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Abstr act

Weatheris one of the major causesf aviation accidentsGeneralaviation (GA) flights
accountfor 92% of all the aviation accidents.In spite of all the official and unoficial
source®f weathewisualizationtoolsavailableto pilots, thereis anurgentneedfor visual-
izing severalweatherelateddatatailoredfor generakviation pilots. Our system Aviation
WeatherDataVisualizationEnvironment(AWE), presentgraphicaldisplaysof meteoro-
logical obsenrations,terminalareaforecastsandwinds aloft forecastsontoa cartographic
grid specificto thepilot’s areaof interest Decisiongegardingthegraphicaldisplayandde-
signaremadebasedn carefulconsideratiorf userneedsintegral visualdisplayof these
elementof weathemreportsis designedor the useof GA pilots asa weatherbriefingand
routeselectiontool. AWE provideslinking of the weatherinformationto theflight's path
andscheduleThe pilot caninteractwith the systemto obtainaviation-specifioveatherfor
the entireareaor for his specificrouteto explore what-if scenarioandmalke "go/no-go”
decisionsThe system asevaluatedby somepilots at NASA AmesResearclCenter was
foundto beuseful.

Key words: weathewisualization generakviation, routeselectionuserevaluation.

1 Introduction

Weatheris one of the major causeof aviation accidentsAccordingto a NASA
planninggroup, it is estimatedhat approximately30 percentof commercialair-
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craft accidentshave weatherasa contrituting factor Although, the percentagef

accidentq0.4 accidentper 100,000departures)hasremainediat in the pastfive
yearsaccordingto the National TransportatiorSafetyBoard, the total numberof

accidentswill increasdbeyondpublic expectationslueto the projectedncreasen

the numberof flights in a few years.Therefore,n 1997,a nationalgoal wasde-
finedin the United Statedo reducethefatalaviation accidentateby 80 percenby
theyear2007.TheUS FederalAviation Administrationhaslaunchedanaggressie
aviation weathemresearchprogramandis pouringmillions of dollarsinto different
partsof theaviation weatheresearch25].

Significantadvanceshave beenmadein thelastdecaden bothweatherforecasting
andweathewisualizationfor avarietyof audiencescludingscientistsforecasters
andthe generalpublic [11]. ProfessionallV productionsystemdor weatherre-
sentationgo thegeneralpublic have beenin existencefor morethantenyearsand
are constantlybeingupgraded An exampleis the TriVis systemoperatingsince
1993[33]. An interactve 3D weathervisualizationsystemVISUAL for scientists
hasbeeninstalledin the GermanMeteorologicalOffice (DWD) in collaboration
with FraunhofetGD sincemid-1990sPersonalizedVeatheron-Demangroducts
arealsobeingofferedthroughthe internetsince1998.Augmentedeality weather
visualizationsystemsare being developed.Many of thesesystemsalsoincorpo-
ratenumericalweathemprediction(NWP) forecastandobsenations.However, the
usersarerequestingailoredvisualizationtools for their specificneedsIn partic-
ular, the existing anddevelopingweatherforecastingandvisualizationtechnology
needdo beharnessedppropriatelyfor the benefitof the pilots.

Broadly speaking all aviation actities canbe classifiedinto commercialairline
operationsgenerabviations(GA) andmilitary operationslt is importantto under
standthedifferencedetweertheneedf weathewisualizationandrouteselection
for commercialandgenerakbviation pilots. It is interestingo notethatonly 4% of
aircraftare associatedvith commercialairline operationsindeed,the restof the
aviation actvities, referredto asgeneralaviation, accountfor 96% of all aircraft.
The generalaviation aircraftrangefrom single-seatsingle-enginepistonaircraft
to businesgetsthatcanfly ashigh asair carriersbut typically carry lessthan20
passengerdvore importantly GA pilots cover the full spectrumof flying experi-
ence,from studentpilots with 20 hoursof experienceio accomplishegbilots with
tensof thousand®f hours.In contrast,commercialpilots have substantiaflying
experiencefly powerful equipmensuchasthe Boeing747,andhave a network of
supportpeopleon the groundat the Airline OperationsCenterandthe FAA’s air
traffic controlcentersin addition,GA pilots oftenfly atlower altitudesfly slower,
carrylessfuel onboard,andthuscover shorterdistancesn asingleflight. A typical
flight coversabout400 milesin 4 hours.Becausef the lower altitudeandslower
speedthey spendmoretime in adwerseweatherconditions.In contrastair carrier
aircraftareableto fly abore muchof the weatherfor a large portion of the flight.
Commerciakir carriersaccountfor 85% of all the passengersarried,67% of the
total milesflown, but only 40% of thetotal hoursflown dueto the high speedin-



deed,althoughGA accountdor only 60% of the total hoursflown, it accountgor

over 92% of thetotal accidentsThefatalaccidentatefor air carriersis 0.15acci-

dentsper 100,000hoursflown, whereast is nearlyan orderof magnitudegreater
for GA at 1.4 accidentsper 100,000hoursflown. Of theseaccidentsmore than
15% canbeattributedto weathel5].

Thefocusof thiswork is to provide weathergraphicsusefulto the generabviation

pilots for route selectionandweatherbriefing. The mostimportantofficial source
of aviation weatherreportsto the GA pilots in the United Statesis Direct User
Accesslerminals(DUATS).In addition,weathetbriefingscanbe obtainedvia tele-
phoneaircraftradio, or infrequently in personfrom Flight ServiceStation(FSS)
specialistyemplo/eesof FederalAviation Administration(FAA)) [22,23,44],0r

via computerfrom the DUATSs (Direct UserAccessTerminal)system[8]. Most of

thesebriefingsaretextual or verbaland are obtainedprior to flight. Face-to-ace
briefingswith an FSSspecialisthave the advantageof accesgo graphicaldisplays
of the data.This adwantageis outweighedby the limited availability of FSSfa-

cilities. Unfortunately DUATs doesnot provide visualizationof threeof the most
importantelementsf aweathetbriefing: airport-specificurrentweatherobsena-

tions (meteorologicabbsenations,or METARS), terminal areaforecastg TAFS),

andwindsaloft forecasts.

Perhapshe mostimportantunofiicial sourceof weathelinformationto pilotsis the
NationalWeatherService(NWS) websites[35]. Althoughthesewebsitesprovide
a greatervariety of weathergraphicsthe informationprovidedto the pilots asso-
ciatedwith airportsandterminalareass difficult to use.The pilot hasto pick an
airportin orderto displaytheweatherspecificinformation,whichis thendisplayed
textually without filtering asshawn in Figure 1, which is difficult to grasp.More-
over, this weathelinformationis hardto relateto theflight's scheduleandpath.
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Fig. 1. The TAF squaresanbe selectedvith the mouseto obtainthe full text associated
with aNWS TAF display

In arecentarticle [25], Perrystateshat”Unfortunately the type of weathernfor-
mationavailableto a commercialpilot is scanty;a sheetof weatherdataprinted
out beforetakeoff, may be outdatedand of minimal use” The inadequag of the
weathetinformationprovidedto the pilots throughthe DUATs andthe NWS often
make themturn to several otherunofficial sourcef weatherinformationsuchas



thetelevisionnewvsweathereportstheWeatheiChannel[6] or avarietyof weather
websites[35,19,45,34,46]However, theseunofficial sourcesftenprovide only a
generaliew of whattheweathemill belike.

In thiswork, we presenAWE (Aviation WeatherDataVisualizationEnvironment)
thatfocuseson extractingaviation-specifioveatheiinformationfrom textual docu-
ments visualizingthis information,linking it to theflight's pathandscheduleand
providing asimpleuserinterfaceto thepilot to controlthedisplay To this purpose,
we focus specificallyon thoseweatherproductsthat have not beenvisualizedor

readilyaccessibléghroughDUATSs, NWS or mary othersourcesnentionedefore.
Threemainexamplesof theseproductsare:airport-specificurrentweathembser

vations(meteorologicabbsenations,or METARS),terminalareaforecast§ TAFs),

andwindsaloft forecastsAWE provideslinking of thisinformationto theflight's

pathandscheduleandthusfacilitatesansweringpf questiongailoredto the pilot’s

needswhich aredifficult to addressusingcurrentweatherproducts.For example,
AWE canbeusedto answetthefollowing questionquickly: Will thecloudsbelow

enoughto requireflight underinstrumentlight rules,or canl fly undervisualflight

rules?.

It is possibleto extendAWE by addingadditionalweatheirelatednformationsuch
astheinformationon turbulence wake vortices,icing, lightning andprecipitation
information,stormcells, ceiling, etc.,or by addingnumerouscontinuouswveather
informationsbasednnumericalweatheipredictionsystemslLaterin Sectiord, we
reporton somepreliminarypilots’ feedbackon thesequestionsHowever, clearly
additionalresearchs neededo decidehow muchadditionalweathernnformation
(andwhich ones)canbe presentedn a display so that the visualizationremains
intuitive and uncluttered Sucha studyis beyond the scopeof this work. Rather
AWE is one steptowardsthe importantgoal of "providing weatherinformation
relative to the pilot’s flight path, presentt to the pilot in the cockpitin an easy-
to-interpretgraphicalformat, and give him decision-makingidsto help him use
thatinformation...” outlinedby Stough the manageof NASA's aviation weather
informationsystemgAWIN) projectattheLangley ResearciCenter{25].

Thereis oneadditionalveryimportantquestiontheavailability of in-flight weather
informationto the pilots. The mostimportantissuehereis the communicatiorof
the information to the pilots and the advancemenin the datalink technologies.
In this areaagain,currently the commercialpilot getsupdatesfrom the ground
staf throughatext printervia 2400baudmodem,or hearsanecdotateportsfrom
otherpilotsin thearea.Currently AWE is operationabn the groundasa briefing
and routing tool for pilots prior to flight. Becauseof the minimal datatransfer
requirementsAWE canbeeasilyincorporatedgsanin-flight decision-makingool.

Therestof the paperis organizedasfollows. Section2 describeshe background,
previousandrelatedwork. Section3 presentf\viation WeatheDataVisualization
Environment(AWE) including graphicaldesign,display andflight path planning



issuesSectiord describesisers’feedbaclkandexperienceskinally, Sections con-
cludeswith asummaryanddirectionsfor futureresearch.

2 Background and Previous Work

We bagin by describingin detailthe mostimportantsourceof official weatherin-
formationavailableto thepilots— DirectUserAccessTerminals(DUATS). We then
describeanimportantunofficial sourceof weathelinformationavailableto pilots—
Aviation Digital DataService(ADDS) by the NationalWeatherService(NWS).

2.1 DUATs

Till early 1990s,Flight ServiceStation Specialists(FSS)were the only official
sourceof informationto the pilots. With the introductionof the DUATSs servicein
mid 90s,pilots weregiventheoptionof receving moreautomatedfficial briefings
via a modemdial-in or throughaninternetbrowser In the late 1990s,DUATSs in-
troducedgraphicaldisplaysto helppilots visualizethe"big picture” usingweather
graphics.

DUATSs, Direct UserAccessTerminalsystem|s offeredby privatecompaniesin-
dercontractto the FAA. It is availableto all pilots, from studentpilot onward. We
usedthe DynCorp (previously known as GTE) DUAT system.lt obtainsits data
from the FAA, which in turn obtainssomeof its datafrom the National Weather
Service.A DUATSs areabriefing provides the following informationin a textual
format:

e Area Forecastincluding positionof fronts, pressuresystemswind conditions,
cloudlayers,weather(suchasrain), andvisibility conditions,

e SevereWeatheMWarnings,

e SIGMETS (SignificantMeteorologicalConditions)and Cornvective SIGMETS
suchasthunderstorms,

e AIRMETSs (Airman’s Meteorologicalnformation)for turbulence mountainob-
scurationwidespreadow visibility conditionsandicing conditionsandfreezing
levels,

e SurfaceObsenrationsor METARs (MeteorologicalDbsenations)of currentcon-
ditions,includingceilings,visibility, wind, barometriqoressuretemperaturand
dew pointsfor certainairports,

e Pilot Reports,

e RadarSummarieghat textually provide informationaboutechos,echomove-
ment,andechointensity



e TAFs(TerminalAreaForecasts)ncludingceiling, visibility, andwind forecasts
for certainairports,

e WindsAloft Forecastgor relevantsitesataltitudesof 3000feetto 39000feet,at
variousincrementsand

e NOTAMs (Noticesto Airmen), which provide information on suchthings as
airportclosuresunlightedobstructionsputof serviceequipmensuchasrunway
lights, etc.

Someof theabove informationis alsopresentedo the pilots visually. In particulay

DUATS provides weatherchartsincluding surface analysisand surface forecast
chartsthatshow the currentandforecastocationof high/low pressuresystemsand

warm/coldfronts, areasof precipitation,andinfraredsatellitecharts.An example
chartis shavnin Figure2. In addition thesechartsalsodisplayvisibility conditions
crucialto pilots. Therearethreetypesof visibility conditionsthat pilots typically

use:

¢ Instrumenftlight rules(IFR). Thisis definedasvisibility < 3 milesand/orceiling
< 1000feet.

e Marginalvisualflight rules(MVFR). Thisis definedas(3 miles < visibility <=
5 miles)and/or(1000feet < ceiling <= 3000feet).

e Visualflight rules(VFR). This is definedasvisibility > 5 milesandceiling >
3000feet.

Thesevisibility conditionsaredisplayedas color-codedregionsasshown in Fig-

ure 3. Thechartsarevery effective in providing a broad(nation-wide)overview of

the weathey but they do not provide informationaboutspecificlocations,suchas
airportsalongthepilot’sroute.In particulay DUATs doesnot provide visualinfor-

mationon METARs and TAFs. Moreover, this weatherinformationis not related
to theflight’s pathor schedule.

VALID MONDAY MAY 15 2000
AT 2100 GMT (0600 PM C5T)

Surface Analysis
= Precipitation Area [ Visibility <2 miles

Fig. 2. An exampleof graphicsavailablethroughDUATs. This surfaceanalysischartshavs

low pressuresystemg”L”), coldfronts(theblueline acrossoutherrCalifornia)andwarm

fronts (the redline from Colorado throughKansasand Oklahoma) areasof precipitation
(suchastherain in NorthernCaliforniaandthunderstormén easterrKansasandeastern
Oklahoma).
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Fig. 3. Color-codedvisibility conditionsin DUATSs. Poorvisibility regionsareshavnin red
andmaiginal visibility regionsareshavn in blue.

2.2 NWS

We now describeweatherinformationandgraphicsavailableto pilots throughthe
World Wide Web site by the Aviation WeatherCenterof the National Weather
Service(NWS)[35]initially releasedn 1997.Unlikethe DUATs site,theNWSsite
is experimentaland unofficial. However, it providesa greatervariety of graphics,
and allows pilots to zoomin to get more specificinformation aboutan areaof

interest.

In additionto the standarcchartsprovided by DUATSs, NWS doesattemptto pro-
vide moreinformationvisually on METARs and TAFs. Figure4 shavs a METAR
display provided by the NWS site. The color codingreflectsthe visibility condi-
tions. Theamountthediskis filled reflectsthe cloud coverageamountwith empty
disksrepresentinglearconditions partiallyfilled disksrepresentindew, scattered,
andbrokenclouds,andcompletelyfilled for overcastconditions Additional infor-
mationsuchaswind speedanddirection,temperaturegden point,andairportiden-
tifier canbe associateavith the disksby selectingthe properoptionsthroughan
interactve menu.Windsaloft displayis shavn asbarbs(Figure5) discussedater
in Section3.2.

The TAF displayshaowvn in Figurel is lesspowerful. The standarddisplayshovs
a black squareover airportsthat have TAF reports.No graphicaldisplay of the
forecastis available. Rather the pilot can get a textual display of an individual
TAF by selectinghe appropriatesquare As shavn in Figurel, thetextual display
obscureshesurroundingegion.

In additionto DUATs andNWS, thereare mary othernon-aviation weatherweb
sites[6,19,45,20hatcouldalsoprove usefulasa supplemento official pre-flight
briefings.For example,weathergraphicsavailableto the generalpublic, suchas
thoseshawn on television newscastor the WeatherChanneldo a reasonablgob

of displayinglots of weatherinformationthat pilots find useful.Overall, all these



METARSs Loaded: 05/15/00 22512 Latest Showh: 05/15/00 22442

Fig. 4. A METAR displayavailablethroughthe NationalWeatherServiceweb site. Each
circlerepresenta METAR report.Thecolorcodingprovidessomeinformationon current
visibility conditions suchasvisualflight rulesin effect (greencircles)or instrumenflight
rulesin effect (red circle). Cloud coverageis depictedby progressiely filling in the disks
for greatercloudcoverage.
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Fig. 5. Windsaloft displayusingbarbswithin ADDS systemby NWS.

sourcegut togethermprovide adequatenformationon low/high pressuresystems,
cold/warmfronts, cloudsandcloud movement(throughsequencesf satelliteim-
ages)andarea®f precipitationthroughsequencesf radarimages) Someof these
sourceslsoprovide graphicdor forecastgor wide-spreagreasf thunderstorms,
highwind speedsor fog. Thus,visualizationof mostof thetextual DUAT s briefing
is alreadyavailable.

In this work, we focuson visualizingwhat hasbeenneglectedso far — the latest
weatherreportsfor selectedairports(METARS), andthe forecastreportsfor these
airports (TAFs). To thesedisplays,we also add a winds aloft display Although
NWS displayswinds aloft reports,we provide additionalfunctionality to helpthe
pilot plan his flight. More importantly the integratedvisual displayof thesethree
elementsallows a pilot to more quickly recognizeandunderstandhe currentand
forecastweatherin an areaof interestalongthe flight's path. AWE presentsan



intuitive, graphicalpresentatiorof theseelementsandprovidesan ervironmentto

determinealternateroutesincluding altitudeor alternatedestinationsandexplore

his/herrouting optionswith quick "what-if” scenariosWe expectthat the easy
interactionimprovesthe pilot’s understandingf currentand forecastconditions
duringthe pre-flightbriefingin orderto make aninformeddecisionaboutwhether
to take off or delaytheflight andto plana saferoute.

2.3 RelatedWork

Thereis a large body of literatureon weathervisualizationand relatedproducts
[37]. Visualizationof large scientific datafor earthscienceqg12], oceanography
[31], meteorology[39], climate modeling[17], and for ernvironmentaldecision
making[28,29,7,27]hasbeenaroundfor morethana decadeln additionto DU-
ATs and NWS, we have also mentioneda numberof weatherrelatedweb sites
[1,6,19,20,45,35,34,4@nhdprofessionalveatheipresentatiosystem$33]. A num-
ber of researctprojectsareunderway to build moreaccurataveatherforecasting
tools[38,18].Wood[48] describes systentor presentingervironmentaldataover
theworld wide weh Haasg11] describesaninteractve 3D weathervisualization
systenfor scientistsTreinish[40] emphasizetask-specifivisualizationandcate-
gorizesdifferentweathewisualizationtoolsbasedn thetype of visualization(2D
or 3D) andsupport(level of interactve analysisandbrowsing capability)into dif-
ferentclassesln particularhe mentionedAdvancedWeathernformationProcess-
ing System(AWIPS) by NWS, Vis5D developedby the University of Wisconsin,
andefforts by ForecasSystemd.aboratory(FSL).

The state-of-the-arin weathervisualizationfor aviation-specificneedds alsoad-
dressedy severalresearcherf25,8,13,22,23,44]Numerousaviation weathervi-
sualizatiorefforts areunderway includingthoseat NOAA, FAA, NRL, Rockwell
ScienceCenterHoneywell International\WSI CorporationBFGoodrich EchoFlight,
andtheMIT Lincoln Lab.

In particular Perry[25] emphasizethe needfor developingmorepreciseweather
forecastingtools for turbulence,wake vortices,icing, and fog. We have already
describedDUATS andNWSin Sections2.1and2.2respectiely. The weathevi-
sualizationsystendescribedy Scanlon32] perhapsomesclosestto our work.

Scanlonpresentgour weathemmapsto the pilots. Thesemapsarea nationalradar
mosaicfor precipitationdata,an air-to-groundlightening strike map, a cateory
map displayingvisibility conditionsrelevantto commercialairline flights, anda
ceiling/visibility mapshownn in Figure6. Of thesefour maps,the lastmapis most
relevantto our work. It presentgour elementsf a METAR/TAF: ceiling (lowest
broken (BKN) or overcast(OVC) cloud layer), visibility, wind speedonly if it is
above 30 knots,anda notationfor the existenceof precipitationor anothethazard



known to exist at the airport. The glyph usedis shavn in Figure 6 and consists
of two stacled rectanglesolor-codedto signify visibility andceiling conditions
with a gapwhich flasheswhite for winds above 30 kts, an adjacentred squaref
aflight hazardexists,andthe charactefP” if precipitationis reported Furtherin-
formation,in the form of the original METAR/TAF text, is availableby selecting
the glyph for anairport. By selectinga glyph, the pilot canhave the METARS (a
historyof thelastfive reports)or asingleairportdisplayedor the mostrecentTAF
for thatairport. The original TAF is displayedwithoutary filtering basecon antic-
ipatedarrival time. Thetextual informationis displayedasa separatavindow that
obscuregshe ceiling/visibility mapsogeographicatontet is temporarilycovered.
Scanlondesignechis systemfor in-flight useby the commerciakirline pilots and
testedthe systemusingsimulateddata.AWE, in contrast,s designedor general
aviationflights.
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Fig. 6. Ceiling/visibility mapby Scanlon32].

Many otherresearchersave focusedon differentaspect®f aviation needgshatare
complementaryo the weathervisualizationfocusof AWE. Pruynand Greenbay
[26] visualizeddesiredheadingand altitude at differentpositionsin the airspace
surroundingthe airport to facilitate the approachandlandingat airports. Though
their emphasigs not on visualizing weatherdata, they do considershowving the
pilot a simulatedwind sock(shaving the wind directionandspeedsimilar to the
wind sockat the airport) to give him extra preparatiortime for when he breaks
out of the cloudsandis readyto land. We consideredutilizing a wind sock to
represenwind velocity in AWE, but decidedagainstit for reasongdiscussedn
Section3.2.3.Azumaetal. [2,3] utilize visualizationtechniquego presentonflict
resolutionscenariosvith otherflights, leaving FAA air traffic controllerswith more
opportunityto do strategic planningratherthanjustimmediatecontrol.

Finally, the designof glyphs (shape orientation,placementgcolor etc.) is anim-
portant,often a critical, elementin the visualizationof scientific data[4,42,43].
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Appropriateuseof color [16,36] andperceptuaprinciples[10,41]is importantto
constructaccurateandcognitively easyto deciphervisual displays[30]. In AWE,
we have givencarefulconsideratiorio eachglyph designandattemptedo validate
our designdy involving the userg(pilots) throughout the developmenfrocessas
discussedndreportedaterin this work.

3 AWE

In this section,we presentAWE (Aviation WeatherData VisualizationEnviron-
ment).Theinputto the AWE prototypeis a DUATSs briefingfor a specificarea for
example,a 95 nauticalmile (hm)radiusfrom thePalo Alto airport, KPAO. We map
this briefingontoa grid specificto the pilot’s routeor his areaof interestandonly
includeinformationrelevantto his flight. For instancefor route-specifiaveather
ratherthandisplayingcurrentdataavailable for his destinationwe useforecasts
availablefor his proposedime of arrival (automaticallycomputedirom his route
and chosendepartureime). We make carefulandwell thoughtout decisionsus-
ing soundvisualizationprinciples[4,42,43]to designgraphicaldisplaysin orderto
presenthe informationto the pilots in a cognitively easyto decipherformat. We
validateour resultsthroughusers’feedback.

AWE allowsthe userto specifyhisflight includingroute,desiredaltitude,trueair-
speedandproposedieparturdime; selecwhetherewantsto seecurrentweather
or forecastweatherandselectwhethertheareaof interestis justairportsalongthe
routeor all airportsin thearea.The useris ableto modify ary of therouteparam-
etersandseethe effect on weatherhe might encounterWe discusseachof these
issuedn thefollowing sections.

Section3.1 focuseson extractingaviation-specifioweatherinformationfrom tex-
tual documentsSection3.2 discusseshe graphicaldesignchoiceswe madeand
why. Section3.3 describeghelinking of the visualinformationto theflight’s path
andscheduleandproviding a simpleuserinterfaceto the pilot to controlthe dis-
play. Finally, Section3.4 briefly describesheimplementatiorof AWE.

3.1 Aviation-Specifid\eatherData Extraction

As statedbefore AWE focuseon extractingaviation-specifiaveatheinformation
from textual documentglescribingwinds aloft display METARSs (Meteorological
Conditions),and TAFs (Terminal Area Forecasts)We needto go througha pre-
processingphaseto cleanthe textual elementsof thesedocumentsThe original
textual documenthasthree separatesectionsdealingwith METARS, TAFs, and
windsaloft information.We startby deletingtheinput formatcommentsandextra
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notationsassociatewvith METARs andinsertingsemi-colonsnto TAFs sowe can
simplify our parser For tacitly understoodnformation,we malke it explicit in the
modifiedfile. For instance jf no informationis provided in the DUATSs briefing
regardingobstructionto visibility, we insert’NO”. We also separate¢he original
textual documentnto threeseparatelocumentsAn exampleof eachof thesethree
textual documentgalreadyslightly modifiedfor easeof parsing)is shavn in Fig-
ure7, Figure8, andFigure9 respecitrely. Theretrieval of relevantweatherinfor-
mationfrom modifiedtextual documentss straightforvard.We now describesach

of thesethreedocumentsn detail.
KSFO 11 11 010 10 2 9 8 -4
75 -10 27 7 -23 25 19 -34
24 36 49 24 32 55 25 24 58
KSAC 11 12 0 20 20 1 18 19 -5
15 29 -10 31 35 -24 16 29 -35
24 33 49 24 31 55 26 20 58

Fig. 7. Samplewinds aloft file. The airportidentifier is followed by groupsof threeele-
ments:wind direction,wind speedandtemperatureThesegroupsof threeare available
for prespecifiedltitudesfrom 3000feetto 39000at variousincrements.

KsQL 1816462 18014KT  85H
KSFO 1816562 24008KT 10SH
KRAD 1816462 00005KT 10SH
KSTC 1816532 00000KT  95M
KRHY 1816532 01000KT 105H
KHYWD 1816542 04006KT 10S5H
Koak 1816532 07007KT 105H
KLVE 1816532 00000KT SSH
KCCR 1816532 05004KT 105H
KAPC 1816552 03007KT 205M
KSCK 1816562 27006KT  15H
KSAC 1816562 33004KT 0.2355M

MO FEW012 SCTOS0 BKNOSO 11/08 A3022
MO FEW012 ERNOGO 11/08 A3022

NO FEW015 SCTOSO 11/08 A3021

NO FEW180 03/07 A3021

NO FEW013 SCT100 10/07 A3022

HO SCT030 OVC100 11/07 A3021

NO FEW020 SCTO040 OMCO?O 11/08 A3023
HZ CLR 03/06 A3021

HO FEW033 OVCOBO 11/08 A3023

MO FEW030 SCTOS0 11/08 A3023

HO OWCO01 07707 A3021

FG OWCO01 07/07 A3022

KMOD 1816502 0BO03KT S5M
KMRY 1816547 0S016KT  3SM
KSNS 18165332 11022KT BSH
KWWI 1816532 11012KT  95H
KNCB 1816537 35007KT 10SM
KSTS 1816532 00000KT 45H
KMCE 1816532 00000KT 75M

Fig. 8. SampleMETAR file. Eachline representa METAR for aspecificairport,specified
by theairportidentifier(first element) It alsospecifieghetime of obseration,wind direc-
tion andwind speedyisibility, visibility restrictionscloud layers(with coverageamount
andaltitude),temperaturedew point,andbarometrigoressure.

BR FEW015 SCTOS0 04/04 A3021
R& BKNOZO OWCO40 16504 A3014
SH SCT020 EKNO3S 14/07 A3016
BR FEW030 BKMOGO 16/07 A3016
NO CLR 15/07 A3019

HZ SCT012 BKNO2S 14/06 A3019
HZ CLR 12/08 A3019

Winds aloft: The winds aloft reportbegins with the airportidentifier (i.e. KSFO)
andthengivesthedirectionthewind is comingfrom (in tensof degrees)thewind
speed,andthe temperatureat eachof the prespecifiedaltitudes.It is implicit in
thesdilesthatthesahreevaluesarespecifiecataltitudesrom 3000feetto 39000at
variousincrementsMore preciselythewindsaloft valuesareassociateaith 3000,
6000, 9000, 12000,18000,24000,30000,34000,and 39000feet. For example,
the first row in Figure 7 example,the KSFO (SanFrancisco,CA) airport winds
aloft report’KSFO 111101010298 -4 .. stateghatthewind at 3000feetis
comingfrom 110degreesat 11 knots.Thetemperaturés notspecifiecat 3000feet;
however, for the easeof uniform parsingwe have introduceda zero.Similarly, the
wind at 6000feet (the secondsetof 3 values)is from 100degreesat 10 knotsand
thetemperaturés 2 degreesCelsius.

Since,DUATSs only provideswinds aloft for certainlocationsandfor certainalti-
tudesthereis aneedto computehewind speedanddirectionatthe pilot-specified
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KSFO 1817302 181818 05007KT PESM FEWO10 SCTOSO;
BECMG 2223 28010KT PESM SCT100 SCT200;
FMOZ200 30005KT PESM SCTOZ0 BEN100 BKN20O;
BECMG 0708 07005KT PESM SCT200;

KSTC 1817302 181818 00003KT PESM SCT200;

BECMG 2223 32017KT PESM FEWOSO SCT200;
FHOZ00 32003KT PESM 5CTOS0;

FMOEOO 00003KT PESM SCTO40 BRNOZO;
FHO300 18020KT 35M BR BENO20 OWCOS0;
FHM1E600 00003KT PESM 5CT200;

KOAK 1817302 181818 07007KT PRSM 5CT200;

BECMG 2223 28007KT PESM BEN100 OWC200;
FHMO300 31005KT PESM SCT100 OMC200 ;
BECMG 0703 06005KT PESM SCT200;

KSCK 1817352 181818 30006KT PESM SKC;

BECMG 0102 00003KT PESM SKC;
FHOZ00 00000KT 35M BR SKC ;
FHM1000 00000KT 1SM BR SkC ;
TEMPO 1015 0.255M FG WW0O02;
FHM1E00 00003KT 35M BR SKC ;

Fig. 9. SampleTAF file. A TAF for anairportextendsfrom the airportidentifierto the dot
("."). EachTAF providesthetime the forecastwascreatedollowed by the effective times
of eachforecastelement.Eachelementspecifiesthe wind directionandspeed yisibility

andrestrictiongo visibility, andcloudlayers(with coverageamountandaltitude).

altitudeandlocation.In AWE, we have useddistance-basenhterpolation,thatis
oneof themethodsusedin meteorologicatomputation$9,21], to fill in the miss-
ing values.We are aware of the datauncertaintyproblemsarisingdueto this ap-
proach but we have addressetheseconcernslsevhere[24,47,15,14].

METAR: The METAR reportalso begins with the airportidentifier An example
is shavn in Figure8. We will decipherthe first row of this figure. KSQL stands
for the SanCarlos(CA) airport."181646Z” specifiesthe date (18) andthe time

of obsenation (16:46). The monthandyearis implicit in thefile. All timesare
specifiedrelative to the GreenwichMean Time, alsoknown as UniversalCoordi-

natedTime (UTC) anddenoteddy Z (or Zulu). "18014KT" givesthe surfacewind

direction (180 degrees)and the speed(14 knots) at the airport. The visibility is

"8SM” (statutemiles).Therearenorestrictiongo visibility. Comparehiswith the

METAR for "KSAC”, where”FG,” or fog, is restrictingvisibility. The cloud lay-

ersare specifiednext. SanCarloshasa few cloudsat 1200feet, scatterectlouds
at 5000feet, and broken cloudsat 8000feet. The temperatures 11 degreesCel-

siusandthe dew pointis 8 degrees Finally, the barometrigpressures 30.22inHg

(inchesof Mercury).

TAF: Interpretingthe TAF reportis similar to the METAR report. An exampleis
shawvn in Figure9. As anexample,we will translatepartof the secondsetof data
associateavith the KSJC(SanJose)airport. Thereporttime is on the 18th of the
monthat 17:30 Zulu. The forecastis valid for the 18th from 18:00Zto the 19th
(next dayis implicit) at 18:00Z.Thewind is from 0 degreesat 3 knots,visibility 6
statutemilesor greaterwith scattereatloudsat 20000feet. The secondow states
thatbetweer22:00Zand23:00Zthewindswill becomeg”"BECMG”) 320degrees
at17knots,plus6 smuvisibility, with afew cloudsat 5000feetandscatteredlouds
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at20000feet. Thefifth row in this setstartingwith FM0900stateghatfrom 09:00Z
(thefollowing day),thewind will befrom 180degreesat20knots,thevisibility will
be 3 statutemileswith mist ("BR”), with brokencloudsat 2000feetandovercast
cloudsat 8000feet. Note that the FAA providesa standardnterpretationof the
cloudcoveramount:FEW meansl/8 of the sky or lessis obscuredy clouds,SCT
meansbetweenl/8 and 3/8 of the sky hasclouds,BKN means4/8 to 7/8 of the
sky, and OVC meansthe entire (8/8) sky hasclouds.The FAA also providesa
list of standardcontractiondor visibility obscurationsOur examplesare not for
comprehenske coverage put ratherfor generalunderstanding-Hence,only a few
optionsarediscussed.

3.2 GraphicalDesignandDisplay

We now turnto thedisplayformats.We begin by describinghe backgroundf our
graphicaldisplay We thendiscusghedisplayof winds, METARs and TAFs.

3.2.1 Badground

Both DUATs andthe NWS weathergraphicsusea stateoutline of the continental
US asthebackgroundmage.This approactprovideslittle contextual information
usefulto pilots. AWE usesa VFR (Visual Flight Rules)aeronauticathartfor its

background One can obtain thesechartsat different resolutionsof 3-1/2 miles
(terminal),7 miles(sectionalland14 miles (world) perinch. Currently AWE uses
VFR sectionalaeronauticatharts Figuresl0, 11,and12 shav the VFR sectional
aeronauticathartfor SanFranciscan thebackground.

We considereatheroptionssuchaslFR (Instrumentlight Rules)charts,and3D
depictionof terrainsaswell. We felt thatthe 3D depictionof terrainswill require
muchmoreinteractionand perceptualinderstandingf 3D displaysbeforethese
displayscanbeadaptedor thepilots’ use.AlthoughlIFR chartsaremuchlessbusy
thanthe VFR charts(describedelow), they do not provide adequatelatafor low-
altitudeflights that canbe crucial in avoiding weathefrelatedaccidentsWe also
reporton users’feedbackegardingour choiceof VFR asthebackgroundmage.

TheVFR sectionakchartshowns thelocationof airports(magentaor blue circlesor
shortlinesthatmimic the runway layout), airways ("highways” in the sky aslight
blue straightlines), navigation aids (suchas VHF Omni Rangesalso known as
VORsandmostlydepictedby acompassose),controlledandspecialuseairspace,
obstructionspaturalterrainfeatureqsuchaswaterandhills, depictedusingcolor
codedaltitudes),demographideatures(such as cities, depictedin yellow), and
maximumelevation in eacharea(depictedwith numberswith superscripts)Fi-
nally, the horizontalwhite linesappearingn Figuresl0, 11,and12 indicatethata
detailedterminalareachartis alsoavailablefor theencompassingegion. Although
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Fig. 10. AreaTAF displayusingtriangularwarningicons.Thetop, lower left, lower right,
andthe middle subtrianglesepresentvinds, visibility, cloudsandtemperaturedewn point
spreadconditionsrespectiely. Red, yellow, and white colorsindicatealert, cautionand
normalconditionsrespectiely. Grey colorindicateghattheinformationis notavailable.

thebackgroundnaylook clutteredandcomple, thechartbackgroundexturegives
pilots a familiar environmentwith which to interactandprovidesthemwith addi-
tional informationfor makingtheir "go/no-go” decision.For example,a 2000foot
ceiling presentsa differentsituationif theairportis in aflat region versusa narrawv
valley surroundedy tall mountainsOverlayingthe weatheron the chartconsoli-
dategheweathemandtheterrainsurroundingheairportallowing the pilot to make
adecisionby looking only atonesource.

In particular we expectthatthis displaywill bevery usefulin routeselection.The
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Fig. 11. RouteMETARs andwinds aloft shavn alongsidea pilot-selectedroute. A com-
bination of textual METAR at KMOD (Modesto,California) and symbolic METARSs at
KPAO (Palo Alto, California), KSAC (SacramentoCalifornia),and KSNS (Salinas,Cal-
ifornia) is shavn. The red borderat KSAC indicatespoor visibility dueto fog, andthe
yellow borderindicatesmaginal visibility at KMOD.

route selectionprocesstypically involves determininga minimum distancepath

thatavoidstheabove hazardsaswell asary hazardgpresentedby adverseweather
conditions.Seeingeachof theseelementson one display simplifiesthe process.
UsingAWE, a pilot is ableto plot a paththathasaccessibl@avigationaids;avoids

specialuse,prohibited,or restrictedairspacesapproachesountainougerrainat

the properangleand altitude basedon the winds aloft; avoids flight over inhos-

pitableterrain;optimizeshis emegeng landingchoicesandavoidsflight through
adwerseweather
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Fig. 12. AreaMETARs. All the METAR reportsavailablefor the chartedarea.METARS
canbedisplayedn symbolicor textual formatasshavn here.

3.2.2 WindsAloft Display

Themostcommonmethodof displayingwindsfor aviation purposesalsoadopted
by FSS,DUATsandNWS, is theuseof wind arravs with barbsasshavnin Figure
5. Eachbarbrepresent®ither5 knotsor 10 knots, dependingon its length. Al-
thoughthis representatioirs familiar to pilots, one hasto countthe barbsandtry
to determinewhetherit’s a shortbarbor a long one. The directionof the wind is
encodedn thetilt of thearrows.

In AWE, we consideredwo choicesfor displayingwinds aloft data. The two
choiceswerebarbsandwind arrons. After someinitial discussiorwith pilots, we
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decidedto usewind arravs over the barbs.We rotatethe wind arraov to shaw the
directionof the wind at thatlocationanddisplaythe wind speedalongside Most
pilots find this displaysimplerthanthe barbsdisplay In this method,t is easierto
quickly reada number(thewind speed) Furthermorethis methodseemso bring
outwind directionmoreclearlythanthebarbs Laterin Sectiord, we reportonthis
choiceby providing users’feedback.

In AWE, we have usedhewindsaloft displayin boththeroutespecificweatheand
theareawide weatherlf thepilot requestsouteweatherwe displaywind informa-
tion alongsidesachairportalonghis route,asillustratedin Figure11 by the black
arrows. This visual representatiomllows a pilot to comparehis flight pathto the
pathof the wind anddeterminewhetherto expecta tailwind, headwind,or cross-
wind. He/shecanthencompensatéor a crosswindeasily or expectto go slower
andusemorefuel for a strongheadwindor slow down to save fuel but still arrive
at the scheduledime in caseof a strongtailwind. If the pilot hasrequestedirea
wide weatherAWE displaysall known windsaloft forecastgor centralCalifornia.

Becausevinds aloft arealtitudedependentin AWE, the pilot canmodify his se-
lectedaltitudeto determinevherethewindsaremostfavorable.This helpsthepilot
to chooseanappropriatdlight pathfor cruising.

3.2.3 METAR/TAF Display

Determininghow to displaya METAR or a TAF to make it easilydecipherablget
provide all thenecessarinformationis challengingThe FAA approachyusedwith
chartsavailable at Flight ServiceStationsare very informative, yet very cryptic.
Theirsymbolsshaowvn in Figurel3,requirealot of memorizatiorandcanbeeasily
forgottenif not usedregularly. Instead,we could chooseto follow the Weather
Channelapproachanddisplay only a small setof symbols.One disadwantageof
this approachs thatmuchof the availableinformationis notrepresented.

In AWE, we presentoptionsto the pilot to view all the information available or

to view only part of it. In particular the pilot hasthe option to askfor all the

information,askfor partof theinformationin avisualrepresentatiothatprovides
him/herwith a "feel” for the weatherthat helpsin making’go/no-go” decisions
prior to flight, or askfor avisualpresentatiomvhich provideshim with anovervien

of the weatherthatis helpful in makingrouting andpathplanningdecisionsWe

now discusgheseoptionsin greaterdetail.

Textual METAR/TAF Display with Color-coded Borders: Whenthe pilot asks
for all theinformationrelatedto the METAR/TAFs, we choosdo displaytheinfor-
mationmostlyin a textual mannerby presentinghe essential$n a compactway.
A textual displayof METAR informationis shavn in Figure14. Contrasthis with
thetextual displayof TAFsusingNWS usedcurrently(Figurel). To make thetask
of recognizingcrosswindconditionsquicker, we still representhe surfacewind
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Symbol Meaning Symbol Meaning

__/\_ Moderate turbulence
._A_. Severe turbulence

Moderate icing

Rain shower
Snow shower
Thunderstorms
Severe icing Freezing rain
Tropical storm

Rain

Hurricane
(typhoon)

Snow

o x e £ £
@ \O\?W <IK<de

Drizzle

Fig. 13. FAA weathersymbolsandtheir associatedneaningsThesesymbolsareusedon
chartsavailableat Flight ServiceStations,andmorerecentlyon DUATs andNWS charts
availableontheweh

direction (not to be confusedwith the winds aloft, which is at varying altitudes)
graphicallyaswell astextually. The detailsof the textual displayaredescribedn
the captionof Figure14.

& 60@3

vis 5 BR
FEW 015
SCT 050
4/4 A3021

Fig. 14.Close-upview of atextualrepresentationf aMETAR. Thewind directionis shavn

by the arron. The wind directionandwind speedarealsoshavn by the text in the upper
right corner In this case,the wind is comingfrom 60 degreesat 3 knots. The visibility

is 5 miles with 'BR’ or mist. Cloud layersare given as a few cloudsat 1500 feet and
scatteredloudsat5000feet. Finally thetemperaturenddew pointareboth4 degreesand
thebarometrigpressuréas 30.21inHg. The coloredrectanglgyellow) representsnaginal
visual flight conditions(MVFR). It would be coloredred for poor visibility conditions
(IFR) or grayfor goodvisibility (VFR).

Thetextual displaysare supplementeavith color-codedbordersto warnthe pilot
of possibleadwersevisibility conditions.We describedthe visibility conditions,
namelyIFR, MVFR and VFR in Section2.1. Many pilots are preventedeither
legally (by not having appropriatecertification)or practically (by not being pro-
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ficient) from landingat airportswith IFR conditions MVFR conditionsareonly a
practical,not a legal, deterren{mary pilots feel lesssafein maiginal conditions).
AWE displaysairportswith IFR conditionswith aredborder airportswith MVFR
conditionswith ayellow border andthosewith VFR conditionswithouta border

Visual METAR/TAF Display for Overview: Thereare four primary elements
thataffecta pilot’s "go/no-go” decision:.wind conditions visibility, cloudaltitude,
andtemperaturé dew point spreadThefirst threeelementsareavailablebothin
METARSs and TAFs. The fourth element(temperature/de point spread)is only
availablein METARSs. We have alreadymentionedhe importanceof wind condi-
tions,visibility, andcloudconditionsearlier We now briefly commenbnthefourth
element- the spreadbetweerntemperaturenddew point, thatis temperaturemi-
nusdew point. The temperature/de point spreadorovidesinformationregarding
fog, andis clearly animportantpieceof information, particularlyin areaswhere
morningandeveningfog is commonfor examplein the SanFranciscoBay Area.
If theairportis currentlyexperiencingog, the spreadyivesinformationon whenit
maybecomeclear(especiallyif youhavetheprevioushoursMETAR andcanseea
trendin how thespreads changing) Thereareconditionsunderwhichtemperature
may be animportantpieceof informationaswell. For example,in the heatof the
summeytemperaturés important particularlyat high altitudeairports,sinceit has
adirecteffectonaircraftflight characteristicsSimilarly, low temperaturebave an
effecton startingtheengineandthey cancontributeto possibleice ontheairframe.
Usually, though,temperaturesan be safely classifiedas non-criticalinformation
andarenotrepresenteth theiconic formatin AWE.

Our iconsaredesignedo presenta quick overview of all four primary elements.
We first consideredsomeof the iconsin usesuchascoloredregionsin DUATS

(Figure 3), color-codeddisks,and weatherchannelrepresentationAll theserep-

resentationseemto do a goodjob of providing onepieceof informationsuchas

visibility conditions;however, they fall shortof providing lower level detailssuch

ascloudinformationor windsetc. Color-codeddiskswith auxiliary informationas

utilizedin ADDS attempto overcomehisdifficulty; however, thismethoddepends
uponakey andalsothe densebarbsoftenoverlapwith otherinformation.

Thereforejn orderto presenthe four quantitiesin anintegratedmanneywe con-
sideredsomeadditionalgraphicaloptionsfor displayingthem— rectangularepre-
sentatiorstacled on top of eachother rectangularepresentatiostacled horizon-
tally, circularrepresentatiowith onequarterassignedo eachelementandtrian-
gularrepresentatiosubdvidedinto four subtrianglesith eachtriangleassigned
to eachelement.We chosethe rectangularepresentatiostacled on top of each
otherfor the detailedMETAR/TAF visual display(to be discussedhext), because
thisrepresentatiors ideally suitedfor cloudlayersat differentheights.Therefore,
we wantedto chooseanalternatve representatiofor distinction.Of theremaining
three,an earlierdiscussiorand userfeedbackseemedo favor the circular or the
triangularrepresentationshich appearedo be morewholistic andeasierto pro-
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cess.We finally decidedon the triangularicon becausdriangulariconsare used
for warningsandaremorefamiliar to the pilots. Also, the temperatureden point
spreadnformationis not availablefor TAFs andis notascrucialastherestof the
information.Therefore we assignedhe centersubtriangleto this information.

An area-wideTAF displayusingtriangulariconsis shovn in Figure10. Thetop,

lower left, lower right andthe middle trianglesrepresentvind, visibility, clouds,
andtemperatureden point spreadespectrely. Figurel5 describeshe color cod-
ing usedin thetriangularicon. In the TAF displays sincethey do not provide tem-
peratureor dew pointforecaststhe centertriangleis alwaysshavn in gray. In each
of thesecasesthe color codingsenesto alertthe pilot of possibleadversecondi-
tions. Thethresholdsverechoserto coincidewith the FAA definitionsof IFR and
MVFR conditionsfor visibility andceiling. The thresholdsor wind speedsand
temperaturelen point spreadsvere chosenbasedon a typical pilot andweather
profile. A moreflexible userinterfacewould allow eachpilot to sethis/herown

thresholddor cautionandalertconditions.

Wind (w)
w < 13 loots : white
15 <w<= 20kts ; yellow
w > 20Ms : 1ed
Temperatwe - dew pomt (t-dp)
tdp>43C : white
2<tdp<=45C: yellow

Visibility (v) Cellng (¢)

v > Inm : whits tgp<=2C red ¢ > 3000 ft : white
J<v<=Im: yelow 1000 <c <=3000 £t : yellow
v <= Jnm ; red c<=1000#: red

Fig. 15. Triangularicon color codingscheme.

Visual METAR/TAF Display with Details: AWE also usesvisual displaysfor
presentingletailedMETAR/TAF information.Severalexamplesareshown in Fig-
ure 11. Figure 16 shows a close-upview of the symbolic representationsrhis
METAR/TAF displayencodesurfacewind speedanddirection,cloud conditions
atdifferentaltitudes,andvisibility conditions.

Winds: We consideredseveral alternatvesfor displayingthis information.An im-
portantdecisionwasto choosebetweerarrav glyphsandwind socksto represent
wind speedanddirection.Everyairporthasawind sockandpilots areableto inter-
pretthemreadily Thedirectionis displayedoy theorientationof thewind sockand
thespeeds displayedoy theamounthewind sockis straightenedo the 90 degree
orientation(with respecto thepoleholdingit up). We attemptedo useawind sock
to displaywind informationas suggestedy Pruynand Greenbeay[26] but found
the3D wind sockdid notmemgewell with theoverheaderspectie of our 2D view.
Also, oneof theadwantage®f displayingthewind directionis diminishedwhenus-
ing thewind sock:whenusingawind arrow, the pilot caneasilycomparehewind
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Fig. 16. Close-upview of symbolicrepresentationf METARS. Thewind is comingfrom
the SouthEasht about20 knotsin the left symbol,from the NorthEastat about5 knots
in the middle symbolandis calmin the right symbol. The red borderin the left symbol
shaws indicatesstrongwinds. The left symbol shavs a broken layer of cloudsat about
3000 feet, the middle symbol shaws a scatteredayer at about4000 feet, and the right
symbolindicatesclear conditionsbelon 12000feet. Finally, the text belov the symbols
correspondgo 6 miles visibility with shavers, 5 miles visibility with mist, and5 miles
visibility with haze.

directionwith the orientationof the runways as displayedon the sectionalchart
(AWE’s backgroundmage).Thus,crosswindandingconditionsbecomevisually
obvious. The 3D wind sockrequiresmoreanalysisto extract similar information.
Therefore we decidedin favor of the arrav glyphs.Thesearrov glyphsaresimi-
lar to glyphsusedin winds aloft display but with the following modifications.n
winds aloft display we usethe samesize arrov andthe wind speedis presented
textually adjacento the arron. We felt that this approachs justified becausehe
wind directionis typically muchmoreimportantthanthe wind speed.The winds
aloft displaythusfacilitatesthe quick detectionof altitudesat which the direction
of the winds are mostfavorableto the flight path. The speedof the wind is also
importantat the selectedaltitudeandis usedto computethetime of arrival at var
ious checkpointsHowever, in recentpractice,this taskis often delegatedto the
on-boardGPS(globalpositioningsystemunit, furtherreducingtheimportanceof
displayingthewind speed.

In contrast,in METAR/TAF display the width of the surfacewind arrov varies
with the speedof thewind. Light winds (thatis, low wind speedsarerepresented
by thin arrows, whereasstrongwinds are representedby thick arravs. Compare
the wind symbol (20 knots) shawvn in the left symbolof Figure 16 and (5 knots)
shavn in themiddle symbolof Figure16. Also noticethewindsshawn in theright
symbolof Figure16. Thewind vectorin theright symbol0 degreesat O knots,or
calm. Calmwinds arerepresenteavith just a dot sinceno directionis associated
with them.

Finally, theborderof thewind squares color coded A redbordersignifiesstrong
winds (>= 20 knots),an orange/yellav bordersignifiesmediumwinds (>= 15
knots),andblackbordersignifieswindsbelow 15 knots.

Clouds: The next elementof the METAR/TAF symbolis arectangleghatpresents

thecloudlayers.Therectangleepresentshe sky from 0 to 12,000feet. We chose
12,000feetbecausautomatedveathembsenationsystemgAWOS)usethesame
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heightthresholdfor reportingclouds.We thenpseudo-colotherectangleto shav
thecloudlayers[16,36]As suggestethy Bertin[4] and Tufte[42], we chosea gray
scaleto representhecloudamountssopilots do notneedto remember color key.
Darker colorsrepresenthicker coverage Hence white representa clearsky. Very
light grayrepresents few clouds,a darker light gray representscatterectlouds,
mediumgray represent®roken clouds,andfinally, very dark (nearly black) gray
representanovercasisky. Ceilings(definedasbrokenor overcastayers)arethus
quickly recognizedy scanningor darker grays.

Visibility: The borderof the rectangleis color codedto instantly shov whether
the visibility conditionsare poor (IFR with red border), maginal (MVFR with
orangel/yellav border),or normal(VFR with black/noborder).

Thefinal elemenibf aMETAR/TAF symbolis thetext specifyingthevisibility and
obstructiongo visibility. Thatinformationis presentedh blackandblendsin more
with the backgroundhanthe restof the symbol.In this way, the informationis
thereif it is neededbut it is not overwhelming.

The METAR/TAF symbolsdo not representhe temperaturedew point, or baro-
metric pressurevalues.Also, the valuesfor cloud altitudesare shavn only indi-
rectly (by theamountof rectangldilled). If any of thosevaluesaredesiredexactly,
the symbolcanbetransformednto atext box containingall availableinformation
asdiscussegbreviously.

3.3 UserlinterfaceandPath Planning

The Aviation WeatherData VisualizationEnvironment, AWE, providesan ervi-

ronmentfor the pilot to interactwith andobtainthe information he/sheneedsto

effectively plan a flight. The userinterfacefor the systemis shovn in Figure17.
The pilot is ableto setthe true airspeedf his airplane,selectan altitudefor the
flight, and specify a departurgime. He canalso selectwhetherhe wantsto dis-
play weatherfor the entire areaor just alongthe flight path. Moreover, he can
chooseto view ary of the graphicaldisplaysdiscussecdarliersuchas METARS
with overview, detailsor textual, TAFs, or winds aloft. Finally, he canspecifyto

display the graphicsonly for selectedairportsor usethe closestairportin case
theinformationis unavailablefrom a selectedirport. Theseselectionsareusedto

determinewhatspecificinformationto display asdiscussedbelow.

3.3.1 SelectingnformationOverlays

AWE providesthe pilot with a numberof optionsin selectingwhatinformationto
display Thesenclude:

23



100

T firspeed

I G0N I i

Aftiude

I 1500]

Dieparture Tirme

r Use Closest

r Shotw leons

hrea  —

Civerlays
o Wind

v METARs

o TiFs

=]

Fig. 17.Userinterfaceof AWE

e Displayfocus:displayareawide weathews. routespecificweather;

e Type of weather:display currentweatherobsenations (METAR) or forecast
weather(TAF), and/orwindsaloft;

e Displayformats:displayanoverview visualrepresentatiorg detailedvisualrep-
resentationgr atextual representationf eitherMETARSs or TAFs.

e Reportlocality: display only weatherfor airportswith reportingcapability or
alsodisplayclosesiavailableweatheffor airportswithoutreportingcapability

We now describezachof theseoptionsbelow.

DisplayFocus:Thepilot canchooseo displayweathemat airportseitherjustalong
his route of flight, asshaowvn in Figure 11 or at airportsin the entire areaknown
by AWE, asshavn in Figure12. Theareawide weathermptionis especiallyuseful
duringtherouteselectionphaseThe pilot canview all availableweatherandthen
choosearouteof flight. Corversely if hehasalreadychoseraroute,routespecific
weathershavs him only informationrelevantto hisflight.

Typeof Weather:The pilot canchooseo view eithercurrent(METAR) or forecast
(TAF) weatheraswell aswindsaloft information.Most (probablyall) airportsthat
provide TAF forecastsalso provide METAR obsenations. Therefore,we imple-
mentedthe optionsto display METARSs or to display TAFs to be mutually exclu-
sive to avoid screerclutter;thatis, eitherMETARS or TAFs canbe displayed put
not both simultaneouslyWinds aloft, on the otherhand,provide complementary
informationto both sourcesand can be displayedeitheraloneor with a TAF or
METAR. METARs and TAFs provide surfacewinds associateavith the reporting
airport. Winds aloft reportsprovide winds at variousaltitudesand are associated
with amuchwider areaaroundtheairport.
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Display Formats: AWE providesthe pilot with threeoptionson how to displaythe
METAR andTAF reports We discussedheseoptionsin detailin Section3.2.

Reportlocality: Not all airportsAWE knows abouthave weathereportingcapabil-
ities. If the pilot is viewing routespecificweatheywe provide him with the option
of choosingto displaythe nearesteport(METAR or TAF) for airportsthatfit this
criteria. To accomplishthis, the pilot chooseshe ’show closestavailableweather”
option.

3.3.2 RouteSelection

In contrasto therouteselectionprocesof a commericahirliner, whichis mainly
controlledby theflight controllerson the ground,a generakviation pilot hascon-
siderabldlexibility in choosingthe flight path.As statedbefore,a typical general
aviationflight lastsabout4 hoursandcoversabout400miles.Dependinguponthe
purposeof the flight — pleasureor business- the pilot also hasthe flexibility of

choosingthe landingairport. Weatherplaysa majorrole in determininga safeas
well asafuel-efiicientor atime-eficientroute.

In AWE, the pilot canexplore what-if scenariogy choosingalternateroutesand

observingthe weatherconditionsalongthe differentroutes.The pilot specifieshis

routeof flight by selectingwith themouse)a sequencef airports.Theuseris able

to extendhis route by addingan airportto the end, modify his route by deleting
airportsoff theenduntil themodificationpointis reachedeventuallybacktracking
tothebeaginningif desired)pr specifyanew route.As airportsareaddedor deleted,
theinterfaceis updatedo reflectthecurrentspecifiedoute. Thebackgroundcreen
with arouteselectedy thepilot is shovn asasolidline in Figurel1.

Flight Sdheduleand Time-dependerhformation: Pilotsneedtheforecastweather
atthetime of arrival ateachen-routecheckpoinairport,in AWE), nottheforecast
for thedeparturd¢ime. To eliminatetheneedfor thepilot to specifyafull flight plan
with expectedarrival times,we calculatearrival timesautomaticallybasedon the
specifiedtrue airspeedanddeparturdime. If the pilot is looking at route-specific
TAFs, hewill begiventheappropriatdorecastbasedn this information.

Choosingan Appropriate Forecast:Determiningthe appropriatdorecastis not as
simplefor a computerasit is for a person.DUATS forecastsare not specifiedat
mutually exclusive time rangesRather asillustratedin Figure9, the generafore-
cast(givenfirst) coversa 24 hourperiod.Forecast$or morespecifictimesarethen
given. Even thesespecifictime periodscan overlap.As in the KSCK (Stockton
airport) TAF of Figure9, we seethatthreeforecastapplyfor 10:30.First,thegen-
eralonethatspangherangel8:000n the 18th of the monthto 18:000n the 19th
stateghattheweathemwill be{wind 300@6 yvisibility 6 statutemile (sm)or better
sky cleart. Then,the”’FM1000”, stateghatfrom 10:00,theweathemwill be {wind
calm,visibility of 1 smwith mist,sky clear. Finally, the"TEMPO 1015”stateghat
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therewill beatemporaryconditionfrom 10:00to 15:000f weather{visibility 1/4

smwith fog, anda verticalvisibility of 200feet}. AWE mustdeterminewhich one
of theseto presento the user Currently AWE usesa setof ruleswhich consider
thevisibility, cloud covers,andwind speedgo extractthe mostcautiousscenario.
Thus,in this case,it chooseghe temporaryfoggy conditionasthe representatie

weatherMoreresearclhis neededo extractandrepresentheinformationfor over

lappingtime periods.

3.4 Implementation

AWE is written usingC++, OpenGL ,andXforms andrunson an SGl workstation.
It wasalsoeasilyportedto a Sory SuperslimProNotebookcomputerunningMan-
drake Linux. This platformwill beusefulto provide AWE duringin-flight usewith
the help of data-linktechnology The underlyingcapability or AWE’s foundation,
consistsof object-orientegprogrammingclasseghat dealwith informationabout
airports,METAR, TAF, andwinds aloft. It alsoincludessupportingclasseghat
know how to dealwith latitude andlongitudecoordinatesand canfind distances
betweerlat/longlocations.Four datafiles areusedby AWE. Airport identifiersas
well asthelatitudeandlongitudecoordinate®f the airportarespecifiedin a user
readabledatafile, andthe DUATSs briefing is translatednto threeseparatdiles:
onecontainingcurrentMETARS, one containingTAF forecastsandonecontain-
ing windsaloft forecasts.

The two final foundationclassesire Awe_interfaceand Awe. Awe._interfacedeals
with interactionswith the user properlyupdatingthe input forms. The Awe class
maintaingalist of known airports,andreadsandupdatesvindsaloft, METAR, and

TAF reports.It also providesvarioussearchmethods suchasfinding the closest
airportto an arbitrarylatitude/longitudeposition; gettingthe METAR/TAF for an

airport with reportingcapability; getting a representate METAR/TAF for non-

reportingairports;finding the closestand secondclosestwinds aloft forecastspr

keepingtrack of the users choserroute. Eachof thesemethodss usedby other
foundationclassego helpprovide whatthe userwants.

4 Users Feedback and Experiences

Thefirst authorof this paperis a generalaviation pilot herselfwith acommerical
licensewith instrumentratingandover 800 hoursof flight experienceDuring the
designof AWE, feedbackwas taken on mary issuesdiscussedelov at several
stagesfrom different pilots to ensurethat the systemremainspilot-friendly and
usable.
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AWE, asdiscussedn this work, wasalsoevaluatedby six generalaviation pilots
(five of themwork at NASA AmesResearclCentey California).Four of the pilots
have a commerciallicense,two have a private license,and one also hasa flight
instructorlicense Four of the pilots areinstrumentatedandarehencequalifiedto
fly underpoorvisibility conditions(IFR). Theflight instructoris qualifiedto teach
underpoor visibility conditionsaswell. The approximatetotal flight time of the
pilots rangedfrom 120 hoursto 2000 hourswith an averageof 675 hours.Each
pilot reportedthatnearlyhalf his hourswasoutsidehis local area.

Eachevaluationsessiorconsistedf aformal demonstratiof AWE followedby a

practicesessiorandaquestion/answeperiod.Eachof thepilotswasthenrequested
to fill out a questionnaireFinally, more feedbackwasobtainedthroughan open-

endeddiscussiorof currentanddesiredfeatures.

The first sectionof the questionnairaimedto gatherinformationabouteachpi-

lot’sflying backgroundaswell ashis familiarity with DUATs andADDS. We have
alreadydescribedhe flying backgroundabove. The familiarity of the pilots with

the DUATSs systenvariedfrom 1 (very familiar) to 4 (not familiar) on a scaleof 1

to 5 (notfamiliar at all) with anaveragescoreof 2.33.Most pilots statedthatthey

werenotfamiliarwith the ADDS systematall with anaverageof 4.67.In anopen-
endedquestionasto which weathervisualizationsystemshey are mostfamiliar
with, five of the pilots mentionedhatthey useDUAT s for their pre-flightbriefings.
A few alsousedothermethodssuchastalking with an FSSspecialistandgetting
unofficial informationvia television or the World Wide Weh

Therestof thequestionsoughttheir opinionson variousaspect®f AWE’s design
aswell ashow it comparedo otherweathervisualizations We comparedAWE

to Scanlon$ work, ADDS, graphicsavailable throughDUATS, and the Weather
ChannefgraphicsWe have describedll of thesesystemsn Section2. Ratherthan
askingabouteachsystemby name,we presentedhe pilots with a representate

displayof thesesystemsandanexplanatiorwhenneededAs a memoryaid andto

allow for side-by-sideeomparisonsye presented representatie displayfor AWE

displaysaswell.

We begin by presentinghe resultsof the surwey in the orderthat the questions
were asled in the questionnaireOverall, the evaluationof the individual pieces
of informationin AWE were ratedas betterthanotheroptionsin all casesThe
first setof questionsveredesignedo evaluatethe backgroundwindsaloft display
METAR display andTAF display Amongthefour choices- VFR sectionalkchart
(usedby AWE), IFR chart,genericUS/state/point-of-interestap(suchasusedby
the GPSunits) and 3D depictionof terrain/airports/points-of-intereststhe VFR
sectionalchartasusedby AWE wasratedas”very desirable”(1.33)on a scaleof
1 to 5 (not at all desirable).The secondchoicewasan IFR chartwith a meanof
2.0. This is not surprisingbecausehe majority of the pilots areinstrumentrated
andoftenfly IFR. Theremainingtwo choices- agenericUS/state/point-of-interest
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mapanda 3D depictionof terrain/airports/points-of-interestearned3.17and3.0
andappeato be neutral.In an open-endedjuestionsomepilots expressediesire
to selectvely decluttersomeof the backgroundnaterial.

AWE’swindsaloft display(blackarron) rated1.67onascaleof 1 (very desirable)
to 5 (notat all desirable)All otheroptions— arrow with color-codedwind speed,
FAA wind speedwith barbs,and3D Windsock- ratedworsewith aratingof 2.33,
3.0and4.17respectrely. Someof thesuggestedhangesn displayingwindsaloft
displaywasto includethinnerarrons andlength-encodedind speeds.

FortheMETAR display we presentethepilotswith ninechoicesncludingAWE'’s

designandthe designsusedby othersystemsasmentionedabove. Thesechoices
included color-codeddisks, color-codeddisks with textual information, weather
channekypegraphicscolor regionspresentingonly IFR/MVFR/VFR etc. AWE'’s

rectangulacloud/windsymbolswith color-codedbordersnerepreferredrating of

1.67)overtheotherrepresentationgpllowedby AWE's textual display(1.83)and
AWE'striangularicons(2.0). Thenext bestlikedrepresentationsereasimpletex-

tual overlayasyou mouseovertheairport(2.67),the DUATs representatioshow-

ing regionsof IFR/MVFR/VFR (2.83),andtherepresentationsedoy ADDS (3.0).

A desirablefeaturenot currentlyincludedin AWE is the presentatiorof trendsin

weathemwith the ability to extractthe morerecentMETARS.

Not asmary systemgurrentlygraphicallyencodeforecastshencethe pilots were
presenteavith fewer choicesfor the TAF display Of thefive choices AWE's de-
tailed display was preferred(rating of 1.67) alongwith AWE’s overview display
(alsoaratingof 1.67but aworseminimumrating). The next bestoptionwascon-
sideredthe ADDS presentationthat is, a textual overlay as you mouseover the
airport(2.5).

We alsoasled aboutthe userinterface.The "Use closest functionalitywasfound

to be useful(rating of 1.5) but almosteveryonecommentedhatthereshouldbe a

visual referencethat lets the pilot know which airport’s reportis beingused.The

automaticselectionof the TAF sub-forecasbasedon arrival time was also con-

sidereduseful(rating of 1.5). Becausarrival timesarenot precise the automatic
selectionof a TAF sub-elementvould be consideredven moreusefulif the pilot

hadthe optionto look atthe otherforecastdor thattime frameor aroundthattime

frame.

The secondset of questionsevaluatedthe overall utility of differentcapabilities
of AWE in comparisonto the other systemsas judgedby the pilots. AWE was
well ratedin all catggoriesand was found to be betteror much betterthan the
otheroptionspresentedior weatherbriefings,AWE earnedan averagerating of
1.50nascaleof 1 ("much better’)to 5 ("much worse”)for overall comparisorto
their currentsystem.The pilots alsofound AWE useful (rating of 1.67)for route
selection.For possiblein-flight briefings,it wasrateda 1.33 on the samescale.
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In an open-endedjuestionto determinefor what purposesvould AWE be most
useful,thepilotslistedinitial planningespeciallyin unfamiliar areashelpingwith
the go/no-godecision,and enroutedecisionmakingsuchascontinuingto fly the
original plan, replanning,or choosingan alternatedestination All pilots thought
it would be usefulbothin their local areaaswell asin an unfamiliar areawith a
coupleof themstressingts greatemusefulness unfamiliar territory.

The discussiorfollowing the questionnairdocusedon high level advantagesand
shortcoming®f AWE. Overall, the pilots werepleasedvith AWE, specificallyits
displaysallowing for the quick interpretationof the data,andits helpfulnessn
choosingoutesof flight aswell asalternatesSeveralsuggestionsverementioned
to addto theexisting functionality Themostimportantonesincludedthedisplayof
(or atleastaccesso) weathertrendsencodedy METARs and TAFs, anoptionto
displaywindsaloft for all (DUATSs prespecifiedaltitudessimultaneouslyselectve
de-clutterof the backgroundanddisplayedsymbols,anda methodof interacting
with AWE in thecockpitthatdid notrely onakeyboardandmouseA touchscreen
andvoiceinteractionwerebothmentionedaspossiblealternatves.

5 Conclusionsand Future Work

We have presentedan Aviation WeatherData VisualizationEnvironment(AWE)
for GeneralAviation (GA) pilots. The systemwas designedkeepingthe needsof
the pilots in mind. Thefocusis to displaywinds aloft, METARs and TAFs infor-
mationagainsta usefulbackgroundn anintegratedmannerto assistthe pilots in
makingusefuldecisionsThe systemcanbe usedfor pre-flightweatherbriefings,
routeselectionandto make a "go/no-go” decisionprior to the flight. The system
wasevaluatedoy pilots andfoundto bevery usefulin comparisoro severalother
systemsncludingDUATswhichis themostcommonmmethodor pre-flightweather
briefings.

An importantstepforward would be to make this weathervisualizationerviron-
mentavailableduringflights. TheFederaAviation Administration(FAA), National
AeronauticandSpaceAdministration(NASA), andaviationindustryarecurrently
developingdatalink technologywhichpromisego bringmuchneedediatadirectly
to thein-flight pilot [13]. Thedriving goalfor datalink is the FreeFlight program
thatwill allow commercialandgeneralaviation pilots to determinetheir route of
flight with minimal coordinationwith FAA air traffic controllers.Besidestraffic
data[3],datalink canbe usedto transferweatherdatato the pilot or sendweather
datafrom on-boardsensorso a centrallocationfor disseminatiorfaspilot reports)
to otherflightsin the generalarea.As mentionedearlieyf AWE hasbeenportedto
a Sory SuperslimPro NotebookcomputerunningMandrale Linux. We areable
to accesghe aircraft’s currentpositionby connectinghe laptopto a GPS(global
position system)unit. AWE can usethis real-timepositiondatato automatically
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scroll the areadisplayedon the chart.We expectthatthe weathemupdatesn AWE
will notrequiremuchhead-davn time (Head-davn time is time spentfocusingon
instrumentor datainsidethe cockpitratherthanscanningoutsidefor traffic). We
hopeto provide AWE for in-flight weatherbriefingsandroute modificationplans
for GA pilots. An importantcomponenfor interactionwould have to be a touch
screeror voiceinteractioncapability

The userevaluationstudy pointed out someareasof improvement.Noteworthy
amongsthemarethe availability of weathertrendsasencodedy METARs and
TAFs, to display all winds aloft simultaneouslyandto selectvely declutterthe
backgrounar displayedsymbolsIn addition,we areinvestigatingvisualizationof
two additionalelementof DUATSs briefingsthatarecurrentlybeingdisplayedonly
textually — pilot reportsandnoticesto airmen.PIREPsareusefulin confirmingthe
forecasbr pointingoutareasvhereit wasnotaccurateThey areespeciallyhelpful
for determiningthe extentof icing conditionsandthe top of the cloudlayers.No-
ticesto airmen(NOTAMSs) provide avariety of informationpotentiallyhelpfulto a
pilot. Someexamplesareunlightedobstructionsieartheairport,acrobatigractice
areas.active parachutgumping sites,temporarilyprohibitedareas,and areasof
possiblyreducedGPSreceptionWe believe thatthe combinationof thesefeatures
will make AWE avery usefultool for localandnon-localpilots alike.

6 Acknowledgement

Theauthorgyratefullyacknaviedgethe suggestiongrom fellow pilots David Iver-
son, Cedric Walker, and Butler Hine. This researchwas partially supportedby
LLNL AgreementNo. B347879underDOE ContractNo. W-7405-ENG-48and
the Multidisciplinary Researchnitiative (MURI) grantby DOD.

References

[1] FederalAviation Administration.Word Wide Weh www.faa.g@/aua/avr.

[2] R. Azuma,H. Neelylll, M. daily, andR. Geiss. Visualizationtools for free flight
air-traffic management.IEEE ComputerGraphicsand Applications 20(5):32—-36,
SeptembeOctober2000.

[3] R. Azuma, H. Neely M. Daily, and M. Correa. Visualizationof conflicts and
resolutionsin a 'free flight' scenario. Proc. of IEEE Msualization pages433-436,
October1999.

[4] JacquedBertin. Semiolgy of Graphics: Diagrams,Networks,Maps University of
WisconsinPressMadison,WI, 1983.

30



[5] AOPRA 1998Aviation FactCard.1998.
[6] TheWeatherChannel.World Wide Weh www.weatheicom.

[71 R.Denzer Graphicsfor ervironmentaldecisionmaking. IEEE ComputerGraphics
andApplications pages58—-64,March1993.

[8] DynCorpDUATS. World Wide Weh www1.duats.com.

[9] DennisGlaeserSanfordGum,andBruceWalters.An Invitationto Fly: Basicsfor the
Private Pilot. Wadsworth PublishingCo.,1985.

[10] G. GrinsteinandH. Levkovitz. Perceptuallssuesn Misualization Springer Berlin,
1995.

[11] H. Haase,M. Bock, E. Hemenrother C. Knopfle, H.-J. Koppert, F. Schroder
A. Trembilski, and J. Weidenhausen. Meteorology meetscomputergraphics— a
look at awide rangeof weathewisualizationgfor diverseaudiences Computes and
Graphics 24:391-3972000.

[12] W. HibbardandD. Santek. Visualizinglarge datasetsin the earthsciences.|IEEE
Computer1989.

[13] ThomasA. Horne.Beamingup theweather AOPA Pilot, page€97-102 March2000.

[14] S.K. Lodha,A. T. Pang,R. E. SheeharandC. M. Wittenbrink. UFLOW: Visualizing
uncertaintyin fluid flow. In Proceedingf IEEE Visualization’96, pages249-254,
October1996.

[15] S. K. Lodha, C. M. Wilson, and R. E. Sheehan. LISTEN: soundinguncertainty
visualization. In Proceedingf IEEE Visualization’96, SanFrancisco,California,
pagesl89-196IEEE, Octoberl996.

[16] L.W. MacDonald. Using color effectively in computergraphics. IEEE Computer
Graphicsand Applications pages20—-35,July/Aug.1999.

[17] N. Max, R. Crawfis, and D. Williams. Visualizationfor climate modeling. IEEE
ComputetrGraphicsand Applications pages34—40,July 1993.

[18] P. T. McCaslin,P. A. McDonald,andE. J. Szole. 3d visualizationdevelopmentat
noaaforecastystemdaboratory ComputeiGraphics pagest1-44,February2000.

[19] MIT. World Wide Weh cirrus.mit.edugempak/forecastaps.html.
[20] NASA. World Wide Weh http://awin.larc.nasa.go

[21] W. Nussand D. W. Titley. Use of multiquadricinterpolationfor meteorological
objective analysis.MonthlyWeatherReview, pagesl—-21,August1994.

[22] U.S. Departmenpf Transportation.Aviation Weather: AC 00-6A US Government
Printing Office, WashingtonD.C.,1975.

[23] U.S. Departmentof Transportation. Aviation Weather Services:AC 00-45C US
GovernmentPrinting Office, WashingtonD.C., 1985.

31



[24] A. Pang,C.M. Wittenbrink,andS.K. Lodha.Approacheso uncertaintyisualization.
TheVisual Computey13:370—390November1997.

[25] T. S. Perry Trackingweathers flight path. IEEE Spectrum37(9):38-45September
2000.

[26] PW. PruynandD.P. Greenbeay. Exploring3d computergraphicsin cockpitavionics.
IEEE ComputerGraphicsand Applications pages28—-35,May 1993.

[27] T. M. Rhyne.Scientificvisualizationin thenext millenium. IEEE ComputetGraphics
andApplications 20(1):20-21January-Februarg000.

[28] T. M. Rhyne M. Bolstad,P. Rheingansl.. PettersonandW. Shaclelford. Visualizing
ervironmentaldataat the epa. IEEE ComputerGraphicsand Applications pages
34-38,March1993.

[29] P. K. RobertsorandD. J. Abel. Graphicsandervironmentaldecisionmaking. IEEE
ComputerGraphicsand Applications pages25—33,March 1993.

[30] B. Rogawitz andL. Treinish.How notto lie with visualization.Computes in Physics
10(3):268-274May-Junel996.

[31] L. Rosenblum. Visualizing oceanographidata. IEEE ComputerGraphics and
Applications pagesl4—-19,May 1989.

[32] CharlesH. Scanlon. Cockpit graphical weatherinformation shavn to enhance
efficiengy, safety and situationl avareness. In Proceedingsof the 39th Annual
Corporate Aviation SafetySeminar(CASS) Flight SafetyFoundation pages83-94,
April 1994,

[33]1F Schroder and M. Lux.
Trivis: Professionalelevision weathempresentationWorld Wide Web,October1997.
http://iwwwigd.fhg.de/www/igd-a4/mjectgdocdtrivis/trivis_e.html.

[34] Aviation Digital Data  Service. World Wide Weh
adds.ackc.noaa.ge'projectdaddsindex.html.

[35] NOAA National Weather Service. World  Wide  Weh
www.awc-kc.noaa.ge'awc/aviation. weathercentemhtml.

[36] Shubin,Falck, andJohansenExploringcolorin interfacedesign. ACM Interactions
pages36—48,July/Aug.1996.

[37] P. Stough M. Rudisill, P. Schafner, andK. Martzaklis. Aviation weathelinformation
systemgesearctanddevelopment.SAE PaperNo. 1999-01-1579April 1999.

[38] P. Stoughand C. Scanlon. Numerousresearctprojectssupportefforts to overcome
weatheitrelatedhazardsICAO Journal page20—29,January-February999.

[39] L. A. Treinish. Visualizationof scatteredmeteorologicaldata. IEEE Computer
Graphicsand Applications 15(4):20—26,July 1995.

[40] L. A. Treinish. Task-specificvisualizationdesign. IEEE ComputerGraphicsand
Applications 19(5):72—77Septembefctober1999.

32



[41] L. A. Treinish. Multi-resolutionvisualizationtechngiuedor nestedveathemmodels.
In Proceeding®f the IEEE VisualizationConfeence SanFrancisco,CA, page$13—
516.IEEE ComputerSocietyPressOctober2000.

[42] Edward R. Tufte. TheVisual Display of Quantitativelnformation GraphicsPress,
CheshireCT, 1983.

[43] EdwardR. Tufte. EnvisioningInformation GraphicsPressCheshireCT, 1990.

[44] S. Uckun, C. RuokangasP. Donohue,and S. Tuvi. Aware: Technologiesfor
interpretingandpresentingiation weathetinformation. In Proceeding®f the [IEEE
AerospaceConfeence Snowmass; 0O, March1999.

[45] Aviation Weather World Wide Weh aviationweathecom.

[46] K. Whitehouse. Weatherwithout the weatherman. IEEE ComputerGraphicsand
Applications pagesl2—15,March 1996.

[47] C. M. Wittenbrink,A. T. Pang,andS. K. Lodha. Glyphsfor visualizinguncertaintyin
vectorfields. [IEEE Transaction®n Visualizationand ComputetGraphics September
1996.266-279.

[48] J. Wood, K. Brodlie, and H. Wright. Visualizationover the world wide web and
its applicationto ervironmentaldata. In Proceedingsof the IEEE Visualization
Confeence SanFrancisco,CA, pages81-86.[EEE ComputerSocietyPressOctober
1996.

33



