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The observed 10 July 1996 STERAO convective systemis broadly reproducedin
a nonhydrostaticcloud-modelsimulationusingan idealizedhorizontallyhomogenous
soundingandnoterrain.Systemevolutionfrom amulticellularline to asupercell,along
with line orientation,anvil structure,horizontalwind fields, depthof convection,and
derivedradarreflectivity, comparewell with observations.

Simulatedpassive tracer transportof CO and ozonegenerallyagreewith aircraft
measurements,and show a small amountof entrainmentof environmentalair in the
updrafts,andasmallamountof dilution occurringwith transportdownwindin theanvil;
theentrainmentanddilution arelesspronouncedin thesupercellstage.Thehorizontally
integratedverticalflux divergencefor COin thesimulationshowsanetgainatalmostall
levelsabove8 km MSL. Therateof increaseof COmassabove8 km variessignificantly
in time, with a peakat early times,followed by a declineandminimumasthesystem
transitionsto a supercelland a steadyincreaseas the supercellmatured. Trajectory
analysesshow that updraftsin the simulationare ingestingair from a layer spanning
from 2 km to 3.5 km MSL (from 0.5 to 2 km above thesurface). The residencetimes
for parcelsin theupdraftvariesfrom just under10 min to morethan20 min, with most
parcelstakingapproximately10min to ascendto theanvil.

1. Introduction

TheSTERAO/DeepConvectionproject(Stratospheric-TroposphericExperiment:Ra-
diation,AerosolsandOzone;STERAO),whoseobservationalcomponentwasconducted
in JuneandJuly of 1996in northeasternColorado,hasasa majorobjective to investi-
gatethunderstorms’role in thedistribution of chemicalspeciesin the troposphere.Of
particularconcernis theevolutionof watervaporandoddnitrogenspeciesin thetropo-
sphereandlower stratosphere(Dye et al. 1999). While oneof thespecificconcernsis
theexaminationof NO� (= NO + NO2 ) productionby lightning andNO� transportby
convectiveandmesoscalecirculations,amoregeneralconcernisquantifyingthenetcon-
vective transportof boundarylayerspeciesinto thetroposphereandlower stratosphere,�
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particularlyasa functionof thestructureof theevolving convective systems.We wish
to improveourunderstandingof chemicaltransportonboththeconvectivescaleandthe
mesoscale,for applicationin cloudchemistryandlonger-time-scalestudies,andpoten-
tially for usein convective transportparameterizationsin larger-scalemodels.To these
ends,we employ a 3-dimensionalcloud modelto simulatethe 10 July 1996STERAO
convectiveeventandanalyzetracertransportwithin thesimulatedsystem.

The characterof tracertransportin midlatitudeand tropical convective systems,as
revealedin observational and modelingstudies,hasbeenfound to vary significantly
amongdifferentconvective events,andoften variestemporallyasconvective systems
evolve. The transportof boundarylayer air into anvils, entrainmentanddetrainment
in updrafts,andexchangeof air acrossthetropopausehave receivedthemostattention
in the studies. In midlatitudecontinentalconvective storms,Hauf et al. (1995)found
largelyundilutedboundarylayerair transportedto theanvil in 3Dsimulationsof supercell
stormsobservedovercentralEurope.Alternatively, WangandChang(1993)andWang
and Crutzen(1995) find that considerabledilution of boundarylayer air occursas it
is transportedthroughthe updraftsinto the anvil in 3D and 2D simulationsof mid-
continental(US) convective storms. In the 3D modelingstudy by Wang and Chang
(1993), significantchangein both the transportcharacteristicsof the storm and the
boundarylayersourceregionfor updraftsoccursin thesimulations.In modelingstudies
of oceanicandcontinentaltropicalconvection,Wanget al (1995)andScalaetal (1990)
find significantdilution of boundarylayerair asit is transportedin convective updrafts
and in the anvil; Scalaet al find that greaterthan50% of the air transportedinto the
anvil originatesfrom above the 6 km level in their 2D simulationsof the 6 May 1987
ABLE 2B storm.Wangetal (1995)find thatsignificantamountsof stratosphericair can
bebroughtinto thetroposphericcloudregion,particularlyin theupperanvil. Thiswide
rangeof resultsin part reflectsthedifferentcharacterof theconvective stormsandthe
differentemphasesof thestudies.

Moststudiesof tracertransportin convectivesystemsthatarebasedoncloud-resolving
simulationshave assumedtwo-dimensionality, that is, theconvective linesareassumed
not to vary in the along-linedirection,andtwo-dimensionalsimulationsareemployed
(e.g.,Wanget al. 1995;Pickeringet al. 1992a;Scalaet al. 1990). The2D assumption,
however, is appropriateonly for environmentswith little hodographcurvature,for long
convective lines, or for lines with short lifetimes (Skamarocket al. 1994)— that is,
valid only for a small subsetof observedconvective systems.Observationsshow that
the 10 July STERAO systemwasnot two-dimensionalor even quasi-two-dimensional
duringany stageof its evolution. Throughits middlestagesthesystemwasmulticellular,
consistingof two to four cells orientedNW–SE(Dye et al. 1999). The orientationof
the line of cells wasmoreparallel to the low-level shearthanperpendicularto it, and
the anvil outflow was predominantlyparallel to the line (i.e., it streamedtoward the
southeast).The orientationsof both the line andthe anvil, therefore,werecontraryto
a 2D configuration. The system’s final stagefeatureda single, large, convective cell
propagatingsouth-southeastward. Although not as long-lived asmost supercells,the
singlecell in thefinal stagewassuper-cellularin character(possessinglow andmid-level
rotation,verifiedby groundandaircraftobserversandDoppleranalyses,andpossessing
asingle,long-livedupdraft)andcontainedhighly 3D dynamicsandairflow.

Usinga fully 3D modelandbeginningwith a horizontallyhomogenoussoundingde-
rivedfrom observations,we have produceda simulatedconvectivesystemthatcaptures
theobservedevolution of the10 July storms.In particular, thetransitionfrom a multi-
cellular line to a singlesupercellis reproduced.Thecharacteristicsof the transportby
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convective updraftsarein somerespectssimilar to thoseseenin resultsfrom previous
studies.For example,thereis someentrainmentin theactiveupdrafts,morepronounced
in the multicellular regime (suchas Scalaet al. 1990) than in the the supercellular
regime (suchasin Hauf et al. 1995). Furthermore,in accordwith WangandChang
(1993), we find that the characterof the transportvariessignificantly in time as the
systemevolves. We documentthe transportfrom both a convective scaleviewpoint,
primarily usingtrajectoryanalyses,andfrom a largerscaleviewpoint,by examiningthe
horizontally-integratedverticalflux divergence,a quantityparameterizedin larger-scale
models.

2. Meteorological Overview

The10JulyconvectivesystemdevelopednearthesouthernWyoming–Nebraskaborder
alongatopographicfeatureknownastheCheyenneRidge.Buildingduringlateafternoon
(localtime)onthe10th,themaincellspropagatedsouth-southeastwardinto northeastern
Coloradobeforedissipatingin theevening.

At 0000UTC 11 July (i.e., duringtheevent,1800MDT 10 July local time) synoptic
conditionswere characterizedby a broadridge over the convective area. At upper
levels, a shortwave trough, propagatingeastward, extendedin a southwest-northeast
orientationfrom westernKansasto easternNebraska,as indicatedby the dashedline
in the 300 mb analysisin Fig. 1. While this wave had moved acrossnortheastern
Coloradofrom 1200–0000UTC 10–11July, its passageover the areawas too early
to serve as a forcing mechanismfor the convectionunderstudy. During this period,
theshortwave’s progressionwasattendedby a shift in the300–500mb windsover the
convectiveareafrom westerlyto northwesterlyandaweakeningof theflow throughthis
depth.Anvil-level (e.g.,200mb)flow remainedwesterlythrough0000UTC, however.

Themainsurfacefeaturein theregionwasastationaryfrontextendingsouthwardfrom
theWyoming-Nebraskaborderinto easternColorado.As seenin Fig. 1, at 2100UTC
10July thefrontalboundaryseparatedcool, relatively moistair in Nebraskaandeastern
Coloradofrom warmer, drierair in WyomingandcentralColorado.At 2100UTC onthe
10thdewpointsonthecoolsidewere13–16

�
C,while thoseto thewest(warmside)were

3–10
�
C. Thesurfaceflow wassoutherly/southeasterlyon thecool side,with stationsin

easternColoradoandwesternKansasandNebraskareportingcloudyconditions(satellite
imagerypresentedbelow). Thelatterareasalsohadfogandlight rain. A surfacemesonet,
active in northeasternColoradoduring the STERAO campaign,revealeda north-south
gradientin surfacemoisture,with decidedlyhigherdewpoints(15–16

�
C) northof about

40N latitudelowerdewpoints(
�

10
�
C) southof about40N.

TheNationalWeatherServicesoundingfrom 0000UTC 11 July (not shown) reveals
a dry, deep,well-developedPBL on thewarmsideof thefront in Denver (DEN; located
in Fig. 1a), with a surface temperatureof 30

�
C and water vapor mixing ratios of

approximately5.5 gkg� 1 in the PBL; no frontal inversionappears. In contrast,the
Scottsbluff sounding(BFF; locatedin Fig. 1a)in thefrontal zoneat 0000UTC showed
a surfacetemperatureof 22

�
C andPBL mixing ratiosof 9–12gkg� 1 in thePBL. The

soundingpenetratedthefrontal surfaceat 800–700mb, which presenteda deep,strong
capto surface-basedconvection.

Satelliteimageryfrom theafternoon(local time)of 10 July throughtheearlyevening
revealsthe evolution of the convection. At 2202UTC (Fig. 2a) low cloud prevailed
over easternmostColorado,southwesternNebraska,andwesternKansas.In contrast,a
cloud-freeswathlay to thewestandextendedsouthwardfrom theWyoming–Nebraska
border. By thishoursmallcumulihavedevelopedontheCheyenneRidge,andtheclouds’
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FIGURE 1. 300mb for 0000UTC 11 July 1996andsurfaceanalysisfor 2100UTC 10 July 1996. In
the 300 mb analysis,solid contoursareheights(c.i. = 60 m). In the surfaceanalysis,the solid contours
aresurfacepressure(c.i. = 2 mb), andthesurfaceobservationsareplottedusingthestandardconvention.
Winds: full barb=10kt (5.1ms
 1). Temperaturesanddewpointsarein � C .
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Visible Satellite Images

a) 2202 UTC, 10 July 1996

b) 2315 UTC, 10 July 1996

c) 0015 UTC, 11 July 1996� 100 km

x�

FIGURE 2. Visible satelliteimagesfor the 10 July STERAO storm. The mapbackgroundshows the
intersectionof theColorado,NebraskaandWyomingbordersslightly to theleft of center, with averysmall
portionof Kansasvisible in thelower right corner. TheCLASSsoundingwastakenat thelocationmarked
by anx in panel(a).
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delineationof, andconformationto, thetopographysuggeststhattheconvectionis being
forced by elevatedheatingand upslopelow level flow (southerlyflow encountering
the W-E orientedCheyenneRidge). Apparenton the easternedgeof the ridge at the
Wyoming-Nebraskaborderis theanvil from theincipientconvectivesystem.

At 2315UTC (Fig. 2b) themulticellularcharacterof theconvectionis apparentand
theanvil hasexpandedto theeast.By 0015UTC 11July(Fig. 2c),thestrongestupdrafts
werelocatedjust northandeastof theWyoming–Colorado–Nebraskaintersection.The
anvil from this convectionhadexpandedsignificantly in the precedingtwo hoursand
continuedto move eastward after this time. The imageryin Fig. 2c highlights the
relative height of the anvil, which is castinga shadow over the low-level cloud over
easternColoradoand southwesternNebraska. The areajust southof the Cheyenne
Ridge,in northeasternColorado,hasremainedessentiallyclearthroughouttheepisode,
furtherevidencethattheforcingwastopographic.

3. Model Initialization

Thefully-compressible3D nonhydrostaticcloudmodelusedin this study, theCOM-
MAS model(COllaborative Model for MultiscaleAtmosphericSimulation),is derived
from the modeldescribedin Wicker andWilhelmson(1995). It hasbeenmodifiedto
usethe2ndorderRunge-Kuttatime-integrationalgorithmdescribedin WickerandSka-
marock(1998)andthe ice microphysicsfrom the GoddardCumulusEnsembleModel
describedin TaoandSimpson(1993). Thescalarquantitiesin themodel,includingthe
mixing ratiosof thewaterspecies(vapor, cloudwater, rain, ice,snow andhail, with hail
density��� = 0 � 9g/cm3 andhailnumberconcentration��� = 4 � 104 m � 4 ) andthepassive
chemicalspecies(CO andO3 ), areadvectedusinga modifiedVan-Leertype scheme
thatis monotonic(seeWickerandWilhelmson(1995)).

Themodelenvironmentis initializedwith ahorizontallyhomogeneousthermodynamic
sounding,andaflat lowerboundary(i.e.,notopography)is employed.Neithertheeffects
of radiationnor surfacemoistureandheatfluxesareincluded. Our rationalefor these
simplificationsis that we aremodelingtheconvective andmesoscaleenvironmentand
not themesoscaleor synopticscaleforcing thatproducedtheenvironment. Outsideof
establishingtheconvectiveenvironment,thelarge-scalesynopticevolutionandeffectsof
terrainareconsideredto haveonly a smallimpacton theconvectiveevolution,although
thetopographycertainlyplayedaroleby producinganisolated,elevatedheatingsource
andpossiblya regionof orographicallyinducedlow-level lifting (thatwouldexplainthe
occasionalgenerationof new cellsat thenorthwestedgeof theline). Thefidelity of the
simulationsto theobservations,demonstratedbelow, stronglysuggeststhattopographic
effectsandsynopticevolutionplayedonly asecondaryrole in convectiveevolutionafter
theconvectionoutbreak.

Figure3 presentsthethermodynamicsoundingusedfor modelinitialization. Thispro-
file is compositedfrom theCLASSsounding(Cross-chainLoranAtmosphericSounding
System,soundingstakenattheFortMorganAirport, locatedby theX in the2202satellite
photoin Fig. 2a)takenat2050UTC 10July, andP3andCitationaircraftsoundings(ver-
tical profilestakenduringascentanddescentduringtheevent). The10 July convection
wasdeep(cloud tops � 14 km MSL), andupdraftslikely possessedvertical velocities
greaterthan30 m s� 1 given the depthandstrengthof the reflectivity (seeFig. 6) and
thesignificantheightthat theovershootingtopsextendedabove thetropopause(Dye et
al, 1999). TheCLASSsoundingwaslocatedwell to thesouthof theconvective event
andwaslikely notaltogetherrepresentativeof theconvectiveenvironment.TheCitation
measurementsindicatethat the upperlevels ( � 10 – 13.5km MSL) weresignificantly
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FIGURE3. Thermodynamicssoundingfor themodelenvironment,alongwith theCLASSsounding,P3
flight datafrom 21:33:11Zto 22:03:11Z,andCitationflight datafrom 22:22:23Zto 23:30:03Z.

colderthanfoundin theCLASSmeasurements.Also, thestrengthof theconvectionsug-
geststhattheboundarylayerwassomewhatwarmer, aswell asdeeper, thantheCLASS
measurements,andis moreconsistentwith theCitationandP3measurements.Another
differencebetweentheCLASSandaircraftsoundingsis that the lattershow no signifi-
cantcapabove thePBL, while theformerhasa strongone. Elevatedheatingalongthe
Cheyenneridgemayberesponsiblefor thisdifference.TheCAPE(ConvectiveAvailable
PotentialEnergy) in thecompositemodelsoundingis approximately1850m2s� 2. Cloud
basein thesimulationusingthissoundingis atapproximately3.4to 3.5km MSL, while
cloudbasewasobservedto beat approximately3.6 km in theobservations;themodel
verticalresolutionis slightly over200m at cloudbase,sothediscrepancy is within the
modelerrorbounds.

Thewind fieldsusedin modelinitialization(Fig. 4) arecompositedfrom theCLASS
soundingand supplementedwith datafrom the P3 and Citation. The turning of the
windsseenat low levels,throughthefirst 2.5km abovegroundlevel (AGL, groundlevel
nominallyat1.5km MSL), wasdeducedin partfrom analysesof theP3’sDopplerradar
data.ThestrongshearlocatedabovethePBL is indicatedin theaircraftdataandDoppler
analyses,andthestrongshearin thePBL is indicatedin theCLASSsounding.Giventhe
lackof aircraftmeasurementsin theboundarylayer, wehaveusedtheCLASSsounding
asaguidein retainingthestrongshearin theupperpartof thePBL.A thermodynamically
well-mixed PBL possessingstrongshearis not uncommonon thehigh plains(see,for
example,thesoundingandhodographfor the1 August1981Miles City stormobserved
duringCCOPE,in Knupp(1987)).

Another importantaspectof the wind profile is the heightat which the upper-level
westerlyjet appears.TheCLASSsoundingindicatesthatthestrongwesterliesbegin at
around9.5kmMSL,whereastheCitationmeasurementssuggest thatthestrongwesterlies
begin a few kilometersabovethis. Theanvil orientationbetween9 and11 km indicates
that thewindswerestill predominantlyfrom thenorthwestin this layer, anorientation
consistentwith the 00Z 11 July soundingfrom Scottsbluff, NE (not shown), andnot
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FIGURE4. Environmentalwindsfor thesimulation,alongwith theCLASSsounding,P3flight datafrom
21:33:11Zto 22:03:11Z,andCitationflight datafrom 22:22:23Zto 23:30:03Z.

consistentwith theCLASSsounding.It appearsthattheshortwave troughdiscussedin
Sec. 2 wasresponsiblefor theshift from westerliesto northwesterliesin this layer, as
it hadpassedthroughtheareaby this time. Themodelinitial wind profile thuslargely
followstheCitationdataandtheScottsbluff soundingin settingtheheightof thewesterly
jet. Theamplitudeof thejet is setby matchingtheP3retrievedwindswith thesimulated
windsat thejet level.

The full soundingusedto initialize the model, along with the skew-T plot of the
soundingandthehodograph,is givenin theAppendix. Thesimulationhasa horizontal
resolutionof ∆  = ∆ ! = 1 km. Theverticalresolutionprovides50levelsfrom thesurface
to themodeltop, with resolutionvaryingfrom 50 m at thesurfaceexpandingto 700m
at10km AGL. Themodeldomainsizeis 120 � 120 � 20km. Convectionis initiatedby
placingthreepositively buoyantthermalsalignedNW-SEandspacedapproximately20
km apart.Theanalyticform of thethermalsis"$#

=
∆
"

2 % (cos( &(' ) + 1) for '*) 1

where ' =
+-,  /.0 � 21 3 2

+
, !4.0! �!51 3 2

+
,76 . 6 �6 183 2 9 1: 2 ;

 1 = ! 1 = 10 km,
6 1 =

6 � = 1500m, and∆
"

= 3K. In the multicellular stageof the
observedsystemthe line orientationwasNW-SE andthe line wascomposedof 2 to 4
active cellswith a total line lengthvaryingbetween30 to 70 km (seethe4.5 km MSL
dBZ fieldsin Fig. 5 at2312and0005UTC).Theinitializationusingtheabove-described
thermalsproducesaline of threecells30–60minutesinto thesimulation.Thesecellsare
similar to thesystemelementsasobservedbetweenapproximately2300and2400UTC.
We have specifiedtheinitial line orientationin thesimulation,but notablytheline does
not reorientitself asnew cellsaregenerated,andthesimulatedconvectionmaintainsthe
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correctline orientationduringthemulticellularregime. Theconvectiontransitionsinto a
supercella little after2 hoursinto thesimulation,while theobservedsystemtransitioned
to asupercellafterabout0100GMT 11July, or about3 hoursinto theevent.

The typesof convectionobservedarewhat would be expectedin the givenenviron-
ment. That is, given the initial potentialinstability andverticalwind shear, convective
stormtheorysuggeststhat isolatedcellsandsupercellsarelikely (WeismanandKlemp
1982).Thus,theconvectiveevolutionfromisolatedcellstoasupercellisunderstandable.
Moreover, thesupercell’ssouthwardmovementandtheobservedcyclonicrotationin the
mesocycloneis alsoexpected,giventheclockwisecurvaturein thelow-level hodograph.

4. Comparison with Observations

Thestructureof the10JulySTERAO convectivesystemis mosteasilyappreciatedby
examininghorizontalandverticalcrosssectionsof radarreflectivity andDopplerderived
horizontalwind fields. Figure5 presentshorizontalcrosssectionsof radarreflectivity
at 4.5km and10.5km MSL for theobservedsystemat 2312UTC July 10, 0005UTC
and0128UTC 11 July. Includedfor comparisonaremodelreflectivity crosssections
at analogoustimes,derivedfrom thesimulatedhydrometeordistributions. Theearliest
comparisontime(2312,10July)correspondsto thelinearstageof theconvectivesystem;
at this time the line was multicellular with cells orientedalonga NW–SE axis. The
secondcomparisontime(0005UTC 11July) is shortlybeforetheconvection’stransition
to asupercell,andthelastcomparisontime(0128UTC 11July)reflectsthesupercellular
stage.

Thereflectivity patternsin theobservedandsimulatedconvective systemsaregener-
ally similar at eachtime shown, althoughthey differ in many details. The simulation
reproducestheNW–SEorientationof theline of cellsat theearlyandmiddletimes.The
modelandobserved reflectivity maximacomparewell, with the observationsshowing
slightly higherreflectivity maximain the upperlevel crosssections.At the lower and
upperlevels,boththeobservedandsimulatedsystemsdisplaysignificantlytighterreflec-
tivity gradientson thesystem’s southwesternsidecomparedwith thenortheasternside.
Thesepatternsaredueto thewesterlyflow at upperlevelsstretchingtheanvil outflow
andprecipitationpatterneastward. In bothobservationandthemodel,discerniblefingers
of higherreflectivity canbe seenextendingeastward from the active cells. Generally,
the higher reflectivity patterns(area < 40 dBZ) are similar in size, while the lowest
reflectivitiesaresmallerin sizein thesimulationscomparedwith theobservations.This
discrepancy may be causedby deficienciesin thebulk microphysicalparameterization
usedin themodel,or possiblyerroneouslylow valuesof moistureatupperlevelsusedin
themodelsoundingthatwouldleadtoexcessiveevaporationin theanvil. Thediscrepancy
couldalsobecausedby by differencesin theupdraftmassflux.

Theobservedsystemtransitionsto a supercellafterabout0100UTC 11 July, or after
a little more than 3 h of active convectionalong the line. The simulatedconvection
transitionsto a supercellafterapproximately2 h in thesimulation.Thestructurein the
reflectivity fields is similar in bothcases,with theanvil extendingto thesoutheastand
thenturning moreeastward at greaterdistancesfrom the convective updraft,with this
patternbeingsomewhatmorepronouncedin the simulation. While the appearanceof
thesupercellfollows a buildupof thesurfacecold pool in thesimulatedsystem,surface
observationsarelackingtodocumentwhetherthebuildupof thecoldpoolwasthecritical
factorfor theobservedsupercell’s development.For thesimulatedstorm,a strongcold
pool was necessaryin this environmentfor producingan appropriately-tilted,quasi-
steadyupdraft. The observedsystemdecayedby 0230UTC (2030local time, MDT).
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Nocturnalcooling of the boundarylayer, a likely causeof the decayof the observed
system,is notaccountedfor in themodel.

Verticalcrosssectionsthroughtheobservedandsimulatedsystemsareshown in Fig.
6 for boththemulticellularandsupercellstages.Theheightof theconvectiveelements
andthe depthandhorizontalextent of the anvils aresimilar. The simulatedcells are
comparablein depthto mostcellsobservedin themulticellularstage(e.g. theNW cell
(leftmost)at 2312),althoughthey aresubstantiallyshallower thanthedeepestobserved
cell (therightmostcell at 2312). At later times,thesimulatedsupercellis substantially
deeperthantheobservedsupercell.Thetopsof theobservedconvective cellsarefairly
high,with 35dBZ echoesextendingabove14km MSL for thestrongestcellsin the2300
to 2400UTC time period. The anvil top decreasesin heightwith increasingdistance
downwind of the updraftsin both the observationsandthe simulation. This behavior
likely reflectsbothdynamicalandmicrophysicaleffects;theovershootingof convective
topsandsubsequentparceldescent,followedbyevaporationof hydrometeorsandcooling
(andfurtherdescent)of anvil air asit flows outward. In thesimulation,theupperanvil
boundaryisalsotheupperboundaryof theCO(tracer)plume,andthustheair isgenerally
descending.Analysesof crosssectionsthroughtheanvil awayfrom theactivecellsshow
that the hydrometeorand dBZ maximado not correspondto the CO (tracer)plume
maxima.Thus,hydrometeorsedimentationin theanvil alsolowerstheheightof thedBZ
maximumin the anvil (the dBZ maximumimplies significantsedimentationrates)but
sedimentationdoesnotdirectlycausetheair parcelsto descend.

Doppleranalysesof reflectivity andhorizontalwind fieldswereproducedusingdata
from the P3 airborneDoppler(Jorgensonet al, 1994)andCSU CHILL radar. Figure
7 shows horizontalcrosssectionsfrom theanalysesandfrom ananalogoustime in the
simulationatfourheights.Low-levelcrosssectionsat2400m,2900m,and3900mMSL
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show theturningof thewind with heightat low levels(in andabovetheboundarylayer).
Thearealextentof thereflectivity patternis limited at low levels,andtheenvironmental
winds arebestestimatedfrom winds at the southeasternedgeof the reflectingregion
whereanvil precipitationproducesasignalawayfromtheactiveconvection.TheCLASS
soundingindicatedthatenvironmentalwindsturnedto westerliesandnorthwesterliesat
significantlyloweraltitudesin theboundarylayerthansuggestedin theDoppleranalyses.
TheDoppleranalysesareconsistentover time, andshow that the low level hodograph
changedlittle over thelifetime of activeconvection.

Upper level reflectivity and horizontalwinds at 11.4 km MSL arealso depictedin
Fig. 7. Theretrievalsshow thatthewindsremainnorthwesterlyat 11.4km, while they
have shiftedto predominatelywesterliesat 12.4km (not shown). AlthoughtheCLASS
soundingsuggestedthattheshifttowesterliesoccurredby10.4kmMSL,simulationswith
theCLASSwindsproducedeast-westorientedanvils ratherthantheNW-SEorientation
observed.

5. Tracer Transport

CO andO3 areincludedaspassive tracersin thesimulationsto examinetheeffect of
theconvectionon thedistribution of species.Initial modelsoundingsof CO andO3 are
given in Fig. 8, wherethey aresuperposedover scatterplots of CO andO3 measured
outsideof the cloud by the P3 andCitation aircraft for the entireflights. The highest
concentrationsof CO( < 135ppbv) in themodelprofilearefoundin theboundarylayer,
with concentrationsdecreasingup to themid-tropospherewherea backgroundvalueof
approximately70 ppbv is reached.The O3 profile is essentiallyan inverseof the CO
profile,with low concentrationsandlittle verticalvariationthroughoutmostof thelower
troposphere,andincreasingvaluesandstronggradientsasthelower stratosphereis en-
countered.TheO3 profiledifferssubstantiallyfromtheclimatologicalprofilefor Boulder
Coloradoin July(fromLogan,1999)whichis alsoplottedin Figure8. O3 concentrations
in thesimulationprofilearegenerallyslightly morethanastandarddeviationhigherthan
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theobservedclimatologicalvaluesin theuppertropospherebelow the tropopause(ap-
proximately13.5km MSL). Theout-of-cloudobservedO3 concentrationsvary widely
in theregion justbelow thetropopause.Thehighervaluesobservedat12.5km MSL are
foundonthesouthwestsideof thestorm,andthelowervaluescorrespondtoobservations
on thenortheastsideof thestorm. We have constructedtheO3 soundingto reflectthe
lower observedvalueswhich arealsocloserto theclimatologicalvalues.Thehigh out-
of-cloudvalueson thesouthwestsideof thestormbelow thetropopausecould indicate
convectively inducedstrongsubsidenceandtropopausefolding outsidethestormaround
theanvil. Our convective simulationdoesnot producestrongtropopausesubsidenceor
folding in thevicinity of theanvil.

5.1 Tracer Distributions and Comparison with Observations

Figure9 presentshorizontalandverticalcrosssectionsof CO for two times– during
thelinearconvectivestageat1 h into thesimulationandduringthesupercellstageat2.5
h into thesimulation.COvaluessignificantlyabove100ppbv extendwell into theanvil
at analtitudeof 11.5km MSL. Citationpassesin theanvil aroundthis level (Dye et al.
1999,Fig 12; at 2312–23:20UTC at Z 11.6km MSL andat 2331–2339UTC at Z 11.2
km MSL) have peaksof approximately110ppbv with typical in-cloudvaluesof 90 to
100ppbv. TheCitationcrosssectionsweretakenapproximately40 to 50km downwind
of active convective cells during the linear stageof the system’s evolution. Valuesin
excessof 95 ppbv arefoundwell downwind in thesimulations(seethehorizontalcross
sectionsin Fig. 9). At 3600s into thesimulationtheanvil is still expandingandis just
reaching50 km downwindof theconvectively-activeregion. Thehigherconcentrations
of COin thelinearstagetendto beator below 11.5km MSL in boththesimulationsand
theobservations(seethelaterCitationpassesin Dye et al. 1999,Fig 12),althoughthis
behavior is morepronouncedin theobservations.

TheCOcrosssectionsat3600s canbecomparedwith convectivesystemsimulations
fromPickeringetal. (1992b),wheremodelingresultsfor COtransportin the10–11June
1985PRESTORM convectivesystemandthe26April 1987ABLE-2B systemaregiven.
Dilution of boundarylayerair detrainedinto theanvil is evident in bothof theselinear
convective systemsandin theSTERAO system,but boundarylayerconcentrationsare
not found in the anvils. Thus,somedilution (entrainment)of boundarylayer air must
haveoccurredin theupdrafts.

ThesimulatedSTERAO supercellcanbecomparedwith the3D simulationsof Hauf
et al. (1995) for the 21 July 1992 CLEOPATRA storms. Hauf et al.’s simulated
supercellsshowed almostundilutedboundarylayer air reachingthe anvil (basedon
O3 concentrations),conditionsalsofoundin thesupercellstageof thesimulatedSTERAO
storm(Fig. 9). AlthoughHaufet al. (1995)only examinedthesimulationresultsin the
anvil region closeto theupdraft,they arguedfrom observationsthatundilutedair may
befoundover 100km downwind in theanvil in theCLEOPATRA storms. In contrast,
theSTERAO simulationdoesnotshow undilutedboundarylayerair fardownwindin the
anvil.

Figure9 alsopresentsO3 crosssectionsfrom thesimulationsat3600s. Oneobserved
featurewhich is not reproducedby thesimulationsis thedifferencebetweenthesouth-
westandnortheastout-of-cloudO3 values. The observationsshow elevatedO3 values
(comparedto the backgroundvalues)on the SW side of the anvil (Dye et al. 1999,
Fig 12; seeCitation passesat 11.2km, 11.6km, and11.8km MSL; the out of cloud
valuesvaryby 50ppbv ). Thesimulation’sverticalcrosssectionof O3 , which includes
anoutlineof the1 dBZ reflectivity, shows that theair outsidetheanvil-cloud region is
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essentiallythatreflectedin theoriginalmodelprofile. Thereis nopronouncedsubsidence
on thesouthwestsideof theanvil in thesimulationthatwould explain thehigh values
for observedO3 .

Flight track datacanbe directly comparedwith simulationdataby superposingthe
flight datawith similar trackstakenthroughthesimulationfields. Figure10presentsCO
andO3 measurementsfor Citation passes2 and5 (seeDye et. al. 1999for the track
locations)alongwith similar passesthroughthe simulation(approximately10 and50
km downwind of the southeastern-mostcell, with a SW-NE andN-S orientation,with
half anhourspacingbetweenthepasses).Giventheobservedanvil winds,thesepasses
aresamplingapproximatelythesameair parcelsasthey flow throughtheanvil. For CO,
thepeakvaluesandfluctuationaresimilar in theobservationsandmodel,andbothshow
a decreaseof between5 and 10 ppbv betweenthe upstreamand downstreamvalues,
suggestinga smallamountof entrainmentandmixing occurred.TheO3 measurements
are similarly in agreementin the early pass,althoughthe simulationssuggestmore
mixing occursas the air progressesdownwind in the anvil; the observationsmaintain
a broadO3 minimumwith valuessimilar to the upwindpasswhile themodelshows a
significantlynarrower minimum,alsowith valuessimilar to theearlierpass.As noted
in the discussionof the horizontalcrosssections,the asymmetryobserved in O3 from
the SW to NE sideof the systemis not capturedin the simulation. Stenchikov et. al.
(1996) found suchan asymmetryin their 2D simulationsof the 28 June1989 North
DakotaThunderstormProjectstorm,andattributedtheasymmetryto strongdownward
tropopausedeformationon theupwindsideof theanvil; therewereno observationsto
verify theexistenceof theasymmetryfor thatstorm.

5.2 Vertical Tracer Fluxes

Theconservationequationfor thepassivetracerspeciescanbeexpressedas[
(¯\^] )[`_ = a [ (¯\cbd] )[fe a [ (¯\�g�] )[fh a [ (¯\cij] )[`k ;
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where ] is themixing ratio of the tracer. A generalmeasureof theconvective vertical
transportcanbeobtainedby horizontallyintegrating(1) over thedomain.[[`_vu
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This equationprovides the instantaneouschangein the massof tracer ] at a heightk
, horizontallyintegratedover the domainΩ with spatialboundariesΓ andboundary-

normalvelocity b n. ThelasttermontheRHSof (2) is thenetflux throughtheboundaries.
Having computedall the termsin (2) for CO andO3 at eachtimestep,we find that this
termis alwaysmuchsmallerthantheothertwo andcanbeignored.Thefirst termonthe
RHSof (2) is thehorizontallyintegratedverticalflux divergence,andit is thedominant
termin thehorizontallyintegratedtime-rate-of-changeof ¯\^] .

Equation(2) canbetimeintegratedto revealthenetchangein thetracer] asafunction
of height(kgm z 1) throughtime

_
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For thetracerCOthisquantity(3) is depictedin Fig. 11. This integratedflux divergence
has a similar profile for the three times plotted. There is a net gain in CO in the
atmosphereat almostall heightsabove approximately8 km MSL, anda corresponding
net decreasebelow this level, althoughthe flux divergenceis not uniformly negative
here,particularlyat thefinal time. Above8 km MSL, themaximumtime-integratedflux
divergenceincreaseswith altitude, indicative of deepeningconvective transportasthe
systembecomessupercellular.

The time-integratedverticalflux divergenceof CO calculatedherecanbe compared
qualitatively to thepassivetracerredistributionscomputedin Pickeringetal. (1992a,Fig.
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2) for the3 August1992ABLE-2B convective system.In bothsystemsthereis only a
smallamountof detrainmentatmidlevels(from about5–8km MSL in theSTERAOcase
andfrom about5–9km MSL in theABLE-2B case),with thebulk of thedetrainment
occuringin theanvil region. Boundarylayerconcentrationsarereducedby system-scale
subsidenceandtransportin convective downdrafts. The structurein the STERAO CO
flux divergencearisesin part becauseof the structureof the initial CO profile, which
presentsasignificantverticalgradientof CObetween3 and8 km MSL.

Thenetmassof COinjectedinto theuppertroposphereandlowerstratospherecanbe
computedby vertically integratingtheflux divergence(3) over thedesiredlayer. Figure
12isaplotof thetimeintegralof thevertically-integratedflux divergence(fromz=8to15
kmMSL) duringthe3hsimulation,alongwith theinstantaneousrateof changeof thenet
flux in this layer. While thenetmassof COaddedto this layerincreasesmonotonically,
the rate of increaseis not constant. After convection is established(after 1/2 hour)
peaksin thenetflux arefollowedby aminimumin theflux thatis lessthanathird of the
peaks.Thisminimumis followedbyasteadyincrease.Examinationof theinstantaneous
vertically-integratedflux associatedwith positive andnegativeverticalvelocitiesshows
that the minimum in flux divergenceat approximately1.5 h is causedprimarily by a
weakeningof theupdrafttransport,not by anstrengtheningof thedowndraft transport.
Also of interestis theresultthatthefinal peak(at3 h) is at leasthalf aslargeastheearlier
peaks(at Z 1 h), eventhoughat 3 h theverticaltransportis beingperformedby a single
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cell asopposedto 3 or 4 cells. The significantlyenhancedtransportassociatedwith a
supercellis alsoindicatedin Fig. 9, wheretheverticalcrosssectionat 9000s shows a
broad,deepupdraftcontaininghighlevelsof CO( � 115ppbv). In contrast,at theearlier
time (3600s) the updraftsaresignificantlynarrower andsomewhatshallower, andthe
maximumvaluesof COaresomewhatlower, particularlyathigherlevels.

ThenetCO depositioninto theanvil canbecomparedqualitatively with themonthly
meanconvective massflux of CO out of theboundarylayercomputedby Thompsonet
al. (1994)for thecentralUSfor themonthof June.For theboxboundedby 40��a 42y 5�
N latitudeand102y 5� –105� W longitude,Thompsonet al. estimatethat11–17.8 � 107

kg of CO permonthis fluxedout of theboundarylayer, and7.89–9.95� 107 kg of CO
permonthis fluxedinto theboundarylayer, for anetflux of COpermonthrangingfrom
aminimumof 11 a 9 y 95= Z 1 � 107 kg to amaximumof 17y 8 a 7 y 89= Z 9.9 � 107 kg. The
simulatedSTERAO stormproducedanetflux of 2.5 � 105 kg of COover thethree-hour
simulation. Given that the observed convective systemlasteda bit over 4 hours,and
extrapolatingtheCO flux in thesimulation,onemight expecta flux of around5 � 105

kg of CO over thestorm’s lifetime. If oneassumesthatthenetflux outof theboundary
layeris mostlydepositedinto theanvil, thenbetween20and200stormsof this typeper
monthwouldberequiredwithin this region to producetheminimumandmaximumnet
flux estimatedby Thompsonet al. Thelower limit for thenumberof storms,andhence
for theflux in Thompsonetal.,appearsto bethemorereasonableestimate.

5.3 Parcel Trajectories

Trajectoriesarecalculatedin themodelto identifythesourcesof convectiveupdraftand
anvil air. ThetrajectorycalculationsareperformedastheEulerianmodelis integrated,
andparcelpositionsareupdatedeverytimestepusinga2ndordertimeintegrationscheme
coupledwith a tri-cubic/monotonicspatialinterpolationscheme.Using theseforward
trajectories,parcelsarereleasedandtheirpathsareexamined.

Figure13 shows themaximumheightsreachedby parcelsreleasedfrom thelowest4
km above thesurface(1.5 to 5.5 km MSL) alongthecrosssection�w����� (shown in the
upperleft handpanelof Fig. 9). Theparcelsarereleasedat 30 min in thesimulation,
andparcelsreachingtheconvectiveupdraftsdo sobetween70–90min. Thedelineation
betweenlow-levelparcelsthatdoordonotreachtheirlevelof freeconvectionis striking,
andthe separatebandsin Fig. 13 identify parcelsdestinedfor two differentupdrafts.
Note that parcelsin the lowest levels, from 1.5 – 2.0 km MSL (0 – 0.5 km above the
surface)do not reachtheir level of freeconvection.Thelow-level air beingingestedby
theconvectiveupdraftsinsteadoriginatesfrom a layerbeginningatapproximately2 km
MSL andextendingto a little lessthan3.5km MSL.

Significantcurvaturein the hodographwasobserved in the lowest2 km with winds
veeringfrom southeasterlyat1.5km MSL (thesurface)to northwesterlyat3.5km MSL.
Thehodographcurvatureis responsiblefor thetilted structureseenin Fig. 13;air at3.5
km MSL is travelingto theeast,while air at2 km MSL is travelingto thenorth. Selected
trajectoriesof updraftparcelsplottedin agroundrelative framework aredepictedin Fig.
14. The resultsfurther emphasizethe flow branches:parcelsoriginatingfrom around
3.5 km MSL comefrom the west, parcelsfrom around2.5 km MSL comefrom the
southwest,andparcelsfrom around2.2 km MSL comefrom the south,while parcels
startingbelow 2 km MSL do not entertheupdrafts.Thus,theboundarylayerair thatis
ultimatelycarriedinto theanvil originatespredominatelyfrom westandsouthwestof the
storm(rural/urbanto thewestwith metropolitanDenver to thesouthwest)asopposedto
southandsoutheastof thestorm(largelyagriculturalareas).Thispatternremainslargely
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unchangedover time,andtrajectoriesstartedat latertimesindicatethatair in thelowest
500m is neverentrainedinto theconvectiveupdrafts,evenduringthesupercellularstage.

TheP3aircraftmeasurementsindicatebothalong-line(horizontal)gradientsof chem-
ical speciesat low levelsawayfrom thesystem(SWof theconvection,likely in partsof
the inflow), andsignificantverticalgradients(seeDye et al, 1999,Fig. 11). Thus,the
characterizationof somechemicalspeciesinflow canbedifficult giventhe3D structure
of the inflow. Unfortunately, the observationsare inadequateto documentthis inflow
structure,particularly with respectto the lack of inflow in the 0–500m layer in the
simulation.A furthernoteof cautionis appropriate.We find thatthedepthof inflow air
in thesimulation(i.e., theair enteringtheupdraftsandexiting via theanvil) is sensitive
to detailsin the boundarylayer formulation,the microphysicalparameterizations,and
the low-level thermodynamicsoundingand hodographused. While the observations
maynot beadequatefor confirmingthesimulatedfeatures,the lack of inflow from the
lowestlevels in thePBL maybecommonin weakly-forcedconvective systemsthatdo
not develop strong,deepcold pools. Indeed,this may be very commonon the high
plainsof thecentralU.S.,wherehigh cloudbasesandweakcold poolsarecommonin
summertimeconvection.

The trajectoriesplotted in Fig. 14 give an indication of parcel residencetime in
updrafts.For example,trajectory1 ascendsratherslowly, with nearly1/2 h spentin the
updraft,while trajectories2, 3 and4 ascendmuchmorequickly, with approximately10
minutesspentin theupdraft. Thehistogramof timesspentin theupdraft,givenin Fig.
15,providesamorequantitativemeasureof parcels’updraftresidencetimes.Residence
time in the updraft is definedhereas the time necessaryfor a parcelto travel from 4
km MSL (2.5km abovethesurface,whereit is enteringtheupdraft)to 500m below its
maximumattainedheight.Only thoseparcelsascendingabove8 kmMSL areconsidered
andwe areusingthedatafrom the trajectoryanalysisin Fig. 13. Most parcelsspend
between10 and20 minutesin the strongupdrafts,althoughthereis a significanttail
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out past30 minutes.With a meanmaximumheightof around11 km MSL, theaverage
vertical velocity of a parcelthat takes 10 minutesto ascendwould be approximately
10.8m sz 1. Althoughsignificantlyhigherinstantaneousverticalvelocitiesoccur(in the
simulationmaximumverticalvelocitiesaveragearound30m sz 1), parcelsdo not spend
mostof their time in thestrongestupdrafts.

Trajectoriesbeginningat upperlevels (above thePBL) show thatdowndraftstendto
beshallow; rarelydoair parcelsdescendmuchmorethan3 km in thedowndrafts.Thus,
air depositedinto theboundarylayerby convectivedowndraftshasits sourceonly a few
kilometersabove theboundarylayer. Also, uppertroposphericandlower stratospheric
air doesnot descendfar in the downdrafts; the deeperdowndrafts tend to originate
anywherefrom 4.5 – 7.5 km MSL, not from higher in the troposphere.Theseresults
areconsistentwith the earlierfindingsof Knupp (1987), that the maximumheightof
low-level downdraftsreachingthe PBL appearto be at the transitionlevel wherethe
environmentaltemperatureprofileturnsabsolutelystable.In themodelsounding(Figure
A1 in theAppendix)this transitionlevel is at approximately550mb or a little lessthan
5.5km MSL (4 km AGL).

6. Summary

The 3-dimensionalstructureand evolution observed in the 10 July 1996 STERAO
convective systemhasbeenbroadly reproducedwithin a nonhydrostaticcloud-model
simulationusingan idealizedhorizontallyhomogenoussoundingandno terrain. The
simulatedconvectivesystemcapturestheevolutionof themulticellularline toasupercell.
Line orientation,anvil structure,horizontalwind fields,depthof convection,andderived
radarreflectivity comparewell with observations.Thesuccessof thesimulationsuggests
thatthesynopticevolutionandterraineffectsactedto preconditiontheenvironmentand
perhapsinitially force the convection,but playedonly a secondaryrole in the system
evolution.

Simulatedpassive tracertransportof CO andozoneyield resultsgenerallyin agree-
mentwith aircraftmeasurements,althoughthesimulationdoesnot reproducethe high
valuesof ozoneobservedon the southwestsideof the anvil. In the simulatedsystem,
COtransportfrom theboundarylayerto theanvils showsasmallamountof entrainment
of environmentalair in the updrafts,followed by a similarly small amountof dilution
occurringwith transportdownwindin theanvil. Entrainmentanddilution in thesimula-
tion arelessobviousat latertimes,i.e.,duringthesupercellphase,thanduringtheearlier
multicellularphase.

Analysesof theverticalflux divergencefor CO in thesimulationshow a netgainat
almostall levelsabove8 km MSL (middleto uppertroposphereandlowerstratosphere).
The rate of increaseof CO massabove 8 km is not uniform, but variessignificantly
in time. Thereare peaksat early times, followed by a declineand minimum as the
systemtransitionsto asupercell,followedby asteadyincreaseasthestormevolvedinto
a supercell.At thefinal time, thesupercellwaspumpingoverhalf asmuchCO into the
upperatmosphere(i.e.,above8 km) aswere3 to 4 cellsatearliertimes.

Trajectoryanalysesshow that convective updraftsin the simulationareingestingair
from a layerspanningapproximately0.5 km - 2 km above the ground(2 km - 3.5 km
MSL), andwe find thatboundarylayerair closestto theground(below Z 0 y 5 km above
theground)is not beingdrawn into theconvective updrafts.Most parcelsresidein the
updraftsfor a time varying from just under10 min to more than 20 min, with most
commonresidencetime of around10 min. Lastly, wind profile analysesreveal that
thereis significantcurvaturein thehodographover thelowest2 km for this event,with
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southeastwindsat the surfaceveeringto north-northwesterlyflow above 3.5 km MSL
(2 km above thesurface). Thus,thesimulationsuggeststhat the inflow to the 10 July
STERAO convective systemair waspredominatelyfrom thewestandsouthwest.This
characteristicof theinflow, i.e.,thatthestorm-processedair doesnotoriginatebelow 500
m, is difficult to documentwith theobservations,but may becommonin summertime
high plainsconvection. Similar modelinginvestigationsof otherSTERAO eventsare
underwayandmayconfirmthisfinding.
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Appendix

Themodelsoundingat modellevels is givenbelow, alongwith environmentalwinds

andthe initial CO andO3 sounding. A skew-T plot of the soundinganda plot of the

hodographis givenin FigureA1.
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FIGURE A1. Model soundingplottedon a skew-T diagramalongwith thehodograph.Thehodograph
heightsarein km abovetheground(MSL - 1.5km). ThethermodynamicsoundinghasamaximumCAPEof
1850m2 s̄ 2 andabulk Richardsonnumberof approximately7 (computedusing500m and6 km winds).
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ModelSounding

height pressure potential water U V CO O3
(m, AGL) (mb) temperaturevapor msz 1 msz 1 (ppbv) (ppbv)

(K) (g kg z 1)

19650. 49.7 524.0 0.0 16.2 -5.6 70 906
18950. 55.3 504.2 0.0 16.2 -5.6 70 846
18250. 61.7 484.4 0.0 16.2 -5.6 70 785
17550. 68.9 464.6 0.0 16.2 -5.6 70 724
16850. 77.0 445.1 0.0 16.2 -5.6 70 663
16150. 86.1 425.9 0.0 16.2 -5.6 70 603
15450. 96.5 406.3 0.0 16.2 -5.6 70 542
14750. 108.4 388.1 0.0 16.2 -5.6 70 484
14050. 121.7 378.0 0.0 18.4 -4.7 70 427
13350. 136.5 368.9 0.0 21.0 -4.4 70 370
12650. 153.0 360.4 0.0 24.0 -4.4 70 314
11950. 171.3 353.5 0.0 25.0 -3.4 70 257
11250. 191.3 349.5 0.0 25.0 -5.1 70 200
10550. 213.3 345.2 0.0 20.0 -9.0 70 162
9850. 237.3 341.4 0.0 17.0 -14.5 70 134
9150. 263.5 338.6 0.1 17.0 -16.0 71 112
8450. 291.8 336.8 0.1 15.5 -15.0 74 95
7760. 322.1 334.4 0.2 15.0 -14.5 76 78
7105. 352.9 333.1 0.3 14.0 -14.0 79 63
6503. 383.2 331.5 0.4 13.0 -13.0 84 50
5947. 412.9 329.4 0.6 12.5 -12.5 90 40
5435. 441.9 327.9 1.1 10.0 -10.0 90 37
4963. 470.1 325.8 1.6 9.0 -9.7 90 35
4528. 497.3 323.3 1.9 5.8 -10.0 95 40
4127. 523.5 321.7 2.1 6.0 -11.1 108 47
3758. 548.7 320.0 2.5 6.1 -11.3 105 55
3417. 572.7 319.1 3.4 6.2 -9.7 109 60
3103. 595.6 318.7 3.9 7.4 -10.1 113 60
2814. 617.2 318.1 4.5 8.4 -10.4 117 60
2547. 637.7 317.8 5.6 8.3 -10.3 120 60
2302. 657.0 317.1 6.6 8.1 -10.0 122 60
2075. 675.2 316.7 7.6 7.9 -7.2 125 60
1867. 692.3 316.4 8.2 7.9 -3.3 128 60
1674. 708.3 316.1 8.8 7.9 -2.2 130 60
1497. 723.3 315.3 9.6 7.3 0.0 132 60
1334. 737.4 314.8 10.6 6.4 1.1 134 60
1183. 750.6 314.3 10.9 5.4 2.1 135 60
1044. 762.8 314.1 11.5 3.7 3.0 135 60
916. 774.3 314.0 11.5 2.2 3.9 135 60
798. 784.9 313.9 11.5 1.5 4.7 135 60
690. 794.9 313.9 11.5 1.0 5.4 135 60
590. 804.1 313.8 11.5 0.5 6.0 135 60
497. 812.7 313.8 11.5 -0.1 6.8 135 60
412. 820.6 313.7 11.5 -1.6 8.2 135 60
334. 828.0 313.7 11.5 -3.1 8.6 135 60
262. 834.9 313.7 11.5 -4.4 9.0 135 60
195. 841.2 313.6 11.5 -5.5 9.0 135 60
134. 847.1 313.6 11.5 -5.5 9.0 135 60
77. 852.5 313.6 11.5 -5.5 9.0 135 60
25. 857.6 313.6 11.5 -5.5 9.0 135 60
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