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A Lagrangian approachto studying Ar ctic polar stratospheric
cloudsusing UARS MLS HNO3 and POAM |l aerosd extinction
measurements

M. L. Santeé, A. TabazadeR,G. L. Manne,»® M. D. Fromm?
R. M. Bevilacqua® J.W. Waters! andE. J. Jensef

Abstract. We assesshe viability of diagnosig polar stratosphericloud (PSC)
compositon and denitrificationusing existing satellite measurementsA La-
grangianapproachs usedto track PSCevolution from formationthroughdissipa-
tion. UpperAtmosphereResearctsatelliteMicrowave Limb Soundeobsenations
of gas-phaséINO3; andPolarOzoneand AerosolMeasurementi obsenations
of aerosolextinction from the Arctic late winter of 1995/196 are correlatedand
comparedo resultsfrom PSCcomposiion modelsalongair parceltrajectories.
This approachis successfuin capturingthe broadpatternsof PSCdevelopment.
Thatis, a strongcorrelationis found betweenow-termperature Jow-HNO3, and
high-extinctionpoints. In mostcasedhe obseredbehaior alongthe Lagrangian
pathsfalls within the rangepredictedby equilibrium liquid ternaryaerosoland
nitric acidtrinydratecompositon models.At notime alongthetrajectoriewhen
thereis datacoverage)do the modelsdisplaylarge changesn eitherHNO3 or
aerosolextinction thatarenot reflectedin the data. In general however, thereis
a large degreeof overlapin the comparisondetweenthe modelsandthe data.
Unmeasuredjuantites andlarge uncertaintiesn both measurementand model
calculationsprecludeconclusve determinatiorof PSCcompogion or phasein
mostcasesln the majority of PSCeventsstudied,gas-phaséiNOs fully recovers
to pre-PSCalundancedollowing cloud evaporatim. We concludethat, while
severe denitrification (50% or greater)may have occurredin highly localized
regionsin the Arctic in 1996, it did notoccurover spatialscalescomparableo or
largerthanthe MLS field of view (~400kmx200kmx 6 km), eventhoughit wasa
relatively cold winter. Improved measurementsom upcomingsatellitemissons,
suchasEarthObservingSystemAura, will amelioratemary of the difficultiesin
diagnosiig PSCcompositon anddenitrificationencounteredh this study

1. Intr oduction

Undestandinghe phaseandcompsitionof polarstrato-
sphericclouds(PSCs)is especiallyimportart in the Arctic,
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wherethe stratosphexis oftenonly mamginally cold enaugh
to suppat PSCsnow but wherethe frequeng, extent, and
duration of PSCeventsmayincreaseunderpossiblycolder
and wetter corditions in the comingdecadege.g, Waibel
et al., 1999 Tabazaleh et al., 200]. Despitea corsid-
erablenumter of obserational, laboratory, and modelling
studiesover the last 15 years,however, specific PSC for-
mation mecharsms remain uncetain [for more comgete
suneys of PSC-relatedstudies,seeTolbert, 1994 Carslaw
etal., 1997 Peter, 1997; World Meteoplogica Orgarniza-



SANTEEET AL.: StudyingArctic PSCswith MLS andPOAM |l Data 2

tion, 199; Toonetal., 2000].

A recentthrustof in situ PSCstudiesin the Arctic has
beento take a quasi-Lagangianappoach,wherely the air-
craftflight pathis directedpardlel (or nearlyso)to thewind
at the level of the PSC|e.g., Carslaw et al., 1998 Wirth
etal., 1999. This allows measuremas to be madealorg
air parceltrajectores from the leadingto the trailing edge
of thecloudand,at leastin principle, affords obsenration of
therapidmicrophysicalprocessesccuring duringthe brief
interva thatair parcelsspendwithin thecloud (althowghthe
transittime of anaircrat is consideraly shorterthanthatof
atypicalair parcd).

A Lagrangianappoach,similar to the Match technige
for assessinghemicalozore depletion [Rex et al., 1998],
canalsobe appliedto satellitemeasuremas. Steeleet al.
[1999] werethefirst to employ multiple samplingof satellite
aerosolmeasurems alongair parceltrajectaies to char
acterizecloudevolution. They trackedPSCdevelopmert by
comparing aercol extinction spectraobtaired by the Polar
Ozoneand Aerosol Measuremein(PQAM) I with results
from amicrophysicalmocel at multiple pointsalongair par
cel trajectories, but they did not include HNO3 sequestra-
tion in cloudsin theiranalysis.Danilin etal. [2000 demon
strateda similar “trajectay hunting appoachby running a
photahemicalbox modé alongtrajectoriesof air parcels
that had beensampledmultiple times by the Microwave
Limb Sounar (MLS) and Cryogeric Limb Array Etalon
Spectromater (CLAES) instrurrentsonbard the Upper At-
mosplere ResearchSatellite (UARS). The focus of their
study however, was chloiine actvation, and they did not
find measuremntsof chlorinespeciesisefulin distingush-
ing betweenrdifferert PSCcompositionssinceuncetainties
arelarge andboth solid andliquid PSCsproducedcompa-
rablelevels of reactie chlorine in themodel. Dessleret al.
[199] examined MLS HNO3; and CLAES aeroso extinc-
tion measurerantsfrom severd northen hemispheg win-
ters. Although their analysiswas basedon the calculatio
of trajectoriesandthe identificationof air parcelssampled
multiple times, it did notinvolve following air parcéds in an
individual senseRather it reliedon averagirg obsenations
over the entirewinter/ealy springperiodandconsegently
provided noinformationon PSCevolution.

Hereweinvestigade Arctic PSCsby apgying aLagrangian
appra@achto UARS MLS measuementsof gas-plaseHNO3
andPQAM Il measuremntsof aerosolextinction. By ex-
aminingthe sameair parcds multiple timesasthey traverse
regions of PSCactiity, the compete cloud particle deve-
opment alongthe trajectories canbe followed This study
is the first to track PSCevolution, from formation through
dissipation,by comparing obsenations of both gas-fhase
HNO3 andaerosokxtinction to modelcalculatiors alongair

parceltrajectores. Our maingoalin this studyis to assess
the viability of diagnsing PSC compsition and denitrifi-
cationusingexisting satellitemeasuremants. Although they
lack the resolutionand precisionof in situ measuremnts,
the satellitemeasurmentshave the importan adwartageof
providing daily or neardaily coverageover arang of pres-
sures.Thusanumberof PSCeventscanbestudiedoverthe
courseof thewinter. If condusiveidentificationof PSCscan
be made,a substantiaketof statisticson PSCdevelopment
andevolution canbe comgled over the lifetime of the two
instrumerts.

2. MeasurementDescription

2.1. UARS Micr owave Limb Sounder(MLS)

Themicrowvave limb soundimg techniqieandthe MLS in-
strumemnaredescribd in detailby Waters[1993] andBarath
et al. [1993, respectiely. Becausdong wavelengtls are
used, the dataare not degraded by the presenceof PSCs
or otherstratosphec aerosol§seeWaters etal., 1999 Fig-
ure 3]. The latitudinal coverageof MLS measuremntsex-
tendsfrom 80° ononesideof theequato to 34° ontheother
RougHhy every 36 days(a“UARS month’), MLS alternates
betweerviewing nothernandsoutherrhigh latitudes.

Saneeet al. [199%6] presentedrersion 4 HNO3 datafor
the 19951996 Arctic winter studiedhere,andSanteect al.
[1998] presetedversion4 HNO3 datafrom the 1992-19%
Antarcticwintersandspecificallyaddressetheir suitability
for usein studiesof PSC compmsition. Resultsshawvn in
this paperarefrom therecetly-releasedsersion5 MLS re-
trieval algorithms, in which the HNO3 retrievals have been
significantlyimproved. In version5 geoplysical parane-
tersareretrieved on evety UARS surface(six surfacesper
decadén pressureasoppaedto threein previousMLS data
sets),althoughthe actualverticd resolutian of the datahas
notdoubled. Preliminaryvalidation studiesindicatethatthe
version5 MLS HNO3 dataarescientificallyusefulover the
rangel00-4.6hPa, with the estimatecdrecisionfor anindi-
vidud profile betweer0.9and1.9 pphv throughaut this do-
main. Theuncetaintiesconsistof bothrandan andsystem-
aticcompmnentshut therandan (naise)commnentsusually
domiratefor theMLS HNO3; measurment.Mary of there-
sultsshawvn in this studyhave beenderivedthroudh averag
ing severalindividual datapointsandtherebre (sinceaver-
agingreduceghenoisecontibutionto theuncetainty) have
betterprecision(<1.0 ppbv). Furtherdetailsof the quality
of the MLS versim 5 dataareavailablefrom the MLS web
site (http://mls.jp.nasa.gu).

Theretrieved version5 MLS HNO3 valuesat a particu
lar geogaphiclocationandatmosphgc level represenav-
eragesover a ~400kmx 200 kmx6 km volumeof air. Al-
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thoudh both crystalline and liquid PSCsroutinely exterd
continwusly over spatial scalescomparableto or larger
than the MLS footprint [World Meteoologica Orgariza-
tion, 1999 Toon et al., 2000], it is possiblethat multiple
cloud typescould exist within the volume of air sensedy
MLS. Thisis particulaly truein the Arctic, wherethe low
temperéuresare often confired to relatively small regions.
Hervig et al. [1997] discussthe inherent limitations in us-
ing satellite limb obsenations [in particdar from UARS
Halogen Occultation Experiment (HALOE)] arising from
the possibility of cloudinhomogereity over the samplevol-
ume. For the puiposesof this investigation, we have as-
sumedhatarny PSCsresenareuniform overtheMLS field
of view.

2.2. Polar Ozoneand Aerosd Measurement(POAM)

PQAM Il useda solar occultation techniqie to mea-
suretheverticaldistribution of atmospleric constituatsand
aerosolextinction with a verticd resolutionof aboud 1 km
anda hoiizontal resolutionof about200x 30 km [Glaccum
etal., 199%]. In nomal operatia, POAM recoded12-13
occultation eventsperdayarourd a circle of latitudein each
hemisplere,with successie occultatiors separatetly ~ 25°
in longitude. During the period studiedhere, the latitude
of thenorthernhemisplere (satellitesunrise)measurerants
variedbetweerabait 66° and68°N.

The 1.06 pm chamel is the primary chamel for PSC
detection Lumpeet al. [1997 discussin detail the ver
sion 5 POQAM retrieval algaithm and error analysis;they
estimaterancdm erras in the retrieved aerosolextinction
to be 10-20% for the 1.06 ym chamel. Several different
validation efforts have shovn goodagreement betweenthe
PQOAM aerosolextinction prdfiles andthosefrom otherin-
strumers [Randall etal., 1996 2000; Brogniez etal., 1997;
Frommetal., 1997. In particdar, Randll etal. [2000] per
form a statisticalcompaisonof coincidentversion6 POQAM
and version 5.81 Stratosphec Aerosol and Gas Expei-
ment(SAGE) Il summetime extinction profilesandfind dif-
feren@sin the 1 um measuementsto be within +10% be-
tweenl2and27 km. Herewe useversion6 data.

Frommetal. [1997,1999 describehe POAM cloudde-
tectionalgorithmusedto distinguishPSCsfrom the back
ground aerosol. Two distinct PSCsignatuesareevidert in
the POAM data;thesearereferredto as“layer” and“high
Zmin” PSCs. Layer PSCsare identified when the extinc-
tion ratio prdfile, definedasthe 1.06 um aerosolextinction
divided by a reptesentatie cloudess-airprdfile, exhibits a
local maximum thatexceed a certainthresholdvalue.Low,
middle,andhighthreshéd enhanementsareassignedodes
of “1”, “2", and“3", respectiely. Occasionallya cloudis
obseredthatis sooptically thick thattheradiane incident

on the instrunent’s sun tracker drops belov the detectim
threshdd; this causeghe occutation evert to beterminatel
atananomalaisly high tangent altitudeandis therebre la-
belledasa “high Zmin” PSC. Frommet al. [1999 amgue
that most of the high Zmin casesare indicative of water
ice cloudks; this view is suppated by the recentanalysis(of
PQAM Il data)by Nedoluhaetal. [2000]. ThePQAM PSC
catgaries areemplgyedin the analysishereonly to aid in
the selectionof the particdar occutation eventsfor which
trajectoriesarelaunche; all of ourinterpretationsregardirg
PSCtypesarebasednthemodel comparisonsdescribe in
sectiond.

3. Overview of Coincident Measurements

The data coverageof the POAM 1l and MLS instru-
ments ovelappedfor three nothern hemisplere winters:
19931994 1994/095, and 19%/19%. PQAM operatd
only sporadtally during the 1998/1991 Arctic PSC sea-
son, however, and the POAM extinction values at this
time weresignificarily higherthanin subsequenyearsbe-
causeof residualaerosolloadirg from the erugion of Mt.
Pinatubo[Randhll et al., 1996, comgicating PSCidenti-
fication [Frommet al., 1999. In addition the 1998/19%
winter wasrelatively warm, with minimum tempeaturesat
465 K nearor above the averag for the last 20 yearsfor
most of the season[Zurek et al., 19%]. Thus the num
ber of PQAM PSCdetectims during this winter is limited
[Frommet al., 1999. PQAM opeated continuasly dur-
ing the 1994/19% winter, which was consideably colder
but MLS datacollectionduring this periad wasseverelyre-
strictedbecausef difficulties with theMLS scansystenand
the spacecrafbatteriesandsolararray As aresult,acom-
pletePSClifecycle wasnot capturedn the 19941995MLS
data.

We focus hereon the 19%/19% Arctic late winter pe-
riod winter. With theexcepion of 1999200Q the19%/19%
winter wasthe coldest,the mostpersistentlycold, andcold
over thelargestgeogaphicalarea,of any northen winterin
themeteorolgical datarecod for the past~40years[Mar+
ney etal., 1996; Naujokd and Pawson 1996 Pawsonand
Naujokd, 1999. Daily minimum tempeaturesinside the
vortex at 465K werebelov 195K, the appraximate exis-
tencethreshdd for nitric acid trihydrate (NAT) PSCs,for
80 consective days,andbelov 188K, thenomiral ice frost
pointfor lowerstratosphericondtions, for atotal of 28days
[Manrey et al., 1996]. Thus meteordogical condtions
werecorducive to abundantPSCformation, andPQAM ob-
senedPSCsalmostdaily betweermid-Decembeandearly
March[Frommet al., 199]. By 19% MLS was operate
only intermittently to corsene both spacecrdfpower and
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instrumer lifetime. During the late winter north{ooking
periodfrom January26to March5, 1996 MLS mademea-
suremets onatotal of 17 days.In this sectionwe presehan
overview of coincident MLS andPQAM obsenationsduring
this periodand provide a meteorolgical context for them,
settingthe stagefor the detailedtrajectoryanalysesof sec-
tion 4.

Platel shovs mapsof MLS gas-plaseHNO3 for selected
daysin thelate-winternorth-looking period The MLS data
aregridded by binning andaveradng 24 hous of data;the
averages arethenvettically interpolatedto 465K (rarging
from ~30to 60hPafor thelow temperattesinsidethepolar
vortex) usingthe U.K. Met Office (UKMO) [Swinbank and
O'Neill, 199%] temperattes. Contoursof UKMO temper
atureandpoterial vorticity (PV) arealsoshavn. We con-
centrateonthe 465K level sinceit is oftensituatednearthe
centerof the maxinum aerosolextinction. Wintertimegas-
phaseHNO3; atundancesare geneally highin the warmer
regions of the polarvortex, asa resultof confineddiabatic
descentput low in the colder regions, where PSCsform.
Thelocatiors of thePOAM occutationsoneachdayarealso
overlaid on the maps,with different symbolsrepresenting
differentPSCdetectioncategyories (seesection2.2). Onary
givenday, themajority of the POAM measurmentsindicate
cloudess-airextinction values.As canbe seerfrom Platel,
overall thereis goad agreerentbetweerPQAM PSCdetec-
tionsanddepletedVILS gas-plaseHNO3.

Minimum tempeaturesat 465 K were near or below
188 K in mid-Jamary, but had begun to warm up slightly
at the beginning of the MLS northlooking periad in late
JanuarnyfMamey et al., 1996]. The MLS obserationsat
theendof Januarywerefollowedby a datagapuntil Febru
ary 13, by which time a small poclket of temperattesbelov
the frost point had developednottheastof Iceland. POAM
obsered a high Zmin PSCin this region, which was also
wherethe MLS HNO3 valueswerelowest. Extrenely cold
condtions continwedto prevail throudhoutthe lower strato-
sphereoverthecourseof thenext week.Frommetal. [1999]
shaved that the numeous high Zmin eventsrecoded be-
tweenFebrwary 13andFebrary 21 wereconsistentvith the
presencef waterice PSCs. They inferred the occurence
of a multi-day, synogpic-scalePSCepisoe with substantial
HNOgz-cortaining andwaterice cloud coverageduring this
period

The meteoological conditilns on February20, 1996
werethemostAntarcticlike obseredby MLS duiingits en-
tire lifetime to date,with 465K minimumtempeaturesin-
sidethe polarvortex appr@chingthoseof atypical southen
winter [Mamey et al., 19%a]. On this day a strongtropo
sphericantigycloneresultedn the defamationof the lower
stratosphec vortex andcausedheregion of lowesttemper
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Plate 1. Maps of MLS HNOs for seleted days during the 1995/196
late northernwinter north-viewing period, interpolated to 465 K using
UKMO temperaures. The mapsare polar orthograhic projections ex-
tending to the equabr, with the Greenwtch meridian at the bottom and
dashedblack circlesat 30N and 60°N. Supermposedin white are two
contaursof UKMO potental vorticity (PV): 0.25x10°4 K m?kg~1s~1 (to
represet the approximateedgeof the winter polarvortex atthis level) and
0.30x10 4K m?kg~1s1 (aseconctontaur to indicatethe stegonesf the
PV gradientandthusthe strengh of thevortex). Supermposedn blackare
threeconiursof UKMO tempeature:200K, 195K, and188K. Theloca
tionsof thePOAM occutationson ead dayarealsooverlaid. Cloudless-air
extinction valuesare represatedby plus signs. PSCevernts for which the
extinction enharcementexceadedthe high threshotl, category “3”, arede-
pictedby filled blacksymbols;possibldayerPSCsfor whichtheextinction
enharcementexceadedthe middle threshotl, category “2”, aredepictedby
opensymbols. For both PSCdesigrations, diamondsrepresentpeak ex-
tinction enharcementin the 16—-22km range,which straddes the 465-K
surface on which MLS dataareshavn. Layer PSCsat higheraltitudesare
represatedby triangles; PSCdetections whoseped layer occured below
16 km areignored. High Zmin casesareshavn asfilled redtriangles. Ar-
rows marktheindividual occukation events examinedin detal in secton 4.
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aturego besituatedrerynearthevortex edgg Manrey etal.,
1996]. Saree et al. [1996 usedhighresolutionthree-
dimensimaltranspaot calculatiors to shav thatthe obseved
HNO;3; decreasgasnotaconsequeceof theentrainmat of
lower-latitude air into the vortex. A similar investigaion of
asecondstrongtropasphericantig/clonealsoconclwedthat
the HNO3 depletionobsered on March 3 arosefrom PSC
activity andnotdynanical proessegSanteeetal., 1994.

4. Trajectory Analysis of PSCEvolution

Several of the PSCepisoedsshovn in themapsin Platel
will now beexamiredin detail. We conbinethe HNO3 and
aerosokxtinction datain a Lagrargianappoachthatentails
following air parceldn thedaysjustbefore andafterPOAM
occultation eventsand compaing the obsened HNO3 and
aerosolextinction behaior alongtheir pathswith that pre-
dictedby PSCcompositionmodels.In this sectionwe assess
the viability of deternining the compsition of the clouds
formedduringindividual PSCeventsusingexisting satellite
measurerants takinginto accoumvarious significantunce-
taintiesin bothmeasuremesandmocdels.

4.1. Approach

Themal historiesof obsened air parels are obtainel
by perfaming 5-day trajectoy calculatiors both backward
and forward from POAM occutation everts. The three-
dimensimal trajectory code, describe by Manng et al.
[1994], is runusingholizontalwindsandtemper&uresfrom
UKMO analysesFor eachtrajectory 25 parcelsareinitial-
izedin a 0.5° x 1° latitude/lorgitude (~ 50 x 50 km) box
centerecdbna POAM occultation point. In noneof the PSC
casesshavn heredid the parcelsdisplay a large degree of
dispersion the maximun differencein temperatte alorg
thevariousparceltrajectoriesat ary timestepwasabaut 5 K
andmostdifferencesveremuchsmaller Thusthewholeen-
sembleis repesentedvell by the centralparel, andonly its
coordnatesare actuallyfollowed in this study Both back
ward and forward trajectorycalculatiors are startedat the
potertial temperatte level correspondig to the peakin the
PQAM extinction profile. For thosecaseswvhenno extinc-
tion enhamementwasdetected465K is usedasthe default
level for the trajectoy initialization. The parels typically
undegodiabaticdescenbf apprximately10-20K overthe
10daystotalrepresetedin theseruns, depeiding ontheini-
tialization altitude. The initialization time of the trajectoy
is setto the neareshalf-hour (thetrajectorytimestep)}o the
occultation time. Tempeaturehistoriesare construted by
interpdating UKMO temperéuresto thetime, latitude,lon-
gitude,andpotentialttemperatte valuesof the centralparcel
alongthe combinel 10-daytrajectory

Estimateof measuedvaluesalongthetrajectoy areob-
tainedin atwo-partproessat eachtimestep.First, thedata
arevertically interpdatedontothe parcelpoterial tempea-
ture surface. Next, a gridding procedureis appliedwherén
anaveragds compuedwith MLS obsenrationsweightedby
their distancein spaceand time from the air parcelloca-
tion at that timestep. The gridding is not especiallysensi-
tive to the shapeof the weighting function; herewe used
a cog function. The halfwidth values,chosenin keepiry
with the MLS datasampling,are2° in latitude,7° in long-
tude,and12 hous. Only datawithin onehalfwidth of the
trajectorypositionareincluded Thesevaluespermita few
datapointsat mostto cortribute to the averaye, thus min-
imizing the effects of smoothimg while still allowing more
thanoneMLS measuementrecadedcloseto thetrajectoy
at a given timestepto influerce the estimatedHNO3 value
there. If no measurmentsfall within the prescribe dis-
tancein spaceandtime, thenthe gridding routine returns
amissingdatavalue.Becausef the orhit trackspacingthe
alongtrackresolution thetiming of the measurments,and
the occasioal gapsin measurermnt coverage, estimateof
MLS dataarenot availableat every timestep.Furthernore,
becaus¢hetrajectorytimesteps muc smallerthanthetime
halfwidth usedin the gridding procedire, the gridded data
tendto becane availablein shortclumps alongthe trajec-
tory. A similar procedureis appliedto the POAM data,but
the nunber of trajectorytimestepswith coincicent PQAM
measurerentsis smallerthanfor MLS.

To commrewith the obserations,equilibrium compsi-
tion mockls areusedto compte HNO3 vaporpressureand
aerosololume at eachtimestepalongthe combired 10-day
trajectory assumingnitric acid trihnydrate (NAT) [Hansm
and Mauersbeger, 198§ andliquid ternaryaersol (LTA)
[Tabaza@hetal., 1994] phasesThevarious modelparam
etersfor the standardrunsaresummarizedn Table1, and
sensitvity testsexploring variatiors in theseparametes are
listedin Table2. Unfortunately no simultaneos colocatel
measurerantsof watervapa areavailable. However, MLS
measurerantsfrom previous Arctic wintersindicatethatin
mid-Felyuary neitherthe horizantal nor the vertical grad-
entsin H,O are particdarly stronginsidethe lower strato-
sphericvortex, and5 ppnv is a reasonabl@stimatefor the
H»0 mixing ratio, excef in the coldestregionswherewater
ice PSCsmay beforming. This valueis in agreemenwith
measuremntsof H,O inside the vortex from aircrét over
therange 370K to 470K during the Airborne Arctic Strato-
sphericExpedtion (AASE) [Kelly etal., 1990 andfrom bal-
loonsover therange450K to 550K during the Eurgpean
Arctic Stratosphec OzoneExperiment(EASOE)[Ovalez
andOvarlez 1994. In the absencef morespecificinfor-
mation,we assumea corstantH,O mixing ratio of 5 ppnv
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for the standardnodé runsat all levels. Sinceby 19% the
aerosoloadirg of theArctic stratosphee hadessentiallyre-
turnedto pre-Pingubo conditions [Thamasonet al., 1997;
Deshlerand Oltmans 1998], we usean H,S0O, mixing ra-
tio of 0.2 ppbv to representnonvolcanic backgound con-
ditions [e.g, Beyerle et al., 1997]. This value geneally
providesgoodagreenentbetweerthe calculatedextinctions
andthoseobtainedby POAM in warm regions well away
from PSCactuvity. To reflectvariationsin the HNOj5 field
arourd the vortex, the total amoun of available HNO3 is
tunedto matchthe MLS obsenationsalongthe backtrajec-
tory befare significantPSCactity, typically by taking the
MLS valueattheclosesfpointprior to theinitializationtime
for which thetemperatte is abore 205K. If no suchpoint
existsalongthebacktrajectory thenthetotal HNOj3 is setto
10 ppbv.

Aerosd volumesobtainedfrom the equilibrium compe
sition mocels are convertedinto extinction units usingMie
calculatiors. A constanfognormal size distribution is as-
sumedfor the backgpundaeraols (with a moderadius of
0.02 pm, adistribution width of 1.8 anda numter concen
tration of 10 cm~3), basedon in situ measuremes made
during AASE [Dyeetal., 1992]. A constantefradive in-
dex of 1.6 is usedfor NAT [Toon et al., 1990]. For LTA,
a variable refractve index is calculatedusing the values
for binary H,SOy/H,0 solutionstabulatedby Palmer and
Williams [1975]. Luo et al. [1996] comparedrefractive in-
dices estimatedfor ternay solutiors to thosereporta by
PalmerandWilliams [1979 for thebinarysystemandfound
that the ternaryvalues are up to 1.5% larger for tempea-
turesin therangel85-195K. A sensitvity testin whichthe
refractive indicesin our Mie codewereincreasedy 1.5%
resultedin redictionsin the compuedaerosolkextinction of
at most5%. Therefae, the useof the refractive index data
from PalmerandWlliams [1975 shouldnot have a signifi-
canteffect on our modelledLTA extinctions. Becausd . TA
drodets form from the backgourd (liquid) sulfateaerosols
via condesationalgrowth (i.e., without a nucleationbar
rier), the mock radiusof the size distribution simply shifts
to a large value. ThusLTA particlesare charaterizedby
a number concetration similar to, but a moderadius sig-
nificantly (up to a factorof 4) larger than, the backgourd
aerosol§ Tabazalehetal., 1994]. In cortrast,a nucleatim
stepis requiredto form NAT from LTA. Sinceonly asmall
fraction of LTA dropets arelikely to overcomethe nude-
ationbarrierto form NAT particles,their numkber densityis
likely to besubstantiallysmallerthanthatof the backgourd
or LTA particles.In fact, recentin situ obserations[Fahey
etal., 2001] andtheoretich calculationg Tabazalehet al.,
2007 have suggestedhat synopticscale NAT cloudsare
compsedof very few (~ 10~* cm~2), very large (510 um

radius) particles, althoudn much higher numbe densities
(0.1-1.0cm3) of smallerNAT particleshave beenobseved
in mountain-wave clouds[Carslawetal., 1998 \oigt etal.,

200Q. Airborne lidar dataobtaine during Januay 198

also suggesthat clouds compsedof very few, very large

particlesare widespreadn the Arctic [Toon et al., 20Q0].

For thelarge-scale®SCsobserablein the satellitemeasue-
ments,we assume NAT numker densityof 10~4 cm~2 in

the standardmocel runs. In calculatingthe extinction due
to NAT, the numker densityis assumedixed andthe size
of the particlesis allowedto vary asthe HNOj3 in excessof

saturationvaries. The calculatedextinctions are, however,

extremely sensitve to the assumechumter density andwe

explore variatinsin this paraméerin a nunberof sensiti-

ity tests(seeTable?).

4.2. Factors Complicating Data/Model Inter pretation

In this sectionwe discussthe various factorsthat might
causeapparetdiscrepaciesbetweertheMLS andthePOAM
obsenations, and betweenboth sets of obserations and
their associatednodel predictims. We perfamed several
setsof sensitvity tests,listedin Table2, to explore the in-
fluenceof someof thesefactorson our results. Although
mostsensitvity testswererunfor all caseshavn here they
arerepatedin conrectionwith individual caseonly where
appr@riate.

Quartities suchasthe H,0, H,SOy, andHNO3 mixing
ratios andthe fraction of particlesnudeatedhave a strong
influen@ onthemockl results.It is possibleto improve the
agreerentin mostcasedy tweakingvarious mocel param
eters. The mockl calculatiors are also highly sensitve to
temperéure. Manrey et al. [1996b] found that, compared
to radiosoes,UKMO temperattesat notthernpolar lati-
tudesin mid-Februaryl995weresystematicallyhigh by al-
most2.5 K, with occasionkdifferencesof morethan5 K.
The warm bias increasedwith heigltt in the lower strato-
sphere.On the otherhand,UKMO tempeatureswerealso
frequently found to belowerthanradiosomnlevalues.Pullen
and Jones[1997] compaed UKMO temperattes for the
19941995Arctic winter to tempeaturesobtainal indepen-
dently from ozoresondes.They too found a positive bias
in the UKMO tempeatureswith valuesnearthe NAT exis-
tencethreshdd overestimatedby almost2 K at 475K and
550 K. Significant scatter increaing with altitude, was
alsofound. Manrey et al. [“Lower stratosphkric tempef
ature differencesbetweenmeteoological analysesn two
cold Arctic winters and their impact on polar proessing
studies” submtted, 2001 (herinafteManney etal., submit-
ted)] specificallycompaed several meteordogical analyses
during Febrwary 1996 UKMO minimum temperé&ureswere
frequently 1-2K higherthanthosefrom mostotheranalyses
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Table 1. List of Parametesin Standad Modd Runs

Parameter Value
H>0O 5.0ppmv
H,SOy 0.2pphbv
HNO3 MLS whenT>205 K, or 10 pphv
NAT nurberdensity 10~* cm™3
Refractive index NAT: 1.6;LTA: variable?
Time Halfwidth? 12hous

Latitude Halfwidth®  2°
LongitudeHalfwidth? 7°

aThe LTA refractive index is calculatedusingthe values
for binary H,SOy/H,0 solutionstabulatedby Palmer and

Williams [1975] (seetext).

bThe halfwidth valuesareusedin the gridding procedire
to obtainestimate®f measuredjuariities at eachtimestep;
thusthey affect only the dataestimateslongthetrajectoy,
notthe PSCcompgition mockl results.

at 50 hPa, with slightly larger differencesat 30 hPa. These
studiessuggesthedegreeof uncertaity in the UKMO tem-
peratuesthatmustbeconsideredn interpretingour results.
Sinceour applicationrelieson temperéure estimatesalorg

a trajectory the temperéure uncertinty is exacerlatedby

the lack of time resolutionin the UKMO fields, which are
available only oncedaily at 1200 UT. In addition the er

rors accumilated in the trajectory calculationsare pooty

charactezed andmay be large. Temperéuresalongsome
of the trajectoriesshovn here calculatedbasedon several
commanly-used meteoplogical analyses, including those
from the UKMO, the U.S. National Centersfor Environ-
mental Prediction(NCEP) [Gelmanet al., 199], andthe
NCEP/NationalCenterfor Atmospheic Researc{NCAR)

Reanalysi$roject(REAN) [Kalnayetal., 19%], occasion
ally differ by up to 10 K, with the largest differencesoc-
curring in warm regions. Although the variations between
the meteoological analysesare consideably smaller(usu-
ally 3 K or less)in the low-tempeatureregions, they can
still leadto substantiabifferencesn modelresults. To ex-

ploretheimpactof thetemperatte uncertaity, we shav re-
sultsfrom model calculatiors madeusingboththereportal

UKMO temperatte andavaluereduce by 3K (referredto

asthe“T-3K” runsin thediscussiorbelow).

We have relied on an equilibrium modelto charactaee
NAT formaion. But NAT particlesgrow slowly [e.g., Pe-
ter, 1997 andreferemesthereirj andrequre a long dura-
tion atlow temperéuresto reachtheir full equilibium size.

In the Arctic, low temperattesareusuallyconfinedto rela-
tively smallregionsthatarenot conentric with the vortex,

so typical exposuretimesto PSC conditiors are relatively

short(lessthanafew days) [Manrey etal., submitted] Thus
oppatunitiesfor NAT particlesto develop fully anddeplete
HNOs3 downtoits equilibrium conentratiorarelimited, and
nonejuilibrium mixtures of different cloud typesarelikely

tobevery comman. If aPSChasnotyetreacheakqulibrium

atthetimeit is obsevedby MLS/PQAM, thenthemeasurd
HNOg/extinction is expectedo fall betweerthe LTA andthe
equilibium NAT modelcurwes.

Usually a singledatapoint contritutesto the estimateat
severalsuccessie timestepssothedatado notreflectvaria-
tionsalongthetrajectoryasrapidlyasthemodelsthisis par
ticularly truefor POAM. Takinginto account thetimescales
over which mary of the PSC formation and dissipation
mecharmsmsarethoudt to act,a compomisewasreache
in selectinghetempoal coinddencecriterion(12 hours) to
maximize datacoverage along the orbit while minimizing
therisk of samplingair measurd unde completelydifferent
condtions thanthoseof theidealizedparcels.Changinghe
time halfwidth usedin the datagriddng procelurecharges
the numter of timestepsalorg the trajectoy at which data
estimatesare available (and occasioally changsthe esti-
matedvaluesthemseles slightly). Similar caveatsalsoap-
ply to the spatialcoincicencecriteria.

By interpolatingMLS andPQAM datato acomman tra-
jectory for thesecompaisons,we have tried to ensurethat
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Table 2. List of Sensitvity Tests

ParameteChanged New Value
H>O 4.0ppmv
H>O 6.0ppmv
HoSOy 0.5ppbv
HNO3? various
NAT nurberdensity 0.0aLcm—3
NAT nunberdensity 0.0l1cm—3
NAT nunberdensity 0.1cm—3
NAT nurrberdensity 1cm=3
NAT nunberdensity 10cm—3

LTA refractive index?
AssumedJKMO TempeatureBias®
AssumedJKMO TempeatureBias®P
AssumedJKMO TempeatureBias?*?
AssumedJKMO TempeatureBias®?
AssumedJKMO TempeatureBias?®P
AssumedJKMO TempeatureBias®P
AssumedJKMO TempeatureBias?®P
AssumedJKMO TempeatureBias?®P
AssumedJKMO TempeatureBias®P
Meteoplogical Analyses?
Meteobplogical Analyses?®

Time Halfwidth®

Latitude Halfwidth®
LongitudeHalfwidth®

1.5%larger
3.0K
1.0K
2.0K
6.0K
7.0K
8.0K
-0.5K
-1.0K
-2.0K
NCEP
REAN
6 hours
1.0
3.5

aThesetestsonly runfor selectectases.

bThis valueis subtractedrom the tempeaturesprovided

by the UKMO analysedo accounffor possiblebiases.
¢Changedo theseparanetersaffect only the dataesti-

matesalongthetrajectoy, notthemodé results.
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both instrumeis are samplingthe sameair. This may not
necessariloe the case hawever, if our coincicencecriteria
aretoo loose. Cloud compgaition may not be uniform over

the distanceseparatig the MLS and POAM obsevations.
In afew casesthe MLS andPQAM poirts, while still sat-
isfying the coincidencecriteria, may be sufiiciently distant
thatthe air parcelsat thoselocationsmay have expelienced
slightly differenttemper#urehistoriesandthusmaydisplay
adifferentcharacter

Someof the fluctuations seenin the MLS HNO3; alun-
dancesnayhave ariserfrom “natural” (i.e.,dynanical) vari-
ability inside the vortex andwould therefae not be repre
ducedby ary of the PSCcomposition mocels. A smallde-
greeof HNO3 depletion withou significantaerosobenhane-
mentmay also have arisenif particlesfalling from abore
scarengal someHNO3 asthey passedhrougha given atmo-
sphericlayer Alternaively, sedimentig particlesstill resi-
dentin a given layer may contritute more obsered aerosol
extinction thancanbe accounted for by the obseved gas-
phaseHNO3 depletion

Becausextravortex airis gererallycharactdaeedby lower
HNO;3 alundancede.g., Santeeet al., 1999 andreferaices
therein] and higher aerosolextinction values [e.g., Kent
et al.,, 198; Thomasonand Poole 199], entrairment of
lower-latitude air into the vortex can produce a signatue
akin to that of PSCformation. Thetefore,to properly as-
sessthe obsened chamgesin HNO3 andaerosb extinction
andtheir relationslips to the PSC composition modds, in
somecasest is necessaryo considerthe possibility of ex-
chan@ of air betweenthe polar vortex and midlatitudes.
We evaluatethelik elihoad of cross-wrtex horizontal trans-
port and mixing with high-resolutionPV mapsfrom three-
dimensimal (3D) reverse-trajectoy (RT) calculationg Su-
ton et al., 1994; Manng et al., 1998], which have been
demastratedFairlie etal., 1997 Manney etal., 200(Q to be
usefulin refining the stronggradentsin tracerfieldsacress
the vortex bowundary Spaceconstraits prohibit shaving
thesecalculatiors, but they arementiored in the discussion
of individual casesvhereappopriate.

Finally, instrumental effects aremostlik ely a significant
factor Cloudsmay be inhonmpgeneas on a scalesmaller
thanthat distinguishale in the satellite measurermnts. In
addition appaentinconsistenciesn the MLS and POAM
datasetsmay simply be a corsequenceof their different
vertical resolutions: The HNOj3 at a particularlevel may
actuallyreflectactivity someavhereelsein the ~6 km plug
of air that MLS senseswhile POAM, with ~1 km verti-
cal resoluti, seesnothirg; corversely afeaturepresenin
the POAM datamay be too smearecbut in the MLS data
to be discernilbe. For example vertical redistritution of
HNO;3 throwgh sedimentatio and evapaation of PSCpar

ticleswithin the 6-km MLS samplevolumecould causeen-
hancedextinction at the POAM altitude but be impercep-
ble in the MLS measuements.This possibility is explored
through various samplecalculatims andsensitvity testsfor
anumberof cases.

4.3. Overview of Results

Trajectaies were launcted from all POAM occuta-
tion events that were both inside the vortex (PV >
0.25x10% Km?kg1s 1) and at a tempeature belov
200K at 465K duringthe 17 daysin the MLS 199%/19%
late-winter north-looking observilg periad. Trajectories
were also calculatedfor otherwarm-air and/orextravortex
occultationsif they registereda catagory “2” or“3” PSCde-
tection(seesection2.2).

Of the 75 occultation everts satisfyingthesecriteria, 20
were situatedon the edgeof the vortex. The trajectories
initialized from theselocatiors skirtedthe vortex edge, and
they werecharactarzedby relatvely warmtemperatte his-
tories. HNO3; alundanceswere fairly low and exhibited
a large degree of scatteralongthe trajectoy, and POAM
measuredelatively high aerosokxtinction values. Because
extravortex air is generallycharaterizedby lower HNO3
alundancede.g, Santeetal., 199, andrefelenceghereir
andhigheraerosokxtinction valuesfe.g, Kentetal., 198;
Thomasao and Poole 1993, somevortex edgecasesmay
beindicative of theintrusionof extravortex air andnotPSC
formation. In ary event, separatig the microphysicaland
dynanmical effectswould be extremdy difficult evenwith a
detailedmodellingeffort, and nore of thesecasesaredis-
cussedurther here.

In eight of the 75 casesthe occultation terminatel at
ananonalouslyhigh altitude (usually24-2 km, comgared
to the typical POAM minimum altitude of abou 8.5 km
[Frommetal., 1999). For highZmin casesthe altitude of
thecloudtopis believedto be 1-2km belov the occultation
terminatio altitude[Frommet al., 199)]. Sincethe actual
centeraltitude of the cloudis not known for thesecasesijt
is difficult to make compaisonswith mode behaior. Al-
thoudh lower altitudeswere usually very cold (e.g., at or
belov the frost point at 465K), at the occutation termira-
tion altitude temperatres were geneally not low, in some
casesiotbelaw, or evennear PSCexistencethreshdds. Yet
the cloud opacitywas high enowgh to causepremaure ter
minationof the occultation Interestindy, in a few of these
casesheMLS HNO3; alundancesattheoccultationtermira-
tion altitudewerealsoanoméous, muchlower thanat other
pointsalongthetrajectory Thusthe aerosolextinction and
HNO; fields appearto be morehighly pertubedat the top
of astrong(possiblywaterice) PSCthanwould be expectea
basedon local meteaologicd corditions. Compaisonsat
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465K (ratherthanthe occultationcutof altitude)werenot
especiallyilluminating sincetempeaturesalongthe trajec-
tory drgppedprecipitosly to the frost point, andall of the
modds andtheMLS measuementsexhibited asimilarrapid
declinein HNOj3. Therefae the high Zmin casesare not
consideedfurtherin this study

Three of thecasesverecharacterzedby bothlow HNO3
andlow extinction values;thesewill bediscussedurtherin
sectiord.5. Twenty-theecasesepresenteaoincidentmea-
suremets insidea cloud (i.e., with high extinction andlow
HNO3 values),and21 repesentectloudfree air (i.e., with
low extinctionandhigh HNO3 values).In mostof thelatter
casesioPSCswerecapture in eitherdataset,becausé¢heir
trajectoriegpassedhrough generallywarmregions thatdid
not experience cloud cycles or becase datawere missing
alongthetrajectores during cloud activity. However, a few
did reflectPSCactvity at somepointalongtheirpath,either
before or aftertheinitialization occultation evert, with data
availablefrom oneor bothinstrumers. Thatis, eventhough
at the time of the particula trajectoryinitialization no PSC
was preseh the air parcelsat the occultationlocation still
expeliencedPSCconditins on at leastone otheroccasio
asthey joumeyed arownd the vortex in the 5 daysbeforeor
aftertheinitializationtime. We identifiedthesesetsof cases
astheoneamostlikely to provideinsightinto PSCprocesses.

In generalwe found our appoach of comparing both
HNO3; and aerosolextinction measuremnts to moddled
guartities alongair parceltrajectaies to be very success-
ful in capturig PSCformation, development,anddissipa-
tion phases.A strongcorrelation wasfound betweenlow-
temperéure, low-HNO3, and high-extinction points. Fur
thermae, theobseredbehaior alongthe Lagrarmgianpaths
wasin mostcaseswithin therange predictedby equilibrium
LTA andNAT modelsof PSCcompsition. Significantly at
no time alongthe trajectores (whentherewas datacover-
age)did the mockls displaylarge changsin eitherHNO3
alundancesor aerosolextinction values that were not re-
flectedin the data. We canthusstatewith conficencethat
thesesatelliteHNO3; andaerosbextinction datacanbeused
to trackPSCevolution alongair parcé trajectories.

We enjoyed less successhowever, in deternining the
specifictypesof PSCsthatwereforming. In geneal alarge
degree of ovedap in the comprisonsbetweenthe models
andthedatapreventedconclwsive identificationof PSCcom-
position or phase. While someexampges were consistent
with specificPSCformation mechaisms, no single set of
assumptiosalloweda majority of thecasego beexplained.
Many casesexhibited sufficient ambiguty thata variety of
different formation scenarioscould be invoked, especially
with somejudicious tweakingof modelparametes. There
were too mary unmeasuredquartities andtoo mary large

uncetaintiesin bothmeasuementgincluding the meteore
logical analyses)and model calculatiors to allow conclu
sionsaboutthe exact compsition of the PSCsin most of
thesecasesto be formuated with a high degree of confi-
dence.

Therefore, althoudh we seeevidencefor the occurence
of LTA andpossiblyalsofor phaseransitiors betweerL TA
and solid (NAT) PSCs,a rigorous accounting of the vari-
ous processesobsened is not practicalle. We refrain here
from attemptirg to compilefrom thesedatasetsary overall
statisticson PSCformaion processes.We have, however,
selectedsix of the mosttantalizingcasego presenin detail
in the next two sections.Theseexampes sene to illustrate
boththe pronmise andthe perils of our Lagrangianappoach
to studyingP SCswith satellitedata.

4.4. CaseStudiesof PSC Composition

The initialization occultatios for the six selectedcases
areidentified on the mapsin Plate 1, andadditioral perti-
nentinformationfor eachcaseis given in Table3. Notethat
the selectedcasesarenot preseted in chranologial order.
Thepathstracedby the parelsalongboththebackwardand
forward trajectoriesareshavn in Plate2. In several cases
the parcelstraversethe samegeogeaphicregion two or even
threetimesoverthecourseof the 10-day studyperiod Note
alsothatthesecaseslonotall depictseparat®SCeverts. In
realityonly afew differert PSCshavebeensamplednultiple
timesby thesdrajectores. Thetemperatte historiesmodel
calculatiors,andMLS HNO3 andPOAM aerosokxtinction
valuesalongthe comhined 10-chy trajectoryare shavn in
Plate3. The PSCactiity illustratedby thesecaseanayoc-
curatary time alongthetrajectores,i.e., befae, during, or
aftertheinitialization occutation events.

Oneof themoststraightfowardandleastambigiousex-
amplesis shavn in case#1 (Plate3a). The occultationin
this casewasmadenearthe centerof theregion of depletel
HNO3 on17FebruaryseePlatel). Althoughtheparcelsex-
periercedPSCcondtions 4-5daysprior to the obsenation
time, they subsequetly underwentwarmingto abore 210K,
nearthesulfuricacidtetrahyrate(SAT) meltingpoint[Mid-
dlebmoketal., 1998; Zharg etal., 1993. Therebre,priorto
theoccultation timethe HNO3 hadretumedto thegasphase
andthe majority of the preeisting aerosolsvere probably
in a liquid state. Tempeaturesthenfell relatively rapidly,
dipping below 190K briefly arourd the initialization point
befole rising again thetotal duration of tempeatureshelow
the NAT existencethresholdwasaboutl.5days. The MLS
HNO;3 dataarematchedbestby the LTA model throughaut
mostof the PSCepisoa, although neartheendof the cloud
cyclethedepldion suggestetly the MLS datais largerthan
that predictedby the LTA model, possibly indicating the
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Table 3. List of CaseStudylnitialization Occultatiors

Case Date POAM PSC Initial Lat Lon
(19%) Occultation# Altitude level
1 17Feb 12414 21km 488K 67.4°N 3481°E
2 17Feb 12416 - 465K 67.4°N 2975°E
3 3 Mar 12627 19km 438K 67.7°N 3598°E
4 13Feb 12356 20km 466K 67.2°N 155°E
5 13Feb 12355 20km 478K 67.2°N 408°E
6 17Feb 12411 18km 433K 67.4°N 640°E

presenceof mixed (solid and liquid) clouds. The POAM
extinction dataarealsoin excellentagrementwith liquid or
mostly-liquid clouds.

Theoccutationin case#2 (Plate3b) wasmadeupstrean
from thatin case#1 in air thatwas cloudfree at the time
of obsenation (seePlatel). Although the parcelsin these
two casegassedhrowgh essentiallythe sameareaof PSC
activity, case#2 presentsa much more amhbguouspicture.
Again, the MLS HNO3 dataare matche bestby the LTA
modd. MeasurecandmodelledHNO3 concentationsagree
well duringthe HNO3 recovery portion of the cloud cycle,
butinitially theLTA mocel predictsmoreHNO3 uptalethan
is obseved. This appaent lag betweenthe obsened and
predideddecreaein gas-haseHNO3 is notresohedby al-
tering the coinddencecriteria usedto interpolate the data
alongthetrajectory(not shavn) or othermodelparaneters
(e.g.,H20 or H,SO4 mixing ratios; not shavn). Furthe-
more,the LTA modelsignificantlyoverestimateghe extinc-
tion measued by POAM, which agreeswell with the NAT
equilibrium curve. Thusno singlePSCcompsitionmodel
canbe madeto matchthetwo setsof measuements.

Case#3 (Plate3c) depictsheoppositesituation,in which
thetwo datasetsin comhbnationallow a moredefinitive de-
termination to be madethanwould eitherone alone The

Plate 2. Backward (blue)andforward (red)trajectorypaths  gcatterin the HNO5 concetrationsandthesslightly elevated
from the initialization occultatio (black squaresfor the6  gerosolextinction valuesalongthe backtrajectorysuggest
selectecdcaseqseetext). Theoccultatims areidentifiedon  entrainnent of lower latitudeair asthe parcelspassechear
themapsin Platel, andadditimalinformationfor eachcase  thevortex edgein thedaysleadingupto thePSCevent. This
is given in Table3. Coloreddotsrepresentthe parcelposi-  suppgaition is suppated by high+esolution3D RT calcula-
tionsevery 24 hous alongthetrajectay. tions, which indicateinterleaved wisps of high andlow PV
air in theseregions at this time (nat shavn). The parcels
then uncerwent fairly rapid syngtic cooling, reacling a
minimum temperatte of 193 K. Sareeet al. [1996] in-
vestigate the low-HNO3 poclet on March 3 and shaved
resultsfrom high+esolution3D transpat calculationsthat
rule outary influenceof lowerlatitudeair ontheHNO3 val-

Case#1: 17Feb Case#2: 17 Feb Case # 3: 3 Mar
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uesin this region. HALOE onbard UARS alsomeasurd
aerosolextinctions indicaive of PSCson March 3 and 4
[Hervig, 199)], althowgh the latitude of the HALOE occu-

tationswas consideably lower (52°N) thanthat of POAM

(67°N). Therebre,despiteheearlierbehaior, theobseved
HNO3; decreasat the initialization time is associatedvith
PSCactvity. Although the MLS datafall alongthe equi-
librium NAT modé curve for uncarectedUKMO temper
aturesfrom the very startof HNO3 depletion it is unlikely
that a fully-developed NAT cloud would appearwithout a
prior LTA stageexpeiiencinglow temperattesfor a longer
period of time [e.g, Peter, 1997; Tabazaeh et al., 2001].

In addition avery high (0.2cm~3; notshowvn) nurberden-
sity of NAT particleswould berequiral to matchthe POAM

extinction. On the otherhard, both MLS andPQAM data
arein excellentagreenentwith the LTA modé whenthe
temperéuresareredwcedby 3 K. Thus the mostprabable
explarationfor this caseis a cloud compsedof a majoity

of liquid particles,underthe assumptiorof a 3 K high bias
in the UKMO tempeaturesatthistime.

In contrastto the previous cases,n case#4 (Plate 3d)
temperéuresalorg the trajectoryhad beenbelov the NAT
threshdd for almost3 daysprior to theoccutationon Febru
ary 13. In thelatter half of the cloud cycle, despitethe pro-
longed exposureto low tempeatures,the MLS datamatch
theLTA modelclosely indicatirg farlessdepldion thanthat
predided by the equilibrium NAT mocel. The POAM data
arealsoin excellert agreenentwith LTA. After theinitial-
izationtime, theMLS datadeparfromtheLTA behaior and
shav depletiors betweenthoseof the LTA andequlibrium
NAT mockls. This patternis robustevenwhenothervalues
for theH,O mixing ratio or gridding coinddencecriteriaare
used(na shavn). Thusthe numker of solid particlesmay
have beenincreasingby this time. On the otherhand im-
mediatelyprecaling theinitialization time, the parels trav-
elledthroughanareaof extrene cold nearlcelard in which
PQAM recoraeda high Zmin event,indicatingthe presee
of waterice clouds[Frommetal., 1999 (conparePlatesl
and?2). An alternatve explanationfor this caseis thatboth
instrumeits may have captuedthetransitionbetweera wa-
terice PSCandcloudfree condtions.

Casetb (Plate3e)is situatedustdownstreanfrom case#4
(seePlatel). Although theparcelsn thetwo casegraversed
thesamegeneal vicinity andwereexposedo low tempea-
turesfor similarly prolorgedperiads,theminimumtempea-
turesattainedn case#5 (~191K) werenotaslow. Unfortu-
nately MLS missedall but thetail endof this PSCepisoe,
but POAM obseredthe cloudbothin the middleandat the
edge. By the initialization point, tempeatureshadrisento
the NAT existencethresholdafter spendig almost2.5days
belov it. While the measuredxtinction agreeswell with

the LTA modelin themiddle of thelow-tempe&atureregion,
it exceedsthat predi¢ed by the modelsat the initialization
point. Evenfor a T-3 K modelrunwith a H,O mixing ratio
of 6 ppmv(notshavn), themeasuedextinction attheinitial-
ization time still slightly exceedsthe predictedLTA value.
Nor doesthestandardNAT modelprovide resultsthatfit the
PQOAM data.If, however, anumter densityof nudeatedpar
ticles of 0.1 cm~3 is used(not shavn), thenthe measurd
extinction at the initialization time matcheghe equlibrium
NAT modelfor thereportel UKMO temperatres. Thus our
resultsmaysignify corversionfrom LTA to NAT particlesin
theperiodbetweerthetwo POAM measurments.

For our final examge we shav anothercasethat, while
interestingjs difficult to recancile with PSCmocels. Along
thebacktrajectory caset#6 (Plate3f) samplesa slightly dif-
ferentportion of the samegeneal PSCregion in the vicin-
ity of Icelandthat was obseved at the initialization time
in case#1 andalongthe forwardtrajectoy in case#2 (see
Platesl and?2). Temper&uresalongthetrajectorywererel-
atively high until Februay 15, so the backgourd aerosols
are expectedto have beenliquid. Tempeaturesreached
their minimum (just below 192 K) on Februay 16; by the
initialization time they had beenbelov the NAT existence
threshdd for 2 full days.As in case#3,the MLS dataseem
to imply immediateNAT formation, althowgh the obseved
HNO3 startsto decreaewhenUKMO temperattesarestill
~200K. Sincewe corsiderthe directformationof NAT to
beunlikely, amoreprokablediagnaisfor this casds initial
LTA formatian unde the assumptiorthat the UKMO tem-
peratuesarein erra by 3K atthispointalongthetrajectay.
However, the POAM extinction data halfway throwgh the
cloud evert are consistenbnly with the LTA modelcalcu-
latedusingthe UKMO temperattesasrepated. This does
not necessarilyepresent conflict, sincethereis noreason
to expect thattempeaturesarebiasechigh uniformly at ev-
ery poirt alongthetrajectory Towardthe endof theepisode
the MLS HNO3; matcheghe NAT equilibrium modelvery
closely but, for the standardun,the POQAM extinctiondoes
not. If, however, anumkerdensityof 0.01cm 2 is employed
insteadthenthe mid-PSCPQAM pointis still matchedbest
by the LTA curve, while the extinction during PSC dissi-
pationagreeextremelywell with the NAT mockl calculated
for therepotedUKMO tempeaturegnotshavn). Thiscase
could therebre, beinterpreéed assuggsting obsenation of
a phasetransitionbetweenLTA and NAT by both instru-
ments.Severalothersensitvity testavereperformedto eval-
uatealternatve explanationsput noneproduceda consistent
picturesatisfyingbothdatasets.
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4.5. CaseStudiesof Denitrification

In themajority of casesn whichbothPSCformationand
dissipationwereobsered, HNO3 concetrationseventially
reboundedto their pre-PSCvaluesafter the parcelsexited
the cold region. Full recovery in gasphaseHNO3 follow-
ing PSC actvity implies that no deritrification hastaken
placeon a scalecomparableto the MLS samplevolume.
Of course,MLS is not sensitve to localizedredistritution
of HNO3 within the 6-km layer correspondimg to its verti-
cal resolutian. Denitrificationappearso have beenminimal
evenwhensolid particlesmayhave formed, e.g.,in case#6.
In othercasedull recovery alsoappeas likely (e.g.,#4 and
#5),but lack of HNO3 measuremntsprior to PSCformation
precludesdefinitive assessment.

Two casesn whichthe HNO3 doesnotappeato recover
fully are#1 and#2. MLS measurerantson Februwary 20—
21 indicateresiduallylow HNO3 abundancesdownstrean
from the PSC. Halving the tempaal andspatialhalfwidths
in thegridding procedire (seesectiord.1) reduceghenum
ber of timestepsfor which dataestimatesare available but
doesnot eliminatethe points with low HNO3 downstrean
fromthePSC.In case#2thePOAM measuremsa onFebru
ary 20indicateshackgoundlevelsof aerosokxtinction, and
high+esolution3D RT calculationsprovide no eviderce of
intrusion of extravortex air. Thus the February 2021 ob-
senations suggestenitification of roughly 20%(~2 ppbv)
over the 6-km stratumof air sampledoy MLS. From the
POAM measuremas, howvever, the thicknessof the PSC
is estimatedo be ~3 km, implying a lower limit of abaut
40% denitrification, assuminghatthe HNO3 wasremoved
throughou the entire3-km cloud layer On the otherhand
the infererce of deritrification from thesecasess at odds
with the cloud compgitions discussedn section4.4. Al-
thoudh in case#2 the POAM measurerantin the middle of
the cloud may indicate the presenceof solid particles,the
MLS dataarematchedvell by theLTA model.Case#1 also
appeas to be consistentvith anLTA phase.LTA PSCsare
commsedof relatively small droplets that are not subject
to significantgravitational settling [e.g., Tabazaeh et al.,
1994]. In addition the total amouwnt of availableHNO3 is
setto abou 11 pphv in thesecaseshasedon the last point
alongthebacktrajectoryfor whichthetempeatureis abore
205K (seesection4.1) Settingthetotal HNO3 amoun to
10 ppbv instead(not shavn) resultsin very little change to
themodelcompmrisonduiing the PSCeventbut redu@sthe
discrepany betweemmeasurecéndmocelled HNO3 values
on Febrary 2021 to within themeasuremdrerra barsfor
most(but notall) of the points. Theefore,althowgh sugges-
tive of denitification, thesecasegdo not offer incontiovert-
ible prod.

Three occutations chaacterizedby both low extinction

andlow HNOj3 values,mentiored in section4.3 may also
suggestsomedenitrification In thesecases(not shawvn),
MLS recorda a significantdip in HNO3 in a seriesof points
before the occutation, but POAM doesnot detectsignifi-
cantaerosolenhanement. In all threecasesthe RT cal-
culatiors shav thatair from the vicinity of previous strong
PSCeverts hasbeenadwectedto the occutation location by
thetime of the measurments.Prorgs of air dentrified dur
ing anearlierPSCepisodecouldinfluercetheHNO3 values
alongthis trajectoy, while leaving the extinction valuesun-
affected However, in two of the caseghe RT calculations
alsosuggst thatlarge intrusians of lower-latitudeair enter
the vortex at or nearthe occutation site. In addition the
NAT mockl predcts a slightamount of HNO3 sequestratio
if theUKMO tempeaturesareredwcedby 3K (althoudn the
depletion patternin the modelcurve doesnot confam ex-
actly to the obsered decreasén HNO3). Although either
entrainnent of extravortex air or PSC growth should pro-
ducea signatue in the aerosolextinction, theseproesses
canna be compgetely ruledout,andonceagaina conclusve
finding of denitrification canrot bemade.

Thus, althoudh we seeincorclusive hintsthatdenitifica-
tion hasoccuredin afew of the casesthe majority indicate
thatgas-plaseHNO3 fully recoversto pre-PSCabundances
following cloud evapaation, evenwhenthereis someindi-
cationthatsolid particlesmay have formed Duringthe late
198G andthe 1990s, mary of the northernwinterswereex-
ceptiorally cold [Zurek et al., 199%; Pawsonand Naujokat
1999 Manneg and Sahutis, 20M0], and patchesof partially
denitrified air were obsered on several occasiondArndd
etal., 198, 1998; Fahey etal., 199, 2001 ; Rex etal., 199;
Kondoetal., 1999 20@0]. In particdar, basedon ER—2air-
craftmeasurenm@s madeattheedgeof the Arctic polarvor-
tex on Februaryl, 19%, Hintsaetal. [1999 deduced den-
itrification of morethan50% in the layer betweenl8 and
19 km (~450-46 K). While this is a substantialamount
of deritrification, it is very limited in vertical extert. The
vertical resoldion of the MLS measurerentsis too coarse
to allow suchnarow layersto be distinguisted. Dessler
et al. [1999] alsoanalyzedMLS HNO3; measurenms for
several Arctic wintersin the early1990sandsimilarly fourd
the degree of denitrificationto be limited. Only duiing the
19992000winter, whenthe areaof tempeatureslessthan
195 K was both unusually large and unusually persistent
[Manrey and Sahtis, 2004, did denitification significant
enowgh to be detectedby MLS (~20%) occurover a size-
ablefraction of the Arctic vortex (at equivalentlatitudesof
70°N andhigher) [Sarteeet al., 2000] Modelling studies
by Tabaza@h et al. [2001] suggstthata largervertical ex-
tentof thedenitrifiedlayersin 199/200®, compaedto other
Arctic winters,facilitatedtheir detectionby MLS. We con-
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cludethat, althoudh severedenitrification(50% or greatey
may have occuredin highly localizedregionsin the Arctic
in 1994 it did notoccurover spatialscalescomparableto or
larger thanthe MLS field of view, eventhowh it wasa rel-
atively cold winterwhensolid PSCparticlesmayhave been
presenbver large areador severaldays.

5. Summary and Conclusions

Our main goalin this study was to assesghe viability
of diagrosingPSCcompositionanddenitrificationusingex-
isting satellite measurerants. We correlatedUARS MLS
measurerantsof gas-plaseHNO3 with POAM 1l measue-
mentsof aerol extinction during the northen hemisphee
late winter of 199%/19%. A Lagrangianappoachwasused
to track the entire cloud cycle from formation throudh dis-
sipation. Air parel trajectorieswere calculatedboth for-
ward and backward from the locationsof POAM occuta-
tions,andtheMLS andPQAM datawereinterpolatedto the
parcelpositiors alongthe trajectorybefore, during, andaf-
ter a PSCepisode. The obsered belavior of both HNO3
andaerosolextinction wasthencomparedto that predictel
by LTA andNAT equilibrium compsition models. Marny
sensitvity testswererunin aneffort to evaluatethe impact
of thenumebusuncertaitieson ourinterpretations.

Extracting detailedquartitativeinformationabouthecom-
position of individual PSCsby combning thesesatellite
HNO;3; andaerosotatasetsis averydifficult task.We fourd
that,althoudn thesemeasuementscanbeusedto track PSC
evolution alongair parceltrajectoriesthey arelesssuccess-
ful in deternining thecompsitionor phaseof the PSCghat
areforming. In gereralthereis alarge degreeof overlapin
thecomparisonshetweerthe mocelsandthedata.Although
someexampes are consistenwith specificPSCformation
mechaisms, no single set of modelassumptionsllows a
majority of the caseso be explained. In additionto large
uncetaintiesin bothmeasuementgincluding the meteore
logical analysespnd modelcalculatiors, otherfactorsthat
hamperedinterpretationof thesecasesncludelack of colo-
catedHNO3, aersol extinction, H,0, andtempeaturemea-
suremets, andlow horizantal and(for MLS) vettical reso-
lution of thedata.

Many of thesedeficiencis will beamelioratedn theup-
coming Earth Observig System(EOS) Aura mission(see
http://eos-ata.gsfcnasa.ge). An enhamwed versionof the
MLS instrumen [Waters, 1999 will provide measurerants
with much better measuementcoverage and vettical and
horizantal resolution. EOS MLS will perfom measue-
mentswith theinstrument fields of view scanniig the limb
in the orbit planeto provide latitudinal coveragethat will
extend from 82°N to 82°S on every orbit, affording con-

tinuous monitoiing of the polar regions (no morthly gaps
ason UARS). The alongtrack separatiorbetweenadjacent
limb scanswill be 165km (asopposedto 500km for UARS
MLS), but the longtudinal separatiorbetweenorbit tracks
will bethe sameasit wasfor UARS MLS (e.g.,~2600 km
attheequator, ~500 km at 70°N). The horizontalresolutio
will be ~200-3® km alongthe line of sightand~10 km
perpadicular to the line of sight (~400 kmx200 km for
UARS MLS), and the vertical resolutionof the retrieved
procuctswill be ~3 km (~6 km for UARS MLS). In addi-
tion to HNOg3, whichwill be measurd with a single-pofile
precisionof ~2 ppbv (aboutthe sameasfor UARS MLS),
EOSMLS will obtainsimultaneosa measuementsof H,O
andtempeaturewith precisionsof ~0.2 ppmv and~0.5K,
respectrely, in thelower stratosphere

Otherinstrumentson EOSAurawill alsoprovide strato-
sphericmeasuremntscrucial to studiesof PSCformation.
In additionto simultaneas measuremas of HNO3, H>0,
andtempeature theHigh ResolutiorDynamicsLimb Sounde
(HIRDLS) will obtainmeasuremntsof aerosolextinction.
Expededprecisiors are0.4K for tempeatureand1-5% for
the HNOg3, H,0, andaerosb extinction measurernts. For
the nomnal obsering mode,the profile spacingwill 400-
500km alorg the line of sight; becasethefield of view is
steppedn azimuthseveraltimesduring a noninal scanthe
horizantal spacingacrossthe orbit track will also be 400-
500km. Measuremetresoldion will be250-300km alorg
the line of sight and ~10 km pergendicularto it, andthe
verticalfield of view will be 1 km. HIRDLS will thuspro-
vide obsevationswith hotizontalandverticalresolutio un-
preceéntedin a global dataset. The TroposphericEmis-
sionSpectraneter(TES)will alsomeasurédNO3, H,0, and
temperéurein thestratosphexin thelimb mode, with verti-
cal resolutionof 2.5-3.5km, horizantal resolutionof 23 km
(cross-trak) by 120km (alorg-track, anderrorsof lessthan
10%for atmosphéc constituets and1 K for tempeature.
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