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Abstract. Ozoneobserved by seven satellite instruments,the Atmospheric
TraceMoleculeSpectroscopy instrument(ATMOS), StratosphericAerosoland
GasExperiment(SAGE) II, PolarOzoneandAerosolMeasurement(POAM) II
instrument,HalogenOccultationExperiment(HALOE), MicrowaveLimb Sounder
(MLS), CryogenicInfraredSpectrometersandTelescopesfor the Atmosphere
(CRISTA), and Millimeter-wave AtmosphericSounder(MAS), during early
November1994is mappedin equivalent latitude/potentialtemperature(EqL/θ)
spaceto facilitatenearlyglobalcomparisonsof measurementstakenin similar air
masses.Ozonefrom all instrumentsusuallyagreesto within 0.5 ppmv ( � 5%)
in the upperstratosphereand � 0.25 ppmv in the lower stratosphere;larger
differencesin the midstratosphereare primarily due to samplingdifferences.
Individual profile comparisons,selectedto matchmeteorologicalconditions,
show remarkablygoodagreementbetweenall instrumentsthat samplesimilar
latitudes,althoughsomesmalldifferencesdo not appearto berelatedto sampling
differences.In the SouthernHemisphere(SH) midstratosphere,the instruments
(ATMOS, SAGE II, andPOAM II) with observationsconfinedto high latitudes
measuredlow EqLs in air drawn up from low latitudesthathadformeda “low-
ozonepocket”; they measuredmuch lower ozoneat low EqL than thosethat
sampledlow latitudes. A low-ozonepocket hadalso formed in the Northern
Hemisphere(NH) midstratosphere(a monthearlier thanthis phenomenonhas
previously beenreported),alsoresultingin differencesbetweeninstrumentsbased
on their samplingpatterns. POAM II sampledonly high latitudesin the NH,
whereextravortex samplingdid not include tropical, high-ozoneair, and thus
measuredlower ozoneat a given EqL thanother instruments.Ozonelaminae
appearin coincidentprofilesfrom multiple instruments,confirmingatmospheric
origins for thesefeaturesandagreementin somedetail betweenozoneobserved
by several instruments;reversetrajectorycalculationsindicatesuchlaminaearise
from filamentationin and aroundthe polar vortices. Both EqL/θ andprofile
comparisonsindicateoverall excellentagreementin ozoneobservedby all seven
instrumentsin early November1994. Whencareis taken to comparesimilar
air massesandto understandsamplingeffects,muchuseful informationcanbe
obtainedfrom comparisonsbetweeninstrumentswith very differentobserving
patterns.



1. Intr oduction

Understandingthe consistency and reliability of strato-
sphericozoneprofile data is of key importanceto studies
of ozonechemistry, stratosphericozonetrends,andassess-
mentof effectsof climatechangeon thestratosphere[World
Meteorological Organization(WMO), 1999; Stratospheric
ProcessesandTheirRolein Climate(SPARC), 1998]. In re-
centyears,therehave typically beenseveralsatelliteinstru-
mentsoperatingsimultaneously, albeit with differing sam-
pling patterns,measurementtechniques,andvertical reso-
lutions. Datafrom someof theseinstrumentshave already
beenusedin ozonetrend studies[e.g., SPARC, 1998, and
referencestherein]or for constructingozoneclimatologies
[e.g.,Wangetal., 1999].

The AtmosphericLaboratoryfor Applicationsand Sci-
ence (ATLAS)-3 space-shuttlemission, November 3-
12, 1994, provided a uniqueopportunity for intercompar-
ison of satellite ozone observations. The Atmospheric
TraceMoleculeSpectroscopy (ATMOS) instrument,Cryo-
genic Infrared Spectrometersand Telescopesfor the At-
mosphere(CRISTA), and Millimeter-wave Atmospheric
Sounder(MAS) flew onthespaceshuttleaspartof thismis-
sion. The Upper AtmosphereResearchSatellite (UARS)
Microwave Limb Sounder(MLS) and Halogen Occulta-
tion Experiment(HALOE) instrumentsmeasuredozonedur-
ing this time. The StratosphericAerosol and GasExper-
iment (SAGE) II and Polar Ozoneand Aerosol Measure-
ment (POAM) II instrumentswere also operating. These
sevenlimb-viewing instrumentscomprisevisible and/orin-
frared (ATMOS, CRISTA, SAGE II, HALOE, POAM II)
andmicrowave (MLS, MAS) observations,andboth limb-
emission(CRISTA, MLS, MAS) andsolaroccultation(AT-
MOS, SAGE II, POAM II, HALOE) observationalmodes,
andflew on severalplatformswith differentorbits. Most of
theseinstruments’datahave recentlybeenreprocessedwith
new versionsof theretrieval software.Althoughozonefrom
several of theseinstrumentshaspreviously beencompared
with oneor a few of the others[e.g, Cunnoldet al., 1996;
Froidevauxet al., 1996;Rusch et al., 1997;Daehleret al.,
1998;Rieseet al., 1999,andreferencestherein],thesecom-
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parisonsusedearlierdataversions,andconsistedprimarily
of comparisonsof zonalmeansand/orlimited setsof spa-
tially andtemporallycoincidentprofiles.

Becauseof the differentsamplingpatterns,spatialreso-
lution, andcoverage,it is often difficult to compareobser-
vationsfrom many instruments,especiallyover a wide lat-
itude range. Somerecentstudies[e.g., Bacmeisteret al.,
1999;Lu et al., 2000;Morris et al., 2000]have usedtrajec-
tory methodsto aid in comparisonof ground-based,aircraft,
and/orsatelliteobservations.Thesemethodsallow compar-
ison of measurementsthat may be distantby conventional
coincidencecriteria, but taken in similar air masses.An-
otherway of viewing datareferencedto themeteorological
conditionsunderwhich they weretaken is to displaythem
asa function of potentialtemperature(θ) in coordinatesof
potentialvorticity (PV) [e.g.,Schoeberlet al., 1989,1992;
Manney et al., 1994b]or equivalentlatitude(EqL, the lati-
tudethatwould enclosethesameareaasthecorresponding
PV contour)[e.g.,Butchart andRemsberg, 1986;Schoeberl
et al., 1995;Lary et al., 1995;Manney et al., 1999]. This
approachis usefulfor displayingsparsedata,suchasthose
from occultationinstruments,andfor elucidatingchemical
and transportprocessesthat affect the dataunderparticu-
lar meteorologicalconditions(e.g.,in thepolarvortex) [e.g.,
Manney et al., 1999,andreferencestherein]. Becausethe
dataareplottedwith respectto ameteorologicalcoordinate,
thesedisplayscan also be helpful in intercomparingdata
setswith different samplingpatterns;limited comparisons
of differentozonemeasurementsusingthis type of coordi-
natehave beenmadepreviously by Redaelliet al. [1994]
(comparingMLS with lidar data)andSPARC[1998] (com-
paringHALOE andSAGE II data).Particularcaremustbe
taken in comparingozone,even whenreferencedto mete-
orologicalconditions,becausethe lifetime of ozonein the
middle and upperstratosphereis comparableto or shorter
than timescalesfor dynamicalchanges[e.g., Brasseurand
Solomon, 1986], andsomechemicallydriven changesmay
not correlatewell with PV [e.g.,Manney et al., 1999].

We useEqL/θ fields, coincidencecriteria augmentedby
proximity in PV, and reversetrajectory (RT) calculations
[Manney et al., 1998,2000] to compareozoneobservations
duringtheATLAS-3 time periodfrom thesevensatellitein-
strumentsmentionedabove. Eachof thesemethodsis used
to comparemeasurementstaken in similar (i.e., coincident)
air masses,whetheror not they are physically coincident.
By examiningmeasurementstaken undersimilar meteoro-
logical conditionswe gain understandingof theconsistency
betweenozonemeasurementsfrom the seven instruments,
andof the dynamicalandchemicalprocessesthat may re-
sult in apparentinconsistenciesbetweenobservationswith
differentsamplingpatterns.

2



Manney et al.: Ozonefrom SevenSatelliteInstruments 3

2. Data

A summaryof thespatialandtemporalcoverageof avail-
abledatafrom ATMOS,SAGEII, POAM II, HALOE, MLS,
CRISTA, andMAS duringtheATLAS-3 missionis givenin
Table1, alongwith anindicationof theapproximatevertical
resolutionandtypical precisionfor the latestdataversions.
Plate1 showsexamplesof thecoverageof thevariousinstru-
ments,in relationto thepolarvortices,on 2 daysduringthe
ATLAS-3 mission. The limb-emissioninstruments,MLS,
CRISTA, andMAS, samplea wide rangeof latitudeseach
day. In contrast,ATMOS,SAGE II, HALOE, andPOAM II
measurelimb absorptionasthespacecraftis enteringor leav-
ing the Earth’s shadow; since the latitude of theseoccul-
tationsvariesslowly in time (dependingon the instrument
andorbit geometry),occultationobservationsareconfined
to a relatively narrow latituderangeduringthe9-dayperiod
studied.A brief descriptionof theozonemeasurementsfrom
eachinstrument,includingkey references,is givenbelow.

2.1. ATMOS Data

The space-shuttle-borneAtmospheric Trace Molecule
Spectroscopy (ATMOS) instrumentis a Fourier transform
infrared spectrometerthat operatesin solar occultation
mode. ATMOS datahave recentlybeenreprocessedwith
version3 software(F. W. Irion et al., manuscriptin prepa-
ration,2001). ATMOS spectraarerecordedwith a vertical
spacingof � 2 km in thelower stratosphereto � 4 km in the
upperstratosphere;this verticalspacing,combinedwith the
instrumentfield of view, leadsto aneffectiveverticalresolu-
tion of � 2-6km [Gunsonetal., 1996],with betterresolution
in the lower thanin theupperstratosphere.For eachoccul-
tation during ATLAS-3 the signal-to-noiseratio was opti-
mizedby the useof oneof a setof four optical band-pass
filters (numbered3, 4, 9, and12); ozonewasmeasuredin
all filters. Filter 4 dataarenot usedherebelow 30 km be-
causeof large uncertaintiesand biaseswith respectto the
otherfilters. Theversion3 datasetshows a numberof im-
provementsover version2, particularly in the uppertropo-
sphereandlower stratosphere;agreementin ozonebetween
filters is improved(F. W. Irion et al., manuscriptin prepara-
tion,2001).Theprecisionof version3 ATMOSozonevaries
betweenfilters; typically the total randomerror is � 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 increaseto near15%nearthestratopauseandat� 20km; uncertaintiesfor filters3,9, and12increaseto near
30%around15 km (whereozonevaluesarelow). Prelimi-
naryestimatesindicatesystematicerrorsfrom � 3 to 9% in
thestratosphere.TheNovember3-12,1994,ATLAS-3 data
havesunriseobservationsfrom � 64

�
to 72

�
Sandsunsetob-

servationsfrom � 4
�

to 50
�
N. More informationonATMOS

datacanbefoundat http://remus.jpl.nasa.gov.

2.2. SAGE II Data

TheSAGE II 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 McCormick et al. [1989]. The previous ver-
sionof SAGE II data(version5.96)is discussedextensively
by SPARC [1998]. SAGE II data have recentlybeenre-
processedusing version6 retrieval algorithms,which rep-
resentamajorrevision. InformationonSAGEII datacanbe
found at http://www-sage2.larc.nasa.gov. Version6 ozone
datahave � 1 km or lessvertical resolution,andthe preci-
sionof theozoneobservationsis usuallylessthan1%in the
middlestratosphere,increasingto � 2%nearthestratopause
andtropopauseandto higherpercentagesin regionsof very
low ozone.A roughestimate,includinguncertaintyin cross
sectionsandknowledgeof spectralresponse,suggestsuncer-
taintiesaround2.5%from all systematicsources.SAGE II
observationstake approximatelya month to cover the full
rangeof latitudessampled(rangingfrom

�
80

�
to

�
50

�
, de-

pendingon season).During ATLAS-3, SAGE II observed
from � 57 to 72

�
S,andfrom � 33 to 52

�
N.

2.3. POAM II Data

POAM II, describedby Glaccumet al. [1996], was a
visible/near-infrared solar occultationinstrumentthat flew
on the Satellite Pour Observation de la Terre (SPOT) 3
spacecraft,and obtaineddatauntil the host satellitefailed
in late1996.It wasdesignedto measureozonewith a verti-
cal resolutionnear1 km in the polar stratosphereand up-
per troposphere. The POAM II version 5 retrieval algo-
rithm andformalerroranalysisarediscussedby Lumpeetal.
[1997], and comparisonof version 5 ozoneobservations
with ozonesondesandothersatelliteinstrumentsaregiven
by Deniel et al. [1997] and Rusch et al. [1997]. Vertical
resolutionis near1 km between20and40km, increasingto� 1.5km athigherandloweraltitudes.Precisionof version6
POAM II ozonedatais � 2-5%outsideregionsof extremely
low ozone;estimatesof total systematicerrorsrangefrom� 2 to � 5% [Lumpeet al., 1997]. POAM II providedmea-
surementsat � 69-72

�
S and67-69

�
N duringthetime period

of theATLAS-3 mission.FurtherinformationandPOAM II
dataareavailablefrom http://opt.nrl.navy.mil/POAM/.

2.4. HALOE Data

The UARS HALOE instrument[Russellet al., 1993]
measuresozonewith a broadbandradiometerin the9.6 µm
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740 K sPV and Observation Locations, Nov 9, 1994

740 K sPV and Observation Locations, Nov 5, 1994(a)

(b)

Plate 1. Samplingpatternsfor ozoneobservationson (a) November5 and(b) November9, 1994,with contoursof sPV at
740K overlaid. Orangetrianglesshow CRISTA observations,cyandiamondsshow MLS observations,magentasquaresin
Plate1ashow MAS observationson November4, olive circlesshow POAM II observations,lavendercirclesshow HALOE
observations,greencircles show SAGE II observations,and black circles show ATMOS observations. The sPV contour
interval is 0.2 � 10� 4 s� 1, with valuesof 1.2 � 10� 4 s� 1andhigherin theNH, and-1.2 � 10� 4 s� 1andlower in theSH, in
black(representingapproximatelythepolarvortex regions),andintermediatevaluesin grey.
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Table1. SatelliteOzoneObservationsDuringNovember3-12,1994

Instrument Vertical Precision,a NH Latitudes, SH Latitudes, Datesin Data
Resolution,a km % deg N deg S November1994 Version

ATMOS 2-6 4-10 4-49 64-72 3-12 3
SAGE II 1 � 1-2 33-52 57-72 4-12 6
POAM II 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 resolutionandprecisionareasestimatedby the instrumentteams;themethodsusedto estimate
thesevarybetweeninstruments.

band, using the solar occultation method. HALOE’s
1.6 km instantaneousvertical field of view, combined
with the retrieval algorithmsand vertical sampling inter-
val of 0.3 km, result in a vertical resolution for ozone
of � 2 km. Version 19 HALOE ozone data are used
here; theseare very similar to version 18. Brühl 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 observations;version18 HALOE data
are comparedwith version5.96 SAGE II databy SPARC
[1998]. Furtherinformationon HALOE datacanbe found
at http://haloedata.larc.nasa.gov/home.html. The error es-
timates provided in the HALOE data files include ran-
domcomponentsdueto noiseandaltitudedependentquasi-
systematicerrorsdueto uncertaintiesin aerosolcorrections.
Theseare typically much lessthan 1% in the middle and
upper stratosphere,increasingto a few percentnear the
tropopause.Theseareusuallynotthedominanterrorsources
for ozone,andsystematicerrors[Brühl et al., 1996]should
beconsideredwhenanalyzingthesedata.Estimatesof total
uncertainty, including thesesystematiceffects, rangefrom
about5-10% in the middle and upperstratosphere,up to
around30% at 100 hPa; in termsof mixing ratio, uncer-
taintiesin the lower stratosphereare � 0.3-0.4ppmv. The
HALOE samplingpattern is similar to that of SAGE II.
HALOE observed from � 10

�
S to 44

�
N during the time of

theATLAS-3 mission.

2.5. MLS Data

The UARS MLS instrument[Barath et al., 1993] has
beenmeasuringozoneat 205 GHz in the stratosphereand
lower mesospheresince September1991. Characteristics

and validation of version 3 ozonedata are describedby
Froidevauxet al. [1996]. MLS datahave recentlybeenre-
processedin version5. Version5 dataareretrievedon pres-
suresurfaceswith � 2.5km spacing(six levelsperdecadein
pressure),twiceasfineagrid aspreviousversions.More in-
formationonMLS datacanbefoundathttp://mls.jpl.nasa.gov.
Preliminarystudiesindicatethatversion5 ozonedataagree
morecloselywith correlative datain the lower stratosphere
thanpreviousdataversions(N. J.Livesey, etal.,manuscript
in preparation,2001). The vertical resolutionof MLS ver-
sion5 ozoneis � 3-5 km in thestratosphere.Theprecision
of version5 ozoneis � 4 to 10% between46 and 1 hPa;
precisionsincreasepercentage-wiseat lower altitudes,but
remainconstantatabout0.3ppmvin thelowerstratosphere.
Totaluncertainties(includingpossiblesystematicuncertain-
ties) are � 0.4 ppmv throughoutthe stratosphere,although
this is still beinginvestigated,particularlyin thelowerstrat-
osphere.In earlyNovember1994,UARS wasorientedsuch
that MLS observed from � 80

�
S to 34

�
N; MLS obtained

goodmeasurementsfor November5-11,1994.

2.6. CRISTA Data

CRISTA measuresatmospherictrace gasesin a limb-
soundingmode using thermal emissionat 4-71 µm, with
high horizontal resolution obtained by using three tele-
scopesthat sensethe atmosphere18

�
apart. CRISTA op-

eratesfrom a pallet following the spaceshuttle, and was
first flown during ATLAS-3. CRISTA version1 tempera-
ture and tracegas retrievals are describedby Rieseet al.
[1999], and an overview of the instrumentand observa-
tionsduringATLAS-3 is givenby Offermannet al. [1999].
CRISTA’s vertical resolution is � 2-3 km. The CRISTA
datausedhereare version4 retrievals (which, for ozone,
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are identical to version 3), which typically have preci-
sion near2% throughoutthe stratosphereexceptin regions
of very low ozone; systematicerrors rangefrom � 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/mesosphericandstratosphericobservations,
respectively). CRISTA took measurementsthroughoutthe
ATLAS-3 mission, with mode 1 and 2 observations on
November4-11,1994.FurtherinformationonCRISTA 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 measuresozone
at 184 GHz. An overview of the MAS measurementson
the ATLAS missionsis given by Hartmannet al. [1996].
Daehler et al. [1998] discussvalidation of the MAS ver-
sion 20 ozonemeasurementsusedhere, which are those
binnedin 128 s batches. The vertical resolutionof MAS
ozonedatais � 5-7km in the15-50km altituderange.Typi-
calprecisionfor thisaltituderangeis � 4-10%.Estimatesof
total error rangefrom 10-15%below 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,andobtainedmeasurementscover-
ing � 40

�
S to 70

�
N. Furtherinformationcanbeobtainedat

http://www.dfd.dlr.do/info/AUC/MAS/index.html.

3. Equivalent Latitude/θ Comparisons

EqL/θ mappingis mostusefulwhentracegasesarewell-
correlatedwith PV, asis expectedfor long-livedgases[e.g.,
Manney et al., 1999] including lower stratosphericozone.
Suchmappingmayalsobeuseful,asseenbelow, for shorter-
livedgasesif thosegasesremainwell-correlatedwith PV. In
this sectionwe explore the comparisonof ozoneobserva-
tions in EqL/θ coordinatesandtheeffectsof differentsam-
pling patternson thesecomparisons.

3.1. Methodology

Theprocedurefor mappingozoneinto EqL/θ spacefol-
lows that of Manney et al. [1999]. ScaledPV (sPV, [e.g.,
Dunkerton and Delisi, 1986; Manney et al., 1994a]) from
the Met Office (UKMO) data, interpolated(bilinearly in
the horizontaland linearly in log-θ in the vertical) to the
observation locations,is usedto grid the databy taking a
weightedaverageof all observations falling within a pre-
scribeddistancein PV andlog-θ of eachgrid point; aGaus-
sianweightingfunction is used.Theobservationsaregrid-
ded with 0.2 � 10� 4 s� 1spacingin sPV in the horizontal

and on 19 levels in the vertical between380 and 2000 K
( � 15 to 50 km), giving a vertical grid spacingof � 2 km.
Theselectionof grid spacingandhalf width for theweight-
ing function in PV is basedon striking a balance,for the
instrumentswith sparsecoverage,betweenreasonablecov-
erageof regionswherePV gradientsareweak(whereasmall
changein PV would correspondto a largedistance,arguing
for closerspacing)andnot toomany emptygrid boxesin re-
gionswherethereis gooddatacoveragebut PV gradientsare
verystrong(whereverycloselyspacedPV valueswould re-
sult in many grid boxeswith no observations);thesPVhalf
width is 0.1 � 10� 4 s� 1. For mostof the instruments,the
half width in θ is alsohalf thesizeof a grid box. However,
for MLS andMAS data,which arereportedon grids with
largervertical spacingthanthatusedhere,the θ half width
is � 20% wider, to provide more uniform coverageof the
verticalbins.All datawithin two half widthsin PV andθ of
thegrid pointareincludedin theaverage;however, avalueis
not calculatedunlessthereis at leastoneobservationwithin
onehalf width of thegrid point.

Thevaluesaveragedat eachgrid point arealsoweighted
by the estimatedretrieval uncertaintyprovided with each
datapoint (except for CRISTA, wheresuchvaluesarenot
providedfor eachobservation);theseuncertaintiestypically
representan estimateof precision. A Gaussianweighting
function is appliedto theuncertaintyvaluefrom eachpoint
thatgoesinto a givenaverage,with thecentralvalueat zero
uncertainty, sopointswith smallesterrorsareweightedmost
heavily. Theerrorweightingis doneby mixing ratio, rather
thanpercent,soasnot to misrepresentextremelylow ozone
values(suchasin theAntarcticozonehole),whichmayhave
extremelylargepercenterrorsthatareverysmallin absolute
value. The error weightingis designedto excludeonly ex-
tremeoutliers: The half width is 0.5 ppmv (so datawith
very smalluncertaintiesareweightedhighly). All datahav-
ing uncertaintieslessthan 10 ppmv are included(so data
with very largeuncertaintiesareincluded,but aregivenneg-
ligible weight if any valueswith smalleruncertaintiesare
present).

After gridding in PV/θ space,EqL is calculatedfor each
PV grid point value,andthefields areinterpolatedlinearly
to auniformEqL grid. Theinterpolationroutineis restricted
from filling acrosslargegaps;thusthecoveragein theplots
representstheactualdatacoverage.

Theprecisionestimatesfor eachpoint have beenpropa-
gatedthroughthegridding(averaging)procedure.Theaver-
agingresultsin randomerrorsvaluesfor the griddedfields
small enough( �� 0.1 ppmv, exceptat a few pointsnearthe
edgesof the rangewith error valuesfor the averagesup to� 0.3 ppmv, for all instruments)that the systematicuncer-
tainties(which arenot reducedby averaging)aredominant;
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thesesystematiceffectsare typically from � 2 to 15% de-
pendingontheinstrument(section2), with muchlargerper-
centagesthanthesein regionsof very low ozone.

A measureof the scatterin the valuesbeingaveragedis
obtainedby calculatinga standarddeviation for the points
averagedin eachgrid box, weightedby thesquaresof their
averagingweights. As expected,this scatteris largest in
regions whereozoneis not well-correlatedwith PV (sec-
tion 3.2) and where PV (and ozone) gradientsare very
strong.

MeteorologicalconditionsduringATLAS-3arediscussed
in detail by Manney et al. [1999]. The SouthernHemi-
sphere(SH) polar vortex was in the processof its spring-
time breakup,with a well-defined,but weakened,polarvor-
tex still presentin themiddlestratosphere(e.g.,840K) and
a relatively strongvortex in the lower stratosphere.Vortex
remnantswereapparentup to � 1300K [e.g.,Manney etal.,
1996]. Thevortex wasshiftedfar off thepole,andtongues
of vortex air werepeeledoff its edge,while largetonguesof
low-latitudeair weredrawn up, eitheraroundthe vortex or
into ananticyclone. The largeasymmetryof theSH vortex
resultsin very goodEqL/θ coverage,even for instruments
(ATMOS,SAGE II, POAM II) thatobservednarrow ranges
athigh latitudes;substantialcoverageof bothvortex andex-
travortex conditionsby ATMOS,SAGEII, andPOAM II can
beseenin Plate1.

In the NorthernHemisphere(NH), the developingpolar
vortex (the“protovortex”) wasshiftedoff thepoleandelon-
gatedby a minor warming. Manney et al. [2000] discussin
detailtheeffectsof thesemeteorologicalconditionsontrans-
port, lamination,andfilamentationin long-livedtracegases
observed by ATMOS during ATLAS-3. Although lessdis-
turbedthanthe decayingSH vortex, thereis enoughasym-
metryin theNH vortex thatEqL/θ mappingsubstantiallyin-
creasesthecoverage(Plate1). AlthoughNH POAM II data
do not physically overlap ATMOS, SAGE II, HALOE, or
MLS data(Table1 andPlate1), thereis significantoverlap
with ATMOS, SAGE II, andHALOE in EqL/θ space,and
someoverlapwith MLS.

The validity of EqL/θ mappingdependsalsoon the re-
lationshipbetweenPV andozoneremainingapproximately
constantthroughoutthe periodconsidered.Over the short
(9-day)periodstudiedhere,the effectsof diabaticdescent
are sufficiently small that changesin the relationshipbe-
tweenPV andozonearenegligible.

3.2. Results

Plate2 shows EqL/θ ozonefieldsduringATLAS-3 from
CRISTA, ATMOS,SAGE II, POAM II, HALOE, MLS, and
MAS. Plate3 shows differencesin EqL/θ spacebetween

ozonefrom CRISTA andeachof theothersix instruments.
Similar plots have beenmadefor MLS (which had best
coverageof the SH), ATMOS, and SAGE II (which had
substantialEqL/θ coveragein both hemispheres);although
spaceconsiderationsprohibit showing all of thesefigures,
comparisonsof multiple instrumentswith eachof the oth-
ers facilitate identificationof differencesbetweenspecific
instruments.The CRISTA comparisonsareshown because
CRISTA hadthe mostcompleteoverall coverageof EqL/θ
space.Thesedifferencesareshown in mixing ratio, asvery
largepercentdifferences(whiteoverlaidcontours)in regions
of very low ozonecanbemisleading.

Ozoneis expectedto be well-correlatedwith PV in the
lower stratospherewhereinstantaneouschemicallifetimes
are generally long comparedto transporttimescales,and
thus samplingdifferencesshould be largely compensated
for by the EqL/θ mapping. Consistentwith this expecta-
tion, thereis very goodagreementbetweenall ozoneobser-
vationsbelow � 650 K, usuallybetterthan0.25ppmv, and
alwaysbetterthan0.5 ppmvexceptin isolatedregions. Al-
thoughthe ozonehole is chemicallyproduced,becauseex-
tremeozonedepletiontook placeearlierin the season,and
ozonehashada chanceto bemixedby transportwithin the
vortex (particularlyalongPV contours),ozonemixing ratios
herearefairly well correlatedwith PV (i.e., thecontoursof
ozoneandPV arethesameshape).However, standarddevi-
ationsat grid pointsin the ozonehole are � 0.15-0.3ppmv
(which is near100%in someregions),suggestingthatthese
low valuesmay be reachingthe limits of the instruments’
precisions.

CRISTA ozone is somewhat higher than ATMOS,
SAGE II, POAM II, and MLS in the vortex interior be-
tween � 500 and600 K. Thesedifferencesmay be related
to remaininginhomogeneities(thepresenceof which is sug-
gestedby resultsin section5) in ozonein thevortex interior,
asCRISTA SHvortex observationsextendedlessdeeplyinto
andwereconfinedto onesideof the vortex (e.g.,Plate1).
The valuesfor the other four instrumentsall agreewithin� 0.5 ppmv in this region, and ATMOS, SAGE II, 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-
tios themselvesarenearthelimits of theinstruments’preci-
sions. ATMOS, SAGE II, POAM II, andMLS ozonemix-
ing ratiosare all lessthan 0.25 ppmv below 420 K in the
SH vortex (CRISTA did not have retrieved version4 data
at this altitude). Plate2 shows that, for eachof the instru-
ments(ATMOS, SAGE II, POAM II, MLS, andCRISTA)
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Plate 2. Equivalent latitude(EqL)/θ spacefields of ozonefrom (a) CRISTA, (b) ATMOS, (c) SAGE II, (d) POAM II, (e)
HALOE, (f) MLS, and(g) MAS for the indicateddaysduring theATLAS-3 mission.Fieldsareshown from 88

�
S to 88

�
N

EqL. Thin black lines arecontoursof � sPV� , averagedover November4–11,1994; the contourinterval is 0.2 � 10� 4 s� 1,
with the1.2 � 10� 4 s� 1 contour(typically in thevortex edgeregion) shown asa solid line andtherestasdashedlines; the
smallestcontouris 0.2 � 10� 4 s� 1 on eithersideof thevertical line representing0

�
EqL, with valuesincreasingtowardthe

poles.Approximatealtitudescaleon right sideof plotsis calculatedusingthenonlinearformulaof Knox[1998].
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Plate 3. Differences(ppmv)betweenCRISTA EqL/θ spacefieldsof ozoneandEqL/θ fieldsfrom (a) ATMOS, (b) SAGE II,
(c) POAM II, (d) HALOE, (e) MLS, and(f) MAS. DifferencesareCRISTA - [instrument],soblue(orange)colorsindicate
thatCRISTA valuesaresmaller(larger)thantheotherinstrument.Whitecontoursshow -5, -10,and-15%(dashedlines),and
5, 10,and15%(solid lines)differences.Overlaidthin blacklinesaresPV, asin Plate2.
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that observed in the SH vortex, there is a slight depres-
sion of the ozonecontoursin the vortex edgeregion (near
1.2 � 10� 4 s� 1) between420and520K; asnotedby Man-
neyetal. [1999],thisfeatureis associatedwith morediabatic
descentandlessozonelossalongthevortex edgethroughout
thewinter.

Another small region with somewhat larger differences
in the lower stratosphereis alongthevortex edgein the re-
gionof verystrongPV (andozone,Plate2) gradients,where
a very small error in eitherthe PV usedin the mappingor
thelocationof theobservationcouldresultin largechanges
in the EqL/θ ozonefield. The standarddeviationsfor grid
pointsin this region arelarger thantypical, indicatingmore
uncertaintyin thegriddingprocedure.Also, someretrievals
may not do as well in regions of stronggradients,as the
assumptionof homogeneitywithin the field of view may
breakdown. A differenceof 0.25 to 0.75 ppmv between
CRISTA andPOAM II (Plate3) over the entire SH lower
stratosphere(andsimilar differencesbetweenPOAM II and
MLS, SAGE II, andATMOS) suggeststhe possibility of a
slight low bias of POAM II datawith respectto the other
instrumentsin theSH lower stratosphere,althoughthis dif-
ferenceamountsto only � 10%.

CRISTA observations are � 10-15% higher than both
POAM II and MAS in the NH polar lower stratosphere,
whichmayreflectaslightinstrumentdifference,assampling
differencesdo not provide anobviousexplanation.Slightly
higher(0.25-0.5ppmv, � 10%) CRISTA thanATMOS and
MLS ozonein the NH lower stratospherebetween500and
650 K is well within the typical systematicuncertainties
(which dominatein theseplots, section3.1) of the instru-
ments.

Plates2 and3 indicategoodagreement(within 0.25 to
0.75 ppmv, or � 5%) betweenozonefrom all instruments
in the upperstratosphere,above � 1450 K, wherechemi-
caltimescalesaremuchlessthandynamicaltimescales[e.g.,
BrasseurandSolomon, 1986]. Theexceptionis a small re-
gion deepin the protovortex whereCRISTA is � 15-20%
lower thanPOAM II; the standarddeviations for CRISTA
in this region (at the northernlimit of its coverage)areup
to � 0.8 ppmv, indicatinggreateruncertaintyin thegridded
valueshere.At theselevels,theNH protovortex is well de-
veloped,and more pole-centeredthan in the middle strat-
osphere[Manney et al., 1999,2000], andtemperaturesare
well-correlatedwith PV. TheSH vortex hasbrokendown at
theselevels, and thereis also a relatively symmetricflow
in which temperatureandPV arewell-correlated.Sincethe
chemicalprocessesthat control the short-termevolution of
ozonedependstronglyon temperatureandsunlight,in asit-
uationsuchasthiswith relatively symmetricvortices(hence,
similar illumination andtemperaturearounda PV contour),

(a)

SH CRISTA ozone (ppmv)

Nov 6, 1994 Nov 9, 1994(b)

Plate4. 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; 1.2 and1.4 � 10� 4 s� 1 contoursaredashed,
and0.6and0.8 � 10� 4 s� 1 contoursaresolid. Themappro-
jectionis orthographic,with 0

�
longitudeat thetopand90

�
E

to the right. Thedomainis from equatorto pole,with thin
dashedlinesat30

�
and60

�
S.

ozoneis still expectedto bewell-correlatedwith thevortex.

Much larger differencesare seenin the middle strato-
sphere( � 650–1450K), where the timescalesfor dynam-
ical and chemicalprocessesare comparable. Becauseof
samplingdifferences(Plate1 andTable1), the latitudesof
measurementsthatgo into themappingfor a particularEqL
arevery differentbetweeninstruments.As will beseenbe-
low, discrepanciesbetweeninstrumentsin themiddlestrat-
osphereare largely explainablein light of thesesampling
differences.

In theSHtheoccultationinstrumentsATMOS, SAGE II,
andPOAM II all show valueswithin �� 10% of eachother.
The limb-emissioninstruments,however, MLS, CRISTA,
and MAS, all show values20-30% higher at mid to low
EqLs; HALOE observationsat low EqL arealsoover 30%
higher than thosefrom the other occultationinstruments.
ATMOS,SAGEII, andPOAM II all sampledanarrow range
at high latitudes(Table1 andPlate1). As notedby Man-
ney et al. [1999], during ATLAS-3 a “low-ozonepocket”
[Manney et al., 1995]hadformedin low EqL air drawn up
aroundthepolarvortex andinto theanticyclonein themid-
dlestratosphere.Low-ozonepocketsform whenair (initially
high in ozone)drawn up from low latitudesis confinedin
ananticyclone,andozonesubsequentlyrelaxesphotochem-
ically to lower valuestypical of high latitudes[Nair et al.,
1998;Morris et al., 1998]. Plate4 shows mapsof 840 K
ozonefrom CRISTA on November6 and9, 1994(compare
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with Plate7 of Manney et al. [1999], which showedsimilar
mapsfromMLS data;notethatthecontourvaluesareshifted
down by 0.4 ppmvwith respectto thoseshown by Manney
et al. [1999] to show a comparablerangeof colorsin mid-
latitudesandalongthevortex edge).BecauseCRISTA mea-
suredonly to � 60

�
S, on November6 it observed only the

edgeof the low-ozonepocket, which on thatdatewascen-
terednear70

�
S; on November9, CRISTA sampledabout

theequatorwardhalf of the low-ozonepocket. Most obser-
vationsfrom ATMOS, SAGE II, andPOAM II at low EqL
werein thelow-ozonepocket,andthusassociatedwith much
lower ozonethanobservationsof low EqL takenat low lati-
tudes(e.g.,thosefrom HALOE). MLS andCRISTA fieldsat
mid to low EqL combineobservationstakenbothinsideand
outsidethelow-ozonepocket (e.g.,Plate4); theabruptdrop
in ozonefrom tropicalvaluesat � 20-30

�
EqL seenin Plate2

for theseinstrumentsresultsfrom averagingmeasurements
from both insideandoutsidethe low-ozonepocket at sPV
from � 0.7 to 1.0 � 10� 4 s� 1. The MAS observations,at
� 40

�
S, were well equatorward of the low ozonepocket,

giving higherozonevaluesin � 40-50
�
EqL near800-900K

thanCRISTA or MLS (Plates2 and3). Consistentwith the
lack of correlationbetweenPV andozonein thelow-ozone
pocket region,bothCRISTA andMLS valuesat grid points
in this region have large standarddeviations( �	 1 ppmv, up
to � 20%), andATMOS, SAGE II, andPOAM have larger
standarddeviations( � 0.7 ppmv, � 15%)thanin otherparts
of themidstratosphere.

MLS valuesnearthemixing ratio peakat � 0-40
�
S EqL

are � 10-15%higher than thosefrom CRISTA and5-10%
higher than thosefrom MAS. Since all three instruments
have goodcoverageof theseEqLs,samplingdifferencesdo
not offer animmediateexplanationfor thesedifferences.

Differencesbetweeninstrumentsin theNH middlestrat-
osphererangebetween� 5 and15% (Plate3). NH obser-
vationsby ATMOS, SAGE II, and HALOE coveredsimi-
lar latitudes(Table 1 and Plate1), with SAGE II observ-
ing atslightly higherlatitudes,andHALOE atslightly lower
latitudeswith bettercoverageof the tropics,thanATMOS.
POAM II observed at muchhigher latitudes,with no over-
lapwith ATMOS, SAGE II, HALOE, or MLS. CRISTA and
MAS have observationsthroughoutthe hemisphere,up to� 70

�
N. ThehighestlatitudessampledbyATMOS, SAGEII,

andHALOE arein a region of filamentationandmixing of
low- andhigh-latitudeair aroundthe protovortex [Manney
et al., 2000]. Theseinstrumentsthussampleda mixture of
air from theprotovortex edgeregion,high-ozoneair recently
drawn up from the tropics,andair thatwasdrawn up from
thetropicsearlier. Ozonemapsfrom CRISTA in themiddle
stratosphere(Plate5, contourscaleis shiftedfrom Plate4)
show a featureresemblinga low-ozonepocket. Manney

(a)

NH CRISTA ozone (ppmv)

Nov 6, 1994 Nov 9, 1994(b)

Plate5. Mapsof ozonefrom CRISTA at840K in theNH on
(a)November6, 1994,and(b) November9, 1994.Contours
of � sPV� areoverlaid in black;1.4 and1.6 � 10� 4 s� 1 con-
toursaredashed,and0.8 and1.0 � 10� 4 s� 1 contoursare
solid. Themapprojectionis orthographic,with 0

�
longitude

at the bottom and 90
�
E to the right. The domainis from

equatorto pole,with thin dashedlinesat 30
�

and60
�
N.

etal. [2000]notedthattheATLAS-3 missiontookplacedur-
ing aperiodwith dynamicalconditionssimilar to earlywin-
ter minor warmingeventspreviously reportedin December
[e.g.,JuckesandO’Neill, 1988;Rosieret al., 1994,andref-
erencestherein].Althoughlow-ozonepocketshave not pre-
viously beenreportedbeforemid-December[Manney et al.,
1995],air drawn upfrom low latitudesduringATLAS-3 was
pulledinto thedevelopinganticycloneandconfinedtherefor
several days[e.g.,Manney et al., 1999,2000], creatingthe
conditionsunderwhichlow ozonepocketsareexpected.Ex-
aminationof profilesfrom CRISTA andseveralof theother
instrumentsshows thecharacteristic“bite” out of theozone
profiles in the middle stratospherethat is associatedwith
low-ozonepockets[Manney etal., 1995].

In the NH all instrumentsexcept POAM II and MLS
hadgoodcoverageof midlatitudes( � 30-50

�
N); all except

SAGE II andPOAM II hadsomecoverageof the tropics.
That SAGE II has lower ozonethan CRISTA at the low-
estEqLsit sampled(Plate3b) is becauseSAGE II sampled
low PV (sPV = 0.4-0.8 � 10� 4 s� 1) primarily in the anti-
cyclone wherethe low-ozonepocket formed. Conversely,
MLS shows higher valuesthan CRISTA at all EqLs sam-
pled(Plate3d) becauseit sampledlow PV only in thetrop-
ics, whereasCRISTA sampledlow PV both in the tropics
and in the low-ozonepocket. CRISTA samplingresulted
in higher standarddeviations ( � 0.7 ppmv, � 15%) in this
region. Somewhat lower ozonefrom POAM II (Plate3c)
at mid-EqLs is expectedbecausethoseobservations(near
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68
�
N) sampledair in the protovortex edgeregion that had

beenwell within thevortex, whereozonewaslower. Trop-
ical tonguesdrawn up around the vortex did not extend
past 60

�
N, and POAM II would not have sampledthem.

ATMOS, SAGE II, HALOE, CRISTA, andMAS observa-
tions nearthe protovortex edge,however, includeobserva-
tions in such tropical tongues. It is unclearwhetherthe� 10%differencesbetweenCRISTA andHALOE arerelated
to the sampling,althoughHALOE observationswerecon-
centratedmorein thetropicsandmaythusreflectanaverage
weightedmoretowardthetropicsandhigherozone.Plate1
shows that MAS samplingin NH midlatitudesoutsidethe
protovortex was primarily in regions away from the low-
ozonepocket, whereasthatof CRISTA wasuniform in lon-
gitude;thisdifferencemayaccountfor � 5-8%highervalues
seenby MAS.

Agreementin EqL/θ-mappedozoneis very goodamong
all seveninstrumentsin theupperstratosphere(wherechem-
istry dominates)and in the lower stratosphere(wheredy-
namicsdominates).Differencesin themiddlestratosphere,
wherechemicaland dynamicaltimescalesare comparable
appearto be largely explainableby differencesin the sam-
pling. To examinein more detail the agreementbetween
instruments,andto verify someof thesamplingeffectsdis-
cussedabove, we look below at comparisonsof individual
profilesthatwereobservedin similar air masses.

4. Profile Comparisons

To compareobservationstakenundersimilar conditions,
we choseprofilesthat areascloselycoincidentaspossible
in PV. Becauseof thedifferentsamplingpatternsfor thein-
strumentsconsidered,criteria for coincidencein time and
longitudearerelaxed if necessaryto find closecoincidence
in PV andin latitude(sincesolarilluminationis animportant
factor in the evolution of ozone). We have thuscompared
valuesonly for coincidentor nearlycoincidentlatitudes,but
which mayor maynot have closecoincidencein longitude
andtime.

4.1. Southern Hemisphere

Table2 lists the profilescomparedin the SH. ATMOS,
SAGE II, POAM II, and MLS observed high latitudes
( � 62-73

�
S) in theSH; Plate6 shows theseprofile compar-

isons. Both vortex andvortex edgeprofilesagreeto within
0.5 ppmv for all four instrumentsin mostplaces,which is
betterthan10%exceptin the lower stratosphere.ATMOS,
SAGE II, andPOAM II vortex profilesall show evidenceof
anarrow laminanear700K; MLS maynotfully resolvesuch
a featurebecauseof its coarservertical resolution,although
the profile doesshow a shoulderhere. SAGE II andMLS

profilesshow a laminain the lower stratosphere,just above
400K, thatis not apparentin ATMOS or POAM II profiles,
possiblydueto thedifferentsamplinglocations.Thevortex
edgeprofilesarelocatedsothattheprofile is within thevor-
tex below � 600K, andoutsidethevortex above that level.
All instrumentprofilesshow very low ozone( � 0.5 ppmv)
in the lower stratosphere,comparableto valuesfor thepro-
file deeperinsidethe vortex; sincethesevaluesareso low,
percentdifferencesare large, even thoughthe four profiles
all agreeto within � 0.3 ppmv, andSAGE II, ATMOS, and
POAM II to within � 0.1 ppmv. Justbelow the mixing ra-
tio peak,SAGE II shows vortex edgevaluesover 1 ppmv
( � 25%) higher than the other instruments,and above the
mixing ratio peak ATMOS shows valuesnearly 1 ppmv
( � 15%) lower; larger differencearoundthe mixing ratio
peak,wherevertical ozonegradientsarevery steep(espe-
cially just below the peak),may result from differencesin
verticalresolutionandaltitudeor pressureregistrationin the
retrievals.

Theprofilesoutsidethevortex show somevariationover
about650-1400K, althoughthe largestdifferencesarestill
usually �� 10%. Theareaoutsidethevortex at high latitudes
includesthelow-ozonepocketandtheentranceregionwhere
low-latitudeozoneis first drawn upinto theanticyclone.Be-
tweenthesetwo regionstherearestrongozonegradientsthat
arenot well correlatedwith PV: air in theentranceregion at
a givenPV valuewill have muchhigherozonethanthat in
thelow-ozonepocketat thesamePV (see,e.g.,Plate4). For
theseprofiles(bottompanelsof Plate6) aclosematchin the
longitudewasnot possiblewhile simultaneouslymatching
PV and latitude (Table 2). The nearly 1 ppmv difference
(althoughonly � 10-12%)seenbetweenthe SAGE II and
POAM II profiles in the lower left panelof Plate6 results
from thePOAM II profile beingat a longitudecloserto the
low-ozonepocket than the SAGE II profile. Although the
ATMOS and MLS profiles are closely matchedin all cri-
teria, the MLS profile is nonethelessnearly1 ppmv higher
between� 1000and1500K.

All of thelow-ozonepocketprofiles(secondfrom bottom
row in Plate6) aretowardtheedgesof thatregion,with the
MLS profilebeingslightly closerto thecenterthantheother
three. MLS is again a bit higher thanATMOS, SAGE II,
andPOAM II in themiddlestratosphere.All profilesin the
low-ozonepocket region show a truncatedpeak,with the
ATMOS,MLS, andSAGEII profilesshowing anotchin the
profile just above 1000 K, as is characteristicof the low-
ozonepocket region [Manney et al., 1995].

CRISTA observed up to � 60
�
S during ATLAS-3, and

MAS up to � 40
�
S. Plate7 shows comparisonsof CRISTA

andMLS observationsin thevortex andlow-ozonepocket,
andCRISTA, MLS, andMAS observationsin midlatitudes.
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Table2. SH OzoneProfileComparisons

Instrument Longitude Latitude Date

High-LatitudeProfiles(62-73
�
S),Plate6

InsideVortex

ATMOS 284.1 -67.8 Nov 6
SAGE II 283.1 -62.2 Nov 6
POAM II 286.7 -72.5 Nov 6
MLS 280.1 -69.4 Nov 6

Vortex Edge

ATMOS 335.5 -72.1 Nov 11
SAGE II 335.0 -71.1 Nov 12
POAM II 336.4 -70.9 Nov 10
MLS 332.3 -73.0 Nov 11

Low-OzonePocket

ATMOS 183.6 -71.8 Nov 10
SAGE II 182.3 -69.4 Nov 10
POAM II 174.5 -71.4 Nov 9a

MLS 178.5 -68.2 Nov 10

OutsideVortex

ATMOS 71.2 -69.4 Nov 7
SAGE II 57.8 -65.3 Nov 7
POAM II 88.7 -72.0 Nov 7
MLS 69.8 -70.6 Nov 7

MidlatitudeProfiles(39-58
�
S),Plate7

InsideVortex

MLS 249.9 -57.4 Nov 9a

CRISTA 251.7 -56.9 Nov 9a

Low-OzonePocket

MLS 151.6 -56.3 Nov 9a

CRISTA 150.9 -55.2 Nov 9a

OutsideVortex

MLS 58.9 -39.4 Nov 5b

CRISTA 57.8 -40.0 Nov 5b

MAS 49.0 -39.8 Nov 4b

aTheseobservationlocationsarerepresentedin Plate1b.
bTheseobservationlocationsarerepresentedin Plate1a.
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low ozoneregionsmaybevery largewithout indicatingpooragreementin ozonevalues.
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BecauseCRISTA and, to a lesserdegreeMLS and MAS,
hadrelatively densecoverage,closermatchesin longitude
andtimewerepossiblefor thesecomparisons(Table2). The
CRISTA andMLS vortex profiles (top panels)agreewell,
within 10%,with MLS showing slightly highervalues(but
well within the uncertaintiesof the two instruments)in the
middle stratosphere,and diverging below � 450 K, where
uncertaintiesbecomevery largefor bothinstruments.It was
possibleto matchCRISTA andMLS profilesnearthecenter
of thelow-ozonepocket (near150

�
E) onthesameday. Both

CRISTA andMLS profilesin thelow-ozonepocket (middle
panels)show the deepbite out of the profile that is char-
acteristicof this phenomenon.MLS ozoneis higher than
CRISTA ozoneby � 0.5-0.8ppmv (less than 10%) in the
middlestratosphere.

The profile comparisonoutside the vortex near 40
�
S

shows a largerdifference(closeto 20%)betweenMLS and
CRISTA near the mixing ratio peak, althoughall coinci-
dencecriteria arecloselymatchedbetweenthesetwo pro-
files (Table2). TheCRISTA andMAS profilesin this case
matchwell (to betterthan10%) even in the middle strato-
sphere,andthosefrom all threeinstrumentsmatchwell in
theupperandlower stratosphere.

4.2. Northern Hemisphere

Table3 shows the profilescomparedin the NH. Five of
the seven instruments(excluding POAM II andMLS) had
observationsin northernmidlatitudes,both insideandout-
sidethe protovortex edgeregion, andfour of thesefive in-
struments,andMLS, observedtheNH tropics;thecompari-
sonincludesSAGEII observationsfrom afew daysafterthe
endof the ATLAS-3 missionwhenSAGE II observed the
tropics. Plate8 shows thesecomparisons.All five instru-
mentsshow excellentagreementthroughoutthestratosphere
in theprotovortex andprotovortex edgeregion(toptwo rows
in Plate8), usuallyto betterthan0.5ppmv( �� 10%exceptin
very low ozoneregions). Thethird row of panelsin Plate8
shows measurementsdistinctly outside,but still near, the
protovortex edgeregion, whereozoneandPV gradientsare
very strong(e.g.,Plate5). Greatervariations( � 15%) here
may result from comparingsamplesat different longitudes
(Table3) andwith greaterPV variations(right panel,third
row); however, mostdifferencesarestill within � 0.7ppmv,
generallylessthan the combinedtotal uncertaintiesof the
variousinstruments.

The threemidlatitudeprofiles (top threerows, Plate8)
are onesfor which Manney et al. [2000] showed laminae
in ATMOS long-lived tracegases;ATMOS ozoneprofiles
show correspondinglaminae.In caseswherethelongitudes
arenearthosefor ATMOS, the profiles from other instru-
mentsshow similar laminae(e.g., the SAGE II, HALOE,

and CRISTA profiles in the top two rows; all profiles ex-
ceptthatfrom MAS in thethird row). In somecases,similar
laminaein multiple instruments’observationsoccurredeven
whentheobservationswereseveraldaysapart,demonstrat-
ing theubiquity of laminaein theregionspreferredfor their
development[Manney et al., 2000].

The six instruments’profiles comparedin the tropics
(Plate8, bottom panels)all agreeto within 10-12%. The
CRISTA profile is nearly 1 ppmv ( � 12%) lower than the
othersjust below theozonemixing ratio peak,andtheMLS
profile shows abruptchangesat a coupleof individual lev-
els. Plates2 and3 alsoshowedCRISTA to have somewhat
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
beexplainedby samplingdifferences.Althoughpercentdif-
ferencesare large below � 600 K, all lower stratospheric
tropicalprofilesarewithin 0.5 ppmvof eachotherdown to� 400K.

CRISTA, MAS, and POAM II all mademeasurements
near65-70

�
N (Plate9) inside the protovortex and nearits

edge.Theseprofilesall agreeto within 10%,with thesmall
differencesseenbeinggenerallyconsistentwith the differ-
encesin thePV of theobservations.ThePOAM II protovor-
tex edgeprofile hasslightly lower ozonethanthe CRISTA
andMAS profiles just below the mixing ratio peakat alti-
tudeswhere it is also at slightly higher PV. The CRISTA
observationinsidetheprotovortex (whichhasslightly higher
PV in theupperandlowerstratosphere)hascorrespondingly
lower ozonein the upperstratosphereandhigherozonein
thelower stratospherethanthePOAM II andMAS profiles.
All three instruments’profiles show laminaenear 600 K
alongthe protovortex edgeandnear550 K insidethe pro-
tovortex. Agreementis somewhat worse(up to � 20% dif-
ferences)atandbelow thelevel of thelaminainsidethepro-
tovortex, probablybecauseof differencesin samplingloca-
tionsof a localizedfeature.

The overall agreementbetweenprofiles from all instru-
mentsthat could be compared,at latitudesand PV values
covering mostof the globeanda wide variety of meteoro-
logical conditions,is remarkablygood. The mostsubstan-
tial differences(nomorethan � 15%outsideregionsof very
low ozone)that are not immediatelyexplicable by varia-
tions in samplingare slightly higher valuesseenby MLS
thanseveralotherinstrumentsin someSH extravortex pro-
files in themiddlestratosphere,andlowervaluesseenin the
midstratospherein the CRISTA tropical profile than in the
otherinstruments’profiles. A numberof profilesexamined
show laminaethat appearin several instruments’observa-
tions whenthoseobservationsaresufficiently closelycoin-
cident. In the next sectionwe examinethe originsof some
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Table 3. NH OzoneProfileComparisons

Instrument Longitude Latitude Date

MidlatitudeandTropicalProfiles(9-50
�
N), Plate8

Protovortex Edge

ATMOS 275.8 45.5 Nov 5a

SAGE II 292.8 45.5 Nov 8
HALOE 286.3 44.3 Nov 12
CRISTA 267.6 45.6 Nov 5a

MAS 238.2 44.8 Nov 4a

Protovortex

ATMOS 252.2 42.7 Nov 6
SAGE II 244.4 43.0 Nov 10
HALOE 240.5 42.6 Nov 12
CRISTA 258.6 42.9 Nov 5a

MAS 42.9 49.9 Nov 4a

OutsideProtovortex

ATMOS 251.4 34.5 Nov 6
SAGE II 268.6 33.4 Nov 10
HALOE 248.8 34.2 Nov 12
CRISTA 349.3 42.7 Nov 9b

MAS 194.1 42.1 Nov 4a

Tropics

ATMOS 253.4 10.0 Nov 12
SAGE II 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 5a

MAS 258.8 9.1 Nov 4a

High-LatitudeProfiles(65-72
�
N), Plate9

Protovortex Edge

POAM II 167.5 68.5 Nov 6
CRISTA 173.0 66.9 Nov 5a

MAS 156.8 65.3 Nov 4a

Protovortex

POAM II 129.7 69.0 Nov 3
CRISTA 83.7 65.1 Nov 5a

MAS 139.1 72.0 Nov 4a

aTheseobservationlocationsarerepresentedin Plate1a.
bTheseobservationlocationsarerepresentedin Plate1b.
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of thesesmall-scalefeatures.

5. Origins of Small-ScaleStructure

Manney et al. [2000] usedthe reversetrajectory (RT)
model describedbelow to show that laminaein ATMOS
long-lived tracegas profiles arosefrom chaoticadvection
by the large-scalewind fields along (both inside and out-
side)the protovortex edgein the NH during ATLAS-3. As
notedabove, closelycoincidentmeasurementsfrom several
instrumentsoftenshow similar laminae,providing evidence
of an atmosphericorigin for suchfeatures,andsuggesting
detailedagreementbetweenozoneobservationsfrom differ-
ent instruments.Herewe examinetheoriginsof somelam-
inaeseenin theozoneprofilescomparedabove to detail the
structuresthey aremanifestationsof andto confirmtheir at-
mosphericorigins.

5.1. Trajectory Calculations

The RT calculations,basedon the techniquedeveloped
by Suttonet al. [1994], aredescribedin detail by Manney
et al. [1998, 2000]. High-resolutionprofiles are obtained
atmeasurementlocationson100isentropicsurfacesequally
spacedin log-θ between380 and2000K (vertical spacing� 350-400m) from the averageof RT calculationsfor all
parcelsplacedin an11 by 11 arraycenteredat themeasure-
mentlocationin a2

�
longitudeby 1

�
latitudebox( � 100km

persideatmidlatitudes).High-resolutionRT mapsaremade
on selectedisentropicsurfaces(chosenfrom the 100 levels
on which theRT profilesareconstructed)on an � 80 by 80
km equalareagrid, interpolatedto 0.8

�
latitudeby 1.8

�
lon-

gitudefor plotting. All RT calculationsarefor 7–8days,ini-
tializedat thenearesthalf-hour(the trajectorytime step)to
theobservationtime. This time interval is sufficient to cap-
turelaminaeof verticalextentgreaterthan � 1 km [Manney
etal., 1998].

As in thework of Manney et al. [2000], theprimary ini-
tializationdatausedin theRT calculationsarereconstructed
(“RC” initialization)fromtheEqL/θ fieldsfor theinstrument
in question,usingUKMO PV for theappropriateinitializa-
tion time(theearliestpointof thebacktrajectorycalculation,
7-8 daysprior to theozoneobservations).To testthesensi-
tivity to theinitializationfield, calculationswerealsoinitial-
izedwith theEqL/θ fieldsfor otherinstruments,andwith an
EqL/θ “climatology” of ozonederivedfrom MLS data(sim-
ilar to thosefor long-livedtracersdescribedby Manney etal.
[1999]).

5.2. Results

Manney et al. [2000] showedthat laminaein N2O, CH4,
andH2O measuredby ATMOS in profilescorrespondingto
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Plate 10. (a) Ozone(ppmv)profilesfrom SAGE II (black),
from RC SAGE II EqL/θ fields at the observation location
(green),from RC ATMOS fields (dashedgrey), from RT
calculationsinitialized with SAGE II RC data(blue), and
from RT calculationsinitializedwith ATMOSRCdata(solid
grey). Arrow shows approximatelevel of map shown in
Plate10b. (b) RT mapof ozoneat 909 K initialized with
RC SAGE II data.Themapprojectionis orthographic,with
0
�
longitudeat thebottomand90

�
E to theright; thedomain

is from equatorto pole, with thin dashedlines at 30
�

and
60

�
N; theblack triangleshows the locationof theSAGE II

profile in Plate10a.

the ozoneprofiles shown in the top threerows of Plate8
arosefrom filamentationin andaroundthe protovortex, or
from multiple crossingsof the vortex edgeat several lev-
els.Consistentwith theseresults,RT calculationsreproduce
similar laminaecorrespondingto thosein theATMOSozone
profilesshown in Plate8. Exceptwherethelongitudeof ob-
servationsis very different, other instrumentsshow corre-
spondinglaminae.We show below similar originsfor some
laminaeseenin otherinstruments’observations.
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Theorigin of a small laminanear900K in theSAGE II
profile in the top left panelof Plate8 is shown in Plate10.
Theblue line in Plate10ashows thatRT calculationsusing
the SAGE II RC field (Plate2c) closely reproducea small
depressionin ozonenear900K in theSAGE II profile. RT
calculationsinitializedwith theATMOSRCfield (Plate2b),
however, do not reproducethis feature.Examinationof RT
mapsat several levels (e.g.,Plate10b)shows that the lami-
naefrom � 900-930K in SAGEII arosefrom samplingalter-
natelyin narrow filamentsof higherandlower ozonewithin
the protovortex. That they arebetterreproducedusing the
SAGE II initialization suggeststhatthey arisefrom detailed
structurethatis not presentin theATMOSEqL/θ field.

Plate11 shows similar calculationsfor theHALOE pro-
file in the top left panelof Plate8. In contrastto theabove
case,RT calculationsfrom the ATMOS RC initialization
weremoresuccessfulat reproducingthelaminanear740K
thanwereRT calculationsinitialized with the HALOE RC
field (Plate2e). Plate11b shows that this HALOE profile
wasnearthepolewardedgeof theATMOS EqL/θ coverage
(it was,in fact,evencloserto theedgeof theHALOE cover-
age).SinceATMOSmeasuredhighergeographicallatitudes
thanHALOE (Table1), theseEqLs aremorefully andac-
curatelycoveredin the ATMOS data;also,examinationof
the positionsof the parcelsusedin the RT calculationsat
initialization time shows thatat several levelsnearthis lam-
ina,parcelswerein a regionnotcoveredby theHALOE RC
field; thus the HALOE RT profile is interpolatedbetween
somelevels in this altituderange. Plate11b indicatesthat
the laminaarosefrom samplinginterwoven filamentswith
higherandlowerozonealongtheprotovortex edge.

Laminae correspondingto those seen in POAM II,
CRISTA, and MAS profiles at high latitudes(Plate9) are
apparentin RT calculationsusing the instruments’EqL/θ
ozonefieldsfor initialization,althoughtherearegapswhere
parcelscamefrom regions with poor/no EqL/θ coverage
at the high EqL end of the instruments’coverage. RT
calculationsusing the MLS-basedclimatology, with com-
plete EqL/θ coverage, reproducedmore completely the
ozonemaxima near 580 K in all three instruments’pro-
files. Plate12 indicatesthatthelaminain thePOAM II data
arosefrom samplinga filamentof higherozonewell inside
theprotovortex. Many othersuchserrationsareapparentin
Plate12 in the vortex interior, andthe laminaein CRISTA
andMAS profilesresultedfrom samplingsuchfeatures.

The ATMOS, SAGE II, and POAM II profiles in the
Antarctic vortex also showed laminae between650 and
750K (Plate6, toprow); MLS profilescoincidentwith these
show a correspondingshoulder. RT calculationsfor each
of theseprofilesshow evidenceof laminae,but they do not
matchverycloselytheexactaltitudesandshapesof thelam-
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Plate 11. (a) Ozone(ppmv)profilesfrom HALOE (black),
from RC HALOE EqL/θ fields at the observation location
(green),from RC ATMOS fields (dashedgrey), from RT
calculationsinitialized with HALOE RC data (blue), and
from RT calculationsinitializedwith ATMOSRCdata(solid
grey). Arrow shows approximatelevel of map shown in
Plate11b. (b) RT mapof ozoneat719K initializedwith RC
ATMOS data.Layout is asin Plate10b. Theblack triangle
indicatesthelocationof theHALOE profile in Plate11a.
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Plate 12. RT map of ozoneat 578 K initialized with RC
MLS climatology dataat the time of the POAM II obser-
vation inside the vortex shown in Plate9 (black triangle).
Layoutis asin Plate10b.

inaein theobservations.Plate13 shows RT mapsat 743K
for eachof theseprofiles; the laminaein the RT profiles
arosefrom samplingin a region of inhomogeneousozone
well within the vortex. The detailsof the shapeand size
of this region vary betweenthe instruments.Manney et al.
[1998] showed that RT calculationsinitialized with recon-
structedPV/θ spacefieldswereoftenunsuccessfulin repro-
ducinglaminaearisingfrom advectionof suchlocalizedfea-
tureswithin thepolarvortex, astheaveragingof featuresnot
well correlatedwith PV canleadto patternsin theRCfields
thatmaynot stronglyresemblelocalizedfeaturespresentin
theatmosphere.Theseresultssuggestthattheobservedlam-
inae, which appearin several independentmeasurements,
may arisefrom advectionwithin the vortex of local ozone
featuresthat areonly incompletelycapturedin the RC ini-
tializationfields.

The above examplesdetail the atmosphericorigins of
laminaeseenin profilesobservedby multiple instrumentsin
closeproximity, demonstratingthat many of theselaminae
arisefrom differentialadvectionof ozoneby thelarge-scale
winds. Appearanceof suchlaminaein coincidentobserva-
tions by multiple instrumentsdemonstratesdetailedagree-
mentbetweenthoseinstruments.

6. Summary and Conclusions

Equivalent latitude/potentialtemperature(EqL/θ) ozone
fields in early November 1994 constructedfrom seven
satellite instruments’(the ATMOS, SAGE II, POAM II,
and HALOE solar occultation instrumentsand the MLS,
CRISTA, and MAS limb-emissioninstruments)datashow
very goodagreementin both theupperandthe lower strat-
osphere. Valuesusually agreeto within 0.5 ppmv ( � 5%)
in theupperstratosphere,wherechemicalprocessesarethe
dominantfactor driving short timescalechangesin ozone.
In thelower stratosphereall instruments’ozonevaluesusu-
ally agreeto within 0.25ppmv; isolatedregionswith larger
differencesoccuralongthe vortex edge,wherevery strong
ozoneandPV gradientsmagnifyuncertaintiesin theEqL/θ
mapping. All instrumentsthat observed in the SH polar
vortex (ATMOS, SAGE II, POAM II, MLS, andCRISTA)
showeda slight depressionin the ozonecontoursalongthe
vortex edgein thelower stratosphere,resultingfrom greater
diabaticdescentandlesschemicalozonelossthere. Good
agreementbetweenall theseinstrumentsin the Antarctic
ozonehole indicatesthat, by late spring, the ozone loss
that occurredearlier hasbeenmixed sufficiently through-
out the vortex to be well correlatedwith PV. ATMOS,
SAGE II, POAM II, and MLS all show ozonevaluesless
than 0.25 ppmv below 420 K in the ozone hole region
(CRISTA did not retrieveozoneat this level).

Differencesin the EqL/θ fields betweeninstrumentsin
the middle stratosphereare usually readily explained by
samplingdifferences.In theSH middlestratosphere,instru-
mentswith observationsconfinedto highlatitudes(ATMOS,
SAGE II, and POAM II) measuredlow EqL (low PV) in
air that had beendrawn up from low latitudesand con-
finedin ananticyclone.A low-ozonepocket [Manney et al.,
1995] had formed in this region as the confinedozonere-
laxed chemicallytoward equilibrium valuesfor higher lat-
itudes[Nair et al., 1998;Morris et al., 1998]. Thus those
instrumentsmeasuredmuch lower ozoneat low EqL than
thelimb-emissioninstruments,whoselow EqL ozonewasa
mixtureof observationsatlow latitudesandin thelow-ozone
pocket region. HALOE, which observedonly thetropicsin
theSH,showedevenhigherozonevaluesat low EqL.

A low-ozonepocket hadalso formedin the NH middle
stratosphere.Although a low-ozonepocket has not been
reportedpreviously before mid-Decemberin the NH, its
appearanceis consistentwith the NH circulation in early
November1994,whereinaminorwarmingeventledto low-
latitudeair beingdrawn up aroundtheprotovortex andinto
thedevelopinganticyclone[Manney et al., 2000]. ATMOS,
HALOE, andSAGE II, observingat latitudesup to thepro-
tovortex edgeregion, sampleda mixture of air from fila-
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mentsdrawn off theprotovortex, thelow ozonepocket, and
low-latitudeair thatwasbeingdrawn up aroundthevortex.
Ozonefrom theseinstrumentsin mid-EqLis higherthanthat
from POAM II, which sampledonly at very high ( � 68

�
N)

latitudes,whereextravortex air sampleddid not includeany
tropical,high-ozonetongues.SAGE II mid-EqL ozonewas
lowerbecauseit did notsamplethetropics,but sampledlow-
EqL air only in thelow-ozonepocket.

Comparisonsof theobservationsin thelow-ozonepocket
giveaclearexampleof asituationwherechemicalprocesses
result in a poor correlationbetweenPV and ozone. The
substantialdifferencesbetweeninstrumentsin themid-EqL
middlestratosphereresultingfrom samplingdifferencesare
a reminderof thecarethatmustbe taken to understandthe
relationshipbetweenPVandgaseswith shortlifetimesin ap-
plying comparisonmethodsbasedon air masscoincidence.

Whencareis takento matchPV betweeninstruments,in-
dividual profile comparisonsshow overall remarkablygood
agreementbetweenall instrumentswith samplingat similar
latitudes. Somesmall discrepanciesstill result from sam-
pling differences,whereprofileswith closelymatchinglon-
gitudescouldnot befoundin themidlatitudemiddlestrato-
sphere.Differencesthatcannotbeattributedto samplingin-
cludesomeMLS extravortex profilesin theSH with � 10%
highervaluesat themixing ratiopeakthanotherinstruments
to which they werecompared(EqL/θ 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 thedifferenceseenbetweenCRISTA andother
instrumentswith goodtropicalcoveragein theEqL/θ fields);
thisdifferencesuggeststhepossibilityof aslight low biasin
CRISTA in the tropicalmidstratosphere.Even thesediffer-
ences,however, aregenerallylessthanestimatesof thetotal
uncertaintiesfor theinstruments.

The individual profilescomparedshowed small vertical
scale laminae,with similar featuresappearingin profiles
from several instrumentsthathadclosecoincidencesin PV,
latitude,andlongitude.Reversetrajectory(RT) calculations
show thatmany of theselaminaein theNH arisefrom fila-
mentationin andaroundtheArctic protovortex, confirming
the conclusionsof Manney et al. [2000]. RT calculations
suggestthatlaminaeseenin severalinstruments’profilesin-
sidetheSH vortex mayarisefrom local variationsin ozone
that,sincethey arenot well-correlatedwith PV, arenot ac-
curatelyrepresentedin the EqL/θ fields usedfor initializa-
tion. The RT calculationsprovide confirmationof the at-
mosphericorigin of theselaminae;thatsuchlaminaeappear
in severalinstruments’profilesdemonstratesdetailedagree-
mentbetweentheseinstruments.

It is difficult to compareobservationsof ozone,which
hasa short chemicallifetime in much of the stratosphere,
betweeninstrumentswith very differentsamplingpatterns.
TheEqL/θ comparisonsindicatethatcomparingvaluesob-
served in equivalentair masses(i.e., asa function of EqL)
can,however, besuccessfulin theupperstratosphere(where
chemistrydominates),andin the lower stratosphere(where
dynamicsdominates).Althoughthesecomparisonsaremore
complicatedin themiddlestratosphere,carefulexamination
of thesefields,with attentionto theeffectsof differentsam-
pling, can provide useful information on the ozoneobser-
vationsfrom variousinstruments.Furthermore,profilecom-
parisons,with caretakento compareonly similarair masses,
provedvery usefulin indicatingoverall agreementbetween
ozonefrom all of theinstruments.Thatall sevenof thesein-
strumentsshow remarkablygoodoverallagreementin ozone
valuesundera variety of meteorologicalconditionscover-
ing mostof theglobeandthe full depthof thestratosphere
giveshigh confidencein the valueof all of thesedatasets
for detailedstudiesof ozonephotochemistry, transport,and
climatology.
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