have got ahead of ourselves in Section 3.3 by not
stopping the discussion at the end of stage 2, when rotation
first develops at ground level as a result of the rear-flank
downdraft transporting vertical vorticity down to the ground.
The low-level vortex is beneath a mesocyclone aloft that has
lowered, narrowed and intensified.
4.1. Tornado formation

In convergent flow beneath a strong updraft, the low-level
vortex contracts horizontally and spins up. This hypothesis is
consistent with analyses that reveal strong low-altitude con-
vergence prior to the tornado and a large vertical stretching
term with a maximum at the tornado. In simulations without
surface friction, centrifugal forces increase during the con-
traction until they come into cyclostrophic balance with the
inward pressure-gradient force. The vortex then stops
contracting. Because of the free-slip (no-stress) condition at
the ground, the balance extends all the way to the surface.
Therefore, winds cannot exceed a thermodynamic speed limit
(Section 6) based on cyclostrophic and hydrostatic theory. At
worst, there is a weak, broad tornado.

The scenario changes radically when surface friction is
included in themodel. Inmost circumstances frictionmoderates



Fig. 9. Effect of increasing domain swirl ratio on tornado flow structure. From Davies-Jones et al. (2001).
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the winds. Paradoxically, surface friction greatly intensifies the
vortex by upsetting cyclostrophic balance in a thin boundary
layer. The way this happens is explained in Section 6.

4.2. Tornadogenesis failure

Doppler-radar analyses reveal storms in which tornadoes
seem imminent within minutes, but don't happen. Several
factors can disrupt tornadogenesis. For instance, the storm-
relative convergent inflow may be too weak to prevent cold-
air outflow from surging ahead of the updraft. The updraft
loses its roots as a deep layer of dense stable air intrudes
beneath the updraft. Using models with idealized thermody-
namics, buoyancy forces, and precipitation, Markowski et al.
(2003) and Markowski and Richardson (in press) showed that
a tornado would not form if the air at the ground were so
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dense and stable that the overlying rotating updraft cannot
pull it upwards.

Ward's (1972) laboratory model illustrates other failure
modes. A tornado will not form at the circulation center if the
updraft has insufficient rotation because the boundary layer
separates before air reaches the axis (Fig. 9a). Also a tornado
will not form on the axis of rotation if the updraft's rota-
tion is too strong. In this situation, strong centrifugal forces
establish cyclostrophic balance at large radii and prevent the
convergence of air to near the axis, resulting in a broad weak
central vortex. However, multiple tornadoes may still form
around the periphery of the large vortex (Fig. 9f).

5. Tornado structure

Before starting the detailed explanation of how tornadoes
form, we detail the different types of tornadoes for subse-
quent reference. InWard's (1972) laboratory vortex chamber,
which is the one with the most dynamical and geometric
similarity to tornado environments, the range of vortices is
similar to the observed spectrum of tornadoes. The type of
miniature tornado is controlled largely by the domain swirl
ratio, S, which is the ratio of the tangential velocity at the
updraft edge divided by the mean updraft velocity. As the
swirl ratio increases, vortex structure changes as illustrated in
Fig. 9 and summarized in more detail by Davies-Jones et al.
(2001). At very low swirl (Fig. 9a), there is no tornado. Flow in
the boundary layer separates and passes around the corner
flow. At low S (Fig. 9b) there is a smooth-flowing, one-cell,
weak tornadowith upward flow along the axis. At moderate S
(Fig. 9c), the end-wall boundary layer erupts upward into an
extremely strong, smooth, spiraling, vertical jet (an end-wall
jet). The flow in the end-wall jet is supercritical, whichmeans
that, unlike subcritical flow, centrifugal waves (and infor-
mation) cannot propagate against the flow (i.e., downwards)
because the air is moving upwards more rapidly than the
fastest downward propagating wave. The jet inevitably slows
down as it encounters slower air aloft, and at the height
where the upward air velocity is critical (i.e., equal to the
fastest downward wave speed) the vortex breaks down into a
conjugate subcritical vortex aloft with the same circulation
at radial infinity as the end-wall vortex. Mass and axial-
momentum fluxes are conserved through the transition, but
energy is lost (Fiedler and Rotunno, 1986). The conjugate
vortex is a two-cell vortex with downdraft on the axis sur-
rounded by updraft. It is much broader andweaker, turbulent,
and subcritical. [The circular hydraulic jump visible in a
kitchen sink when the water is flowing is similar to vortex
breakdown, except the waves are external gravity ones with
a vertical restoring force instead of centrifugal ones with a
radial restoring force (Markowski and Richardson, 2010, p.
49). Water from the tap spreads along the surface initially in
a shallow outflow at supercritical speed, slows in the
diverging flow to conserve mass, enters the hydraulic jump
as its speed becomes critical, and thereafter moves at
subcritical speed in a much deeper conjugate outflow.] At
slightly higher S (Fig. 9d), the breakdown stagnation point
descends very close to the ground and the end-wall vortex is
confined to the boundary layer. This structure is called a
drowned vortex jump. At still higher S (Fig. 9e), the central
downdraft extends to the ground and there is a turbulent
two-cell vortex with the inflow now erupting upward in an
annular corner region. With further increases in S the core
radius increases rapidly and the flow resembles a cylindrical
sheet of high vorticity. At large S the vortex sheet becomes
unstable (Rotunno, 1978) and the large vortex morphs into
two secondary vortices, which orbit rapidly around the
central axis of the system. With increasing S (Fig. 9f), the
flow chaotically transitions from two to three revolving
secondary vortices, then to four, five and six.

The domain swirl ratio only incorporates the constant
angular momentum of the inflow air above the boundary layer
in Ward's apparatus. Lewellen et al. (2000) devised another
parameter, the corner swirl ratio, which takes into account the
existence of lower angular momentum in the boundary layer.
Two flows with the same domain swirl ratio can have quite
different corner swirl ratios owing, for example, to diverse
surface roughness. Consequently, these flows can have dissim-
ilar structures in the corner flow region and considerably dif-
ferent maximum wind speeds.

The tornadoes with the highest wind speeds are probably
those with end-wall vortices, and large two-celled vortices
with (and perhaps sometimes without) secondary vortices.
The secondary vortices are particularly dangerous because
they move rapidly around the axis of the parent vortex and
because they may be supercritical near the ground.

A typical tornado dies by ‘roping out’. Subsiding cold air
with low angular momentum overtakes the tornado near the
ground (Rasmussen and Straka, 2007). The top and bottom of
the visible tornado then follow divergent paths. The vortex
becomes greatly tilted and stretched into a rope shape.
Waves are seen traveling down the funnel. The visible funnel
becomes serpentine and may even break into segments
before it disappears from view. Vortex instability seems to be
the cause of death.

Damage surveys and Doppler-radar observations suggest
that a few tornadoes decay by broadening and weakening.
Demise of these tornadoes is consistent with decline of
the overlying parent updraft. If the upward buoyancy and
inertial forces aloft become weaker than downward pressure-
gradient forces (associated with precipitation drag and/or the
mesocyclone spreading with height), the net downward force
would drive a downdraft that envelops the tornado and fills it
from above. In the diverging flow, the tornado would widen
and spin down as observed. This process (sans buoyancy) ends
the tornado in the Davies-Jones (2008) axisymmetric model.

6. Tornado dynamics

Three important topics in tornado dynamics are the
source of rotation (already covered in Section 4), the energy
source (Section 6.1), and the mechanism that makes them far
more powerful that expected on the basis of simple theory
(Section 6.2).

6.1. No need for exotic energy sources

In the past, scientists have proposed extraordinary sources
of energy to explain the awesome power of tornadoes. One
postulate was that heating from repeated lightning strikes
down the same channel causes tornadoes. Early during the
Tornado Intercept Project, it became evident that tornadoes
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generally develop from precipitation-free, updraft cloud
bases with the nearest cloud-to-ground lightning and precip-
itation a few kilometers away (Davies-Jones andGolden, 1975).
Thus, the above theorywas discounted, aswere ones that relied
on precipitation falling along the axis of the developing tornado
or placed the formative tornado in a downdraft rather than an
updraft.

Meteorologists (e.g., Davies-Jones and Kessler, 1974) used
to place an upper limit (now called the ‘thermodynamic
speed limit’) on tornado wind speeds based on assumptions
of hydrostatic and cyclostrophic flow. Before describing the
method, we note that, with use of the equation of state for
air (pα = RT), the pressure-gradient force (PGF), −α∇p, can
be written as−cpθ∇πwhere R is the gas constant for air, cp is
the specific heat of air at constant pressure, θ ≡ T/π is the
potential temperature, T is temperature, π ≡ p=p0ð ÞR=cp is a
non-dimensional pressure, and p0 is a reference pressure
(1000 mb). For steady axisymmetric flow in cylindrical coor-
dinates, the equation of vertical motion is

d
dz

w2 0; zð Þ
2

" #
¼ −cpθ 0; zð Þdπ 0; zð Þ

dz
−g þ k � F 0; zð Þ ð9Þ

on the axis and

0 ¼ −cpθ ∞; zð Þdπ ∞; zð Þ
dz

−g ð10Þ

in the far environment (at r = ∞) where the pressure is hy-
drostatic. By subtracting Eq. (10) from Eq. (9), approximating
θ by amean valueθ in the PGF term, and then integrating from
the top of the boundary layer at z = δ to the level of neutral
buoyancy (LNB) at z = H near the tropopause, we obtain

w2 0;Hð Þ
2

−w2 0; δð Þ
2

≈cpθΔπ δð Þ−cpθΔπ Hð Þ þ CAPEþ D ð11Þ

where Δπ(z) = π(0, z) −π(∞, z), and CAPE and D are the line
integrals along the axis from z = δ to z = H of the buoyancy
and friction forces, respectively. For estimating updraft speeds
by the parcel method, only the firstterm on the left and CAPE
are retained. We thus obtain

w 0;Hð Þ ¼ 2 CAPEð Þ1=2: ð12Þ

Themaximumvertical velocity is at the LNB and the updraft
overshoots into a cool top in the stratosphere. The resulting
outward hydrostatic PGF drives outflow into the storm anvil. A
rotating updraft does not have to overshoot the LNB because
the centrifugal force can accelerate the upper-level outflow
(Lilly, 1969). If this is the case, then w(0, H) = Δπ(0, H) = 0
and (11) becomes

−cpθΔπ δð Þ≈w2 0; δð Þ
2

þ CAPEþ D: ð13Þ

We specify a cyclostrophic balance of radial forces to
prevent air from rushing inward to fill the partial vacuum.
Integrating the cyclostrophic equation for a specified vortex
flow V(r) gives us

−cpθΔπ δð Þ ¼
Z∞
0

V2 rð Þ
r

dr ¼ βV2
m ð14Þ

where Vm is the maximum tangential wind, and β = 0.5 for a
vortex with a stagnant core and outer potential vortex (where
V ∝ 1/r) and β = 1 for a Rankine combined vortex, which has
a core in rigid rotation and an outer potential vortex. From Eqs.
(13) and (14)

Vm ¼ 0:5w2 0; δð Þ þ CAPE
β

" #0:5
ð15Þ

if D is negligible. The thermodynamic speed limit is obtained
by neglecting w(0, δ) as well. Then the surface pressure deficit
of the tornado is hydrostatic and equals the weight deficit of
the warm core. The vortex with the stagnant core yields the
highest speed limit. In this case the kinetic-energy limit equals
the CAPE of the environment. The thermodynamic speed limit
works well for tornadoes in simulations without surface
friction because w(0, δ) is then negligible.

Note that buoyancy and CAPE are estimated traditionally
based on a parcel ascending pseudoadiabatically once it be-
comes saturated. For a two-celled tornado with a central
downdraft, adiabatic warming of parcels in descent makes the
hydrostatic pressure deficit much larger, resulting in a consid-
erably higher speed limit than the traditional one (Lilly, 1969).
When assessing whether wind speeds measured in a tornado
exceed the thermodynamic speed limit, the scientist also must
remember to add the tornado's translation speed to the limit.
Tornadoes cross the land at speeds from 0 to above 25 m s−1.

Lewellen (1976), Snow and Pauley (1984), and Fiedler
and Rotunno (1986) realized that the thermodynamic speed
limit and the associated kinetic-energy limit could be bro-
ken by purely fluid-dynamical effects. There is no need for
exotic energy sources because there is a process, described in
Section 6.2, which enables the pressure-gradient force to do
extra work on a parcel, thereby increasing the parcel's kinetic
energy beyond the limit.

6.2. Paradoxical role of friction

The Davies-Jones (2008) model produces a near-ground
cyclone both with and without surface friction during stage 2
of tornadogenesis. Stage 3, the contraction of this cyclone into
a tornado, happens only in simulations with surface friction.
A frictional torque between the cyclone and the ground is
essential to tornado formation because it induces strong ra-
dial inflow along the ground as follows. Parcels in the bound-
ary layer of the tornado lose angular momentum to the
ground owing to the torque. The cyclostrophic balance of
forces in the radial direction that exists without surface
friction is upset in the boundary layer, where the inward
pressure-gradient force is greater than the reduced outward
centrifugal force and drives strong radial inflow. Conse-
quently, parcels penetrate much closer to the axis than
the equilibrium radius of cyclostrophic balance above the
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boundary layer. Because their angular-momentum loss to the
ground is fairly small, they revolve very quickly near the axis
(like an ice skater going into a spin). To conserve mass, the
radial inflow in the boundary layer has to turn the corner as it
approaches the axis. It erupts violently upward in a high-
speed axial jet and a supercritical end-wall vortex forms in
the corner region. The axial swirling jet may be thought of as
an upward continuation of the boundary layer. A new cyclo-
strophic balance supports the very low pressure on the axis
arising from the Bernoulli effect of the vertical jet. The ther-
modynamic speed limit is violated for the following reason.
Inviscid theory neglects the turbulent boundary layer and
thus can be applied only from the top of the boundary
layer, say z = δ, not from the ground upwards. Overall
hydrostatic balance between z = δ and the tropopause
becomes a bad approximation because w(0, δ) is far from
zero.

To find out how kinetic energy exceeds its limit in the
end-wall vortex, we look at the mechanical-energy equation,
which is

d
dt

U2 þ V2 þw2

2
þ gz

 !
¼ −cpθv �∇π þ v � F ð16Þ

where U, V and w are the radial, tangential and vertical com-
ponents of the wind v. For a parcel of unit mass, the rate of
change of its kinetic energy plus its potential energy (PE) is
equal to the work rate of the PGF plus the work rate of the
friction force F. The parcel gains PE as it rises in the vertical jet
so it cannot gain KE from its PE. In a boundary layer friction
acts to reduce KE. Therefore, the parcel can only acquire KE in
excess of CAPE if the PGF does more work. In the unreal case
where there is no surface stress, the speed limit is not broken
because the centrifugal force balances the radial PGF all the
way to the ground. The centrifugal force does no work but
transfers radial kinetic energy U2/2 to tangential kinetic
energy V2/2 when flow is inward. By decelerating the inflow,
it inhibits the work done by the radial PGF. With surface
stress, the centrifugal force is reduced in the boundary layer,
enabling the PGF to do far more work there in this case. Only
through this extra work by the PGF can we account for KE far
in excess of CAPE.

For flow that is steady, inviscid, and adiabatic or pseudo-
adiabatic, there is a Bernoulli (energy-conservation) princi-
ple, which is derived using both the mechanical energy
equation and a thermodynamic energy equation. For steady
flow,

−cpθv �∇π ¼ −cpθ
dπ
dt

ð17Þ

so positive work done by the PGF is associated with a loss of
parcel pressure. We use the identity

−cpθ
dπ
dt

≡ T
dS
dt

−
d cpT
� �
dt

ð18Þ

where S ≡ cp lnθ is the specific dry entropy and cpT is the
specific dry enthalpy. For a parcel undergoing adiabatic and
then pseudoadiabatic expansion, the thermodynamic energy
equation (or first law of thermodynamics) is

T
dS
dt

¼ −L
dq
dt

ð19Þ

where L is the latent heat of condensation and q is the vapor
mixing ratio (conserved until the parcel becomes saturated).
By disregarding the small variation of L with T, we find from
Eqs. (18) and (19) that

cpθ
dπ
dt

≈
d cpT þ Lq
� �

dt
¼ dk

dt
ð20Þ

where Lq is the specific latent energy and cpT + Lq ≡ k is
approximately the specific moist enthalpy. By Eqs. (17) and
(20) the work done by the PGF equates to the enthalpy lost
by the parcel. For steady adiabatic and pseudoadiabatic flow
with negligible friction, Eqs. (16), (17) and (20) give us the
conservation law

U2 þ V2 þw2

2
þ gzþ k ¼ constant; ð21Þ

i.e., the total energy of a parcel, the sum of its specific KE, PE
and moist enthalpy, is conserved. In this case, a parcel has to
lose additional moist enthalpy in order to gain KE in excess of
the limit. From Eq. (20) this enthalpy loss must stem from a
further lowering of pressure.

As an example, consider a parcel initially at 1000 mb with
a temperature of 26 °C, a dewpoint temperature of 20 °C, and
a mixing ratio of 14.9 g kg−1. After adiabatic expansion to its
condensation pressure of 915 mb and then pseudoadiabatic
expansion to 800 mb, this parcel has a temperature of
13.6 °C, a mixing ratio of 12.3 g kg−1, and a moist enthalpy
loss of 18,800 J kg−1. At 800 mb in a normal thunderstorm
updraft, the vertical velocity is perhaps 14 m s−1, and the
enthalpy loss is balanced almost entirely by a gain in PE
associated with a parcel vertical displacement of 1900 m.
Only 0.5% of the enthalpy loss is converted into KE gain. At
800 mb in a vertical jet, the vertical displacement may be
only 100 m, and, from Eq. (21), the upward speed is then
189 m s−1. In this case the KE obtains 95% of the enthalpy
loss and the PE only 5%. The upward speed is far in excess of
the thermodynamic speed limit, which based on a stagnant-
core vortex and a typical CAPE of 2500 J kg−1 in tornado
environments is around 70 m s−1.

Thus, surface friction paradoxically instigates the extreme
pressure deficits and upward and rotary winds in end-wall
tornadoes. It can cause maximum winds in quasi-steady tor-
nadoes to increase to 3–4 times the speed limit in the vertical
component,more than twice it in the tangential velocity, and 1.5
times it in the radial inflow, and maximum pressure deficits
to magnify to about nine times the hydrostatic-deficit value.
Remarkably, vortex dynamics can cause the maximum vertical
velocity in the storm to be very close to the ground instead of
near the tropopause. Extremely high vertical kinetic energy,
w2/2, in the axial jet is balanced in Bernoulli's equation by
the extreme pressure drop, which in turn is supported by
cyclostrophic balance that prevents air from flowing inward to
fill the void. Lewellen and Lewellen (2007) showed that
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even larger quasi-steady amplifications could happen if the
inflow satisfies some unlikely specific conditions, and still
larger transient ones could arise with certain collapses of the
corner region triggered by instantaneously blocking part of
the surface-based inflow at the side boundary.

7. Summary

The genesis of tornadoes in supercells divides naturally into
three stages. Initial development of a mesocyclone aloft (stage
1) is a consequence of a barotropic process, tilting by the updraft
of streamwise vorticity present in the storm-relative inflow. The
preponderance of the evidence points to the development of
near-ground rotation in dense subsiding outflow air (stage 2)
being a baroclinic process. Stage 2 is initiated by the rear-flank
gust front blocking inflow air with low angular momentum and
bringing down air with higher angular momentum from aloft.
There is now air in rotation at ground level. In stage 3, this air
flows inward along the ground towards the circulation center
and its rotation increases.Without surface friction, increasingly
strong centrifugal forces balance the inward pressure-gradient
force, thus stopping the convergence of parcels and preventing
tornado formation. With frictional stress at the ground, cyclo-
strophic imbalance in the vortex boundary layer causes the air
to overshoot its cyclostrophic equilibrium radius (the one
associated with the cyclostrophic balance needed to maintain
the hydrostatic-pressure deficit of the vortex core). The bound-
ary layer erupts violently upwards near the axis in a spiral jet
with tornadic winds greatly in excess of those predicted on
the basis of hydrostatic and cyclostrophic balance. A different
cyclostrophic balance is established to support the extremely
low central pressure arising from the Bernoulli effect of the
vertical jet.
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Appendix

Here we derive a formula for the time that an updraft of
finite radius takes to concentrate Earth's vorticity into a
strong vortex. Consider inviscid axisymmetric flow at a flat
ground (z = 0). At an initial time t = 0, a radial inflow along
the ground

u r; tð Þ≡ dr
dt

¼ −Cr=2
−Cr2u=2r

if r≤ru
if r≥ru

�
ðA1Þ

starts impulsively and continues indefinitely. The radial flow
consists of an inner convergence zone (CZ) of radius ru and area
au beneath an updraft, surrounded by non-divergent confluent
flow outside the CZ. In Eq. (A1) C is the constant horizontal
convergence in the CZ. Initially, the absolute vertical vorticity
ζ + f equals f to isolate the planetary vorticity as the origin of
subsequent rotation. Let R(0) and A(0) be the initial radius and
area of a fluid circle that has radius R(t) and area A(t) at time t.
In the absence of torques the absolute circulation of the fluid
circle, Γa, is conserved. Therefore,

Γa ¼ fA 0ð Þ ¼ f þ ζ tð Þ½ �A tð Þ: ðA2Þ
The applicable vertical-vorticity equation is dln(f + ζ)/

dt = C inside the CZ and =0 outside the CZ. Thus, the
absolute vertical vorticity on a fluid circle initially outside
the CZ does not increase for the time tout that it takes to reach
the edge of the CZ and thereafter increases exponentially. The
fluid parcels that comprise the CZ initially form an inner
kernel that spins up rapidly as its area contracts. The kernel
radius is given by rk(t) = ru exp(−Ct/2). These parcels all
endure identical vertical stretching and so the vorticity in the
kernel is spatially uniform. Hence, the absolute vertical
vorticity of a fluid circle is given by

f þ ζ tð Þ ¼
f forR tð Þ≥ru

f exp C t−toutð Þ½ � forR 0ð Þ≥ru≥R tð Þ
f exp Ctð Þ forru≥R 0ð Þ

:

8<
: ðA3Þ

The absolute circulation of the kernel is fπru2, which is only
5 × 103 m2 s−1 even for a large CZ of radius 4000 m. This is
smaller than the circulation of almost all tornadoes (Davies-
Jones and Kessler, 1974, p. 564). Therefore, we assume that the
air parcels that form the tornado originate in the confluent
region and are stretched tremendously in the CZ. Thus, the fluid
circles of interest are those for which R(0) ≥ ru ≥ R(t). By
integrating Eq. (A1) we obtain the following formulas for the
non-dimensional times Cτout and Cτin taken for a fluid circle to
travel inward from R(0) to ru and from ru to R(t), respectively:

Cτout ¼
A 0ð Þ
au

−1; Cτin ¼ ln
au
A tð Þ ðA4Þ

where A(0) = Γa/f is the initial area. Generally τout is much
larger than τin because a fluid area reduces linearly with time in
the confluent region and declines exponentially in the CZ.

In summary, the total time τ for vortex formation directly
from the Earth's rotation is

τ ¼ 1
C

Γa
fπr2u

−1þ ln
r2u
r2c

 !
ðA5Þ

where rc is the core radius of the vortex. This formula
underestimates the vortex-formation time because it ignores
turbulent diffusion of angular momentum, which would slow
and eventually stop the contraction of fluid circles near the axis,
and also neglects losses of angular momentum to the ground.

For example, we can estimate from Eq. (A5) the time
required for a strong tornado with a core radius of 100 m and a
circulation 5 × 104 m2 s−1 to form directly from the Earth's
rotation underneath an updraft with a near-ground radius of
3 km. FromEq. (A2)we find that obtaining thismuch circulation
requires contraction to 100 m radius of a fluid circle originally
13.1 km in radius. The initial radial and absolute tangential
velocities on the fluid circle are −1.7 m s−1 and 0.6 m s−1,
respectively. For continual convergence of 5 × 10−3 s−1 within
the convergence-zone radius of 3 km, and 1/f = 3 h (the value
at 40°N), τ =83 min (τ out = 60 min and τ in = 23 min) from
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Eq. (A4). In the same radial-velocity field, a small, weak tornado
with circulation 1.25 × 104 m2 s−1 and core radius 50 mwould
take 40 min to form (τout = 13 min and τin = 27 min) from a
fluid circle with an initial radius of 6.6 km.

Another illustration is provided by the passage of a tornado
cyclone over a weather station at Newton, Kansas on 24 May
1962. The parent storm was four hours old at the time. From a
trace of surface pressure (with a pressure deficit of 34 mb) and
radar observations, Ward (1964) estimated maximum surface
winds of 56 m s−1 at a radius of 1.6 km. The circulation is
therefore 5.6 × 105 m2 s−1, which requires an initial fluid
circle 44 km in radius if the formation mechanism is concen-
tration of purely planetary vorticity. Even for a large conver-
gence zones (radius 4.5 km) with persistent convergence of
5 × 10−3 s−1, the estimated formation time of 5 h 22 min
(τout = 315 min and τin =7 min) is too long.
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