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Abstract

The use of computer graphics to produce special effects is currenilg bpplied with great results in especially
the entertainment and game industry. One area where computer ggjghiot quite ready to replace all real

effects is natural phenomena where a lack of general models existsisiwork we present a general model
for falling and accumulating snow. The appearance and movement of faliogy are modeled in 3D based on
the physics governing the real processes. The same goes for thewated snow where especially a correctly
modeled wind eld is important for producing realistically looking results. Itiue¢ weather parameters are used
to control both models. The results show that both the appearance andnmeot of the snow, as well as the
accumulated snow are very similar to real snow.

1. Introduction 1.1. Related Work

Previous work can be divided into nonphysically based mod-

els and physically based models. The nonphysical based
models are methods that imitate the properties of a phe-
nomenon without using the actual physics behind the phe-
nomenon. As the actual physics are not used the methods
are often simpler and less computationally heavy. Further-

more they are often ad hoc in the sense that they generalize
poorly to a similar but different situation.

The use of computer graphics (CG) in the entertainment in-
dustry is becoming an obvious choice in many situations.
The main reason is the range of special effects that can be ap-
plied with great results. Just imagine movies such as "Juras-
sic Park", "Toy Story", and "Lord of the Rings" without the
use of CG. Not to mention the entire game industry where
CG is an inherent ingredient. However, other arguments for
using CG also exist. For example, to reduce the production  In [SW0J rain was simulated on videos. By analyzing
cost and risk of accidents by adding, e.g., arti cial amesto videos of rain the authors concluded that it was not possible
a movieafter the scene is shot. to track individual raindrops due to their high velocity. Us-
ing this knowledge the raindrops were modeled without any
temporal coherency and by brightening the original image
One area where CG is not quite ready to replace all real Pixels at the position of the raindrops.
effects is natural phenomena, e.g., the eyes of a human, re,
rain, and snow. The reason is rst of all that the human ob-
server knows how these phenomena look like in real life.
Furthermore, some of the phenomena are not quite under-

stood yet and therefore hard to model. Nevert_hele.ss, thesecles bounced off and became white. Over time the particles
and other natural phenomena have in some situations beenWould fade to the initial blue color. This gave the visual im-

modeled sugcessful!y using CG, but this SUCCESS 15 _m_alnly pression of water in a water fall by the use of simple color
achieved using heuristic methods, for example visualizing a

re using a 2D billboarding technique. In general there is a
lack of general comprehensive CG models of natural phe- In [Fea0Q a model for the accumulation of snow is pre-
nomena. In this work we present such a model of falling and sented. The primary focus was to model fallen snow where
accumulating snow. the layer of the fallen snow is thick. The calculation of the

In [Sim9Q a particle system with different speci cations
made it possible to simulate water, rain, snow, etc. An exam-
ple is the simulation of a waterfall where the initial color
of the particles was blue. As they hit a rock the parti-

changes and particles bouncing off hard surfaces.
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fallen snow makes use of a particle system, where particles a snow ake consists of ice crystals which can occur when
are launched from the ground and up. If a particle reaches ve conditions are met. First of all the air in the atmo-
the sky snow can be accumulated on the launch site. sphere has to be saturated with water. This condition de-
When making a model based on physics a balance be- gendsdt:ot?hon the tempefraturcei andtpn the lva.\por pressure.
tween the complexity and the visual result has to be found. econdly, the presence or condensation nuciel Is necessary.

It is not necessary to make a model that calculates the ex- Th?se arteh smaltl partlcles,de.g., ?u?t or Zacterla, clnlndwh?s:[e
act physics if no signi cant visual improvement is achieved. surtaces the water can cohdensate to produce smatl droplets.

Therefore assumptions are often introduced in order to sim- Th'rqu’ enough water has to Ipe present n the cloud. When
plify the physical model. this is the case the drqplets will keep growing due to further
condensation or merging of droplets. When enough mass has
In [FSJ0] a method based on Fluid Dynamics is pre- accumulated the droplets will fall as precipitation. Fourthly,
sented which simulates smoke. A simpli ed version of the  the temperature has to be below zero degrees Celsius in the
Navier-Stokes equations is applied. Introducing a rotational cloud so that the water in the air will freeze onto the nuclei
spin in the uid keeps the smoke alive, and models turbu- instead of condense into water droplets. The last condition
lence in a visually correct manner. The method has the abil- concerns the nuclei that the water freezes onto (called freez-
|ty to interact with ObjeCtS and thereby dlsplay a realistic |ng nuc|ei). They have to be of Speci c Shapes so that the
ow. water molecules line up correctly to form the basic ice crys-
In [NFJOZ a similar approach is followed to model re. tals. The demand on the shape of the nuclei decreases as the
The method uses fuel present in a medium. When the tem- temperature decreases and at a temperature below -40 de-
perature rises the fuel is converted into a hot gas which 9rees nucleiare no longer necessary.
catches re. The use of fuels gives the possibility to let the How ice crystals merge into actual snow akes depends
re spread and ignite other ammable mediums. on the level of saturation and the temperature in the area be-
In [FOO0J a reduced version of the Navier-Stokes equa- tween the cloud and the ground. The resultis a virtually end-
tions is used to model the accumulation of snow. The ow less number of different snow akes. They, however, follow
eld within the scene is calculated while taking obstacles Some general shapes as seen in giire
into account. Snow akes are modeled as particles and
dropped over the scene. These particles are in uenced by TYPICAL FORMS TERM

the calculated wind eld until they collide with a surface. ; 508 Y
The collision is registered and used to calculate the snow o &3

Plates

Stellar crystals

surface.
1.2. The Content of the Paper Collifing

In this paper we present a uni ed framework for modeling

falling and accumulated snow. This includes a model of 3D

snow akes, a model of the forces governing the movements

of a snow ake, and a model for how snow accumulates with

respect to the forces and objects in the scene. All models are

based on the underlying physics allowing a control of the ”
different models via intuitive weather parameters, e.g., wind "
eld, temperature, amount of snow per second. #

Needles
Spatial dendrites
Capped columns

Iregular particles

The paper is structured as follows: in sectiba model of

: - A Graupel (soft hail)
a snow ake is described. In secti@a movement model for b

asnow ake is derived, and in sectidrthe primary force, the -~ ‘ lce peiiets
wind eld, is described. In sectioB a model for accumulat- h
ing snow is described. In sectié@results are presented and ,ﬁ? /3 f\ Hai

a conclusion is given.

Figure 1: Snow classication often used in hydrology
2. Modeling a Snow ake [Lib04].

In this section we rst outline the physical process resulting
in real snow and then apply the main ndings to model a
show ake. 2.1. Modeling the Size and Density

The formation of a snow ake is a highly complicated pro- Looking at gure 1 and recalling own experiences with
cess and not fully understood. However, it is known that snow, the main characteristics to be modeled are the shape,
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the size, and the density. All three characteristics are primar-
ily controlled by the level of saturation in the air and the

temperature. Modeling the saturation of the air is not neces-
sary for rendering a scene, but it is necessary to model the

temperature, as this can also affect other aspects of the scene

We therefore want a way of controlling the density and size
of a snow ake using the temperature.

In the experimental work byJun0Q the diameter of
snow akes has been measured as a function of temperature.
From these results we derive the following relationship

Ve . 0:35
0:015¢jTj' ~ for T.j 0061

D = 0:04 for T>j 0:061

@)

whereD is the diameter in meters afids the temperature
in degree Celsius. Equatidnrepresents the average diam-
eter and from the experimental datupOQ we have seen
uncertainties up t@ 50%. We therefore add a random num-
ber (within the limits set by the uncertainty) to the diameter
from equationl whenever a snow ake is "born".

The density of snow akes is inversely proportional to the
diameter of the snow akes:snow flake= %, and the propor-
tionality constantC, is (1170%% for dry snow and 0724%%
for wet snow RVCK98]. The distinction between dry and
wet snow is de ned to be minus one degree.

2.2. Modeling the Shape

Real snow akes are primarily constructed by ice crystals
colliding. Inspired by this fact we model a snow ake by

combining triangular polygons in a random manner. We ap-
ply a number of concentric spheres to construct a snow ake.

Lerche / Mndétalling and Accumulating Snow

of the new triangle aéq1 = qo;f1 = fo;r1 < ro), whererq
is found randomly to be inside the reference triangle.

The remaining two corners of the new triandlgy; f 2;r2)
and (gs;f 3;r3), are found randomly in the intervals; 2
[qoi eqo+ €], f 2[foi €fo+ €], whereeis the allowed an-
gular change (currently set to 80 degrees). The interval for
the radius is within the immediate inner layer, the current
layer, and the immediate outer layer.

In gure 2 a wet snow ake with a diameter of six cm
(largest possible) is shown from two view angles and four
different distances. The model of the snow ake has been
parsed to the ray tracer POV-Ray, where it has been en-
hanced with transparent triangles and bump maps together
with ambient and diffuse lighting. Se¥/ID] for a 3D visu-
alization.

Figure 2: A snow ake seen from two different view angles
and from four different distances.

Each sphere is considered a layer and the same number of To evaluate the effect of the density change due to the

polygons is used for each layer. The number of layers di-
rectly gives the size of the snow ake and is controlled by
the temperature as described above. By xing the number
of polygons per layer the density is also controlled by the
temperature. An increase in the temperature results in an in-
crease in the size which again results in a decrease in the
density. We though have a different number of polygons for
wet snow (40) and for dry snow (10). The number for wet
snow is found empirically while the number for dry snow is
found using the relationship between the proportional con-
stants de ned in the previous subsection.

When adding triangles to the different layers care must be
taken to avoid free owing triangles resulting in unrealistic
structures. Therefore, when a new triangle is added to a layer
one of its three corner coordinates must be connected with
one of the triangles in the immediate inner layer, denoted the
reference triangle.

First the reference triangle is randomly selected and then
one of its corners is randomly selected. The spherical coordi-
nates of this cornefp; f o; ro) de nes the connected corner
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temperature gure3 is consulted. The gure shows two wet
snow akes that are both produced at a temperature of -0.99
degrees, and two dry snow akes both produced at -1.01 de-
grees. All four snow akes have a diameter close to 1.5 cm
and are displayed at two different distances. Observing the
snow akes it is clear that the wet ones are more compact as
they have four times higher density. The dry snow akes on
the other hand have a much lighter appearance due to their
small density.

3. The Movement of a Snow ake

The movement of a snow ake is caused by the four forces:
Fgravity andFpyoyany Which are both constant, afgis and
Fdrag, Which are perpendicular and change according to the
wind direction.

Fgravity is the gravitational force anBlpyoyantis the force
that represents the up-drift by the surrounding air. The direc-
tion of the force,Fpyoyans is always opposit€gravity. Fur-
thermore, a&poyantin relatively small compared tBgravity
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Wiiet snow:

Dt sronar:

Figure 3: Two wet and two dry snow akes seen from two
different distances.

it can be ignored as it has no impact on the visual movement
result.

The lift force, Fyi¢¢, is the force that makes the snow ake
move in circular and irregular patterns caused by the aero-
dynamic shape of the snow ake and the turbulence created
behind the snow ake. At high wind speeds this force is in-
signi cant, but in calm weather it cannot be ignored. For
example, when observing a snow ake in calm weather one
would observe that the snow ake follows the path of a helix
towards the ground while rotating around its center of mass.

How these two rotations are carried out depends on the
shape of the snow ake. As we model the shape randomly
we will do the same for the angular rotation speeds. The ro-
tational radius is also controlled by an initial random vari-
able but the ratio between the current speed of the wind and
the current speed of the snow ake is also taken into account.
The consequence is that a large change in the wind will pro-
duce a large change in the rotational radius. ¢®§] for
further details.

The drag forceFqrag, represents the drag that the air
will assert on the snow ake. This is the force that makes
a snow ake follow the wind direction. The magnitude of the
drag force can be expressed A& (4]

U f2|uid CMsnow@y
U 2

maximum

@)

Fq rag —

wheremsnowis the mass of the snow ake,is the gravita-
tional acceleration)maximumiS the maximum vertical veloc-
ity taking wind resistance into consideration. For dry snow
this is in the interval0:5m=s; 1:5m=s] and for wet snow it

. Lerche / Modétalling and Accumulating Snow

is [1m=s; 2m=s] [Han99 [RVCK98]. When a snow ake is
"born" we randomly sample from one of the two intervals
according to the temperature. Whitg@now g, andUmaximum
are all constants for a particular snow akié¢|,ig is not.
Usuig is the speed of the air moving by the snow ake and
the direction olUyiq is also the direction oF grag.

U+ uig consists of two components; the wind velocity and
the velocity of the air friction. The latter is the velocity of the
snow ake, Usnowflake NeNceUtiuia = Uwind i Usnowflake
Uwing is the velocity of the wind which obviously has a sig-
ni cant effect on the movement of the snow ake. In the next
section this is further described.

4, The Wind Field

When snow is falling under the in uence of a wind the snow
will y around obstacles in very distinct patterns that are
caused by the wind eld. These wind patterns are important
to take into account when modeling falling snow in order to
ensure that the snow falls correctly and the visual appearance
resembles reality.

The wind eld is a particular instant of Fluid Dynamics
and can therefore be described by the Navier-Stokes equa-
tions. As the air in a wind eld can be assumed to be in-
compressible, inviscid, and has a constant density of one,
the Navier-Stokes equations can be simpli ed to the incom-
pressible Euler equations$J01:

r¢u=20 3)
% = i (ueryuir p @)

wherer¢ is the divergencay is a vector eld of the veloc-
ity and p the pressure. Equatidhstates that the uid con-
serves mass and equatidrstates that the uid conserves
momentum. The conservation of mass relates to the fact that
the uid is incompressible. Therefore the changes of the ve-
locity in a well-de ned area must equal zero as otherwise
there would be a pressure change. The rst term in equation
4, i (utr)u, is theconvectionterm which describes how
the velocity of the uid evolves over time. The second term,
r p, is the acceleration of the uid caused by theessure
gradient

To solve the equations the solution is divided into two
steps as it was done for the Navier-Stokes equations in
[FSJO] [Sta99. First an intermediate velocity eldi” is
calculated by using the Semi-Lagrangian scheme for the
convection term. Afterwards the gradient of the pressure is
calculated and used in a projection step where it is ensured
that the mass is conserved according to equaidrhe two
steps are repeated when the wind eld needs updhting

Y Note that an off-line step is also present where a discriizaf
the scene into voxels is preformedll[04].

°c The Eurographics Association 2005.
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4.1. Convection Step eld. This cannot occur for a mass conserving vector uid as
it means that air particles are moving from one voxel to an-
other without being replaced and without pushing other air
particles in the new voxel to the side.

This step will ensure that a small change in the air at a spe-
ci ¢ point will have an in uence on the air in the rest of the
domain. The propagation of the changes in the air is gov-

erned by the rstterm of equatiof i.e.,i (u¢r)u. In a more mathematical way the mass conserving prop-
Using a rst order Taylor approximation (u¢r )u can be erty of the Euler equations states that the divergence should
calculated asfSJ0 be zero. This means that the in ow into each voxel must

equal the out ow, which is not the case in the gure. By ap-
plying the projection step (described in detail in the follow-

i (uer)u = u’iu ©) ing) to the vector eld in gure5(left) the new wind eld is
: Dt given as seen in guré&(right). In the gure it is observed
. ) . ] ] how the wind is forced to loop back to conserve the mass
whereu" is the intermediate velocity eld andX is the within the wind eld. The new wind eld is much more tur-
time step between two updates. To calculatethe semi- bulent/dynamic than the previous and it illustrates the im-

Lagrangian method will be usedlKKO02]. The method does  ortance of the projection step.
not calculate the intermediate velocity directly. Instead it

uses backwards-integration combined with interpolation in

a xed mesh, corresponding to the voxel faces. The calcula-

tion of u” using backwards-integration is made with a time

step ofDt.

Say we want to calculate the velocity at timhe Dt for
point P, see gured. We then trace back in time, tpto see
where a particle would had come from if it had the velocity
u at timet. This gives us a so-called departure poiry,
see gure4. We then nd the actual velocity oy at time ) ) o
t by trilinear interpolation and propagate this result forward ~Figure 5: Awind eld before and after the projection step.
in time. That is, the interpolated velocity is now the velocity

at positionP; at timet + Dt.
The implementation of the projection is done using the

Helmholtz-Hodge decompositioB§t9g which states that
any vector eld can be decomposed into two parts as follows:

Uy

T

r%ll—> Uy

W= Vv+rs (6)

=

5G|

wherew is a vector eld without conservation of mass,

*axis is avector eld with conservation of massi(v= 0) andr s

is the gradient of a scalar eld. This property can be used for
the projection ofu” into a mass conserving vector eld by
subtracting the gradient of a scalar eld. In our case where
the vector eld is a velocity for a uid the scalar eld is equal

In this work we apply a second order Runge-Kutta inte- g the pressure eld for the wind. Therefore the projection is
gration to perform the backwards-integration. For informa- given by:

tion on how the boundary conditions etc. are handled see
[ALO4].

Figure 4: Left: The principle of back-tracing in 2DRight:
A xz-slice of awind eld calculated for the scene in gufe

us=ujr p (1)
4.2. Projection Step
The purpose of this step is to ensure conservation of mass Following along this line of reasoning the pressure at each
of the uid as stated in equatioB. This step is important as  voxel can be expressed as a Poisson equation where the Neu-
it ensures the creation of plausible wind elds with the cor- man boundary condition is use#il[04]. Solving for all vox-
rect swirly nature. In gures(left) a wind eld is seen where els results in a linear system where the coef cient matrix is
only four voxels have velocities greater than zero (cones). spares. We apply the Conjugate Gradient Metheell] to
Considering this wind eld it is clear that it is not mass con-  solve this linear system. In gurd an example of a wind
serving as the wind suddenly starts in the middle of the wind eld is illustrated. SeeYID] for videos.
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5. Modeling Accumulated Snow a great deal, however, it is not always necessary to have a
detailed representation of the snow surface on, e.g., a large
plane surface where no obstacles exist. We therefore divide
the triangles into a ner grid of triangles according to the
number of particles hitting the triangles. Concretely we com-
pare the center of each triangle with the center for the snow
particles hitting this triangle and divide accordingly. In g-
ure6 the triangles are shown before and after this re nement
process. Sedea0([ALO04] for details.

Using the model for falling snow described above we could
simply drop snow akes from the sky and count the num-
ber of times a particular position in the scene is hit by a
snow ake. Smoothing the result and we have a scene with
accumulated snow. However, this approach will require a
tremendous number of snow akes, i.e., very long processing
time. Instead we want to be able to speed up this process so
that the designer can de ne the amount (height) of snow and
produce a result "immediately”. We use a six step algorithm
for this purpose.

The rst step divides the scene into larger entities, de- 5.4. Resolve Stability

noted edge groups, having the same orientation. The next The next step is used for resolving the stability. There are
four steps create the accumulated snow layers in the scenetwo purposes of this step. The rst is that it functions as a
in an iterative manner. By doing so it will be possible to  smoothing mechanism that makes sure that too abrupt transi-
update the wind eld for each iteration and thereby include tions between two levels of accumulated snow do not occur.
the effects of the changing wind eld into the model for the  The second purpose of the stability step is the most impor-
accumulated snowHO0Z. Furthermore, it allows for inter-  tant as it determines if the snow cover is stable enough. This
mediate results of the accumulating snow, i.e., the process js important as it for example determines whether or not a
can be canceled halfway through and still produce a realistic snow cover on a rooftop is too high to remain stable or falls

result. The last step renders the surface of the accumulateddown. Another example is whether or not a snowdrift stays
snow. In the following each step is further described. stable when leaning against an object.

We apply the algorithm fromHeaOQ where the idea is
to redistribute snow from one triangle to its neighbors if the
The rst step in the accumulation scheme is the creation height difference is too steep. This is done in an iterative
of the edge groups. This step functions as an initialization manner based on a list of all triangles sorted in descending
and is basically a question of determining possible loca- order. SeeffeaOQ[ALO4] for further details.
tions where snow can accumulate. Each edge group consists
of a series of triangles that all belong to the same object

5.1. Create Edge Groups

The height difference between neighboring triangles is ex-
. L ) . pressed as an angle and for snow to be distributed this an-
and where all triangles know their neighboring triangles or gle has to be above the angle of repose (AOR). The AOR is

whether or not they lie along an edge. All the triangles within .
. ) dependent on various phenomena such as the roughness of
an edge group is bounded by a surrounding edge, hence the

. . the surface, the type of snow, and the temperatGid§1]
name edge group. An edge group is an isolated part of the .
. . [MS93. However, no equation for the AOR can be found
scene where it may be possible for snow to accumulate.

and therefore one is derived based on the experiments made
in [Fea0(. Using these results we end up with the following

5.2. Emit Snow Particles relationship between the AOR and the temperature. It should

In order to make the accumulation it is necessary to have pe stressed that this equation is merely a crude approxima-
. tion.

a representation of the snow akes and to know where they

will fall on the mesh consisting of triangles. We emit snow

from the "sky" and calculate with which triangle in the edge 1, -

groups there is a collision. To ensure realism the emitting  por=  30¢J + 6' ™+ 40 for T.j 85 )

and movement of the snow akes use the schemes described 26141847 + 90 for T>j 85

in the previous sections. As the snow akes are not visualized
during fall we do not model their appearance and therefore
refer to them as snow particles. To speed up the process eac
particle is assigned a volume of i16m? per particle. For
further details on emitting particles and collision detection The nal step in the iteration is to smooth the snow surface.
see ALO4]. This is done by averaging the height of each triangle using
its adjacent neighbors and then connecting these averaged
centers. After the iterations are done a smoothed surface
with the correct height according to the speci ed amount of
A very detailed snow surface is important when represent- falling snow, the wind eld and the objects in the scene is
ing the snow around obstacles as the snow height will vary obtained. The nal result is rendered using POV-Ray.

hs 5. Smoothing and Rendering the Surface

5.3. Re ne Edge Groups
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Figure 6: The grid before and after the re nement step.

6. Results and Discussion be seen that the expected turbulence appears nicely com-
pared to the objects in the scene, see gurdhis is also
documented in the video¥[D]. Besides the overall wind

eld each snow ake also rotates with respect to its center of
mass providing a chaotic swirly nature very similar to real
3now akes.

In this work three main topics have been covered: model-
ing a snow ake, modeling the movement of a snow ake,
and modeling the accumulation of snow. In this section we
present some results regarding these three topics and discus

them.
The velocity of the wind has a large effect and can easily

The appearance of the snow ake, which is illustrated in - pe controlled by an operator. In fact, we have a simple (in
section2, is believed to provide a realistic appearance. In tgrms of the shape of the snow akes and the scene) online

general the snow akes have a nice uffy structure resem- versjon of our system where a wind gust can be entered via
bling real snow akes also compared to the CG snow cur-  the keyboard, se&/JD] for videos.

rently used in movies. It is only when a snow ake comes
extremely close to the "camera" that it might seem unnat-
ural. This is a general problem of arti cially created ob-
jects and therefore often avoided altogether in movies. It is
still to be seen whether a very good lighting model for our
snow akes will solve this problem. The effect of the temper-
ature is clearly observable as seen in g@esee VID] for
videos. Regarding processing time we can update the posi-
tion of around 100.000 snow akes per second and it scales
linearly”. Using the wind eld shown in gure4 the accumulated
snow in gure 7 is achieved. The result is in general simi-
lar to what should be expected in a real situation. However,

W”rl].be m(t))rel_ |m%c|thant tl?all:n the apriea_rance |rf1trc])rde_cri to still some parameter tuning is required in order to avoid too
achieve a believable result. For example, in one ot the videos high snowdrifts along the walls, se¥ID] for video. The

[VID] the snow akes are modeled using simple shapes with processing power is in minutes depending on a number of

different sizes, but nevertheless the snow seems realistic atissues, such as how many triangles are present after the re-
rst glance. Note that this particular video has been gener-

. . o nement process, and how many iterations are required to
ated in real-time due to its simplicity! achieve stability ALO4]. In gure 7 an example of our uni-
Our movement model is based on the actual forces gov- €d model can be seen, i.e., both accumulated and falling
erning the physical processes and is therefore very realistic. Show, seeYID] for video.
In gure 4 a top view of a wind eld is shown and it can

The discretization of the scene can have a signi cant in-
uence on the wind eld. However, this is not as profound
as we initially thought. Only when you know what to look
for a difference can be observed, s&él}] for videos. It is
noticed that the smaller the discretization the more complex
the path of the snow akes. The system can approximately
update a wind eld containing 27.000 voxels per second and
it scales linearly.

In many situations the movements of the snow as a whole

6.1. Conclusion

The usage of the three elements described in this paper
Z Using non-optimized code on a 1.8GHz PC with 256MB Ram. (snow ake, movement of snow, and accumulation of snow)
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