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Abstract

We presenthefirst simultaneousneasurementsf HOy, NOy, andCly radicalsin themiddle
stratospherebtainedduringa balloonflight at 34°N in Septembel989,alongwith calculationdrom a
photochemicamodel,to shav thatNOy catalyticcyclesdominatdossof ozone(Os3) for altitudes
betweer24 and38 km; theobsenedalundanceof ClO is lower thanthatexpectedor altitudesabove
30 km onthebasisof modelsusingrecommendedatesandcrosssectionsreducingtherelatve
importanceof the Cly catalyticcyclesfor lossof Oz; andremoval ratesof Oz derivedfrom obsened
concentrationsf ratelimiting HOy, NOy, andCly radicalsbalancecomputedproductionratesfor
altitudesbetweer32 and38 km, aregion whereozoneis expectedo beregulatedprimarily by
photochemicaprocesses.



1. Introduction

Understandinghe rate of removal of stratospherioz-
one through catalytic cycles involving HOx (HO, and
OH), NOx (NO2 and NO), and halogen(CIO and BrO)
radicalsis essentiafor assessintheresponsef ozoneto
anthropogeniandnaturalperturbationsuchasindustrial
releaseof chlorofluorocarbon$CFCs)andhalons,emis-
sionof nitrogenoxidesfrom subsonicandsupersoniair-
craft, rising levels of NoO and CH,4, and enhancedev-
elsof sulfateaerosolgollowing volcaniceruptiongWorld
Meteoblogical Organization(WMO), 1991 ;Stolarskiand
Wesoly, 1993;Rodrigueztal., 1994].

Recentcalculationsfrom modelsof the midlatitude
stratosphergive the following theoreticalresults: first,
catalytic cycles involving NOy radicalsare expectedto
dominatenzonedestructiorfrom about22 to 45 km, while
HOy cyclesdominateboth above andbelov [McElroy et
al.,1992; Rodriguezet al., 1994]; and second,modeled
photochemicaloss of ozoneexceedscalculatedproduc-
tion by 10%—-50%in the upperstratosphergEluszkievicz
and Allen, 1993; Minschwaneret al., 1993; Crutzenet
al., 1995; Siskindet al., 1995]. Thelatterresulthasbeen
termedthe “ozonedeficit” problem,becausat thesealti-
tudes,ozoneis expectedto be in photochemicakquilib-
rium (productionequalingloss), sincethe photochemical
lifetime of ozoneis muchshorterthantransportreplace-
menttimes[Ko etal., 1989;Perliski etal., 1989].

Thefirst theoreticalresulthasrecentlybeentestedbe-
low 21 km by usingin situ aircraftmeasurementsf HOy,
NOy, andCly radicalgWennbeg etal., 1994]. Thesemea-
surementsmadeunderconditionsof high aerosoloading
asa resultof the eruptionof Mt. Pinatubo,arein good
agreementvith modelsthatincludetheheterogeneousy-
drolysisreactionof N,Os on sulfateaerosol§Fahey etal.,
1993;Salawitd etal., 1994].

The ozone deficit problemin the middle and upper
stratospherbasbeenstudiedrecentlywith the useof At-
mosphericTraceMoleculeSpectroscopExperimen{AT-
MOS) measurementsf Oz, nitrogen oxides, and other
tracegasegMinschwaneret al., 1993], HAlogen Occul-
tation Experiment(HALOE) measurementsf Oz, NO,,
and HCI [Crutzenet al., 1995], and a combinationof
Microwave Limb Sounder(MLS) measurementsf Os
andClO andCryogenicLimb Atmospherid.imb Sounder
(CLAES) measurementsf NO, [Dessleret al., 1996].
Minschwaner et al. [1993] concludedthat production
andloss of O3 arein balancenear40 km altitude, pro-
vided modelsallow for productionof HCI from a branch
of the reactionof CIO+OH, as suggestedy theoretical
studiesconstrainedy ATMOS measuremenisf HCIl and

CIONO; [McElroy and Salawitd, 1989]andsubmillime-
ter heterodynemeasurementsf CIO and HCI [Stadnik

etal., 1992]. Crutzenetal. [1995] concludedproduc-
tion andlossof Os werein closerbalancethanwassug-
gestedy otheranalyse®f satellitedata] Eluszkigviczand

Allen, 1993; Siskindet al., 1995], but their conclusions
areaffectedby the useof Oz from HALOE, whichis sys-
tematicallylower than Oz measuredy MLS. Dessleret

al. [1996] concludedzoneproductionandlossratescon-

strainedby measuredClO, NO,, and O3 from MLS are
nearlyin balanceat 40 km. All previous studieslack di-

rect, simultaneousneasurementsf HOy, Cly, and NOy

radicals.

In this papemwe usethethefirst simultaneousneasure-
mentof concentrationsf HOx, NOy, Cly, andradicalpre-
cursorghroughouthemiddlestratosphergChanceetal.,
1996]to calculatethe photochemicatemoval rate of oz-
onebetweern20 and 38 km. Our analysisusessimultan-
eousmeasurementsf a completeset of radicalsto de-
termineexperimentallythe orderingof the losscyclesof
ozonein the middle stratospherandto studythe ozone
deficit problem.

Diurnally averagedhotochemicatemoval ratesof O3
by eachfamily of radicalsare determinedn two ways:
from directmeasurementsf radicalconcentrationgrad-
ical method)and from radical concentrationgalculated
by a photochemicamodelconstrainecby measurements
of radicalprecursorgprecursomethod).Theradicalme-
thodis usedto derive empiricalmeasuresf thetotal loss
rateof ozoneaswell astherelatve removal rateby each
family of radicalsthatregulatethe abundanceof ozonein
the middle stratosphere The precursormethodprovides
a basisfor comparingthe empiricallossratesto theoreti-
cal ratesconstrainedy appropriateernvironmentalcondi-
tions,representedly the obseredconcentrationsf long-
livedradicalprecursorsEmpiricallossratesfoundby us-
ing the radical methoddemonstratehat catalytic cycles
involving NOy radicalsdominatephotochemicatemoval
of Oz in themiddle stratosphere;onsistentvith theoreti-
cal predictionsusingthe precursomethod.Our measure-
mentsdemonstrat¢hatproductionandlossratesof ozone
(found by usingboth methods)alanceto within the un-
certaintyof measuremen(tL0%) for altitudesbetweer31
and38km. Thisfinding,whichreconcilesalong-standing
discrepang in stratospherichemistryis dueprimarily to
ourobsenationof alowerabundancef ClO thanthatcal-
culatedby modelsthat allow for productionof HCI only
from reactionof Cl andhydrocarbon@ndHO, [Chance
etal., 1996].



2. Measurementsand Mode

Descriptionsof the measurementechniqueand anal-
ysis methods[Traub et al., 1991; Johnsonet al., 1995;
Waters et al., 1984]have beenpublishedpreviously; thus
only abrief summaryis givenhere.Datawereacquirecbn
a balloonflight launchedfrom Ft. Sumney New Mexico
(34°N, 104 W), from 1714 UT on SeptembeR6, 1989,
until 1832 UT on SeptembeR7, 1989, with the excep-
tion of a4-hourtelemetrygapprior to sunriseon Septem-
ber27. Concentration®f CIO weremeasureat midday
betweenaltitudesof 20 and 40 km with the Jet Propul-
sion Laboratory(JPL)Balloon Microwave Limb Sounder
(BMLS), whichsensesnicrowave emissiorfrom thelimb.
Concentratiorprofiles of OH, HO,, H2O,, HOCI, HCI,
NO,, HNO3, N20O, H20, O3, andtemperaturaveremea-
suredthroughouta diurnalcyclewith the SmithsoniarAs-
trophysicalObsenatory (SAO) farinfraredFouriertrans-
form spectromete(FIRS 2), which detectsatmospheric
thermalemissionin alimb-viewing geometry

Theconstrainegbhotochemicainodelusedn ouranal-
ysis balancespver a 24-hourperiod, the productionand
lossof 35reactve gasedor thetemperaturepressureand
latitude at which the obsenationswere obtained[Sala-
witch et al., 1994]. Standardreactionratesand absorp-
tion crosssectionswereused[DeMote et al., 1994], ex-
ceptthat photolysiscrosssectionsfor Ho O, and HNO4
wereextrapolatedo longerwavelengthgo accuratelyep-
resentphotolysisof thesemoleculesat large solarzenith
angles. A reactionprobability of 0.1 was usedfor the
heterogeneousydrolysisof N2Os [DeMore etal., 1994].
The altitudeprofile for the surfaceareadensityof sulfate
aerosolsvasadoptedrom Stratospheri@erosolandGas
Experiment(SAGE) Il extinction measurementfor this
time period[WMQ, 1991]. The heterogeneoukydroly-
sisof CINO3 andBrNO3 wasincluded[Hansonand Rav-
ishankar, 1994, 1995; Hansonand Lovejoy, 1995] but
have a negligible effect on modelresultsfor the tempera-
turesandaerosoloadingof theseobsenations.Otherin-
putsto the constraineghotochemicamodelincludepro-
files of temperatureQ3, andH,O measuredy FIRS 2.
Profilesof CHg, oddnitrogen(NOy = NO + NO, + NO3 +
2xN205 + HNO;, + HNO3 + HNO4 + CINO3 + BrNOg),
inorganicchlorine(Cly = HCI + CINOs + CIO + HOCI +
Cl + OCIO + 2xClL0O; + CIOO0), andinorganicbromine
(Bry = HBr + BrONG; + BrO + HOBr + BrCl) have been
inferredfrom the FIRS 2 measurementf N>O by using
relationsderived from previous satellite[Gunsonet al.,
1990]andin situ obsenations[Fahey et al., 1990;\Wbod-
bridgeetal., 1995;Sdaufleretal., 1993]. Themaximum
Bry athigh altitudeis assumedo be 21 pptv.

3. Comparison of Measurementsand M odel

Chanceetal. [1996] have presentec detaileddiscus-
sion of modeluncertaintiesaswell asa comparisorbe-
tweenmeasurementsf HOy, NOy, andCly radicalsand
profilescalculatedy usingthe modelpresentedhere.We
summarizebelow the main conclusionsof Chanceet al.
[1996] asthey applyto theanalysisto follow.

Calculatedconcentration®f OH andHO» arein sat-
isfactoryagreementvith obsenationsthroughouthe ob-
senedaltituderange 20to 38 km, with theexceptionthat
the obsered alundanceof OH exceedcalculationsby
more than 20%, the 20 measurementincertainty at 38
km. The NO, andHNO3 measurementarealsoin good
agreementvith theoreticalprofilesexceptat 24 km (near
thepeakmixing ratio of HNO3), wheremeasureadoncen-
trationsof HNO3 exceedcalculatedsaluesby about15%,
larger than the 1-sigmauncertaintyof the measurement.
Above 30km themeasurementsf Cly speciegCIO, HCI,
and HOCI) are not in agreementvith the valuescalcu-
latedassuminga corventionalsetof reactionswhich as-
sumegheonly sourceof HCI arethereactionsof Cl with
hydrocarbonsaand HO, (a typical assumptiorof current
multidimensionaimodelsof atmospherighotochemistry
andtransport| Prather and Remsbay, 1993]). The con-
ventionalmodeltendsto overpredictthe reactve chlorine
(CIO and HOCI) while it underpredictHCI. The mea-
suredconcentrationsf Cly speciesarein goodagreement
with a secondmodelthatincludesthe additionalproduc-
tion of HCI by the reactionof CIO with OH with a 10%
branchingratio. DeMotre et al. [1994] suggesta lower
limit of 0%, and an upperlimit of 14%, for production
of HCI from the CIO+OH reaction.Laboratorymeasure-
mentsof the productionof HCI from this reaction,which
would involve breakingandreformingmultiple chemical
bonds,give ambiguougesults. While this reactionis not
the only pathway for additional productionof HCI that
mightbeconsistentith thesimultaneousneasuremeruf
CIO,HOCI,andHCl, it is theonly pathwaywithin therec-
ommendedincertaintie®f currentkinetic measurements
[DeMoreetal., 1994].

There are large uncertaintiesin mary important re-
action rates used by the photochemicalmodel, which
whenconsideredollectively may accountfor the differ-
encesdetweerthemeasure@ndmodeledCly partitioning.
However, becaus¢he modelshavs reasonablagreement
with the measurediOy andNOy speciespnly the uncer
taintiesin ratesfor reactionghatdirectly involve Cly par
titioning needto be consideredn discussinghe overpre-
diction of CIO by the corventionalmodel. Specifically
the ratesof the reactionsin which HCI is created(Cl +



CH4 — HCI + CHg) or destrgyed (HCI + OH — H,0 +

Cl) will have the mostdirectimpacton the partitioningof

Cly species.DeMore et al. [1994] list uncertaintiesfor

thesereactionsat 250K of about21% and 28%, respec-
tively. The extremevaluefor the rateof bothreactionds

requiredto accountfor the differencedbetweernthe mea-
surementgandthe corventionalreactionset. Michelsenet

al. [1996] presenta thoroughinvestigationof the kinet-

ics of thesereactionsandconcludethatthe partitioningof

Cly measuredy the ATMOS andMillimeter-wave Atmo-

sphericSounde(MAS) instrumentgluringthe ATLAS 2

andATLAS 3 spaceshuttlemissionscannotbe explained
unlessanadditionalsourceof HCI, notpresentn thecon-
ventionalreactionset,is allowed.

A further sourceof uncertaintyin the modelis the es-
timation of Cly, NOy, and CH4 from relationshipswith
N2O. These relationshipshave been well established
throughoutthe altitude range of thesemeasurementby
usingobsenationsfrom ATMOS at midlatitude§ Gunson
et al., 1990]. The uncertaintiesn thosequantitiesare
proportionalto the measurementsf N,O, about 10%,
and are affected by the amountthat the air being mea-
sureddeviates from midlatitude conditions. Chanceet
al. [1996] eliminatedthe effect of uncertaintiesn Cly by
examiningcomparisondbetweertheoryandobsenations
for the ratios [CIO]J/[HCI] and [HOCI])/ [HCI]. Uncer
taintiesin CH4, whoseoxidationprovidesa minor source
of HOy radicals,have only a minor impacton our pho-
tochemicalsimulations. Corroboratingevidencefor the
existenceof suchanadditionalpathway for productionof
HCl is provided by UpperAtmosphereResearctsatellite
(UARS)measurementsf Oz, H,O, HCI, CIO, andCINOs
[Eckmanetal., 1995;Dessleretal., 1996].

4. O3 Photochemical Loss and Production
Rates

Ozoneandatomicoxygen(O), togetherdefinedasodd
oxygen(Oy), arein rapid photochemicakteadystatevia
the reactionsO3 + hv - O + O, andO + O + M —
O3 + M. Throughouthe stratospheri@ltituderangedis-
cussedn this paper Os representsnorethan99% of to-
tal odd oxygen, and thus a changein the alundanceof
odd oxygenis consideredsequialentto a changean the
alundanceof O3. Oxidesof hydrogennitrogen,chlorine,
andbromineregulatethe abundanceof Oy in the middle
stratosphereéhrougha variety of reactionsthat catalyze
the self-reactiorof Oz or thereactionof Oz andO. Since
eachreactionsequencdisted below accountdor the loss
of two moleculesof Oy, the netlossratesaredetermined
by doublingthediurnally averagedateof thelimiting step

of eachcycle. Therate-limitingstepgor eachcyclearein-
dicatedby the numbenabel.

Therole of HO, radicalsin regulatingtheabundanceof
odd oxygenwasfirst notedby Batesand Nicolet[1950].
Theimportantcyclesare

OH+03 — HO2+0Og,
HO2+03 — OH+ 02+ Oy, Q)
Net: 203 — 30,

whichis significantin thelower stratospherand

OH+03 — HO2+ 0O,
HO;+0 — OH+ 0y, (2)
Net: O3+ 0 — 20;

with other cycles accountingfor lessthan 5% of ozone
lossby HOy speciedhetweer35 and40 km andlessthan
1% belov 35km.

Crutzen1970]andJohnstorf1971]establishetheim-
portanceof removal of odd oxygenby cyclesinvolving
NOy:

NO+0O3 — NO2+ Oy,
NO,+O — NO+Oq, 3
Net: O3+0 — 20

NO+ Oz — NOz+ 0y,
NO,+0O3 — NO3+02, (4)
NOs+hv — NO+ Oy,

Net: 203 — 30y;

whereonly 10% of NO3 photolysisproducesNO to com-
pletethis cycle.

Molina and Rowland [1974] and Stolarski and Ci-
cemone[1974], andWbfsyet al. [1975] drew attentionto
removal of odd oxygenby chlorineandbromineradicals,
respectiely. Lossoccursprimarily throughthecycles

Z0+0 — Z+0,, (5)

Z+03 — ZO+0q,
Net: O3+0 — 20y;

HO,+2Z0 — HOZ+ 0y, (6)
HOZ+hv — OH+Z,
Z+03 — ZO+0g,
OH+03 — HO2+ 0y,
Net: 203 — 30y,



whereZ = Cl or Br, aswell asthroughthe cycle

BrO+CIO — Br+Cl+0g, (7
Br+03 — BrO+0g,
Cl+03 — ClO+ 0y,
Net: 203 — 30,

whichis a majorlosscycle for Oz in the Antarctic spring
[McElroy etal., 1986].

Loss of odd oxygen proceedsalso by the reaction
[Chapman1930]

O+03 — 20, (8)

which is a minor sink in the middle stratosphere.Odd
oxygenis producedby photolysisof O, at wavelengths
shorterthan 242 nm, with a small contribution from the
reactionof CHzO, andNO [Wennbeg etal., 1994].

The precursormethodusesa photochemicalmodel,
constrainedy our measurementsf Ogz, H,O, N2O, and
temperatureto predictthe alundancef O, HO,, OH,
NO,, ClO, andBrO over a 24-hourperiod. Thesealun-
dancesareusedto calculatethe ratesof reactiong1)—(8).
The lossratesof O3 areintegratedover 24 hours,by us-
ing reactionrateconstantérom DeMore etal. [1994],and
summedo evaluatethetheratesof the HOy (rate-limiting
reactiong1) and(2)), NOy (reactiong3) and(4)), halogen
(reactiong(5), (6), and (7)), andO+0O; (reaction(8)) loss
cycles.

Theradicalmethodusesdirect measurementsf HO»,
OH, NO,, andCIO to calculatethe ratesof reactiong1)—
(8). Themeasurementareinterpolatedonto a finer time
grid by normalizingtheabhundancesalculatedy thecon-
strainedphotochemicaiodelfor eachof thesemolecules
to bestfit the datathroughouthe 24-hourcycle. This pro-
cessis shavn in Figure 1 for a representatie altitude of
32kmwith concentrationthathave beeradaptedrom the
modelandmeasurememesultgpresentethy Chanceetal.
[1996]. We shaw the 1o uncertaintiesn the obsenations
which include systematiauncertainties.We notethatthe
modelis in excellentagreementvith the dataevenbefore
scalingfor HO, andNO,, while the CIO measuremeris
significantlylower thanthe resultsfrom the corventional
photochemicamodel.

Figure2 comparesheremoval rateof oddoxygenfrom
the radical and precursommethods partitionedinto each
radicalfamily asdescribedn thecycleslistedabove. The
uncertaintiedistedhereincludethe 10 uncertaintiegrom
themeasurementdusary residualdetweertheobsened
andnormalizectoncentrationsTheprecursomethodcal-
culationsare basedon the resultsfrom the constrained
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Figure 1. Individual concentratiormeasurementsolid
circles) along with the modeleddiurnal concentrations
(solid curves) and the correspondingscaledconcentra-
tions (dottedcurves)for HOz, NO2, and CIO at 32 km.
The 1o uncertaintiearedominatecby randommeasure-
menterrorsbut includeestimatedsystematierrors. The
modeledClO hastwo curves,oneincluding(solid curve)
andonenot including (dasheccurve) productionof HCI
from the CIO+OH reaction.For this altitudethe average
integrationtime for eachmeasuremeris 22, 42, and50
min for HO2, NO», and CIO, respectiely; eachintegra-
tion comprisesseveral shorterobsenationsspreadover
averagecorrespondingntervals of 2, 5.5, and 6 hours,
respectiely (seeChanceetal. [1996]for details).

photochemicainodel,whoseuncertaintiesverediscussed
in somedetail earlierandby Chanceet al. [1996]. The
lossrateuncertaintie$rom theradicalmethoddependilso
on theuncertaintyof the rateof thelimiting steps.At the
lower altitudesof this study the measurementncertain-
ties dominatethe overall uncertainty At the higheral-
titudes,wherethe measuremenincertaintiesaresmaller
thedominantddoxygenlosscyclesinvolvereactiong2),
(3), (5) and(8). Reaction(5) is dominatedvy the CIO cy-
cle,whichis morethan2 ordersof magnitudemoreeffec-



407 I \\\HH‘ I T TTTTTIT I \\\?\\J\‘ I \\HHL
- s s NP \m N
- | HO, A —_ // ’ . J m
L | o - - S / _
35 [—| Halogen (10%) @ — VA |
| Halogen (0%) —_— / / / —
o oto, / -
— 2 /L
E T 4 0 ]
< 30 iy
= %0 Al 7
/e B
E B /}‘ /74 1
S r ey 1
3 25 e -
C . ]
C /// i
20— . o _
L v _
| \HHH‘ | \HHH‘ | \HHH‘ [ R
10° 10* 10° 10° 10"

3

0; photochemical removal (mol cm  sec ')

Figure 2. HO (solidtriangles) NOy (solid squares)and
halogen(solid circles)catalyzedossratesof O3 inferred
from radicalmethodand calculatedby usingthe precur
sor method(curves). Two halogencatalyzedprecursor
methodloss calculationsare illustrated: one assuming
HCI productiononly from CI reactingwith hydrocarbons
and one with additionalproductionof HCI from a 10%
branchof the OH + CIO reaction(seetext). The O+O;
reactioncurve can be consideredo representoth the
radicalandprecursomethodssinceO is inferreddirectly
from measurementsf O3, which is the precursoifor O.
The symbolsareoffsetin altitudefor clarity.

tivethantheBrO reactionatdestrging oddoxygenabore
30 km. As aresult,uncertaintiesn thelossrateof Oz at
thesaaltitudesdueto theuseof calculatedprofilesfor BrO
aresmallcomparedo othersourcef error. Usingtheav-
eragemeasuredemperaturef 240K for thesealtitudes,
theuncertaintiesn therateconstantgor reactiong2), (3),
(5), and (8) are 30%, 21%, 27%, and 40%, respectiely
[DeMote et al., 1994]. Becauseheseuncertaintieswill
systematicallyaffect the ratesfrom both the radicaland
precursomethodsandwill not affect the comparison®f
thetwo quantitiesthey arenotincludedin Figure2. This
figureillustratesthatthe generalbehaior of the removal
ratesof oddoxygeninferredfrom theobseredconcentra-
tion of radicalsis in agreementvith theoryfor the HOy
and NOy families of radicals. Above 32 km the lower
alundanceof CIO calculatedby the secondmodelgives
removal ratesof ozoneby halogenghatarereducedy as
muchas40% comparedo the valuescalculatecby using
the corventionalsetof reactions.This differenceis larger
thantheuncertaintyin therateconstanfor reaction(5).

The fractional contritution of eachradical family to
lossof odd oxygenis shavn in Figure3. Cyclesinvolv-
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Figure 3. Fractionaltotal lossof odd oxygenfrom the
HOy, NOy, andhalogencatalyticcyclesshavn asafunc-
tion of altitude,asinferredfrom theradicalmethodusing
measuremenisf HO,, NO,, CIO, andO3 (symbols)and
from the precursomethod(curves). The curvesfor the
precursomethodusethe modelthatassumesdditional
HCI productionfrom a 10%branchof the OH + CIO re-
action.

ing NOy radicalsdominatethe loss of ozonebetweenral-
titudesof 24 and38 km, contrikuting a maximumof 66%
to the total lossrate at 32 km. In contrastto obsera-
tions obtainedduring the Stratospherid®hotochemistry
Aerosols,andDynamicsExpedition(SFADE) [Wennbeg
etal., 1994], our measurementalso suggesthatloss of
odd oxygendueto NOy cyclesis comparabldo lossdue
to halogencyclesnear20 km. The SFADE measurements
shavedlossof oddoxygendueto NOy cyclesto beafac-
tor of 2-4 slowerthanlossdueto halogerandHO cycles.
However, the large uncertaintief our measurementat
thesealtitudesmale it difficult to determinepreciselythe
orderingof the losscycles. The balloon-borneobsena-
tions were obtainedin 1989, whenconcentration®f Cly
wereapproximatelyl 4% lower thancontemporaryevels
[Elkinsetal., 1993]andsulfateaerosoloadingwasabout
afactorof 5 lessthanvaluesencounteredluring SFADE,
which wereelevateddueto the eruptionof Mt. Pinatubo
in thesummerof 1991.Both factorscontributeto alarger
relative contributionby NO cyclesto oddoxygenremoval
in the lower stratospherduring 1989.

Figure 4 illustratesdiurnally averagedtotal loss rates
for odd oxygeninferredfrom boththeradicalandprecur
sor methodsaswell asproductionratesfrom photolysis
of O, calculatedby using a radiatve transfermodelthat
includesRayleighand aerosolscattering Prather, 1981;
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Figure 4. Lossratesof ozonecalculatedwith the radi-
cal method(seetext) from directmeasurementsf HOy,
NO,, ClO, andOs (solid circles),lossratescalculatedy
usingthe precursomethodusinga modelthat assumes
HCI productionfrom a 10%branchof the CIO + OH re-
action (dottedcurve), and productionratesof Oz (solid
curve) calculatedprimarily from photodissociationf O,
(seetext) and constrainedoy measurementsf Oz and
temperature.

Minschwaneret al., 1993]. The error barsare derived
from the uncertaintiepresentedn Figure 2 for eachof
the radical families addedin quadrature. Three conclu-
sionscanbedrawn from this figure. First, total odd oxy-
genlossratesinferredfrom theobsenedconcentrationsf
radicals(radicalmethod)agreewith theoreticalossrates
(precursomethod)o within themeasurementncertainty
at all altitudes. Second,between31 and 38 km, where
the photochemicalifetime of ozoneis shortcomparedo
transportimescaleswefind thatproductionandlossrates
of odd oxygencalculatedby usingboth methodsbalance
to within the uncertaintyof the measurementsf the rad-
icals (approximatelyl0%),in contrasto previousstudies
(which lacked simultaneousneasurementsf HO,, NOg,
and ClO) that reportedlossratesup to 50% greaterthan
productionrates[Crutzenand Sdmailz| 1983; Froide-
vauxetal., 1985;Jackmanetal., 1986;McElroy andSala-
witch, 1989; Eluszkievicz and Allen, 1993]. Third, rates
of productionbelon 31 km exceedby 30%to 40%theloss
ratescalculatedy usingbothmethodsindicatingthatthis
region is a net photochemicasourceregion for Oz. This
imbalanceis consistentwith resultsof two-dimensional
photochemicatransportmodelsthatshav netozonepro-
ductionfrom this region [Jackmanetal., 1986;Perliski et
al., 1989].

At thealtitudesatwhichwe measur@balancébetween
productionand loss of odd oxygen, 32 and 38 km, the
dominantodd oxygenloss cycles are the sameas those
discussedor Figure2, with reaction(3) contributingmore
than60%to the total odd oxygenloss. By weightingthe
uncertaintie®f thesereactionratesby therelative contri-
butionsfrom eachof thesecycleswe calculatea netre-
actionrateuncertaintyof 23%in the calculatedtotal loss
ratefor the radicalmethod. This valueis of the order of
the estimateduncertainty(20%) in the productionof O3
[Minschwaneret al., 1993] andis larger thanthe uncer
tainties(10%) in the lossratesdueto the uncertaintyof
themeasurementsf theradicalsat thesealtitudes.

5. Discussion

Our finding that productionand measuredoss of of
odd oxygenbalancefor altitudesbetween31 and 38 km
differs from the resultsof previous studiesfor two rea-
sons:(1) we obsene lower concentrationsf CIO atthese
altitudesthanarepredictecby thosemodelsvhichassume
thatproductionof HCI occursonly by reactionof Cl with
hydrocarbonandHO, [Chanceetal., 1996],asillustrated
in Figure1, and(2) we usea formulationfor photolysis
of O, thatresultsin deeperpenetratiorof ultraviolet ra-
diation[Minschwaneret al., 1993], andbetteragreement
with measuredransmittancegshanis found by usingthe
formulationrecommendetdy WMO[1986]. Includingthe
additionalsourceof HCI lowersthetotalmodeledossrate
of odd oxygenby about17% near38 km (seeFigures2
and4), resultingin closeagreemenbetweenproduction
andloss of ozonefound by usingthe precursormethod.
Althoughthis differenceis lessthanthe combineduncer
taintiesin the productionandlossratesstatedabove, the
comparisondbetweenthe measuredadicalsinvolved in
the rate limiting stepsfor the ozoneloss cyclesandthe
photochemicaimodel presentechere and by Chanceet
al. [1996]shav thatobsenedconcentrationsf HO, and
NO, arewell simulatedwhile CIO (andhenceits contri-
butionto lossof O3) is overestimatedby the corventional
model.

Most currentmodelsusedto assesshe impactof an-
thropogenicemissionof halogenson ozoneoverestimate
thealundancef ClIOin theupperstratospherby neglect-
ing the possibilityof anadditionalpathway for production
of HCI [Pratherand Remsbag, 1993]. Our obsenations
demonstratehat thesemodelsoverestimatethe relative
contribution of halogencyclesto the removal rate of odd
oxygenat altitudesnear40 km. The predicteddecreas@n
ozonenear40 km resultingfrom the buildup of halogens
duringthe pastsereraldecadess mitigatedby 50%,if an



additionalpathway for productionof HCI is includedin
models,resultingin closeragreemenbetweenobsened
andpredictedtrendsin O3 at thesealtitudes[Chanda et
al., 1993]. Above 45 km, HOy catalyzeccyclesdominate
ozondoss,with theimportanceof halogercyclesdecreas-
ing with increasingaltitudeinto themesospherdnclusion
of an additionalsourceof HCI may not be sufiicient to
solve theimbalancebetweemodeledproductionandloss
at altitudesat which reaction(2) dominatedoss of odd
oxygen[Crutzenand Scmailzl 1983; Froidevauxet al.,
1985; Eluszkigvicz and Allen, 1993]. New obsenations
of HOy radicals,measuredgimultaneouslyith Oz, NO,,
andCIO, will be necessaryo advanceour understanding
of thebudgetof O3 ataltitudeshigherthan38 km.

Numerougecentatmospheriobsenationsareconsis-
tentwith ourfindingsthatCIO is overpredictedy models.
Thestudyof Minschwaneretal. [1993] concludespnthe
basisof constraintsmposedoy ATMOS measurementsf
03, NO, NOz, N205, HNOg, C|N03, HC|, HgO,andCH4,
that productionandlossof odd oxygenwill balancenear
40 km if a minor branchof the reactionof CIO with OH
resultsin productionof HCI. The more recentstudy of
ATMOS andMAS (CIO) databy Michelsenetal. [1996]
addsfurther supportfor anadditionalproductionchannel
for HCI. Similarconclusionsverereachedy Chanda et
al. [1993],whofoundthatsubmillimetetheterodynenea-
surement®f ClO andHCI [Stadiniketal., 1992]andthe
obsenedahundanceandseasonavariationof Oz near40
km were bettersimulatedby allowing for the additional
pathway for productionof HCI.

A morerecenttheoreticalstudy[Crutzenet al., 1995]
onthebalanceof productionandlossof oddoxygenbased
onconstraintprovidedby HALOE measurements HCI,
NO,, H20, and O3 foundthatproductionusuallyexceeds
lossin themiddleandupperstratospheresspeciallyabove
45 km. The studyof Dessleret al. [1996] took the anal-
ysisof UARS dataonestepfurtherby incorporatingMLS
measurementsf ClIO and Oz and CLAES obsenations
of NO; at40 and46 km, usingthediurnalvariationof the
radicalsto discusgproductiorandlossof Os. Theirmodel
overestimateshe measured|O by anamountconsistent
with thatshovn in our studyanduseof themeasureI|O
broughttheir modeledproductionandloss of ozoneinto
nearbalance.The Dessleret al. studyfurther statesthat
by consideringMLS measurementsf Oz insteadof HA-
LOE valuesthe O3 surplusfoundby Crutzenetal. would
insteadbea deficit.

6. Conclusions

We have usedthe first set of simultaneousneasure-
mentsof the radicalsthat dominateloss of ozonein the
middle stratosphere¢o testour understandingf the par
titioning of theseradicalsand to determinethe relative
contribution of eachradicalfamily to lossof ozone.The
accurag of this setof radicalmeasurements sufficient
to demonstratehat (1) NOy loss cyclesdominateozone
lossbetween?4 and 38 km, aspredictedby models;(2)
modeledNOy andHOy catalyzedossratesof ozoneare
consistentwith the measurementq3) Cly lossratesare
measuredo be abouta factorof 2 slower thanthe calcu-
latedratesabove 30 km; (4) the measuredotal lossrates
of ozonebalanceroductiorratesat 32 and38km; and(5)
inclusionof a channeffor extra productionof HCI in the
photochemicainodelresultsn abalancéetweemproduc-
tion andlossof O3 above 31 km andagreemenbetween
obseredandcalculatedClO, HOCI, andHCI. Thesecon-
clusionsdemonstrat¢hatour first-orderunderstandingf
processethat regulatethe partitioningof radicalsis cor-
rectandthat models,provided they allow for production
of HCI eitherby the reactionof CIO andOH or by some
othercurrentlyunknavn procesghat resultsin a similar
partitioningof inorganicchlorinespecieshouldprovidea
realisticdescriptionof therelative rateof removal of odd
oxygenin the lower and middle stratospherdy eachof
themajor catalyticcycles.
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