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Fig. 1. Simulation of a hurricane forming over the Atlantic Ocean traveling through the Gulf of Mexico until it hits the US coast and starts decaying due to
the lack of enough latent heat to sustain vorticity. The hurricane’s trajectory is similar to the one of the category-5-hurricane Katrina which particularly hit
the city of New Orleans and its surrounding area in 2005 causing over 1300 fatalities and severe damage. The hurricane’s intensity is color-coded along the
trajectory according to the Saffir-Simpson scale [Taylor et al. 2010] ranging from a tropical depression to a category-5-hurricane (see top right corner).
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Cyclones are large-scale phenomena that result from complex heat and wa-
ter transfer processes in the atmosphere, as well as from the interaction of
multiple hydrometeors, i.e., water and ice particles. When cyclones make
landfall, they are considered natural disasters and spawn dread and awe
alike. We propose a physically-based approach to describe the 3D develop-
ment of cyclones in a visually convincing and physically plausible manner.
Our approach allows us to capture large-scale heat and water continuity,
turbulent microphysical dynamics of hydrometeors, and mesoscale cyclonic
processes within the planetary boundary layer. Modeling these processes
enables us to simulate multiple hurricane and tornado phenomena. We eval-
uate our simulations quantitatively by comparing to real data from storm
soundings and observations of hurricane landfall from climatology research.
Additionally, qualitative comparisons to previous methods are performed to
validate the different parts of our scheme. In summary, our model simulates
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cyclogenesis in a comprehensive way that allows us to interactively render
animations of some of the most complex weather events.

CCS Concepts:Computing methodologies Physical simulation .
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1 INTRODUCTION

Cyclogenesis denotes the formation or strengthening of a low-
pressure area that favors the formation of tropical cyclones. Such
tropical cyclones are rapidly rotating storm systems that feature a
low-pressure center, a closed low-level atmospheric circulation, and
powerful winds. These storms are organized in a spiral pattern of
thunderstorms with heavy rain and squalls. Depending on where
they form and how strong they are, these storms may be referred
to as hurricanes or typhoons. Hurricanes are strong tropical
cyclones that occur over the Atlantic or northeastern Paci ¢ Ocean,
while typhoons form in the northwestern Paci ¢ OceahGiven the
signi cance of cyclones as natural disasters and downright terrifying
phenomena, they have received a considerable amount of scienti ¢
interest in a wide range of di erent elds of research. In climatol-

simulation of vortex phenomena as well as two- uid coupling for in-
teracting dust and debris; (2) We close our turbulent- ow equations
by formulating extended eddy mixing microphysics, modeling the
interactions between ice and water particles; (3) We address the dy-
namics of the emergence, development, and dissipation of cyclonic
phenomena at di erent scales, enabling the visually realistic and
physically plausible simulation of these extreme weather events, as
demonstrated by multiple validation and comparison experiments.

2 RELATED WORK

The modeling and simulation of cyclone dynamics and turbulent
weather phenomena is an ongoing research topic in di erent aca-
demic communities. While this spans a breadth of work that we
cannot conclusively discuss here, we provide references to the mod-
eling and simulation of local weather, physical studies of tornadic
phenomena, and the simulation of cyclogenesis at the mesoscale.
Outside of visual computing, there have been multiple studies on
di erent aspects of turbulent phenomena. Cyclogenesis within a
storm has been studied in detail by Klemp [1987], and Rotunno and
Klemp [1985]. Development of convection and general circulation
at thunderstorm boundaries has been investigated by Droegemeier
and Wilhelmson [1985]. On another direction, the role of latent heat
on generating and sustaining vortexes has been studied numeri-
cally by Gao et al. [2019] and experimentally by Sheets [1982]. The
goal of our work is to provide a comprehensive framework for the

ogy or meteorology, research has focused on mesoscale simulations interactive simulation of turbulent weather dynamics at both the

employing statistical as well as principled approaches, e.g., Cui and
Caracoglia [2019]. These simulations usually emphasize speci c
aspects of cyclonic phenomena but do not describe them compre-
hensively within an integrated model that includes changes in the
diurnal cycle, microphysical processes, and dynamically changing
boundary conditions. Moreover, these models require, in general,
the use of supercomputers and specialized hardware and software
architectures [Orf 2019]. This makes a direct application of these
methods for visual computing applications unfeasible. In graph-
ics, several research works were proposed towards modeling cloud
formations and other weather phenomena, e.g., Amador Herrera
et al. [2021], but none of these approaches consider the additional
turbulent- ow processes that can develop into a hurricane.

In this paper, we propose a physically-based approach to de-
scribe the formation of cyclones. Our method explicitly models the
turbulent microphysics which forms the basis of cyclogenesis by
coupling di erent interacting hydrometeors: Cloud water, ice, rain,
snow, and graupel (i.e., precipitated ice). Additionally, we incorpo-
rate a two- uid model for tornadogenesis to describe the emergent
development of vortex tubes which may form as a consequence
of cyclonic dynamics. Finally, we introduce a mathematical model
that captures the large-scale transfer of heat and vapor between
water bodies and the atmosphere, which leads to the formation of
hurricanes.

Our key contributions are: (1) We propose a comprehensive
physically-based scheme for computing the turbulent transport
of heat and water in the atmosphere, which includes the multi-scale

1n the Indian Ocean, South Paci ¢, or South Atlantic, these storms are simply
called tropical cyclones .
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mesoscale and the storm-scale. In the following paragraphs, we will
discuss related work.

Weather SimulationOne of the rst methods for simulating clouds
based on the underlying atmospheric phenoma was introduced by
Kajiya and Von Herzen [1984]. Several interactive cloud simulation
approaches have been proposed that range from grid-based uid
solvers [Dobashi et aR000; Harris et aR003; Miyazaki et aR002,
2001; Overby et ak002], particle-based approaches [Goswami and
Neyret 2017] and methods based on GPU-parallelization [Schalk-
wijk et al. 2015]. To also enable artistic control of modeling clouds,
procedural techniques have been proposed [Webanck.62G8].
Due to the complexity of simulating physics various representations
have been explored that enable the e cient simulation and model-
ing of clouds and weather [Bouthors and Neyret 2004; Dobashi
2002; Gardner 1985; Neyret 1997; Nishita etl8b6] including
position-based dynamics [Ferreira Barbosa et28l15] and layer-
based approaches [Vimont et 2020]. A common approach is to
use hierarchical and adaptive grid structures to simulate the uid
dynamics for clouds [Raateland et 20022]. Other methods focus
on large-eddy phenomena [Gri th et al2009], rain [Garcia-Dorado
et al 2017] and snow [Gissler et.&020], supercells [Hadrich et.al
2020], and complex weatherscapes [Amador Herrera e2@21]. It
has been recognized that vegetation can contribute to local weather
variations resulting in diverse microclimates [Pa2ubicki et2022].
Furthermore, wild res generating ammagenitus clouds have been
simulated [Hadrich et al2021]. Despite these advances, it is im-
portant to note that none of these approaches consider a turbulent
scheme, so cyclonic phenomena can only be prescribed but not
simulated from rst-principles.
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Tornadic Phenomen@he work of Orf et al. [2017] achieved im-
pressive results of tornadic phenomena within a supercell, including
the formation, evolution and decay of multiple vortices. However,
their scheme uses a supercomputer, billions of grid nodes and is
far from being an interactive approach. A similar work [Orf 2019]
uses grids of the order of trillions of nodes. The same holds true
for other mesoscale frameworks where the focus is on processing
precise physical data for comparison to storm soundings [Miglietta
et al 2017; Pilguj et a019]. In the visual computing community,
tornadoes have been simulated by Liu et al. [2006] whose model
can generate visually convincing tornadoes but relies on prescribed
rotational boundary conditions. Liu et al. [2007] improves the model
by considering a reynolds averaging dynamics and coupling the
tornado to destructive domains, but su ers from the same high
dependence on boundary conditions. Also in these models the su-
percell is descriptively modeled and only the tornado (lower vortex
tubes) is simulated emergently.

Cyclonic Modellingwithin the eld of visual computing, cloud
dynamics and weather phenomena in general have not been simu-
lated on the hurricane scale. While the works of Hadrich et al. [2020]
and Amador Herrera et al. [2021] do consider supercell formation
and development, they only model the formation of a single cumu-
lonimbus, and not a cluster of clouds that can evolve into a hurricane.
Additionally, there is no work in the visual computing community
that explicitly handles turbulence and cyclonic dynamics within
a cloud scheme. In the atmospheric science community, multiple
e orts have been made to study di erent aspects of cyclonic phe-
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Fig. 2. Schematic representation of oGyclogenesisamework in compari-
son to other visual weather/clouds schemes and atmospheric models. The
complexity of our approach enables us to capture diverse cyclone phenom-
ena not present in the state-of-the-art in visual computing. Being tailored
for visual applications in mind, it does not require highly specialized su-
percomputer architectures, as atmospheric models typically do, boosting
interactive practical usability for applications in graphics and beyond.

interactive modeling control over a rich set of cyclonic phenomena.

We describe the state of the atmosphere using ve main quantities:
the wind velocityu, the velocity of dust in the aiugz, the amount

of water in the atmospheré® (in the form of vapor@, rain @,
etc.), the temperature of humid air, and the turbulent energy
which sustains turbulent motion. At its core, our cyclogenesis model
consists on coupling these quantities to capture the interplay of tur-
bulent heat and water continuity. In this sense, our model can be
divided into(l) a subgrid-energy scheme that describes enhanced
transport due to turbulence, closure equations that incorporate the
associatedll) turbulent microphysics andlll) Reynolds-Averaged
Navier Stokes' dynamicg|V) an extended Kesler-type approach
to address turbulent heat and water dynamics, aiwj a two- uid

nomena at the mesoscale from the stochastic generation and decay model that couples atmospheric and dust elds, as illustrated in

of hurricanes [Cui and Caracoglia 2019], the in uence of latent
heat in turbulent cumulus convection [Kuo 1965], dynamics of the
energy budget within mesoscale storms [Peng and Kuo 1975], to the
nonlinear dynamics of wind elds within typhoons [Vickery et al
2000]. In the context of scienti ¢ visualizations, some works ex-
plore techniques for the interactive visual analysis of hurricane data
[Doleisch et al2004], while other focus on developing educational
visualizations of hurricanes [Luo et 22008]. Note, however, that
the data for visualization in these works is not simulated, just taken
a priori. In contrast to research in tornadic phenomena, works on
turbulent dynamics associated to hurricanes tend to focus on analyz-
ing speci ¢ aspects of cyclonic phenomena, as opposed to having a
comprehensive framework for their simulation that includes diurnal
cycles, ice-phase microphysics, and dynamic boundaries.

3 OVERVIEW

The principal motivation for our approach is to realistically model
and simulate turbulent weather phenomena using a comprehensive

scheme that can be used for graphics applications. This is a challeng-

ing task due to the complex interplay of heat and uid dynamics
within a turbulent wind eld, as well as due to the presence of de-
bris and mesoscale phenomena that determine the regional energy

Figure 3. Since hurricanes and tornadoes operate at di erent scales,
we propose di erent set of equationsl{.1 ) and (V.1) for mesoscale
cyclonic phenomena, which take into account the energy budget
of water bodies, the axis-symmetrical nature of hurricanes, and the
Coriolis e ect.

4 METHODOLOGY

In this section, we provide an outline of our physics-based cycloge-
nesis model. It is a general and e cient scheme for the turbulent
transport of heat and water in the atmosphere, including di erent
hydrometeorsr particles: vapor@, cloud water@ , cloud ice@,
rain @, snow@, and graupel@. For convenience, we use tensor
notation for the derivation of our Reynolds-Average formulation.
A brief explanation of this type of notation is presented in Appen-
dix A.2. Additionally, a table of symbols, including the values used
for our simulations, is provided in Appendix A.1.

4.1 Atmospheric Model

Our atmospheric scheme starts with a parameterization of the ref-
erence background atmosphere, as well as a thermodynamic model
for the rising thermal of humid air.

budget. We address these challenges by proposing an integrated 4.1.1 Background AtmospheFée surrounding dry air is parame-

physically-based model that targets the multi-scale simulation of
turbulent heat and water transport in the atmosphere. As illustrated
in Figure 2, our approach aims for a compromise between interactiv-
ity and physical complexity. Our framework empowers artists with

terized in terms of its time-dependent temperatyreand pressure
elds ? in spacex = 1G+~+4. These elds can be streamed directly
as input from real measurements (see Section 5.2); otherwise, we
assume a temperature eld that resembles the standard atmospheric
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Fig. 3. Schematic representation of our cyclogenesis framework for turbulent heat and water continuity. The arrows indicate di erent inter-dependencies. Our
procedure starts with(I) the computation of subgrid kinetic energy; then, we use this result to sofli¢ the associated turbulent microphysics as well @)

the turbulent fluid dynamics. A erwards, we use both the velocity field and turbulent terms to comp{t¥) the transport of atmospheric water content.
Note, that our multi-scale scheme uses a di erent set of equations for stéjps1) and (1V.1), which accounts for di erent cyclonic phenomena. Finally, for

the tornado scheme, we use the computed velocity to salVg the equations of the coupled dust field.

temperature [ISO 1975], given by

(
1Ge~ | e ifoO 1 lpe
yixe@= ) OG0 ! SN
) 1Ge~<C ol1, 1 11%¢ 11 e
where) 1Ge~+Gs the temperature at ground levdly is the altitude

of temperature inversion, and the two lapse ratesand 1 control

the rate of temperature change. In contrast to Amador Herrera et
al. [2021], who considers a completely dry background, we allow
initial moisture even before cloud development. This is described

by
21xsC=dg' 3) Ix*C11, 061@°e )

where? is the background atmospheric pressudg, the density of
dry air," 3 the gas constant for dry air, an@ the initial water vapor
contentin the atmosphere given in terms of its mixing ratio. In terms
of non-dimensional pressure, this equation can be rewritten as

3 3

22 ! d\E 22
> . 3)

?
= 5 =

where?g is the pressure at ground leve?, the heat capacity, and
\ gis the virtual potential temperature [Houze 2014], given by

\e=\ 11, 061@° -

with potential temperaturd de ned by) = \.
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4.1.2 Momentum EquationEhe next step in our model consists

in describing the turbulent motion of humid air. In particular, we
propose a formulation based on the Reynolds-Averaged form of the
Navier-Stokes equations (RANS) that can be easily coupled to micro-
physical phase changes in the atmosphere, e.g., cloud condensation,
ice crystallization, etc. In the RANS formulation, it is assumed that
the velocity eld ulxsC can be decomposed into an average ow
velocity t'x+ C, and a uctuating termu xe C, so that

0
UixeC=u!x°, u x-C”

Other uid quantities (e.g., pressure, stress, etc.) are decomposed
analogously. Then, taking the average value of this system, it is
possible to derive a set of correspondent RANS equations describing
the average ow of momentum [Alfonsi 2009], given in tensor form

nig N9

B m _ .
dmC’ d mG B = mG* ds 4)
ney .
-0

whered is the density of the uid,is any external in uence, and
the total stress tensagg gcan be expanded into

o= Mo, 2 (3o di¥iDy-
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