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Abstract

Wepresentthefirst simultaneousmeasurementsof HOx, NOx, andClx radicalsin themiddle
stratosphereobtainedduringaballoonflight at34

�
N in September1989,alongwith calculationsfrom a

photochemicalmodel,to show thatNOx catalyticcyclesdominatelossof ozone(O3) for altitudes
between24and38km; theobservedabundanceof ClO is lower thanthatexpectedfor altitudesabove
30km onthebasisof modelsusingrecommendedratesandcrosssections,reducingtherelative
importanceof theClx catalyticcyclesfor lossof O3; andremoval ratesof O3 derivedfrom observed
concentrationsof ratelimiting HOx, NOx, andClx radicalsbalancecomputedproductionratesfor
altitudesbetween32and38km, a regionwhereozoneis expectedto beregulatedprimarily by
photochemicalprocesses.
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1. Introduction

Understandingtherateof removal of stratosphericoz-
one through catalytic cycles involving HOx (HO2 and
OH), NOx (NO2 and NO), and halogen(ClO and BrO)
radicalsis essentialfor assessingtheresponseof ozoneto
anthropogenicandnaturalperturbationssuchasindustrial
releaseof chlorofluorocarbons(CFCs)andhalons,emis-
sionof nitrogenoxidesfrom subsonicandsupersonicair-
craft, rising levels of N2O and CH4, and enhancedlev-
elsof sulfateaerosolsfollowing volcaniceruptions[World
Meteorological Organization(WMO), 1991;Stolarskiand
Wesoky, 1993;Rodriguezetal., 1994].

Recentcalculationsfrom modelsof the midlatitude
stratospheregive the following theoreticalresults: first,
catalytic cycles involving NOx radicalsare expectedto
dominateozonedestructionfrom about22to45km,while
HOx cyclesdominateboth above andbelow [McElroy et
al.,1992; Rodriguezet al., 1994]; and second,modeled
photochemicallossof ozoneexceedscalculatedproduc-
tion by 10%–50%in theupperstratosphere[Eluszkiewicz
and Allen, 1993; Minschwaneret al., 1993; Crutzenet
al., 1995;Siskindet al., 1995]. Thelatterresulthasbeen
termedthe“ozonedeficit” problem,becauseat thesealti-
tudes,ozoneis expectedto be in photochemicalequilib-
rium (productionequalingloss),sincethephotochemical
lifetime of ozoneis muchshorterthantransportreplace-
menttimes[Ko etal., 1989;Perliski et al., 1989].

Thefirst theoreticalresulthasrecentlybeentestedbe-
low 21km by usingin situaircraftmeasurementsof HOx,
NOx, andClx radicals[Wennbergetal., 1994].Thesemea-
surements,madeunderconditionsof highaerosolloading
asa resultof the eruptionof Mt. Pinatubo,are in good
agreementwith modelsthatincludetheheterogeneoushy-
drolysisreactionof N2O5 onsulfateaerosols[Faheyetal.,
1993;Salawitch etal., 1994].

The ozonedeficit problem in the middle and upper
stratospherehasbeenstudiedrecentlywith theuseof At-
mosphericTraceMoleculeSpectroscopy Experiment(AT-
MOS) measurementsof O3, nitrogenoxides,and other
tracegases[Minschwaneret al., 1993],HAlogenOccul-
tation Experiment(HALOE) measurementsof O3, NO2,
and HCl [Crutzenet al., 1995], and a combinationof
Microwave Limb Sounder(MLS) measurementsof O3

andClO andCryogenicLimb AtmosphericLimb Sounder
(CLAES) measurementsof NO2 [Dessleret al., 1996].
Minschwaner et al. [1993] concludedthat production
and loss of O3 are in balancenear40 km altitude, pro-
videdmodelsallow for productionof HCl from a branch
of the reactionof ClO+OH, as suggestedby theoretical
studiesconstrainedby ATMOSmeasurementsof HCl and

ClONO2 [McElroy andSalawitch, 1989]andsubmillime-
ter heterodynemeasurementsof ClO andHCl [Stachnik
et al., 1992]. Crutzenet al. [1995] concludedproduc-
tion andlossof O3 werein closerbalancethanwassug-
gestedbyotheranalysesof satellitedata[Eluszkiewiczand
Allen, 1993; Siskindet al., 1995], but their conclusions
areaffectedby theuseof O3 from HALOE, which is sys-
tematicallylower thanO3 measuredby MLS. Dessleret
al. [1996]concludedozoneproductionandlossratescon-
strainedby measuredClO, NO2, andO3 from MLS are
nearlyin balanceat 40 km. All previousstudieslack di-
rect, simultaneousmeasurementsof HOx, Clx, and NOx

radicals.

In thispaperweusethethefirst simultaneousmeasure-
mentof concentrationsof HOx, NOx, Clx, andradicalpre-
cursorsthroughoutthemiddlestratosphere[Chanceetal.,
1996] to calculatethe photochemicalremoval rateof oz-
onebetween20 and38 km. Our analysisusessimultan-
eousmeasurementsof a completeset of radicalsto de-
termineexperimentallythe orderingof the losscyclesof
ozonein the middle stratosphereandto studythe ozone
deficitproblem.

Diurnally averagedphotochemicalremoval ratesof O3

by eachfamily of radicalsare determinedin two ways:
from directmeasurementsof radicalconcentrations(rad-
ical method)and from radical concentrationscalculated
by a photochemicalmodelconstrainedby measurements
of radicalprecursors(precursormethod).Theradicalme-
thodis usedto derive empiricalmeasuresof thetotal loss
rateof ozoneaswell astherelative removal rateby each
family of radicalsthatregulatetheabundanceof ozonein
the middle stratosphere.The precursormethodprovides
a basisfor comparingtheempiricallossratesto theoreti-
cal ratesconstrainedby appropriateenvironmentalcondi-
tions,representedby theobservedconcentrationsof long-
livedradicalprecursors.Empiricallossratesfoundby us-
ing the radical methoddemonstratethat catalytic cycles
involving NOx radicalsdominatephotochemicalremoval
of O3 in themiddlestratosphere,consistentwith theoreti-
cal predictionsusingtheprecursormethod.Our measure-
mentsdemonstratethatproductionandlossratesof ozone
(found by usingboth methods)balanceto within theun-
certaintyof measurement(10%)for altitudesbetween31
and38km. Thisfinding,whichreconcilesalong-standing
discrepancy in stratosphericchemistry, is dueprimarily to
ourobservationof alowerabundanceof ClO thanthatcal-
culatedby modelsthat allow for productionof HCl only
from reactionof Cl andhydrocarbonsandHO2 [Chance
etal., 1996].
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2. Measurements and Model

Descriptionsof the measurementtechniqueandanal-
ysis methods[Traub et al., 1991; Johnsonet al., 1995;
Waters et al., 1984]have beenpublishedpreviously; thus
only abrief summaryis givenhere.Datawereacquiredon
a balloonflight launchedfrom Ft. Sumner, New Mexico
(34

�
N, 104

�
W), from 1714UT on September26, 1989,

until 1832 UT on September27, 1989, with the excep-
tion of a 4-hourtelemetrygapprior to sunriseonSeptem-
ber27. Concentrationsof ClO weremeasuredat midday
betweenaltitudesof 20 and 40 km with the Jet Propul-
sionLaboratory(JPL)BalloonMicrowave Limb Sounder
(BMLS), whichsensesmicrowaveemissionfromthelimb.
Concentrationprofilesof OH, HO2, H2O2, HOCl, HCl,
NO2, HNO3, N2O, H2O, O3, andtemperatureweremea-
suredthroughoutadiurnalcyclewith theSmithsonianAs-
trophysicalObservatory(SAO) far-infraredFouriertrans-
form spectrometer(FIRS 2), which detectsatmospheric
thermalemissionin a limb-viewing geometry.

Theconstrainedphotochemicalmodelusedin ouranal-
ysis balances,over a 24-hourperiod,the productionand
lossof 35reactivegasesfor thetemperature,pressure,and
latitude at which the observationswere obtained[Sala-
witch et al., 1994]. Standardreactionratesand absorp-
tion crosssectionswereused[DeMore et al., 1994], ex-
cept that photolysiscrosssectionsfor H2O2 and HNO4

wereextrapolatedto longerwavelengthsto accuratelyrep-
resentphotolysisof thesemoleculesat large solarzenith
angles. A reactionprobability of 0.1 was usedfor the
heterogeneoushydrolysisof N2O5 [DeMore et al., 1994].
Thealtitudeprofile for thesurfaceareadensityof sulfate
aerosolswasadoptedfrom StratosphericAerosolandGas
Experiment(SAGE) II extinction measurementsfor this
time period [WMO, 1991]. The heterogeneoushydroly-
sisof ClNO3 andBrNO3 wasincluded[HansonandRav-
ishankara, 1994,1995; Hansonand Lovejoy, 1995] but
have a negligible effect on modelresultsfor thetempera-
turesandaerosolloadingof theseobservations.Otherin-
putsto theconstrainedphotochemicalmodelincludepro-
files of temperature,O3, andH2O measuredby FIRS 2.
Profilesof CH4, oddnitrogen(NOy = NO + NO2 + NO3 +
2 � N2O5 + HNO2 + HNO3 + HNO4 + ClNO3 + BrNO3),
inorganicchlorine(Cly = HCl + ClNO3 + ClO + HOCl +
Cl + OClO + 2xCl2O2 + ClOO), andinorganicbromine
(Bry = HBr + BrONO2 + BrO + HOBr + BrCl) havebeen
inferredfrom the FIRS 2 measurementof N2O by using
relationsderived from previous satellite[Gunsonet al.,
1990]andin situ observations[Fahey et al., 1990;Wood-
bridgeetal., 1995;Schauffleretal., 1993].Themaximum
Bry athighaltitudeis assumedto be21pptv.

3. Comparison of Measurements and Model

Chanceet al. [1996] have presenteda detaileddiscus-
sion of modeluncertainties,aswell asa comparisonbe-
tweenmeasurementsof HOx, NOx, andClx radicalsand
profilescalculatedby usingthemodelpresentedhere.We
summarizebelow the main conclusionsof Chanceet al.
[1996]asthey applyto theanalysisto follow.

Calculatedconcentrationsof OH andHO2 are in sat-
isfactoryagreementwith observationsthroughouttheob-
servedaltituderange,20 to 38km, with theexceptionthat
the observed abundancesof OH exceedcalculationsby
more than 20%, the 2σ measurementuncertainty, at 38
km. TheNO2 andHNO3 measurementsarealsoin good
agreementwith theoreticalprofilesexceptat 24 km (near
thepeakmixing ratioof HNO3), wheremeasuredconcen-
trationsof HNO3 exceedcalculatedvaluesby about15%,
larger than the 1-sigmauncertaintyof the measurement.
Above30km themeasurementsof Cly species(ClO, HCl,
and HOCl) are not in agreementwith the valuescalcu-
latedassuminga conventionalsetof reactions,which as-
sumestheonly sourcesof HCl arethereactionsof Cl with
hydrocarbonsand HO2 (a typical assumptionof current
multidimensionalmodelsof atmosphericphotochemistry
andtransport[Prather and Remsberg, 1993]). The con-
ventionalmodeltendsto overpredictthereactive chlorine
(ClO andHOCl) while it underpredictsHCl. The mea-
suredconcentrationsof Cly speciesarein goodagreement
with a secondmodelthat includestheadditionalproduc-
tion of HCl by the reactionof ClO with OH with a 10%
branchingratio. DeMore et al. [1994] suggesta lower
limit of 0%, and an upperlimit of 14%, for production
of HCl from theClO+OH reaction.Laboratorymeasure-
mentsof theproductionof HCl from this reaction,which
would involve breakingandreformingmultiple chemical
bonds,give ambiguousresults.While this reactionis not
the only pathway for additionalproductionof HCl that
mightbeconsistentwith thesimultaneousmeasurementof
ClO,HOCl,andHCl, it is theonly pathwaywithin therec-
ommendeduncertaintiesof currentkinetic measurements
[DeMoreetal., 1994].

There are large uncertaintiesin many important re-
action rates used by the photochemicalmodel, which
whenconsideredcollectively may accountfor the differ-
encesbetweenthemeasuredandmodeledCly partitioning.
However, becausethemodelshowsreasonableagreement
with themeasuredHOx andNOy species,only theuncer-
taintiesin ratesfor reactionsthatdirectly involveCly par-
titioning needto beconsideredin discussingtheoverpre-
diction of ClO by the conventionalmodel. Specifically,
the ratesof the reactionsin which HCl is created(Cl +
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CH4
� HCl + CH3) or destroyed(HCl + OH � H2O +

Cl) will have themostdirectimpacton thepartitioningof
Cly species.DeMore et al. [1994] list uncertaintiesfor
thesereactionsat 250 K of about21% and28%, respec-
tively. Theextremevaluefor therateof bothreactionsis
requiredto accountfor the differencesbetweenthe mea-
surementsandtheconventionalreactionset.Michelsenet
al. [1996] presenta thoroughinvestigationof the kinet-
icsof thesereactionsandconcludethatthepartitioningof
Cly measuredby theATMOSandMillimeter-waveAtmo-
sphericSounder(MAS) instrumentsduringtheATLAS 2
andATLAS 3 spaceshuttlemissionscannotbeexplained
unlessanadditionalsourceof HCl, notpresentin thecon-
ventionalreactionset,is allowed.

A furthersourceof uncertaintyin themodelis thees-
timation of Cly, NOy, and CH4 from relationshipswith
N2O. These relationshipshave been well established
throughoutthe altitude rangeof thesemeasurementsby
usingobservationsfrom ATMOSatmidlatitudes[Gunson
et al., 1990]. The uncertaintiesin thosequantitiesare
proportional to the measurementsof N2O, about 10%,
and are affectedby the amountthat the air being mea-
sureddeviates from midlatitudeconditions. Chanceet
al. [1996] eliminatedtheeffect of uncertaintiesin Cly by
examiningcomparisonsbetweentheoryandobservations
for the ratios [ClO]/[HCl] and [HOCl]/ [HCl]. Uncer-
taintiesin CH4, whoseoxidationprovidesa minor source
of HOx radicals,have only a minor impacton our pho-
tochemicalsimulations. Corroboratingevidencefor the
existenceof suchanadditionalpathway for productionof
HCl is providedby UpperAtmosphereResearchSatellite
(UARS)measurementsof O3, H2O,HCl, ClO,andClNO3

[Eckmanetal., 1995;Dessleretal., 1996].

4. O3 Photochemical Loss and Production
Rates

Ozoneandatomicoxygen(O), togetherdefinedasodd
oxygen(Ox), arein rapid photochemicalsteadystatevia
the reactionsO3 + hν � O + O2 and O + O2 + M �

O3 + M. Throughoutthe stratosphericaltituderangedis-
cussedin this paper, O3 representsmorethan99%of to-
tal odd oxygen,and thus a changein the abundanceof
oddoxygenis consideredasequivalentto a changein the
abundanceof O3. Oxidesof hydrogen,nitrogen,chlorine,
andbromineregulatethe abundanceof Ox in the middle
stratospherethrougha variety of reactionsthat catalyze
theself-reactionof O3 or thereactionof O3 andO. Since
eachreactionsequencelistedbelow accountsfor the loss
of two moleculesof Ox, thenet lossratesaredetermined
by doublingthediurnallyaveragedrateof thelimiting step

of eachcycle. Therate-limitingstepsfor eachcyclearein-
dicatedby thenumberlabel.

Theroleof HOx radicalsin regulatingtheabundanceof
odd oxygenwasfirst notedby Batesand Nicolet [1950].
Theimportantcyclesare

OH � O3
� HO2 � O2 �

HO2 � O3
� OH � O2 � O2 � (1)

Net : 2O3
� 3O2;

which is significantin thelowerstratosphereand

OH � O3
� HO2 � O2 �

HO2 � O � OH � O2 � (2)

Net: O3 � O � 2O2;

with other cycles accountingfor lessthan 5% of ozone
lossby HOx speciesbetween35 and40 km andlessthan
1%below 35km.

Crutzen[1970]andJohnston[1971]establishedtheim-
portanceof removal of odd oxygenby cycles involving
NOx:

NO � O3
� NO2 � O2 �

NO2 � O � NO � O2 � (3)

Net: O3 � O � 2O2;

NO � O3
� NO2 � O2 �

NO2 � O3
� NO3 � O2 � (4)

NO3 � hν � NO � O2 �
Net : 2O3

� 3O2;

whereonly 10%of NO3 photolysisproducesNO to com-
pletethiscycle.

Molina and Rowland [1974] and Stolarski and Ci-
cerone [1974], andWofsyet al. [1975] drew attentionto
removal of oddoxygenby chlorineandbromineradicals,
respectively. Lossoccursprimarily throughthecycles

ZO � O � Z � O2 � (5)

Z � O3
� ZO � O2 �

Net: O3 � O � 2O2;

HO2 � ZO � HOZ � O2 � (6)

HOZ � hν � OH � Z �
Z � O3

� ZO � O2 �
OH � O3

� HO2 � O2 �
Net : 2O3

� 3O2;
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whereZ = Cl or Br, aswell asthroughthecycle

BrO � ClO � Br � Cl � O2 � (7)

Br � O3
� BrO � O2 �

Cl � O3
� ClO � O2 �

Net: 2O3
� 3O2;

which is a major losscycle for O3 in theAntarcticspring
[McElroyetal., 1986].

Loss of odd oxygen proceedsalso by the reaction
[Chapman, 1930]

O � O3
� 2O2 � (8)

which is a minor sink in the middle stratosphere.Odd
oxygenis producedby photolysisof O2 at wavelengths
shorterthan242 nm, with a small contribution from the
reactionof CH3O2 andNO [Wennberg etal., 1994].

The precursormethodusesa photochemicalmodel,
constrainedby our measurementsof O3, H2O, N2O, and
temperature,to predict the abundancesof O, HO2, OH,
NO2, ClO, andBrO over a 24-hourperiod. Theseabun-
dancesareusedto calculatetheratesof reactions(1)–(8).
The lossratesof O3 areintegratedover 24 hours,by us-
ing reactionrateconstantsfrom DeMoreetal. [1994],and
summedto evaluatethetheratesof theHOx (rate-limiting
reactions(1) and(2)),NOx (reactions(3) and(4)),halogen
(reactions(5), (6), and(7)), andO+O3 (reaction(8)) loss
cycles.

Theradicalmethodusesdirectmeasurementsof HO2,
OH, NO2, andClO to calculatetheratesof reactions(1)–
(8). Themeasurementsareinterpolatedontoa finer time
grid by normalizingtheabundancescalculatedby thecon-
strainedphotochemicalmodelfor eachof thesemolecules
to bestfit thedatathroughoutthe24-hourcycle. Thispro-
cessis shown in Figure1 for a representative altitudeof
32kmwith concentrationsthathavebeenadaptedfromthe
modelandmeasurementresultspresentedby Chanceetal.
[1996]. We show the1σ uncertaintiesin theobservations
which includesystematicuncertainties.We notethat the
modelis in excellentagreementwith thedataevenbefore
scalingfor HO2 andNO2, while theClO measurementis
significantlylower thantheresultsfrom theconventional
photochemicalmodel.

Figure2 comparestheremoval rateof oddoxygenfrom
the radicaland precursormethods,partitionedinto each
radicalfamily asdescribedin thecycleslistedabove. The
uncertaintieslistedhereincludethe1σ uncertaintiesfrom
themeasurementsplusany residualsbetweentheobserved
andnormalizedconcentrations.Theprecursormethodcal-
culationsare basedon the resultsfrom the constrained

Figure 1. Individual concentrationmeasurements(solid
circles) along with the modeleddiurnal concentrations
(solid curves) and the correspondingscaledconcentra-
tions (dottedcurves)for HO2, NO2, andClO at 32 km.
The1σ uncertaintiesaredominatedby randommeasure-
menterrorsbut includeestimatedsystematicerrors.The
modeledClO hastwo curves,oneincluding(solidcurve)
andonenot including(dashedcurve) productionof HCl
from theClO+OHreaction.For this altitudetheaverage
integrationtime for eachmeasurementis 22, 42, and50
min for HO2, NO2, andClO, respectively; eachintegra-
tion comprisesseveral shorterobservationsspreadover
averagecorrespondingintervals of 2, 5.5, and 6 hours,
respectively (seeChanceetal. [1996] for details).

photochemicalmodel,whoseuncertaintieswerediscussed
in somedetail earlierandby Chanceet al. [1996]. The
lossrateuncertaintiesfromtheradicalmethoddependalso
on theuncertaintyof therateof thelimiting steps.At the
lower altitudesof this study the measurementuncertain-
ties dominatethe overall uncertainty. At the higher al-
titudes,wherethemeasurementuncertaintiesaresmaller,
thedominantoddoxygenlosscyclesinvolvereactions(2),
(3), (5) and(8). Reaction(5) is dominatedby theClO cy-
cle,which is morethan2 ordersof magnitudemoreeffec-
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Figure 2. HOx (solid triangles),NOx (solidsquares),and
halogen(solid circles)catalyzedlossratesof O3 inferred
from radicalmethodandcalculatedby usingtheprecur-
sor method(curves). Two halogencatalyzedprecursor
methodloss calculationsare illustrated: one assuming
HCl productiononly from Cl reactingwith hydrocarbons
andonewith additionalproductionof HCl from a 10%
branchof the OH + ClO reaction(seetext). The O+O3

reactioncurve can be consideredto representboth the
radicalandprecursormethodssinceO is inferreddirectly
from measurementsof O3, which is theprecursorfor O.
Thesymbolsareoffsetin altitudefor clarity.

tivethantheBrO reactionatdestroying oddoxygenabove
30 km. As a result,uncertaintiesin the lossrateof O3 at
thesealtitudesdueto theuseof calculatedprofilesfor BrO
aresmallcomparedto othersourcesof error. Usingtheav-
eragemeasuredtemperatureof 240K for thesealtitudes,
theuncertaintiesin therateconstantsfor reactions(2), (3),
(5), and(8) are30%, 21%, 27%, and40%, respectively
[DeMore et al., 1994]. Becausetheseuncertaintieswill
systematicallyaffect the ratesfrom both the radicaland
precursormethodsandwill not affect thecomparisonsof
thetwo quantities,they arenot includedin Figure2. This
figure illustratesthat thegeneralbehavior of the removal
ratesof oddoxygeninferredfrom theobservedconcentra-
tion of radicalsis in agreementwith theory for the HOx

and NOx families of radicals. Above 32 km the lower
abundanceof ClO calculatedby the secondmodelgives
removal ratesof ozoneby halogensthatarereducedby as
muchas40%comparedto thevaluescalculatedby using
theconventionalsetof reactions.Thisdifferenceis larger
thantheuncertaintyin therateconstantfor reaction(5).

The fractional contribution of eachradical family to
lossof odd oxygenis shown in Figure3. Cyclesinvolv-

Figure 3. Fractionaltotal lossof odd oxygenfrom the
HOx, NOx, andhalogencatalyticcyclesshown asa func-
tion of altitude,asinferredfromtheradicalmethod,using
measurementsof HO2, NO2, ClO, andO3 (symbols)and
from the precursormethod(curves). The curvesfor the
precursormethodusethemodelthatassumesadditional
HCl productionfrom a 10%branchof theOH + ClO re-
action.

ing NOx radicalsdominatethe lossof ozonebetweenal-
titudesof 24 and38 km, contributinga maximumof 66%
to the total loss rate at 32 km. In contrastto observa-
tions obtainedduring the StratosphericPhotochemistry,
Aerosols,andDynamicsExpedition(SPADE) [Wennberg
et al., 1994], our measurementsalsosuggestthat lossof
oddoxygendueto NOx cyclesis comparableto lossdue
to halogencyclesnear20km. TheSPADE measurements
showedlossof oddoxygendueto NOx cyclesto bea fac-
tor of 2-4slowerthanlossdueto halogenandHOx cycles.
However, the large uncertaintiesof our measurementsat
thesealtitudesmake it difficult to determinepreciselythe
orderingof the losscycles. The balloon-borneobserva-
tions wereobtainedin 1989,whenconcentrationsof Cly
wereapproximately14%lower thancontemporarylevels
[Elkinsetal., 1993]andsulfateaerosolloadingwasabout
a factorof 5 lessthanvaluesencounteredduringSPADE,
which wereelevateddueto theeruptionof Mt. Pinatubo
in thesummerof 1991.Both factorscontributeto a larger
relativecontributionbyNOx cyclestooddoxygenremoval
in thelowerstratosphereduring1989.

Figure4 illustratesdiurnally averagedtotal loss rates
for oddoxygeninferredfrom boththeradicalandprecur-
sor methods,aswell asproductionratesfrom photolysis
of O2 calculatedby usinga radiative transfermodelthat
includesRayleighandaerosolscattering[Prather, 1981;
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Figure 4. Lossratesof ozonecalculatedwith the radi-
cal method(seetext) from directmeasurementsof HO2,
NO2, ClO, andO3 (solidcircles),lossratescalculatedby
usingthe precursormethodusinga model that assumes
HCl productionfrom a 10%branchof theClO + OH re-
action(dottedcurve), andproductionratesof O3 (solid
curve)calculatedprimarily from photodissociationof O2

(seetext) and constrainedby measurementsof O3 and
temperature.

Minschwaneret al., 1993]. The error barsare derived
from the uncertaintiespresentedin Figure2 for eachof
the radical families addedin quadrature.Threeconclu-
sionscanbedrawn from this figure. First, total oddoxy-
genlossratesinferredfromtheobservedconcentrationsof
radicals(radicalmethod)agreewith theoreticallossrates
(precursormethod)to within themeasurementuncertainty
at all altitudes. Second,between31 and 38 km, where
thephotochemicallifetime of ozoneis shortcomparedto
transporttimescales,wefind thatproductionandlossrates
of oddoxygencalculatedby usingbothmethodsbalance
to within theuncertaintyof themeasurementsof therad-
icals(approximately10%),in contrastto previousstudies
(which lackedsimultaneousmeasurementsof HO2, NO2,
andClO) that reportedlossratesup to 50% greaterthan
productionrates[Crutzenand Schmailzl, 1983; Froide-
vauxetal., 1985;Jackmanetal., 1986;McElroyandSala-
witch, 1989;Eluszkiewicz and Allen, 1993]. Third, rates
of productionbelow 31km exceedby 30%to 40%theloss
ratescalculatedby usingbothmethods,indicatingthatthis
region is a netphotochemicalsourceregion for O3. This
imbalanceis consistentwith resultsof two-dimensional
photochemicaltransportmodelsthatshow netozonepro-
ductionfrom this region [Jackmanetal., 1986;Perliski et
al., 1989].

At thealtitudesatwhichwemeasureabalancebetween
productionand loss of odd oxygen,32 and 38 km, the
dominantodd oxygenloss cycles are the sameas those
discussedfor Figure2,with reaction(3) contributingmore
than60%to the total oddoxygenloss. By weightingthe
uncertaintiesof thesereactionratesby therelative contri-
butionsfrom eachof thesecycleswe calculatea net re-
actionrateuncertaintyof 23%in thecalculatedtotal loss
ratefor the radicalmethod.This valueis of theorderof
the estimateduncertainty(20%) in the productionof O3

[Minschwaneret al., 1993] andis larger thanthe uncer-
tainties(10%) in the loss ratesdueto the uncertaintyof
themeasurementsof theradicalsat thesealtitudes.

5. Discussion

Our finding that productionand measuredloss of of
odd oxygenbalancefor altitudesbetween31 and38 km
differs from the resultsof previous studiesfor two rea-
sons:(1) weobservelowerconcentrationsof ClO at these
altitudesthanarepredictedby thosemodelswhichassume
thatproductionof HCl occursonly by reactionof Cl with
hydrocarbonsandHO2 [Chanceetal., 1996],asillustrated
in Figure1, and(2) we usea formulationfor photolysis
of O2 that resultsin deeperpenetrationof ultraviolet ra-
diation[Minschwaneret al., 1993],andbetteragreement
with measuredtransmittances,thanis foundby usingthe
formulationrecommendedby WMO[1986]. Includingthe
additionalsourceof HCl lowersthetotalmodeledlossrate
of odd oxygenby about17% near38 km (seeFigures2
and4), resultingin closeagreementbetweenproduction
and lossof ozonefound by usingthe precursormethod.
Althoughthis differenceis lessthanthecombineduncer-
taintiesin theproductionandlossratesstatedabove, the
comparisonsbetweenthe measuredradicalsinvolved in
the rate limiting stepsfor the ozoneloss cyclesand the
photochemicalmodel presentedhereand by Chanceet
al. [1996]show thatobservedconcentrationsof HO2 and
NO2 arewell simulated,while ClO (andhenceits contri-
bution to lossof O3) is overestimatedby theconventional
model.

Most currentmodelsusedto assessthe impactof an-
thropogenicemissionof halogenson ozoneoverestimate
theabundanceof ClO in theupperstratosphereby neglect-
ing thepossibilityof anadditionalpathwayfor production
of HCl [PratherandRemsberg, 1993]. Our observations
demonstratethat thesemodelsoverestimatethe relative
contribution of halogencyclesto theremoval rateof odd
oxygenataltitudesnear40km. Thepredicteddecreasein
ozonenear40 km resultingfrom thebuildup of halogens
duringthepastseveraldecadesis mitigatedby 50%,if an
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additionalpathway for productionof HCl is includedin
models,resultingin closeragreementbetweenobserved
andpredictedtrendsin O3 at thesealtitudes[Chandra et
al., 1993]. Above45 km, HOx catalyzedcyclesdominate
ozoneloss,with theimportanceof halogencyclesdecreas-
ing with increasingaltitudeinto themesosphere.Inclusion
of an additionalsourceof HCl may not be sufficient to
solvetheimbalancebetweenmodeledproductionandloss
at altitudesat which reaction(2) dominatesloss of odd
oxygen[Crutzenand Schmailzl, 1983;Froidevauxet al.,
1985; Eluszkiewicz and Allen, 1993]. New observations
of HOx radicals,measuredsimultaneouslywith O3, NO2,
andClO, will benecessaryto advanceour understanding
of thebudgetof O3 ataltitudeshigherthan38km.

Numerousrecentatmosphericobservationsareconsis-
tentwith ourfindingsthatClO is overpredictedby models.
Thestudyof Minschwaneretal. [1993]concludes,on the
basisof constraintsimposedby ATMOSmeasurementsof
O3, NO,NO2, N2O5, HNO3, ClNO3, HCl, H2O,andCH4,
thatproductionandlossof oddoxygenwill balancenear
40 km if a minor branchof the reactionof ClO with OH
resultsin productionof HCl. The more recentstudy of
ATMOS andMAS (ClO) databy Michelsenet al. [1996]
addsfurthersupportfor anadditionalproductionchannel
for HCl. Similarconclusionswerereachedby Chandra et
al. [1993],whofoundthatsubmillimeterheterodynemea-
surementsof ClO andHCl [Stachniket al., 1992]andthe
observedabundanceandseasonalvariationof O3 near40
km werebettersimulatedby allowing for the additional
pathwayfor productionof HCl.

A morerecenttheoreticalstudy[Crutzenet al., 1995]
onthebalanceof productionandlossof oddoxygenbased
onconstraintsprovidedby HALOE measurementsof HCl,
NO2, H2O, andO3 foundthatproductionusuallyexceeds
lossin themiddleandupperstratosphere,especiallyabove
45 km. Thestudyof Dessleret al. [1996] took theanal-
ysisof UARSdataonestepfurtherby incorporatingMLS
measurementsof ClO and O3 and CLAES observations
of NO2 at40and46km, usingthediurnalvariationof the
radicals,todiscussproductionandlossof O3. Theirmodel
overestimatesthemeasuredClO by anamountconsistent
with thatshown in ourstudyanduseof themeasuredClO
broughttheir modeledproductionandlossof ozoneinto
nearbalance.TheDessleret al. studyfurther statesthat
by consideringMLS measurementsof O3 insteadof HA-
LOE values,theO3 surplusfoundby Crutzenetal. would
insteadbea deficit.

6. Conclusions

We have usedthe first set of simultaneousmeasure-
mentsof the radicalsthat dominatelossof ozonein the
middle stratosphereto testour understandingof the par-
titioning of theseradicalsand to determinethe relative
contribution of eachradicalfamily to lossof ozone.The
accuracy of this setof radicalmeasurementsis sufficient
to demonstratethat (1) NOx losscyclesdominateozone
lossbetween24 and38 km, aspredictedby models;(2)
modeledNOx andHOx catalyzedlossratesof ozoneare
consistentwith the measurements;(3) Clx loss ratesare
measuredto beabouta factorof 2 slower thanthecalcu-
latedratesabove 30 km; (4) themeasuredtotal lossrates
of ozonebalanceproductionratesat32and38km; and(5)
inclusionof a channelfor extra productionof HCl in the
photochemicalmodelresultsin abalancebetweenproduc-
tion andlossof O3 above 31 km andagreementbetween
observedandcalculatedClO, HOCl, andHCl. Thesecon-
clusionsdemonstratethatour first-orderunderstandingof
processesthat regulatethepartitioningof radicalsis cor-
rect andthat models,provided they allow for production
of HCl eitherby thereactionof ClO andOH or by some
othercurrentlyunknown processthat resultsin a similar
partitioningof inorganicchlorinespeciesshouldprovidea
realisticdescriptionof therelative rateof removal of odd
oxygenin the lower andmiddle stratosphereby eachof
themajorcatalyticcycles.
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