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Fig. 1. Three types of thunderstorm supercells simulated with our framework: low precipitation supercell (le"), a classical supercell (middle), and a high-
precipitation supercell (right).
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phenomena B often over large spatial extents and based on com-Today, a large body of work exists to model and simulate %uid dy-
plex and physically accurate models [Houze 1994; Yau and Rogersnamics with their many intricate details [Bridson 2008]. While this

1996]. Most of these models are computationally demanding and
therefore prevent the interactive exploration of cloud dynamics.
We argue that fast and yet realistic simulations of clouds play a
signilcant role for further understanding weather phenomena, also
for the data generation of learning-based approaches [Kim et al
2019; Ummenhofer et al. 2020; Wiewel et al. 2019].

In this paper, we advance simulations of clouds by introducing
a new physical model that allows expressing various cloud types
and their transitions, as well as more dynamic phenomena such
as the formation of thunderheads, mesocyclones, and super-cell
thunderstorms, that we refer to astormscapesVe enable these
simulations by introducing novel formulations for buoyancy and
temperature distributions based on !rst-principles. Buoyancy is de-
Ined so as to consider variations of density in the atmosphere, while
our formulation for temperature prolles allows for varying temper-
ature gradients, including temperature inversion pro'les. Unlike

spans a breadth of work that we cannot conclusively discuss, here
we provide an overview of %uid dynamics, weather phenomena, and
cloud simulation models related to our work.

Fluid Dynamics. Since the seminal work of Stam [1999] many
methods have been introduced to improve solvers for two way cou-
pling [Lu et al. 2016; Teng et aR016; Zhu and Bridson 2005], based
on reduced order methods [Gupta and Narasimhan 2007; Jones
et al 2016; Treuille et aR006], Smoothed Particle Hydrodynam-
ics [lhmsen et al2014; Koschier et a019], or with an empha-
sis on compute and memory e"ciency [Ferstl et.&1014; Losasso
et al. 2004; McAdams et a2010; Setaluri et a2014; Zehnder et al
2018]. Numerous methods focus on even more intricate features of
%uid %ows, for example based on eigenfunctions [Cui 048],
momentum transfer and regional projections [Zhang et 2016],
style-transfer [Sato et aR018b], optimization [Inglis et ak017],
or based on narrow band representations [Ferstl et?28116]. More

existing models, this enables us to create conditions necessary to recently, it has also been recognized that neural networks provide

simulate cumulonimbus cloud formations and even more complex
phenomena like the Kelvin-Helmholtz instability. Figure 1 shows
three supercell thunderstorms simulation with our framework.

To provide users with an intuitive way to interact with cloud
formations, we identify a lightweight set of high-level physical pa-
rameters that determine a weather scenario. Speci!cally, we Ind
that ground humidity controls the cloud base altitude, while the at-
mospheric temperature lapse rate independently controls the cloud

top altitude. Our model is implemented as a grid-based %uid solver

to allow for the e"cient simulation of complex cloud formations
over large spatial extents. To further increase the realism of our
simulations we couple the %uid dynamics with detailed representa-
tions of terrain obtained from real map data. Together this enables
physically accurate simulations and the interactive exploration of
large-scale stormscapes.

In summary, our key contributions are: (1) we propose novel
Irst-principle formulations for computing buoyancy and air pres-
sure that allow us to simulate the variations of atmospheric density
and varying temperature gradients; (2) we incorporate these for-
mulations into a grid-based %uid dynamics model allowing for the
physically accurate simulation of various cloud types and transi-
tions between them, including cumulus, stratus, fog, stratocumulus,
and cumulonimbus; (3) we introduce a lightweight set of parameters
that allow us to intuitively explore and model cloud formations; (4)
we successfully address the simulation of several complex weather

a powerful means to represent details of %uids, for example with
an emphasis on temporal coherency [Xie et al. 2018], liquid splash
modeling [Um et al2018], Lagrangian simulations [Ummenhofer
et al. 2020], or even style-transfer [Kim et al. 2020].

Cloud Rendering. While early methods for rendering clouds
speci'cally focus on the e"cient rendering based on impostors [Har-
ris and Lastra 2001], more advanced methods explicitly simulate
light scattering based on estimating particles present in clouds
[Nishita et al. 1996] or by approximating the energy transport and
scattering of light [Bouthors et al2006, 2008]. Recent methods rely
on more accurate algorithms, such for computing non-exponential
free-%ight distributions [Bitterli et al2018], fractional Gaussian
lelds [Guo et al 2019], radiative transfer [Miller et ak019], or

P more generally B Monte Carlo Integration [Novik et 2018]

for modeling light transport in volumetric and participating media.
While all these methods aim to improve the visual !delity of clouds
or other volumetric media, we focus on simulating cloud formations
by modeling the atmospheric e&ects that generate clouds.

Cloud Modeling and Artistic Control. A number of methods
aim to realistically generate clouds along with their transitions and
temporal evolution; prominent examples include fractals [D. Ebert,
F. Musgrave, D. Peachey, K. Perlin, and S. Worley. 2002; Peitgen
and Saupe 1988; Voss 1988], noise [Lagae 204D], and cellular
automata [Dobashi et aR000]. Furthermore, due to the importance
for content creation a number of methods aim to model clouds while

phenomena, such as thunderheads, mesocyclones, and various typedacilitating artistic control through user-de!ned sketches [Stiver

of super-cell thunderstorms; (5) we quantitatively assess our model
using cloud fraction prolles, a common measure for comparing
cloud types; (6) !'nally, we couple our model with data of real-time
weather services to interactively explore cloud formations in the
now.

2 RELATED WORK
Modeling and rendering complex natural phenomena such as fog

et al 2010; Wither et al2008], morphing [Yu and Wang 2011],
keyframing [Webanck et al2018], or animation [Schpok et.&2003].
Dobashi et al. [2008] and Sato et al. [2018a] introduce sketch-based
interfaces for cloud-shape control with plausible simulations of
clouds, while other methods focus on extracting visual features
from images to correlate them with simulated clouds [Dobashi et al
2010; Yuan et a014]. Garcia-Dorado [2017] go even further and
employ a weather model along with urban procedural modeling
of cities. Their approach speci!cally allows for sketching terrain

[Blinn 1982], %uids [Kass and Miller 1990; Stam 1999], or clouds [Ka-properties that are used as initial conditions for weather simulations.
jiyaand Von Herzen 1984], has a long tradition in computer graphics. While these methods provide ways to control the modeling and

ACM Trans. Graph., Vol. 39, No. 6, Article 175. Publication date: December 2020.



authoring of clouds, we introduce a physically accurate model for
cloud simulations along with an intuitive set of parameters to control
their formations.

Cloud and Weather Simulations. Physics-based methods aim
at simulating clouds as meteorological phenomena in the atmo-
sphere. Among the !rst methods is the work of Kajiya and Von
Herzen [1984] who introduce a dynamical model for generating
cloud animations. A number of methods rely on Eulerian %uid
solvers for the interactive simulation of clouds that carefully balance
physical plausibility and compute limitations [Harris et &2003;
Miyazaki et al 2002; Overby et aP002]. Due to the complexity
of cloud simulations, also considering the often very large spatial
extend, numerous methods introduce re!ned representations for
simulating clouds. This ranges from geometric- and particle-based
representations [Bouthors and Neyret 2004; Gardner 1985; Neyret
1997], coupled map lattices for extended cellular automata [Miyazaki
etal 2001], position-based dynamics [Ferreira Barbosa.&Gil5] to
layer-based approaches [Vimont et 2D20]. Due to these representa-
tions a wide range of cloud phenomena can be simulated realistically
and e"ciently. Goswami and Neyret [2017] introduce a Lagrangian
approach for a convective cloud simulation that by de!nition allows
a more convenient way to express boundary and atmospheric con-
ditions. On another trajectory, Duarte and Gomes [2017] introduce
a real-time approach for simulating cumulus clouds by exploiting
real atmospheric measurements represented as sounding curves.

Similar to many of these approaches, we aim to simulate clouds
in a physically accurate manner; however, unlike them our cloud
model is based on !rst-principles and implemented as an integrated
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Fig. 2. lllustration of the tropospheric cloud classification: altocumulus, al-
tostratus, cumulonimbus, cirrocumulus, cirrus, cirrostratus, cumulonimbus,
nimbostratus, stratocumulus, and stratus. lllustration inspired by Valentin
de Bruyn (CC BY-SA 3.0).

and precipitation in the form of rain. Cloud supercells [Grant and
Van Den Heever 2014] are clusters of cumulonimbus formations
commonly present during thunderstorms resulting in the formation
of complex stormscapes.

The realistic simulation of these phenomena includes complex
processes such as the exchange of water, vapor and heat between

%uid solver that does not require a specialized representation, such parcels of air and the terrain. These dynamics can lead to fast, tur-

as particles or layers. This o&ers the advantage that our method can
more realistically simulate cloud various and cloud phenomena that
are not captured by existing methods.

3 OVERVIEW

The main motivation for our approach is to enable the realistic
simulation of cloud types and their dynamic transitions. From a
meteorology perspective we are interested in simulating the at-
mospheric conditions in the troposphere (i.e. ground level up to
13 km). Clouds form when a parcel of humid air is cooled below
the saturation point of the contained water vapor. This includes

bulent air %ows, which are challenging to compute numerically.
We introduce height maps and noise functions for vapor and heat
as light-weight means to represent the water and temperature ex-
change between terrain and air. Further, we allow users to specify
wind conditions as an external velocity !eld acting on the %uid
simulation. We develop a model derived from thermo- and %uid
dynamics that is comprised by two sets of parameters, one for the
dynamic control of cloud formation and another for describing the
atmospheric background. This enables us to express the transitions
between di&erent cloud types and stormscapes.

In the following sections we introduce our cloud dynamics model
and showcase its capabilities through a number of experiments. We

Awarm® clouds such as cumulus, stratocumulus, stratus, altocumulu$imuiate various cloud types, the transitions between clouds, and

altostratus, and cumulonimbus and nimbostratus, as well as Ocold
clouds that form from ice, such as cirrus, cirrostratus, and cirrocu-
mulus. Each cloud type can have further variations of so called cloud
species, such as cumulonimbus capillatus and cumulonimbus incus
clouds. Figure 2 shows an illustration of the various cloud types and
at which altitudes they appear. For a more thorough overview on
cloud dynamics we refer the interested reader to the books of Yau
and Rogers [1996] and Houze [1994].

In this paper, we restrict ourselves to OwarmO clouds for which the
transition is limited to liquid water. Speci!cally, we focus on simu-

@e formation of complex stormscapes. To validate the plausibility

of our model we use cloud fraction prolles to quantitatively assess
cloud formation. Finally, to explore the capabilities of physically
accurate and yet interactive simulations we couple our model with
atmospheric measurements of real-time weather services to simulate
cloud formations in the now.

4 MODEL

In this section we provide an overview of our cloud dynamics model,
which can be divided into an atmospheric model that describes tem-

lating cumulus, stratocumulus, cumulonimbus, and stratocumulus perature and pressure changes as a function of altitude, a OD ther-
clouds, as well as their transitions. Additionally, we simulate ad- modynamics model that determines local forces and the formation

vanced cloud phenomena that are not captured by previous methods, of clouds, and the %uid dynamic model that determines the motion

such as di&erent types of supercells, thunderheads, mesocyclonespf humid air in the atmosphere.
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Fig. 3. Le" toright: illustration of the development of a cumulonimbus cloud further becoming a part of a supercell (right).

4.1 Atmosphere

4.2.1 Generalities. In the present model, the background air is as-

The background atmosphere is determined by the temperature dis- Sumed to be dry. Then its molar mass is constant with

tribution and the fundamental hydrostatic equation [Houze 1994]
for compressible %uids.

4.1.1 Atmospheric Pressure. The hydrostatic equation relates the
density p of a %uid to the pressure gradient,

dzp="pg, 1)

in which g # 9.81 m/s? denotes the acceleration due to gravity. In
an ideal gas, pressugeis related to density and temperatuf@as
p = pl(RT), whereR = R/M is the specilc gas constant, i.e. the
ratio of the general gas constai® and the molar mas31. We

introduce a temperature distribution analogous to the Olnternational
Standard AtmosphereQ (ISA; see Appendix A) using the temperature

lapse rated, T =T, so that Eq. (1) can be integrated to

z

dp g Z dz g Z dz
2osf2=1 , )
p RJ T RJ Th+Tz

0 0

0

yielding an equation for pressure as a function of altitude,

9
RT
pe=mfi )7 @
0

4.1.2  Temperature Profile. Interesting weather phenomena occur at
an inversion layer at high altitudes, for which we introduce a second
lapse ratdly, valid beyond an altitude of;, so that the temperature
prolle is described as

0$Z$21:

z1<z:

T(Z) =Ty + Ipz,
T(Z) =Ty +Toz =Ty + Ipz1 + rl(Z " Zl) . (4)

An interesting strati!cation is given forly < 0, I} > 0, then
the temperature inversion at; would act as an obstacle for the

rising thermal, allowing the distinct %attened top (the OanvilO) of a
cumulonimbus to form. Usually, we employ a simple inversion by

making use of a single lapse rafesettingly := T andI} := " T.

4.2 Thermodynamics

The thermodynamics model based on !rst-principles provides lo-

cal descriptions of air-water mixture properties, the temperature

The thermal (i.e. a column of rising air) is an air-water mixture, with

a water vapor mole fractiorXy, and the water molar mass
M w = 18.02 g/ mol, (6)

so that, using the water vapor mole fractio¥Xy, an average molar
mass for the humid air in the thermal can be calculated as

Mih =XyMw + (1" Xy)M air . (7
Mole fractionsX and mass fraction§ are related through

M w
Yy = Xy ——. (8)
M ih
Following Kessler [Kessler 1969], the amount of water in the atmo-
sphere can be expressed in terms of the mass rgtiof water per
mass unit of dry air, specilcally vapog,, cloudg,, and raing,. The
mole fractionsX; are related to the mass ratiag via

qi
= ﬁ . (9)

4.2.2  Temperature in the Rising Thermal. The warm and humid air
in a thermal rises when it has a lower density than the surrounding
air. The temperature pro!le of the atmosphere is prescribed and
ultimately a function of the weather, whereas the rising thermal
changes its local temperature because of its expansion to lower
pressures at higher altitudes. Heat exchange with the surrounding
atmosphere can be neglected, and the process is slow enough to
assume an isentropic expansion to take place.

The change in pressure directly determines the change in tem-
perature through the classical isentropic relations [Anderson 2003]

Yih"1
Tin (2) =T(’%) " (10)

where T and / are the conditions at the ground. The isentropic

exponenty for water vapor and air are, respectivepgy = 1.4 and
yv = 1.33, so that the isentropic exponent of the humid thermal is
approximately

change of the rising thermal, the buoyancy and thus resulting local
acceleration, and the phase transitions between vapor, cloud, and
rain.

Yth = Yvyy + (1" Yv)vair, (11)

whereYy is the mass fraction of water in the thermal.
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4.2.3 Buoyancy and Acceleration of the Thermal. A di&erence in
density between atmosphere and thermal will result in a vertical
acceleration following ArchimedesO principle. The humid thermal
air parcel of volumeV and densitypy, experiences an upward lift
force in air of densityp,;j; of

L=Vg(pair " ptn)- (12)

Then, the buoyant acceleration on this thermal parcel, from New-
tonOs second lalv= ma, is given by

go L _ Valpair” pin) _ (@ " 1) . 13)
m Vpth Pth
We can treat thermal and air as ideal gases, for which
p p
=—=— 14
P=RT = RIM)T" (14

with the universal gas constarR = 8314 J/g K and the gas molar
massM . The pressure at every altitude is equilibrated between the
thermal and the surrounding air, so that Eq. (13) can be simpliled to

M air Tt
B= ( alth..l).
M th Tair

The air temperaturély; = f(z) is speciled by our atmospheric
model, Eq. (4), and the thermal temperature from the cooling due to
expansion, Eq. (10), the molar mass&s as introduced in Sec. 4.2.1.

(15)

4.2.4 Condensation and Cloud Formation. The initial water content
rises with the thermal. However, the rising humid air in the thermal
cools down as it gains altitude and loses capacity to keep the water
vapor solved. When the partial pressure on the water vapor in the
air drops below the saturation pressure at the local temperature,
the excess water vapor that cannot be solved in the air anymore
condenses into tiny droplets D clouds. This saturation mixing ratio
qovs(T, p) can be approximated for the relevant temperature range
as

(16)

380.16 17.67T
qos(T,p) = ( )

exp

T + 243.50
for given temperature and pressure in Celsius respectively Pas-
cal [Yau and Rogers 1996].

4.2.5 Heat Release from Condensation. In order to account for the
energy released by water vapor condensing into droplets when sat-
uration is reached at the base of the cloud, the temperature of the
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Fig. 4. lllustration of relation between atmospheric profile data and cloud
boundaries. A warm/humid thermal will form on the ground and rise up,
cooling down in the process. The cloud base will form at the point where the
relative humidity ¢, has increased to unity due to the reduced temperature.
(a) the thermal will be accelerated upwards to neutral buoyanBgh,) = 0,
and will be decelerated beyond. For the linear buoyancy profiles found here,
the top of the cloud will be found where the thermal has come to rest at
approximatelyhk = 2hy. (b) An inversion layer will stop the upward dra" of
the air that has not been decelerated, creating the characteristic flat anvil
shape of the cumulonimbus cloud top.

4.2.6 Prediction of Cloud Boundaries. This static model already
allows for parameter studies and identilcation of relevant variables.
Figure 4 shows how the relative humidity,.] = q./ qos and the
buoyancyB determine the base and the top of the cloud. As an
approximation for this initial exploration, the e&ect of latent heat
is neglected. Speci'cally, the buoyancy is determined by the tem-
perature gradient; the relative humidity in the thermal is controlled
by the temperature and the vapor mass ratjg. Figure 5 shows a
number of atmospheric prolles of temperature, density, buoyancy,
vapor fraction, and relative humidity, to illustrate representative
prolles for fog, stratocumulus, cumulus, and cumulonimbus clouds
that can be created with this model.

Figure 5 further reveals the physical parameters that can be used
to control the cloud dimensions. The cloud base is determined from
the point where the relative humidity exceeds unity and the vapor
condenses. The top is reached where the upward velocity of the
rising thermal vanishes, with the altitude of vanishing buoyancy
marking the mid-point altitude.

The temperature and density plots are mostly similar across fog,
stratocumulus, and cumulus clouds. They di&er for cumulonimbus
as the temperature values of the thermal are higher relative to
the atmospheric temperature values, which can be controlled by

thermal, Eq. (4) has to be extended. The energy release per con-the temperature lapse rate. The intersection point of the graphs

densed water mass fractiaxic is the latent heatl.. The associated
temperature increasATy then depends on the heat capacity, so
that

Yth" 1 Yth" 1
Tin(2) = T(flf)) ATy = T(flf)) L Ixe. @
p p Cp

Now, the heat capacity,, of the air in the thermal is required. This
is with respect to only the gaseous part of the thermal, i.e. dry air
and water vapoXy,

yth R
Mn(n " 1)’

with the thermal air molar mas#/ , from Eq. (7), and the thermal
air ratio of specilc heatsy, from Eq. (11).

th _

p (18)

indicates the altitude of the top of the clouds, which is several
dozen meters for fog, 2 000 meters for stratocumulus clouds, 2 500
meters for cumulus clouds and 8 000 meters for cumulonimbus
clouds. Alternatively, the top of the clouds is shown by the buoyancy
graph. Relative humidityp,.; delnes the base altitude at which a
cloud forms. Fog forms close to the ground surface, while cumulus
and cumulonimbus clouds form at an altitude of 1 500 meters and
stratocumulus at 1 800 meters. Analogously, this relationship can
be expressed by the proportions of vapor fractigp and saturation
mixing ratio q.s. Varying the parameter values over time allows
us to describe the temporal development of weather, such as the
transition of fog to stratocumulus clouds. By additionally applying
an external (rotating) wind !eld to the simulation we can transition

to a typical summer afternoon thunderstorm.

ACM Trans. Graph., Vol. 39, No. 6, Article 175. Publication date: December 2020.



175:6 ¥ HSdrich, T. et al.

(a) Simulated fog, stratocumulus, cumulus, and cumulonimbus clouds (le" to right). The corresponding altitude-temperature, -density, -buoyancy, -vapor
fraction and -relative humidity profiles can be found below.
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(b) Fog: Vanishing buoyancy at ground level prevents thermals from rising, a relative humidity of one at ground level causes formation of fog.
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(c) Stratocumulus: Finite buoyancy at ground causes thermal to rise, with a top of 2000 m, and a baseita 1 at 1800 m.
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(d) Cumulus: Buoyancy at ground causes thermal to rise, the higher humidity increases the top to 2500 m, and reduces the bagg,with to 1500 m.
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(e) Cumulonimbus: a higher temperature lapse rate causes a constant upward acceleration of the thermal to the inversion layer at 8000 m, while maintaining a
base of 1500 m.

Fig. 5. Simulation of the development of di#erent cloud types (5a) and corresponding altitude-temperature, -density, -buoyancy, -vapor fraction and -relative
humidity profiles: fog (5b), stratocumulus (5¢), cumulus (5d), and cumulonimbus (5e) clouds. In accordance with Fig. 4, the cloud base is determined by the
vapor reaching saturation conditions with the relative humidity,. reaching unity; the top of the cloud is where the upward motion of the rising thermal has
vanished.
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Fig. 6. lllustration of KesslerOs scheme [1969] for modeling the transport
between vapor, cloud water, and rain.

4.3 Fluid Dynamics
The %uid dynamics model solves the motion of air in the atmosphere,
as caused by external wind and di&erences in density.

4.3.1 Transport Equations. The system of equations for %uid trans-
port is developed from the principles of conservation of mass, en-
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Fig. 7. Visualization of the distribution of vapor (le"; blue intensity map)
and heat (right; red intensity map) emission used for simulating high fog
around Half Dome in Yosemite National Park (see Figure 15, top). The
corresponding satellite image is shown in the background. While vapor
emission is only present in the valley, a small amount of heat is also emi$ed

ergy, and NewtonOs second law. Following BoussinesqOs classical its borders.

assumption, we account for variable density in the source terms, but
assume an approximately constant density in the %ow dynamics due
to the very low Mach numbers involved. From this follows directly

be solved independently. Our model is closed by using the water |

phase transport equations for vapgg,, condensed cloug., and
rain ¢, based on KesslerOs classical model [1969].

The simulation of %uids is an established and ongoing research
topic within the computer graphics community. Among others,
Bridson and MYller provided a detailed introduction to %uid simu-
lation from a computer graphicsO perspective in their SSIGGRAPH
course [2007].
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Fig. 8. lllustration of a layered wind field profile (le") extracted by tracking
the motion of streamlines from image data provided by an online weather

As usual, in our model, the %uidOs state is described by a velocityservice. The streamlines visualize the wind flow around the San Francisco

leld u : (x,t) %&(x, t) which for given timet ' RY and position
x ' R3 returns the corresponding local %awx, t) ' R3.

4.3.2 Mass. The conservation of mass prescribes the continuity

equation of a solenoidal velocity !eld as
(du=o. (19)

4.3.3 Momentum. The change in momentum according to New-

Bay Area on Thursday, May 21, 2020 at 12noon local time. A scaling function
K : h %&(h) (right) inspired from Limpinsel et al. [2018] is applied to scale
the velocities at di#erent altitudes.

Appendix B) is written as the Exner function used in atmospheric
modeling. It can be considered as a hon-dimensionalized pressure.

tonOs second law is expressed in terms of the Navier-Stokes equa-

tions, allowing for the solution of the temporal evolution of the
velocity leld,

dgu="uau" p (p+v(a(u+b+f, (20)

in which the density is denoted by, the pressure by, and the
kinematic viscosity byv. The !rst term on the right side of Eq. (20)
describes phenomena caused by advection followed by a pressure
and a viscosity term. Buoyancy is taken into account by the force
b' R3 and other external forces are combined and described by an
additional external net forcéd ' R3. Please note, that the vector
Laplacian in Eqg. (20) is similarly de!ned as its scalar counterpart
and simply acts component-wise.

4.3.4 Energy. The conservation of energy in temperature form can
be written [Houze 1994] as

:0+Uua(o+ (21)

L Ce=0,
CpH

in which C; = d:q. + (U & () q. denotes the rate of condensation.
In Eq. (21), the latent head is given By# 2.5 J/kg, and the ratio

IT := T(t)/ 0 of the absolute and the potential temperature (see

4.3.5 Water Continuity. The simplest model for rain, based on
KesslerOs methodology as illustrated in Figure 6, includes a third
transport equation for a rain phasg. in addition to vapor and cloud,
along with source terms that couple the transport equations. Using
the material derivativeD;¢ = d¢/ 0t + v & (¢ [Kundu et al 2012],

we can write

Diqo = "Ce+E. +Ep, (22)
Digc = Cc" Ec" Ac" K, (23)
D:qr = Ac+K:." E,, (24)

with the source terms”, describing condensatiotk,. describing the
evaporation of cloudsE, describing the evaporation of raim. de-
scribing autoconversion of raindrops from clouds, akid describing

the accretion of cloud water due to falling drops. Kessler suggests
models in the formA. = aa(gc " ar) with ar = 0.001 kg/kg, and

K. = axqcqr. Rain drops technically fall and are accelerated, but
they reach a constant terminal velocity almost right away (0 m/s).

We employ a constant vertical terminal velocity and the local lateral
wind velocity.
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5 IMPLEMENTATION ¢ it

The atmospheric and %uid dynamic models described in the previ- ‘ - o
ous section provide the basis for the implementation of our cloud — Loy,
simulation framework. In the following, we provide details for the " a- ¥
numerical integration procedure including the setup of the boundary — PP

conditions, di&erent terrain properties allowing for variations in va-
por and heat emission, as well as external wind !elds. Furthermore,
we introduce a lightweight parameter set to allow for e&ortless
user control of our interactive simulator, and brie%y describe the

rendering process.

. . Fig. 9. Cloud formation (top) caused by di#erent noise pa$erns modeling
5.1 Numerical Integration the terrain (bo$om) of the domaim. It is sampled from128 ! 128 noise
Our simulator performs the numerical integration of a coupled pa$erns. The color-maps visualize texture values froifplack) to1 (red).
system of di&erential equations Con’[aining the Navier-Stokes equa- The terrain is completely flat at zero altitude and parametefs= 7.000 and
tion (20), the incompressibility equation (19), the Irst law of ther- ~ $rel = 26.9% as well as mixture parametergneat * { 0.120, 0.332, 0.300}
modynamics (21), and the water continuity equations (22D24). respectivelyyvapor ' { 0.267, 0.221, 0.295} are used (from le” to right).

We discretize a spatial domaift ) R3 using a uniform grid
scaleAx in which we store the current state of the system which 52 Terrain
consists of the masses of water vapgy, condensed wateq., and
rain g, next to the potential temperaturé and the velocity !eldu.

In most simulations, we employ a rectangular domapmbut allow
for a non-%at terrain de!ned by a height map in order to include
interesting terrains as described in Section 5.1.

An overview of the numerical integration procedure is provided
in Algorithm 1 in Appendix C. First, the velocity !eld is advected
followed by the integration of viscosity-related e&ects by solving
the corresponding di&usion process [Stam 1999]. For the advection
process, we employ no-slip conditions at the bottom and free-slip
conditions at the ceiling. The vertical velocity is set identically to
zero at the side boundaries and if an external wind !eld is speci'ed,
the horizontal velocities are computed as the corresponding wind
speeds.

While controllable physical damping stabilizes the simulation, the 0(x) = Tisa(h) + E &yheat (m dheatlx,y) " 1) +1),  (25)
non-controllable and non-physical damping caused by numerical iy which a mixture parametefnea: ' [ 0.1] is used to scale the
dissipation in these previous steps removes interesting turbulent jnosuence of the noise pattern. In particularyjifa; = 0, the noise
%ow features on di&erent ScaleS, which are essential to obtain re'pattern is not in%uencing the temperature reducing Eq (ZBIXO —
alistic cloud patterns. By employing a vorticity coninement force  1,5,(h) + E. Instead, ifyneat = 1, Eq. (25) is reduced to(x) =
f , asintroduced by Steinho& and Underhill [1994], we inject this 1,5 x(h) + m dheat(x, y) &E, i.e. for maximum value ofieat(x, ) = 1,
energy back into the system. The strength bf, can by controlled  the heat emitter valuet is scaled by a factor of.. We setm = 2
by a scale parameter[Fedkiw et al 2001]. In the upcoming steps,  in our simulations. From the temperatur@and the pressure at
buoyancy and external net forces (e.g., caused by wind e&ects or altitude h according to ISA, the corresponding static water vapor
external user input) are computed and integrated numerically. This ¢ is computed. Similarly to the mixture parametggea:in Eq. (25),
is followed by the enforcement of incompressibility due to pressure  an additional mixture parametefyapor ' [ 0, 1] is introduced scaling
projection by solving the Poisson pressure equatiofp = At '(au the in%uence of another emission m@py) %&apor(x,y) ' [ 0,1]
and subtracting the pressure gradient form the velocity leld [Brid-  for all (x,y, H(x, 1)) ' 8Qpottom Modeling the distribution of vapor

son and MYller 2007]. We employ Jacobi pressure projection using emission on the ground as illustrated in Figure 7. The emitted water
20 iterations on average. Pure Neumann boundary conditions are yaporg,, at a specilc positior is then computed as

employed. Finally, ¢, qc, andg,, whose temporal evolutions B ,
are described by Eq. (21) and Eq. (22D24), are solved by advecting 90 (X) = drel 8o (0(X). pisa(h)
these quantities and updating their mixing ratios. At the top and &(yvapor(m &vapor(x,y)" 1) +1),  (26)

at the side boundarieg) is set to the ambient temperature. Fop, in which the q,5(6, p) is estimated using Eq. (16) for the saturation
periodic side boundary conditions are used and it is set to zero at ixing ratio. Eq. (26) also takes the relative humidity, as a scaling

the ceiling. The setup of on the ground is de!ned by heatemission  harameter into account since the approximation (16) presupposes
asqy is delned by the emission of water vapor. This is described in  ht the air is saturated.

Section 5.1. At the whole bounda#gg?, the values of;. andgq, are
set identically to zero.

To conveniently include a variety of interesting landscapes we
make use of a height maH : (x,y) %& Hg, y) delning the lower
boundarydQpotiom := {(x. 7, H(x,y))T ' Q} of the domainQ.

We allow for temperature variations 0AQpttom. The tempera-
ture 0 at a specilc positiorx = (x, y, )" on the ground is computed
as the sum of the temperaturBsa (according to ISA, see Appen-
dix A) for a given altitudeh := H (x, y) and the specilc heat emitter
valueE at positionx, i.e.f(x) = Tisa(h) + E(x). We setE(x) = E as
a constant global parameter within the whole scene and allow for
scaling local heat emission by sampling from a terrain heat emission
map(x,y) %&eat(x,y) ' [ 0,1] forall (x,y, H(x,y)) ' dQpottom @S
illustrated in Figure 7. The temperatu®at a specilc positionx is
then computed as

ACM Trans. Graph., Vol. 39, No. 6, Article 175. Publication date: December 2020.



5.3 Wind Fields

While the general structure of heat and vapor emission maps is
mainly designed based on relevant features of the specilc terrain as
illustrated Figure 7, our framework also supports the use of noise

Stormscapes: Simulating Cloud Dynamics in the Now¢ 175:9

. 3
== »
Fig. 10. Variations of di#erent cloud types (top) and corresponding photo comparisons (bo$om): cumulus (a, b), cumulus humilis (c, d), stratus (e), stratocumulus
(f, g), and cumulus congestus (h).

at a given altitude and scale it with a functior : h %&«(h). An
example of a wind !eld layer and a scaling function is shown in
Figure 8.

patterns as emission maps. The in%uence of di&erent noise patterns6 RESULTS

for heat and vapor emission on cloud formations is illustrated in
Figure 9. Moreover, we support the use of Perlin noise [1985] in
order to add random perturbations to prede!ned emission maps.
Next to the number of octaves, specilcally the noise parameters
frequencyvperin and its persistenceperiin can be controlled by the
user.

Supporting the use of realistic wind !elds is an essential feature
for simulating complex weather scenes. In theory, a wind !eld can
be incorporated by de!ning the external forck. However, when
approaching di&erent sources for weather data, we found that three-
dimensional wind 'eld prolles taking di&erent altitude levels into
account are usually very sparse. In fact, mostly two-dimensional
layered prolles are available. Also, when employing user-designed
wind lelds, generating them is more convenient when the task is
reduced to specifying layered prolles in two dimensions. Since for
most scenes, horizontal wind !elds are particularly relevant, we
usually employ a single layer that speciles the wind !eld pro!le

In this section, we present a variety of results simulated with our
C++/CUDA framework implemented as described in the previous
section. Table 1 provides an overview of the di&erent scenes pre-
sented throughout this section including relevant parameters. Most
scenes can be simulated interactively or even in real-time. The
computation times listed in Table 1 are measured on an up-to-
date desktop computer running our simulation framework on a
NVIDIA® GeForcé® GTX 1080. Double precision %oating point arith-
metic is used.

To render these scenes, we implemented volume ray casting [Pharr
et al. 2016] using OpenGL/GLSL. Rays of light are evaluated as they
pass through the cloud volume. The opacity and color for each pixel
intersecting the volume is returned and visualized on the screen.
This technique is suitable for real-time computing allowing for ex-
ploring our simulations interactively within our framework. Unless
otherwise stated, the Inal results shown throughout the paper are
rendered o'ine using the Cycles renderer integrated in Blender.
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Fig. 11. Visualization of cloud transitions from fog (le") over stratocumulus to cumulus (right). The parameters listed in Table 1 are applied, and to allow for
the presentation of transitions in between, we interpolated the parameters linearly from le" to right.

Fig. 12. Temporal evolution of a cumulonimbus cloud emerging from cumulus clouds.

Fig. 13. Simulation of the Kelvin-Helmholtz instability [North et al. 2014] generated with our framework.

6.1 Cloud Types and Transitions of Clouds

To support the e&ortless control of our simulation framework, we
introduce a lightweight parameter set (see Appendix D) which con-
tains the heat emitter valug€ and the scaling parametgf,ea, the
relative humidity ¢re| on the ground, the scaling parameteyapor,
and the Perlin noise frequencyperiin and persistencgperiin. For the
convenient use of the simulator, all other parameters de!lning the
atmospheric background can stay constant, and the aforementioned
parameters can be manipulated interactively during the simulation
to control the development of cloud formations and transitions.
While yheat and yvapor control the heat and the vapor emission
variance E and ¢y¢| directly in%uence the altitude of the upper and
lower part of the clouds, respectively. In particular, increasifig
leads to an increase of the altitude of the cloudsO ceilings, while
increasinggre results in a lower altitude of the cloudsO bases (Fig-
ure 10, a, b). The pattern of cloud structure can be controlled by
changingvperlin @andpperiin (Figure 10, ¢, d). Some examples of pho-
torealistically rendered clouds generated with our framework are
shown in Figure 10 including photo comparisons.
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We can simulate transitions of di&erent cloud types, e.g., as illus-
trated in Figure 3 from fog over stratus, stratocumulus and cumulus
to cumulonimbus. This is demonstrated in Figures 11 and 12. Start-
ing form an Oemptyd scene, fog can be generated by adjAstirig
Yheat = Yvapor = 0, anddre| = 100%. Please note, that noise is not
necessarily needed at this point. To transition the fog into stratus,
E has to be slightly increased anfle| decreased. Stratocumulus
can then be generated by increasifgkat and yvapor slightly. Noise
should be enabled, ange(jin and pperiin adjusted depended on the
desired cloud pattern. To achieve the typical mixture of closed and
separated structures, the paramejgfejin should be explored. To
further transition to cumulus cloudsE should be increased anglg
decreasedsheat and yvapor should be increased, angeyiin should
be slightly reduced compared to the stratocumulus setup. By in-
creasingynheat, the cumulus clouds can then be further transitioned
into the cumulonimbus shape. Please note, that the appearance of
cumulonimbus clouds is also signilcantly in%uenced by the lapse
rateT and the inversion point; marking the change in the temper-
ature gradient. In particular, the temperature inversion atacts



as an obstacle for the rising thermal, causing the characteristic %at
anvil top of a cumulonimbus to form.

6.2 Complex Scenes

As shown in Figure 15, our framework is capable of simulating com-
plex scenes, such as the characteristic high fog around Half Dome in
Yosemite National Park and clouds forming over the Atlantic Ocean
moving towards the Irish coast rising up the mountains. Detailed
height maps and satellite textures of these regions are used. For the

Half Dome scene, heat and vapor emission maps are set up as shown

in Figure 7. While vapor emission is only present in the valley, a
small amount of heat is also emitted at its outside. A uniform wind
leld is used to move the fog through the valley.

In the Irish coast scene, we employ di&erent heat emission maps

Stormscapes: Simulating Cloud Dynamics in the Now¢ 175:11

Table 1. The table provides an overview of the lightweight parameter set
used in the scenes presented in this paper. Moreover, resolution (R) and
computation time (T) measured in seconds per frame are listed. A constant
time step size ofA¢ = 1 min is used. The background parameters defining
the atmosphere are settb =" 6.5 K/km and z; = 8 km.

Fig. Scene E  Yheat ¢rel Yvapor Vperin PPerlin R T

11 Fog»&tratus 05 0.0 1.00 0.00 128 128 0.04
11  Stratuged&stratocu. 16 00 0.73 0.00 - n28 128 0.04
11  Stratocumulu86&Cu. 16 03 0.70 0.00 0.07 0.50 !238128 0.04
11  Cumuluge&umulonib. 2.2 15 054 0.14 0.15 0.75 1428128 0.04
15 Fogaround Half Dome 1.1 - 0.86 - - B@g4 288 0.12
15  Irish Coast Day 22 16 054 014 0.15 0.75 ! 1410320 0.15
15  Irish Coast Night 23 16 054 0.16 0.15 0.75 ! 48320 0.15
16  Rain over the Alps 1.7 03 065 0.0 0.07 0.50 !e@56 0.17
13 K.-H. Instability 05 0.0 100 0.0 - 122 16 0.02
17  Low P. Supercell 15 0.0 0.70 0.00 198296  0.12
17  C. Supercell 15 0.0 0.70 0.00 1392 192 0.25
17  High P. Supercell 15 0.0 0.80 0.00 1288288 0.19

distinguishing between a day and a night scene. Since the sea has

a larger heat capacity compared to the land part, during the day,
the land warms up more quickly compared to the sea. During the
night, the water keeps the heat from the day signi!cantly longer
compared to the land. This results in the emerging of a sea breeze
during the day and a land breeze during the night. We set up the
heat emission maps for the two scenes accordingly while vapor is
mostly emitted from the sea part.

6.3 Rain

Figure 16 illustrates the simulation of rain. Rain clouds are formed as
a consequence of cold air compressing multiple tiny water droplets
together to larger rain drops. The transition of humid air, clouds,

and water is expressed by KesslerOs scheme [1969] in our method,

We illustrate the e&ect of rain in our simulation with the example of

a scene of a cumulonimbus cloud forming over the Alps (Figure 16,
left). In Figure 16 (right), we visualize rain as a color map that shows
low amounts of rain in blue and high amounts of rain in orange. To
better visualize the e&ect, clouds have been removed from both the
cloud base and the cumulonimbus cloud toward the camera. Heavy
down pour can be observed at the right side of the cumulonimbus
cloud adding to the realism of the scene.

6.4 Kelvin-Helmholtz Instability
The Kelvin-Helmholtz instability [North et al2014] can be observed

o

Fig. 14. Real-time exploration of cloudy weather in the San Francisco Bay
Area on May 21, 2020 at 12noon (le") and on October 11, 2019 at 12noon
local time. We use in-time weather-data streamed to our framework to
simulate realistic cloud formations.

These rotating thunderstorms result in the formation of complex
tormscapes. The literature usually considers three di&erent types
of supercells [Grant and Van Den Heever 2014]: next to classical
supercells, low and high precipitation supercells are studied. To un-
derstand their di&erences, we have to speci!cally consider the (ex-
ternal) wind relative to the storm itself. If high-speed- (110 km/h),
storm-relative winds are present in the upper layers, this leads to
a separation of updraft and downdraft regions resulting in a low
precipitation supercell. In contrast, classical supercells typically oc-
cur in weather conditions with storm-relative wind speeds of about
70 to 110 km/h. Moreover, since they are devoid of precipitation,
their mesoscale features are clearly visible. In environments with
storm-relative wind speed belowo km/h, a small separation of

in several cases when a velocity di&erence across the interface be-updraft and downdraft regions usually results in high precipitation

tween two %uids is present. In the context of clouds, it can sometimes
be observed during sunrise or sunset when the lower part of the
clouds cools down and becomes signi!cantly more dense compared
to the upper part. As a consequence, the air in the upper part moves
faster resulting in the emergence of a pattern comparable to ocean
waves when wind is blowing over water. We can reproduce this
instability as demonstrated in Figure 13 by applying a wind 'eld
characterized by greater velocities in upper simulation grid cells
compared to lower grid cells. The heat emitter paramefds then
adjusted to a value that allows cloud condensation to produce a
wave-like cloud pattern.

6.5 Cloud Supercells

Supercells form if mesocyclones (i.e. continuously rotating updrafts)
are present, usually within clusters of cumulonimbus formations.

supercells.

To simulate di&erent types of supercells, we apply a rotationally
symmetric layered wind pro!le modeling the rotating upstream to
a cumulonimbus formation. We then add strom-relative winds of
varying speeds based on the specilc supercell type. Our framework
allows for the dynamic simulation of the three types of large-scale
cloud supercells as shown in Figure 17. Especially, classical super-
cells are popular footage among photographers and !Im makers
showing close-up photos and time-lapse videos of their structure
and temporal evolution. Inspired from such pieces of art, we present
visualisations of our simulations of di&erent supercells in Figure 1.

6.6 Weather Nowcasting

To further showcase the capabilities of a physically accurate cloud
simulation model, we coupled our framework with atmospheric
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Fig. 15. Simulations of high fog around Half Dome in Yosemite National Park with two top-down (top, le" and center), and one in-scene viewpoint (top, right),
and clouds forming at the Irish coast (bo$om). During the day, a sea breeze (middle) moves the clouds built up over the Atlantic Ocean to the coast rising up
the mountains (le"). During the night, the opposite e#ect can usually be observed. Clouds formed over the land (right) are moved to the sea as a result of a
land breeze.

Fig. 16. Heavy rain over the Alps caused by a cumulonimbus cloud (le"). The amount of rain is visualized using a color map (right) from blue (low amount) to
orange (high amount). To be$er visualize the e#ect of rain, clouds have been removed from both the cloud base and the cumulonimbus cloud toward the
camera in the right image.

measurements of weather services to simulate cloud formation in that can be compared to weather conditions on a di&erent date,
real-time enabling weather nowcasting. We manually select a geo- e.g. October 11, 2019 at 12pm local time (right). To allow for an
graphic location and query atmospheric conditions via temperature, interactive exploration of the scene in real-time, we use a volume
humidity and wind maps as provided by a weather servicgem- ray casting-based online renderer. Along with real-time simulations
perature and humidity maps can directly be used in our framework for cloud dynamics, weather nowcasting can provide a more im-
instead of noise maps (see Section 5.1). A wind map is a dynamic mersive experience for exploring urban landscapes. Furthermore,
streamline plot visualizing real-time wind velocities projected on  we argue that coupling real-time simulations with in-time observa-
satellite imagery in 2D. We use a sequence of wind maps to approx- tions provides a new way of interacting with real world phenomena,
imate a wind !eld for our simulation by tracking the motion of especially when used in virtual and augmented reality applications.
streamlines with optical %ow [Itseez 2015]. We then de!ne a wind
leld by interpolating the generated motion vectors across aregular 7 EVALUATION, DISCUSSION, AND LIMITATIONS
lattice and use the wind leld in our framework to sample wind
speeds at di&erent altitudes by scaling the interpolated values with
the functionk. This is illustrated in Figure 8. The wind velocities
are used as an external wind !eld as described in Section 5.3.

In Figure 14 we show the result of weather nowcasting for the
San Francisco Bay Area on May 21, 2020 at 12pm local time (left)

In addition to the qualitative visual assessment in Fig. 10, we provide
two quantitative evaluation strategies. The !rst is the 0D thermody-
namics model illustrated in Fig. 5, which can be used to (1) conlrm
that our CFD simulations do in fact match the theoretical predic-
tions of cloud base and top, and (2) can also be used ia priori
exploratory way to determine the set of parameters required to
http:/Avww.ventusky.com create a cloud with certain characteristics. The second evaluation
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Fig. 17. Temporal evolution of di#erent types of cloud supercells. Strong storm-relative windg ¢ km/h) cause an interruption of the formation of the anvil
resulting in a low precipitation supercell (top) while low<( 70 km/h) storm-relative winds result in a high precipitation supercell (bo$om). Moderate wind

speeds70 to 110 km/h) lead to the classical supercell (middle).

method for our modeling approach is to show cloud fraction pro-
lles for various cloud morphologies. Cloud fraction is a widely used
metric in meteorology and environmental sciences to demarcate
di&erent cloud types. As inspiration to model scenes for which we
calculated cloud fraction prolles we used reconstructions from Li-
dar and infrared satellite observations [Cesana et24l19], as well

as generated data by established simulations in meteorology [Shen
et al. 2020]. Cloud fraction is de!ned as the percentage of grid cells
rendered as a cloudj{ > 0) in the whole grid space. We visualize
the summed frequencies at di&erent altitudes in Figure 18. There, we
show the cloud fraction prolles for exemplary stratus, stratocumu-
lus and cumulus cloud scenes. Stratocumulus have a limited vertical
extent [Houze 1994], resulting in a narrower cloud fraction over
altitude compared to cumulus or stratus clouds [Cesana e2@l 9,
Figure 16]. We simulate this phenomenon by lowering emitter heat
valuesk for the stratocumulus cloud scene. Cumulus clouds occur
over awider range of altitudes compared to other cloud types, which
was simulated by increasing thg,e,: parameter value. Figure 18
also depicts the temporal evolution of cloud fraction prolles of a
rising cumulonimbus cloud which is characterized by the emergence
of the characteristic anvil-like top of the cloud at simulation time

ty [Shen et al. 2020, Figure 3].

7.1 Discussion and Limitations

Our focus was on devising a physically accurate model to enable
the realistic simulation of water-based cloud dynamics. This ranges

from common cloud types, such as cumulus or stratus, to more
complex patterns, such as stormscapes. Stormscapes are weather
phenomenathat happen over a large range of altitudes, i.e. the whole
troposphere. To capture these phenomena, this requires a model to
simulate the %uid dynamics continuously over the whole domain,
instead of relying on spatial abstractions, such as layers. Moreover,
introducing an explicit inversion point allows us to intuitively model
the formation of cumulonimbus clouds, which is not possible with
existing methods. Simulating stormscapes is especially complicated
due to the high wind velocities, underlying cloud dynamics and is
addressed in our method by explicitly modeling buoyancy.

Unlike Harris et al. [2003], we generalize the atmospheric temper-
ature prolle for cases in which buoyancy vanishes or dramatically
reverses. In addition, our formulation of buoyancy does not depend
on pressure as our derivation indicates that the impact of the pres-
sure leld is negligible on parameters relevant for cloud formation: a
layer on top of the given atmosphere merely compresses all under-
lying layers, and does not noticeably change the resulting buoyancy
important for cloud formation and dynamics.

On the other hand, recent work in cloud modeling captures the
formation of other cloud types, beyond the scope of this work, by
adopting a higher scale of abstraction [Vimont et 2020]. The
results we show indicate that our method can simulate various
plausible cloud morphologies while expressing accurately seminal
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physical hypotheses of cloud formation. Furthermore, our simula- Steatus Strefocumulus Cymulys
tions of cloud types can be quantitatively compared to data reported ) -
in meteorology based on cloud fraction prolles. . ¢ ¢

While our model is able to capture the various water-based cloud <. N e
types, we did not conclusively explore their variations, which are ™ ;::> N
commonly described as cloud species. An example thereof is the -
cumulonimbus capillatus cloud species which is distinguished from T Tdowdfacton o) coudfacton©e " cloud raction (%)
the cumulonimbus incus species. The capillatus species exhibits Cumulonimbusty ., Cumulonimbus t; oo Cumulonimbus t;

a more rounded top of the cloud instead of the pronounced anvil =
shape of the incus species. Simulation results for the incus species ™\ | =
are shown in Figure 12. Furthermore, our model does currently £~
not allow simulating ice cloud formations, such as cirrus clouds,
which are determined by mixing ratios of ice, snow and hail. In »
principle, the Kessler methodology adopted in our approach could
be extended to also account for these additional quantities. The _. ) )

. . L . ) Fig. 18. Fraction profiles of stratus, stratocumulus, and cumulus (top), and
Spe_C'!C m_echanlsms un_derlylng |(?e cloud form_atlon are sitill a_n of a developing cumulonimbus cloud simulated with our framework at time
active topic of research in the environmental science community. points o, #1, and , (bo$om).

Compared to cloud models used in climatology, e.g. Large Eddy

Simulations (LES) [Cesana et 2019; Seeley et.&1019] our method to climatology and to further investigate the dynamics of cloud

does not represent the feedback of heat transfer between the ground morphologies.

and air. For example, as large clouds rise into the upper troposphere

they can shade and subsequently cool the ground surface which can ACKNOWLEDGEMENTS

in%uence cloud dynamics in the lower troposphere. This work has been supported by KAUST (individual baseline fund-
ing). We acknowledge the reviewersO valuable comments.

hin km
hinkm

" cloud fraction (%) * " Cloud fraction (%) “ " cloud fraction (%)

8 CONCLUSION AND FUTURE WORK REFERENCES

We have presented a novel framework for the physically accurate J. D. Anderson. 200Modern compressible 'ow with historical persped@ve ed.).

i 1 i : McGraw Hill.
Irst- - ;
simulation of clouds t_)ased on lrst pr_lnC|pIes. In partICUIa_r’ we pro B. Bitterli, S. Ravichandran, T. MYller, M. Wrenninge, J. Novik, S. Marschner, and W.
posed novel formulations for computing buoyancy and air pressure Jarosz. 2018. A Radiative Transfer Framework for Non-Exponential M/
that account for variations of atmospheric density and temperature Trans. Graph37, 6, Article Article 225 (Dec. 2018), 17 pages.

. K . . J. F. Blinn. 1982. Light Re%ection Functions for Simulation of Clouds and Dusty Surfaces.
gradients. Using our approach, we can simulate several di&erent ™ g,5GrapH Comput. Gragh, 3 (1982), 21929,

cloud types, their transitions, and complex cloud phenomena that A. Bouthors and F. Neyret. 2004. Modeling clouds shap&umgraphics 2004 - Short

o o @3 >

we refer to as stormscapes. We introduce heat emitter, relative hu- Presentationd. Alexa and E. Galin (Eds.). Eurographics Association.

- p . . . . A. Bouthors, F. Neyret, and S. Lefebvre. 2006. Real-Time Realistic lllumination and
ml(:il'[y onthe groun‘:j, and .Perlln noise func_tlon pare_lmeter_s as “_ght' Shading of Stratiform Clouds. IRroceedings of the Second Eurographics Conference
weight means for simulating cloud formations, while maintaining on Natural Phenomena (NPHOB6G)ographics Association, 41D50.

: : ; ; f P Bouthors, F. Neyret, N. Max, E. Bruneton, and C. Crassin. 2008. Interactive Multiple
mteracuye rates for rendering. Tog_et_her this enable_s the intuitive Anisotropic Scattering in Clouds, 8D (20081739182,
exploration of large-scale and realistic cloud formations. We have Bridson. 200&uid Simulation for Computer Graphi@sK Peters, CRC Press.
shown the Capab”ities of our model through numerous experiments Iig%slon and M. MYller. 2007. Fluid simulation: SIGGRAPH 2007 course notes. (2007),
of advanced and mtncgte cloud form_atlons_, _mCIUd'ng_ rare phenom- Cesaha, A. D. Del Genio, and H. Chepfer. 2019. The Cumulus And Stratocumulus
ena such as the Kelvin-Helmholtz instability and di&erent types CloudSat-CALIPSO Dataset (CASCCABArth Syst. Sci. Dafidl (2019), 1745D1764.
of supercells. Furthermore, we have coupled our cloud model with P-Ebert, F. Musgrave, D. Peachey, K. Perlin, and S. Worley. 260@uing and Modeling:

derlvi t . d ted it t I-ti th . A Procedural ApproadBrd ed.). Morgan Kaufmann Publishers Inc., San Francisco,
underlying terrain and connected it to real-time weather services CA, USA.
simulating realistic cloud formations in the now. Q. Cui, P. Sen, and T. Kim. 2018. Scalable Laplacian Eigen%GisTrans. Grapi87,

; ; : 4, Article 87 (2018), 12 pages.

A fré}mework for the phySICa”y accurate simulation Of, cloud Y. Dobashi, K. Kaneda, H. Yamashita, T. Okita, and T. Nishita. 2000. A Simple, E"-
dynamics opens multiple avenues for future work. For one, it would cient Method for Realistic Animation of Clouds. Proceedings of the 27th Annual
be interesting to extend our model to simulate clouds that form Conference on Computer Graphics and Interactive Techniques (SIGGRABEI2B00)

f ice instead of ter. Thi Id all to i lat Y. Dobashi, K. Kusumoto, T. Nishita, and T. Yamamoto. 2008. Feedback Control of
rF’m ICe Instead ot water. This WO.U a OW uS to simulate an evgn Cumuliform Cloud Formation Based on Computational Fluid DynamicsAGM

wider range of cloud types and their transitions. Furthermore, while SIGGRAPH 2008 Papers (SIGGRAPHA&@R)ation for Computing Machinery,

r model alr imulates rain, extending i her forms of ~ Article Article 94, 8 pages.

ou . Ode a eady simulates rain, exte . d g it to other forms o Y. Dobashi, Y. Shinzo, and T. Yamamoto. 2010. Modeling of Clouds from a Single
preC|p|tat|0r.1, such as snow, sleet, or hall, would allqu us to more Photograph. CGF29, 7 (2010), 2083D2090.

accurately simulate weather. Moreover, it seems promising to further R. P. M. Duarte and A. J. P. Gomes. 2017. Real-Time Simulation of Cumulus Clouds
~ ; ; : through SkewT/LogP Diagram£omput. Graph67, C (2017), 103D114.
explore the two way COUp“ng of terrain and cloud formations or R. Fedkiw, J. Stam, and H. W. Jensen. 2001. Visual Simulation of SRrokeof ACM

other weather phenomena. While we have shown the interaction SIGGRAPK2001), 15D22.

of clouds and realistic |andscapesy the simulation of various terrain C. W. Ferreira Barbosa, Y. Dobashi, and T. Yamamoto. 2015. Adaptive Cloud Simulation
. . o . . Using Position Based Fluid€omput. Animat. Virtual World26, 394 (2015), 36 7D375.
types s likely to resultin more realistic simulations of clouds. Finally, ¢ o' g “ando, C. Wojtan, R. Westermann, and N. Th¥rey. 2016. Narrow Band FLIP

it would be interesting to explore the connection of our model for Liquid Simulations. IrProceedings of the 37th Annual Conference of the European

ACM Trans. Graph., Vol. 39, No. 6, Article 175. Publication date: December 2020.



Stormscapes: Simulating Cloud Dynamics in the Now¢ 175:15

Association for Computer Graphics (EG. @)graphics Association, 2259232.

F. Ferstl, R. Westermann, and C. Dick. 2014. Large-Scale Liquid Simulation on Adaptive
Hexahedral GridsTVCG20, 10 (2014), 1405D1417.

|. Garcia-Dorado, D. G. Aliaga, S. Bhalachandran, P. Schmid, and D. Niyogi. 2017. Fast

®

Weather Simulation for Inverse Procedural Design of 3D Urban Mod&GM Trans. J.
Graph.36, 2, Article Article 21 (2017), 19 pages.

G. Y. Gardner. 1985. Visual Simulation of CloudsPinceedings of the 12th Annual
Conference on Computer Graphics and Interactive Techniques (SIGGRABE0O85)  D.

ciation for Computing Machinery, 297D304.

P. Goswami and F. Neyret. 2017. Real-Time Landscape-Size Convective Clouds Simula-
tion and Rendering. IfProceedings of the 13th Workshop on Virtual Reality Interactions H.
and Physical Simulations (VRIPHYS @aigraphics Association, 1D8.

L.D. Grantand S. C. Van Den Heever. 2014. Microphysical and dynamical characteristics K.
of low-precipitation and classic supercelldournal of the Atmospheric Scientés?

(2014), 2604D2624.

J. Guo, Y. Chen, B. Hu, L.-Q. Yan, Y. Guo, and Y. Liu. 2019. Fractional Gaussian Field#!.
for Modeling and Rendering of Spatially-Correlated MedCM Trans. Grapl88,
4, Article Article 45 (July 2019), 13 pages.

M. Gupta and S. G. Narasimhan. 2007. Legendre Fluids: A Uniled Framework for Ana-
lytic Reduced Space Modeling and Rendering of Participating MediS8ymposium
on Computer Animation (SCA O@&rographics Association, 17D25.

M. J. Harris, W. V. Baxter, T. Scheuermann, and A. Lastra. 2003. Simulation of Cloud J.
Dynamics on Graphics Hardware. WCM SIGGRAPH/EUROGRAPHICS Conference
on Graphics Hardware (HWWS OBBjographics Association, 92D101.

M. J. Harris and A. Lastra. 2001. Real-Time Cloud Rende@®f-20, 3 (2001), 76D85.

R. A. Houze. 1994Cloud DynamicsElsevier Science.

M. Ihmsen, J. Orthmann, B. Solenthaler, A. Kolb, and M. Teschner. 2014. SPH Fluids in
Computer Graphics. IfEurographics 2014 - State of the Art Reports

T. Inglis, M.-L. Eckert, J. Gregson, and N. ThYrey. 2017. Primal-Dual Optimization for
Fluids.CGF36, 8 (2017), 354D368.

1SO. 1975Standard Atmospher&echnical Report ISO 2533:1975. International Organi-
zation for Standardization.

Itseez. 2015. Open Source Computer Vision Library. https://github.com/itseez/opencv.

A. D. Jones, P. Sen, and T. Kim. 2016. Compressing Fluid Subspa@gsaidasium on
Computer Animation (SCA QE)rographics Association, 77D84.

J. T. Kajiya and B. P. Von Herzen. 1984. Ray Tracing Volume DensRI&GRAPH
Comput. Graphl8, 3 (1984), 165D174.

M. Kass and G. Miller. 1990. Rapid, Stable Fluid Dynamics for Computer Graphics.
In Proceedings of the 17th Annual Conference on Computer Graphics and Interactivil.
Techniques (SIGGRAPH G@@jpciation for Computing Machinery, 49D57.

E. Kessler. 196®n the Distribution and Continuity of Water Substance in Atmospheric
Circulations American Meteorological Society, Boston, MA, 1D84.

B. Kim, V. C. Azevedo, M. Gross, and B. Solenthaler. 2020. Lagrangian Neural Style
Transfer for Fluids ACM Transaction on Graphics (SIGGRARB20).

B. Kim, V. C. Azevedo, N. ThYrey, T. Kim, M. Gross, and B. Solenthaler. 2019. Deep
Fluids: A Generative Network for Parameterized Fluid Simulatidd&F38, 2 (2019),
59D70.

D. Koschier, J. Bender, B. Solenthaler, and M. Teschner. 2019. Smoothed Particle HyB.
drodynamics Techniques for the Physics Based Simulation of Fluids and Solids. In
Eurographics 2019 - Tutorial$ie Eurographics Association.

P. K. Kundu, I. M. Cohen, and D. R. Dowling. 20ERiid MechanicsElsevier Science.

A. Lagae, S. Lefebvre, R. Cook, T. DeRose, G. Drettakis, D.S. Ebert, J.P. Lewis, K. Perlii.
and M. Zwicker. 2010. A Survey of Procedural Noise Functi@&F29, 8 (2010),
2579D2600.

M. Limpinsel, D. Kuo, and A. Vijh. 2018. SMARTS Modeling of Solar Spectra at Strato-
spheric Altitude and In%uence on Performance of Selected IlI-V Solar Cells.

F. Losasso, F. Gibou, and R. Fedkiw. 2004. Simulating Water and Smoke with an Octree
Data Structure. IACM SIGGRAPH 2004 Papers (SIGGRAPRA$04jation for
Computing Machinery, 457D462.

W. Lu, N. Jin, and R. Fedkiw. 2016. Two-Way Coupling of Fluids to Reduced Deformable
Bodies. InSymposium on Computer Animation (SCA.@&18ygraphics Association,
67D76.

A. McAdams, E. Sifakis, and J. Teran. 2010. A Parallel Multigrid Poisson Solver for
Fluids Simulation on Large Grids. Bymposium on Computer Animation (SCA.010) M.
Eurographics Association, 65D74.

B. Miller, I. Georgiev, and W. Jarosz. 2019. A Null-Scattering Path Integral Formulation
of Light Transport. ACM Trans. Graplt88, 4, Article Article 44 (July 2019), 13 pages.

R. Miyazaki, Y. Dobashi, and T. Nishita. 2002. Simulation of Cumuliform Clouds Based
on Computational Fluid Dynamics. IBurographics

R. Miyazaki, S. Yoshida, T. Nishita, and Y. Dobashi. 2001. A Method for Modeling Clouds
Based on Atmospheric Fluid Dynamics. G IEEE Computer Society, USA, 363.

F. Neyret. 1997. Qualitative Simulation of Convective Cloud Formation and Evolution. X.
In Computer Animation and Simulation {7Thalmann and M. van de Panne (Eds.).
Springer Vienna, Vienna, 113D124.

T. Nishita, Y. Dobashi, and E. Nakamae. 1996. Display of Clouds Taking into Account Y.
Multiple Anisotropic Scattering and Sky Light. IRroceedings of the 23rd Annual

S.

S.

J.

Y]

Z.

J.

Y.

A.

K.

u.

A.

S.

J.

Y.

C.

J.

Conference on Computer Graphics and Interactive Techniques (SIGGRARBUO96)
ciation for Computing Machinery, 379D386.

.R.North, J. A. Pyle, and F. Zhang. 2@rcyclopedia of Atmospheric Scierdamber

v. 1-6. Elsevier Science.

Novik, I. Georgiev, J. Hanika, J. K(ivinek, and W. Jarosz. 2018. Monte Carlo Methods
for Physically Based Volume Rendering AGM SIGGRAPH 2018 Courses (SIGGRAPH
O18prticle Article 14, 1 pages.

Overby, Z. Melek, and J. Keyser. 2002. Interactive physically-based cloud simulation.
In 10th Paci"c Conference on Computer Graphics and Applications, 2002. Proceedings.
469D470.

-O. Peitgen and D. Saupe (Eds.). 198& Science of Fractal Imagepringer-Verlag,

Berlin, Heidelberg.

Perlin. 1985. An Image SynthesizerRroceedings of the 12th Annual Conference
on Computer Graphics and Interactive Techniques (SIGGRARK$€@%tion for
Computing Machinery, 287D296.

Pharr, W. Jakob, and G. Humphreys. 20R8ysically Based Rendering: From Theory

to Implementatior3rd ed.). Morgan Kaufmann Publishers Inc.

Sato, Y. Dobashi, T. Kim, and T. Nishita. 2018b. Example-Based Turbulence Style
Transfer.ACM Trans. Grapl87, 4, Article 84 (2018), 9 pages.

Sato, Y. Dobashi, and T. Nishita. 2018a. Editing Fluid Animation Using Flow Interpo-
lation. ACM Trans. Grapl87, 5, Article 173 (2018), 12 pages.

Schpok, J. Simons, D. S. Ebert, and C. Hansen. 2003. A Real-Time Cloud Modeling,
Rendering, and Animation System. Bymposium on Computer Animation (SCA.003)
Eurographics Association, 160D166.

T. Seeley, N. Jeevanjee, W. Langhans, and D. M. Romps. 2019. Formation of Tropical
Anvil Clouds by Slow EvaporationGeophysical Research Let#§s1 (2019), 492D

501.

. Setaluri, M. Aanjaneya, S. Bauer, and E. Sifakis. 2014. SPGrid: A Sparse Paged Grid

Structure Applied to Adaptive Smoke SimulatioACM Trans. Grapt83, 6, Article

205 (2014), 12 pages.

Shen, K. G. Pressel, Z. Tan, and T. Schneider. 2020. Statistically Steady State Large-
Eddy Simulations Forced by an Idealized GCM: 1. Forcing Framework and Simu-
lation CharacteristicsJournal of Advances in Modeling Earth Systé& (2020),
€2019MS001814.

J. Stam. 1999. Stable Flui@soc. of ACM SIGGRARED99), 121D128.

Steinho& and D. Underhill. 1994. Modilcation of the Euler equations for Ovorticity
con!nementO: Application to the computation of interacting vortex ringghys.
Fluids6, 8 (1994), 2738D2744.

Stiver, A. Baker, A. Runions, and F. Samavati. 2010. Sketch Based Volumetric
Clouds. InProceedings of the 10th International Conference on Smart Graphics (SG0O10)
Springer-Verlag, 1D12.

Teng, D. I. W. Levin, and T. Kim. 2016. Eulerian Solid-Fluid CoupA@M Trans.
Graph.35, 6, Article 200 (Nov. 2016), 8 pages.

Treuille, A. Lewis, and Z. Popovi). 2006. Model Reduction for Real-Time Fluids.
ACM Trans. Grapi5, 3 (2006), 826D834.

Um, X. Hu, and N. ThYrey. 2018. Liquid Splash Modeling with Neural Networks.
CGF37, 8 (2018), 171D182.

Ummenhofer, L. Prantl, N. ThYrey, and V. Koltun. 2020. Lagrangian Fluid Simulation
with Continuous Convolutions. INCLR
Vimont, J. Gain, M. Lastic, G. Cordonnier, B. Abiodun, and M.-C. Cani. 2020. Interac-
tive Meso-scale Simulation of Skyscap&sirographic$2020).

F. Voss. 198Bractals in Nature: From Characterization to Simula8pringer-Verlag,
Berlin, Heidelberg. 21D70 pages.

Webanck, Y. Cortial, E. GuZrin, and E. Galin. 2018. Procedural Clouds@®ES7,
2(2018), 431b442.

Wiewel, M. Becher, and N. ThYrey. 2019. Latent Space Physics: Towards Learning
the Temporal Evolution of Fluid FlonCGF38, 2 (2019), 71D82.

Wither, A. Bouthors, and M.-P. Cani. 2008. Rapid Sketch Modeling of Clouds. In
Proceedings of the Fifth Eurographics Conference on Sketch-Based Interfaces and
Modeling (SBMODB)rographics Association, 1139118.

Xie, E. Franz, M. Chu, and N. ThYrey. 2018. TempoGAN: A Temporally Coherent,
Volumetric GAN for Super-Resolution Fluid Flo'CM Trans. Grapt87, 4, Article
95 (2018), 15 pages.

K. Yau and R. R. Rogers. 19865hort Course in Cloud PhysiE$sevier Science.

C.-M. Yuand C.-M. Wang. 2011. An E&ective Framework for Cloud Modeling, Rendering,

and Morphing.J. Inf. Sci. En@7 (05 2011), 8919913.

Yuan, X. Liang, S. Hao, Y. Qi, and Q. Zhao. 2014. Modelling Cumulus Cloud Shape
from a Single ImageCGF33, 6 (2014), 288D297.

Zehnder, R. Narain, and B. Thomaszewski. 2018. An Advection-Re%ection Solver
for Detail-Preserving Fluid SimulationrACM Trans. Grapt87, 4, Article 85 (2018),

8 pages.

Zhang, M. Li, and R. Bridson. 2016. Resolving Fluid Boundary Layers with Particle
Strength Exchange and Weak AdaptivithCM Trans. Grapt85, 4, Article 76 (July
2016), 8 pages.

Zhu and R. Bridson. 2005. Animating Sand as a FIW@M Trans. Grapi24, 3 (2005),
965D972.

ACM Trans. Graph., Vol. 39, No. 6, Article 175. Publication date: December 2020.


https://github.com/itseez/opencv

175:16 ¥ HSdrich, T. et al.

ALGORITHM 1: Numerical time integration procedure.

Input: ’ "
g0 * ( qulc, )0, * ( qe, ) 00 * ( 4,06, 1) 0 R EeEE |
0% ( 0, to))x o, u*(UX, to))x ., t* & Y Y Y Yrrry

Procedure: EREREEEEES
u * advecfu, At) //advect velocity 'eld /I MABREREBESSEER
u * di#useu, v, Ar) /finclude viscosity as di&usion process EEEEAREESS
I * (! u //lcompute vorticity 'eld ERERERAESES I I . S S N SR
f,* edéAx aqormaliz€(+! +)!! )//vorticity conlnement :::::::22 =======g=
u* u+f  aAr/lapply vorticity conlnement force v Y Y rrrrrervyryryrryrrro
b * (0,0, B)T /lcompute buoyancy according to Eq. (15) Bes = U- T

f * getExternalForcg) //compute external net force

u* u+(b+f)aAt /lapply buoyancy and external force Fig. 21. Parameter space exploration varying the heat emi$er valsand

(p* project(( &u, At) /lpressure projection relative humidity ¢re (le"), and scaling parametergneat and yvapor (right).
u* u"( péAt/pressure update For the non-varying values, parameter se$ings for cumulus clouds are used:
[6, qos e g1 *  advect, qo, ge, g, U, At) l/advect quantities E =2.2, ¢rel = 0.4, yheat = 1.7, and yvapor = 0.14.
qus ¥ getSaturationRati¢getAbsoluteTemperatu(@), p, ) //see
Eq. (16) and Eq. (28
% (10 and £a. (28) A STANDARD ATMOSPHERE
qv qo + mm(qu qou, qc) +E, . . ~ X
ge* ge" Min(gos " go, ge)" Ac" Ko Generally, atmospheric data are evaluated using the Olnternational Standard
gr* qr+Ac+K:." E, AtmosphereO [ISO 1975] which is abbreviated as ISA. The temperature and
Xo * getMoleFractioriq.,) //see Eq. (9) pressure prolle fromo to 40 km altitude are plotted in Figure 19. Within the
M *  getAverageMolarMags(,) //see Eq. (7) troposphere, i.e. below1 km, the temperature reduces k5 K per 1km
Yih *  getlsentropicExponetii, M w/M ) //see Eq. (11) altitude, the pressure approximately halves for everkm gained:
cg‘ * getHeatCapacitfyi, M ) //see Eq. (18) T (h)=T " 0.0065h, 27
0* 0+LI c;,h agetMoleFractiorf" min(q.s " qo, qc)) //see Eq. (9) 5.2561
t* ty+ At P, (h) =p, .0 (1 " 0.0065T—) (28)
Output: 00
qo * ( qo(X, t))x @1 ge * ( ge(X, t1))x* @, qr * ( qr (X, t1))x" 0 10.ISA Temperature 10 ISA Pressure
O (0, t)x o u*(UX, t)x o, t* . .
Es Ee
. c =
par07 <4 =
Yheat: 1.3 2 2
yvapor: 0 0
0 100 200 300 %90 02 04 06 08 1.0
E: 1.6 TinK pin bar
pre1: 0.7 . .
yn.L.;O,ss Fig. 19. Temperature and pressure in the troposphere taken from the ISA.
yvapor: 0
. B POTENTIAL TEMPERATURE
‘;’h:'““zz Adiabatic changes of temperature and air pressure can be taken into account
Yrapor: 0.1 within the concept of potential temperatures [Yau and Rogers 1996]. Assume,
an air parcel is moved adiabatically (i.e. without a change of heat) from
gj;ZM temperaturel (¢,) and pressurg(t,) to pressurep(#;). The Inal temperature
Yheat: 1.2 6 := T(#,) is given by the potential temperaturé = (p(#1)/ p(0))* T (%) in
Yuaper: 0.1 which k = R4/ ¢,, is the ratio of the gas constar®, = 287 J/(kg K)for dry
air and the specilc heat capacity),.
E: 2.2
¢re: 0.4 o
yh.'..: 127 C TIME INTEGRATION
yuspor: 0.13

The integration procedure is summarized in Algorithm 1.

Fig. 20. Several examples of clouds and the parameters used for the emission D PARAMETER SPACE EXPLORATION
of heat and vapor on the ground. A parameter space exploration is presented in Figures 20 and 21.

ACM Trans. Graph., Vol. 39, No. 6, Article 175. Publication date: December 2020.



	Abstract
	1 Introduction
	2 Related Work
	3 Overview
	4 Model
	4.1 Atmosphere
	4.2 Thermodynamics
	4.3 Fluid Dynamics

	5 Implementation
	5.1 Numerical Integration
	5.2 Terrain
	5.3 Wind Fields

	6 Results
	6.1 Cloud Types and Transitions of Clouds
	6.2 Complex Scenes
	6.3 Rain
	6.4 Kelvin-Helmholtz Instability
	6.5 Cloud Supercells
	6.6 Weather Nowcasting

	7 Evaluation, Discussion, and Limitations
	7.1 Discussion and Limitations

	8 Conclusion and Future Work
	References
	A Standard Atmosphere
	B Potential Temperature
	C Time Integration
	D Parameter Space Exploration

