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Comparison of satellite ozoneobsewationsin coincident
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Abstract. Ozoneobsened by seven satellite instruments,the Atmospheric
TraceMolecule Spectroscop instrument(ATMOS), Stratosphericderosoland
GasExperiment(SAGE) I, PolarOzoneand AerosolMeasuremen{PQAM) I
instrumentHalogenOccultationExperimen{HALOE), Microwave Limb Sounder
(MLS), Cryogeniclnfrared Spectrometerand Telescopegor the Atmosphere
(CRISTA), and Millimeter-wave AtmosphericSounder(MAS), during early
Novemberl1994is mappedn equivalentlatitude/potentiatemperaturd EqL/0)
spaceo facilitatenearlyglobalcomparison®f measurementskenin similar air
masses.Ozonefrom all instrumentsusually agreego within 0.5 ppmv (~5%)
in the upperstratospherand ~0.25 ppmv in the lower stratospherelarger
differencesin the midstratospherare primarily dueto samplingdifferences.
Individual profile comparisonsselectedto matchmeteorologicalconditions,
shav remarkablygood agreemenbetweenall instrumentghat samplesimilar
latitudes,althoughsomesmall differenceslo not appeato berelatedto sampling
differences.In the SouthernrHemispherg SH) midstratospherehe instruments
(ATMOS, SAGE Il, andPQAM II) with obsenationsconfinedto high latitudes
measuredow EqLsin air dravn up from low latitudesthat hadformeda “low-
ozonepocket”; they measurednuchlower ozoneat low EqL thanthosethat
sampledlow latitudes. A low-ozonepocket had also formedin the Northern
HemisphergNH) midstratospher¢a month earlierthanthis phenomenorhas
previously beenreported) alsoresultingin differencesetweennstrumentdased
on their samplingpatterns. POAM Il sampledonly high latitudesin the NH,
whereextravortex samplingdid not include tropical, high-ozoneair, andthus
measuredower ozoneat a given EqL than otherinstruments.Ozonelaminae
appeaiin coincidentprofilesfrom multiple instrumentsgconfirmingatmospheric
originsfor thesefeaturesandagreemenin somedetail betweenozoneobsened
by severalinstrumentsreversetrajectorycalculationgndicatesuchlaminaearise
from filamentationin and aroundthe polar vortices. Both EqL/6 and profile
comparisonsndicateoverall excellentagreemenin ozoneobsenedby all seven
instrumentsn early November1994. When careis taken to comparesimilar
air massesandto understangdamplingeffects, muchusefulinformationcanbe
obtainedfrom comparisondetweeninstrumentswith very differentobserving
patterns.



1. Intr oduction

Understandinghe consisteng and reliability of strato-
sphericozoneprofile datais of key importanceto studies
of ozonechemistry stratospheriozonetrends,and assess-
mentof effectsof climatechangeonthe stratospher@ibrld
Meteoplogical Organization(WMO), 1999; Stratospheric
ProcesseandTheir Rolein Climate(SFARC) 1998].In re-
centyears therehave typically beensereral satelliteinstru-
mentsoperatingsimultaneouslyalbeit with differing sam-
pling patterns,measurementechniquesand vertical reso-
lutions. Datafrom someof theseinstrumentshave already
beenusedin ozonetrend studies[e.g., SFARC 1998, and
referencegherein]or for constructingozoneclimatologies
[e.g.,Wangetal., 1999].

The AtmosphericLaboratoryfor Applicationsand Sci-
ence (ATLAS)-3 space-shuttlemission, November 3-
12, 1994, provided a unique opportunityfor intercompar
ison of satellite ozone obsenations. The Atmospheric
TraceMolecule Spectroscop (ATMOS) instrument,Cryo-
genic Infrared Spectrometersand Telescopedor the At-
mosphere(CRISTA), and Millimeter-wave Atmospheric
Soundel(MAS) flew onthespaceshuttleaspartof this mis-
sion. The Upper AtmosphereResearchSatellite (UARS)
Microwave Limb Sounder(MLS) and Halogen Occulta-
tion Experimen{HALOE) instrumentsneasuredzonedur-
ing this time. The StratosphericAerosol and Gas Exper
iment (SAGE) Il and Polar Ozoneand Aerosol Measure-
ment (POAM) 11 instrumentswere also operating. These
savenlimb-viewing instrumentcomprisevisible and/orin-
frared (ATMOS, CRISTA, SAGE Il, HALOE, PQAM 1)
and microwave (MLS, MAS) obsenations,and both limb-
emission(CRISTA, MLS, MAS) andsolaroccultation(AT-
MOS, SAGE Il, POAM I, HALOE) obsenationalmodes,
andflew on several platformswith differentorbits. Most of
theseinstrumentsdatahave recentlybeenreprocessedith
new versionof theretrieval software. Althoughozonefrom
several of theseinstrumentshaspreviously beencompared
with oneor a few of the others[e.g, Cunnoldet al., 1996;
Froidevauxet al., 1996; Rust et al., 1997; Daehleret al.,
1998;Rieseetal., 1999,andreferencesherein],thesecom-
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parisonsusedearlierdataversions,andconsistedorimarily
of comparison®f zonal meansand/orlimited setsof spa-
tially andtemporallycoincidentprofiles.

Becauseof the differentsamplingpatterns spatialreso-
lution, and coverage,it is oftendifficult to compareobser
vationsfrom mary instrumentsgspeciallyover a wide lat-
itude range. Somerecentstudies[e.g., Bacmeisteret al.,
1999;Lu etal., 2000;Morris etal., 2000] have usedtrajec-
tory methodgo aidin comparisorof ground-basedaircraft,
and/orsatelliteobsenations. Thesemethodsallow compar
ison of measurementthat may be distantby corventional
coincidencecriteria, but taken in similar air masses. An-
otherway of viewing datareferencedo the meteorological
conditionsunderwhich they weretaken s to displaythem
asa function of potentialtemperaturg0) in coordinatef
potentialvorticity (PV) [e.g., Stoeberlet al., 1989,1992;
Manne et al., 1994b]or equialentlatitude (EqL, the lati-
tudethatwould enclosethe sameareaasthe corresponding
PV contour)[e.g.,Butchart and Remsbag, 1986;Stoeberl
etal., 1995;Lary et al., 1995; Manng et al., 1999]. This
approachs usefulfor displayingsparsedata,suchasthose
from occultationinstrumentsandfor elucidatingchemical
and transportprocesseshat affect the dataunder particu-
lar meteorologicatonditions(e.g.,in the polarvortex) [e.g.,
Manng et al., 1999, andreferencegherein]. Becausehe
dataareplottedwith respecto a meteorologicatoordinate,
thesedisplayscan also be helpful in intercomparingdata
setswith different samplingpatterns;limited comparisons
of differentozonemeasurementssingthis type of coordi-
nate have beenmadepreviously by Redaelliet al. [1994]
(comparingMLS with lidar data)and SFARC[1998] (com-
paringHALOE andSAGE Il data). Particularcaremustbe
takenin comparingozone,even whenreferencedo mete-
orological conditions,becausehe lifetime of ozonein the
middle and upperstratospherés comparableo or shorter
thantimescaledor dynamicalchangede.g., Brasseurand
Solomon 1986], and somechemicallydriven changesnay
not correlatewell with PV [e.g.,Manng etal., 1999].

We useEqL/6 fields, coincidencecriteria augmentedy
proximity in PV, and reversetrajectory (RT) calculations
[Manng etal., 1998,2000]to compareozoneobsenrations
duringthe ATLAS-3 time periodfrom the seven satellitein-
strumentanentionedabove. Eachof thesemethodss used
to comparemeasurementskenin similar (i.e., coincident)
air masseswhetheror not they are physically coincident.
By examiningmeasurementtaken undersimilar meteoro-
logical conditionswe gain understandingf the consisteng
betweenozonemeasurementfom the seven instruments,
and of the dynamicaland chemicalprocesseshat may re-
sult in apparentinconsistenciebetweenobsenationswith
differentsamplingpatterns.
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2. Data

A summaryof the spatialandtemporalcoverageof avail-
abledatafrom ATMOS, SAGEIl, PQAM I, HALOE, MLS,
CRISTA, andMAS duringthe ATLAS-3 missionis givenin
Tablel, alongwith anindicationof theapproximatevertical
resolutionandtypical precisionfor the latestdataversions.
Platel shovs examplesof the coverageof thevariousinstru-
ments,in relationto the polarvortices,on 2 daysduringthe
ATLAS-3 mission. The limb-emissioninstruments MLS,
CRISTA, andMAS, samplea wide rangeof latitudeseach
day In contrast ATMOS, SAGE Il, HALOE, andPQAM I
measurdimb absorptiorasthespacecrafis enteringor leav-
ing the Earths shadav; sincethe latitude of theseoccul-
tationsvariesslowly in time (dependingon the instrument
and orbit geometry),occultationobsenationsare confined
to arelatively narrawv latituderangeduringthe 9-dayperiod
studied.A brief descriptiorof theozonemeasurementfsom
eachinstrumentjncludingkey referencesis givenbelow.

2.1. ATMOS Data

The space-shuttle-borndtmospheric Trace Molecule
Spectroscop (ATMOS) instrumentis a Fourier transform
infrared spectrometerthat operatesin solar occultation
mode. ATMOS data have recentlybeenreprocessedvith
version3 software (F. W. Irion et al., manuscriptin prepa-
ration, 2001). ATMOS spectraarerecordedwith a vertical
spacingof ~2 km in thelower stratospher#o ~4 km in the
upperstratospherethis vertical spacing combinedwith the
instrumenfield of view, leadsto aneffective verticalresolu-
tion of ~2-6km [Gunsoretal., 1996],with betterresolution
in the lower thanin the upperstratospherefFor eachoccul-
tation during ATLAS-3 the signal-to-noiseratio was opti-
mized by the useof oneof a setof four optical band-pass
filters (numbered3, 4, 9, and 12); ozonewas measuredn
all filters. Filter 4 dataarenot usedherebelowv 30 km be-
causeof large uncertaintiesand biaseswith respectto the
otherfilters. The version3 datasetshavs a numberof im-
provementsover version2, particularlyin the uppertropo-
sphereandlower stratosphereagreemenin ozonebetween
filtersis improved (F. W. Irion etal., manuscripin prepara-
tion, 2001). Theprecisionof version3 ATMOS ozonevaries
betweerfilters; typically the total randomerroris ~6-10%
for filters 3, 9, and 12 betweenabout23 and 40 km, and
over 15% at all levels for filter 4. Randomerrorsfor fil-
ters3 and9 increasdo nearl5%nearthe stratopausandat
~20km; uncertaintiedor filters 3,9, and12increaseo near
30% around15 km (whereozonevaluesarelow). Prelimi-
nary estimatesndicatesystematicerrorsfrom ~3 to 9% in
the stratosphereThe November3-12,1994,ATLAS-3 data
have sunriseobsenationsfrom ~64° to 72°S andsunsebb-
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senationsfrom ~4° to 50°N. More informationon ATMOS
datacanbefoundathttp://remus.jpl.nasa.go

2.2. SAGE Il Data

The SAGE Il solaroccultationinstrumentusesradiances
at 600 nm to derive ozoneprofiles. The instrument,ear
lier versionsof the retrieval algorithm, and ozonevalida-
tion are discussedby Chu et al. [1989], Cunnold et al.
[1989], and McCormidk et al. [1989]. The previous ver
sionof SAGE Il data(version5.96)is discussea@xtensiely
by SFARC [1998]. SAGE Il datahave recently beenre-
processedising version6 retrieval algorithms,which rep-
resenfamajorrevision. Informationon SAGE Il datacanbe
found at http://www-sage?2.larc.nasa\goVersion6 ozone
datahave ~1 km or lessvertical resolution,and the preci-
sionof the ozoneobsenationsis usuallylessthan1%in the
middle stratospherdancreasingo ~2% nearthe stratopause
andtropopausendto higherpercentages regionsof very
low ozone.A roughestimatejncludinguncertaintyin cross
sectionsandknowledgeof spectrafesponsesuggestsincer
taintiesaround2.5%from all systematicsources.SAGE Il
obsenationstake approximatelya monthto cover the full
rangeof latitudessampledrangingfrom +80° to £50°, de-
pendingon season).During ATLAS-3, SAGE Il obsenred
from ~57to 72°S, andfrom ~33to 52°N.

2.3. POAM Il Data

PQAM I, describedby Glaccumet al. [1996], was a
visible/neatinfrared solar occultationinstrumentthat flew
on the Satellite Pour Obsenation de la Terre (SPQOI) 3
spacecraftand obtaineddatauntil the host satellite failed
in late 1996. It wasdesignedo measurezonewith a verti-
cal resolutionnear1 km in the polar stratosphereand up-
per troposphere. The POAM Il version5 retrieval algo-
rithm andformalerroranalysisarediscussedtby Lumpeetal.
[1997], and comparisonof version5 ozone obsenations
with ozonesondeand other satelliteinstrumentsare given
by Deniel et al. [1997] and Rust et al. [1997]. Vertical
resolutionis nearl km betweer20and40km, increasingo
~1.5km athigherandloweraltitudes.Precisiorof versioné
PQOAM Il ozonedatais ~2-5%outsideregionsof extremely
low ozone;estimatewf total systematicerrorsrangefrom
~2 10 ~5% [Lumpeet al., 1997]. POAM Il provided mea-
surementat ~69-72S and67-62N duringthetime period
of the ATLAS-3 mission.FurtherinformationandPQAM I
dataareavailablefrom http://opt.nrl.nay.mil/POAM/.

2.4. HALOE Data

The UARS HALOE instrument[Russellet al., 1993]
measure®zonewith a broadbandadiometelin the 9.6 um
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Plate 1. Samplingpatternsfor ozoneobsenationson (a) November5 and(b) November9, 1994, with contoursof sPV at
740K overlaid. Orangetrianglesshov CRISTA obsenations,cyandiamondsshav MLS obsenations,magentasquaresn
Platelashav MAS obsenationson November4, olive circlesshav POAM Il obsenrations,lavendercirclesshov HALOE
obsenations, greencircles shav SAGE Il obsenations,and black circles shov ATMOS obsenations. The sPV contour
intenval is 0.2 x 10~4 s~1, with valuesof 1.2 x 10~* s~tandhigherin theNH, and-1.2 x 10~* s~tandlowerin the SH, in
black (representingpproximatelythe polarvortex regions),andintermediatevaluesin grey.
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Table 1. SatelliteOzoneObsenationsDuring November3-12,1994

Instrument Vertical Precisiorff  NH Latitudes, SH Latitudes, Datesin Data
Resolutior® km % deg N deg S Novemberl994  Version
ATMOS 2-6 4-10 4-49 64-72 3-12 3
SAGE Il 1 <1-2 33-52 57-72 4-12 6
PQAM I 1 2-5 67-69 69-72 4-12 6
HALOE 2 <1-2 0-44 0-10 4-12 19
MLS 4 4-10 0-34 0-80 5-11 5
CRISTA 2-3 2-5 0-67 0-57 4-11 4
MAS 5-7 4-10 0-73 0-39 3-4 20

aApproximatevertical resolutionandprecisionare as estimatedoy the instrumentteams;the methodsusedto estimate

thesevary betweerinstruments.

band, using the solar occultation method. HALOE's

1.6 km instantaneousvertical field of view, combined
with the retrieval algorithmsand vertical samplinginter-

val of 0.3 km, resultin a vertical resolution for ozone
of ~2 km. Version 19 HALOE ozone data are used
here; theseare very similar to version18. Brihl et al.

[1996] discussvalidation of version 17 ozone data, in-

cluding estimatesof systematicand randomerrors. Lin-

genfelseret al. [1999] comparedversion18 HALOE data
with in situ aircraft obsenations;version18 HALOE data
are comparedwith version5.96 SAGE Il databy SFARC
[1998]. Furtherinformationon HALOE datacanbe found

at http://haloedata.larc.nasaxgbome.html. The error es-
timates provided in the HALOE data files include ran-

domcomponentslueto noiseandaltitudedependentjuasi-
systemati@rrorsdueto uncertaintiesn aerosokorrections.
Theseare typically muchlessthan 1% in the middle and
upper stratospherejncreasingto a few percentnear the
tropopauseTheseareusuallynotthedominanterrorsources
for ozone,andsystematicerrors[Briihl et al., 1996] should
be consideredvhenanalyzingthesedata. Estimateof total

uncertainty including thesesystematiceffects, rangefrom

about5-10% in the middle and upper stratosphereup to

around30% at 100 hPa; in termsof mixing ratio, uncer

taintiesin the lower stratospherare ~0.3-0.4ppmv. The
HALOE sampling patternis similar to that of SAGE II.

HALOE obsened from ~10°S to 44°N during the time of

the ATLAS-3 mission.

2.5. MLS Data

The UARS MLS instrument[Barath et al., 1993] has
beenmeasuringozoneat 205 GHz in the stratospherand
lower mesosphereince Septemberl991. Characteristics

and validation of version 3 ozone data are describedby
Froidevauxet al. [1996]. MLS datahave recentlybeenre-
processedh version5. Version5 dataareretrieved on pres-
suresurfaceswith ~2.5km spacing(six levelsperdecaden
pressure)twice asfine agrid aspreviousversions.More in-
formationon MLS datacanbefoundathttp://mls.jpl.nasa.go
Preliminarystudiesindicatethatversion5 ozonedataagree
morecloselywith correlatize datain the lower stratosphere
thanpreviousdataversiong(N. J. Livesg, etal., manuscript
in preparation2001). The vertical resolutionof MLS ver-
sion5 ozoneis ~3-5 km in the stratosphereThe precision
of version5 ozoneis ~4 to 10% between46 and 1 hPa;
precisionsincreasepercentage-wisat lower altitudes, but
remainconstantatabout0.3 ppmvin thelower stratosphere.
Total uncertaintiegincludingpossiblesystematiaincertain-
ties) are ~0.4 ppmv throughoutthe stratospherealthough
thisis still beinginvesticated,particularlyin the lower strat-
osphereln earlyNovemberl1994,UARS wasorientedsuch
that MLS obsened from ~80°S to 34°N; MLS obtained
goodmeasurement®r Novembers-11,1994.

2.6. CRISTA Data

CRISTA measuresatmospherictrace gasesin a limb-
soundingmode using thermal emissionat 4-71 um, with
high horizontal resolution obtained by using three tele-
scopesthat sensethe atmospherel8 apart. CRISTA op-
eratesfrom a pallet following the spaceshuttle, and was
first flown during ATLAS-3. CRISTA versionl tempera-
ture and trace gas retrievals are describedby Rieseet al.
[1999], and an overview of the instrumentand obsenra-
tionsduring ATLAS-3 is given by Offermannet al. [1999].
CRISTA’s vertical resolutionis ~2-3 km. The CRISTA
datausedhere are version4 retrievals (which, for ozone,
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are identical to version 3), which typically have preci-
sion near2% throughoutthe stratospherexceptin regions
of very low ozone; systematicerrorsrangefrom ~10 to
15% in the stratosphere. CRISTA operatedthroughout
ATLAS-3, with several different observingmodes[Riese
et al.,, 1999]; the data usedhere are from modes1 and
2 (stratospheric/mesosphedadstratospheriobsenations,
respectiely). CRISTA took measurementtroughoutthe
ATLAS-3 mission, with mode 1 and 2 obsenations on
November4-11,1994.Furtherinformationon CRISTA data
canbefoundat http://www.crista.uni-wuppertal.de.

2.7. MAS Data

MAS, which flew on the ATLAS-3 shuttlemission,is a
limb-scanningmicrowave radiometerthat measureozone
at 184 GHz. An overview of the MAS measurementen
the ATLAS missionsis given by Hartmannet al. [1996].
Daehler et al. [1998] discussvalidation of the MAS ver
sion 20 ozone measurementsised here, which are those
binnedin 128 s batches. The vertical resolutionof MAS
ozonedatais ~5-7 kmin the 15-50km altituderange.Typi-
cal precisionfor this altituderangeis ~4-10%. Estimatesf
total error rangefrom 10-15%belov 25 km to 4-8% over
the rest of the stratosphere.During ATLAS-3, MAS op-
eratedonly for about10 hours(dueto a computerfailure)
on November3-4,1994,andobtainedmeasurementsover-
ing ~40°Sto 70°N. Furtherinformationcanbe obtainedat
http://www.dfd.dIr.do/info/ AUC/MAS/index.html.

3. Equivalent Latitude/8 Comparisons

EqL/® mappingis mostusefulwhentracegasesarewell-
correlatedwith PV, asis expectedfor long-livedgasede.g.,
Manng et al., 1999] including lower stratospherimzone.
Suchmappingmayalsobeuseful,asseerbelow, for shorter
livedgasesf thosegasesemainwell-correlatedwith PV. In
this sectionwe explore the comparisonof ozoneobsera-
tionsin EQL/O coordinatesandthe effectsof differentsam-
pling patternson thesecomparisons.

3.1. Methodology

The procedurgor mappingozoneinto EqL/B spacefol-
lows that of Manng et al. [1999]. ScaledPV (sPV [e.g.,
Dunlerton and Delisi, 1986; Manng et al., 1994a])from
the Met Office (UKMO) data, interpolated(bilinearly in
the horizontaland linearly in log-0 in the vertical) to the
obsenation locations,is usedto grid the databy taking a
weightedaverageof all obsenationsfalling within a pre-
scribeddistancen PV andlog-6 of eachgrid point; a Gaus-
sianweightingfunctionis used. The obsenationsaregrid-
dedwith 0.2 x 104 s 1spacingin sPV in the horizontal
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andon 19 levels in the vertical between380 and 2000 K
(~15 to 50 km), giving a vertical grid spacingof ~2 km.
The selectionof grid spacingandhalf width for theweight-
ing functionin PV is basedon striking a balance.for the
instrumentswith sparsecoverage betweernreasonableov-
erageof regionswherePV gradientareweak(whereasmall
changen PV would correspondo alarge distancearguing
for closerspacinglandnottoo mary emptygrid boxesin re-
gionswherethereis gooddatacoveragebut PV gradientsare
very strong(wherevery closelyspacedV valueswould re-
sultin mary grid boxeswith no obsenations);the sPV half
width is 0.1 x 10~* s~1. For mostof the instrumentsthe
half width in 6 is alsohalf the sizeof a grid box. However,
for MLS and MAS data,which are reportedon grids with
larger vertical spacingthanthat usedhere,the 6 half width
is ~20% wider, to provide more uniform coverageof the
verticalbins. All datawithin two half widthsin PV and8 of
thegrid pointareincludedin theaveragehowever, avalueis
not calculatedunlessthereis atleastoneobsenationwithin
onehalf width of thegrid point.

Thevaluesaveragedat eachgrid point arealsoweighted
by the estimatedretrieval uncertaintyprovided with each
datapoint (exceptfor CRISTA, wheresuchvaluesare not
providedfor eachobsenation); theseuncertaintiesypically
representn estimateof precision. A Gaussianwveighting
functionis appliedto the uncertaintyvaluefrom eachpoint
thatgoesinto a givenaveragewith the centralvalueat zero
uncertaintysopointswith smalleserrorsareweightedmost
heavily. Theerrorweightingis doneby mixing ratio, rather
thanpercentsoasnotto misrepresengxtremelylow ozone
values(suchasin the Antarcticozonehole),whichmayhave
extremelylarge percenerrorsthatarevery smallin absolute
value. The errorweightingis designedo excludeonly ex-
tremeoutliers: The half width is 0.5 ppmv (so datawith
very smalluncertaintiesareweightedhighly). All datahav-
ing uncertaintiedessthan 10 ppmv are included (so data
with verylarge uncertaintiesreincluded,but aregivenneg-
ligible weightif any valueswith smalleruncertaintiesare
present).

After griddingin PV/B spaceEqL is calculatedfor each
PV grid point value,andthefields areinterpolatedinearly
to auniform EqL grid. Theinterpolationroutineis restricted
from filling acrosdarge gaps;thusthe coveragein the plots
representsheactualdatacoverage.

The precisionestimatedor eachpoint have beenpropa-
gatedthroughthe gridding (averaging)procedure The aver-
agingresultsin randomerrorsvaluesfor the griddedfields
small enough(<0.1 ppmy, exceptat a few pointsnearthe
edgesof the rangewith error valuesfor the averageaup to
~0.3 ppmy, for all instruments)hat the systematicuncer
tainties(which arenot reducecdby averaging)aredominant;
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thesesystematiceffects are typically from ~2 to 15% de-
pendingon theinstrument(section2), with muchlargerper
centageshanthesen regionsof very low ozone.

A measuref the scatterin the valuesbeingaverageds
obtainedby calculatinga standarddeviation for the points
averagedn eachgrid box, weightedby the squareof their
averagingweights. As expected,this scatteris largestin
regions where ozoneis not well-correlatedwith PV (sec-
tion 3.2) and where PV (and ozone) gradientsare very
strong.

MeteorologicakonditionsduringATLAS-3 arediscussed
in detail by Manne et al. [1999]. The SouthernHemi-
sphere(SH) polar vortex wasin the processof its spring-
time breakupwith awell-defined but wealened polarvor-
tex still presenin the middle stratospherée.g.,840K) and
a relatively strongvortex in the lower stratosphere Vortex
remnantsvereapparentipto ~1300K [e.g.,Manng etal.,
1996]. The vortex wasshiftedfar off the pole,andtongues
of vortex air werepeeledoff its edge while largetonguesof
low-latitude air weredravn up, eitheraroundthe vortex or
into anantigyclone. The large asymmetryof the SH vortex
resultsin very good EqL/® coverage,even for instruments
(ATMOS, SAGE Il, POAM II) thatobsenednarrov ranges
athighlatitudes;substantiatoverageof bothvortex andex-
travortex conditionshy ATMOS, SAGE I, andPQAM 1l can
beseenin Platel.

In the NorthernHemisphergNH), the developing polar
vortex (the“protovortex”) wasshiftedoff the poleandelon-
gatedby a minor warming. Manne et al. [2000] discussn
detailtheeffectsof thesemeteorologicatonditionsontrans-
port, lamination,andfilamentationin long-livedtracegases
obsered by ATMOS during ATLAS-3. Although lessdis-
turbedthanthe decayingSH vortex, thereis enoughasym-
metryin theNH vortex thatEgL/® mappingsubstantiallyin-
creaseshe coverage(Platel). AlthoughNH POAM Il data
do not physically overlap ATMOS, SAGE Il, HALOE, or
MLS data(Table1 andPlatel), thereis significantoverlap
with ATMOS, SAGE Il, andHALOE in EqL/0 space,and
someoverlapwith MLS.

The validity of EqQL/6 mappingdependsalsoon the re-
lationshipbetweenPV and ozoneremainingapproximately
constantthroughoutthe period considered.Over the short
(9-day) period studiedhere, the effects of diabaticdescent
are sufiiciently small that changesin the relationshipbe-
tweenPV andozonearenggligible.

3.2. Results

Plate2 shawvs EqL/0 ozonefields during ATLAS-3 from
CRISTA, ATMOS, SAGE Il, POAM I, HALOE, MLS, and
MAS. Plate 3 shawvs differencesin EqQL/® spacebetween
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ozonefrom CRISTA andeachof the othersix instruments.
Similar plots have beenmadefor MLS (which had best
coverageof the SH), ATMOS, and SAGE Il (which had
substantiaEqgL/0 coveragein both hemispheres)although
spaceconsiderationgrohibit shaving all of thesefigures,
comparison®f multiple instrumentswith eachof the oth-
ers facilitate identification of differencesbetweenspecific
instruments.The CRISTA comparisonsre shovn because
CRISTA hadthe mostcompleteoverall coverageof EqL/G
space.Thesedifferencesareshovn in mixing ratio, asvery
largepercendifferencegwhite overlaidcontours)n regions
of verylow ozonecanbe misleading.

Ozoneis expectedto be well-correlatedwith PV in the
lower stratospheravhere instantaneoushemicallifetimes
are generallylong comparedto transporttimescales,and
thus sampling differencesshould be largely compensated
for by the EqL/®6 mapping. Consistentwith this expecta-
tion, thereis very goodagreemenbetweenall ozoneobser
vationsbelov ~650K, usually betterthan0.25ppmy and
alwaysbetterthan0.5 ppmv exceptin isolatedregions. Al-
thoughthe ozonehole is chemicallyproduced becausex-
tremeozonedepletiontook placeearlierin the seasonand
ozonehashada chanceto be mixed by transportwithin the
vortex (particularlyalongPV contours) ozonemixing ratios
herearefairly well correlatedwith PV (i.e., the contoursof
ozoneandPV arethe sameshape) However, standardievi-
ationsat grid pointsin the ozonehole are ~0.15-0.3ppmv
(whichis near100%in someregions),suggestinghatthese
low valuesmay be reachingthe limits of the instruments’
precisions.

CRISTA ozone is somavhat higher than ATMOS,
SAGE Il, POAM I, and MLS in the vortex interior be-
tween~500 and 600 K. Thesedifferencesmay be related
to remaininginhomogeneitiethepresencef whichis sug-
gestedoy resultsin section5) in ozonein thevortex interior,
asCRISTA SHvortex obsenationsextendedessdeeplyinto
andwere confinedto one side of the vortex (e.g., Platel).
The valuesfor the otherfour instrumentsall agreewithin
~0.5 ppmv in this region, and ATMOS, SAGE I, MLS,
and CRISTA all agreeto within 0.25 ppmv in the rest of
the SH ozonehole region, andin the extravortex SH lower
stratosphere.While percentdifferencesin the ozonehole
areaslargeas~50% betweenCRISTA andMLS, andfrom
~10-40% for the other instruments,theserepresentvery
small differencesin the mixing ratios, and the mixing ra-
tiosthemselesarenearthelimits of theinstrumentspreci-
sions. ATMOS, SAGE Il, POAM IlI, andMLS ozonemix-
ing ratiosare all lessthan 0.25 ppmv below 420K in the
SH vortex (CRISTA did not have retrieved version4 data
at this altitude). Plate2 shaws that, for eachof the instru-
ments(ATMOS, SAGE Il, POAM I, MLS, and CRISTA)
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Plate 2. Equivalentlatitude (EqL)/® spacefields of ozonefrom (a) CRISTA, (b) ATMOS, (c) SAGE II, (d) POAM I, (e)
HALOE, (f) MLS, and(g) MAS for theindicateddaysduringthe ATLAS-3 mission. Fieldsareshavn from 88°S to 88°N
EqL. Thin blacklines are contoursof |sP\|, averagedover November4—11,1994; the contourintenval is 0.2 x 1074 s72,
with the 1.2 x 10~* s~1 contour(typically in the vortex edgeregion) shovn asa solid line andthe restasdashedines; the
smallestcontouris 0.2 x 10~* s~1 on eithersideof the verticalline representind® EqL, with valuesincreasingoward the
poles.Approximatealtitudescaleon right sideof plotsis calculatedusingthe nonlinearformulaof Knox[1998].
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that obsened in the SH vortex, thereis a slight depres-
sion of the ozonecontoursin the vortex edgeregion (near
1.2 x 10~* s71) betweerd20and520K; asnotedby Man-

ney etal. [1999], thisfeatureis associatedith morediabatic
descenaindlessozonelossalongthevortex edgethroughout
thewinter.

Another small region with somavhat larger differences
in the lower stratospherés alongthe vortex edgein there-
gionof very strongPV (andozone Plate2) gradientswhere
avery smallerrorin eitherthe PV usedin the mappingor
thelocationof the obsenation couldresultin large changes
in the EQL/B ozonefield. The standarddeviationsfor grid
pointsin this region arelargerthantypical, indicatingmore
uncertaintyin the gridding procedure Also, someretrievals
may not do aswell in regions of strong gradients,asthe
assumptionof homogeneitywithin the field of view may
breakdown. A differenceof 0.25to 0.75 ppmv between
CRISTA andPQAM 11 (Plate 3) over the entire SH lower
stratospheréandsimilar differencesetweenPQAM Il and
MLS, SAGE IlI, and ATMOS) suggestghe possibility of a
slight low biasof POAM 1l datawith respectto the other
instrumentsn the SH lower stratospherealthoughthis dif-
ferenceamountgo only ~10%.

CRISTA obsenations are ~10-15% higher than both
PQAM Il and MAS in the NH polar lower stratosphere,
whichmayreflectaslightinstrumendifferenceassampling
differencesdo not provide an olvious explanation. Slightly
higher (0.25-0.5ppmy; ~10%) CRISTA than ATMOS and
MLS ozonein the NH lower stratospheréetween500 and
650 K is well within the typical systematicuncertainties
(which dominatein theseplots, section3.1) of the instru-
ments.

Plates2 and 3 indicate good agreementwithin 0.25to
0.75 ppmy, or ~5%) betweenozonefrom all instruments
in the upper stratosphereabore ~1450 K, where chemi-
caltimescalesremuchlessthandynamicatimescalese.g.,
Brasseurand Solomon 1986]. The exceptionis a smallre-
gion deepin the protovortex where CRISTA is ~15-20%
lower than POAM I; the standarddeviationsfor CRISTA
in this region (at the northernlimit of its coverage)are up
to ~0.8 ppmy, indicatinggreateruncertaintyin the gridded
valueshere. At theselevels,the NH protovortex is well de-
veloped,and more pole-centeredhanin the middle strat-
osphergManng et al., 1999, 2000], andtemperaturesire
well-correlatedwith PV. The SH vortex hasbrokendown at
theselevels, and thereis also a relatively symmetricflow
in which temperatur@ndPV arewell-correlated.Sincethe
chemicalprocesseshat control the short-termevolution of
ozonedependstronglyontemperatur@andsunlight,in asit-
uationsuchasthiswith relatively symmetricvortices(hence,
similar illumination andtemperatur@arounda PV contour),

10

@

Nov 6, 1994

4.0 4.8 5.6 6.4 7.2 8.0
SH CRISTA ozone (ppmv)

Plate 4. Mapsof ozonefrom CRISTA at840K in theSHon

(a) November6, 1994,and(b) November9, 1994 two days
during the ATLAS-3 mission. Contoursof |sPV areover-

laid in black; 1.2and1.4 x 10~* s1 contoursare dashed,
and0.6and0.8 x 10~4 s~ contoursaresolid. Themappro-

jectionis orthographicwith 0°longitudeatthetop and90°E

to theright. The domainis from equatorto pole, with thin

dashedinesat30° and60°S.

ozoneis still expectedto bewell-correlatedwith the vortex.

Much larger differencesare seenin the middle strato-
sphere(~650-1450K), wherethe timescalesfor dynam-
ical and chemicalprocessesre comparable. Becauseof
samplingdifferenceqPlate1l and Table 1), the latitudesof
measurementhatgo into the mappingfor a particularEqL
arevery differentbetweerinstruments.As will be seenbe-
low, discrepanciebetweeninstrumentsn the middle strat-
osphereare largely explainablein light of thesesampling
differences.

In the SHthe occultationinstrumentsATMOS, SAGE I,
andPQAM |l all show valueswithin <10% of eachother
The limb-emissioninstruments,however, MLS, CRISTA,
and MAS, all shav values20-30% higher at mid to low
EqLs; HALOE obsenationsat low EqL arealsoover 30%
higher than those from the other occultationinstruments.
ATMOS, SAGE I, andPQAM Il all sampledanarrav range
at high latitudes(Table 1 andPlate1). As notedby Man-
ney et al. [1999], during ATLAS-3 a “low-0zone poclet”
[Manng etal., 1995]hadformedin low EqL air dravn up
aroundthe polarvortex andinto the anticyclonein the mid-
dle stratospherel.ow-ozonepocketsform whenair (initially
high in ozone)dravn up from low latitudesis confinedin
anantigyclone,andozonesubsequentlyelaxesphotochem-
ically to lower valuestypical of high latitudes[Nair et al.,
1998; Morris et al., 1998]. Plate4 shovs mapsof 840K
ozonefrom CRISTA on November6 and9, 1994 (compare
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with Plate7 of Manne etal. [1999], which shaved similar
mapsfrom MLS data;notethatthecontourvaluesareshifted
down by 0.4 ppmv with respecto thoseshavn by Manne/
etal. [1999]to shav a comparableangeof colorsin mid-
latitudesandalongthevortex edge).BecauseCRISTA mea-
suredonly to ~60°S, on November6 it obsened only the
edgeof the low-ozonepocket, which on that datewascen-
terednear70°S; on November9, CRISTA sampledabout
the equatorvard half of the low-ozonepocket. Most obser
vationsfrom ATMOS, SAGE Il, andPQAM Il at low EqL
werein thelow-ozonepocket, andthusassociateavith much
lower ozonethanobsenrationsof low EqL takenatlow lati-
tudes(e.g.,thosefrom HALOE). MLS andCRISTA fieldsat
mid to low EgL combineobsenationstakenbothinsideand
outsidethelow-ozonepoclet (e.g.,Plate4); theabruptdrop
in ozonefrom tropicalvaluesat ~20-3CEqL seenn Plate2
for theseinstrumentgesultsfrom averagingmeasurements
from both inside and outsidethe low-ozonepocket at sPV
from ~0.7t0 1.0 x 10~% s1. The MAS obsenations, at
<40S, were well equatorvard of the low ozone poclet,
giving higherozonevaluesin ~40-50EqL near800-900K
thanCRISTA or MLS (Plates2 and3). Consistentvith the
lack of correlationbetweenPV andozonein thelow-ozone
pocketregion, both CRISTA andMLS valuesat grid points
in this region have large standarddeviations (21 ppmy up
to ~20%),and ATMOS, SAGE Il, andPQAM have larger
standarddeviations(~0.7 ppmy, ~15%)thanin otherparts
of themidstratosphere.

MLS valuesnearthe mixing ratio peakat ~0-40°S EqL
are ~10-15%higher thanthosefrom CRISTA and5-10%
higher than thosefrom MAS. Since all threeinstruments
have goodcoverageof theseEqLs, samplingdifferencesio
not offer animmediateexplanationfor thesedifferences.

Differencedetweerninstrumentsn the NH middle strat-
osphererangebetween~5 and 15% (Plate3). NH obser
vationsby ATMOS, SAGE Il, and HALOE covered simi-
lar latitudes(Table 1 and Plate 1), with SAGE Il observ-
ing atslightly higherlatitudesandHALOE atslightly lower
latitudeswith bettercoverageof the tropics,than ATMOS.
PQAM Il obsered at muchhigherlatitudes,with no over
lapwith ATMOS, SAGE Il, HALOE, or MLS. CRISTA and
MAS have obsenationsthroughoutthe hemisphereup to
~70°N. Thehighestatitudessampledy ATMOS, SAGEII,
andHALOE arein aregion of filamentationandmixing of
low- and high-latitudeair aroundthe protovortex [Manney
etal., 2000]. Theseinstrumentghus sampleda mixture of
air from theprotovortex edgeregion, high-ozoneair recently
dravn up from the tropics,andair thatwasdravn up from
thetropicsearlier Ozonemapsfrom CRISTA in themiddle
stratospheréPlate5, contourscaleis shiftedfrom Plate4)
shav a featureresemblinga low-ozonepocket. Manney
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Plate 5. Mapsof ozonefrom CRISTA at840K in theNH on

(a) November6, 1994,and(b) November9, 1994.Contours
of |sP\| areoverlaidin black; 1.4and1.6 x 104 s~ con-
toursaredashedand0.8and1.0 x 10~* s~* contoursare
solid. The mapprojectionis orthographicwith 0°longitude
at the bottomand 90°E to the right. The domainis from

equatorto pole,with thin dashedinesat 30° and6C°N.

etal. [2000] notedthatthe ATLAS-3 missiontook placedur-
ing aperiodwith dynamicalconditionssimilarto earlywin-
ter minor warmingeventspreviously reportedin December
[e.g.,Juckesand O'Neill, 1988;Rosieretal., 1994,andref-
erencegherein]. Althoughlow-ozonepocketshave not pre-
viously beenreportedbeforemid-DecembefManney et al.,
1995],air dravn upfrom low latitudesduringATLAS-3 was
pulledinto thedevelopinganticycloneandconfinedtherefor
several days[e.g., Manng et al., 1999, 2000], creatingthe
conditionsunderwhichlow ozonepocketsareexpected Ex-
aminationof profilesfrom CRISTA andseveralof the other
instrumentshaws the characteristi¢bite” out of the ozone
profiles in the middle stratosphereahat is associatedwvith
low-ozonepockets|[Manng etal., 1995].

In the NH all instrumentsexcept POAM Il and MLS
had good coverageof midlatitudes(~30-5CN); all except
SAGE Il andPOAM II had somecoverageof the tropics.
That SAGE Il haslower ozonethan CRISTA at the low-
estEqLsit sampledPlate3b) is because&SAGE Il sampled
low PV (sPV = 0.4-0.8x 10~* s~1) primarily in the anti-
cyclone wherethe low-ozonepocket formed. Corversely
MLS shaows higher valuesthan CRISTA at all EgLs sam-
pled (Plate3d) becausét sampledow PV only in thetrop-
ics, whereasCRISTA sampledlow PV bothin the tropics
andin the low-ozonepocket. CRISTA samplingresulted
in higher standarddeviations (~0.7 ppmy, ~15%) in this
region. Somevhat lower ozonefrom PQAM 11 (Plate 3c)
at mid-EqLsis expectedbecausdahoseobsenrations (near
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68°N) sampledair in the protovortex edgeregion that had
beenwell within the vortex, whereozonewaslower. Trop-
ical tonguesdravn up aroundthe vortex did not extend
past60°N, and POQAM I would not have sampledthem.
ATMOS, SAGE Il, HALOE, CRISTA, and MAS obsenra-
tions nearthe protovortex edge,however, include obsena-
tions in suchtropical tongues. It is unclearwhetherthe
~10%differencedetweerCRISTA andHALOE arerelated
to the sampling,althoughHALOE obsenationswere con-
centratednorein thetropicsandmaythusreflectanaverage
weightedmoretowardthetropicsandhigherozone.Platel

shaws that MAS samplingin NH midlatitudesoutsidethe
protovortex was primarily in regions away from the low-

ozonepocket, whereaghat of CRISTA wasuniformin lon-

gitude;this differencemayaccounfor ~5-8%highervalues
seerby MAS.

Agreementin EqQL/B-mappedozoneis very goodamong
all seveninstrumentsn theupperstratospherévherechem-
istry dominates)andin the lower stratospherdwhere dy-
namicsdominates).Differencedn the middle stratosphere,
where chemicaland dynamicaltimescalesare comparable
appearo be largely explainableby differencedn the sam-
pling. To examinein more detail the agreemenbetween
instrumentsandto verify someof the samplingeffectsdis-
cussedabove, we look belon at comparison®f individual
profilesthatwereobseredin similar air masses.

4. Profile Comparisons

To compareobsenationstaken undersimilar conditions,
we choseprofilesthat are asclosely coincidentas possible
in PV. Becausef thedifferentsamplingpatterngor thein-
strumentsconsideredcriteria for coincidencein time and
longitudearerelaxed if necessaryo find closecoincidence
in PV andin latitude(sincesolarilluminationis animportant
factorin the evolution of ozone). We have thuscompared
valuesonly for coincidentor nearlycoincidentlatitudes but
which may or may not have closecoincidencdn longitude
andtime.

4.1. Southem Hemisphere

Table 2 lists the profiles comparedn the SH. ATMOS,
SAGE I, POAM I, and MLS obsered high latitudes
(~62-73S) in the SH; Plate6 shows theseprofile compar
isons. Both vortex andvortex edgeprofilesagreeto within
0.5 ppmv for all four instrumentdan mostplaces,which is
betterthan 10% exceptin the lower stratosphereATMOS,
SAGE I, andPQAM Il vortex profilesall shav evidenceof
anarrav laminanear700K; MLS maynotfully resolesuch
afeaturebecausef its coarsewerticalresolution,although
the profile doesshav a shoulderhere. SAGE Il and MLS
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profilesshon alaminain the lower stratosphergust above
400K, thatis notapparentn ATMOS or POAM |l profiles,
possiblydueto the differentsamplinglocations.The vortex

edgeprofilesarelocatedsothatthe profile is within thevor-

tex belov ~600K, andoutsidethe vortex above thatlevel.

All instrumentprofiles shav very low ozone(<0.5 ppmv)
in the lower stratosphere;omparabldo valuesfor the pro-
file deeperinsidethe vortex; sincethesevaluesaresolow,

percentdifferencesare large, even thoughthe four profiles
all agreeto within ~0.3 ppmy andSAGE Il, ATMOS, and
PQAM I to within ~0.1 ppmv. Justbelow the mixing ra-
tio peak, SAGE Il shaws vortex edgevaluesover 1 ppmv
(~25%) higher than the other instruments,and above the
mixing ratio peak ATMOS shaws valuesnearly 1 ppmv
(~15%) lower; larger differencearoundthe mixing ratio
peak,wherevertical ozonegradientsare very steep(espe-
cially just belov the peak),may resultfrom differencesn

verticalresolutionandaltitudeor pressureegistrationin the
retrievals.

The profilesoutsidethe vortex shav somevariationover
about650-1400K, althoughthe largestdifferencesare still
usually<10%. Theareaoutsidethe vortex at high latitudes
includesthelow-ozonepocketandtheentranceegionwhere
low-latitudeozoneis first dravn up into theanticyclone.Be-
tweenthesetwo regionstherearestrongozonegradientghat
arenotwell correlatedwith PV: air in the entranceegion at
agivenPV valuewill have muchhigherozonethanthatin
thelow-ozonepocketatthesamePV (seee.g.,Plated). For
theseprofiles(bottompanelsof Plate6) a closematchin the
longitudewas not possiblewhile simultaneouslymatching
PV and latitude (Table 2). The nearly 1 ppmv difference
(althoughonly ~10-12%)seenbetweenthe SAGE Il and
PQAM I profilesin the lower left panelof Plate6 results
from the POAM |l profile beingat a longitudecloserto the
low-ozonepocket thanthe SAGE Il profile. Although the
ATMOS and MLS profiles are closely matchedin all cri-
teria, the MLS profile is nonethelessearly1 ppmv higher
between~1000and1500K.

All of thelow-ozonepocket profiles(secondrom bottom
row in Plate6) aretowardthe edgesof thatregion, with the
MLS profile beingslightly closerto the centerthanthe other
three. MLS is again a bit higherthan ATMOS, SAGE II,
andPQOAM Il in themiddle stratosphereAll profilesin the
low-ozonepocket region shav a truncatedpeak, with the
ATMOS, MLS, andSAGE I profilesshaving anotchin the
profile just abose 1000K, asis characteristicof the low-
ozonepocketregion[Manng etal., 1995].

CRISTA obsered up to ~60°S during ATLAS-3, and
MAS upto ~40°S. Plate7 shavs comparison®f CRISTA
andMLS obsenationsin the vortex andlow-ozonepoclet,
andCRISTA, MLS, andMAS obsenationsin midlatitudes.
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Table 2. SH OzoneProfile Comparisons

Instrument Longitude Latitude Date

High-LatitudeProfiles(62-73 S),Plate 6

InsideVortex
ATMOS 284.1 -67.8 Nov 6
SAGEII 283.1 -62.2 Nov 6
PQAM Il 286.7 -72.5 Nov 6
MLS 280.1 -69.4 Nov 6
\ortex Edge
ATMOS 335.5 -72.1  Nov1l
SAGEII 335.0 -71.1  Nov 12
PQAM I 336.4 -70.9 Nov 10
MLS 332.3 -73.0 Nov1l
Low-OzonePodcket
ATMOS 183.6 -71.8 Nov 10
SAGEII 182.3 -69.4 Nov 10
PQAM I 174.5 -71.4 Nov 92
MLS 178.5 -68.2 Nov 10
OutsideVortex
ATMOS 71.2 -69.4 Nov 7
SAGEII 57.8 -65.3 Nov 7
PQAM I 88.7 -72.0 Nov 7
MLS 69.8 -70.6 Nov 7

Midlatitude Profiles(39-58 S),Plate 7

InsideVortex
MLS 249.9 -57.4  Nov @
CRISTA 251.7 -56.9  Nov9?
Low-OzonePocket
MLS 151.6 -56.3  Nov9?
CRISTA 150.9 -55.2  Nov 92
OutsideVortex
MLS 58.9 -39.4  Nov5P
CRISTA 57.8 -40.0 NovbsP
MAS 49.0 -39.8  Nov4b

aTheseobsenationlocationsarerepresenteih Platelb.
bTheseobsenationlocationsarerepresenteth Platela.
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Plate 6. Profilecomparison$or instrumentghatobseredhigh latitudesin the SH (~65—75S),for ATMOS (black),SAGEII

(green),PQAM 11 (olive), and MLS (cyan). Left panelsshov ozonemixing ratio (ppmv), middle panelsshawv fractional
ozonedifferencedrom the average andright panelsshav sPV differencedrom the average(multiplied by 10 from the unit
of 1074 s~! usedelsavherein the paper)at the locationsof the obsenations. Note that fractionalozonedifferencesn very
low ozoneregionsmay bevery largewithoutindicatingpooragreemenin ozonevalues.
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BecauseCRISTA and,to a lesserdegree MLS and MAS,
hadrelatively densecoverage,closermatchesn longitude
andtime werepossiblefor thesecomparisongTable2). The
CRISTA and MLS vortex profiles (top panels)agreewell,
within 10%, with MLS shawing slightly highervalues(but
well within the uncertaintiesf the two instrumentsjn the
middle stratosphereand diverging belov ~450 K, where
uncertaintiebecomevery largefor bothinstrumentslt was
possibleto matchCRISTA andMLS profilesnearthecenter
of thelow-ozonepoclket (nearl50°E) onthesameday. Both
CRISTA andMLS profilesin thelow-ozonepocket (middle
panels)shown the deepbite out of the profile that is char
acteristicof this phenomenon.MLS ozoneis higherthan
CRISTA ozoneby ~0.5-0.8ppmv (lessthan 10%) in the
middle stratosphere.

The profile comparisonoutside the vortex near 40°S
shows a larger difference(closeto 20%) betweerMLS and
CRISTA nearthe mixing ratio peak, althoughall coinci-
dencecriteria are closely matchedbetweenthesetwo pro-
files (Table2). The CRISTA andMAS profilesin this case
matchwell (to betterthan 10%) evenin the middle strato-
sphereandthosefrom all threeinstrumentsmatchwell in
theupperandlower stratosphere.

4.2. Northern Hemisphere

Table 3 shaws the profilescomparedn the NH. Five of
the seven instrumentg(excluding POAM I and MLS) had
obsenationsin northernmidlatitudes,both inside and out-
side the protovortex edgeregion, andfour of thesefive in-
strumentsandMLS, obsenedthe NH tropics;the compari-
sonincludesSAGE Il obsenationsfrom afew daysafterthe
end of the ATLAS-3 missionwhen SAGE Il obsened the
tropics. Plate8 shavs thesecomparisons.All five instru-
mentsshov excellentagreementhroughouthestratosphere
in theprotovortex andprotovortex edgeregion (top two rows
in Plate8), usuallyto betterthan0.5 ppmv (<10%exceptin
very low ozoneregions). Thethird row of panelsin Plate8
shovs measurementdistinctly outside, but still near the
protovortex edgeregion, whereozoneandPV gradientsare
very strong(e.g.,Plate5). Greatervariations(~15%) here
may resultfrom comparingsamplesat differentlongitudes
(Table 3) andwith greaterPV variations(right panel,third
row); however, mostdifferencesarestill within ~0.7 ppmy,
generallylessthanthe combinedtotal uncertaintiesof the
variousinstruments.

The three midlatitude profiles (top threerows, Plate 8)
are onesfor which Manng et al. [2000] shoved laminae
in ATMOS long-lived trace gases;ATMOS ozoneprofiles
shawv correspondindaminae.In casesvherethelongitudes
are nearthosefor ATMQOS, the profiles from otherinstru-
mentsshav similar laminae(e.g., the SAGE II, HALOE,
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and CRISTA profilesin the top two rows; all profiles ex-
ceptthatfrom MAS in thethird row). In somecasessimilar
laminaein multiple instrumentsobsenationsoccurredeven
whenthe obsenationswere severaldaysapart,demonstrat-
ing the ubiquity of laminaein theregionspreferredfor their
developmenfManney etal., 2000].

The six instruments’profiles comparedin the tropics
(Plate 8, bottom panels)all agreeto within 10-12%. The
CRISTA profile is nearly 1 ppmv (~12%) lower thanthe
othersjust belov the ozonemixing ratio peak,andthe MLS
profile shawvs abruptchangesat a coupleof individual lev-
els. Plates2 and3 alsoshaved CRISTA to have someavhat
lower ozone (0.5 to 1.0 ppmv) in the middle stratosphere
tropics(+20°EqL) thanHALOE, MLS, andMAS (theother
instrumentswith goodtropical coverage),which could not
be explainedby samplingdifferences Althoughpercendif-
ferencesare large belov ~600 K, all lower stratospheric
tropical profilesarewithin 0.5 ppmv of eachotherdown to
~400K.

CRISTA, MAS, and PQAM Il all mademeasurements
near65-70N (Plate9) inside the protovortex and nearits
edge.Theseprofilesall agreeto within 10%,with thesmall
differencesseenbeing generallyconsistenwith the differ-
encesn thePV of theobsenrations. The POAM Il protovor-
tex edgeprofile hasslightly lower ozonethanthe CRISTA
and MAS profilesjust belov the mixing ratio peakat alti-
tudeswhereit is also at slightly higher PV. The CRISTA
obsenationinsidethe protovortex (which hasslightly higher
PV in theupperandlower stratosphere)ascorrespondingly
lower ozonein the upperstratospherand higherozonein
the lower stratospheréghanthe POAM 1l andMAS profiles.
All threeinstruments’profiles shav laminae near 600 K
alongthe protovortex edgeandnear550 K inside the pro-
tovortex. Agreementis somavhatworse (up to ~20% dif-
ferencesptandbelow thelevel of thelaminainsidethe pro-
tovortex, probablybecausef differencesn samplingloca-
tionsof alocalizedfeature.

The overall agreemenbetweenprofilesfrom all instru-
mentsthat could be comparedat latitudesand PV values
covering mostof the globe anda wide variety of meteoro-
logical conditions,is remarkablygood. The mostsubstan-
tial differencegno morethan~15%outsideregionsof very
low ozone)that are not immediately explicable by varia-
tions in samplingare slightly highervaluesseenby MLS
thanseveral otherinstrumentsn someSH extravortex pro-
filesin themiddle stratosphereandlower valuesseenin the
midstratospherén the CRISTA tropical profile thanin the
otherinstruments’profiles. A numberof profilesexamined
shav laminaethat appearin several instruments’obsenra-
tionswhenthoseobsenationsare sufficiently closelycoin-
cident. In the next sectionwe examinethe origins of some
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Table 3. NH OzoneProfile Comparisons

Instrument Longitude Latitude Date

Midlatitude and Tropical Profiles(9-5C°N), Plate 8

Protovortex Edge
ATMOS 275.8 45,5 Nov 52
SAGEII 292.8 45,5 Nov 8
HALOE 286.3 44.3 Nov 12
CRISTA 267.6 45.6 Nov 52
MAS 238.2 44.8 Nov 42
Protovortex
ATMOS 252.2 42.7 Nov 6
SAGEII 244.4 43.0 Nov 10
HALOE 240.5 42.6 Nov 12
CRISTA 258.6 42.9 Nov 52
MAS 42.9 49.9 Nov 42
OutsideProtovortex
ATMOS 251.4 345 Nov 6
SAGEII 268.6 334 Nov 10
HALOE 248.8 34.2 Nov 12
CRISTA 349.3 427  Nov9°
MAS 194.1 42.1 Nov 42
Tropics
ATMOS 253.4 10.0 Nov 12
SAGEII 151.9 9.5 Nov 16
HALOE 150.0 10.2 Nov 7
MLS 221.9 9.8 Nov 11
CRISTA 242.7 9.6 Nov 52
MAS 258.8 9.1 Nov 42

High-LatitudeProfiles(65-72N), Plate9

Protovortex Edge
PQAM I 167.5 68.5 Nov 6
CRISTA 173.0 66.9 Nov 52
MAS 156.8 65.3 Nov 42
Protovortex
PQAM I 129.7 69.0 Nov 3
CRISTA 83.7 65.1 Nov 52
MAS 139.1 72.0 Nov 42

aTheseobsenationlocationsarerepresenteth Platela.
bTheseobsenationlocationsarerepresenteth Platelb.
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of thesesmall-scaldeatures.

5. Origins of Small-ScaleStructure

Manng et al. [2000] usedthe reversetrajectory (RT)
model describedbelon to shawv that laminaein ATMOS
long-lived trace gas profiles arosefrom chaotic adwection
by the large-scalewind fields along (both inside and out-
side)the protovortex edgein the NH during ATLAS-3. As
notedabove, closelycoincidentmeasurementsom several
instrumentftenshowv similar laminae providing evidence
of an atmospherimrigin for suchfeatures,and suggesting
detailedagreemenbetweernzoneobsenationsfrom differ-
entinstruments Herewe examinethe origins of somelam-
inaeseenin the ozoneprofilescomparedabove to detailthe
structureghey aremanifestation®f andto confirmtheir at-
mospheriorigins.

5.1. Trajectory Calculations

The RT calculations basedon the techniquedeveloped
by Suttonet al. [1994], are describedn detail by Manney
et al. [1998, 2000]. High-resolutionprofiles are obtained
atmeasuremenbcationson 100isentropicsurfacesequally
spacedn log-0 between380and2000K (vertical spacing
~350-400m) from the averageof RT calculationsfor all
parcelsplacedin an11 by 11 arraycenterecatthe measure-
mentlocationin a2° longitudeby 1° latitudebox (~100km
persideatmidlatitudes) High-resolutionrRT mapsaremade
on selectedsentropicsurfaces(chosenfrom the 100 levels
on which the RT profilesareconstructedpn an ~80 by 80
km equalareagrid, interpolatedo 0.8 latitudeby 1.8 lon-
gitudefor plotting. All RT calculationsarefor 7-8days,ini-
tialized at the neareshalf-hour (the trajectorytime step)to
the obsenationtime. This time intenal is sufficient to cap-
ture laminaeof vertical extentgreaterthan~1 km [Manng
etal., 1998].

As in thework of Manney et al. [2000], the primary ini-
tializationdatausedin the RT calculationsarereconstructed
(“RC” initialization) from the EqL/6 fieldsfor theinstrument
in questionusingUKMO PV for the appropriatanitializa-
tiontime (theearliespointof thebacktrajectorycalculation,
7-8 daysprior to the ozoneobsenations). To testthe sensi-
tivity to theinitializationfield, calculationsverealsoinitial-
izedwith the EqL/6 fieldsfor otherinstrumentsandwith an
EqL/® “climatology” of ozonederivedfrom MLS data(sim-
ilar to thosefor long-livedtracersdescribedy Manney etal.
[1999)).

5.2. Results

Manng et al. [2000] shavedthatlaminaein N2O, CHy,
andH»>0O measuredby ATMOS in profilescorrespondingo
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Plate 10. (a) Ozone(ppmv) profilesfrom SAGE Il (black),
from RC SAGE Il EqL/0 fields at the obsenration location
(green),from RC ATMOS fields (dashedgrey), from RT
calculationsinitialized with SAGE Il RC data(blue), and
from RT calculationsnitializedwith ATMOS RC data(solid
grey). Arrow showvs approximatelevel of map shavn in
Plate 10h (b) RT map of ozoneat 909 K initialized with
RC SAGE Il data.The mapprojectionis orthographicwith
0°longitudeat the bottomand90°E to theright; the domain
is from equatorto pole, with thin dashedines at 30° and
6(°N; the blacktriangle shavs the locationof the SAGE I
profilein Platel0a.

the ozoneprofiles shavn in the top threerows of Plate8
arosefrom filamentationin and aroundthe protovortex, or
from multiple crossingsof the vortex edgeat several lev-
els. Consistentvith theseresults RT calculationgeproduce
similarlaminaecorrespondingo thosein the ATMOS ozone
profilesshawvn in Plate8. Exceptwherethelongitudeof ob-
senationsis very different, otherinstrumentsshav corre-
spondinglaminae.We shaw below similar originsfor some
laminaeseenin otherinstrumentsobsenations.
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The origin of asmalllaminanear900K in the SAGE Il
profile in the top left panelof Plate8 is shavn in Plate10.
Theblueline in Platel0ashavs that RT calculationsusing
the SAGE Il RC field (Plate2c) closely reproducea small
depressiorin ozonenear900K in the SAGE Il profile. RT
calculationsnitialized with the ATMOS RCfield (Plate2b),
however, do not reproducehis feature. Examinationof RT
mapsat several levels (e.g.,Plate10b) shows thatthe lami-
naefrom ~900-930K in SAGE Il arosefrom samplingalter
natelyin narraw filamentsof higherandlower ozonewithin
the protovortex. Thatthey are betterreproducedusing the
SAGE Il initialization suggestshatthey arisefrom detailed
structurethatis not presenin the ATMOS EqL/6 field.

Plate11 shows similar calculationsfor the HALOE pro-
file in thetop left panelof Plate8. In contrastto the abore
case,RT calculationsfrom the ATMOS RC initialization
weremoresuccessfulit reproducinghelaminanear740K
thanwereRT calculationsinitialized with the HALOE RC
field (Plate2e). Plate11b shaws thatthis HALOE profile
wasnearthe poleward edgeof the ATMOS EqL/6 coverage
(it was,in fact,evencloserto the edgeof the HALOE cover-
age).SinceATMOS measuredhighergeographicalatitudes
thanHALOE (Table 1), theseEqgLs are morefully andac-
curatelycoveredin the ATMOS data;also, examinationof
the positionsof the parcelsusedin the RT calculationsat
initialization time shavs thatat severallevels nearthis lam-
ina, parcelswerein aregion not coveredby theHALOE RC
field; thusthe HALOE RT profile is interpolatedbetween
somelevelsin this altituderange. Plate11b indicatesthat
the laminaarosefrom samplinginterwoven filamentswith
higherandlower ozonealongthe protovortex edge.

Laminae correspondingto those seenin PQAM I,
CRISTA, and MAS profiles at high latitudes(Plate 9) are
apparentin RT calculationsusing the instruments’EqL/0
ozonefieldsfor initialization, althoughtherearegapswhere
parcelscame from regions with poor/no EqL/6 coverage
at the high EqL end of the instruments’coverage. RT
calculationsusing the MLS-basedclimatology with com-
plete EqQL/® coverage, reproducedmore completely the
ozonemaximanear580 K in all threeinstruments’pro-
files. Platel2 indicatesthatthelaminain the POAM Il data
arosefrom samplinga filamentof higherozonewell inside
the protovortex. Many othersuchserrationsareapparentn
Plate12 in the vortex interior, andthe laminaein CRISTA
andMAS profilesresultedfrom samplingsuchfeatures.

The ATMOS, SAGE II, and PQAM I profilesin the
Antarctic vortex also shaved laminae between650 and
750K (Plate6, toprow); MLS profilescoincidentwith these
shav a correspondingshoulder RT calculationsfor each
of theseprofilesshav evidenceof laminae,but they do not
matchvery closelytheexactaltitudesandshape®f thelam-
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Plate 11. (a) Ozone(ppmv) profilesfrom HALOE (black),
from RC HALOE EqL/6 fields at the obsenration location
(green),from RC ATMOS fields (dashedgrey), from RT
calculationsinitialized with HALOE RC data (blue), and
from RT calculationsnitializedwith ATMOS RC data(solid
grey). Arrow showvs approximatelevel of map shavn in
Platellh (b) RT mapof ozoneat 719K initialized with RC
ATMOS data. Layoutis asin Platel0h Theblacktriangle
indicatesthelocationof the HALOE profilein Platella.
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Plate 12. RT mapof ozoneat 578 K initialized with RC
MLS climatology dataat the time of the POAM Il obser
vation inside the vortex shavn in Plate9 (black triangle).
Layoutis asin Plate10h

inaein the obsenrations. Plate13 shovs RT mapsat 743K
for eachof theseprofiles; the laminaein the RT profiles
arosefrom samplingin a region of inhomogeneouszone
well within the vortex. The detailsof the shapeand size
of this region vary betweenthe instruments.Manney et al.
[1998] shaved that RT calculationsinitialized with recon-
structedPV/0 spacdieldswereoftenunsuccessfuh repro-
ducinglaminaearisingfrom adwectionof suchlocalizedfea-
tureswithin thepolarvortex, astheaveragingof featuresnot
well correlatedwvith PV canleadto patternsn the RC fields
thatmay not stronglyresembldocalizedfeaturespresenin
theatmosphereTheseresultssuggesthattheobsenedlam-
inae, which appearin several independenmeasurements,
may arisefrom adwectionwithin the vortex of local ozone
featuresthat are only incompletelycapturedin the RC ini-
tializationfields.

The abore examplesdetail the atmosphericorigins of
laminaeseenin profilesobsenedby multiple instrumentsn
closeproximity, demonstratinghat mary of theselaminae
arisefrom differentialadwectionof ozoneby the large-scale
winds. Appearanceof suchlaminaein coincidentobsena-
tions by multiple instrumentsdemonstratesletailedagree-
mentbetweerthoseinstruments.
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6. Summary and Conclusions

Equivalentlatitude/potentiatemperatur€EqL/6) ozone
fields in early November 1994 constructedfrom seven
satellite instruments’ (the ATMOS, SAGE II, POAM I,
and HALOE solar occultationinstrumentsand the MLS,
CRISTA, and MAS limb-emissioninstruments)datashowv
very goodagreemenin both the upperandthe lower strat-
osphere. Valuesusually agreeto within 0.5 ppmv (~5%)
in the upperstratosphereyherechemicalprocessesrethe
dominantfactor driving shorttimescalechangesn ozone.
In the lower stratospherall instruments’ozonevaluesusu-
ally agreeto within 0.25ppmv; isolatedregionswith larger
differencesoccuralongthe vortex edge,wherevery strong
ozoneandPV gradientamagnify uncertaintiesn the EQL/6
mapping. All instrumentsthat obsered in the SH polar
vortex (ATMOS, SAGE Il, POAM I, MLS, and CRISTA)
showved a slight depressiorin the ozonecontoursalongthe
vortex edgein thelower stratospheregsultingfrom greater
diabaticdescentandlesschemicalozonelossthere. Good
agreemenbetweenall theseinstrumentsin the Antarctic
ozone hole indicatesthat, by late spring, the ozoneloss
that occurredearlier has beenmixed sufficiently through-
out the vortex to be well correlatedwith PV. ATMOS,
SAGE II, POAM I, andMLS all shov ozonevaluesless
than 0.25 ppmv belonv 420 K in the ozone hole region
(CRISTA did notretrieve ozoneat this level).

Differencesin the EqL/® fields betweeninstrumentsin
the middle stratosphereare usually readily explained by
samplingdifferencesln the SH middle stratospherdnstru-
mentswith obsenationsconfinedto highlatitudeg(ATMOS,
SAGE II, and POAM II) measuredow EqL (low PV) in
air that had beendravn up from low latitudesand con-
finedin anantigyclone.A low-ozonepocket[Manney etal.,
1995] had formedin this region asthe confinedozonere-
laxed chemicallytoward equilibrium valuesfor higher lat-
itudes[Nair et al., 1998; Morris et al., 1998]. Thusthose
instrumentsmeasurednuch lower ozoneat low EqL than
thelimb-emissioninstrumentswhoselow EqL ozonewasa
mixtureof obsenationsatlow latitudesandin thelow-ozone
poclketregion. HALOE, which obsened only the tropicsin
the SH, shaved evenhigherozonevaluesatlow EqL.

A low-ozonepocket hadalsoformedin the NH middle
stratosphere. Although a low-o0zone pocket has not been
reportedpreviously before mid-Decemberin the NH, its
appearancés consistentwith the NH circulationin early
Novemberl994,whereinaminorwarmingeventledto low-
latitudeair beingdravn up aroundthe protovortex andinto
the developinganticyclone[Manney et al., 2000]. ATMOS,
HALOE, andSAGE I, observingat latitudesup to the pro-
tovortex edgeregion, sampleda mixture of air from fila-
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Plate 13. RT ozonemapsat 743K atthetimesof thefour profilesshavn in thetop left panelof Plate6, initialized with RC
datafrom (a) ATMOS, (b) SAGEI, (c) PQAM II, and(d) MLS. The mapprojectionis orthographicwith 0°longitudeat the
top and9C°E to theright. The domainis from equatorto pole,with thin dashedinesat 30° and60°S. Black trianglesshav

locationsof correspondin@bsenations.
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mentsdrawn off the protovortex, the low ozonepocket, and
low-latitudeair thatwasbeingdravn up aroundthe vortex.
Ozonefrom theseinstrumentsn mid-EqL is higherthanthat
from PQAM I, which sampledonly at very high (~68°N)
latitudes whereextravortex air sampleddid notincludeary
tropical, high-ozonegongues.SAGE Il mid-EqL ozonewas
lowerbecausé did notsamplehetropics,but sampledow-
EqL air only in thelow-ozonepoclet.

Comparisonsf theobsenationsin thelow-ozonepoclet
give aclearexampleof a situationwherechemicalprocesses
resultin a poor correlationbetweenPV and ozone. The
substantiatlifferencesetweennstrumentsn the mid-EqL
middle stratosphereesultingfrom samplingdifferencesare
areminderof the carethat mustbe taken to understandhe
relationshipbetweerPV andgasewith shortlifetimesin ap-
plying comparisormethodsasedon air masscoincidence.

Whencareis takento matchPV betweennstrumentsin-
dividual profile comparisonshow overall remarkablygood
agreemenbetweenall instrumentsvith samplingat similar
latitudes. Somesmall discrepanciestill resultfrom sam-
pling differenceswhereprofileswith closelymatchinglon-
gitudescould not befoundin the midlatitudemiddle strato-
sphere Differenceghatcannotbe attributedto samplingin-
cludesomeMLS extravortex profilesin the SH with ~10%
highervaluesatthemixing ratio peakthanotherinstruments
to which they werecompared EqL/0 fieldsfrom MLS also
show values~5-15%higherthanCRISTA andMAS in SH
mid-EqLs at the mixing ratio peak). Also, the NH tropi-
cal profile from CRISTA was ~10-15%lower at the peak
thanthosefrom ATMOS, SAGE II, MLS, andMAS (con-
sistentwith the differenceseenbetweenCRISTA andother
instrumentsvith goodtropicalcoveragdan the EqL/B fields);
this differencesuggestshe possibility of aslightlow biasin
CRISTA in thetropical midstratosphereEventhesediffer-
enceshowever, aregenerallylessthanestimate®f thetotal
uncertaintiegor theinstruments.

The individual profiles comparedshaved small vertical
scalelaminae, with similar featuresappearingin profiles
from severalinstrumentghathadclosecoincidencesn PV,
latitude,andlongitude.Reversetrajectory(RT) calculations
shav thatmary of theselaminaein the NH arisefrom fila-
mentationin andaroundthe Arctic protovortex, confirming
the conclusionsof Manng et al. [2000]. RT calculations
suggesthatlaminaeseenn severalinstrumentsprofilesin-
sidethe SH vortex may arisefrom local variationsin ozone
that, sincethey arenot well-correlatedwith PV, arenot ac-
curatelyrepresentedh the EqL/ fields usedfor initializa-
tion. The RT calculationsprovide confirmationof the at-
mospheriorigin of thesdaminaethatsuchlaminaeappear
in severalinstrumentsprofilesdemonstratedetailedagree-
mentbetweertheseinstruments.
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It is difficult to compareobsenations of ozone,which
hasa shortchemicallifetime in much of the stratosphere,
betweeninstrumentswith very differentsamplingpatterns.
The EqL/6 comparisonsndicatethat comparingvaluesob-
senedin equivalentair massegi.e., asa function of EqL)
can,however, be successfuin theupperstratospheréwhere
chemistrydominates)andin the lower stratospheréwhere
dynamicdominates)Althoughthesecomparisongremore
complicatedn themiddle stratospherezarefulexamination
of thesefields,with attentionto the effectsof differentsam-
pling, can provide usefulinformation on the ozoneobser
vationsfrom variousinstrumentsFurthermoreprofile com-
parisonswith caretakento compareonly similarair masses,
provedvery usefulin indicatingoverall agreemenbetween
ozonefrom all of theinstrumentsThatall sevenof thesen-
strumentshown remarkablygoodoverallagreemenin ozone
valuesundera variety of meteorologicakconditionscover-
ing mostof the globeandthe full depthof the stratosphere
gives high confidencein the value of all of thesedatasets
for detailedstudiesof ozonephotochemistrytransportand
climatology
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