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TORNADO OUTBREAKS

The frequency of U.S. outbreaks with many tornadoes is 

increasing and it is increasing faster

for more extreme outbreaks.

[Tippett et al. 2016], Science



TORNADO ANIMATION FOR ENTERTAINMENT

Movies Video games





PHYSICALLY BASED NUMERICAL SIMULATION

[Lewellen 1976]

[Liu et al. 2008]

[Lewellen et al. 2008]

[Herrera et al. 2024]



• Simplify the 3D NS equation 

− Assuming helical symmetry of the flow

ANALYTICAL VORTEX SOLUTIONS

Axisymmetric steady flow
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OUR APPROACH

A core-and-funnel model



GOAL

Efficiency

Visual 

plausibility
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Tornado Core



EXAMPLES OF VORTEX FILAMENT
A slender, tube-like region of swirling fluid with 

concentrated vorticity (rotation).
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VORTEX FILAMENT KINEMATICS

• Velocity around a vortex filament, i.e., Biot-Savart law

• Core kinematics by self-advection

• Local induction approximation [Hama 1962]

• Global environment velocity

𝒒(𝑠′, 𝑡) 𝒒(𝑠, 𝑡)

𝒒(𝑠, 𝑡)

= 𝟎
𝒒(𝑠)

tangent

normal

binormal

∝ 𝜅𝒃+𝑣𝑒𝑛𝑣



INITIALIZATION AND DISCRETIZATION

Piecewise linear 
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INITIALIZATION AND DISCRETIZATION

Piecewise linear 

discretization
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KINEMATICS FROM DIFFERENT INITIALIZATION

Curvature decides everything!



BOUNDARY CONDITION

• Boundary layer effect

− Friction forces (viscosity, surface roughness) and centrifugal forces

− High resolution discretization

• Non-penetration condition 𝒏𝑡 ሶ𝒒 𝑠 ȁ𝑠=0 = 0

− For fundamental mass conservation law

− Mirroring the filament [Schwarz 1985]
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AXISYMMETRIC FLOW

• Describe axisymmetric in cylindrical coordinates

− Augment swirl flow (𝑣𝜃) with radial (𝑣𝑟) and axial flow (𝑣𝑧)

• Analytical vortex solution derived from the NS equations

− Rankine vortex 

− Burgers vortex

− Shtern’s solution [Shtern et al. 1997]

− Funnel shape: zero level set of the Stokes stream function

Rankine vortex

𝑅𝑒: Reynolds number

 Γ:   Circulation

 𝜇:   Kinematic viscosity

 𝑊𝑐, 𝑊𝑝, 𝑊𝑟: shear constants Cannot even 

describe a “C”-

shape vortex!



Larger velocity

Small velocity

• Let user design the Stokes stream function!

• No swirl velocity 𝑣𝜃

• Couple with swirl velocity induced by the core

SPLINE-BASED VORTEX SOLUTION

Radial and axial velocity Continuity equation



• From a rectilinear core to a curved one
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• From a rectilinear core to a curved one

− Update the material frame

− Compute local cylindrical coordinates at the 

given point

− Compute the vortex velocity in the local frame

− Transform the local velocity to the global frame

ADAPTING VORTEX TO A CURVED CORE



• Numerical integration (C++)

− Compute the kinematics of the core

− Randomly sample particles around the core, and advect 

them in the vortex velocity field

− Less than 30ms per step for 15k particles

• Procedural refinement (Houdini)

− Import the particles and their attributes

− Add turbulence

− Transport rigid bodies

− Volume rendering

• Example code

− https://gitlab.inria.fr/geomerix/public/twisterforge

IMPLEMENTATION



NON-EVEN TERRAIN
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• Spline parameterization allows for easy interpolation in time

FROM STEADY TO NON-STEADY FLOW

time
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INTERPOLATING THE PROFILE



IMITATING THE LIFE CYCLE



VIRTUAL VS. REAL



• Contribution

− A flexible authoring tool for controllable, efficient and plausible tornado animations

• Limitations

− Our vortex model is not physically accurate

• The spline-derived vortex violates the NS equation in general

• Temporal interpolation can be far from the real dynamics

• The core and the funnel are loosely coupled

− Boundary conditions are oversimplified

• More to consider, such as viscosity, friction, surface roughness

− Interaction with solid bodies

• Two-way coupling, i.e., solids should affect the tornado dynamics as well

CONCLUSION



Thanks!
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