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Abstract— Weather visualization has traditionally been restricted
to surface models and 2-D representationsWe presenta visually
accuratemethodfor renderingvolumetricmulti- eld weatherdatathat
includescloud water, ice, rain, snav, and graupelhydrometeorsThis
representatiobettercommunicateshe complex 3-D natureof weathey
by renderingit accordingto physically basedlighting and scattering
characteristicof hydrometeorparticles.The renderingsystemworks
with the new WeatherResearchand Forecasting( WRF) NWP model
as well as cumulus cloud dynamicsmodels. We have successfully
rendereda simulatedWRF supercellstorm at interactve rateswith
high visual accurag. Therefore improved NWP modelevaluationcan
be achieved throughthis new visually accuratesystem.This software
has potentialusesin, not only weatherforecastingand researchput
in the educationof weatherspottersand the generalpublic.

1 INTRODUCTION

Weather visualization is currently dominated by two-
dimensionalslicing techniquesWhile this is extremely use-
ful for corveying particular numerical results of synoptic
scale phenomenait is ill-suited for conveying structuresof
mesoscaleand microscalestorm phenomenaAlthough 3-D
isosurbicetechniquesave enjoyed someusein the analysisof
storms they do not resole the complex 3-D natureof evolving
storms.Theinteractionof multiple opaqueplasticsurfacesjike
thatshawvn in Figurel is very differentfrom the interactionof
translucentmultiple particle eld densitiesscatteringlight.
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Fig. 1. IsosurbceRenderingof Storm ScaleData

of the system capabilitiesin Section 4. In Section 5 we
give an overview of the rendering methodologyapplied to
this data. Section 6presentssome results producedby this
systemfollowed by future researchdirectionsin Section7,and
conclusionsin Section8.

2 PREVIOUS WORK

The problem of visualizing weather has been examined

Weather spotting is a useful techniquefor understanding extensiely (Papathomastal. , 1988),(McCaslinetal. , 2000),

and predicting severe storms. Thereforethe representatiorof
elds in arealistic fashionprovidesinsight to the complex 3-
D phenomenorthat is an evolving storm. For example, by
presentingthe cloud eld as "puffy” and the ice arvil as
"wispy” with appropriateopacities,the structureof the storm
is presentedas it would naturally appear and thus would be
informative to aryonetrainedto obsere storms.It providesan
answerto "What would my datalook like in the sky?”. For
illustration purposessuchastraining applications the system
containsanoptionfor the additionof simulatedturbulentdetail
to createmore compellingimages.

Thereare mary applicationsfor an accuratenveathervisual-

(Trembilski, 2002), (Kniss et al. , 2002). Vis5d (Hibbard &

Sante,1986)is a populartool for multi-variable visualization
of weather IBM (Treinish, 1997) and Geogia Tech (Tian-
yue et al. , 2001) have done signi cant work in weather
visualization. While theseare all very useful tools, they do
not createa visually accuraterepresentation.

The renderingof atmospherigghenomenas an active area
in graphicsresearchfrom early works in (Blinn, 1982) and
(Kajiya & Von Herzen,1984) to more moderntechniquesin
(Max, 1995),(Klassen1987),(Nishitaetal. , 1996),(Preetham
etal., 1999),(Dobashiet al. , 2002),(Harris & Lastra,2001),
(Stam, 1995). Thesesystemshave describedthe renderingof

izationsystemlmagessimilar to obseredweathemphenomena atmospheridodies,but do not handlethe needfor multi- eld,

can enhanceprediction. Visually accuraterepresentationsan
improve the understandingf the optical propertiesof clouds,
andeducationabhpplicationsancreatemoremeaningfulsevere
stormimagesfrom simulationswith our system.

In Section2 we will summarizeprevious work in weather
visualization and rendering. In Section 3 we discuss the
weathermodelinput into the system.We provide an overviev
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accuraterenderingsat interactve framerates.

Volume renderingis also an importantareain graphicsre-
searchFromearlywork in (Drebinetal. , 1988)to morerecent
extensionsin gaseousand hardware acceleratedenderingin
(Ebert& Parent,1990), (Engel et al. , 2001), (Kniss et al. ,
2003), (Jensen& Christensen1998)

The use of simulated detail has seen extensive use in
computergraphics.(Perlin & Hoffert, 1989) providesa useful
framework for theadditionof simulateddetail. (Stam& Fiume,
1995)useswarpedblobs,and(Ebertet al. , 2003) cover mary
differentsystemdor addingsimulateddetail.



Variable De nition
LWCiie1d(9) Liquid Water Contentof the given eld ats
I air Density of air %
I field Density of individual particlesin eld %%
V;iaer't?cle Volume of a single particle of the given eld m3
hfield Particle concentration 22cieseis
T T Light attenuatiorbetweenpointss andt
Li(sW) Light contritution at points in W direction
bex Extinction coefcient X
blield Extinction coefcient for given eld X
s Jietd Extinction cross-sectiorfor given eld 2
P(W,s) Scatteringphasefunction ats
Wield Single scatteringalbedoof the given eld

TABLE |
VARIABLES LIST

Hydrometeor EquivalentRadius(mm)
Cloud 0.01
Ice 1
Rain 1
Snav 2
Graupel 25

TABLE I
EQUIVALENT SPHERICAL PARTICLE CROSS SECTIONS

3 WEATHER DATA

The systemis designedto translatethe massratio liquid
water contentat a given point in space,LWCsgg = ‘ffgﬁ'f,
into the optical propertiesof that region. As a reference,
Table| lists the variablesin this paper Currently the system
has been applied to the analysisof two different data sets.
The rst, the WeatherResearchn Forecasting WRF) model,
containsvolumetriccells with the liquid watercontentfor ve
hyrometeorvariables,andmary otherquantities.Currentlywe
only considerthe hydrometeor elds, but future extensions
will explore the usageof otherweathersimulationparameters.
These elds include cloud watet rain water ice, snav, and
graupel.For this dataset,eachvolume elementis 1 km wide.
Theseconds amodelof asmallercumuluscloudwhichwould
be capableof light precipitationthat is approximately6500
meterstall and 6500 meterswide, with 50 m wide volume
elements.lt was createdwith a large-eddy simulation from
the Straka AtmosphericModel (Straka& Anderson,1993),
as modi ed in (Carpenteret al. , 1998), and initialized with
the parameterslescribedn (LasherTrappet al. , 2001). This
model containsonly cloud eld information, but has much
ner details.All particlesare assumedo have an equivalent
sphericalradius, Rjejg- The equivalent particle radii usedin
this systemaregivenin Tablell. The distribution of elds for
the multi- eld WRF storm,a renderingwith per eld colorsis
shawn in Figure 2 with the color mappinggivenin Tablelll.

Hydrometeor  Color
Cloud Red
Ice Magenta
Rain Blue
Snowv Yellow
Graupel Green
TABLE 11l

FIELD COLORS

4 CAPABILITIES OVERVIEW

The programtranslatesa 3-D grid of hydrometeotiquid wa-
ter contentsinto an accuratelyrenderedmage. This rendering
is done at interactve and nearinteractve rates(betweenl-5
framesper second)to allow the userto dynamically explore
the dataset. Interactie adjustmenbof scalingson eachof the
hydrometeorvaluesis possible.The light may be adjusted
interactvely as well. Becausethe lighting model makes the
clouds translucent,light adjustmentallows the userto gain
moreinsightinto the inner structureof the cloud. The lighting
parameterssuchas the albedoof the particlesand the angle
usedfor the small angletransluceng approximationare also
adjustable For more training orientedapplications,additional
simulateddetail may be addedto enhancethe visual experi-
ence.The parametergor this turbulenceare alsointeractvely
adjustablefor each eld, allowing differentlevels of detail for
the various elds.

5 SYSTEM METHODOLOGY

In order to render accuratelythe multiple particle eld
densitieswe rst translatethe liquid water content(in I'(l?gTT)
of thevarious elds into particledensitiesandscatteringcoef-
cients asdescribedn Section5.1. The particlesinteractwith
light differently, andthuswe utilize the multiple particle eld
scatteringfunction describedin Section5.2. We use volume
renderingwith a volumetric light transportapproximationto
translatetheseoptical propertiesinto animageasdescribedn
Section5.3.

5.1 Extinctionand Scattering

We rst needto determinehow much light is attenuated
as it traversesthe samplesof the volume. This transparenc
is an exponentialfunction of the optical depthof the material.
Extinctionof light is causedy theabsorptiorandoutscattering

Fig. 2. Cloud with ColoredHydrometeorFields



of light by particlesalong a path. In this sectionwe discuss
how we applythe LWC andequialentsphericakadii, Ryjelq Of

the particlesto calculatethe ratesof extinction and scattering.
Absorptionis thelight absorbedy particlesandnot re-emitted.
Scatteringis the portion of the light lost along the path that
is simply redirectedthroughinteractionwith the particle. The

ratio of the scatteredight to the total extinction is the particle
albedo.Additionally, becauséhydrometeorparticlesare high-

albedoand relatively large with respectto the wavelengthof

light, they have scatteringcross-sectionapproximatelyequal
to twice their geometriccrosssections.

et 2pRE1q (1)

Sex
The concentrationof the particlesin a region of spaceis
also necessanyto calculatethe extinction and scattering.To
obtain this value, we require the density of the particle, and
the densityof air in thatregion of space(r sielq @andr 4 (8)). The
particle concentrationfor the given eld (hyieig(9)) is given
in Equation2.

I 4ir(8) LWCie1a ()

) field
rflemvparticle

hfie|d(_s) - (2)
Theextinction perunit lengthat<s, be(S), is the probability per
unit length of striking a particle,which is givenin Equation3
for the non-orerlappingparticle approximation.

bg(eld (‘S) Sg(eld hfie|d(‘3)

3)

For an equivalent particle radius,we approximatethe bi€'d(s)

with Equation4.

3r air(9) LWCrield (S) @)
2rfieldReield

As described the albedo, w;jg|q is the ratio of scatteringto
extinction.

bl ()

feld

— S

Wield = plield (5)
ex

Thus if we assumenear unity albedo, b€ pfield, The

overall scatteringcoefcient ata givenregion of spaces given
in Equation6.

bex(®)= @
All Fields
To calculatethe transpareng of a samplebetweens andw, we
integrate bex(S) over the sample.

bg(eld (‘S)

(6)

Ry
T(sw)=e s P90 )

Thisis the multiplicative factorthatdeterminesiow muchlight
intensity traversesthe sample.This is the transpareng for a
volumetric region of multiple interactingparticle densities.To
illustrate the difference,comparethe imagein Figure 4 with
Figure3. Theformerhasper eld extinction, whereaghelatter
hasonly a single eld. Note that the cirrus layer is thinner
while the cloud layer is noticeablymore opaque.

5.2 Per Field Particle Scattering

When light intersectsscattersfrom a patrticle, the resulting
probability density function of its exit direction, given the
input direction, is the particle scattering,or phasefunction.

Fig. 3. IncorrectExtinction

Fig. 4. CorrectExtinction

To calculatethe phasefunction for multiple particlesin space
we weighthe scatteringphaseunctionsof eachof the elds by
thetotal contrikution of that eld to the scatteringcoefcient at
thatpointin spaceWaterandice scatteright very differently.
Ice, dueto its hexagonalnature,is morelikely to scatterlight
at anglesnormal to the incident angle, whereaswater will
have strongerforward scattering.We use normalizedvalues
from thosecalculatedin (Wendlinget al. , 1979)asshowvn in
Figure 5. Due to limited data,this model hasthe samephase

Fig. 5. NormalizedPhaseFunctionsfor Ice and Water

appliedto waterandrain, while theice, snov, andgraupelhad



another . field

8 AllFields Prield (Q) bsca (8)
& o piield (®)
& AllFields Dca’ (9)

For comparatie purposesan image with equal phasefunc-

tions per eld, and one with a different phaseper eld are

shavn in Figure6.

P(Q;9) =

Fig. 6. lllumination with (a) SamePhasefor All Particlesand (b)
Particle Speci c Phase

5.3 Rendering

Now that we have the transpareng of the sampleswe can
volumerenderthe result. The equationwe implementis given
in Equation9.

L(w); T(0;w) Lpg+

o T (SW) Dsca(s) 4o Py W)Li(sWdwds (9)

This essentiallysaysthat the light reachingthe eye atw is the
combinationof backgroundlight traversing the volume, and
the light scatterednto the ray betweens andw that survives
the volume. The renderingsystemcreatesa seriesof sampling
planes,or slices,throughthe volume, calculatesthe color on
each slice basedon the particle concentrationsand blends
themtogetherbasedon the calculatedranspareng Depending
on the users desiredtradeof betweenspeedand quality, the
numberof samplingslicesthroughthe volumemaybeadjusted.

To fully calculate the volumetric light transportis not
feasiblefor interactve light adjustment.Thereforewe use a
transluceng approximatiorthattakesadwantageof the forward
scatteringdominanceof hydrometeor particles. The imple-
mentationutilizes two renderingbuffers: one for the output
eye image, and one to storethe lighting of the volume. The
eye buffer storesL(w) and the light buffer storesL;(s;W)
Because90% of the light is scatteredwithin 10 degrees,
we considerlight thatis scatteredwithin a small angle about
the forward direction as forward propagting. We implement
the half-angleslicing systemanduseatransluceng calculation
similar to (Kniss et al. , 2003), with transportparameterset
accordingto the physical propertiesof clouds. To simplify
light transport,the lighting calculationis basedon a single
phasefunction. The integral of Cornetteand Shanks(Cornette
& Shanks,1992) phasefunction is usedto adjusthow much
light survivestraversalthroughthe volume. This is in contrast
to the low-albedo approximationwhich considersall light
that strikes a particle as extinct. A comparisonof translucent
lighting andlow-albedoapproximationis givenin Figure7 and
Figure 8 respectiely. Usersinterestedin more details about
the renderingare encouragedo read(Riley et al. , 2003) and
(Kniss et al. , 2003).

Fig. 7. Cloud with Translucentllumination

Fig. 8. Low-Albedo Particle lllumination

5.4 SimulatedTurbulent Detail

In someapplicationsit is desirableto add detail to existing
imagesin orderto producea more compellingvisual experi-
ence.To provide this capabilitywe allow the userto specifyan
amountof additionaldetail addedto the datain orderto make
the imagesmore realistic. By multiplying the underlyingdata
with a moreturbulent noisefunction, more detail is perceved.
For training and educationalpurposesthis can createimages
more like what would be expectedin the eld. Interactve
adjustmentof the amountof additionaldetail allows the user
great e xibility in creatingtheseimages.Imagesof the WRF
storm,with additionaldetail are shavn in Figure9, Figure 10,
Figure11, andFigure 15. Additionally the cumulusimagesin
Figure 14 utilize simulateddetail.

Fig. 9. Large ScaleModel with Additional Detail



Fig. 10. Large ScaleModel with Additional Detail

Fig. 11. Bottom View of Large ScaleModel with Additional Detail

6 RESULTS

For interactive visualization,it mustbe possiblefor the user
to adjust the relative mixing ratios of the various elds at
receie immediatefeedbackThis systemhasbeenappliedboth
to stormscalesimulations Figures9, 10,11, 15, andto smaller
cloud scale simulations, Figures 14, 12, 13 . For the larger
storm simulation, through visually accuratevisualizationwe
determinedhatturbulence that shouldhave beenpresentwas
missingbecausef the unrealisticsmoothnessf the cloud.

Moderngraphicshardwareallows usto adjustthe individual
eld propertieswithout costly recalculationon the dataset.In
particular modernpixel shadersllow very e xible adjustment
of rendering. The system presentedhere was implemented
on an nVidia GeForceFX 5800 Ultra, using their Cg (C for
graphics) compiler for vertex and fragment programs.This
systemis e xible, but advancedrenderingmodescome at a
price in performanceA table of the frame ratesis given in
TableV for a 300 300imagewith 128 samplingplanes(1
per sample).Simplermodesmaintaininteractive rates,andthe
e xibility of programmablénardware allows the userto easily
switch to more advancedmodesoncethe coarserparameters
have beenadjustedand utilize more advancedoptions.

Fig. 12. Upward View of Cloud Mode, Without SimulatedDetail

Fig. 13. Side View of Cloud Model, Without SimulatedDetalil

7 FUTURE WORK

Now that a framewvork has beenestablishedor rendering
particlesbasedon their optical properties greatgains can be
achieved by improving the accurag of those properties.By
implementingbettercharacterizationsf the particle sizesand
improved particlescatteringlata,the systemwill producemore
accurateimages.Extendingthe systemto interactwith extra
variablesin the simulationwill alsoincreaseits usability Im-
proving the light transportapproximatiorwill alsomake more
realisticrepresentationef the data.Additionally, allowing the
cloud modelsto interactwith the sky producesspatialvisual
cuesand improve senseof scale.Improved map projections



Fig. 14. Time Seriesof a Cloud ScaleVisualizationWith SimulatedDetail

Fig. 15. Time Seriesof the SupercellStorm With SimulatedDetail

allow applicationof the systemto a wider rangeof userdata.

8 CONCLUSIONS

We have developed a new visually accurate multi- eld
weathervisualization systemthat effectively corveys nely
varying atmosphericdata detail, improves the assessmendf
weathermodels, aids the training of weatherobserers, and
presentamore completeinformationin an intuitive style. Vol-
umetricrenderingsystemsare usefulfor weatherdatabecause
of their capability to shav varying degrees of opacity in
inhomogeneousloud systems.Translucentlighting basedon
the forward dominanceof cloud particlesallows the userto
simultaneouslyain insightto inner structuresyhile observing
the overall structureof the cloud. Our renderingsystemutilizes
the individual extinction and scatteringof theseatmospheric
particlesto producea realisticrepresentatiothatalsoprovides
insight into the structureof the cloud. Already, this system
hasbeenusefulin determiningmissingturbulencecomponents
in one of the simulatedmodels. To increasethe realism of
images simulatedturbulentdetailmaybeaddedo improve the

Mode FrameRate
Uniform PhaselLow-Albedo Light 5.11fps
Uniform PhaseTranslucentight 4.3 fps
PerField Phase Translucent.ight 1.7 fps
PerField Phase,SimulateBetail, Translucentight 1.2fps

TABLE IV
RENDERING SPEEDS (IN FRAMES/SECOND) FOR VARIOUS MODES

appearancef the elds basecdon their propertiesThe usageof
modernhardware maintainsinteractve ratesfor simplermodes
of the system,andthe ability to quickly changemodesin the
system.
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