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A Lagrangian approachto studying Ar ctic polar stratospheric
cloudsusing UARS MLS HNO3 and POAM II aerosol extinction
measurements

M. L. Santee,1 A. Tabazadeh,2 G. L. Manney,1� 3 M. D. Fromm,4

R. M. Bevilacqua,5 J.W. Waters,1 andE. J.Jensen2

Abstract. We assesstheviability of diagnosing polarstratosphericcloud(PSC)
composition anddenitrificationusingexisting satellitemeasurements.A La-
grangianapproachis usedto trackPSCevolution from formationthroughdissipa-
tion. UpperAtmosphereResearchSatelliteMicrowaveLimb Sounderobservations
of gas-phaseHNO3 andPolarOzoneandAerosolMeasurementII observations
of aerosolextinction from theArctic latewinter of 1995/1996 arecorrelatedand
comparedto resultsfrom PSCcomposition modelsalongair parceltrajectories.
This approachis successfulin capturingthebroadpatternsof PSCdevelopment.
That is, a strongcorrelationis foundbetweenlow-temperature,low-HNO3, and
high-extinctionpoints. In mostcasestheobservedbehavior alongtheLagrangian
pathsfalls within the rangepredictedby equilibrium liquid ternaryaerosoland
nitric acidtrihydratecomposition models.At no time alongthetrajectories(when
thereis datacoverage)do the modelsdisplaylarge changesin eitherHNO3 or
aerosolextinction thatarenot reflectedin thedata. In general,however, thereis
a large degreeof overlapin the comparisonsbetweenthe modelsandthe data.
Unmeasuredquantitiesandlarge uncertaintiesin bothmeasurementsandmodel
calculationsprecludeconclusive determinationof PSCcomposition or phasein
mostcases.In themajorityof PSCeventsstudied,gas-phaseHNO3 fully recovers
to pre-PSCabundancesfollowing cloud evaporation. We concludethat, while
severedenitrification(50% or greater)may have occurredin highly localized
regionsin theArctic in 1996,it did not occurover spatialscalescomparableto or
largerthantheMLS field of view ( � 400km � 200km � 6 km), eventhoughit wasa
relatively cold winter. Improved measurementsfrom upcomingsatellitemissions,
suchasEarthObservingSystemAura, will amelioratemany of thedifficulties in
diagnosing PSCcompositionanddenitrificationencounteredin thisstudy.

1. Intr oduction

Understandingthephaseandcompositionof polarstrato-
sphericclouds(PSCs)is especiallyimportant in theArctic,
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wherethestratosphere is oftenonly marginally coldenough
to support PSCsnow but wherethe frequency, extent, and
duration of PSCeventsmay increaseunderpossiblycolder
andwetter conditions in the comingdecades[e.g., Waibel
et al., 1999; Tabazadeh et al., 2000]. Despitea consid-
erablenumber of observational, laboratory, andmodelling
studiesover the last 15 years,however, specificPSCfor-
mation mechanisms remainuncertain [for more complete
surveys of PSC-relatedstudies,seeTolbert, 1994; Carslaw
et al., 1997; Peter, 1997; World Meteorological Organiza-
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tion, 1999; Toonet al., 2000].

A recentthrustof in situ PSCstudiesin the Arctic has
beento take a quasi-Lagrangianapproach,whereby theair-
craftflight pathis directedparallel (or nearlyso)to thewind
at the level of the PSC[e.g., Carslaw et al., 1998; Wirth
et al., 1999]. This allows measurements to be madealong
air parceltrajectories from the leadingto the trailing edge
of thecloudand,at leastin principle,affords observationof
therapidmicrophysicalprocessesoccurring duringthebrief
interval thatair parcelsspendwithin thecloud(although the
transittimeof anaircraft is considerably shorterthanthatof
a typicalair parcel).

A Lagrangianapproach,similar to the Match technique
for assessingchemicalozone depletion [Rex et al., 1998],
canalsobe appliedto satellitemeasurements. Steeleet al.
[1999] werethefirst to employ multiplesamplingof satellite
aerosolmeasurements alongair parceltrajectories to char-
acterizecloudevolution. They trackedPSCdevelopment by
comparing aerosol extinction spectraobtained by the Polar
Ozoneand Aerosol Measurement (POAM) II with results
from amicrophysicalmodel atmultiple pointsalongair par-
cel trajectories, but they did not includeHNO3 sequestra-
tion in cloudsin theiranalysis.Danilin etal. [2000] demon-
strateda similar “trajectory hunting” approachby running a
photochemicalbox model along trajectoriesof air parcels
that had beensampledmultiple times by the Microwave
Limb Sounder (MLS) and Cryogenic Limb Array Etalon
Spectrometer(CLAES) instrumentsonboard theUpper At-
mosphere ResearchSatellite (UARS). The focus of their
study, however, was chlorine activation, and they did not
find measurementsof chlorinespeciesusefulin distinguish-
ing betweendifferent PSCcompositionssinceuncertainties
arelarge andboth solid andliquid PSCsproducedcompa-
rablelevelsof reactive chlorine in themodel.Dessleret al.
[1999] examined MLS HNO3 andCLAES aerosol extinc-
tion measurementsfrom several northern hemisphere win-
ters. Although their analysiswasbasedon the calculation
of trajectoriesandthe identificationof air parcelssampled
multiple times,it did not involve following air parcels in an
individual sense.Rather, it reliedonaveraging observations
over theentirewinter/early springperiodandconsequently
providedno informationonPSCevolution.

HereweinvestigateArctic PSCsbyapplying aLagrangian
approachto UARS MLS measurementsof gas-phaseHNO3

andPOAM II measurementsof aerosolextinction. By ex-
aminingthesameair parcels multiple timesasthey traverse
regions of PSCactivity, the complete cloud particledevel-
opment alongthe trajectories canbe followed. This study
is the first to track PSCevolution, from formation through
dissipation,by comparing observations of both gas-phase
HNO3 andaerosolextinction to modelcalculationsalongair

parceltrajectories. Our maingoal in this studyis to assess
the viability of diagnosing PSCcomposition anddenitrifi-
cationusingexisting satellitemeasurements.Although they
lack the resolutionandprecisionof in situ measurements,
thesatellitemeasurementshave the important advantageof
providing daily or near-daily coverageover a range of pres-
sures.Thusa numberof PSCeventscanbestudiedover the
courseof thewinter. If conclusiveidentificationof PSCscan
bemade,a substantialsetof statisticson PSCdevelopment
andevolution canbe compiled over the lifetime of the two
instruments.

2. MeasurementDescription

2.1. UARS Micr owave Limb Sounder(MLS)

Themicrowavelimb sounding techniqueandtheMLS in-
strument aredescribed in detailbyWaters [1993]andBarath
et al. [1993], respectively. Becauselong wavelengths are
used,the dataare not degraded by the presenceof PSCs
or otherstratospheric aerosols[seeWaters et al., 1999, Fig-
ure3]. The latitudinal coverageof MLS measurementsex-
tendsfrom80� ononesideof theequator to 34� ontheother.
Roughly every 36 days(a “UARS month”), MLS alternates
betweenviewing northernandsouthernhigh latitudes.

Santeeet al. [1996] presentedversion 4 HNO3 datafor
the1995/1996Arctic winter studiedhere,andSanteeet al.
[1998] presentedversion4 HNO3 datafrom the1992–1996
Antarcticwintersandspecificallyaddressedtheir suitability
for usein studiesof PSCcomposition. Resultsshown in
this paperarefrom therecently-releasedversion5 MLS re-
trieval algorithms, in which theHNO3 retrievals have been
significantly improved. In version5 geophysical parame-
tersareretrieved on every UARS surface(six surfacesper
decadein pressure,asopposedto threein previousMLS data
sets),althoughtheactualvertical resolution of thedatahas
not doubled.Preliminaryvalidation studiesindicatethatthe
version5 MLS HNO3 dataarescientificallyusefulover the
range100–4.6hPa,with theestimatedprecisionfor anindi-
vidual profile between0.9and1.9ppbv throughout this do-
main.Theuncertaintiesconsistof bothrandom andsystem-
aticcomponents,but therandom (noise)componentsusually
dominatefor theMLS HNO3 measurement.Many of there-
sultsshown in this studyhave beenderivedthrough averag-
ing several individual datapointsandtherefore(sinceaver-
agingreducesthenoisecontributionto theuncertainty)have
betterprecision( � 1.0 ppbv). Furtherdetailsof thequality
of theMLS version 5 dataareavailablefrom theMLS web
site(http://mls.jpl.nasa.gov).

The retrieved version5 MLS HNO3 valuesat a particu-
lar geographiclocationandatmospheric level represent av-
eragesover a � 400km � 200 km � 6 km volumeof air. Al-
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though both crystalline and liquid PSCsroutinely extend
continuously over spatial scalescomparable to or larger
than the MLS footprint [World Meteorological Organiza-
tion, 1999; Toon et al., 2000], it is possiblethat multiple
cloud typescouldexist within the volumeof air sensedby
MLS. This is particularly true in theArctic, wherethe low
temperaturesareoften confined to relatively small regions.
Hervig et al. [1997] discussthe inherent limitations in us-
ing satellite limb observations [in particular from UARS
HalogenOccultationExperiment (HALOE)] arising from
thepossibilityof cloudinhomogeneity over thesamplevol-
ume. For the purposesof this investigation,we have as-
sumedthatany PSCspresentareuniform overtheMLS field
of view.

2.2. Polar Ozoneand Aerosol Measurement(POAM)

POAM II used a solar occultation technique to mea-
suretheverticaldistributionof atmosphericconstituentsand
aerosolextinction with a vertical resolutionof about 1 km
anda horizontal resolutionof about200� 30 km [Glaccum
et al., 1996]. In normal operation, POAM recorded12–13
occultation eventsperdayaround acircleof latitudein each
hemisphere,with successiveoccultationsseparatedby � 25�
in longitude. During the period studiedhere, the latitude
of thenorthernhemisphere(satellitesunrise)measurements
variedbetweenabout 66� and68� N.

The 1.06 µm channel is the primary channel for PSC
detection. Lumpeet al. [1997] discussin detail the ver-
sion 5 POAM retrieval algorithm and error analysis;they
estimaterandom errors in the retrieved aerosolextinction
to be 10–20% for the 1.06 µm channel. Several different
validation efforts have shown goodagreement betweenthe
POAM aerosolextinction profiles andthosefrom otherin-
struments [Randall etal., 1996, 2000; Brogniez et al., 1997;
Frommet al., 1997]. In particular, Randall et al. [2000] per-
form astatisticalcomparisonof coincidentversion6 POAM
and version 5.931 Stratospheric Aerosol and Gas Experi-
ment(SAGE)II summertimeextinction profilesandfinddif-
ferencesin the1 µm measurementsto bewithin � 10%be-
tween12and27km. Hereweuseversion6 data.

Frommet al. [1997,1999] describethePOAM cloudde-
tectionalgorithmusedto distinguishPSCsfrom the back-
ground aerosol.Two distinctPSCsignaturesareevident in
the POAM data;thesearereferredto as“layer” and“high
Zmin” PSCs. Layer PSCsare identifiedwhen the extinc-
tion ratio profile, definedasthe 1.06µm aerosolextinction
divided by a representative cloudless-airprofile, exhibits a
localmaximum thatexceeds acertainthresholdvalue.Low,
middle,andhighthreshold enhancementsareassignedcodes
of “1”, “2”, and“3”, respectively. Occasionallya cloud is
observedthat is sooptically thick that theradiance incident

on the instrument’s sun tracker drops below the detection
threshold; this causestheoccultation event to beterminated
at ananomalously high tangent altitudeandis therefore la-
belledas a “high Zmin” PSC. Frommet al. [1999] argue
that most of the high Zmin casesare indicative of water
ice clouds; this view is supportedby therecentanalysis(of
POAM III data)by Nedoluhaetal. [2000]. ThePOAM PSC
categories areemployed in the analysishereonly to aid in
the selectionof the particular occultation eventsfor which
trajectoriesarelaunched; all of our interpretationsregarding
PSCtypesarebasedon themodel comparisonsdescribed in
section4.

3. Overview of Coincident Measurements

The data coverageof the POAM II and MLS instru-
mentsoverlappedfor three northern hemisphere winters:
1993/1994, 1994/1995, and 1995/1996. POAM operated
only sporadically during the 1993/1994 Arctic PSC sea-
son, however, and the POAM extinction values at this
time weresignificantly higherthanin subsequent yearsbe-
causeof residualaerosolloading from the eruption of Mt.
Pinatubo[Randall et al., 1996], complicating PSCidenti-
fication [Frommet al., 1999]. In addition, the 1993/1994
winter wasrelatively warm,with minimum temperaturesat
465 K nearor above the average for the last 20 yearsfor
most of the season[Zurek et al., 1996]. Thus the num-
ber of POAM PSCdetections during this winter is limited
[Frommet al., 1999]. POAM operatedcontinuously dur-
ing the 1994/1995 winter, which was considerably colder,
but MLS datacollectionduring this period wasseverelyre-
strictedbecauseof difficultieswith theMLS scansystemand
thespacecraftbatteriesandsolararray. As a result,a com-
pletePSClifecyclewasnotcapturedin the1994/1995MLS
data.

We focus hereon the 1995/1996 Arctic late winter pe-
riodwinter. With theexceptionof 1999/2000, the1995/1996
winter wasthecoldest,themostpersistentlycold, andcold
over thelargestgeographicalarea,of any northern winter in
themeteorologicaldatarecord for thepast � 40years[Man-
ney et al., 1996a; Naujokat andPawson, 1996; Pawsonand
Naujokat, 1999]. Daily minimum temperaturesinside the
vortex at 465 K werebelow 195 K, the approximateexis-
tencethreshold for nitric acid trihydrate(NAT) PSCs,for
80consecutivedays,andbelow 188K, thenominal ice frost
pointfor lowerstratosphericconditions,for atotalof 28days
[Manney et al., 1996a]. Thus meteorological conditions
wereconducive to abundantPSCformation, andPOAM ob-
servedPSCsalmostdaily betweenmid-Decemberandearly
March [Frommet al., 1999]. By 1996 MLS wasoperated
only intermittently, to conserve both spacecraft power and
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instrument lifetime. During the late winter north-looking
periodfrom January26 to March5, 1996, MLS mademea-
surementsonatotalof 17days.In thissectionwepresent an
overview of coincidentMLS andPOAM observationsduring
this periodandprovide a meteorological context for them,
settingthestagefor thedetailedtrajectoryanalysesof sec-
tion 4.

Plate1 showsmapsof MLS gas-phaseHNO3 for selected
daysin thelate-winternorth-looking period. TheMLS data
aregriddedby binning andaveraging 24 hours of data;the
averagesarethenvertically interpolatedto 465 K (ranging
from � 30to 60hPafor thelow temperaturesinsidethepolar
vortex) usingtheU.K. Met Office (UKMO) [Swinbank and
O’Neill, 1994] temperatures. Contoursof UKMO temper-
atureandpotential vorticity (PV) arealsoshown. We con-
centrateonthe465-K level sinceit is oftensituatednearthe
centerof themaximum aerosolextinction. Wintertimegas-
phaseHNO3 abundancesaregenerally high in the warmer
regions of the polarvortex, asa resultof confineddiabatic
descent,but low in the colder regions, wherePSCsform.
Thelocationsof thePOAM occultationsoneachdayarealso
overlaid on the maps,with different symbolsrepresenting
differentPSCdetectioncategories(seesection2.2). On any
givenday, themajorityof thePOAM measurementsindicate
cloudless-airextinction values.As canbeseenfrom Plate1,
overall thereis good agreementbetweenPOAM PSCdetec-
tionsanddepletedMLS gas-phaseHNO3.

Minimum temperaturesat 465 K were near or below
188 K in mid-January, but hadbegun to warm up slightly
at the beginning of the MLS north-looking period in late
January[Manney et al., 1996a]. The MLS observationsat
theendof Januarywerefollowedby a datagapuntil Febru-
ary13,by which time a smallpocket of temperaturesbelow
the frost point haddevelopednortheastof Iceland. POAM
observed a high Zmin PSCin this region, which wasalso
wheretheMLS HNO3 valueswerelowest. Extremely cold
conditions continuedto prevail throughoutthelower strato-
sphereoverthecourseof thenext week.Frommetal. [1999]
showed that the numerous high Zmin eventsrecorded be-
tweenFebruary13andFebruary21wereconsistentwith the
presenceof water ice PSCs. They inferred the occurrence
of a multi-day, synoptic-scalePSCepisode with substantial
HNO3-containingandwaterice cloudcoverageduring this
period.

The meteorological conditions on February20, 1996,
werethemostAntarctic-likeobservedbyMLS during its en-
tire lifetime to date,with 465-K minimumtemperaturesin-
sidethepolarvortex approachingthoseof a typicalsouthern
winter [Manney et al., 1996a]. On this day a strongtropo-
sphericanticycloneresultedin thedeformationof thelower
stratospheric vortex andcausedtheregion of lowesttemper-
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Plate 1. Maps of MLS HNO3 for selected days during the 1995/1996
late northern winter north-viewing period, interpolated to 465 K using
UKMO temperatures. The mapsare polar orthographic projections ex-
tending to the equator, with the Greenwich meridian at the bottom and
dashedblack circles at 30� N and 60� N. Superimposedin white are two
contoursof UKMO potential vorticity (PV): 0.25� 10� 4 K m2 kg� 1 s� 1 (to
represent theapproximateedgeof thewinter polarvortex at this level) and
0.30� 10� 4 K m2 kg� 1 s� 1 (asecondcontour to indicatethesteepnessof the
PV gradientandthusthestrength of thevortex). Superimposedin blackare
threecontoursof UKMO temperature:200K, 195K, and188K. Theloca-
tionsof thePOAM occultationsoneach dayarealsooverlaid. Cloudless-air
extinction valuesarerepresentedby plus signs. PSCevents for which the
extinctionenhancementexceededthehigh threshold, category “3”, arede-
pictedby filled blacksymbols;possiblelayerPSCs,for whichtheextinction
enhancementexceededthemiddle threshold, category “2”, aredepictedby
opensymbols. For both PSCdesignations,diamondsrepresentpeakex-
tinction enhancementin the 16–22km range,which straddles the 465-K
surface on which MLS dataareshown. LayerPSCsat higheraltitudesare
representedby triangles;PSCdetections whosepeak layer occurredbelow
16 km areignored. High Zmin casesareshown asfilled redtriangles.Ar-
rowsmarktheindividual occultationeventsexaminedin detail in section 4.
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aturestobesituatedverynearthevortex edge[Manneyetal.,
1996a]. Santee et al. [1996] usedhigh-resolutionthree-
dimensional transport calculations to show thattheobserved
HNO3 decreasewasnotaconsequenceof theentrainment of
lower-latitude air into thevortex. A similar investigation of
asecondstrongtroposphericanticyclonealsoconcludedthat
the HNO3 depletionobserved on March3 arosefrom PSC
activity andnotdynamical processes[Santeeet al., 1996].

4. Trajectory Analysisof PSCEvolution

Several of thePSCepisodesshown in themapsin Plate1
will now beexaminedin detail.We combinetheHNO3 and
aerosolextinctiondatain aLagrangianapproachthatentails
following air parcelsin thedaysjustbeforeandafterPOAM
occultation eventsandcomparing the observed HNO3 and
aerosolextinction behavior alongtheir pathswith that pre-
dictedby PSCcompositionmodels.In thissectionweassess
the viability of determining the composition of the clouds
formedduringindividualPSCeventsusingexistingsatellite
measurements,takingintoaccount varioussignificantuncer-
taintiesin bothmeasurementsandmodels.

4.1. Approach

Thermal historiesof observed air parcels are obtained
by performing 5-day trajectory calculations both backward
and forward from POAM occultation events. The three-
dimensional trajectory code, described by Manney et al.
[1994], is runusinghorizontalwindsandtemperaturesfrom
UKMO analyses.For eachtrajectory, 25 parcelsareinitial-
ized in a 0� 5��� 1� latitude/longitude ( � 50 � 50 km) box
centeredon a POAM occultation point. In noneof thePSC
casesshown heredid the parcelsdisplaya large degreeof
dispersion; the maximum differencein temperature along
thevariousparceltrajectoriesat any timestepwasabout 5 K
andmostdifferencesweremuchsmaller. Thusthewholeen-
sembleis representedwell by thecentralparcel, andonly its
coordinatesareactuallyfollowed in this study. Both back-
ward and forward trajectorycalculations arestartedat the
potential temperature level corresponding to thepeakin the
POAM extinction profile. For thosecaseswhenno extinc-
tion enhancementwasdetected, 465K is usedasthedefault
level for the trajectory initialization. The parcels typically
undergodiabaticdescentof approximately10–20K overthe
10daystotal representedin theseruns,dependingontheini-
tialization altitude. The initialization time of the trajectory
is setto thenearesthalf-hour (thetrajectorytimestep)to the
occultation time. Temperaturehistoriesareconstructed by
interpolatingUKMO temperaturesto thetime, latitude,lon-
gitude,andpotentialtemperaturevaluesof thecentralparcel
alongthecombined 10-daytrajectory.

Estimatesof measuredvaluesalongthetrajectory areob-
tainedin a two-partprocessat eachtimestep.First, thedata
arevertically interpolatedontotheparcelpotential tempera-
turesurface.Next, a gridding procedureis appliedwherein
anaverageis computedwith MLS observationsweightedby
their distancein spaceand time from the air parcel loca-
tion at that timestep. The gridding is not especiallysensi-
tive to the shapeof the weighting function; herewe used
a cos2 function. The halfwidth values,chosenin keeping
with theMLS datasampling,are2� in latitude,7� in longi-
tude,and12 hours. Only datawithin onehalfwidth of the
trajectorypositionareincluded. Thesevaluespermita few
datapointsat most to contribute to the average, thusmin-
imizing the effects of smoothing while still allowing more
thanoneMLS measurementrecordedcloseto thetrajectory
at a given timestepto influence the estimatedHNO3 value
there. If no measurementsfall within the prescribed dis-
tancein spaceand time, then the gridding routine returns
a missingdatavalue.Becauseof theorbit trackspacing,the
along-trackresolution, thetiming of themeasurements,and
the occasional gapsin measurement coverage,estimatesof
MLS dataarenot availableat every timestep.Furthermore,
becausethetrajectorytimestepis much smallerthanthetime
halfwidth usedin the gridding procedure, the gridded data
tendto become available in shortclumps alongthe trajec-
tory. A similar procedureis appliedto thePOAM data,but
the number of trajectorytimestepswith coincident POAM
measurementsis smallerthanfor MLS.

To comparewith theobservations,equilibrium composi-
tion modelsareusedto computeHNO3 vaporpressureand
aerosolvolume at eachtimestepalongthecombined10-day
trajectory assumingnitric acid trihydrate (NAT) [Hanson
and Mauersberger, 1988] andliquid ternaryaerosol (LTA)
[Tabazadehetal., 1994b] phases.Thevariousmodelparam-
etersfor the standardrunsaresummarizedin Table1, and
sensitivity testsexploring variations in theseparameters are
listed in Table2. Unfortunately, no simultaneous colocated
measurementsof watervapor areavailable.However, MLS
measurementsfrom previousArctic wintersindicatethat in
mid-February neitherthe horizontal nor the vertical gradi-
entsin H2O areparticularly stronginsidethe lower strato-
sphericvortex, and5 ppmv is a reasonableestimatefor the
H2O mixing ratio,except in thecoldestregionswherewater
ice PSCsmaybeforming. This valueis in agreement with
measurementsof H2O inside the vortex from aircraft over
therange370K to 470K during theAirborneArctic Strato-
sphericExpedition (AASE) [Kellyetal., 1990] andfrombal-
loonsover the range450 K to 550 K during the European
Arctic Stratospheric OzoneExperiment(EASOE)[Ovarlez
andOvarlez, 1994]. In the absenceof morespecificinfor-
mation,we assumea constantH2O mixing ratio of 5 ppmv
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for thestandardmodel runsat all levels. Sinceby 1996 the
aerosolloading of theArctic stratospherehadessentiallyre-
turnedto pre-Pinatubo conditions [Thomasonet al., 1997;
DeshlerandOltmans, 1998], we usean H2SO4 mixing ra-
tio of 0.2 ppbv to representnonvolcanic backgroundcon-
ditions [e.g., Beyerle et al., 1997]. This value generally
providesgoodagreementbetweenthecalculatedextinctions
and thoseobtainedby POAM in warm regions well away
from PSCactivity. To reflectvariationsin the HNO3 field
around the vortex, the total amount of available HNO3 is
tunedto matchtheMLS observationsalongthebacktrajec-
tory before significantPSCactivity, typically by taking the
MLS valueat theclosestpointprior to theinitializationtime
for which thetemperature is above 205K. If no suchpoint
existsalongthebacktrajectory, thenthetotalHNO3 is setto
10ppbv.

Aerosol volumesobtainedfrom the equilibrium compo-
sition models areconvertedinto extinction unitsusingMie
calculations. A constantlognormal sizedistribution is as-
sumedfor the backgroundaerosols(with a moderadius of
0.092 µm, adistributionwidth of 1.8, andanumberconcen-
tration of 10 cm� 3), basedon in situ measurements made
during AASE [Dye et al., 1992]. A constantrefractive in-
dex of 1.6 is usedfor NAT [Toon et al., 1990]. For LTA,
a variable refractive index is calculatedusing the values
for binary H2SO4/H2O solutionstabulatedby Palmer and
Williams [1975]. Luo et al. [1996] comparedrefractive in-
dicesestimatedfor ternary solutions to thosereported by
PalmerandWilliams [1975] for thebinarysystemandfound
that the ternaryvalues are up to 1.5% larger for tempera-
turesin therange185–195K. A sensitivity testin whichthe
refractive indicesin our Mie codewereincreasedby 1.5%
resultedin reductionsin thecomputedaerosolextinction of
at most5%. Therefore, theuseof the refractive index data
from PalmerandWilliams [1975] shouldnot have a signifi-
canteffect on our modelledLTA extinctions. BecauseLTA
droplets form from thebackground (liquid) sulfateaerosols
via condensationalgrowth (i.e., without a nucleationbar-
rier), the mode radiusof the sizedistribution simply shifts
to a larger value. ThusLTA particlesarecharacterizedby
a number concentration similar to, but a moderadius sig-
nificantly (up to a factorof 4) larger than,the background
aerosols[Tabazadehet al., 1994a]. In contrast,a nucleation
stepis requiredto form NAT from LTA. Sinceonly a small
fraction of LTA droplets are likely to overcomethe nucle-
ationbarrierto form NAT particles,their number densityis
likely to besubstantiallysmallerthanthatof thebackground
or LTA particles.In fact,recentin situ observations[Fahey
et al., 2001] andtheoretical calculations[Tabazadehet al.,
2001] have suggestedthat synoptic-scaleNAT cloudsare
composedof very few ( � 10 � 4 cm� 3), very large (5–10 µm

radius) particles,although much higher number densities
(0.1–1.0cm� 3) of smallerNAT particleshavebeenobserved
in mountain-waveclouds[Carslawet al., 1998; Voigt et al.,
2000]. Airborne lidar dataobtained during January 1989
alsosuggestthat clouds composedof very few, very large
particlesare widespreadin the Arctic [Toon et al., 2000].
For thelarge-scalePSCsobservablein thesatellitemeasure-
ments,we assumea NAT number densityof 10 � 4 cm� 3 in
the standardmodel runs. In calculatingthe extinction due
to NAT, the number densityis assumedfixed andthe size
of theparticlesis allowedto vary astheHNO3 in excessof
saturationvaries. The calculatedextinctions are,however,
extremely sensitive to theassumednumber density, andwe
explore variationsin this parameter in a numberof sensitiv-
ity tests(seeTable2).

4.2. Factors Complicating Data/Model Inter pretation

In this sectionwe discussthe various factorsthat might
causeapparentdiscrepanciesbetweentheMLS andthePOAM
observations, and betweenboth setsof observations and
their associatedmodelpredictions. We performedseveral
setsof sensitivity tests,listed in Table2, to explore the in-
fluenceof someof thesefactorson our results. Although
mostsensitivity testswererunfor all casesshown here,they
arereportedin connectionwith individual casesonly where
appropriate.

Quantities suchasthe H2O, H2SO4, andHNO3 mixing
ratiosandthe fraction of particlesnucleatedhave a strong
influence on themodel results.It is possibleto improve the
agreementin mostcasesby tweakingvariousmodel param-
eters. The model calculations are also highly sensitive to
temperature. Manney et al. [1996b] found that, compared
to radiosondes,UKMO temperaturesat northernpolar lati-
tudesin mid-February1995weresystematicallyhigh by al-
most2.5 K, with occasional differencesof morethan5 K.
The warm bias increasedwith height in the lower strato-
sphere.On theotherhand,UKMO temperatureswerealso
frequently found to belower thanradiosondevalues.Pullen
and Jones [1997] compared UKMO temperatures for the
1994/1995Arctic winter to temperaturesobtained indepen-
dently from ozonesondes.They too found a positive bias
in theUKMO temperatures,with valuesneartheNAT exis-
tencethreshold overestimatedby almost2 K at 475 K and
550 K. Significant scatter, increasing with altitude, was
also found. Manney et al. [“Lo wer stratospheric temper-
ature differencesbetweenmeteorological analysesin two
cold Arctic winters and their impact on polar processing
studies”,submitted,2001(hereinafterManneyetal., submit-
ted)] specificallycomparedseveralmeteorological analyses
during February1996; UKMO minimum temperatureswere
frequently1–2K higherthanthosefrom mostotheranalyses



SANTEEET AL.: StudyingArctic PSCswith MLS andPOAM II Data 7

Table 1. List of Parameters in Standard Model Runs

Parameter Value

H2O 5.0ppmv
H2SO4 0.2ppbv
HNO3 MLS whenT � 205 K, or 10ppbv
NAT numberdensity 10� 4 cm� 3

Refractive index NAT: 1.6;LTA: variablea

TimeHalfwidthb 12hours
Latitude Halfwidthb 2�
LongitudeHalfwidthb 7�

aThe LTA refractive index is calculatedusingthe values
for binary H2SO4/H2O solutionstabulatedby Palmer and
Williams [1975] (seetext).

bThehalfwidth valuesareusedin thegridding procedure
to obtainestimatesof measuredquantities at eachtimestep;
thusthey affect only thedataestimatesalongthetrajectory,
not thePSCcomposition model results.

at 50 hPa, with slightly larger differencesat 30 hPa. These
studiessuggestthedegreeof uncertainty in theUKMO tem-
peraturesthatmustbeconsideredin interpretingour results.
Sinceour applicationrelieson temperatureestimatesalong
a trajectory, the temperature uncertainty is exacerbatedby
the lack of time resolutionin the UKMO fields, which are
availableonly oncedaily at 1200 UT. In addition, the er-
rors accumulated in the trajectorycalculationsare poorly
characterized andmay be large. Temperaturesalongsome
of the trajectoriesshown herecalculatedbasedon several
commonly-used meteorological analyses, including those
from the UKMO, the U.S. National Centersfor Environ-
mentalPrediction(NCEP) [Gelmanet al., 1994], and the
NCEP/NationalCenterfor Atmospheric Research(NCAR)
ReanalysisProject(REAN) [Kalnayet al., 1996], occasion-
ally differ by up to 10 K, with the largest differencesoc-
curring in warm regions. Although the variations between
the meteorological analysesareconsiderably smaller(usu-
ally 3 K or less) in the low-temperatureregions, they can
still leadto substantialdifferencesin modelresults.To ex-
ploretheimpactof thetemperatureuncertainty, weshow re-
sultsfrom model calculations madeusingboththereported
UKMO temperatureandavaluereduced by 3 K (referredto
asthe“T–3K” runsin thediscussionbelow).

We have relied on an equilibrium modelto characterize
NAT formation. But NAT particlesgrow slowly [e.g., Pe-
ter, 1997, andreferencestherein] andrequire a long dura-
tion at low temperaturesto reachtheir full equilibrium size.

In theArctic, low temperaturesareusuallyconfinedto rela-
tively small regions thatarenot concentricwith thevortex,
so typical exposuretimes to PSCconditions are relatively
short(lessthanafew days) [Manney etal., submitted]. Thus
opportunitiesfor NAT particlesto develop fully anddeplete
HNO3 down to its equilibrium concentrationarelimited,and
nonequilibrium mixturesof different cloud typesarelikely
tobevery common. If aPSChasnotyetreachedequilibrium
at thetimeit is observedby MLS/POAM, thenthemeasured
HNO3/extinction is expectedto fall betweentheLTA andthe
equilibrium NAT modelcurves.

Usuallya singledatapoint contributesto theestimateat
severalsuccessive timesteps,sothedatadonotreflectvaria-
tionsalongthetrajectoryasrapidlyasthemodels;thisis par-
ticularly truefor POAM. Takinginto account thetimescales
over which many of the PSC formation and dissipation
mechanismsarethought to act,a compromisewasreached
in selectingthetemporal coincidencecriterion(12hours) to
maximizedatacoveragealong the orbit while minimizing
therisk of samplingair measured under completelydifferent
conditions thanthoseof theidealizedparcels.Changingthe
time halfwidth usedin thedatagridding procedurechanges
the number of timestepsalong the trajectory at which data
estimatesareavailable (andoccasionally changes the esti-
matedvaluesthemselves slightly). Similar caveatsalsoap-
ply to thespatialcoincidencecriteria.

By interpolatingMLS andPOAM datato a common tra-
jectory for thesecomparisons,we have tried to ensurethat
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Table 2. List of Sensitivity Tests

ParameterChanged New Value

H2O 4.0ppmv
H2O 6.0ppmv
H2SO4 0.5ppbv
HNO3

a various
NAT numberdensity 0.001 cm � 3

NAT numberdensity 0.01cm � 3

NAT numberdensity 0.1cm � 3

NAT numberdensity 1 cm � 3

NAT numberdensity 10cm � 3

LTA refractive indexa 1.5%larger
AssumedUKMO TemperatureBiasb 3.0K
AssumedUKMO TemperatureBiasa � b 1.0K
AssumedUKMO TemperatureBiasa � b 2.0K
AssumedUKMO TemperatureBiasa � b 6.0K
AssumedUKMO TemperatureBiasa � b 7.0K
AssumedUKMO TemperatureBiasa � b 8.0K
AssumedUKMO TemperatureBiasa � b -0.5K
AssumedUKMO TemperatureBiasa � b -1.0K
AssumedUKMO TemperatureBiasa � b -2.0K
MeteorologicalAnalysesa NCEP
MeteorologicalAnalysesa REAN
TimeHalfwidthc 6 hours
Latitude Halfwidthc 1.0�
LongitudeHalfwidthc 3.5�

aThesetestsonly run for selectedcases.
bThis valueis subtractedfrom thetemperaturesprovided

by theUKMO analysesto accountfor possiblebiases.
cChangesto theseparametersaffect only the dataesti-

matesalongthetrajectory, not themodel results.
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both instruments aresamplingthe sameair. This may not
necessarilybethecase,however, if our coincidencecriteria
aretoo loose.Cloudcomposition maynot beuniform over
the distanceseparating the MLS andPOAM observations.
In a few cases,theMLS andPOAM points, while still sat-
isfying the coincidencecriteria, may be sufficiently distant
that theair parcelsat thoselocationsmayhave experienced
slightly differenttemperaturehistoriesandthusmaydisplay
a differentcharacter.

Someof the fluctuations seenin the MLS HNO3 abun-
dancesmayhavearisenfrom“natural” (i.e.,dynamical)vari-
ability insidethe vortex andwould therefore not be repro-
ducedby any of thePSCcompositionmodels. A smallde-
greeof HNO3 depletion without significantaerosolenhance-
ment may also have arisenif particlesfalling from above
scavenged someHNO3 asthey passedthroughagiven atmo-
sphericlayer. Alternatively, sedimenting particlesstill resi-
dentin a given layermaycontributemore observedaerosol
extinction thancanbe accounted for by the observed gas-
phaseHNO3 depletion.

Becauseextravortex air is generallycharacterizedby lower
HNO3 abundances[e.g.,Santeeet al., 1999, andreferences
therein] and higher aerosolextinction values [e.g., Kent
et al., 1985; Thomasonand Poole, 1993], entrainment of
lower-latitude air into the vortex can producea signature
akin to that of PSCformation. Therefore, to properly as-
sessthe observed changesin HNO3 andaerosol extinction
and their relationships to the PSCcomposition models, in
somecasesit is necessaryto considerthepossibilityof ex-
change of air betweenthe polar vortex and midlatitudes.
We evaluatethe likelihood of cross-vortex horizontal trans-
port andmixing with high-resolutionPV mapsfrom three-
dimensional (3D) reverse-trajectory (RT) calculations[Sut-
ton et al., 1994; Manney et al., 1998], which have been
demonstrated[Fairlie etal., 1997; Manneyetal., 2000] to be
usefulin refining thestronggradientsin tracerfieldsacross
the vortex boundary. Spaceconstraints prohibit showing
thesecalculations, but they arementioned in thediscussion
of individualcaseswhereappropriate.

Finally, instrumental effects aremostlikely a significant
factor. Cloudsmay be inhomogeneous on a scalesmaller
than that distinguishable in the satellitemeasurements. In
addition, apparent inconsistenciesin the MLS andPOAM
datasetsmay simply be a consequenceof their different
vertical resolutions: The HNO3 at a particular level may
actuallyreflectactivity somewhereelsein the � 6 km plug
of air that MLS senses,while POAM, with � 1 km verti-
cal resolution, seesnothing; conversely, a featurepresent in
the POAM datamay be too smearedout in the MLS data
to be discernible. For example, vertical redistribution of
HNO3 through sedimentation andevaporation of PSCpar-

ticleswithin the6-km MLS samplevolumecouldcauseen-
hancedextinction at the POAM altitudebut be impercepti-
ble in theMLS measurements.This possibility is explored
through varioussamplecalculationsandsensitivity testsfor
a numberof cases.

4.3. Overview of Results

Trajectories were launched from all POAM occulta-
tion events that were both inside the vortex (PV �
0.25� 10� 4 K m2 kg � 1 s� 1) and at a temperature below
200K at 465K during the17 daysin the MLS 1995/1996
late-winter north-looking observing period. Trajectories
werealsocalculatedfor otherwarm-air and/orextravortex
occultationsif they registeredacategory “2” or “3” PSCde-
tection(seesection2.2).

Of the 75 occultation events satisfyingthesecriteria,20
were situatedon the edgeof the vortex. The trajectories
initialized from theselocations skirtedthevortex edge, and
they werecharacterizedby relatively warmtemperaturehis-
tories. HNO3 abundanceswere fairly low and exhibited
a large degree of scatteralong the trajectory, and POAM
measuredrelatively highaerosolextinction values. Because
extravortex air is generallycharacterizedby lower HNO3

abundances[e.g., Santeeetal., 1999,andreferencestherein]
andhigheraerosolextinction values[e.g., Kentet al., 1985;
Thomason and Poole, 1993], somevortex edgecasesmay
beindicative of theintrusionof extravortex air andnot PSC
formation. In any event, separating the microphysicaland
dynamical effectswould be extremely difficult evenwith a
detailedmodellingeffort, andnone of thesecasesaredis-
cussedfurther here.

In eight of the 75 casesthe occultation terminated at
ananomalouslyhigh altitude(usually24–29 km, compared
to the typical POAM minimum altitude of about 8.5 km
[Frommet al., 1999]). For high Zmin cases,thealtitudeof
thecloudtop is believedto be1–2km below theoccultation
termination altitude[Frommet al., 1999]. Sincethe actual
centeraltitudeof thecloud is not known for thesecases,it
is difficult to make comparisonswith model behavior. Al-
though lower altitudeswere usually very cold (e.g., at or
below the frost point at 465K), at the occultation termina-
tion altitudetemperaturesweregenerally not low, in some
casesnotbelow, or evennear, PSCexistencethresholds. Yet
the cloud opacitywashigh enough to causepremature ter-
minationof theoccultation. Interestingly, in a few of these
casestheMLS HNO3 abundancesattheoccultationtermina-
tion altitudewerealsoanomalous,muchlower thanat other
pointsalongthe trajectory. Thustheaerosolextinction and
HNO3 fields appearto be morehighly perturbedat the top
of astrong(possiblywaterice)PSCthanwouldbeexpected
basedon local meteorological conditions. Comparisonsat
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465K (ratherthantheoccultationcutoff altitude)werenot
especiallyilluminating sincetemperaturesalongthe trajec-
tory droppedprecipitously to the frost point, andall of the
models andtheMLS measurementsexhibitedasimilarrapid
declinein HNO3. Therefore the high Zmin casesare not
consideredfurtherin this study.

Threeof thecaseswerecharacterizedby bothlow HNO3

andlow extinctionvalues;thesewill bediscussedfurtherin
section4.5. Twenty-threecasesrepresentedcoincidentmea-
surements insidea cloud(i.e.,with high extinction andlow
HNO3 values),and21 representedcloud-freeair (i.e., with
low extinctionandhighHNO3 values).In mostof thelatter
casesnoPSCswerecaptured in eitherdataset,becausetheir
trajectoriespassedthroughgenerallywarmregions thatdid
not experiencecloud cycles or because datawere missing
alongthetrajectoriesduring cloudactivity. However, a few
did reflectPSCactivity atsomepointalongtheirpath,either
before or after theinitialization occultation event, with data
availablefrom oneor bothinstruments. Thatis, eventhough
at the time of theparticular trajectoryinitialization no PSC
waspresent, the air parcelsat the occultationlocationstill
experiencedPSCconditions on at leastoneotheroccasion
asthey journeyedaround thevortex in the5 daysbeforeor
aftertheinitializationtime. We identifiedthesesetsof cases
astheonesmostlikely toprovideinsightintoPSCprocesses.

In generalwe found our approach of comparing both
HNO3 and aerosolextinction measurements to modelled
quantities along air parcel trajectories to be very success-
ful in capturing PSCformation, development,anddissipa-
tion phases.A strongcorrelation wasfound betweenlow-
temperature, low-HNO3, and high-extinction points. Fur-
thermore, theobservedbehavior alongtheLagrangianpaths
wasin mostcaseswithin therangepredictedby equilibrium
LTA andNAT modelsof PSCcomposition.Significantly, at
no time alongthe trajectories (whentherewasdatacover-
age)did the models display large changes in eitherHNO3

abundancesor aerosolextinction values that were not re-
flectedin the data. We canthusstatewith confidencethat
thesesatelliteHNO3 andaerosol extinction datacanbeused
to trackPSCevolution alongair parcel trajectories.

We enjoyed less success,however, in determining the
specifictypesof PSCsthatwereforming. In general a large
degree of overlap in the comparisonsbetweenthe models
andthedatapreventedconclusiveidentificationof PSCcom-
position or phase. While someexamples were consistent
with specificPSCformationmechanisms,no singlesetof
assumptionsallowedamajorityof thecasesto beexplained.
Many casesexhibited sufficient ambiguity that a varietyof
different formation scenarioscould be invoked, especially
with somejudicious tweakingof modelparameters. There
were too many unmeasuredquantities and too many large

uncertaintiesin bothmeasurements(including themeteoro-
logical analyses)and model calculations to allow conclu-
sionsaboutthe exact composition of the PSCsin most of
thesecasesto be formulated with a high degree of confi-
dence.

Therefore,although we seeevidencefor the occurrence
of LTA andpossiblyalsofor phasetransitions betweenLTA
and solid (NAT) PSCs,a rigorous accounting of the vari-
ousprocessesobserved is not practicable. We refrain here
from attempting to compilefrom thesedatasetsany overall
statisticson PSCformation processes.We have, however,
selectedsix of themosttantalizingcasesto presentin detail
in thenext two sections.Theseexamplesserve to illustrate
boththepromiseandtheperilsof our Lagrangianapproach
to studyingPSCswith satellitedata.

4.4. CaseStudiesof PSCComposition

The initialization occultations for the six selectedcases
are identifiedon the mapsin Plate1, andadditional perti-
nentinformationfor eachcaseis given in Table3. Notethat
the selectedcasesarenot presented in chronological order.
Thepathstracedby theparcelsalongboththebackwardand
forward trajectoriesareshown in Plate2. In several cases
theparcelstraversethesamegeographicregion two or even
threetimesover thecourseof the10-daystudyperiod. Note
alsothatthesecasesdonotall depictseparatePSCevents. In
realityonlyafew different PSCshavebeensampledmultiple
timesby thesetrajectories.Thetemperaturehistories,model
calculations,andMLS HNO3 andPOAM aerosolextinction
valuesalongthe combined 10-day trajectoryareshown in
Plate3. ThePSCactivity illustratedby thesecasesmayoc-
cur at any time alongthetrajectories,i.e.,before,during, or
aftertheinitializationoccultationevents.

Oneof themoststraightforwardandleastambiguousex-
amplesis shown in case#1 (Plate3a). The occultationin
this casewasmadenearthecenterof theregion of depleted
HNO3 on17February(seePlate1). Althoughtheparcelsex-
periencedPSCconditions 4–5daysprior to theobservation
time,they subsequently underwentwarmingto above210K,
nearthesulfuricacidtetrahydrate(SAT) meltingpoint[Mid-
dlebrooketal., 1993; Zhang etal., 1993]. Therefore,prior to
theoccultation timetheHNO3 hadreturnedto thegasphase
andthe majority of the preexisting aerosolswereprobably
in a liquid state. Temperaturesthenfell relatively rapidly,
dipping below 190K briefly around the initialization point
before risingagain; thetotalduration of temperaturesbelow
theNAT existencethresholdwasabout1.5days.TheMLS
HNO3 dataarematchedbestby theLTA model throughout
mostof thePSCepisode,althoughneartheendof thecloud
cycle thedepletion suggestedby theMLS datais largerthan
that predictedby the LTA model, possibly indicating the
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Table 3. List of CaseStudyInitialization Occultations

Case Date POAM PSC Initial Lat Lon
(1996) Occultation# Altitude level

1 17Feb 12414 21km 488K 67.4� N 348.1� E
2 17Feb 12416 – 465K 67.4� N 297.5� E
3 3 Mar 12627 19km 438K 67.7� N 359.8� E
4 13Feb 12356 20km 466K 67.2� N 15.5� E
5 13Feb 12355 20km 478K 67.2� N 40.8� E
6 17Feb 12411 18km 433K 67.4� N 64.0� E

 
Case # 1:  17 Feb �

 
Case # 2:  17 Feb �

 
Case # 3:  3 Mar �

 
Case # 4:  13 Feb 

 
Case # 5:  13 Feb 

 
Case # 6:  17 Feb 

Plate2. Backward(blue)andforward(red)trajectorypaths
from the initialization occultation (blacksquares)for the 6
selectedcases(seetext). Theoccultations areidentifiedon
themapsin Plate1,andadditional informationfor eachcase
is given in Table3. Coloreddotsrepresenttheparcelposi-
tionsevery24hours alongthetrajectory.

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

Theoccultation in case#2(Plate3b)wasmadeupstream
from that in case#1 in air that was cloud-free at the time
of observation (seePlate1). Although the parcelsin these
two casespassedthrough essentiallythe sameareaof PSC
activity, case#2 presentsa muchmoreambiguouspicture.
Again, the MLS HNO3 dataarematched bestby the LTA
model. MeasuredandmodelledHNO3 concentrationsagree
well during the HNO3 recovery portionof the cloudcycle,
but initially theLTA model predictsmoreHNO3 uptakethan
is observed. This apparent lag betweenthe observed and
predicteddecreasein gas-phaseHNO3 is not resolvedby al-
tering the coincidencecriteria usedto interpolate the data
alongthe trajectory(not shown) or othermodelparameters
(e.g.,H2O or H2SO4 mixing ratios; not shown). Further-
more,theLTA modelsignificantlyoverestimatestheextinc-
tion measured by POAM, which agreeswell with the NAT
equilibrium curve. Thusno singlePSCcompositionmodel
canbemadeto matchthetwo setsof measurements.

Case#3(Plate3c)depictstheoppositesituation,in which
thetwo datasetsin combinationallow a moredefinitivede-
termination to be madethanwould eitheronealone. The
scatterin theHNO3 concentrationsandtheslightly elevated
aerosolextinction valuesalongthe backtrajectorysuggest
entrainmentof lower latitudeair astheparcelspassednear
thevortex edgein thedaysleadingupto thePSCevent.This
supposition is supportedby high-resolution3D RT calcula-
tions,which indicateinterleavedwispsof high andlow PV
air in theseregions at this time (not shown). The parcels
then underwent fairly rapid synoptic cooling, reaching a
minimum temperature of 193 K. Santee et al. [1996] in-
vestigated the low-HNO3 pocket on March 3 and showed
resultsfrom high-resolution3D transport calculationsthat
ruleoutany influenceof lower-latitudeair ontheHNO3 val-
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uesin this region. HALOE onboard UARS alsomeasured
aerosolextinctions indicative of PSCson March 3 and 4
[Hervig, 1999], although the latitudeof theHALOE occul-
tationswasconsiderably lower (52� N) thanthat of POAM
(67� N). Therefore,despitetheearlierbehavior, theobserved
HNO3 decreaseat the initialization time is associatedwith
PSCactivity. Although the MLS datafall alongthe equi-
librium NAT model curve for uncorrectedUKMO temper-
aturesfrom thevery startof HNO3 depletion, it is unlikely
that a fully-developed NAT cloud would appearwithout a
prior LTA stageexperiencinglow temperaturesfor a longer
periodof time [e.g., Peter, 1997;Tabazadeh et al., 2001].
In addition, a veryhigh(0.2cm � 3; notshown) numberden-
sity of NAT particleswouldberequired to matchthePOAM
extinction. On the otherhand, both MLS andPOAM data
are in excellent agreement with the LTA model when the
temperaturesarereducedby 3 K. Thus the mostprobable
explanation for this caseis a cloudcomposedof a majority
of liquid particles,undertheassumptionof a 3 K high bias
in theUKMO temperaturesat this time.

In contrastto the previous cases,in case#4 (Plate3d)
temperaturesalong the trajectoryhadbeenbelow the NAT
threshold for almost3 daysprior to theoccultationonFebru-
ary 13. In thelatterhalf of thecloudcycle, despitethepro-
longed exposureto low temperatures,the MLS datamatch
theLTA modelclosely, indicating farlessdepletion thanthat
predicted by theequilibrium NAT model. ThePOAM data
arealsoin excellent agreementwith LTA. After the initial-
izationtime,theMLS datadepartfromtheLTA behavior and
show depletions betweenthoseof theLTA andequilibrium
NAT models. This patternis robustevenwhenothervalues
for theH2O mixing ratioor griddingcoincidencecriteriaare
used(not shown). Thusthe number of solid particlesmay
have beenincreasingby this time. On the otherhand, im-
mediatelypreceding theinitialization time, theparcels trav-
elledthroughanareaof extreme cold nearIceland in which
POAM recordeda high Zmin event,indicatingthepresence
of waterice clouds[Frommet al., 1999] (comparePlates1
and2). An alternative explanation for this caseis thatboth
instruments mayhavecapturedthetransitionbetweena wa-
ter ice PSCandcloud-freeconditions.

Case#5(Plate3e)is situatedjustdownstreamfromcase#4
(seePlate1). Although theparcelsin thetwo casestraversed
thesamegeneral vicinity andwereexposedto low tempera-
turesfor similarlyprolongedperiods,theminimumtempera-
turesattainedin case#5( � 191K) werenotaslow. Unfortu-
nately, MLS missedall but thetail endof this PSCepisode,
but POAM observedthecloudbothin themiddleandat the
edge. By the initialization point, temperatureshadrisento
theNAT existencethresholdafterspending almost2.5days
below it. While the measuredextinction agreeswell with

theLTA modelin themiddleof thelow-temperatureregion,
it exceedsthat predicted by the modelsat the initialization
point. Evenfor a T–3 K modelrun with a H2O mixing ratio
of 6ppmv(notshown), themeasuredextinctionattheinitial-
ization time still slightly exceedsthe predictedLTA value.
Nor doesthestandardNAT modelprovideresultsthatfit the
POAM data.If, however, anumberdensityof nucleatedpar-
ticles of 0.1 cm� 3 is used(not shown), thenthe measured
extinction at the initialization time matchestheequilibrium
NAT modelfor thereported UKMO temperatures.Thus our
resultsmaysignify conversionfrom LTA to NAT particlesin
theperiodbetweenthetwo POAM measurements.

For our final example we show anothercasethat, while
interesting,is difficult to reconcile with PSCmodels.Along
thebacktrajectory, case#6(Plate3f) samplesa slightly dif-
ferentportion of thesamegeneral PSCregion in thevicin-
ity of Icelandthat was observed at the initialization time
in case#1 andalongthe forward trajectory in case#2 (see
Plates1 and2). Temperaturesalongthetrajectorywererel-
atively high until February 15, so the background aerosols
are expectedto have beenliquid. Temperaturesreached
their minimum (just below 192 K) on February 16; by the
initialization time they hadbeenbelow the NAT existence
threshold for 2 full days.As in case#3, theMLS dataseem
to imply immediateNAT formation,although the observed
HNO3 startsto decreasewhenUKMO temperaturesarestill
� 200K. Sincewe considerthedirect formationof NAT to
beunlikely, a moreprobablediagnosisfor this caseis initial
LTA formation under the assumptionthat the UKMO tem-
peraturesarein error by3 K atthispointalongthetrajectory.
However, the POAM extinction datahalfway through the
cloud event areconsistentonly with the LTA modelcalcu-
latedusingtheUKMO temperaturesasreported. This does
not necessarilyrepresenta conflict, sincethereis no reason
to expect thattemperaturesarebiasedhigh uniformly at ev-
erypoint alongthetrajectory. Towardtheendof theepisode
the MLS HNO3 matchesthe NAT equilibrium modelvery
closely, but, for thestandardrun,thePOAM extinctiondoes
not. If, however, anumberdensityof 0.01cm � 3 is employed
instead,thenthemid-PSCPOAM point is still matchedbest
by the LTA curve, while the extinction during PSCdissi-
pationagreesextremelywell with theNAT model calculated
for thereportedUKMO temperatures(notshown). Thiscase
could, therefore,beinterpretedassuggestingobservation of
a phasetransitionbetweenLTA and NAT by both instru-
ments.Severalothersensitivity testswereperformedtoeval-
uatealternativeexplanations,but noneproducedaconsistent
picturesatisfyingbothdatasets.
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4.5. CaseStudiesof Denitrification

In themajorityof casesin whichbothPSCformationand
dissipationwereobserved,HNO3 concentrationseventually
reboundedto their pre-PSCvaluesafter the parcelsexited
the cold region. Full recovery in gas-phaseHNO3 follow-
ing PSC activity implies that no denitrification has taken
placeon a scalecomparableto the MLS samplevolume.
Of course,MLS is not sensitive to localizedredistribution
of HNO3 within the 6-km layer corresponding to its verti-
cal resolution. Denitrificationappearsto havebeenminimal
evenwhensolidparticlesmayhave formed,e.g.,in case#6.
In othercasesfull recovery alsoappears likely (e.g.,#4 and
#5),but lackof HNO3 measurementsprior to PSCformation
precludesdefinitiveassessment.

Two casesin whichtheHNO3 doesnotappearto recover
fully are#1 and#2. MLS measurementson February 20–
21 indicateresiduallylow HNO3 abundancesdownstream
from thePSC. Halving the temporal andspatialhalfwidths
in thegriddingprocedure(seesection4.1) reducesthenum-
ber of timestepsfor which dataestimatesareavailablebut
doesnot eliminatethe points with low HNO3 downstream
fromthePSC.In case#2thePOAM measurement onFebru-
ary20indicatesbackgroundlevelsof aerosolextinction,and
high-resolution3D RT calculationsprovide no evidence of
intrusionof extravortex air. Thus the February 20–21 ob-
servationssuggestdenitrificationof roughly 20%( � 2 ppbv)
over the 6-km stratumof air sampledby MLS. From the
POAM measurements, however, the thicknessof the PSC
is estimatedto be � 3 km, implying a lower limit of about
40%denitrification, assumingthat theHNO3 wasremoved
throughout theentire3-km cloud layer. On theotherhand,
the inference of denitrification from thesecasesis at odds
with the cloud compositionsdiscussedin section4.4. Al-
though in case#2 thePOAM measurementin themiddleof
the cloud may indicate the presenceof solid particles,the
MLS dataarematchedwell by theLTA model.Case#1also
appears to beconsistentwith anLTA phase.LTA PSCsare
composedof relatively small droplets that are not subject
to significantgravitational settling [e.g., Tabazadeh et al.,
1994a]. In addition, the total amount of availableHNO3 is
setto about 11 ppbv in thesecases,basedon the last point
alongthebacktrajectoryfor whichthetemperatureis above
205K (seesection4.1). Settingthe total HNO3 amount to
10 ppbv instead(not shown) resultsin very little change to
themodelcomparisonsduring thePSCeventbut reducesthe
discrepancy betweenmeasuredandmodelledHNO3 values
onFebruary20–21 to within themeasurement error barsfor
most(but notall) of thepoints.Therefore,althoughsugges-
tive of denitrification, thesecasesdo not offer incontrovert-
ible proof.

Three occultationscharacterizedby both low extinction

andlow HNO3 values,mentioned in section4.3, may also
suggestsomedenitrification. In thesecases(not shown),
MLS records a significantdip in HNO3 in a seriesof points
before the occultation, but POAM doesnot detectsignifi-
cant aerosolenhancement. In all threecases,the RT cal-
culations show thatair from thevicinity of previousstrong
PSCevents hasbeenadvectedto theoccultation location by
thetime of themeasurements.Prongsof air denitrified dur-
ing anearlierPSCepisodecouldinfluencetheHNO3 values
alongthis trajectory, while leaving theextinction valuesun-
affected. However, in two of the casesthe RT calculations
alsosuggest that large intrusions of lower-latitudeair enter
the vortex at or nearthe occultation site. In addition, the
NAT model predicts a slight amount of HNO3 sequestration
if theUKMO temperaturesarereducedby 3 K (although the
depletion patternin the modelcurve doesnot conform ex-
actly to the observed decreasein HNO3). Although either
entrainment of extravortex air or PSCgrowth shouldpro-
ducea signature in the aerosolextinction, theseprocesses
cannot becompletely ruledout,andonceagainaconclusive
findingof denitrification cannot bemade.

Thus,although weseeinconclusivehintsthatdenitrifica-
tion hasoccurredin a few of thecases,themajority indicate
thatgas-phaseHNO3 fully recoversto pre-PSCabundances
following cloudevaporation,evenwhenthereis someindi-
cationthatsolid particlesmayhave formed. During thelate
1980s andthe1990s,many of thenorthernwinterswereex-
ceptionally cold [Zureket al., 1996; PawsonandNaujokat,
1999; Manney and Sabutis, 2000], andpatchesof partially
denitrifiedair wereobserved on several occasions[Arnold
etal., 1989, 1998; Fahey etal., 1990, 2001; Rex etal., 1999;
Kondoet al., 1999, 2000]. In particular, basedon ER–2air-
craftmeasurementsmadeat theedgeof theArctic polarvor-
tex on February1, 1996, Hintsaet al. [1998] deduced den-
itrification of more than50% in the layer between18 and
19 km ( � 450–465 K). While this is a substantialamount
of denitrification, it is very limited in vertical extent. The
vertical resolution of the MLS measurementsis too coarse
to allow suchnarrow layers to be distinguished. Dessler
et al. [1999] alsoanalyzedMLS HNO3 measurements for
severalArctic wintersin theearly1990sandsimilarly found
the degreeof denitrificationto be limited. Only during the
1999/2000winter, whenthe areaof temperatureslessthan
195 K was both unusually large and unusuallypersistent
[Manney and Sabutis, 2000], did denitrification significant
enough to be detectedby MLS ( � 20%) occurover a size-
ablefraction of theArctic vortex (at equivalentlatitudesof
70� N andhigher) [Santeeet al., 2000]. Modelling studies
by Tabazadehet al. [2001] suggestthata largerverticalex-
tentof thedenitrifiedlayersin 1999/2000,comparedtoother
Arctic winters,facilitatedtheir detectionby MLS. We con-
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cludethat, although severedenitrification(50% or greater)
mayhave occurredin highly localizedregions in theArctic
in 1996, it did notoccuroverspatialscalescomparableto or
larger thantheMLS field of view, eventhough it wasa rel-
atively coldwinterwhensolid PSCparticlesmayhavebeen
presentover largeareasfor severaldays.

5. Summary and Conclusions

Our main goal in this study was to assessthe viability
of diagnosingPSCcompositionanddenitrificationusingex-
isting satellitemeasurements. We correlatedUARS MLS
measurementsof gas-phaseHNO3 with POAM II measure-
mentsof aerosol extinction during thenorthern hemisphere
latewinter of 1995/1996. A Lagrangianapproachwasused
to track the entirecloudcycle from formation through dis-
sipation. Air parcel trajectorieswere calculatedboth for-
ward andbackward from the locationsof POAM occulta-
tions,andtheMLS andPOAM datawereinterpolatedto the
parcelpositions alongthe trajectorybefore, during, andaf-
ter a PSCepisode. The observed behavior of both HNO3

andaerosolextinction wasthencomparedto thatpredicted
by LTA andNAT equilibrium composition models. Many
sensitivity testswererun in aneffort to evaluatethe impact
of thenumerousuncertaintiesonour interpretations.

Extractingdetailedquantitativeinformationaboutthecom-
position of individual PSCsby combining thesesatellite
HNO3 andaerosoldatasetsis averydifficult task.Wefound
that,although thesemeasurementscanbeusedto trackPSC
evolution alongair parceltrajectories,they arelesssuccess-
ful in determining thecompositionor phaseof thePSCsthat
areforming. In general thereis a largedegreeof overlapin
thecomparisonsbetweenthemodelsandthedata.Although
someexamples areconsistentwith specificPSCformation
mechanisms, no singleset of modelassumptionsallows a
majority of the casesto be explained. In additionto large
uncertaintiesin bothmeasurements(including themeteoro-
logical analyses)andmodelcalculations, otherfactorsthat
hamperedinterpretationof thesecasesincludelack of colo-
catedHNO3, aerosolextinction, H2O,andtemperaturemea-
surements, andlow horizontal and(for MLS) vertical reso-
lution of thedata.

Many of thesedeficiencies will beamelioratedin theup-
comingEarthObserving System(EOS)Aura mission(see
http://eos-aura.gsfc.nasa.gov). An enhancedversionof the
MLS instrument [Waters, 1999] will provide measurements
with much bettermeasurementcoverageand vertical and
horizontal resolution. EOS MLS will perform measure-
mentswith the instrument fieldsof view scanning the limb
in the orbit planeto provide latitudinal coveragethat will
extend from 82� N to 82� S on every orbit, affording con-

tinuous monitoring of the polar regions (no monthly gaps
ason UARS). Thealong-trackseparationbetweenadjacent
limb scanswill be165km (asopposedto 500km for UARS
MLS), but the longitudinal separationbetweenorbit tracks
will bethesameasit wasfor UARS MLS (e.g., � 2600 km
at theequator, � 500 km at70� N). Thehorizontalresolution
will be � 200–300 km alongthe line of sight and � 10 km
perpendicular to the line of sight ( � 400 km � 200 km for
UARS MLS), and the vertical resolutionof the retrieved
productswill be � 3 km ( � 6 km for UARS MLS). In addi-
tion to HNO3, which will bemeasured with a single-profile
precisionof � 2 ppbv (aboutthesameasfor UARS MLS),
EOSMLS will obtainsimultaneous measurementsof H2O
andtemperaturewith precisionsof � 0.2 ppmv and � 0.5K,
respectively, in thelowerstratosphere.

Otherinstrumentson EOSAura will alsoprovide strato-
sphericmeasurementscrucial to studiesof PSCformation.
In additionto simultaneous measurements of HNO3, H2O,
andtemperature,theHighResolutionDynamicsLimb Sounder
(HIRDLS) will obtainmeasurementsof aerosolextinction.
Expectedprecisionsare0.4K for temperatureand1–5% for
theHNO3, H2O, andaerosol extinction measurements.For
the nominal observing mode,the profile spacingwill 400–
500km along the line of sight; becausethefield of view is
steppedin azimuthseveraltimesduring a nominal scan,the
horizontal spacingacrossthe orbit track will alsobe 400–
500km. Measurement resolution will be250–300km along
the line of sight and � 10 km perpendicularto it, and the
verticalfield of view will be1 km. HIRDLS will thuspro-
videobservationswith horizontalandverticalresolution un-
precedentedin a global dataset. The TroposphericEmis-
sionSpectrometer(TES)will alsomeasureHNO3, H2O,and
temperaturein thestratosphere in thelimb mode,with verti-
cal resolutionof 2.5–3.5km, horizontal resolutionof 23km
(cross-track) by120km (along-track), anderrorsof lessthan
10%for atmospheric constituents and1 K for temperature.

Acknowledgments. We aregrateful to our MLS colleagues,
particularlyN. Livesey andL. Froidevaux, for their efforts in pro-
ducingthe MLS version5 retrievals. We thankthe U.K. Met Of-
fice (especiallyR. Swinbank)for meteorological analyses. The
valuablecommentsof thetwo anonymousrefereesareappreciated.
Work at theJetPropulsionLaboratory, CaliforniaInstituteof Tech-
nology, wasdoneundercontractwith theNationalAeronauticsand
SpaceAdministration.

References

Arnold, F., H. Schlager, J. Hoffman,P. Metzinger, andS. Spreng,
Evidencefor stratosphericnitric acidcondensationfrom balloon
androcket measurementsin the Arctic, Nature, 342, 493–497,
1989.

Arnold, F., V. Bürger, K. Gollinger, M. Roncossek, J. Schneider,



SANTEEET AL.: StudyingArctic PSCswith MLS andPOAM II Data 18

andS. Spreng,Observationsof nitric acid perturbationsin the
winter Arctic stratosphere:Evidencefor PSCsedimentation,J.
Atmos.Chem., 30, 49–59, 1998.

Barath, F. T., et al., The Upper Atmosphere ResearchSatellite
Microwave Limb Sounder Instrument,J. Geophys.Res., 98,
10,751–10,762,1993.

Beyerle, G., B. Luo, R. Neuber, T. Peter, and I. S. McDermid,
Temperaturedependence of ternarysolution particle volumes
as observed by lidar in the Arctic stratosphereduring winter
1992/1993,J. Geophys.Res., 102, 3603–3609,1997.

Brogniez, C., et al., SecondEuropeanStratosphericArctic and
Midlatitude Experimentcampaign: Correlative measurements
of aerosolin the northernpolar atmosphere,J. Geophys. Res.,
102, 1489–1494,1997.

Carslaw, K. S., T. Peter, and S. L. Clegg, Modeling the compo-
sition of liquid stratosphericaerosols,Rev. Geophys., 35, 125–
154,1997.

Carslaw, K. S., et al., Particle microphysicsand chemistryin re-
motely observed mountainpolar stratosphericclouds, J. Geo-
phys.Res., 103, 5785–5796, 1998.

Danilin, M. Y., M. L. Santee,J.M. Rodriguez,M. K. W. Ko, J. L.
Mergenthaler, J. B. Kumer, A. Tabazadeh,andN. Livesey, Tra-
jectoryhunting:A casestudyof rapidchlorineactivationin De-
cember1992asseenby UARS, J. Geophys. Res., 105, 4003–
4018,2000.

Deshler, T., andS.J.Oltmans,Verticalprofilesof volcanicaerosol
andpolar stratosphericcloudsabove Kiruna, Sweden:Winters
1993and1995, J. Atmos.Chem., 30, 11–23,1998.

Dessler, A. E., J. Wu, M. L. Santee,andM. R. Schoeberl,Satel-
lite observationsof temporaryandirreversibledenitrification,J.
Geophys.Res., 104, 13,993–14,002,1999.

Dye, J. E., D. Baumgardner, B. W. Gandrud,S. R. Kawa, K. K.
Kelly, M. Loewenstein,G.V. Ferry, K. R.Chan,andB. L. Gary,
Particle size distributions in Arctic polar stratosphericclouds,
growth andfreezingof sulfuric acid droplets,andimplications
for cloudformation,J. Geophys.Res., 97, 8015–8034, 1992.

Fahey, D. W., S. Solomon,S. R. Kawa, M. Loewenstein,J. R.
Podolske, S.E. Strahan,andK. R. Chan,A diagnosticfor den-
itrifi cationin the winter polar stratospheres, Nature, 345, 698–
702,1990.

Fahey, D. W., etal.,Thedetectionof largeHNO3-containingparti-
clesin thewinterArctic stratosphere,Science, 291, 1026–1031,
2001.

Fairlie, T. D. A., R. B. Pierce, W. L. Grose, G. Lingenfelser,
M. Loewenstein,and J. R. Podolske, Lagrangianforecasting
during ASHOE/MAESA: Analysis of predictive skill for ana-
lyzed andreverse-domain-filled potentialvorticity, J. Geophys.
Res., 102, 13,169–13182, 1997.

Fromm, M. D., J. D. Lumpe, R. M. Bevilacqua, E. P. Shettle,
J. Hornstein,S. T. Massie,and K. H. Fricke, Observations of
Antarctic polar stratosphericcloudsby POAM II: 1994–1996,
J. Geophys.Res., 102, 23,659–23,672,1997.

Fromm, M. D., R. M. Bevilacqua, J. Hornstein, E. P. Shettle,
K. Hoppel,andJ. D. Lumpe,An analysisof PolarOzoneand
AerosolMeasurementPOAM II Arctic stratosphericcloud ob-
servations,1993–1996,J. Geophys.Res., 104, 24,341–24,357,
1999.

Gelman,M. E., A. J.Miller, R. M. Nagatani,andC. S.Long, Use
of UARS datain theNOAA stratosphericmonitoringprogram,
Adv. SpaceRes., 14, 21–31, 1994.

Glaccum,W., , et al., ThePolarOzoneandAerosolMeasurement
instrument,J. Geophys.Res., 101, 14,479–14,487,1996.

Hanson,D., andK. Mauersberger, Laboratorystudiesof thenitric
acid trihydrate: Implicationsfor the southpolar stratosphere,
Geophys.Res.Lett., 15, 855–858,1988.

Hervig, M. E., Stratosphericcloudsover England,Geophys.Res.
Lett., 26, 1137–1140,1999.

Hervig, M. E., K. S. Carslaw, T. Peter, T. Deshler, L. L. Gordley,
G. Redaelli,U. Biermann,and J. M. RussellIII, Polar strato-
sphericcloudsdueto vaporenhancement:HALOE observations
of theAntarcticvortex in 1993,J. Geophys.Res., 102, 28,185–
28,193,1997.

Hintsa,E. J., et al., Dehydrationanddenitrificationin the Arctic
polar vortex during the 1995-1996winter, Geophys. Res.Lett.,
25, 501–504,1998.

Kalnay, E., et al., The NCAR/NCEP 40-yearreanalysisproject,
Bull. Am.Meteorol. Soc., 77, 437–471,1996.

Kelly, K. K., A. F. Tuck, L. E. Heidt, M. Loewenstein,J. R.
Podolske, S. E. Strahan,and J. F. Vedder, A comparison of
ER-2 measurements of stratosphericwater vapor betweenthe
1987 Antarctic and 1989 Arctic airbornemissions,Geophys.
Res.Lett., 17, 465–468,1990.

Kent, G. S., C. R. Trepte,U. O. Farrukh,andM. P. McCormick,
Variationin the stratosphericaerosolassociatedwith the north
cyclonicpolarvortex asmeasuredby theSAM II satellitesensor,
J. Atmos.Sci., 42, 1536–1551,1985.

Kondo, Y., H. Irie, M. Koike, andG. E. Bodeker, Denitrification
andnitrification in the Arctic stratosphereduring the winter of
1996–1997,Geophys.Res.Lett., 27, 337–340,2000.

Kondo, Y., et al., NOy-N2O correlationobserved insidetheArctic
vortex in February1997: Dynamicaland chemicaleffects, J.
Geophys.Res., 104, 8215–8224,1999.

Lumpe,J.D., etal.,POAM II retrieval algorithmanderroranalysis,
J. Geophys.Res., 102, 23,593–23,614,1997.

Luo,B., U. K. Krieger, andT. Peter, Densitiesandrefractiveindices
of H2SO4/HNO3/H2O solutionsto stratospherictemperatures,
Geophys.Res.Lett., 23, 3707–3710,1996.

Manney, G. L., andJ. L. Sabutis, Development of the polar vor-
tex in the1999–2000Arctic winter stratosphere,Geophys.Res.
Lett., 27, 2589–2592,2000.

Manney, G. L., R. W. Zurek,A. O’Neill, andR. Swinbank,On the
motion of air throughthe stratosphericpolar vortex, J. Atmos.
Sci., 51, 2973–2994,1994.

Manney, G. L., M. L. Santee,L. Froidevaux, J. W. Waters,and
R. W. Zurek,Polarvortex conditionsduringthe1995–96Arctic
winter: MeteorologyandMLS ozone, Geophys. Res.Lett., 23,
3203–3206,1996a.

Manney, G. L., R. Swinbank,S. T. Massie,M. E. Gelman,A. J.
Miller, R. Nagatani,A. O’Neill, andR. W. Zurek,Comparison
of U.K. Meteorological Office andU.S.NationalMeteorologi-
cal Centerstratosphericanalysesduring northernandsouthern
winter, J. Geophys.Res., 101, 10,311–10,334,1996b.

Manney, G. L., J.C. Bird, D. P. Donovan, T. J.Duck, J.A. White-
way, S. R. Pal, and A. I. Carswell,Modeling ozonelaminae



SANTEEET AL.: StudyingArctic PSCswith MLS andPOAM II Data 19

in ground-basedArctic wintertimeobservationsusingtrajectory
calculationsand satellite data, J. Geophys. Res., 103, 5797–
5814,1998.

Manney, G. L., H. A. Michelsen,F. W. Irion, G. C. Toon, M. R.
Gunson,andA. E. Roche,Laminationandpolar vortex devel-
opmentin fall from ATMOS long-lived tracegasesobserved
duringNovember 1994,J. Geophys.Res., 105, 29,023–29,038,
2000.

Middlebrook, A. M., L. T. Iraci, L. S. McNeill, B. G. Koehler,
M. A. Wilson, O. W. Saastad,and M. A. Tolbert, Fourier
transform-infraredstudiesof thin H2SO4/H2O films: Forma-
tion, wateruptake, andsolid-liquid phasechanges,J. Geophys.
Res., 98, 20,473–20,481,1993.

Naujokat, B., and S. Pawson, The cold stratosphericwinters
1994/1995 and1995/1996,Geophys.Res.Lett., 23, 3703–3706,
1996.

Nedoluha, G. E., R. M. Bevilacqua, K. W. Hoppel, M. Daehler,
E. P. Shettle,J. H. Hornstein,M. D. Fromm,J. D. Lumpe,and
J.E. Rosenfield,POAM III measurementsof dehydrationin the
Antarctic lower stratosphere,Geophys.Res.Lett., 27, 1683–
1686,2000.

Ovarlez, J., and H. Ovarlez, Stratosphericwater vapor content
evolution during EASOE,Geophys.Res.Lett., 21, 1235–1238,
1994.

Palmer, K. F., andD. Willi ams,Opticalconstantsof sulfuric acid:
Application to the cloudsof Venus?,Appl. Opt., 14, 208–219,
1975.

Pawson, S., and B. Naujokat, The cold winters of the middle
1990sin thenorthernlower stratosphere,J. Geophys.Res., 104,
14,209–14,222,1999.

Peter, T., Microphysics and heterogeneous chemistry of polar
stratosphericclouds, Annu. Rev. Phys. Chem., 48, 785–822,
1997.

Pullen,S.,andR. L. Jones,Accuracy of temperaturesfrom UKMO
analysesof 1994/95in thearcticwinter stratosphere, Geophys.
Res.Lett., 24, 845–848,1997.

Randall,C. E., R. M. Bevilacqua,J. D. Lumpe, K. W. Hoppel,
D. W. Rusch,andE. P. Shettle,Comparisonof PolarOzoneand
AerosolMeasurement(POAM) II andStratosphericAerosoland
GasExperiment(SAGE) II aerosolmeasurementsfrom 1994to
1996,J. Geophys.Res., 105, 3929–3942, 2000.

Randall,C. E., et al., An overview of POAM II aerosolmeasure-
mentsat1.06µm, Geophys.Res.Lett., 23, 3195–3198,1996.

Rex, M., et al., In situ measurementsof stratosphericozonede-
pletion ratesin the Arctic winter of 1991/1992: A Lagrangian
approach, J. Geophys.Res., 103, 5843–5853,1998.

Rex, M., et al., Subsidence,mixing, anddenitrificationof Arctic
polar vortex air measuredduring POLARIS, J. Geophys. Res.,
104, 26,611–26,623,1999.

Santee,M. L., G. L. Manney, W. G. Read,L. Froidevaux, andJ.W.
Waters,Polarvortex conditionsduringthe1995–96 Arctic win-
ter: MLS ClO andHNO3, Geophys.Res.Lett., 23, 3207–3210,
1996.

Santee,M. L., A. Tabazadeh, G. L. Manney, R. J. Salawitch,
L. Froidevaux, W. G. Read,and J. W. Waters,UARS MLS
HNO3 observations: Implications for Antarctic polar strato-
sphericclouds,J. Geophys.Res., 103, 13,285–13,314, 1998.

Santee,M. L., G.L. Manney, L. Froidevaux, W. G. Read,andJ.W.
Waters,Six yearsof UARS Microwave Limb SounderHNO3
observations:Seasonal,interhemispheric,andinterannualvari-
ationsin the lower stratosphere,J. Geophys.Res., 104, 8225–
8246,1999.

Santee,M. L., G. L. Manney, N. J. Livesey, and J. W. Waters,
UARSMicrowaveLimb Sounderobservationsof denitrification
and ozoneloss in the 2000 Arctic late winter, Geophys. Res.
Lett., 27, 3213–3216,2000.

Steele,H. M., K. Drdla, R. P. Turco, J. D. Lumpe, and R. M.
Bevilacqua, Tracking polar stratosphericcloud development
with POAM II anda microphysicalmodel,Geophys.Res.Lett.,
26, 287–290,1999.

Sutton,R. T., H. MacLean,R. Swinbank,A. O’Neill, and F. W.
Taylor, High-resolution stratospherictracer fields estimated
from satelliteobservationsusingLagrangiantrajectorycalcula-
tions,J. Atmos.Sci., 51, 2995–3005,1994.

Swinbank,R., andA. O’Neill, A stratosphere-tropospheredataas-
similationsystem,Mon.WeatherRev., 122, 686–702,1994.

Tabazadeh, A., R. P. Turco,K. Drdla, M. Z. Jacobson, andO. B.
Toon, A study of Type I polar stratosphericcloud formation,
Geophys.Res.Lett., 21, 1619–1622,1994a.

Tabazadeh, A., R. P. Turco, and M. Z. Jacobson, A model for
studyingthe compositionandchemicaleffectsof stratospheric
aerosols,J. Geophys.Res., 99, 12,897–12,914, 1994b.

Tabazadeh, A., M. L. Santee,M. Y. Danilin, H. C. Pumphrey, P. A.
Newman,P. J.Hamill, andJ.L. Mergenthaler, Quantifyingden-
itrifi cationandits effectonozonerecovery, Science, 288, 1407–
1411,2000.

Tabazadeh, A., E.J.Jensen,O.B. Toon,K. Drdla,andM. R.Schoe-
berl, Roleof thestratosphericpolar freezingbelt in denitrifica-
tion, Science, 291, 2591–2594, 2001.

Thomason,L. W., and L. R. Poole,Use of stratosphericaerosol
propertiesasdiagnosticsof Antarcticvortex processes,J. Geo-
phys.Res., 98, 23,003–23,012,1993.

Thomason,L. W., L. R. Poole,andT. Deshler, A global climatol-
ogy of stratosphericaerosolsurfaceareadensityderived from
StratosphericAerosol and Gas ExperimentII measurements:
1984–1994,J. Geophys.Res., 102, 8967–8976,1997.

Tolbert,M. A., Sulfateaerosolsandpolar stratosphericcloud for-
mation,Science, 264, 527–528, 1994.

Toon,O. B., E. V. Browell, S.Kinne,andJ.Jordan,An analysisof
lidar observations of polar stratosphericclouds,Geophys.Res.
Lett., 17, 393–396,1990.

Toon,O. B., A. Tabazadeh,E. V. Browell, andJ. Jordan,Analysis
of lidar observationsof Arctic polarstratosphericcloudsduring
January1989,J. Geophys.Res., 105, 20,589–20,615, 2000.

Voigt, C., et al., Nitric acid trihydrate(NAT) in polarstratospheric
clouds,Science, 290, 1756–1758,2000.

Waibel,A., et al., Arctic ozone lossdueto denitrification,Science,
283, 2064–2069,1999.

Waters,J. W., Microwave limb sounding, in AtmosphericRemote
Sensingby MicrowaveRadiometry, editedby M. A. Janssen,
chap.8, pp.383–496,JohnWiley, New York, 1993.

Waters,J. W., An overview of the EOS MLS experiment,Tech.
Rep.D-15745, Version1.1, JetPropulsionLaboratory, 1999.

Waters,J.W.,etal.,TheUARSandEOSMicrowaveLimb Sounder
(MLS) experiments,J. Atmos.Sci., 56, 194–218,1999.



SANTEEET AL.: StudyingArctic PSCswith MLS andPOAM II Data 20

Wirth, M., A. Tsias,A. Dörnbrack,V. Weiss,K. Carslaw, M. Leut-
becher, W. Renger, H. Volkert, andT. Peter, Model-guidedLa-
grangianobservation andsimulationof mountain polar strato-
sphericclouds,J. Geophys.Res., 104, 23,971–23,981, 1999.

World MeteorologicalOrganization,Scientificassessmentof ozone
depletion,1998, WMO Rep.44,GlobalOzoneRes.andMonit.
Proj.,Geneva, Switzerland,1999.

Zhang,R., P. J.Woodbridge,J.P. Abbatt,andM. J.Molina, Phys-
ical chemistryof theH2SO4/H2O binarysystemat low temper-
atures: Stratosphericimplications,J. Phys.Chem., 97, 7351–
7360,1993.

Zurek, R. W., G. L. Manney, A. J. Miller, M. E. Gelman,and
R. M. Nagatani,Interannual variability of thenorthpolarvortex
in the lower stratosphereduring the UARS mission,Geophys.
Res.Lett., 23, 289–292,1996.

M. L. Santee(corresponding author) and J. W. Wa-
ters, Jet Propulsion Laboratory, Mail Stop 183–701,
4800 Oak Grove Drive, Pasadena,CA 91109. (e-mail:
mls@mls.jpl.nasa.gov)

E. J. Jensenand A. Tabazadeh, NASA Ames Research
Center, Moffett Field,CA 94035.

G.L. Manney, Departmentof NaturalResourcesManage-
ment,New Mexico Highlands University, Las Vegas, NM
87701.

M. Fromm, Computational Physics,Inc.,2750 Prosperity
Avenue,Fairfax,VA 22031.

R. M. Bevilacqua, NRL, Code 7227, Washington,DC
20375.

This preprint waspreparedwith AGU’s LATEX macrosv4, with theex-
tension package‘AGU"#" ’ by P. W. Daly, version1.5gfrom 1998/09/14.


