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Motivation

I Tornadoes as concentrated
vortices - ”simple”
dynamics

I Existence of data -
VORTEX2

I Partial observability - most
damaging winds not
observable by radar!



Tornado Models

I Navier-Stokes Equations

I Conservation of Energy

I Turbulence Parameterization

I Moisture, etc...

I Can we use a simplified set of equations and prior info to
extract other velocity fields?



Tangential Velocity Models

I Tangential component
estimated from data

v(r , z) = vcφ(r ;~qr )ψ(z ;~qz)

φww (x ; n, k , xc) =
nxn−k

c xk

(n − k)xnc + kxn

I Generalization of Rankine
vortex model

I Diagnose v : equations of
motion are now
overdetermined
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Fig. i Azimuthal wind speeds v(r) (positive curves) and pressure p(r) (negative curves) in three
simple columar vortices: solid curve Eq. (1), long dashed curve Eq. (2) and medium dashed

curve Eq. (3).

of axial vorticity that has the maximum displaced towards the radius of maximum

wind speed. Indeed, we will find that the DVJ, although neither cyclostrophic nor

stagnant-core, has a relationship between core pressure and maximum wind speed

similar to that of the stagnant core vortex. On the other hand, the supereritical

end-wall vortex has a relationship almost exactly like the Fiedler vortex. Although

the steady, supercritical vortex can sustain a much larger pressure deficit and axial

wind speed than in the DVJ, the azimuthal wind speed turns out to be about the

same as that in the DVJ. In summary, we will find processes that help to break

the thermodynamic speed limit either by increasing the central pressure deficit or

by using the central pressure more effectively to balance large wind speeds; the

processes tend not to act in concert.

2 The numerical model

Themodel is a primitive equation formulation of incompressible fiuidmotion within

a cyclindrical container rotating with angular velocity Q:

~Ju au au V a<p 12 U\dvau
—— —2Qv = ——+v u—— )+—— (5)at ai- az ai- r!’dzaz

av av av uv f
2V\ dvav

— +2Çlu=v(Vv——J+——
az r •\r

2/dzaz
(6)

From Fiedler (1994)
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Inverse (Least-Squares) Error Probability Density Function

I To fit v we can minimize the sum of least squares function:

J(vc , ~qr , ~qz) =

Nobs∑
i=1

(vcφ(ri ;~qr )ψ(zi ;~qz)− v̂i )
2

I We can turn this into a probability density function:

p(vc , ~qr , ~qz) = κe−J

I Optimal parameters → Maximum likelihood estimator

I Uncertainty → sample parameter space, retrieved velocities
weighted by probabilities



The Mathematical Problem Statement

GOAL: Solve the system

ζu − ηw = ν(ζr − ηz)

1

r
(ru)r + wz = 0

on the domain

Ωu = (0,R)× (0, h)

⊂ (0,R)× (0,H) = Ω,

and ζ = 1
r (rv)r and η = −vz

are ”known” (estimated from
data) on Ω\Ωu.
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Interesting Questions

I Sensitivity of u and w to
errors in v

I Sensitivity to noisy data,
quantity of data

I Sensitivity to unknown
boundary conditions at
r = R
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Solution by Method of Characteristics

Solve first equation for u or w and plug in to continuity equation
⇒ hyperbolic equations (and characteristic equations):

I u equations:

ηur + ζuz + η
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Solution Methodology Flowchart

Tangential Data
fit by Model

Characteristic Curve
Through Each Data 
Point Computed,
Singularities Tagged

Characteristic ODEs
for the velocities 
are integrated, on the
appropriate portions of
the characteristics

Other velocity found
by backsubstitution



Testing the Methodology
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Davies!Jones Tangential Velocity
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I Model output from Davies-Jones (2008) idealized
thunderstorm/tornado cyclone model

I Take data for u and w from model output at z = h
⇒initial conditions for characteristic equations (perfect data).



Radial Velocity Estimates (0 ≤ z ≤ 210, 0 ≤ r ≤ 966)

MLE U Sample Mean U

Davies-Jones U Error Measurements



Vertical Velocity Estimates (0 ≤ z ≤ 210, 0 ≤ r ≤ 966)

MLE W Sample Mean W

Davies-Jones W Error Measurements



Random Variables from the Samples

Maximum Absolute Horizontal Winds



Thank You!


