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Abstract

We determinesubsidencen the Arctic stratospheriwortex from measurementsf the columndensity
of hydrogerfluoride,usingarotationalline in thermalemission.The datawereobtainedwith the
farinfraredspectrometeon boardthe NASA DC-8 aircraftduringthe Arctic Airborne Stratospheric
Expedition,from JanuanthroughMarch1992.A wide rangeof meteorologicatonditionswas
sampledpothinsideandoutsidethe polarvortex region. The measuredaluesof subsidencare
analyzedasa functionof time of yearandpotentialvorticity. Fromthis analysiswe draw thefollowing
conclusions(1) Subsidencés stronglycorrelatedvith potentialvorticity. However, thereappeato be
otherfactors,includingmeteorologicatonditions which play alesserole. (2) Thegradientof
subsidenceavith respecto potentialvorticity is large andapproximatelyconstanticrosshe vortex wall
andis smallelsavhere.Thegradientof subsidencevith respecto horizontaldistancas dramatically
largeacrosghevortex wall. (3) Thereappeargo besubstantialescentn the earlywinter vortex, from
theevidenceof theobseredsubsidencén Januaryandtheassumptiorof zerosubsidencatthefall
equinox.(4) Descentontinuedo occurin latewinter, with measurederticalvelocitiessimilar to that
inferredfor earlywinter. The averageearlyandlate winter verticalvelocity ata representatie altitude
of 18kmis 0.052+0.013) cms™1. (5) At themeasuredateof subsidencéhetime requiredto flush
the stratospherby onescaleheightis abouté months.



Intr oduction

Thepolarvortex in thewinter stratospherés drivenby
reducedsolarheatinput to the absorbingozonelayer, al-
lowing the stratospheréo cool andits pressuréo drop. In
this picture,apolarlow-pressuresystendevelops,outside
air startsto move poleward,andthe Coriolisforcedeflects
theair to rotatein thesamesensestheEarth,i.e., cycloni-
cally [e.g.,Schoeberl et al., 1992]. As thecoolingair sinks
andcompressest is replacedy high-altitudeair moving
in from lower latitudes. This vertical compressiorof air,
with replacemenat the top, producesa downward trans-
formationof mixing-ratio profiles[Toon et al., 1992]. In
this paperwe useour measurementsf thermalemission
from stratospheritiydrogenfluoride (HF), coupledwith
asubsidencenodel,to determineverticaldisplacemenin
theArctic vortex duringthenorthernhemispherevinter of
1991-1992.

Obselvations

The measurementseportedhere were made during
the Arctic Airborne StratosphericExpedition(AASE 1)
in 1992,usingour farinfrared spectromete(FIRS-2)on
boardthe NASA DC-8 aircraft. The FIRS-2instrument
is the sameonewe have flown on balloonplatformssince
1987[e.g., Traub et al., 1991,1992],with severaladapta-
tions,asfollows: The spectrometeviews the stratosphere
througha side portin the aircraft, sequentiallyrecording
thermalemissionspectraat elevation anglesof 32°, 16°,
8°, 4°, 2°, 1°, and0°, followed by calibrationscansof a
hot anda cold blackbodysource. This 700-scycle is re-
peatedvhile theaircraftis ator nearcruisealtitude,except
for brief periodswhenthe Sunis closeto theline of sight.
Theviewing anglesareselectedy atilting mirror, driven
by a steppemotor, andcontrolledby a shaftencoderef-
erencedo theaircraftroll angleasdeterminecdy theon-
boardinertial navigationsystem.Theinfraredradiationis
focusedby a fixed telescopeanirror, thenfed to the spec-
trometer Thesetwo feed mirrors arerigidly mountedto
the spectrometerandthe entire assemblyis floatedwith
respectto the aircraft on pneumaticisolators,to reduce
vibrationandpotentialinterferencdringe contrastosses.
Theaircraftopticalwindow is removed; becausef thedif-
ficulty of providing a suitableinfrared-transmittingvin-
dow, a pressure-tighenclosureis placedaroundthe in-
put optics,up to the spectrometes vacuumtank,wherea
small-diametepolyethylenavindow admitslight into the
spectrometer

The datareportedherewere obtainedon 13 flights of
the DC-8, eachlastingabout10 hours,distributedasfol-
lows: 165 obsenationsfrom flights on UT datesJanuary

14,16, 19, 22, and 24, 1992, centeredat aboutUT day
Januaryl9.5;112obsenationsfrom Februaryl7,20,and
22,centeredn February20.4;and177 obsenationsfrom
March 10, 12, 14, 18, and 20, centeredon March 15.3.
About 10% of the original datawere discardedbecause
observingconditionswerepoor, i.e., the DC-8 wasflying
throughsignal-dgradingclouds,or it waschangingalti-
tuderapidly. Therangeof latitudeseachmonthis nomi-
nally 38°N (Moffett Field, California)to 90°N, exceptfor
oneflight in Februaryto 15°N (PuertoRico).

The aircraft pressurealtitudeis usually about11 km,
with occasionaperiodsataboutl0and12 km; thismeans
thatat polewardlatitudestheaircratftis generallyabovethe
tropopause.

Sincethe DC-8flights covereda substantiafraction of
the winter seasorand sampleda wide rangeof latitudes
andvortex conditionsandsincethe FIRS-2wasoperating
mostof thetime thatthe aircraftwasat cruisealtitude,we
anticipatethatthe obsenationsdiscussedh this papercan
be taken asbeingbroadlyrepresentatie of conditionsin
theentireArctic polarvortex.

The FIRS-2 measureghe thermalemissionspectrum
of the stratospheragainstthe cold backgroundf space.
Sincetheradiatedpowerin anemissionline is dependent
upon the temperaturethroughthe level populationand
Planckfunction, and sincethe temperaturen the strato-
spheres essentiallyindependenof solarelevationin the
shortterm, we find that long-lived species,suchas HF,
have spectravhich areconstanfrom dayto night.

Following Toon et al. [1992]andMankin et al. [1990],
weuseHF asatracerof verticalmotionin thestratosphere.
Therearethreereasongor usingthistracer (1) HF is pro-
ducedin the stratospherestartingwith photodissociation
of chlorofluorocarbonand SF; andsohasa positive ver
tical gradientin volumemixing ratio (VMR). If anair col-
umnis displacedlownward,with replacemenatthetop by
air from neighboringcolumns thenthetotal columnabun-
danceof HF will increaself the nominalVMR profile is
known, thenthe amountof vertical motion canbe quan-
tified from measurementsf the changen columnalun-
dance.(2) HF is expectedo be chemicallyunreactve, so
alundancechangesanbe attributedto dynamicalrather
thanchemicalactivity [Brasseur and Solomon, 1984]. (3)
HF hasaneasilymeasure@&missiorline in theFIRS-2far
infraredspectrum.A detaileddiscussiorof the evidence
linking thesubsidencearametewith actualdescenof the
HF mixing ratio profileis presentedby Toon et al. [1992].



Data Analysis

Ourdatareductionprocedures$or bothballoonandair-
craft spectraarepresentedn detailelsevhere[Johnson et
al., 1995],sothe presendiscussioris limited to the most
pertinentsteps.For HF we analyzespectrgrom the upper
four elevation anglesonly, sincespectrafrom the lower
threeangleshave reducedsensitvity dueto watervapor
opacityin the HF region. The HF line is arotationaltran-
sition which lies at 163.936¢cm~1. In the high-frequenyg
wing of this line thereis a weak hot-bandline of water
vapor;from anexaminationof our balloonspectrawhich
shaw this region at high signal-to-noiseatio andwith re-
ducedpressurdroadeningthe cataloguegbositionof this
line is foundto beincorrectsoit is changedn ourline list
from 163.96020 163.9650cm™.

For eachspectrumobtainedalongthe flight path, the
overheadatmospherés modeledwith anine-layemaodel,
input parameterénclude atmospherigressureat aircraft
altitudeandthe atmosphericemperaturerofile. All me-
teorologicaldatawere provided by the Goddardtheory
group [e.g., Schoeber! et al., 1992], from National Me-
teorologicalCenter(NMC) data,in the form of a curtain
file, i.e., asafunction of latitudeandlongitudealongthe
flight track.

Themodel VMR profileis takento have a fixedampli-
tudebut variableverticalscale.Theatmospherés assumed
to contractby thefactor(1+ s), wheresis independenof
altitudebut mayvarywith time; sis thedimensionlessde-
greeof subsidence(hereaftet'subsidence”parametein-
troducedby Toon et al. [1992]. In otherwords,we assume
thatfor a given parcelof air the quantity (1+ s)z is con-
senedwith respecto changesn latitude,longitude,and
time. With this scaletransformatiorthe VMR becomes

VMR(2) = VMR[(1 + 5)2]

HereVMR(2) is areferenceprofile appropriateo mid-
latitude conditions,with time-trendingspecieqe.g.,HF)
scaledto expected1992 values. The referenceprofile
waskindly suppliedby G. Toon (privatecommunication,
1993). Thereferenceorofile andthe profile corresponding
tos= 05areshavnin Figurel.

For eachspectrumwe iteratively vary the subsidence
until thetheoreticalspectrummatcheghe obseredspec-
trum in the neighborhoodof the HF line, using a least
squareditting procedure. This is roughly equivalentto
fitting the HF columndensityalongthe line of sight by
adjustingthe modelVMR profile. Both HF andH20 are
scaledwith the samevalueof subsidenceno attemptwas
madeto adjustH»,O independentlysincetheH,O line has
little effect on the HF feature. The fitting programpro-
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Figure 1. Referenceamixing ratio profile for hydrogen
fluoride (HF) (solid curve) andprofile correspondingo a
subsidencef 0.5 (dashecturve).

videsestimatedor s andthe uncertaintyds. A weighted
meansubsidencand uncertaintyin the meanare calcu-
lated from the four independentlydeterminedvaluesin
eachlimb-scansequence.

As mentionedabove, wintertimecooling of the strato-
spherecauseghe air pressureo decreasendthe air to
becomedenser which in turn generates cyclonic mo-
tion in the horizontalplanealongwith a sinking motion
in theverticaldirection.In this picture,stratosphericota-
tion andsinkingarebothdrivenby cooling,soin asimple
modeltheseeffectsarefunctionallyrelated.In the actual
atmospher¢herearemary competingmechanismsvhich
will tendto degradeary straightforvard functionalrela-
tionship; but if rotationandsinking arethe dominantef-
fects,we shouldbe ableto obsere a correlationbetween
parametersvhich measurgéhesemotions.

Rotationalmotionis well characterizetyy the potential
vorticity (PV) parametefe.g., Brown, 1991; Peixoto and
Oort, 1992],whichis derivedfrom satellitemeasurements
of temperatureand height. We useNMC valuesof po-
tentialvorticity, interpolatedo thelatitude,longitude,and
time of our aircraft,andfor analtitudecorrespondingo a
potentialtemperaturef 440 K. The correspondingres-
surealtitudeis aboutl8 1km, varyingfromaboutl7km
at midlatitudesto 19 km at high latitudese.g., Schoeber|
et al., 1992]. This is roughly one scaleheightabove the
aircraftandalsois closeto the altitudeof maximumsensi-
tivity of theHF profile to verticaldisplacementdiscussed
below). For compactnesg/e will write valuesin termsof
thepotentialvorticity unit (PVU), definedhereas

PVU 10 °Km’kgts™?

For adiabaticandfrictionlessmotion, PV is a consered
guantityandshouldthereforesene asanindicatorof dy-
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Figure 2. Stratospherisubsidenceasdeterminedrom
DC-8 basedon obsenations of a farinfrared thermal
emissionline of HF, for the monthsof January Febru-
ary, and March 1992, plotted againstpotentialvorticity
for thelocationandtime of theaircraft. All dataarefrom
the northernhemispherdNH). Averageuncertaintiesn
individual determination®f subsidenceareindicatedin
thelegend.

namicallysimilar parcelsof air for aslong asthisassump-
tion is valid. For periodslongerthana weekor so the
effectsof radiative heatingandturbulenceneedto be con-
sidered Mclintyre and Palmer, 1983].

Thederivedvaluesof subsidencareshavnin Figure2,
plotted as a function of PV. The January February and
Marchdataaredravn assolid squaresppensquaresand
asterisksrespectiely; thecorrespondingnonthly-arerage
uncertaintiesn individual subsidencevaluesare 0.016,
0.015,and0.026,indicatedby vertical barsin the key to
Figure2. Eachmeasuremeraverageovertheareaswept
out by thefield of view astheaircraftcontinuesalongthe
flight track. The along-trackscalelengthof about60 km
is the distancetraveled by the aircraft during a four-scan
HF measurementhecross-traclscalelengthof about45
km is the horizontaldistanceover which theline of sight
risesby aboutone scaleheight. This areais small com-
paredto the NMC analysigyrid sizeof 2 5° latitudeby 5°
longitude.

Therearesereralfeaturef the groupingsof pointsin
Figure 2 which desere mention. First, the scatterin the
points appeargreaterthan expectedfrom the statedun-
certaintiesTheevidencesuggestshatmostof this scatter
is dueto differenthistoriesof the air massessincefor a
givennarrav rangeof PV valuesthereis significantlyless
scatteramongsubsidencethat are closely adjacentthan

amongthosethatareseparatetyy largedistance®r times.
A contrikuting factormaybe small-scalevariationsin PV
whicharemisseddy thecoarsegrid usedin theNMC anal-
ysis.

Second,somevaluesof subsidencare likely shifted
dueto local meteorologythusincreasinghe scatter For
example,the lowest Januarypoints betweenabout20 to
30 PVU are from the Januaryl9 crossingof the North
Atlantic, duringwhichtime alargetropospheriaplift oc-
curred.Sincethe obsenedsubsidenceareweak,this up-
lift apparentlyaffectedat leastthe lower stratospheras
well.

Third, thereareclustersof pointsnearvaluesof 16 and
30PVU andrelatively fewerpointsbetweertheseclusters.
This is dueto the extremespatialsteepnessf the vortex
wall, which tendsto lie betweenvaluesof about19 and
30PVU (se€'gradients”subsectiotelaw). Astheaircraft
enterecbr exited thevortex, thewall wasusuallytraversed
quickly, althoughin somecasesve did fly roughlyparallel
to thewall, andthis accountdor morepointsbeingin the
wall regionthanwould beexpectedrom arandomsample
of geographigoints.

Fourth,a seriesof very low valuesof PV wasencoun-
teredin Februarywhenwe flew unusuallyfar south,from
Maine to southof PuertoRico. Thatthesepointsexhibit
negative subsidencdi.e., relative uplifting) is not unex-
pectedpecausehetemplateHF profile wasselectedo be
typical of morenortherlylatitudes.

Subsidencelrends

We searchfor trendsin the datain Figure2 usingthe
following statisticalprocedure.We bin the dataaccord-
ing to the valuesof two parameterstime and potential
vorticity. The datafrom eachmontharebinnedin sepa-
rate groups. Within eachmonth, the dataare binnedby
PV. We canassumePV is conseredfor eachgroupsince
the obsenationsduring a given month spana period of
not morethan10 days. We useequal-sizedins of width
APV = 2 PVU, oncentersPV, = i PVU, wherei = 1-40.
With thesechoicesadjacenmedianvaluesarecorrelated.
Bins containingfewer thana thresholdnumberof points
areindividually wideneduntil they passhethresholdhere
setto 6; this helpsbridgedata-pooregions.

For then; pointsin eachbin themedianvalues of sub-
sidencds found. The uncertaintyin eachmedianvalueis
calculatedby assuminghatthenumberof samplesn each
bin canfluctuatestatisticallyby aboutAn, = 1. For an
upperlimit we calculatea perturbedmedianfor the case
in whichthe An; pointshaving the smallestvalueof subsi-
denceareremovedfrom thesamplethelower limit is ob-
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Figure 3. (a) Medianvaluesof subsidencareshawn for
Januaryl992obsenationsin binsof width APV =2 PVU,
or greater(seetext), spacedyy intervals of one-halfbin
(1 PVU). Theestimatedincertaintyin eachmedianvalue
is indicatedby a verticalbar The smoothcurve is that
third-orderpolynomial s(PV) which bestfits the median
values,n thesensef leastsquares(b) Samefor Febru-
ary 1992.(c) Samefor March1992.
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Figure 4. Polynomialcurvess(PV) for JanuaryFebru-
ary, andMarch 1992, reproducedrom Figure 3, shaw-
ing the trend of stratosphericubsidencevith respecto
both PV andtime. A dashedine indicatesthatzerosub-
sidenceis assumedo occur at aboutthe fall equinox.
For referencethe vortex wall lies betweenPV valuesof
19 1PVUand30 2PVU duringall threemonths.

tainedin asimilarfashion.We expectthattheuncertainties
in the medianareoverestimatedn binswheretherearea
large numberof measurementsut underestimateth bins
wheretherehappeno beafew clusteredneasurements;s
suchtheaverageuncertaintyis probablymoremeaningful
thanary particularsinglevalue. Theaverageuncertainties
aredsae = 0 016,0.025,and0.019for JanuaryFebruary
andMarch, respectiely. The individual medianvaluess
anduncertaintie®s areplottedin Figure3.

Excludingthe Februaryflight to PuertoRico, all me-
dian valueshave a lower limit of about13 PVU, reflect-
ing a commonstartinglatitude at Moffett Field. The up-
perlimits on medianPV vary from 40 PVU in Januaryto
31PVUin March;thisdecreas#vith time possiblyreflects
awealeningof thevortex.

Thedominantsignalin themonthlymediansubsidence
plotsis a smoothtrend of subsidencevith respecto PV.
To extractthistrend,we constructthird-ordermpolynomial
function s(PV) andperforma leastsquaredit to the me-
dianvaluess, assumingequalweightateachpoint. These
curvesare shavn superposean the medianvaluessin
Figure3 and, to facilitatecomparisonareredravn at the
samescalein Figure4.

In the remainderof this sectionwe examinethe data
in Figures2—4for cluesto the dynamicalbehaior of the
polarvortex, takingadwantageof the extendedspace-time
coverageafforded by the DC-8 flights. Conclusionsare
listedseparatelyor clarity, althoughthereis couplingbe-
tweenthem.



Corr elation With PV

Fromtheplotsof mediansubsidence&ersusPV in Fig-
ure 3, it is clearthatthereis a strongcorrelationbetween
thesequantities. The correlationis sufficiently goodthat
a third-orderpolynomial canbe passedhroughthe data
pointsandthe curve taken to representhe datawith lit-
tle loss of information (even though neighboringpoints
arecorrelatedfitting threeparameterkeares9-15degrees
of freedom). Quantitatvely, the root-mean-squardiffer-
encesbetweerthe smoothcurve s andthe medianvalues
Saredsms = 0 020,0.038,and0.034for JanuaryFebru-
ary, andMarch, respectrely. Thesedifferencesareabout
1.5and1.7 timeslargerthanthe averageuncertaintiesn
the medianandindividual subsidencesgspectiely. This
underscorethe point madeearlierthatPV is not the sole
determinanbf subsidencandthatthereareotherparame-
ters,whichwe areignoringhere which probablyalsoplay
arole. In spite of this caveatconcerninghe role of sec-
ondaryfactors, Figure3 clearlydemonstratethatthereis
a strongcorrelationbetweenthe mediansubsidencend
PV.

Gradients

In therangePV  13-30PVU, Figure 3 shows that
subsidencéncreasesiramatically For smallervaluesof
PV, towardthetropics,we expectthatsubsidencsvill be-
comenegative, reflectingageneralpwellingdrivenby so-
lar heatinghowever, in this casetheappropriatendepen-
dentvariableis likely to belatitude,not potentialvorticity.
For largervaluesof PV, Figure3 suggests saturatiornof
subsidencequt therearetoofew datapointshereto uphold
this speculation.

It is remarkablethat the region of maximum slope
ds dPV coincideswith the region of maximumslopeof
PV with respecto geographidistancelPV dy . Herey
indicatesgeographiaistancen a directionperpendicular
to contoursof PV. Visualinspectionof mapsof PV [Tuck
et al., 1992]illustratesthe well-known factthatthe polar
vortex is boundedby a sharplydefined“wall” wherethe
contoursof constanPV arecloselybunched.The product
of thesegradientss the spatialgradientof subsidence,

ds dy = (ds dPV) (dPV dy )

Sincebothtermsontheright-handsideof thisequatiorare
largeatthelocationof thevortex wall (definedhereasthe
region of maximumdPV dy ), it follows thatthe spatial
gradientof subsidencés particularlysharplydefinedthere
aswell.

Our examinationof PV mapsfor the daysof obsera-
tions reportedhereshaws thatthe location of the wall in

PV spaceis the sameeachmonth. Measuringbetween
points at the “bottom” and the “top” of the wall, corre-
spondingvisually to aboutthe 10 and90%amplitudecon-
tours,we find thatthe outerandinneredgesareat

PVour 19( 1)PVU

PVi, 30( 2)PVU

respectiely. Thewidth of thewall is thusabout
AwalPV  11( 2)PVU
This correspondso anEarth-centeredidth of
Ayl 57( 11)°
andageographidistanceof
Dwany 640( 120)km

Thusthetransitionregion betweerinsideandoutsidethe
vortex, or the subsidecandnonsubsidedtratosphereyc-
cupiesa narrov geographidandof width about640km.
By itself this doesnot sayanything aboutwheredescents
takingplace.To addresshis issue we needto look atthe
changewith time of thedescendedegion, discussedh the
next two subsections.

Early Winter Subsidence

The Januarnytrendline shaws that by midwinterthere
wasalreadya significantdegreeof subsidencén the vor-
tex. Unfortunatelywedonothaveary measuremenfsom
earliertimes, beforethe vortex wasestablishedIn addi-
tion to providing abaselinevalueof subsidencehesealso
would have beenusefulin estimatingary time delay or
phasdag, betweertheonsetof vorticity andthe changeof
subsidence.

Despitethe absencef suchdata,we may still attempt
to estimatetheverticalvelocity duringthefirst half of the
winter seasonby assuminghatthe prewinter subsidence
is zeroat the time of the fall equinox,in agreementvith
the value of subsidenceve measuravell outsidethe vor-
tex in January This assumptions consistentvith the re-
sultsof atwo-dimensionamodel[Kayeet al., 1991]which
shavs almostno changewith latitude in the HF column
north of 50° in Septemberwhereaghe columnnorth of
60° increasefrom Septembeuntil theendof March(cor
respondingo anincreasdn subsidencédor the samepe-
riod). We assignan uncertaintyof 0 1 to the equinox
subsidenceThezerolevel is indicatedby a dashedine in
Figure4.



We calculatethe correspondingertical displacement
by noting that for a parcelof air the valueof (1+9)zis
consenred,sotakingdifferentialswe obtain

Az= zAs (1+59)

whereAz is a small displacemenabouta meanvalue z
and As is the changein subsidenceabouta meanvalue
s. The vertical velocity w is calculatedby dividing the
displacemenby the elapsedime At, so

w =Az At

In thisnotationtheoverbarindicatesatime averageandthe
superscriptasteriskindicatesa seasonafluctuationwith
respecto theyearlyaveragevelocity (hereassumedo be
zero).

The changein subsidencérom Septembeto January
is just the differencein the correspondingsubsidence
curves. The PV rangeover which one half or more of
the peak subsidenceoccursis 22—-40 PVU, which we
write as31 9 PVU. In this range,the averagechange
in subsidencas As= 033 01, andthe time-arerage
meansubsidences s= 016. At an altitude of 18 km,
which correspondgo the peaksensitvity of HF to de-
scent{ Toon et al., 1992], we calculatea verticaldisplace-
mentAzig= 51( 15) km. Therelevanttime interval
is At = 120days,whichthenallows usto find thevertical
velocityw = 0049 0015 cms . Thesevaluesare
collectedin Tablel, with the caveatthattheinitial condi-
tion is assumednot measured.

Late Winter Subsidence

The greatestchangein subsidencein the January-
February intenal is in a region spannedby PV
27( 5) PVU, wherethe time-averagesubsidencés 0.36
andtheincreasds 0.12 0.02. Following the above pro-
cedurewe find averticalvelocityw = 0059 0009
cmsL.

In comparingthe measurementsf subsidencéor Jan-
uaryandFebruarywe areassuminghatPV canbeusedas
aconseredtracerfor amonthor more. While we do not
expectPV to be strictly conseredfor suchalong period,
aslongasthechangen PV is small,our estimateof thede-
scentratewill notbeaffected.Ourobsenationsof theHCI
columnasa functionof PV [Traub et al., 1994], binned
and averagedfor eachmonthasis donefor subsidence,
arenearlyidenticalfor the monthsof January February
andMarch. This indicatesthatwe canassumehatPV is
conseredover longerperiodswhenthe dataareaveraged
onacoarsayrid aswasdonehere.
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Figure 5. Derived vertical velocities for the periods
Septemberl991 to January1992, Januaryto February
1992, and Februaryto March 1992. The calculationof
w is discussedh thetext.

Likewise, for the periodFebruaryto March, the great-
estincreasein subsidenceccurredin the interval PV
19( 5) PVU, wherethe averagesubsidencés 0.24 and
theincreasas 0.07 0.02.Theverticalvelocityis 0047

0.014cms™1. Theseresultsalsoarein Tablel.

It is interestingto note that the threederived vertical
velocitiesare similar in both early and late winter; their
averagevalueis

w = 0052 0013 cms!

This suggestshattheair in thedescendingegionsis con-
tinuing to cool at aboutthe samerate. The derived verti-
cal velocitiesfor the rangesof PV beingconsideredchere
areshovnin Figure5, calculatedrom thesmoothegoly-
nomial curvesshowvn in Figure4. At first glance,it may
seemsurprisingthatthe stratospheres still coolingaslate
asMarch,becaus¢hespringequinoxoccursin thatmonth
andall latitudesup to the pole arein sunlighthalf of the
time. However, it may be that what we are seeinghere
is simply the effect of a time constanin the stratospheric
heating.

Ourobsenedverticalvelocitiesaremarginally smaller
thanthoseestimatedy Schoeberl et al. [1992]from calcu-
latedcooling ratesin the north polarvortex region during
the periodJanuary3 to Februaryl0, 1989. At analtitude
of 18 km anda latitudearound6(’N, coincidentwith the
polarjet andvortex edge theseauthorsfind a zonalaver-
agevertical velocity of theorderof w = 007cms1.
This is greaterthan our averagemeasuredralue but not
at a high level of significance.Onemight expectthatthe
situationwould be reversed,sincea zonal averagesam-



Table 1. StratospheriSubsidenc&romHF Obsenations

Period Interval  Subsiding Changéan Descent Vertical
At, Region, Subsidence, AVATS Velocityw
days PVU As km cms 1
Sept.1991to Jan.1992 120 31 9 0.33 0.10 51 15 0049 0015
Jan.to Feh 1992 32 27 5 0.12 0.02 16 03 0059 0009
Feh to March1992 24 19 5 0.07 0.02 10 03 0047 0014

Thepotentialvorticity unit (PVU) is definedin thetext as10-°K m?kg~1s~1.

plesmary norvortex locationsandthereforeshouldbe a
wealer measure.

Time to Flush the Stratosphere

Fromour measureavinter-long averagevalueof verti-
cal velocityw andanominalvalueof scaleheightH of
8 km, we canestimatethe characteristicime to flushthe
stratospheras

T=Hw 59 15month
atanaltitudeof about18 km. This suggestshattheair in
the stratospherés replacedrelatively slowly, of the order
of only onceperwinterseason.

Location of Descentin PV Space

From Figure 5 and the datain Table 1 the region
of maximumdescentvelocity appeardo move outward
from the centerof the vortex, from a positioncenterecht
PV 31PVUin earlywinter, to 27 followedby 19in late
winter. Becausdhereis no reasonto expectPV to bea
consenredtracerfor suchalong periodof time, we cannot
determinewhetherthis apparenshift is dueto changen
PV or in theregion of descentithoutamoreconserative
tracerof motion.

Conclusions

Fromour obsenationsof stratospheri¢iF in the polar
vortex during the winter in 1992, we draw the following
conclusions(1) Subsidences stronglycorrelatedvith po-
tentialvorticity. However, thereappeato beotherfactors,
including meteorologicatonditions,which play a lesser
role. (2) The gradientof subsidencavith respecto po-
tentialvorticity is largeandapproximatelyconstanticross
the vortex wall andis small elsavhere. The gradientof

subsidencavith respectto horizontaldistanceis dramat-
ically large acrossthe vortex wall. (3) Thereappeardo
be substantiatiescentn the earlywinter vortex, from the
evidenceof the obsered subsidencén Januaryandthe
assumptiorof zerosubsidencatthefall equinox.(4) De-
scentcontinuego occurin latewinter, with measureder
tical velocitiessimilarto thatinferredfor earlywinter. The
averageearlyandlatewinterverticalvelocityatarepresen-
tative altitudeof 18 kmis 0052( 0013) cms™t. (5) At
themeasuredateof subsidencehetime requiredto flush
thestratospherby onescaleheightis abouté months.
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