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Abstract

Balloon-borneobsenationsof concentrationsf OH, HO,, H,O, andOs3 in themiddleandupper
stratospherareusedto testour understandingf HOx photochemistryAssumingour photochemical
modelis completethe measuredOH] and[HO,] above 38 km (whereHOy partitioningis nolonger
dependendn [NO]) aremodeledbestby calculationghatusea 25%reductionin theratio of the
reactionrateconstantgor O+HO, andO+OH aswell aseithera 25%reductionof therateconstanbf
OH+HO, (theprimaryHOy sink) or a25%increasen HOy production.All of thesechangesire
consistentvith theuncertaintiesn therecommendedateconstantsThekinetic parametersequiredto
explain our obsenationsof [OH] and[HO,] do notleadto aresolutionof thelong-standingozone
deficitproblem”above 45 km.



1. Introduction

HO (definedhereasOH+HQO,) is producedn theup-
perstratospherandmesospherprincipally via

H>0+ O(*D) — OH+ OH (1)

andby photolysisof H,O above 60 km. TheprimaryHOx
lossreactionis

HO2 + OH — O+ H20, (2)

althoughthereactionof OH with HNO3; becomesanim-
portantHOy sink in the lower and middle stratosphere.
The partitioning betweenOH andHO; is driven mostly
by thereactions

HO2 + O — OH+Og, 3
OH+0O— O2+H, (4)
HO2 + NO — OH+ NOg, (5)
and
OH+ 03 = HOz + Os. (6)

Reactions3 and4 dominatethe partitioningof HO, above
approximately38 km, while reactionss and6 (alongwith
HO,+03) dominateat lower altitudes. The H atom pro-
ducedin reaction4 is quickly corvertedto HO, by reac-
tion with O, whichis about10 timesfasterthanits reac-
tion with O3 thatrecreate©H atthesealtitudes.

Recentmeasurementsf [OH] and [HO] individu-
ally have suggesteénincompleteunderstandin@f HOx
chemistryin the middle atmosphere. Summers et al.
[1997] reportedmeasurementsf [OH] between50 and
80 km that were ~25-30%lower than expectedbased
on standardphotochemicatheory Sandor and Clancy
[1998]foundthatground-basethicrovave measurements
of [HO;] were25-30%higherthanexpected.Sincenei-
therof thesestudiesobtainedsimultaneousneasurements
of [OH] and[HOg], it is not possibleto discernwhether
thereporteddiscrepanciesveredueto errorsin the parti-
tioning of HOy, in the balanceof productionandloss of
HO, or acombinatiorof bothfactors.

The Far Infrared Spectromete(FIRS-2) simultaneous
measurementsf concentration®f OH, HO,, H>0, and
O3 presentechereprovide a stringenttest of our under
standingof thephotochemistrpf HO,. We show: a) mea-
sured[OH] agreesreasonablywell with, and measured
[HO9] is significantly higherthan, valuescalculatedus-
ing standardkinetic parametergor altitudesbetween40
and 50 km; b) modificationsto both the partitioning of
HOy andthe balanceof productionandlossof HOy are
necessaryo explain the obsered [HO]/[OH] ratio and

alundanceof HOy; c) the changego reactionratespro-
posedby Summers et al. [1997] and Sandor and Clancy
[1998] to explain their obsenationsareinconsistentvith
thesimultaneou&IRS-2o0bsenationsof [OH] and[HO2].
Furthermorethe FIRS-2obsenationsareunlikely to help
resole the "ozone deficit problem” above 45 km. Mod-
els that describewell our obsened profiles of [OH] and
[HO3] either have similar, or enhancedjmbalancesbe-
tweenproductionandlossof O3 comparedo thestandard
calculation.

2. Measurementsand Mode

The FIRS-2is a thermalemissionfar-infrared Fourier
transformspectrometedevelopedat the SmithsoniarAs-
trophysical Obsenratory and operatesmostly from bal-
loons[Johnson et al., 1995]. The spectrometehasre-
centlybeenupgradedvith anew beamsplittef Dobrowol-
ski and Traub, 1996]to obtain nearly completespectral
coveragebetween75 and 1000cm™ with high interfer
ometric efficiengy. Currently FIRS-2 spectrayield ver
tical concentratiorprofiles of over 28 molecules. Mea-
suredslant columnsare fit in an onion-peelingfashion
and a singularvalue decompositiorroutineis then used
to retrieve mixing ratioson a 1 km vertical grid [Johnson
et al., 1996]. The concentrationgbove the balloon alti-
tudearedeterminedrom the obsenedoverheadcolumns
retrieved from the FIRS-2 spectraand constraineckither
by the profile shapecalculatedusing the photochemical
modeldescribedelow or climatologicalprofiles.

The measurementpresentecherewere obtaineddur-
ing a balloonflight from Fairbanks,Alaskaon 30 April
1997 as part of the ADvancedEarth ObservingSatellite
(ADEOS)Alaskavalidationcampaign We producedwo
setsof profiles: onefrom spectraobtainedwhile observ-
ing to the north,at 9:15+ 1 hr local solartime, centered
at6’N, 149W andasecondrom spectraobtainedvhile
observingto the northwest,at 11:15+ 1.5 hr local solar
time, centerecht 68°N, 157°W. Theballoonfloat altitude
was37 km.

[OH] isretrievedfrom 11 rotationaltransitiondetween
83and230cm™t and[HO,] is retrievedfrom 43rotational
transitionsbetweerl 10and220cm™. Thesystemati@r-
ror dueto uncertaintiesn thespectroscopiparameterfor
OH andHO> rotationaltransitionsis small. Our estimate
of the total systematiauncertaintyfor the retrievals pre-
sentechereis 5% for [OH] and3% for [HO].

InvestigatingHOx photochemistryin the middle and
upper stratosphererequires accuratemeasurement®f
[O3] (usedto derive concentrationsf O and O(*D) as
well asthephotolyticervironment)and[H»0]. TheFIRS-
2 profilesof [O3] areretrievedusingrotationaltransitions
between80 and 130 cm~ and ro-vibrationaltransitions
between750and810cm~1. The obsened concentration
profile of [O3] is shavn in Figurela,alongwith a profile
obtainedby anin situ UV photometeon the samegon-
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Figure 1. (a) Balloon-bornemixing ratiosof Os retrieved
by FIRS-2andanin-situ photometeaswell aslLAS dur-
ing a nearly coincidentoccultationon 30 April 1997in
northernAlaska. (b) Mixing ratiosof H,O retrievedfrom
the sameFIRS-2dataset. FIRS-2datapointsabove 38
km are derived from columnmeasurementsonstrained
by climatologicalvalues.Measuredd; andH,0 areused
to constrainthe photochemicamodelcalculations.

dolaanda nearby[O3] profile measuredy the Improved
Limb AtmosphericSounder(ILAS) instrument(version
3.0data)onboardADEOS. Thegoodagreemenibetween
theFIRS-2,in-situ,andILAS profiles(asyetunvalidated)
belon 38 km suggestdl AS hasaccuratelymeasuredOs]
in themiddlestratosphereAbove 38 km, theoverheadds
columnretrievedby FIRS-2is in goodagreementvith the
columnabove 38 km determinedrom the ILAS profile.
Thus,we are confidentthatthe ILAS [O3] measurement
is accuratg(it a variationof about10% dependingon the
inversionalgorithmused)andconfirmsthe climatological
profile shapeusedto constrainthe FIRS-2 profile above
38km.

TheFIRS-2measurementsf [H2O] areplottedin Fig-
ure 1b. [H,O] is retrieved usingrotationaltransitionsbe-
tween140and500cm™1, selectedo reducethe system-
aticuncertaintie$o 5%. The profile shapeabove 38 km is
constrainedy climatology TheFIRS-2concentrationsf
[H20] above35km are~8% higherthanthoseof HALOE
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Figure 2. Measuredandmodeledconcentrationsf OH,
HO,, andHOy aswell as[HO,]/[OH] from the FIRS-2
balloon flight on 30 April 1997 for the first set of ob-
senationsat 69°N, 14%W 9:15 local solartime. All

model curves are constrainedby simultaneous-IRS-2
measurementsf temperature O3 and H,O. Model A
usesstandarghotochemicaleactionratesandcrosssec-
tions, model B has the rate constantfor O+HGO, de-
creasedy 50%, modelC hasO+OH decreasethy 20%
and OH+HGQO; increasedoy 30%, and model D hasthe
rateconstantgor O+HGO, andOH+HO;, bothreducedy
25%.

for similar latitudesand time of year Use of HALOE
[H20] would decreas¢he modeledHOy discussedbelon
by 4% andincreasehedifferencebetweermeasurednd
calculatedvalues.

The photochemicalmodel employed here has been
usedpreviously to interpretdatafrom aircraft, satellite,
and balloon platforms[Jucks et al., 1996 andreferences
therein]. In the presentanalysisthe modelis constrained
by FIRS-2measurementsf [Oz], [H20], [Cly], [NOy],
[N2O] (to infer [CH4]), andtemperaturén themiddleand
upperstratosphere.

3. Discussion

The measuredoncentratiorprofilesof OH, HO,, and
total HOx aswell as[HO;]/[OH] between30 and50 km
areshavnin Figure2. Only thefirst of thetwo setsof data
is displayedherefor simplicity, but both setsshov quan-
titatively consistentomparisonsvith the modelcalcula-



tions discussedelon. Above 35 km, measurectoncen-
trationsof OH arein reasonablagreementvith thevalues
calculatedusingrecommendedeactionratesandabsorp-
tion crosssectiondrom DeMore et al. [1997] (modelA)
while measureatoncentration®f HO, are ~25% higher
thanthe calculatedraluesfrom modelA. Thediscrepang
for [HO4] is similarto thatreportedoy Sandor and Clancy,
[1998]for altitudesabore 50 km. Thegoodagreementor
[OH] is similarto thatreportechear40 km by Pickett and
Peterson [1996].

Summerset al. [1997]reportedower concentrationsf
OH betweens50 and 80 km than calculatedusingrecom-
mendedreactionratesand crosssections. They shoved
agreementvith theMAHRSI obsenationsof [OH] would
be improvedif eitherthe rate constantof reaction3 (k3)
werereduceddy 50% (modelB in Figure?2) or ko wasin-
creasedy 20% andks wasreducedoy 30% (modelC in
Figure?). Thelatterchangesarewithin the uncertainties
givenby DeMore et al. [1997]. Our modelsB andC use
thesamekinetic parameterasthesimilarly namedmodels
of Summers et al. [1997]. Model B is alsosimilar to the
kineticchangdavoredby Sandor and Clancy [1998] (they
useda40%reductionin k3) to explaintheirmeasurements
of [HO2].

Neither model B or C leadto calculatedprofiles for
both[OH] and[HO>] thatareconsistentvith the FIRS-2
obsenations.Bothresultin [OH] significantlylowerthan
measured. The model C calculationalso resultsin sig-
nificantly lower [HO] thanobsened. The differencebe-
tweenthe obseredandmodeledcolumnsof OH andHO»
betweer88 and50km (usingbothsetsof [HO,] retrievals
describechbove) hasa reducedy? of 5.3,7.8,and7.9for
modelsA, B, andC, respectiely.

The contrastingconclusiongegardingour understand-
ing of HOy photochemistrydravn from the FIRS-2 and
MAHRSI obsenationsappeatto resultfrom afundamen-
tal measuremendifference,since our model reproduces
the Summers et al. [1997] calculations.Thetwo measure-
mentsof [OH] are difficult to comparedirectly since50
km is boththelowestaltitudepoint reportecby MAHRSI
and the highestaltitude point by FIRS-2. The differ-
encesbetweenthe concentration®f [OH] measurediy
MAHRSI andthe model A calculationsare closeto the
systematiaincertaintie®f 23% quotedin Summers et al.
[1997].

The FIRS-2obsenrationsof the [HO2]/[OH] ratio im-
ply the partitioningof HOy is not calculatedcorrectlyus-
ing thekinetic parametersf DeMore et al. [1997]. This
suggest®ithera modificationto theratio of ks/ks is nec-
essarytheobsenationscannoteusedo discriminatebe-
tweenthetwo rates)or elsethereexistsanundocumented
reactionthatconvertsOH to HO, thatwould needto pro-
ceedat an approximate24 hour averagerate of 2.8x 10°
molec/cni/secat48 km. Suchareactionis unlikely given
the extensie laboratorystudiesof OH reactionsover the
pasttwo decadesThe measuredHO,]/[OH] ratiois con-

sistentwith ks/k4 equalto 1.34at250K. Keyser [1983]re-
porteda laboratorymeasuremerdat roomtemperaturéor
ka/k4 of 1.7 + 0.2, with anoverall experimentalerror of
+25%. While theratio of the rateconstantgor reactions
(3) and(4) necessario explainthe FIRS-2obsenationsis
systematicallyower thanthe existing laboratorydata,we
notethatthe experimentof Keyser [1983] wasconducted
only at room temperatureandthat the ratio for ks/k4 re-
quiredto accounfor theFIRS-2obsenationsis within the
overall experimentakrrorof thelaboratorymeasurement.

The FIRS-2obsenationsof the abundanceof OH and
HO, imply alsothatthe balancebetweenproductionand
loss of HOy is not calculatedcorrectly by the standard
model. Thereactionof OH andHO; [reaction(2)] is the
dominantsink for HO in the upperstratosphere Since
the measuredroductof [OH] x[HO3] is larger thanthe
productcalculatedusingmodel A, eitherthe production
rate of HOy, mustbe increasedr the rate constanof the
loss reactiondecreasedo leadto betteragreementvith
themeasurements.

Thereare considerableincertaintiesn the production
rateof HOy, which dependn the photolysisrate of Og,
the quantumyield of O(*D), andky. The existing labo-
ratory measurementsf ko shov wide variation,reflected
in the large uncertainty(52% at 240 K) associatedvith
therecommendedate[DeMore et al., 1997]. Equivalent
valuesfor calculatedOH] and[HO3] resultif, insteadof
decreasingky, a comparablencreasewere usedfor kj.
Finally, we notethatthereis little couplingbetweenthe
partitioningreactionsandthe production/losseactionsat
thesealtitudesbecausehe partitioningreactionsoccurat
ratesabout50 timesthe rate of the production/losseac-
tions. Consequentlychangeslonein theratesof thepro-
duction/lossreactionshave little effect on the calculated
[HO2)/[OH] ratio.

Goodagreements obtainedwith the FIRS-2obsera-
tionsof [OH] and[HO] above 35 km whentheratecon-
stantof reaction®2 and3 arebothreducedy 25%(model
D in Figure2). We emphasize¢hatcomparableesultsare
obtainedor ~25%increase theratesof reactionsl and
4. Thedifferencebetweerthe obsenationsand modelD
profilesfor [OH] and[HO,] hasareducedi? of 1.2;a5%
changen eitherratealterationdoubleshereduced(?. As
with modelC, thevaluesof ko andks adoptedn modelD
are consistentvith the uncertaintiegjiven by DeMore et
al. [1997].

Below 35 km, reaction5 startsto dominateHOy parti-
tioning. This is evidentat the lower altitudesof the data
presentedh Figure2, wherethe[HO,]/[OH] ratiois small
comparedo themodel,implying higher[NO] thancalcu-
lated.Our simultaneousneasurementst NO, andHNO3
suggesthat the modelunderestimateBblOy in a manner
consistentwith the imbalancein obsened [HO,]/[OH]
(Jucksetal., manuscripin preparation).



4. Implicationsfor Ozone

The requiredchangesn rate constantseededo ac-
countfor our obsenationsof HOy will have eithera neg-
ligible or worseningeffect on the “ozone deficit” prob-
lem above 45 km [Osterman et al., 1997 andreferences
therein]. Goodagreementvith the FIRS-2measurements
is obtainedif the rateconstanfor O+HGO, (k3), thedom-
inantrate limiting stepfor loss of odd oxygenabove 45
km, is reducedy 25%togethemwith eitheranincreasen
k, or adecreas@n ko (modelD). Sinceobsened[HO>] is
roughly25%higherthanvaluescalculatedusingstandard
kinetics(modelA), thecalculatedmbalancebetweermro-
ductionandlossof oddoxygenfoundusingmodelD (loss
is 30% greaterthanproductionat 48 km) is nearlyidenti-
calto thatfoundusingmodelA. If therateof O+OH (k)
is insteadincreasedyy 25% a larger imbalancebetween
productionand loss of odd oxygenresults(loss ~50%
greaterthanproductionat 48 km) becausé¢he higherthan
expectedconcentrationsf [HO2] arenolongeroffsetby a
changen therateof thelimiting step.Sandor and Clancy
[1998] proposedhat reducingk, by 40% would resohe
the ozonedeficit above 45 km. However, asnotedabove,
this changealoneresultsin discrepanciebetweertheory
andFIRS-2obsenationsof [OH], andconsequentlywe do
not considerit to be a viable solutionto the ozonedeficit
problem.

It appearghatthe solutionto the“ozonedeficit” prob-
lem at thesealtitudeslies eitherwith the calculatedpro-
ductionrate of odd oxygenor with calculatedconcentra-
tions of O. Thereareno obsenationalconstraintson the
calculatecconcentrationsf O attherequiredquantitatve
level. Recentstudieshave proposedscenariosnvolving
vibrationally excited O, that could leadto increasedro-
ductionof odd oxygen,but critical aspect®f this process
involving the quenchingof O, (v>26) await laboratory
confirmation[Toumi et al., 1996]. This scenariowould
have the largesteffect on calculatedproductionratesnear
48 km, andhave a significantlylessereffect near35 km,
wherecalculatecroductiorandlossarefoundto balance.
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