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The obsened 10 July 1996 STERAO corvective systemis broadly reproducedn
a nonhydrostaticloud-modelsimulationusing an idealizedhorizontallyhomogenous
soundingandnoterrain. Systemevolution from a multicellularline to asupercellalong
with line orientation,arvil structure,horizontalwind fields, depthof corvection,and
derivedradarreflectivity, comparewell with obsenations.

Simulatedpassve tracertransportof CO and ozonegenerallyagreewith aircraft
measurementsand shov a small amountof entrainmentof ervironmentalair in the
updraftsandasmallamountof dilution occurringwith transpordovnwindin thearvil;
theentrainmenanddilution arelesspronouncedn the supercelktage. Thehorizontally
integratedverticalflux divergenceor COin thesimulationshovsanetgainatalmostall
levelsabose 8 km MSL. Therateof increaseof CO massabore 8 km variessignificantly
in time, with a peakat early times, followed by a declineandminimum asthe system
transitionsto a supercelland a steadyincreaseas the supercellmatured. Trajectory
analysesshowv that updraftsin the simulationare ingestingair from a layer spanning
from 2 km to 3.5 km MSL (from 0.5to 2 km above the surface). Theresidencdimes
for parcelsn the updraftvariesfrom just under10 min to morethan20 min, with most
parcelgakingapproximatelyl 0 min to ascendo thearvil.

1. Introduction

TheSTERAO/DeepCorvectionproject(Stratospheric-fopospheriExperiment:Ra-
diation,AerosolsandOzone , STERAO), whoseobsenationalcomponentvasconducted
in JuneandJuly of 1996in northeasteriColorado,hasasa major objectie to investi-
gatethunderstormstole in the distribution of chemicalspeciedn the troposphere Of
particularconcerris the evolution of watervaporandodd nitrogenspeciesn thetropo-
sphereandlower stratospher¢Dye etal. 1999). While oneof the specificconcernds
the examinationof NO, (= NO + NO, ) productionby lightningandNO,, transportby
convectiveandmesoscaleirculationsamoregeneratoncerns quantifyingthenetcon-
vective transportof boundaryayerspeciesnto thetropospher@andlower stratosphere,
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particularlyasa function of the structureof the evolving corvective systems.We wish

to improve our understandingf chemicaltransporion boththe corvective scaleandthe

mesoscalefor applicationin cloud chemistryandlongertime-scalestudiesandpoten-
tially for usein corvective transporfparameterizations largerscalemodels. To these
ends,we employ a 3-dimensionatloud modelto simulatethe 10 July 1996 STERAO

convective eventandanalyzetracertransportwithin the simulatedsystem.

The characterof tracertransportin midlatitudeand tropical corvective systemsas
revealedin obsenational and modeling studies,hasbeenfound to vary significantly
amongdifferent corvective events,and often variestemporallyas cornvective systems
evolve. The transportof boundarylayer air into arvils, entrainmentand detrainment
in updrafts,andexchangeof air acrosshe tropopausédnave recevedthe mostattention
in the studies. In midlatitudecontinentalcorvective storms,Hauf etal. (1995)found
largelyundilutedboundarytayerairtransportedo thearvil in 3D simulationsof supercell
stormsobsenedover centralEurope. Alternatively, WangandChang(1993)andWang
and Crutzen(1995) find that considerablalilution of boundarylayer air occursasit
is transportedhroughthe updraftsinto the arvil in 3D and 2D simulationsof mid-
continental(US) corvective storms. In the 3D modelingstudy by Wang and Chang
(1993), significantchangein both the transportcharacteristicof the storm and the
boundaryjayersourceregionfor updraftsoccursin thesimulations.In modelingstudies
of oceanicandcontinentakropicalcorvection,Wangetal (1995)andScalaetal (1990)
find significantdilution of boundarylayer air asit is transportedn corvective updrafts
andin the arvil; Scalaet al find that greaterthan 50% of the air transportednto the
anvil originatesfrom above the 6 km level in their 2D simulationsof the 6 May 1987
ABLE 2B storm.Wangetal (1995)find thatsignificantamountf stratospheriair can
be broughtinto thetroposphericloudregion, particularlyin the upperarvil. Thiswide
rangeof resultsin partreflectsthe differentcharactef the corvective stormsandthe
differentemphasesf thestudies.

Moststudief tracertransporin corvective systemshatarebasedn cloud-resolving
simulationshave assumedwo-dimensionalitythatis, the corvective linesareassumed
not to vary in the along-linedirection,andtwo-dimensionakimulationsare employed
(e.g.,Wangetal. 1995;Pickeringetal. 1992a;Scalaetal. 1990). The 2D assumption,
however, is appropriateonly for environmentswith little hodograptcunature,for long
corvective lines, or for lines with shortlifetimes (Skamarocket al. 1994)— thatis,
valid only for a small subsetof obsened corvective systems.Obsenationsshov that
the 10 July STERAO systemwas not two-dimensionabr even quasi-tw-dimensional
duringary stageof its evolution. Throughits middlestageghesystemwvasmulticellular,
consistingof two to four cells orientedNW-SE (Dye et al. 1999). The orientationof
theline of cells wasmore parallelto the low-level shearthan perpendiculato it, and
the arvil outflov was predominantlyparallelto the line (i.e., it streamedoward the
southeast).The orientationsof both the line andthe arvil, therefore were contraryto
a 2D configuration. The systems final stagefeatureda single, large, corvective cell
propagatingsouth-southeastvd. Although not aslong-lived as most supercellsthe
singlecellin thefinal stagewvassupercellularin characte(possessintpw andmid-level
rotation,verifiedby groundandaircraftobsenersandDoppleranalysesandpossessing
asingle,long-livedupdraft)andcontainechighly 3D dynamicsandairflow.

Usingafully 3D modelandbeginningwith a horizontallyhomogenousoundingde-
rived from obsenations,we have produceda simulatedcorvective systemthatcaptures
the obsened evolution of the 10 July storms. In particular the transitionfrom a multi-
cellularline to a singlesupercellis reproduced.The characteristic®f the transportoy
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cornvective updraftsarein somerespectssimilar to thoseseenin resultsfrom previous

studies.For example thereis someentrainmentn the active updraftsmorepronounced
in the multicellular regime (suchas Scalaet al. 1990) thanin the the supercellular
regime (suchasin Hauf etal. 1995). Furthermorejn accordwith Wangand Chang
(1993), we find that the characterof the transportvaries significantly in time asthe

systemevolves. We documentthe transportfrom both a cornvective scaleviewpoint,

primarily usingtrajectoryanalysesandfrom alargerscaleviewpoint, by examiningthe

horizontally-intgratedvertical flux divergence a quantityparameterizedh largerscale
models.

2. Meteorological Overview

ThelOJulycorvectivesystendevelopedhearthesoutheriWyoming—Nebraskborder
alongatopographideatureknowvnastheCheyenneRidge. Building duringlateafternoon
(localtime) onthe 10th,themaincellspropagatedouth-southeas@vdinto northeastern
Coloradobeforedissipatingn the evening.

At 0000UTC 11 July (i.e., duringthe event,1800MDT 10 July local time) synoptic
conditionswere characterizedy a broadridge over the corvective area. At upper
levels, a shortwave trough, propagatingeastvard, extendedin a southwest-northeast
orientationfrom westernKansasto easterrNebraskaasindicatedby the dashedine
in the 300 mb analysisin Fig. 1. While this wave had moved acrossnortheastern
Coloradofrom 1200—-0000UTC 10-11July, its passagever the areawas too early
to sene asa forcing mechanisnfor the corvectionunderstudy During this period,
the shortwave’s progressiorwasattendedy a shift in the 300—-500mb winds over the
corvective areafrom westerlyto northwesterlyandawealeningof theflow throughthis
depth.Anvil-level (e.g.,200mb) flow remainedvesterlythroughO000UTC, however.

Themainsurfacefeaturein theregionwasastationaryfront extendingsouthvardfrom
the Wyoming-Nebraskdorderinto easternColorado. As seenin Fig. 1, at2100UTC
10 July thefrontal boundaryseparatedool, relatvely moistair in Nebraskaandeastern
Coloraddfrom warmer drierair in WyomingandcentralColorado.At 2100UTC onthe
10thdewpointsonthecoolsidewerel13-16°C, while thoseto thewest(warmside)were
3-10°C. Thesurfaceflow wassoutherly/southeasterfn the cool side,with stationsin
easterrColoradoandwesterrKansasandNebraskaeportingcloudyconditiongsatellite
imagerypresentetielown). Thelatterareaslsohadfogandlightrain. A suriacemesonet,
active in northeasterriColoradoduring the STERAO campaignyevealeda north-south
gradientin surfacemoisture with decidedlyhigherdenpoints(15—16°C) northof about
40N latitudelower dewpoints(< 10 °C) southof about40N.

The NationalWeatherServicesoundingfrom 0000UTC 11 July (notshavn) reveals
adry, deepwell-developedPBL onthewarmsideof thefrontin Denver (DEN; located
in Fig. 1a), with a surface temperatureof 30°C and water vapor mixing ratios of
approximately5.5 gkg~! in the PBL; no frontal inversionappears. In contrast,the
Scottsbluf sounding(BFF; locatedin Fig. 1a)in thefrontal zoneat 0000UTC shaved
a surfacetemperatur@f 22°C and PBL mixing ratiosof 9-12gkg~" in the PBL. The
soundingpenetratedhe frontal surfaceat 800—700mb, which presentec deep,strong
capto surface-basedorvection.

Satelliteimageryfrom the afternoon(local time) of 10 July throughthe early evening
revealsthe evolution of the corvection. At 2202UTC (Fig. 2a) low cloud prevailed
over easternmostColorado,southwesteriNebraskagndwesternKansas.In contrasta
cloud-freeswath lay to the westandextendedsouthvard from the Wyoming—Nebraska
border By thishoursmallcumulihavedevelopedntheCheyenneRidge,andtheclouds’
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300 mb Analysis, 0000 UTC 11 July 1996

104W 102W lPOW

N T N NG ] NN
42N~ | 42N
40N~ —40N
38N 38N
36N o |F36N
Surface Analysis, 2100 UTC 10 July 1996
104w 102w 100W
42N —42N
40N —40N
e
329/ 22 202 - 212 38N
38N 2 g =
. g Kﬁ?
18! 11(5\2
3 1¥7 18
e
30 121 o\ 18 20
\7° -

FIGURE 1. 300mb for 0000UTC 11 July 1996andsurfaceanalysisfor 2100UTC 10 July 1996. In
the 300 mb analysis,solid contoursare heights(c.i. = 60 m). In the surfaceanalysis the solid contours
aresurfacepressurgc.i. = 2 mb), andthe surfaceobserationsare plottedusingthe standarcconvention.
Winds: full barb=10kt (5.1ms’1). Temperatureanddewpointsarein °C .
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Visible Satellite Images
a) 2202 UTC, 10 July 1996
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b) 2315 UTC, 10 July 1996

c) 0015 UTC, 11 July 1996

FIGURE 2. Visible satelliteimagesfor the 10 July STERAO storm. The mapbackgroundshavs the
intersectiorof the ColoradoNebraskandWyomingbordersslightly to theleft of centerwith avery small
portionof Kansasvisible in thelower right corner The CLASS soundingwastaken atthelocationmarked
by anx in panel(a).
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delineatiorof, andconformatiorto, thetopographysuggestshatthe cornvectionis being
forced by elevated heatingand upslopelow level flow (southerlyflow encountering
the W-E orientedCheyenneRidge). Apparenton the easternedgeof the ridge at the
Wyoming-Nebrask#&orderis thearvil from theincipientconvective system.

At 2315UTC (Fig. 2b) the multicellular characteof the corvectionis apparenand
thearvil hasexpandedo theeast.By 0015UTC 11 July (Fig. 2c),thestrongestpdrafts
werelocatedjust northandeastof the Wyoming—Colorado—Nebraslatersection.The
arvil from this corvectionhad expandedsignificantlyin the precedingtwo hoursand
continuedto move eastvard after this time. The imageryin Fig. 2c highlightsthe
relative heightof the arvil, which is castinga shadav over the low-level cloud over
easternColoradoand southwesterNebraska. The areajust southof the Cheyenne
Ridge,in northeasteriColorado hasremainedessentiallyclearthroughouthe episode,
furtherevidencethattheforcing wastopographic.

3. Modd Initialization

Thefully-compressible8D nonhydrostaticloud modelusedin this study the COM-
MAS model(COllaboratve Model for Multiscale AtmosphericSimulation),is derived
from the modeldescribedn Wicker and Wilhelmson(1995). It hasbeenmodifiedto
usethe 2ndorderRunge-HKuttatime-integrationalgorithmdescribedn Wicker andSka-
marock(1998)andthe ice microphysicsrom the GoddardCumulusEnsembleModel
describedn TaoandSimpson(1993). The scalarquantitiesin the model,includingthe
mixing ratiosof the waterspeciegvapor cloudwatet rain, ice, snav andhail, with halil

density =0 Qg/cm3 andhailnumberconcentration =4 10*m~*)andthepassve
chemicalspecieCO and O3 ), are adwectedusinga modified Van-Leertype scheme
thatis monotonic(seeWicker andWilhelmson(1995)).

Themodelervironments initializedwith ahorizontallyhomogeneouhermodynamic
soundingandaflatlowerboundary(i.e.,notopography)s emplo/ed. Neithertheeffects
of radiationnor surfacemoistureand heatfluxesareincluded. Our rationalefor these
simplificationsis thatwe are modelingthe corvective and mesoscalenvironmentand
not the mesoscal®r synopticscaleforcing that producedhe ervironment. Outsideof
establishindhecornvective ervironment thelarge-scalesynopticevolutionandeffectsof
terrainareconsideredo have only a smallimpacton the corvective evolution, although
thetopographycertainlyplayedarole by producinganisolated elevatedheatingsource
andpossiblyaregion of orographicallyinducedow-level lifting (thatwould explainthe
occasionafieneratiorof new cellsatthe northwestedgeof theline). Thefidelity of the
simulationgto the obsenations,demonstratetielow, stronglysuggestshattopographic
effectsandsynopticevolution playedonly asecondaryolein corvective evolution after
thecorvectionoutbreak.

Figure3 presentshethermodynamisoundingusedior modelinitialization. This pro-
file is compositedrom the CLASSsounding Cross-chairh.oranAtmosphericSounding
SystemsoundingsakenattheFort MorganAirport, locatedby theX in the2202satellite
photoin Fig. 2a)takenat2050UTC 10 July, andP3andCitationaircraftsoundinggver
tical profilestakenduringascentanddescenturingthe event). The 10 July corvection
wasdeep(cloudtops 14 km MSL), andupdraftslikely possessesertical velocities
greaterthan30 m s-1 giventhe depthand strengthof the reflectiity (seeFig. 6) and
the significantheightthatthe overshootingopsextendedabove the tropopausgDye et
al, 1999). The CLASS soundingwaslocatedwell to the southof the corvective event
andwaslikely notaltogetherepresentatie of the corvective ervironment. The Citation
measurementmdicatethat the upperlevels ( 10 — 13.5km MSL) were significantly
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FIGURE 3. Thermodynamicsoundingor themodelernvironment,alongwith the CLASSsoundingP3
flight datafrom 21:33:117t0 22:03:11Z andCitationflight datafrom 22:22:237to 23:30:03Z.

colderthanfoundin the CLASSmeasurement#lso, thestrengttof thecorvectionsug-
gestghatthe boundaryayerwassomavhatwarmer aswell asdeeperthanthe CLASS
measurementgsndis moreconsistenwith the CitationandP3 measurementsAnother
differencebetweerthe CLASS andaircraft soundingss thatthe latter shav no signifi-
cantcapabove the PBL, while the formerhasa strongone. Elevatedheatingalongthe
Cheyenneridgemayberesponsiblédor thisdifference. The CAPE(Corvective Available
PotentiaEnegy) in thecompositenodelsoundings approximately1850m?s-2. Cloud
basein the simulationusingthis soundings atapproximately3.4to 3.5km MSL, while
cloud basewasobsenredto be at approximately3.6 km in the obsenations;the model
verticalresolutionis slightly over 200m at cloud base sothe discrepang is within the
modelerrorbounds.

Thewind fieldsusedin modelinitialization (Fig. 4) arecompositedrom the CLASS
soundingand supplementedvith datafrom the P3 and Citation. The turning of the
windsseeratlow levels,throughthefirst 2.5km above groundlevel (AGL, groundlevel
nominallyat1.5km MSL), wasdeducedn partfrom analyse®f the P3's Dopplerradar
data.Thestrongshealocatedaborethe PBL is indicatedn theaircraftdataandDoppler
analysesandthestrongsheain thePBL is indicatedin the CLASSsounding.Giventhe
lack of aircraftmeasuremenis theboundarylayer, we have usedthe CLASSsounding
asaguidein retainingthestrongsheaiin theuppemartof thePBL. A thermodynamically
well-mixed PBL possessingtrongshearis not uncommornon the high plains(see,for
example the soundingandhodograptfor the 1 August1981Miles City stormobsened
duringCCOPE ,in Knupp(1987)).

Anotherimportantaspectof the wind profile is the heightat which the upperlevel
westerlyjet appearsThe CLASS soundingindicatesthatthe strongwesterliesbegin at
around®.5km MSL, whereasheCitationmeasuremensugged thatthestrongwesterlies
begin afew kilometersabove this. Thearvil orientationbetweer® and11 km indicates
thatthe winds werestill predominantlyfrom the northwestin this layer, an orientation
consistenwith the 00Z 11 July soundingfrom Scottsbluf, NE (not shovn), and not
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FIGURE4. Environmentawindsfor thesimulation,alongwith the CLASSsoundingP3flight datafrom
21:33:117to0 22:03:11Z,ancCitationflight datafrom 22:22:237to 23:30:03Z.

consistentvith the CLASS sounding.It appearghatthe shortwave troughdiscussedn

Sec. 2 wasresponsibldor the shift from westerliesto northwesterliesn this layer, as
it hadpassedhroughthe areaby this time. The modelinitial wind profile thuslargely
followstheCitationdataandthe Scottsbluf soundingn settingtheheightof thewesterly
jet. Theamplitudeof thejet is setby matchingthe P3retrievedwindswith thesimulated
windsatthejet level.

The full soundingusedto initialize the model, along with the skew-T plot of the
soundingandthe hodographis givenin the Appendix. The simulationhasa horizontal
resolutiorof A =A =1km. Theverticalresolutionprovides50levelsfrom thesurface
to the modeltop, with resolutionvaryingfrom 50 m at the surfaceexpandingto 700 m
at10km AGL. Themodeldomainsizeis 120 120 20km. Corvectionis initiatedby
placingthreepositively buoyantthermalsalignedNW-SE andspacedapproximately\20
km apart. Theanalyticform of thethermalss

=A7 (cog )+1) for 1

where
2 2 212

= + + —

= =10km, = =1500m,andA = 3K. In the multicellular stageof the
obsened systemthe line orientationwas NW-SE andthe line wascomposef 2 to 4
active cellswith atotal line lengthvarying between30 to 70 km (seethe 4.5 km MSL
dBZfieldsin Fig. 5at2312and0005UTC). Theinitializationusingtheabove-described
thermalgproducesline of threecells30—60minutesinto thesimulation. Thesecellsare
similarto thesystemelementsasobsenedbetweerapproximate\2300and2400UTC.
We have specifiedtheinitial line orientationin the simulation,but notablytheline does
notreorientitself asnew cellsaregeneratedandthe simulatedcornvectionmaintainghe
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correctline orientationduringthemulticellularregime. Thecorvectiontransitiongnto a
supercelblittle after2 hoursinto thesimulation while theobsenedsystemtransitioned
to asupercellafterabout0100GMT 11 July, or about3 hoursinto theevent.
Thetypesof convectionobsened arewhat would be expectedin the given erviron-
ment. Thatis, giventheinitial potentialinstability andverticalwind sheay corvective
stormtheorysuggestshatisolatedcells andsupercellsarelikely (WeismanandKlemp
1982). Thus,thecorvectiveevolutionfromisolatedcellsto asupercells understandable.
Moreover, thesupercells southvardmovementandtheobsenedcyclonicrotationin the
mesogcloneis alsoexpectedgiventheclockwisecurvaturein thelow-level hodograph.

4. Comparison with Observations

Thestructureof the 10 July STERAQ corvective systenis mosteasilyappreciatedby
examininghorizontalandverticalcrosssectionf radarreflectivity andDopplerderived
horizontalwind fields. Figure5 presentdorizontalcrosssectionsof radarreflectivity
at4.5km and10.5km MSL for the obsened systemat 2312UTC July 10, 0005UTC
and0128UTC 11 July. Includedfor comparisorare modelreflectiity crosssections
at analogougimes,derived from the simulatedhydrometeodistributions. The earliest
comparisortime (2312,10 July) correspondo thelinearstageof thecorvective system;
at this time the line was multicellular with cells orientedalonga NW-SE axis. The
secondcomparisoriime (0005UTC 11 July)is shortlybeforethe convectionstransition
toasupercellandthelastcomparisorime (0128UTC 11 July)reflectsthesupercellular
stage.

Thereflectivity patternsn the obsenedandsimulatedcorvective systemsaregener
ally similar at eachtime shawn, althoughthey differ in mary details. The simulation
reproduceshe NW-SEorientationof theline of cellsattheearlyandmiddletimes. The
modeland obsened reflectivity maximacomparewell, with the obsenationsshowving
slightly higherreflectvity maximain the upperlevel crosssections. At the lower and
uppenevels,boththeobsenedandsimulatedsystemslisplaysignificantlytighterreflec-
tivity gradientson the systems southwesterside comparedvith the northeasterside.
Thesepatternsaredueto the westerlyflow at upperlevels stretchingthe arvil outflow
andprecipitationpatterneastvard. In bothobsenationandthemodel,discernibldingers
of higherreflectvity canbe seenextendingeastvard from the active cells. Generally
the higherreflectvity patterns(area 40 dBZ) are similar in size, while the lowest
reflectiities aresmallerin sizein the simulationscompareavith the obsenations. This
discrepang may be causedby deficienciesn the bulk microphysicalparameterization
usedn themodel,or possiblyerroneouslyow valuesof moistureatupperlevelsusedn
themodelsoundinghatwouldleadto excessveevaporatiorin thearvil. Thediscrepang
couldalsobe causedy by differencesn the updraftmassflux.

Theobsenedsystentransitionsto a supercellafterabout0100UTC 11 July, or after
a little morethan 3 h of active corvectionalongthe line. The simulatedcorvection
transitionsto a supercellafterapproximately2 h in the simulation. The structurein the
reflectiity fieldsis similarin both caseswith the arvil extendingto the southeasand
thenturning more eastvard at greaterdistancesrom the corvective updraft, with this
patternbeingsomevhat more pronouncedn the simulation. While the appearancef
thesupercelffollows a buildup of thesurfacecold poolin the simulatedsystem surface
obsenationsarelackingto documentwhetherthebuildupof thecold poolwasthecritical
factorfor the obsened supercells development.For the simulatedstorm,a strongcold
pool was necessaryn this ervironmentfor producingan appropriately-tilted,quasi-
steadyupdraft. The obsered systemdecayedoy 0230UTC (2030local time, MDT).
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FIGURE 5. Horizontal crosssectionsof radarreflectvity from the CHILL radarand derived from
the simulation. The horizontaland vertical axes are distanceeastand north from CHILL radar (km),
respectely.
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FIGURE 6. Vertical crosssectionsof radarreflectvity from CHILL andreflectvity derived from the
simulation.

Nocturnalcooling of the boundarylayer, a likely causeof the decayof the obsened
systemjs notaccountedor in themodel.

Vertical crosssectionghroughthe obsened andsimulatedsystemsare shovn in Fig.
6 for boththe multicellularandsupercelktages.The heightof the corvective elements
andthe depthand horizontalextent of the arvils are similar. The simulatedcells are
comparablen depthto mostcellsobseredin the multicellularstage(e.g. the NW cell
(leftmost)at 2312),althoughthey aresubstantiallyshallover thanthe deepesbbsened
cell (therightmostcell at 2312). At latertimes,the simulatedsupercellis substantially
deepethanthe obsered supercell. Thetopsof the obsened corvective cellsarefairly
high,with 35dBZ echoegxtendingabove 14km MSL for thestrongestellsin the2300
to 2400UTC time period. The arvil top decreases heightwith increasingdistance
downwind of the updraftsin both the obsenationsandthe simulation. This behaior
likely reflectsbothdynamicalandmicrophysicakffects;the overshootingf corvective
topsandsubsequergarceldescentfollowedby evaporatiorof hydrometeorandcooling
(andfurtherdescentpf arvil air asit flows outward. In the simulation,the upperarvil
boundarys alsotheupperboundaryoftheCO (tracer)plume,andthustheairis generally
descendingAnalysesf crosssectionghroughthearvil awayfrom theactive cellsshowv
that the hydrometeorand dBZ maximado not correspondo the CO (tracer) plume
maxima. Thus,hydrometeosedimentatioin thearvil alsolowerstheheightof thedBZ
maximumin the arvil (the dBZ maximumimplies significantsedimentatiomates)but
sedimentatiomloesnot directly causetheair parcelsto descend.

Doppleranalyse®f reflectvity andhorizontalwind fields were producedusingdata
from the P3 airborneDoppler (Joigensonet al, 1994)and CSU CHILL radar Figure
7 shaws horizontalcrosssectiondrom the analysesandfrom ananalogoudime in the
simulationatfour heights.Low-level crosssectionsat2400m, 2900m, and3900m MSL
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stormspeed( , ) = (1.5,-5.5)ms‘1) from the P3 Dopplerradarandfrom the simulationin the system$
multicellularstage HeightsareMSL andthereflectivity contourinterval is 10dBZ.
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FIGURE 8. COandO3 soundinggor the simulationalongwith out-of-cloudCO andO3 measurements
from the P3andCitationaircraft. The climatologicalsoundingfor July in BoulderColoradois alsoplotted
(from Logan,1999)with the shadedareaoutliningthe 1 standardieviationvalues.

show theturningof thewind with heightatlow levels(in andabovetheboundaryayer).

Thearealextentof thereflectiity patternis limited atlow levels,andthe environmental
winds are bestestimatedrom winds at the southeasteredgeof the reflectingregion

wherearvil precipitationproducessignalawayfrom theactivecorvection. TheCLASS

soundingndicatedthatenvironmentalwindsturnedto westerliesandnorthwesterliest

significantlyloweraltitudesn theboundaryayerthansuggestedh theDoppleranalyses.
The Doppleranalysesre consistenbver time, andshow thatthe low level hodograph
changedittle overthelifetime of active corvection.

Upper level reflectvity and horizontalwinds at 11.4 km MSL are also depictedin
Fig. 7. Theretrievals showv thatthe windsremainnorthwesterlyat 11.4km, while they
have shiftedto predominatelywesterliesat 12.4km (notshavn). Althoughthe CLASS
soundingsuggestethattheshifttowesterlieoccurredy 10.4km MSL, simulationswith
the CLASSwindsproduceceast-wesbrientedarvils ratherthanthe NW-SE orientation
obsenred.

5. Tracer Transport

CO andO; areincludedaspassvetracersin the simulationsto examinethe effect of
the convectionon thedistribution of speciesInitial modelsoundingof CO andO; are
givenin Fig. 8, wherethey are superposeaver scatterplots of CO and O; measured
outsideof the cloud by the P3 and Citation aircraft for the entireflights. The highest
concentrationsf CO(  135pphv) in themodelprofile arefoundin theboundaryayer,
with concentrationslecreasingip to the mid-tropospheravherea backgroundralue of
approximately70 pphv is reached. The Oz profile is essentiallyan inverseof the CO
profile,with low concentrationandlittle verticalvariationthroughoutmostof thelower
troposphereandincreasingvaluesandstronggradientsasthe lower stratospherés en-
counteredTheO;3 profiledifferssubstantiallfromtheclimatologicalprofilefor Boulder
Coloradan July (from Logan,1999)whichis alsoplottedin Figure8. O3 concentrations
in thesimulationprofile aregenerallyslightly morethana standardleviation higherthan
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the obsened climatologicalvaluesin the uppertropospherdelow the tropopausdap-
proximatelyl3.5km MSL). The out-of-cloudobsened O3 concentrationsary widely
in theregion justbelaw thetropopauseThehighervaluesobsenedat12.5km MSL are
foundonthesouthwessideof thestorm,andthelowervaluescorrespondo obsenations
on the northeasside of the storm. We have constructedhe Oz soundingto reflectthe
lower obsenedvalueswhich arealsocloserto the climatologicalvalues. The high out-
of-cloudvalueson the southwessideof the stormbelaw the tropopauseouldindicate
corvectively inducedstrongsubsidencandtropopauséolding outsidethestormaround
thearvil. Our corvective simulationdoesnot producestrongtropopauseubsidencer
folding in thevicinity of thearvil.

5.1 Tracer Distributions and Comparison with Observations

Figure9 presentsiorizontalandvertical crosssectionsof CO for two times— during
thelinearcorvective stageat 1 h into the simulationandduringthe supercelstageat 2.5
h into thesimulation. CO valuessignificantlyabove 100 pphv extendwell into the arvil
atanaltitudeof 11.5km MSL. Citation passeén thearvil aroundthis level (Dye etal.
1999,Fig 12; at 2312—-23:20JTC at 11.6km MSL andat2331-233UTC at 11.2
km MSL) have peaksof approximatelyl10 ppbv with typical in-cloud valuesof 90 to
100pphv. TheCitationcrosssectionsveretakenapproximatelyd0to 50 km downwind
of active corvective cells during the linear stageof the systems evolution. Valuesin
excessof 95 pphv arefoundwell downwindin the simulations(seethe horizontalcross
sectiondgn Fig. 9). At 3600s into the simulationthe arvil is still expandingandis just
reachingb0 km downwind of the corvectively-active region. The higherconcentrations
of COin thelinearstageendto beator belov 11.5km MSL in boththe simulationsand
the obsenations(seethe later Citation passe$n Dye etal. 1999,Fig 12), althoughthis
behaior is morepronouncedn theobsenations.

TheCO crosssectionsat 3600s canbe comparedvith corvective systemsimulations
from Pickeringetal. (1992b)wheremodelingresultsfor COtransporin the10-11June
1985PRESTORM corvective systemandthe26 April 1987ABLE-2B systemaregiven.
Dilution of boundarylayerair detrainednto the arvil is evidentin both of theselinear
corvective systemsandin the STERAO system but boundarylayer concentrationsire
not foundin the arvils. Thus,somedilution (entrainmentpf boundarylayer air must
have occurredn theupdrafts.

The simulatedSTERAO supercellcanbe comparedwith the 3D simulationsof Hauf
et al. (1995) for the 21 July 1992 CLEOFATRA storms. Hauf et al’s simulated
supercellsshaved almostundiluted boundarylayer air reachingthe arvil (basedon
O3 concentrationsonditionsalsofoundin thesupercelstageof thesimulatedSTERAO
storm(Fig. 9). AlthoughHaufetal. (1995)only examinedthe simulationresultsin the
arvil region closeto the updraft,they aguedfrom obsenationsthat undilutedair may
befoundover 100 km downwind in thearvil in the CLEOFATRA storms. In contrast,
the STERAO simulationdoesnotshav undilutedboundarytayerair fardownwindin the
anvil.

Figure9 alsopresent®©s; crosssectiondrom thesimulationsat 3600s. Oneobsened
featurewhichis not reproducedy the simulationsis the differencebetweerthe south-
westandnortheasbut-of-cloudO; values. The obsenationsshav elevatedO5 values
(comparedo the backgroundvalues)on the SW side of the arvil (Dye etal. 1999,
Fig 12; seeCitation passesat 11.2km, 11.6km, and11.8km MSL,; the out of cloud
valuesvary by 50 ppbv ). Thesimulations verticalcrosssectionof Oz , whichincludes
anoutline of the 1 dBZ reflectvity, shawvs thatthe air outsidethe arvil-cloud regionis
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essentiallyhatreflectedn theoriginalmodelprofile. Thereis nopronouncedubsidence
on the southwesside of the arvil in the simulationthatwould explain the high values
for obsernedO; .

Flight track datacan be directly comparedwith simulationdataby superposinghe
flight datawith similartrackstakenthroughthe simulationfields. Figure10 present€O
and O3 measurementfor Citation passe® and5 (seeDye et. al. 1999for the track
locations)alongwith similar passeghroughthe simulation(approximatelyl0 and 50
km downwind of the southeastern-mosell, with a SWENE and N-S orientation,with
half anhourspacingoetweerthe passes)Giventhe obseredarvil winds,thesepasses
aresamplingapproximatelthe sameair parcelsasthey flow throughthearvil. For CO,
thepeakvaluesandfluctuationaresimilarin the obserationsandmodel,andbothshawv
a decreasef between5 and 10 ppbv betweenthe upstreamand downstreamvalues,
suggestinga smallamountof entrainmenaindmixing occurred.The O3 measurements
are similarly in agreemenin the early pass,althoughthe simulationssuggestmore
mixing occursasthe air progressesiovnwind in the arvil; the obserationsmaintain
a broadO3; minimum with valuessimilar to the upwind passwhile the modelshovs a
significantly narrover minimum, alsowith valuessimilar to the earlierpass. As noted
in the discussiorof the horizontalcrosssections the asymmetryobsenedin Oz from
the SW to NE side of the systemis not capturedn the simulation. Stenchilov et. al.
(1996) found suchan asymmetryin their 2D simulationsof the 28 June1989 North
Dakota ThunderstornProjectstorm,andattributedthe asymmetryto strongdovnward
tropopausaleformationon the upwind side of the arvil; therewereno obsenrationsto
verify the existenceof theasymmetryfor thatstorm.

5.2 \ertical Tracer Fluxes
Theconserationequatiorfor the passve tracerspeciecanbeexpresseds
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FIGURE 10. CitationCOandO3 measurementsr arvil passesloseto thesoutheastern-mosbrvective
cell (leg 2, 10km dowvnwind, 11.6km MSL) anddowvnwind (leg5, 50 km downwind, 11.2km MSL),
alongwith analogougrackstakenthroughthe simulation. The plot tracksarefrom the southwes{(left) to
thenortheas{right).
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FIGURE 11. Time-intggratedflux divergencefor CO (eqn.3) atl,2,and3 h.

where is the mixing ratio of thetracer A generaimeasurenf the corvective vertical
transporicanbe obtainedby horizontallyintegrating(1) overthedomain.

— (ya= L Do ®)
Q Q r

This equationprovides the instantaneoushangein the massof tracer at a height

, horizontallyintegratedover the domainQ with spatialboundaried” andboundary-
normalvelocity n. ThelasttermontheRHSof (2)isthenetflux throughtheboundaries.
Having computedall thetermsin (2) for CO and O3 at eachtimestepwe find thatthis
termis alwaysmuchsmallerthantheothertwo andcanbeignored. Thefirsttermonthe
RHS of (2) is the horizontallyintegratedvertical flux divergenceandit is the dominant
termin the horizontallyintegratedtime-rate-of-changef .

Equation(2) canbetimeintegratedto revealthenetchangen thetracer asafunction

of height(kgm 1) throughtime ,

— Q 3)
0 Q

For thetracerCOthis quantity(3) is depictedn Fig. 11. Thisintegratedflux divergence
hasa similar profile for the threetimes plotted. Thereis a net gainin CO in the
atmospherat almostall heightsabore approximately8 km MSL, anda corresponding
net decreasdelow this level, althoughthe flux divergenceis not uniformly negative
here particularlyatthefinal time. Above 8 km MSL, the maximumtime-integratedflux
divergenceincreaseaith altitude, indicative of deepeningcorvective transportasthe
systembecomesupercellular

The time-integgratedvertical flux divergenceof CO calculatedherecanbe compared
gualitatively tothepassvetracermedistrilutionscomputedn Pickeringetal. (1992aFig.
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FIGURE 12. Verticalflux divergencefor CO integratedfrom 8 to 15 km MSL. Instantaneousgaluesare
indicatedontheleft axis,andthetime integratednetflux is indicatedon theright axis.

2) for the 3 August1992 ABLE-2B corvective system.In both systemahereis only a
smallamountof detrainmenatmidlevels(from about5—8km MSL in the STERAO case
andfrom about5-9km MSL in the ABLE-2B case) with the bulk of the detrainment
occuringin thearvil region. Boundarylayerconcentrationarereducedy system-scale
subsidencandtransportin corvective downdrafts. The structurein the STERAO CO
flux divergencearisesin part becausef the structureof the initial CO profile, which
presentsa significantverticalgradientof CO betweer8 and8 km MSL.

Thenetmassof CO injectedinto the uppertropospherandlower stratosphereanbe
computedoy vertically integratingthe flux divergence(3) overthedesiredayer. Figure
12isaplotof thetimeintegralof thevertically-integratedlux divergencegfromz=8to 15
km MSL) duringthe3 h simulation,alongwith theinstantaneousateof changeof thenet
flux in thislayer. While thenetmassof CO addedo thislayerincreasesnonotonically
the rate of increaseis not constant. After corvectionis establishedafter 1/2 hour)
peaksdn thenetflux arefollowedby aminimumin theflux thatis lessthanathird of the
peaks.Thisminimumis followedby asteadyincrease Examinatiorof theinstantaneous
vertically-integratedflux associatedavith positive andnegative verticalvelocitiesshows
thatthe minimum in flux divergenceat approximatelyl.5 h is causedprimarily by a
wealeningof the updrafttransporthot by an strengtheningf the dowvndrafttransport.
Also of interestis theresultthatthefinal peak(at 3 h) is atleasthalf aslargeastheearlier
peaks(at 1 h), eventhoughat3 h theverticaltransports beingperformedby a single
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cell asopposedo 3 or 4 cells. The significantlyenhancedransportassociatedavith a
supercellis alsoindicatedin Fig. 9, wherethe vertical crosssectionat 9000s shovs a
broad,deepupdraftcontaininghighlevelsof CO( 115ppbv). In contrastattheearlier
time (36005s) the updraftsare significantly narrover and somevhat shallover, andthe
maximumvaluesof CO aresomeavhatlower, particularlyat higherlevels.

ThenetCO depositioninto thearvil canbe comparedjualitatvely with the monthly
meancorvective massflux of CO out of the boundarylayer computedoy Thompsoret
al. (1994)for thecentralUS for themonthof June.For theboxboundedoy 40 425
N latitudeand1025 —105 W longitude, Thompsoretal. estimatethat11-17.8 10’
kg of CO permonthis fluxed out of the boundarylayer, and7.89-9.95 10’ kg of CO
permonthis fluxedinto theboundarylayer, for anetflux of CO permonthrangingfrom
aminimumof11 995= 1 10’kgtoamaximumofl178 789= 9.9 10’kg. The
simulatedSTERAO stormproducedanetflux of 2.5 1P kg of CO overthethree-hour
simulation. Given thatthe obsened corvective systemlasteda bit over 4 hours,and
extrapolatingthe CO flux in the simulation,one might expecta flux of arounds 10°
kg of CO overthestormslifetime. If oneassumeshatthenetflux out of the boundary
layeris mostly depositednto the arvil, thenbetweer?0 and200stormsof thistype per
monthwould be requiredwithin this region to producethe minimumandmaximumnet
flux estimatedy Thompsoretal. Thelowerlimit for the numberof storms,andhence
for theflux in Thompsoretal., appeardo bethe morereasonablestimate.

5.3 Parcel Trajectories

Trajectoriesarecalculatedn themodeltoidentify thesource®f corvectiveupdraftand
arvil air. Thetrajectorycalculationsareperformedasthe Eulerianmodelis integrated,
andparcelpositionsareupdatedverytimestepusinga2ndordertimeintegrationscheme
coupledwith a tri-cubic/monotonicspatialinterpolationscheme. Using theseforward
trajectoriesparcelsarereleasedndtheir pathsareexamined.

Figure 13 shovs the maximumheightsreachedy parcelsreleasedrom the lowest4
km above the surface(1.5to 5.5 km MSL) alongthe crosssection (shavn in the
upperleft handpanelof Fig. 9). The parcelsarereleasedat 30 min in the simulation,
andparcelsreachingthe corvective updraftsdo sobetweer70—90min. Thedelineation
betweenow-level parcelghatdoor donotreachtheirlevel of freecornvectionis striking,
andthe separatdandsin Fig. 13 identify parcelsdestinedfor two differentupdrafts.
Note that parcelsin the lowestlevels, from 1.5— 2.0 km MSL (0 — 0.5 km above the
surface)do notreachtheir level of free corvection. The low-level air beingingestedby
thecorvective updraftsinsteadoriginatesrom alayerbeginningat approximately2 km
MSL andextendingto alittle lessthan3.5km MSL.

Significantcurvaturein the hodographwvasobsenedin the lowest2 km with winds
veeringfrom southeasterlgt 1.5km MSL (thesurface)to northwesterlyat3.5km MSL.
Thehodograptcurvatureis responsibldor thetilted structureseenin Fig. 13;airat3.5
km MSL is travelingto theeastwhile air at2 km MSL is travelingto thenorth. Selected
trajectorief updraftparcellottedin agroundrelative framewnork aredepictedn Fig.
14. Theresultsfurther emphasizehe flow branches:parcelsoriginatingfrom around
3.5 km MSL comefrom the west, parcelsfrom around2.5 km MSL comefrom the
southwestand parcelsfrom around2.2 km MSL comefrom the south,while parcels
startingbelov 2 km MSL do not enterthe updrafts. Thus,the boundarylayerair thatis
ultimatelycarriedinto thearvil originategpredominatelfrom westandsouthwesbf the
storm(rural/urbarto thewestwith metropolitanDenverto the southwestasopposedo
southandsoutheasdf thestorm(largely agriculturalareas).This patterrremaindargely
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FIGURE 15. Histogramof parcelresidenceimesin theupdrafts.Residencéimeis definedasthetimeit
takesa parcelto risefrom 4 km MSL (2.5km AGL) to 500m below the maximumaltitudeobtainedalong
thetrajectory

unchangedvertime, andtrajectoriesstartedat latertimesindicatethatair in the lowest
500m is neverentrainednto thecorvective updrafts gvenduringthesupercellulastage.

TheP3aircraftmeasuremeniadicatebothalong-line(horizontal)gradientsof chem-
ical speciesatlow levelsaway from the system(SW of thecorvection,likely in partsof
theinflow), andsignificantvertical gradientqseeDye et al, 1999, Fig. 11). Thus,the
characterizationf somechemicalspeciesnflow canbe difficult giventhe 3D structure
of theinflow. Unfortunately the obsenationsareinadequateéo documenthis inflow
structure,particularly with respectto the lack of inflow in the 0-500m layer in the
simulation.A furthernoteof cautionis appropriate We find thatthe depthof inflow air
in the simulation(i.e., the air enteringthe updraftsandexiting via the arvil) is sensitve
to detailsin the boundarylayer formulation, the microphysicalparameterizationgnd
the low-level thermodynamicoundingand hodographused. While the obsenations
may not be adequatdor confirmingthe simulatedfeaturesthe lack of inflow from the
lowestlevelsin the PBL may be commonin weakly-forcedcorvective systemghatdo
not develop strong, deepcold pools. Indeed,this may be very commonon the high
plainsof the centralU.S., wherehigh cloud basesandweakcold poolsare commonin
summertimecorvection.

The trajectoriesplotted in Fig. 14 give an indication of parcelresidencetime in
updrafts.For example trajectoryl ascendsatherslowly, with nearly1/2 h spentin the
updraft,while trajectorie, 3 and4 ascendnuchmorequickly, with approximatelyl0
minutesspentin the updraft. The histogramof timesspentin the updraft,givenin Fig.
15, providesa morequantitatve measuref parcels’'updraftresidencd¢imes. Residence
time in the updraftis definedhereasthe time necessaryor a parcelto travel from 4
km MSL (2.5km above the surface whereit is enteringthe updraft)to 500 m belaw its
maximumattainecheight. Only thoseparcelsascendingbose 8 km MSL areconsidered
andwe areusingthe datafrom the trajectoryanalysisin Fig. 13. Most parcelsspend
betweenl10 and 20 minutesin the strongupdrafts,althoughthereis a significanttail
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out past30 minutes.With a meanmaximumheightof around11 km MSL, the average
vertical velocity of a parcelthat takes 10 minutesto ascendwould be approximately
10.8ms 1. Althoughsignificantlyhigherinstantaneouserticalvelocitiesoccur(in the

simulationmaximumverticalvelocitiesaveragearound30 m s 1), parcelsdo not spend
mostof theirtimein thestrongesupdrafts.

Trajectoriesbeginning at upperlevels (above the PBL) showv that downdraftstendto
beshallow; rarelydo air parcelsdescenanuchmorethan3 km in thedowndrafts. Thus,
air depositednto the boundarylayerby corvective downdraftshasits sourceonly afew
kilometersabove the boundarylayer. Also, uppertropospheriandlower stratospheric
air doesnot descendar in the downdrafts; the deeperdowndraftstend to originate
anywherefrom 4.5— 7.5 km MSL, not from higherin the troposphere.Theseresults
are consistenwith the earlierfindings of Knupp (1987), that the maximumheight of
low-level downdraftsreachingthe PBL appearto be at the transitionlevel wherethe
ervironmentatemperatur@rofile turnsabsolutelystable.In themodelsoundingFigure
Al in the Appendix)this transitionlevel is at approximatelys50 mb or a little lessthan
5.5km MSL (4 km AGL).

6. Summary

The 3-dimensionalstructureand evolution obsered in the 10 July 1996 STERAO
cornvective systemhasbeenbroadly reproducedwithin a nonhydrostaticcloud-model
simulationusing an idealizedhorizontally homogenousoundingand no terrain. The
simulatedccorvectivesystentapturesheevolutionof themulticellularline to asupercell.
Line orientationarvil structure horizontalwind fields,depthof corvection,andderived
radarreflectivity comparevell with obsenations. Thesuccessf thesimulationsuggests
thatthe synopticevolution andterraineffectsactedto preconditiorthe ervironmentand
perhapsdnitially force the corvection, but playedonly a secondaryole in the system
evolution.

Simulatedpassve tracertransportof CO andozoneyield resultsgenerallyin agree-
mentwith aircraft measurementslthoughthe simulationdoesnot reproducehe high
valuesof ozoneobsened on the southwesside of the arvil. In the simulatedsystem,
COtransporfrom theboundarylayerto thearvils shovs a smallamountof entrainment
of ervironmentalair in the updrafts,followed by a similarly small amountof dilution
occurringwith transpordownwindin thearvil. Entrainmentnddilutionin thesimula-
tion arelessobviousatlatertimes,i.e.,duringthesupercelphasethanduringtheearlier
multicellularphase.

Analysesof the vertical flux divergencefor CO in the simulationshowv a netgain at
almostall levelsabore 8 km MSL (middleto uppertropospher@andlower stratosphere).
The rate of increaseof CO massabove 8 km is not uniform, but variessignificantly
in time. Thereare peaksat early times, followed by a declineand minimum asthe
systentransitiongo a supercellfollowedby a steadyincreasesthe stormevolvedinto
asupercell. At thefinal time, the supercelwaspumpingover half asmuchCO into the
upperatmospheréi.e.,above 8 km) aswere3 to 4 cellsat earliertimes.

Trajectoryanalyseshawv that corvective updraftsin the simulationareingestingair
from a layer spanningapproximately0.5 km - 2 km above the ground(2 km - 3.5km
MSL), andwe find thatboundarylayerair closesto theground(belov 05 km above
the ground)is not beingdrawn into the corvective updrafts. Most parcelsresidein the
updraftsfor a time varying from just under 10 min to more than 20 min, with most
commonresidencdime of around10 min. Lastly, wind profile analyseseveal that
thereis significantcurvaturein the hodograplover the lowest2 km for this event, with
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southeastvinds at the surfaceveeringto north-northwesterlhflow above 3.5 km MSL

(2 km above the surface). Thus,the simulationsuggestshat the inflow to the 10 July

STERAO corvectie systemair was predominatelyfrom the westandsouthwest.This

characteristiof theinflow, i.e.,thatthestorm-processeair doesnotoriginatebelov 500

m, is difficult to documentwith the obsenations,but may be commonin summertime
high plainscorvection. Similar modelinginvestigationsof other STERAO eventsare

underway andmay confirmthisfinding.

Acknowledgments.

Author Skamarocks partially supportedindertheNOAA ClimateandGlobalChange
ProgramawardNA76GP00400The UND Citationeffort wassupportedinderNational
Sciencd~oundationNSF)grantATM-9634125.TheCSU-CHILL nationalradarfacility
is supportedy the NationalScience~oundatiorandColoradoStateUniversity



24 W. C. Skamarock et. al.

Appendix

The modelsoundingat modellevelsis givenbelow, alongwith environmentalwinds
andtheinitial CO and O3 sounding. A skew-T plot of the soundinganda plot of the

hodographs givenin FigureAl.
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FIGURE Al. Model soundingplottedon a skew-T diagramalongwith the hodograph.Thehodograph
heightsarein km abosetheground(MSL - 1.5km). ThethermodynamisoundinchasamaximumCAPEof
1850m?s 2 andabulk Richardsomumberof approximately? (computedusing500m and6 km winds).
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Model Sounding

height pressure potential water U \Y CcoO O3
(m,AGL) (mb) temperaturevapor ms ! ms 1 (ppbv)  (pplv)
K)  (gkg Y
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 0.1 155 -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 54 2.1 135 60
1044. 762.8 314.1 11.5 3.7 3.0 135 60
916. 774.3 314.0 115 2.2 3.9 135 60
798. 784.9 313.9 11.5 15 4.7 135 60
690. 794.9 313.9 115 1.0 54 135 60
590. 804.1 313.8 115 0.5 6.0 135 60
497. 812.7 313.8 11.5 -0.1 6.8 135 60
412. 820.6 313.7 115 -1.6 8.2 135 60
334. 828.0 313.7 11.5 -3.1 8.6 135 60
262. 834.9 313.7 115 -4.4 9.0 135 60
195. 841.2 313.6 115 -5.5 9.0 135 60
134. 847.1 313.6 11.5 -5.5 9.0 135 60
77. 852.5 313.6 115 -5.5 9.0 135 60
25. 857.6 313.6 11.5 -5.5 9.0 135 60
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