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Figure 1: Virtual Tornadoes — Our method allows artists to intuitively control the visual appearance of tornadoes and animate
their movement and deformation, supporting interaction with solid objects and rough terrain. Based on a physically inspired
core-and-funnel model, our approach balances animation efficiency, control flexibility and visual plausibility (see inset reference

photos of real tornadoes).

Abstract

We propose a simple method for the intuitive authoring and ef-
ficient animation of virtual tornadoes. Users control the tornado
kinematics by sketching two types of curves to specify the initial
geometry of the tornado’s core and the profile of the surround-
ing swirling air, known as the funnel. The first input, a 3D curve,
initializes the core as a vortex filament. This filament induces a
swirl flow and advects according to its initial curvature, resulting in
progressive bending and twisting. The second input consists of one
or multiple 2D profile curves that parameterize the Stokes stream
function, governing the radial and axial motion of the air around
the core and thereby dictate the funnel shape over time. The core
and funnel profile are coupled in local frames through closed-form
velocities, which together describe the rotation, sliding and uplift
within the tornado’s air volume. As shown in our case studies, our
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method provides a controllable and efficient way to animate visu-
ally plausible tornadoes capable of tearing off infrastructure and
transporting debris, as well as interacting with uneven terrain.
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1 Introduction

Tornadoes, already among the most destructive of weather phe-
nomena, are becoming more frequent and intense due to climate
change [Tippett et al. 2016]. Given their destructive capacity, physics
and meteorology have appropriately focused on high-fidelity but


https://doi.org/10.1145/3677388.3696335
https://doi.org/10.1145/3677388.3696335

MIG ’24, November 21-23, 2024, Arlington, VA, USA

complicated and computationally costly simulation of these phe-
nomena. At the same time, although their appearance is both visu-
ally striking and emotionally charged, there has only been limited
research into the controllable reproduction of such vortex-like phe-
nomena in Computer Graphics. In addition to cinema and gaming,
such controllable yet visually plausible animation models would be
useful in education, museography and other virtual environments,
such as training simulators.

A vortex occurs in nature as a rapidly rotating column of air
that may contain dust, debris, condensed water vapour, entrained
water or even flames, depending on the circumstances. The physics
of vortex formation and sustenance are complex and vary with
vortex type. Given amenable conditions in a supercell thunder-
storm, a tornado may form when rotating air near and parallel to
the ground, arising from convective gusts and eddies of warm and
cool air, is forced vertical by a clash with a rotating downdraft.
Subsequently, the column is dragged and stretched by the thunder-
storms movement above and its tethering to the ground below. The
resulting tornado varies in diameter from about 20 to 200m at the
base, with an upper limit of 4km, and in strength from a barely vis-
ible funnel to an elemental force capable of shearing buildings and
sending cars flying. Apart from tornadoes, other vortex phenomena
include funnels (where the vortex does not reach the ground), water
spouts (where water from seas or lakes is entrained), gustnadoes
(shallow and weak ground-level vortices) and land spouts (cylindri-
cal vortices formed along cold fronts rather than thunderstorms).
Dust devils, steam whirls, and fire whirls are weaker effects mostly
caused by localized heating and distinguished by the type of ma-
terial incorporated. Any advances in the modeling of tornadoes
would, with small modification, be applicable to capturing these
effects as well.

Previous approaches to tornado simulation tend to fall into one
of two extremes: either simplified analytic models, which use regres-
sion fitting to match their parameters to measured behaviour, or full
numerical solutions, which simulate Navier-Stokes dynamics on
an Eulerian grid. The former is generally too simplified to describe
the complex vortex structures and motions of tornadoes, while the
latter are computationally expensive and difficult to configure for
desired effects. Neither of these approaches adequately addresses
the issue of user control for flexible animations.

In contrast, our aim is to develop an intuitive authoring tool
dedicated to the modeling and efficient animation of visually plausi-
ble tornadoes. To achieve this we adopt a middle ground approach
in the form of a two-layer core-and-funnel model, which the user
initializes by sketching two types of curves: one for the 3D core,
and a second, consisting of one or multiple 2D curves, for prescrib-
ing the profile of the surrounding air volume over the time. The
kinematics of the tornado core is then captured by modeling it as a
vortex filament, subject to self-advection through the Biot-Savart
law. The swirl flow induced by this filament is extended to the
surrounding air volume, augmented with radial and axial velocities
that are derived from the Stokes stream functions defined through
our 2D profiles. Through this decoupling we avoid any need for
grid-based discretization, iterations of boundary configuration, and
costly numerical solves of general-purpose fluid simulation, greatly
facilitating the flexibility and direct control in the animation work-
flow.
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In addition to easing the design of varied vortex types and funnel
shapes, this model is able to reproduce complex effects evident in
nature, such as tornadoes with a variety of flexible cores that sweep
up debris, follow ground topography, and advance with the storm
front. Our new model, illustrated in Fig. 1, thus supports simple
but expressive authoring, while also achieving a balance between
computational efficiency and visual realism.

2 Previous Work

The structure and dynamics of tornadoes have been intensively
studied in meteorology, from both a theoretical [Davies-Jones et al.
2001; Klemp 1987; Lewellen 1993; Rotunno 2013] and experimen-
tal [Church et al. 1979; Ward 1972] perspective. Two broad strate-
gies have emerged for modeling and simulating tornado dynamics:
solving Navier-Stokes equations for the general case and deriving
closed-form solutions for specific vortex structures. Unfortunately,
as will become clear, neither of these approaches is ideal as a basis
for efficient and controllable authoring and animation of visually
realistic tornadoes.

Numerical simulations: These methods target the reproduc-
tion of high-resolution, fully three-dimensional unsteady tornado
vortex dynamics, in particular the turbulent flows that arise from
interaction with the ground and debris. In this regard, Large Eddy
Simulation (LES) [Deardorff 1970] represents a particularly effective
choice. The core idea is to address the Navier-Stokes equation at
different scales: large-scale motion is solved directly, while unre-
solved, small-scale turbulence is accounted for by a sub-grid model.
In the context of tornado simulation, LES has been used to model
the atmospheric boundary layer and near-surface tornado dynam-
ics [Lewellen et al. 2000, 1997], as well as debris transport using a
two-fluid model [Lewellen et al. 2008] that distinguishes the near-
ground debris cloud from the more elongated carrier flow. Such
two-fluid models for tornado simulation have also been explored
in computer graphics [Herrera et al. 2024; Liu et al. 2007, 2008],
supported by efficient GPU implementations.

Despite achieving high fidelity and physical realism, numerical
simulations frequently encounter significant challenges in anima-
tion control. One such challenge arises from the intricate setup
of tornado dynamics, including initial and boundary conditions,
turbulence models, force terms, multi-fluid interaction, and ther-
modynamics, all of which influence the shape and evolution of a
tornado through a highly nonlinear process and demand strong ex-
pertise to configure them properly for targeted scenarios. Moreover,
full-space simulations are computationally expensive, which could
hinder rapid feedback for user interaction and thus raise costs of
iterative design.

Analytic vortices: Compared to solving the full-space Navier-
Stokes equations, the theory of vortex dynamics provides a terser
description of swirling flow [Alekseenko et al. 2007; Saffman 1993].
This class of methods enables vortex-specific solutions to the Navier-
Stokes or Euler equations by assuming helical symmetry [Varaksin
2017; Varaksin and Ryzhkov 2023], easing the numerical difficulties
associated with a full 3D solve. Unfortunately, these simplifying
assumptions fail to account for certain emergent structures, such
as the four characterizing regions identified by Lewellen [Lewellen
1993], particularly in the case of closed-form expressions. While



TwisterForge

Shtern et al. [1997] go part way to solving this by deriving a family
of explicit vortex solutions for swirling flows, their solutions are
limited to rational polynomials expressed in cylindrical coordinates
relative to a straight rectilinear core.

In summary, although the simplicity, attendant computational
efficiency and parametric control of such methods is attractive,
they often lack generality in terms of handling more complex cores,
varied vortex structures, and ground interaction. With the intent of
offering more intuitive control while balancing fidelity and compu-
tational cost, we build on these analytic solutions and their spline-
parameterized extension by replacing the linear tornado core with
a more general vortex filament representation.

Vortex filaments are curves in a fluid that compactly represent
regions of concentrated vorticity. They are widely used in physics
as a dynamic model for both conventional and super fluids [Koplik
and Levine 1993]. In computer graphics, they have been used to
improve the efficiency and control of smoke simulation [Angelidis
et al. 2006; Chern et al. 2016; Weiimann and Pinkall 2010] and to
model underwater bubble rings [Padilla et al. 2019] as well as stellar
corona [Padilla et al. 2019]. While ideal for capturing the vorticity
concentrated at the heart of a tornado, the attendant field dynamics
remain computationally expensive.

To overcome the limitations of existing analytic and numerical
models and to strike the necessary balance between visual plausi-
bility, controllability, and efficiency, we represent the tornado core
as a single, self-advected vortex filament, subject to the Biot-Savart
law [Rosenhead 1930]. We spread its motion to the surrounding
air volume using a parametric Stokes stream function [Shtern et al.
1997], thereby extending analytical vortex solutions to encompass
more varied structures, which offers useful control over the tor-
nado’s shape and appearance.

3 Overview

3.1 A Primer on Tornadoes

It is worthwhile providing a capsule summary of the physics of
tornado initiation, structure, and dynamics that inspire our two-
layer core-and-funnel model.

The prevailing theory of tornado formation is that warm, moist
air near the ground meets cooler, drier air aloft, creating instability
in the atmosphere and finally leading to a thunderstorm. Within
the thunderstorm, strong updrafts of air develop, tilting a nearly
horizontal cylinder of rotating air upward into a helix-like vertical
structure, which is further intensified and stretched from the ground
to a portion of the cloud base that extends downward.

After initiation, a tornado grows until maturity and can then
remain self-sustaining for a period lasting from a few minutes to
around an hour. A mature tornado typically has a multi-vortex
structure, which can be divided into four flow regions (see Fig. 2),
each with a distinct underlying physical mechanism [Lewellen
1977].

The central region (1a) is the core where vorticity is concentrated
with strong rotation. In this region, the effect of buoyancy and
viscosity is negligible compared to pressure and angular momentum.
As a result, the dynamics can be assumed to be barotropic and
inviscid, and are adequately modeled by a thin vortex tube.
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Figure 2: Tornado structure: A generic tornado can be con-
ceptually divided into four critical regions [Lewellen 1977]:
the core (1a), outer flow (1b), a near-ground boundary layer
(2), a corner region (3), and a top region (4).

The core’s surroundings have more complex mechanics. The
outer flow region (1b) extends from the core to encompasses the
volume of approaching air. Here, the horizontal pressure gradi-
ent balances the centrifugal force of the swirling core. Due to the
decrease in pressure, air will condensate from water vapour into
moisture and thus form the visible funnel cloud. As for the boundary
layer (2), the friction with the ground reduces tangential wind ve-
locity near the surface, leading to an imbalance of pressure gradient
and centrifugal force, which consequently drives a strong inflow
at the bottom. The boundary layer connects to the corner region
(3), where instability such as turbulence or vortex breakdown may
occur to dissipate the core vorticity due to strong viscosity. Finally,
in the top region (4), the tornado is embedded in its parent storm
under buoyancy forces. The actual mechanism is complex, heavily
depending on the mesoscopic storm, and very little information is
known about this region.

Typically, the visual appearance of a tornado is the joint effect
of flows in these regions, composed of water droplets condensed
out due to low pressure as air is drawn down from the cloud base
into the condensation funnel and dust and debris is drawn up from

Cone V- Wedge
shaped
. Hour-
Cylinder glass
Rope

Figure 3: The variety of tornado funnel shapes.
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the ground into the debris cloud. The presence and extent of either
or both of these will vary with the ambient conditions and may
even involve different materials, such as fire, sea water, and steam,
in the case of other vortex phenomena. In particular, the shape
and diameter of the funnel may vary widely, encompassing cones,
v-shapes, wedges, cylinders, hour-glasses, and ropes (see Fig. 3). Its
evolving form depends on many factors, such as the local advection
and convection dynamics of the prevailing storm, the height of the
wall cloud, the humidity and temperature of the air, and fine debris
on the ground, to name just a few.

3.2 Framework

Given the complexity and uncertainty of tornado physics, our goal is
to instead leverage the efficiency of analytical methods to provide
both authoring control over the core shape and funnel profiles,
and visual realism in terms of overall motion, vortex strength, and
interaction with movable obstacles and the terrain. Specifically,
users can easily choose whether the core is deforming rapidly or
slowly, and whether the surrounding funnel of the condensed air
maintains a constant profile or evolves its profile over time, based
on their authoring requirements.

In practice, users provide two types of curves: a 3D spline g(s) to
represent the initial shape of the filament core as Fig. 4 depicts (any
piecewise parametric curve affording an arc-length parametrization,
such as a Bézier curve, can be used), and a 2D spline r = f(z) to
define the side-on half profile of the condensation funnel around
the core. Users can optionally add extra 2D splines r = f,(z) to
encode keyframe profiles at different time-steps ¢;. This provides
an effective means of controlling the funnel shape, as a generalized
cylinder surrounding the core. This profile can then either remain
fixed or be interpolated over time.

We then build the kinematics of the tornado based on our core-
and-funnel representation: the filament core that drives vorticity
and the volumetric sheath that extends this flow to the surrounding
space: In Section 4, the kinematics of the tornado core is modeled
by a vortex filament that obeys the Biot-Savart law, incorporating
self-induction and additional no-penetration boundary conditions
for anchoring to the terrain. In Section 5, we model the sheath of
axisymmetric swirling flow around the core by exploiting a spline-
based parameterization of the Stokes stream function. This allows
us to derive a consistent velocity field around the core capable of
portraying the transport of particles and solid bodies. In Section 6,
we explore the extent of control through various case studies and
experiments that demonstrate the range of achievable tornadoes in
terms of shape control, debris clouds as well as terrain interaction.

4 Tornado Core

The first layer of our model initializes the tornado core from a
smooth curve. During subsequent animation we model the core as
a vortex filament — a spatial curve with attached local rotary flow.
This enables us to capture both its self-advected motion and the
local vorticity it induces.

Although vortex filaments have already been suggested for mod-
eling the motion of a tornado core [Aiki and Iguchi 2012], a number
of questions remain unresolved, including how to incorporate user
control, handle numerical instabilities that arise on the filament

Chen et al.

curve, satisfy boundary conditions at the base of the filament, and
achieve the discretization necessary for efficient evaluation.

Figure 4: Core initialization: The user can specify the geome-
try of the core by placing and editing spline control points,
e.g., fitting the spatial orientation of an existing tornado.

Core kinematics. In our method, vorticity is generated by the core
and entrains the surrounding air. Specifically, given the arc-length
curve q(s) : [0,L] — R3, the swirling velocity
v®(p) at a point p near the curve can be computed v
by the well-known Biot-Savart law in its integral >
formulation [Saffman 1993]. A direct application of o
this law leads to divergence in the velocity evalua-
tion as p approaches q(s) [Batchelor 2000], so instead we adopt the
Rosenhead-Moore approximation [Rosenhead 1930]. This adds a
regularization term by demarcating a filament of constant vorticity
surrounding the core with radius a. The flow integral under this
approximation is:

P (L (p-q(s) X dg
fo )

v“(p)=—— 3
0 (lp-q)I? +p)

where T is a circulation term that measures vortex strength, and

e e73/2g2 is the regularization term that prevents the singularity

as |[|p — q(s)|| — 0 and produces asymptotically correct speed for

a thin vortex ring with a core of constant vorticity [Leonard 1985].

This allows the core in its dynamic form q(s, t) to be driven by
self-induced velocity:

9 _ oo T /L la(s.1) ~a(s", 0] X dva

= ~ds’.
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The local induction approximation. When approximating a smooth
curve with piecewise linear segments, the contribution of the cross
product in Eq. (2) to a point is zero on its incident segments [Padilla
et al. 2019]. To compensate, the vanishing integral can be approx-
imated by the local induction approximation (LIA) [Hama 1962],
which assumes that the filament core is so thin that its motion is
almost entirely governed by the local curvature. Thus, the velocity
driving the kinetics of the tornado is composed of LIA (vLIA(q) )
and vorticity (v (q)) components:
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where I_ and [, designate the length of seg-

ments incident on the point q. The velocity

L™\ arising from the LIA lies along the binormal

- of the curve, and its magnitude is proportional

/ to the local curvature. Intuitively, the filament

will deform, or bend, faster where this curvature is greater. In addi-

tion to LIA and vorticity, a global velocity term 29/°*% can be also

introduced into Eq. (3) to account for environmental effects, such

as a constant wind velocity that moves the tornado to match the
motion of its parent storm, as shown in in Figs. 8 and 11.

1<)

No-penetration boundary conditions. Real tornadoes are not al-
ways anchored to the ground, but, when they are, their interaction
with the topography of the terrain should be considered.

Accurate modeling of boundary layers must consider the fric-
tion between the tornado and the ground, and properly address
the boundary conditions. For instance, swirling motion typically
adheres to no-slip conditions and radial motion to no-stress condi-
tions [Davies-Jones 2008]. Because the boundary layer is very thin,
computationally expensive high-resolution simulations are required
for properly imposing these conditions. However, for our light-
weight animation, it is sufficient to focus on the basic immutable
boundary effects, such that the swirling flow never enters the ground.
For a planar surface with normal n, this
boundary condition amounts to enforc-
ing nTq(s)|s=0 = 0, thus ensuring that
the normal velocity vanishes. Inspired by
Schwarz [1985], a simple way to impose this
constraint in a filament-based representa-

q(s)

ALy B

tion is to add a correction velocity »% to
o419 which is computed from a vortex filament mirrored with
respect to the surface (see inset). While this choice oversimplifies
the interaction between the core and the surface, typical boundary
layer effects, such as strong jet flows near the surface, can be repro-
duced in other ways, such as through an appropriate funnel profile.
In practice, we represent the terrain as a height field, so that, with
suitable interpolation, the tangent plane is smoothly varying and
can be easily computed at each time step for the velocity correction.
Fig. 5 illustrates the effectiveness of the boundary effects achieved
through reflected filaments.

Discretization. The 3D curve q(s) provided by the user as an
initial condition is first discretized into a set of line segments
{(gj,q;+1)};- While the core will wind and spin according to the
tornado dynamics, this initial curve does provide a strong indicator
of the evolving shape.

At each timestep, v® at vertex q; is evaluated as a piece-wise in-
tegration of the Rosenhead-Moore core over all segments, yielding:

E L;
v”(qi) = L Z / 3
VS (lgi - qj = 5@ = g /LI + )2
©)

where L; = [|q+1—qjll. We note that the above integral can be eval-
uated as a closed-form expression [Weifimann and Pinkall 2010].
For the local induction approximation, the cut-off lengths I_ and

(i —q;) x(qj+1 —q;)/L;j

ds,

!A video showing the dynamics of half vortex rings under water is found at https:
/[www.youtube.com/watch?v=72LWr7BU8Ao.
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to 3] 7]

Half-circle

Half-ellipse

Figure 5: No-penetration boundary validation: For filaments
anchored at both ends to the plane, the (invisible) reflected
portion will create a closed curve and enforce the no-
penetration conditions. The velocity (white lines emerging
from the curve) is driven by curvature. The half-circle (top
row) merely translates from left to right along the dashed
line, because the velocities are uniform, while the half-ellipse
(bottom row) also bends and flexes as a result of differences
in velocity magnitude. As a validation, the results match real
world experiments'.

I, are simply chosen as the lengths of the two line segments inci-
dent on q;, compensating for the vanishing integration that occurs
in Eq. (4). The binormal term in LIA is approximated as [Padilla
et al. 2019]:

9q  &q

« N 2ei_1 X ej
os = 9s?|geg, llei-tllllesll(llei-1ll + llesl))”

(5)
where e; = qi+1 — qi.

5 Water Condensation Funnel

While our vortex filament model adequately describes the kinemat-
ics of the tornado core, it is insufficient for the full structure of a
tornado, which extends well beyond the bounds of a thin vortex
tube. In particular, the Biot-Savart law does not include any axial
or radial flow, which is needed for the upward motion of air and
embedded debris within the outer flow regions and near-ground
boundary layers (see Fig. 2), and the emergence of different funnel
shapes (see Fig. 3). This necessitates the augmentation of our model.

We base this augmentation on the spline profile-curve(s) pro-
vided by the user (see Section 3), which describes the vortex that
encapsulates the core. This not only provides an intuitive mecha-
nism for controlling the geometry of the air volume, but also leads
to a closed-form vortex velocity field for efficient animation. To
achieve this, we exploit parameterized Stokes stream functions using
smooth C? splines to describe axisymmetric vortex structures.

In the rest of this section, we first explain our solution in a
rectilinear coordinate system, and then adapt it to a curved con-
figuration. Note that in our approach, the profile describing the
condensation funnel around the core can either remain constant
or be interpolated between keyframes, facilitating flexible control
over its temporal behaviour.

5.1 Some Background on Axisymmetric Vortices

While overly simplified models for axisymmetric vortices [Alek-
seenko et al. 2007] are not able to capture complex swirling flows,
Shtern et al. [1997] describe a more general family of axisymmetric,
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viscous swirling vortices encompassing jets and tornadoes. Their
closed-form solutions are derived from the Navier-Stokes equation
in cylindrical coordinates, with the assumption that the radial veloc-
ity and swirl are decoupled from the axial velocity, and the vertical
pressure gradient is non-zero. This yields:

o, = jRe/r,
vg = pl'/r, (6)
vy =p | We + Wpr2 + WrrRe] .

Here, vy, vg and v, are the radial velocity, 0,
azimuthal (swirl) velocity and axial velocity, r;g
respectively (see inset). Constants include the

kinematic viscosity (u), the radial Reynolds +: 0
number (Re), and circulation (T'). The axial I
velocity is further characterized by uniform

(W) and non-uniform shear (Wp, W;) components.

Due to axial and radial flow, adjusting these constants can be
used to vary the funnel shape. Mathematically speaking, these
shapes are axisymmetric algebraic surfaces parameterized by the
level set of the associated Stokes stream function, which reads as:

¥(r,z) = Mr2 + wr“ + Wt rRe+2 _Repz=0. (7)
2 4 2+Re

Depending on the sign of Re, the velocity in Eq. (6) either gives rise

to a vortex sink (swirling top-down) with a negative Re, or a vortex

source (swirling bottom-up) with a positive Re.

5.2 A Spline-driven Stokes Stream Function

Shtern vortices are driven by viscosity and, while this adequately
captures the corner flows and boundary layers of a tornado’s struc-
ture (see Fig. 2), it does not suffice for the outer and top flows that
transport and stretch the vorticity. Geometrically, their approach is
capable of parameterizing simple shapes, such as cones and wedges,
but it still does not permit variability sufficient to capture all cases
(see Fig. 3). For instance, it is not possible to describe an hour-
glass funnel in such a formulation, because the height z is simply
a polynomial function of the radial distance r according to Eq. (7).
Recognizing this, Shtern et al. [1997] had to introduce two sets of
parameters for tornadoes: one for the strong jet near the ground
and another for the widening bulge at higher altitudes, separately.

Instead, we propose a more flexible and controllable approach
to modeling general vortices. Rather than deriving each velocity
component from the Navier-Stokes equation, we directly parame-
terize and manipulate the Stokes stream function ¥(r, z), so that
the radial and axial velocities become:

190¥Y
T

-

1 0¥ ®)
Uy =+——.

r or

On the one hand, this technical choice allows for intuitive and
flexible control over the funnel shape surrounding the core. On
the other hand, the continuity equation for axisymmetric, incom-
pressible flow is automatically satisfied by construction, so that we
always have:

l a(ror) + aﬁ

=0, 9
r or 2z ©)
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Figure 6: Spline-based vortex. Left: the sketched spline curve
representing the Stokes stream function. Middle: particles
are advected by our spline-based vortex with the velocity
magnitude color-coded from low (dark purple) to high (light
yellow). The velocity of particles increase as they approach
the core. Right: close-ups of particle velocity at the bottom
and top of the vortex.

which ensures that the mass of air is conserved within the swirling
flow. This property has an intuitive influences on air transport:
thinner sections will lift air upwards faster than broader sections.

The crucial step for control is to employ a user-specified cubic
spline curve r = f(z), representing the side-on half profile of the
tornado (see Section 3), to define the zero level set of the stream
function ¥(r, z). The choice to parameterize in r (z=f(r)) rather
than z (z=f(r)) allows for non-monotonic variation in radius with
height, and hence support for tornadoes with a characteristic “C”-
shaped profile (see Fig. 6). More general yet would be to introduce
two splines, r = g(y) and z = h(y), parameterized according to a
parameter y, but this would significantly complicate both the user
interface and the derivation of ¥(r, z).

In practice, an initial placement of spline control points {rm, zm }m
is generated according to Eq. (6). This provides a starting point for
further editing, which can continue until a desired tornado profile
is obtained.

Since the zero level set is being edited, the stream function itself
becomes:

¥(r.z) =a(r-f(2)), (10)

with the constant « used to re-scale the magnitude of the radial and
axial velocities. Once Eq. (10) is differentiated in r and z, the radial
vy and axial velocities v, can be obtained directly from Eq. (8).

The next step is to couple the surrounding vortex with the tor-
nado core. We begin by assuming a rectilinear core and then later
generalize this to a full 3D curve in Section 5.4. Since the Stokes
stream function only returns radial and axial velocities, we can
simply constrain the missing azimuthal (swirl) velocity vg to accord
with the Biot-Savart law locally, such that vy = ||o“||. As a result,
our first-pass spline-based funnel model takes the form:

a
oy = 7V2fa
r
vg = —, (11)
2mr
a
v, = —.

r
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Notice that these three velocities all contain singularities as r ap-
proaches zero. To over come this, we regularize the distance fol-
lowing the same idea as Eq. (1) by adding a constant y2.

This closed-form analytic vortex structure avoids the need for
an iterative numerical solution and importantly also bypasses the
tedious work of recreating the ambient conditions necessary in a
fully numerical tornado simulation. However, this explicit specifica-
tion comes at a cost: the resulting vortex does not generally satisfy
the Navier-Stokes equation, as demonstrated in Appendix A.

The vortex velocity for a point in cylindrical coordinate space
provided by Eq. (11) can now be used to advect particles and apply
linear and torque forces to rigid bodies for visualization purposes.
Furthermore, by directly editing the cubic splines for the core and
funnel, users are able to achieve the full range of funnel shapes
shown in Fig. 3 (see also the accompanying video).

5.3 Keyframe Interpolation of Stream Functions

One significant advantage of representing the funnel geometry
using 2D parametric curves is that it allows for direct blending be-
tween keyframes. If a user provides multiple keyframe profiles, our
model can interpolate between frames rather than being restricted
to a steady funnel around the core. This provides users with the
capability to approximate the evolution of a tornado over time.
Once the user has sketched a sequence of profiles f;, (z) repre-
senting the funnel configurations at keyframes {¢;};, the interme-
diate profile at any time ¢ between [¢;, ti+1] can then be smoothly
interpolated using Catmull-Rom splines [Catmull and Rom 1974]:
0 2 0 0| |fti., (2)
-1 0 1 ol]f@
2 5 4 -1||fun@|
-1 3 =3 1]||fu.(@
where t = (1 — w)t; + wtjy1 with w € [0,1]. If f;,_, (resp. fi,,,)
does not exist, it is simply set to f, (resp. f,,,). Figs. 9 and 10
present examples of keyframing the funnel profiles to animate
the expansion of a tornado and its life cycle, from inception to
dissipation, respectively.

f(zt) = [l w w? w3] (12)

N =

5.4 Adapting to a Curved Core

While the spline-based funnel model as presented (Eq. (11)) sup-
ports the animation of tornadoes with various funnel shapes, it is
currently defined for the restrictive case of a rectilinear core. To
permit the general case, we align the vortex funnel with a local
frame-based parameterization of the curved core. Specifically, a
given point in the funnel is expressed in the coordinate frame of
the closest point on the core, enabling velocities to adapt to the
curved configuration.

Suppose that a smooth frame function
R(s) is defined over the core, with tangent
vector t, normal vector n and binormal vec-
tor b (see inset). For a nearby point in space
(x € R3), we can compute its local cylin- .

. . 4 q()
drical coordinates (r, 6, z) with respect to
the frame of the closest point on the curve,
denoted as ¢(s). In such a case, the radius r z=0
is the distance between x and ¢(s), the azimuth angle 6 is formed
between b and x—q(s), and the height z is the arc length at q(s).
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Figure 7: Static cores: Some tornadoes are relatively mild,
deforming slowly over time, especially when seen in the dis-
tance. By disabling vortex filament dynamics while retaining
the stream functions, our method supports the virtual repro-
duction of tornadoes (bottom) and waterspouts (top).

After evaluating velocities v,, vg and v, using Eq. (11) and the frame
relative r and z, the velocity vector in Euclidean space is recovered
by:
cos(6)v, — sin(0)vg
o(x) = (b(s) n(s) t(s)) | sin(0)ov, + cos(O)vy |. (13)
Uz

As before, at each timestep the core evolves according to Eq. (3), but
this is now followed by an update of the alignment of local frames.
Note that, since our vortex model is axisymmetric, velocities are
independent of 6 and hence invariant to the choice of normal and
binormal vectors. In practice, we simply compute the Bishop frame
for each line segment [Bergou et al. 2008]. To improve smoothness,
we compute a local frame for each point q; by averaging its two
neighboring segment frames, and finally represent R(s) as a piece-
wise linear function, inspired by Phong deformation [James 2020].
The actual interpolation of R is performed in logarithmic space,
where each rotation matrix is mapped to an anti-symmetric matrix
and the final frames are recovered via the exponential map.

6 Results

In this section, we provide implementation and performance de-
tails and demonstrate the flexibility and generality offered by our
framework in terms of authoring and animating virtual tornadoes.

6.1 Implementation Details

Our methods are implemented in C++, CUDA, and SideFX Houdini
19. For testing purposes we execute on a laptop, containing an AMD
Ryzen 7 5800H CPU, with 8 cores and 16GB RAM, as well as an
NVIDIA Geforce RTX 3060 Laptop GPU with 6GB RAM.

Computing tornado kinematics. For each timestep, integration is
performed in two stages: (a) self-advection of the filament curve,
and (b) particle transport within the funnel.



MIG ’24, November 21-23, 2024, Arlington, VA, USA

initial filament t=t, t=tp t=tc

Figure 8: Dynamic cores: Differences in filament initializa-
tion affect the core dynamics. A straight filament does not
bend or twist over time and traces a correspondingly straight
path along the ground (in red). In contrast, a curved filaments
flexes more dynamically as reflected by the trajectory of its

tip.

In the first stage, the time integration of the filament curve
kinematics from Eq. (3) is performed on the CPU using the 4/%
order explicit Runge-Kutta method with a step duration of 10~3s
for all our examples. The core radius a is set to 0.05% of the filament
length. In some cases, such as Figs. 8 to 12, the tornado is also
globally translated by an environmental velocity 097074,

In the second stage, the kinematics of particles in the air volume
around the core are calculated on the GPU. These represent the
dust and moisture that makes a tornado funnel visible. At each
timestep, we generate new particles randomly either at the base
of the tornado or surrounding the filament curve. These are then
advected along with existing particles according to Eq. (11), using
a 2" order Runge-Kutta integration scheme. For each particle, we
leverage the GPU to compute its local cylindrical coordinates and
then return its velocity, as described in Section 5.4.

Rendering. Once the simulation has run its course, we export
the per-frame position, velocity, and stream function value for all
particles, both on the core and in the air volume. This exported
data is loaded into Houdini for volume rendering of the final anima-
tion. Realism can be further enhanced by adding turbulence using
Houdini’s Pyro smoke solver, such as in Figs. 9 to 12.

While we chose to perform rendering as a post-process, there is
nothing that fundamentally prevents per-frame rendering, as might
be required for interactive applications, such as games.

One-way interaction with solid bodies. Tornadoes often cause
severe damage, tearing at infrastructure and dragging along objects
in their path, including vehicles, animals and people. Due to this
devastating power, the reverse feedback of small-scale solids on
tornado dynamics can be considered negligible over a short time
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scale. Accordingly, drag forces and associated torques are exerted by
the tornado on the solid objects, propelling their motion. This rigid
body interaction is implemented using the Bullet Physics subsystem
in Houdini. For instance, to animate the disintegration of the houses
in Fig. 11 we model their roofs and walls out of individual planks
with virtual spring connections, which stretch and break under the
extreme forces induced by the tornado.

6.2 User Control

A significant advantage of our approach is that it provides an in-
tuitive and controllable interface for artists based on curves. User
control takes three forms: a 3D curve to initialize the core, 2D profile
curves to delineate the funnel, and optional provision of a terrain
to serve as an anchoring boundary condition.

Control over the core. The kinematics of the filament core can
run in two modes: without or with self-advection. The former is
a useful simplification for low-energy vortices, particularly when
viewed from afar over the short term, as illustrated by our visual
replication of real tornadoes in Fig. 7. In contrast, the latter capture
the whip and flail exhibited by high-energy tornadoes, particularly
in their embryonic phase. As a case in point, Fig. 8 shows how
different filament initializations change the dynamics of both a
tornado’s geometry and trajectory.

Control over the funnel profile. The funnel cloud surrounding the
core is critical to the evolving tornado shape. While direct authoring
of the zero level set of the Stokes stream function ignores much
of the inherent complexity, it supports both visual plausibility and
user control, as demonstrated by Figs. 7, 9 and 11 in which the 2D
profile maps dynamically to the axisymmetric funnel shape.

Terrain interaction. It has been established that the behaviour
and life cycle of tornadoes is heavily impacted by topography. For in-
stance, tornadoes are reported to occur less frequently over rugged
terrain [Gaffin and Parker 2006]. Unfortunately, the factors gov-
erning the formation, near-ground vortex structure, and funnel
trajectory for a given terrain are too complex to model precisely
and predict reliably and remain an open topic in both numerical
simulation [Satrio et al. 2020] and practical case studies [Schnei-
der 2009]. Our workaround is to mirror the filament about the
surface tangent plane to ensure that flow is tangential. Despite
its simplicity, this boundary condition nevertheless supports mass
conservation. For instance, Fig. 12 shows an example of a tornado
traversing rough terrain with the tornado base noticeably tilting to
align, and Fig. 9 shows similar alignment even when the surface
alters dynamically.

6.3 Performance

We have measured the per-step time cost for simulating a tornado
core (Eq. (3)) and its surrounding air volume by particle transport
(Eq. (11)). In our timing experiments we seed the tornado base with
10 new particles on each timestep. The cost of particle advection
is linear and quickly grows to dominate the core, which typically
has less than 100 vertices (see Fig. 13). In total, thanks to our GPU
implementation, the per frame cost is below 30ms for up to 1.5 x10°
particles.
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Figure 9: Control over the funnel profile: The waterspout moves across the sea with its funnel progressively expanding. This
process is controlled by prescribed keyframe profiles of the Stokes stream function (red curves), which are interpolated over
time for smooth animation (blue curves).

Figure 10: Life cycle: By prescribing and interpolating the profile curves of Stokes stream functions our method is capable of

plausibly replicating the life cycle of a tornado from inception to dissipation.

Figure 11: Uni-directional interaction with solids: Drag forces cause the disintegration of dwellings and transport of wooden
debris for two different funnels: a wedge with distinct steps (top) and an hour-glass (bottom).

The optional procedural turbulence process runs via the Houdini

smoke solver, and depends on the voxel size used for rasterization.

Since we do not require fine-scale turbulence, we achieve interactive
rates of around 10 frames per second for most of the cases.

6.4 Extensions

Our method is primarily focused on tornadoes. Nevertheless, the
central idea of decomposing a vortex structure into a filament
core and surrounding funnel to circumvent costly general-purpose
simulation is applicable to other swirling-flow phenomena.

As an early demonstration of generality, we have animated a
fire whirl with an hour-glass funnel, as depicted in Fig. 14. We

believe our sketch-based approach has the potential to enhance
the production of similar animations, thus offering a convenient,
computationally efficient, and controllable alternative for visual
effects.

6.5 Limitations and Future Work

While our core-and-funnel model is inspired by tornado physics,
it lacks complete physical accuracy due to simplifications made in
the interests of computational efficiency and authoring control.
First, our spline-based approach to modeling tornado vortex
structure significantly simplifies the region-dependent physics. In
particular, the core and its surrounding vortex are only loosely
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Figure 12: Rough terrain: The no-penetration boundary con-
dition imposed by the reflected filament keeps the tornado
nearly orthogonal even when the terrain is fairly uneven.

coupled through Eq. (11) by matching the swirling velocity. In
reality, the swirling air volume should actively influence the core
dynamics, transferring momentum from the surrounding vortex.
In our setup the funnel adapts to the core but not vice versa.

Second, the actual interaction between a tornado and terrain
surface is far more complex than what can be achieved by directly
enforcing no-penetration conditions for basic mass conservation.
An accurate boundary layer model should also account for fric-
tion forces and model terrain roughness with a high-resolution
discretization.

Third, our model also does not take into consideration two-way
interaction between tornadoes and their encompassing environ-
ment, including the dynamics of environmental temperature, pres-
sure, wind, moisture, and cloud structure.
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Figure 13: Timing: The time cost for evolving the filament
curve (blue) and transporting air particles (teal) is recorded
per time step. The overhead for core kinematics is negligible
compared to particle advection. Here, the performance is
linear because we seed 10 new air particles on each timestep,
and the overall cost is directly proportional to the number
of particles. The per frame computation time remains below
30ms even for the 1.5x10° particles present in the final frames.

Figure 14: Fire whirl: Using the same profile as in Fig. 11
(bottom), we animated a fire whirl in Houdini by initializing
per-particle temperature and flame intensity via Perlin noise.
The smoke is generated in burning regions and lifted by
buoyancy.

These limitations are the necessary trade-offs made in exchange
for controllability and efficiency. To improve realism while main-
taining control would likely require integrating stream function
authoring into a full Navier-Stokes simulation. This strategy would
necessitate both computationally expensive space-time optimiza-
tion and precise modeling of the environment in different regions
of the tornado.

7 Conclusion

In this work, we have proposed a sketch-based authoring method
coupled with a simplified, two-layer model for the visual animation
of a tornado. This enables a user to flexibly manipulate the visual
shape and dynamics of a tornado by sketching two types of curves,
one for the core and another for the extent of the entrained air
volume. These curves are used to direct the kinematic motion of a
vortex filament and surrounding axisymmetric flow, respectively.
While this represents a simplification of the actual dynamics, our
framework strikes a balance between efficiency, user control and
visual plausibility which can benefit applications like special effects
and video games.
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A The necessary condition for Eq. (11) to satisfy
the Navier-Stokes equation

While the Stokes stream function provides axial and radial velocities
that automatically fulfill the continuity equation, the full solution
to Eq. (11) may violate the Navier-Stokes equations. In cylindri-
cal coordinates, the Navier-Stokes equation for an axisymmetric
and steady flow of a constant viscosity reduces to [Acheson 1991,
Appendix A.6]:
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where p is the density of the flow, y is the kinetic viscosity and p
is the pressure. To begin with, it is easy to establish that Eq. (11)
satisfies the azimuthal momentum in Eq. (14b). Thereafter, by dif-
ferentiating Eq. (14a) in z and Eq. (14c) in r and subtracting the two,
we arrive at the necessary condition for our vortex model to satisfy
the Navier-Stokes equation:

(yvg f) - (avi f) 2+ (ZaVZ V2 f) r
+3aV.f+3u=0, Vr > 0.

(15)

To ensure that the above equality holds, higher-order derivatives of
f should vanish with only V, f = —u/ o remaining. This means that
f has to be a linear function if we restrict v, to be proportional to 1/r,
which could be an unnecessarily strong requirement. In fact, this
particular case matches Shtern’s solution in Eq. (6) with constants
W = Wp = 0 and Re = —1. Apparently, this is too restrictive in
practice, and so we relax strict enforcement of the Navier-Stokes
requirements in the interests of increased flexibility of user control.
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