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Abstract

Climatepediction.netaimsto harnesshe spae CPU cyclesof a million individual useis’ PCsto run a massive
ensembleof climate simulationsusing an up-to-date full-scale 3D atmospheg-oceanclimate model.Although
it has manysimilarities with other public-resouce computingprojects, it is distinguishedby the compleity of

its computationaltask, its systemdemandsand the level of participant interaction, data volumeand analysis
procedues.For simulationsrunning on individual PCs,there is a requirementfor compellingvisualizationghat

are readily grasped sincemostuses will beinterestedn the outputfromthe model,but will havea limited level

of scientificexperienceThis paperdescribeghe designandimplementatiorof thesevisualizations.

CatgoriesandSubjectDescriptorgaccordingto ACM CCS) 1.3.8 [ComputerGraphics]:Applicationsl.6.3 [Sim-
ulation And Modeling]: ApplicationsC.1.4[Parallel Architectures]:Distributed Architectures].2 [Physical Sci-

encesAnd Engineering]EarthandAtmosphericSciences

1. Introduction

The increasein the speedand capacityof widely-available
networkedPCsis providing anopportunityto usedistributed
computingto tackle modelingtasksthat would previously
have requiredaccesgo a supercomputerProjectssuchas
SETI@home[KWA*01] have demonstratedhe principles
of public-resouce computingwhich allows researcherso
tap into the idle processingcapacity of millions of PCs
volunteeredby businesseandthe generalpublic. Previous
projectsof thistypehave requiredtheinstallationof ananal-
ysis applicationon the participants machine,followed by
thedownloadfrom acentralsener of asmallamountof data
thatis testedby theapplication Thetestresult,whichis usu-
ally of theform “match” or “no match”,is thenreturnedto
thesener, andthenext pieceof datais downloaded As each
testtakesonly a few hoursto processthe participantneed
not have along-termcommitmento the project.

This paradigm has been taken a step further by cli-
matepredictionnet[SKA*02], which differs from previous
projectsin the volumeandmanagemenof distributeddata,
the compleity, duration and granularity of the modeling
task,andthe needfor tools which will maintainlong-term
participantinterest.More specifically the applicationthat
participantsareinvitedto installis afull-scaleclimatemodel
which is run locally to simulatethe Earth’s climate up to
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2050. Eachrun is characterizedy a unique set of values
for certainparametersisedby the model,leadingto differ-

ent representationsf the physicsin eachsimulation.The
combinationof resultsfrom all runscanbe usedto malke a
probabilisticclimateforecaswhichaccountgor uncertainty
in themodelformulationandthe processeg represents.

The high resourcerequirementdor eachrun (each100
yearsimulationtakesaroundthreemonthsona 1.4 GHz ma-
chine),thelargenumberof runsneededor anaccuratdore-
castandthefactthatclimatechanges of interestto thegen-
eralpublicall make this projecta goodcandidatdor public-
resourceeomputingusingvolunteeredesourcesSuccessful
projectsof this naturehave beencharacterizetby the stimu-
lation of the public’simaginationandafeelingof beingable
to contritute to the solution of a problemwhich is—in the
presentaseliterally—globalin its effect.

If the projectis to have a good level of uptale, the ap-
plication mustbe simpleenoughto berun by inexperienced
PC userswith slow InternetconnectionsAt the sametime,
theoutputfrom thepackageshouldbe compellingenougho
stimulatecontinuedparticipation Visualizationplaysanim-
portantrole in meetingthis demandsinceit allows the user
to view the progressof their run, whilst alsoraisingaware-
nessof theissuesbeingstudiedby the project.
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This paperdescribeshe designand implementationof
real-time visualizationfor the climategoredictionnet desk-
top packageWe introducethe projectin the following sec-
tion, anddiscussts visualizationcomponenin 83, including
someexampledisplays A final sectiondiscusseshepresent
statusof the projectanddescribeghe future evolution of its
visualizationrequirements.

2. Global Climate Prediction
2.1. Project Rationale

Recensimulationsusingclimatesystemmodelshave repro-

ducedmary large-scaldeaturesof recent(circa 150 years)
climate changewith a good degree of accurag (see,e.qg.

[STJ00Q])). Thesemodelscanbe usedto make projections
of the effect of variouslevels of greenhousgas emissions
on future climate changefor the Earth. However, thereare

no objective uncertaintylimits on currentpredictionswhich

malkesthemlessusefulto policy makers.Recognizinghis,

the Inter-GovernmentalPanel on Climate Change(IPCC)

hasrecentlycalledfor theimprovementof methodgo quan-
tify theseuncertaintie§WG1], andthisis themainscientific

goalof climatepredictionnet.

The modelscontaina numberof adjustableparameters
whosevaluesare poorly constrainedby available dataon
the processeshey are supposedo representFor example,
cloudsplay a key role in the climate systemthroughtheir
strongfeedbackon radiative forcing—they can eithercool
or warm the surfacevia their Albedo or greenhouseffect.
Someof the model parameteravhich affect cloud forma-
tion includethecritical relatve humidity at eachheight,the
thresholdfor liquid watercontentn theatmosphereversea
andland, and the rate of corversionof cloud liquid water
to precipitation.The effect of perturbingparametersuchas
thesewithin theirrangeof uncertaintyis non-additve, sothe
only way to investicatetheirimpactis performa simulation
for eachpoint of interestin an N-dimensionakpacewhere
N is the numberof parametersWhilst intelligent sampling
of this spaceshouldhelp reducethe numberof simulations,
it hasbeenestimated SKA*02] that betweenone andtwo
million independensimulationswill berequired.

2.2. Model Details

We useversionsof the Climate Model of the Hadley Cen-
tre for Climate Predictionand Researctat the UK Meteo-
rological Office [Cul93. One part of the modelrepresents
the ocean,andthe otherthe atmosphereThe latteris mod-
elledin 3D (19 levelsin thevertical, with a horizontalreso-
lution of 2.5° in latitudeby 3.75 in longitude)andinteracts
with thelandsurfaceandcryosphereThisis the sameasthe
modelusedby the Met Office in numericalweathermpredic-
tion, but we areusinga coarserresolutionin orderto sim-
ulate the long timescalesassociatedvith climate research.
Ourresolutionis almostpreciselythe sameasthatof all the

modelsusedin themostreceniPCCclimatechangeassess-
ment[WG1], andit is believed that mary of thesemodels

will beusedatthis resolutionin thenext assessmetith 2007

[AllO3].
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Figure 1: Architecture of the participant package. All com-
ponentsareinstalledontheparticipant's madine Detailsof
parameterperturbationsare downloadedrom climatepe-
diction.netserves and the simulationresultsare uploaded
to theseserves at the end of the run. SM1 and SM2 are
two shared memoryarenaswhich are usedfor communica-
tion betweenheclient,modelandvisualizationcomponents
(SM1)andfor transferof datafromthe modelto the visual-
ization (SM2).

2.3. Implementation

We choseWindows as the initial tamget platform for cli-
matepredictionnetbecausef the experienceof [KWA*01]
who found the contritution of Windows participantsto
be an order of magnitudegreaterthan that of usersrun-
ning on other platforms.Accordingly, the model of §2.2—
consisting of around 0.5M FORTRAN lines—hasbeen
portedSKM*02] to Windows. (Otherervironmentsarealso
underconsideration—se#4, below.)

The first part of the main experimentconsistsof simu-
lations of the 1950-2000period. During eachrun, results
arecomparedo historicaldatafor variablessuchassurface
temperatureand a quality-of-fit valueis calculated.Those
parametesetsleadingto modelswith the closesffit to past
obserationswill then,in the secondpartof the experiment,
be usedin simulationsof the 2000-2050period. The results
will helpwith anobjective assessmemf the uncertaintyfor
climateprojectiongo 2050undera rangeof future emission
scenarios.

To participatein climatepredictionnet, a user initially
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downloadsthe packagdrom adistribution sener. Theirfirst

setof parametewaluesare obtainedfrom a client interac-
tion sener andthe simulationis startedasan ‘idle’ prior-

ity processNo further network communicationis required
until the run is completed—usuallyafter several weeks—
whenthe packageuploadsa subsebf the simulationresults
(whosesizeis about10 Mb) andcontactghe clientinterac-
tion senerto getdetailsof the next runto beperformed.

Figure 1 shaws the structureof the participantpackage
in more detail. The modeland visualizationare kept sepa-
rate becauset is ervisagedthat the model executablewill
be comparatiely stableover the lifetime of the experiment,
whilst the visualizationandthe client will probablyrequire
periodicupgradesin addition, sincethe modelcomponent
takesup a substantiafraction of the packageit is desirable
to limit the numberof timesit hasto be downloadedfrom
the distribution sener. More detailson the overall system
designcanbefoundin [SKM*02].

3. Real-Time Visualization
3.1. Motivation

As notedabove, an essentiarequirementof the designis
thatparticipantsshouldbe ableto seewhattheir simulation
is doingin realtime. Oneof thereasondgor thisis simply so
the participantcan“seesomethinghappening” whetherfor
reassuranceyr curiosity, or scientificinterest.Anotherrea-
sonfor compellingvisualizationis to raiseawarenes®f the
issuesunderstudy Climatechangeandthe effect of green-
housegas emissionson global warming aretopics of wide
concern.The scaleof the problem, coupledwith the de-
greeof commitmentwhich is requiredto addresst, canbe
daunting.Watchinga desktopsimulationof changesn the
earths climate could stimulatefurther consideratiorof the
issues,alongwith a feeling of personalsatisfction at be-
ing involved—athowever smallalevel—in amajorresearch
experimentin this field.

3.2. Previous Work

The GLOBE program[GLQ] is a popular public-access
projectaimedat schoolswhich allows participantsto share
their measurementsf varioustypesof ervironmentaldata
over the internet,to plot them as mapsand graphsand to
collaborateon specificervironmentalprojects Visualization
in GLOBE is doneusing lightweight clients within a web
browser andhasnotto dateinvolved 3D display

Middleton and his colleaguesat NCAR have createdvi-
sualizationof climatechange[VETS] calcluatedby large-
scaleclimatemodelsandhave performedcollaboratve anal-
ysisusinglargedisplaysandthe AccessGrid Otherworkers
have useda visualizationtoolkit for climate modelingdis-
play. Treinish hasproducedcompellingdisplaysof ozone
depletion[Tre93 usingOpenDX.SheldonandVahlenkamp
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[GFDL] have usedIRIS Explorerto createvisualizationsof
globalwarmingandhurricangormation.Finally, VisAD has
a datamodelwhich mapswell to the visualizationof mete-
orologicaldata,andhasbeenusedasthe basisof NCAR’s
VMET tool for the display and analysisof meteorological
data[VMET].

Although muchwork hasbeenperformedon the display
of resultsfrom live feedsor datawarehousesjoneappears
to have beendonewith real-timedisplayof simulationout-
putin a public-resourceervironment,but it shouldbe pos-
sible in this work to make use of someof the techniques
previously appliedto largerscaledata.

3.3. Visualization Implementation

At eachtime step,the simulationoutputsa seriesof two-
dimensionalarraysto the visualizationvia the SM2 shared
memoryarena(seeFigure 1). The modelinterval between
time stepds 30 minutesandtheresolutionof eacharrayis 96
by 73 (see82.2). Amongstothermodelvariablesthe arrays
containvaluesfor:

cloudcover atthreeheightsabove the earth,
snaw depthandseaice coverage,
surfacetemperature,

precipitation.

Two of the threeheightsat which cloud cover is selected
are the lowest and highestof the atmospherianodels 19
verticallayers;in addition,we selectthe 10thlevel asrepre-
sentatve of the middle of theatmosphereThesnav andice
datasetsare complementary(since the former is only cal-
culatedover land) and so can be combinedinto a single
snawv/ice coveragearray

Initial visualizationprototypeswerebuilt usingIRIS Ex-
plorer, but its useasa basisfor the visualizationcomponent
of the participantpackagewas not deemedacceptablée-
causethe size of the component—andhence.,its contriku-
tion to the packagedownloadtime—wastoo large. Subse-
guentwork was thereforedoneusing a lower-level graph-
ics library, in orderto reducethe size of the componens
footprint. SinceOpenlinventor[Wer94 wasusedasthe ba-
sisfor thegraphicsmodulesin theIRIS Explorerprototype,
this wasthe library of choice.Using Coin’s implementation
[COIN] of the Openinventor API, the size of the visual-
izationcomponentvas3.1 Mb. ThisincludesCoin libraries
which will only needdownloadinga few times during the
project;thevisualizationexecutablealoneis 0.1 Mb, which
is asmallproportionof 7.1 Mb, thecurrentsizeof thewhole
participantpackage.

In choosingtechniquedor thedisplayof simulationdata,
therewas a requiremenfor imageswhich would be easily
understoody the participant,evenin the absencef scien-
tific knowledge.Considerationsuchasthis (andsomeof the
work in §3.2) suggestedappingthe simulationoutputonto
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Figure 2: Continuouscloud cover of entire globe (top) and
a close-up(bottom)usingcell-basedisplay

a globewhich couldbe manipulatedn 3D. Two variantson
thisthemeweredeveloped discussedbelow.

3.3.1. Cloud Display

Here,the globeis formedby texture-mappinga spherewith
a satelliteimageof the earths surface.Next, the snaw/ice
datais mappedonto a textured sphereconcentricwith the
globe (thetexturedspheres radiuswasslightly greaterthan
the globe’s to ensurethat the snav/ice layer was always
renderedon top of the earths surface). The texture is a
two-componen(intensity alpha)image wherethevaluefor
eachcomponents given by the snav/ice coverageat that
point. In asimilarway, the cloud coveragefor eachheightis
mappedonto a texturedspherecentredon the globe,with a
radiusscaledapproximatelyby its heightbut representing
greatlyexaggeratedtmospheridepththatclarifiesthe sep-
arationof differentlevels. The superpositiorof texturedlay-
ersaroundthe globegivesa senseof depthin a pseudo-3D
effect (seeFigure2). We foundthatthis typeof visualization
of the cloud datawas quicker to generateand manipulate
thanfuller alternatvessuchascalculatingisosurficesof the
completeclouddatasetwhilst still producingimageshaving
agooddegreeof realism.

Texturing the spheregenerates smoothlyvarying inten-

sity andtranspareng An alternatve representationywhich
reflectsthe resolutionof the simulation,is to divide the sur
face of the sphereup using the underlying computational
mesh,and to assignan intensity/alphavalue to eachcell
basedn datavalue.Theresultis shavn in Figure2.

Oneof theobjectivesof thistypeof displayis to producea
caricatureof theappearancef the earthfrom spacejnclud-
ing its illumination by the sun;incorporatingthe direction
of sunlightin the visualizationalso highlights the diurnal
variationin modelresults.To simulatesunlight,we addadi-
rectionallight which rotatesaroundthe globeonceevery 48
time steps.The sub-solardatitude and longitude are calcu-
latedusing

@ J{cosng 201 Q)
6 180 SGOW @)

wherel is the earthtilt angle( 235°), andng, n, and
nm arethe day, GMT hour and minute number The model
malkesthe standardassumptiorthateachmonthhas30 days
andeachyearis 360 dayslong; thenthe shift of 201in (1)
gives@ 0 atthemodelequinoxes,namelyApril 21 (ng
111)andSeptembeRl (ny 291).Similarly, the 180offset
in (2) makesmidday (n, 12 nm  0) correspondo the
primemeridian(® 360 0).

3.3.2. Field Display

This type of scenes intendedfor the displayof the remain-
ing modelvariablessuchassurfacetemperatur@ndprecip-
itation. The first visualization(shavn at the top of Figure
3) is similar to the cell-basectloud display (§83.3.)—here,
eachcell is coloredaccordingto field value,while context
is provided by a coastlineoverlay. An alternatve methodof
displayingfield datais to usesolid contouring(bottom of
Figure 3). This canbe done[HS93 in OpenGL (or Open
Inventor) by first creatinga texture with a one-dimensional
colormapandthe field valuesastexture coordinatesThen,
if thetexture quality is setto alow value,thetexturewill be
renderedwith no interpolationbetweendatavalues,result-
ing in solid regionsof color for datawithin somerange.The
texture canbe appliedto a simplequadrilateraimeshthatis
thenrenderedffscreeno produceanimagewhichisin turn
texture-mappedrounda sphere Scalingthe sizeof the off-
screenviewport provides a tradeof betweenimagequality
andrenderingspeed.

3.4. Interface And Performance

The updateof the visualizationis controlledby atimer sen-
sor [Wer94 that periodically interruptsthe display event
loopto checkwhetherthetime stephaschangedndretuilds
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Figure 3: Two options for visualizing field data—hee,
tempeature—using(top) cell-baseddisplay and (bottom)
solid contouss.

the sceneusingthe latestdatasetif it has.Someconsidera-
tion of theperformancef thesimulationis requiredin order
to determinea sensiblevaluefor thetimer interval. Besides
beingmachine-dependerperformanceletailsaresensitve
to other machineactvity sincethe modelis runningasan
idle processput a representatie result may be quoted:on
a 1.8 GHz Athlon XP, it takesabout195 secondgo simu-
lateaday It shouldbe notedthatevery sixth time steptakes
abouttwelve timeslongerowing to an extra calculationof
the radiation balancein the atmospherethus, the shorter
stepstake aboutone second,and this is the initial default
valuefor thetimerintenal. As thevisualizationproceedsit
storesthe moving averageof the shortertime per step,and
useghisto adjustthetimerinterval to becommensurateith
it. In practice,we have not obseredary effect of thetimer
interrupton userinteractionwith the visualization.Oncea
new datasethasarrived, thetime takento rekuild the scene
andto renderit hasbeenmeasuredt around0.1 secondon
an SGI 540 with a Cobaltgraphicscard having 48 Mb of
memory The comparisorof this time with thetime stepdu-
rationabove is reinforcedby more extensve betatestingof
the package(§4) on a variety of hardwareplatforms,which
shaws that the visualizationtime is always muchlessthan
the calculationtime.
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The basic userinterface for 3D display and manipula-
tion is that of the genericOpenlInventor Examinerviewer
[Wer94, allowing rotation, zooming and panningthrough
click-and-drag mouse actions. We have customizedthe
viewer in two ways. Firstly, screen-basedbjectssuchas
captionsand legends(seeFigure 3) have beenintroduced
into thedisplayby overridingthe Examinerviewer’s redrav
method Secondlyapopupmenuin ourcomponengivesac-
cessto application-specifioptionslik e switching between
displayoptionsfor differentfieldsandpausinghesceneup-
date.Our menualso containssomehelpful genericoptions
selectedfrom the original Examinerviewer menusuchas
headlightcontrol, stereodisplay and the storageand recall
of ahomeviewing position (otheroptionsthat might prove
confusingto usersarenot exposed).

4. Current Status. Future Work

Following betatesting, the participantpackage(including
the visualization component)was releasedat the formal
launchof the projectin Septembe003.1n orderto encous

agethe participationof the generalpublic in the experiment
(the aim is to have the packagerunning on arounda mil-

lion PCsworldwide), the organiserdooked for—and got—
extensive coverageof the launchevent from both the print
and broadcastmedia. The visualizationsprovided images
describingthe experimentwhich werevery popularwith the
media(seee.g.[BBC]).

Sincethe projectlaunch,participantshave suggesteen-
hancementwia the project website.Somewhich are cur
rently under considerationinclude making the navigation
throughthe 3D sceneeasierthroughthe useof pre-loaded
camerado specify views of interestand the addition of a
modewhich only allows rotationabouttheglobe’s N-S axis.
Thedisplayof othermodelfieldssuchassurfacepressure—
possiblyin compositedisplayswith thecloudcoverage—has
alsobeensuggested.

The emphasiof projectdevelopmenthaschangedsince
the releaseof the packageMore work is now being done
on “sense-makingtoolsto help participantsunderstandhe
climatemodelresults,andplanneddevelopmentsnclude:

e Customizabléuserprofile” pagesatthewebsiteonwhich
participantscanview statisticsand otherinformationon
their simulationruns.

e A semantioweb browsing capabilityto help participants
browsethe siteandthe wider web by providing guidance
andlinking to theirresults.

e A secondary downloadable visualization application
which providesaccesdo the diagnosticmaterialheld on
theparticipants disk.

This final point deseres amplification. Whilst we have
concentrateth this paperontheimplementatiorof thereal-
timevisualizationcomponenin theparticipantackagethis
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projecthasmary furthervisualizationrequirementspartic-
ularly now that the post-processingnalysisis underway.
In this secondpohaseof the project,the techniquegrom the
real-time componentwill be re-usedalong with other ap-
plications.For example,the display of resultsfrom several
sourceswill requirethe useof distributedvisualizationsys-
tems,probablywith collaboratie extensionsfor multi-user
display[BDG*03, ESQE. Making useof the Grid asa plat-
formfor analyzingargedistributeddatasets theprojectwill
be ableto build on otherwork linking visualizationsystems
with Grid middlevare[Gal03.

In parallelwith thesedevelopmentsthe clientwill be ex-
tendedo allow theembeddingf regionalmodelswithin the
experimentalarchitecturealongwith the inclusion of other
climatemodels.lt will alsobe madeavailableon otherplat-
forms suchas Linux and Macintosh,probably by making
useof the BOINC platform[BOI] whichis aimedat public-
resourcealistributedcomputingprojectsof this type.
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