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Abstract

Balloon-borneobservationsof concentrationsof OH, HO2, H2O, andO3 in themiddleandupper
stratosphereareusedto testourunderstandingof HOx photochemistry. Assumingourphotochemical
modelis complete,themeasured[OH] and[HO2] above38km (whereHOx partitioningis no longer
dependenton [NO]) aremodeledbestby calculationsthatusea25%reductionin theratioof the
reactionrateconstantsfor O+HO2 andO+OHaswell aseithera25%reductionof therateconstantof
OH+HO2 (theprimaryHOx sink)or a25%increasein HOx production.All of thesechangesare
consistentwith theuncertaintiesin therecommendedrateconstants.Thekineticparametersrequiredto
explainourobservationsof [OH] and[HO2] donot leadto a resolutionof thelong-standing“ozone
deficitproblem”above45km.
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1. Introduction

HOx (definedhereasOH+HO2) is producedin theup-
perstratosphereandmesosphereprincipallyvia

H2O
�

O(1D) � OH
�

OH (1)

andby photolysisof H2O above60km. TheprimaryHOx
lossreactionis

HO2
�

OH � O2
�

H2O � (2)

althoughthereactionof OH with HNO3 becomesan im-
portantHOx sink in the lower and middle stratosphere.
The partitioningbetweenOH andHO2 is driven mostly
by thereactions

HO2
�

O � OH
�

O2 � (3)

OH
�

O � O2
�

H � (4)

HO2
�

NO � OH
�

NO2 � (5)

and

OH
�

O3 � HO2
�

O2 � (6)

Reactions3 and4 dominatethepartitioningof HOx above
approximately38km, while reactions5 and6 (alongwith
HO2+O3) dominateat lower altitudes. The H atompro-
ducedin reaction4 is quickly convertedto HO2 by reac-
tion with O2, which is about10 timesfasterthanits reac-
tion with O3 thatrecreatesOH at thesealtitudes.

Recentmeasurementsof [OH] and [HO2] individu-
ally have suggestedan incompleteunderstandingof HOx
chemistry in the middle atmosphere. Summers et al.
[1997] reportedmeasurementsof [OH] between50 and
80 km that were � 25–30%lower than expectedbased
on standardphotochemicaltheory. Sandor and Clancy
[1998]foundthatground-basedmicrowavemeasurements
of [HO2] were25–30%higherthanexpected.Sincenei-
therof thesestudiesobtainedsimultaneousmeasurements
of [OH] and[HO2], it is not possibleto discernwhether
thereporteddiscrepanciesweredueto errorsin theparti-
tioning of HOx, in the balanceof productionandlossof
HOx, or a combinationof bothfactors.

The Far InfraredSpectrometer(FIRS-2)simultaneous
measurementsof concentrationsof OH, HO2, H2O, and
O3 presentedhereprovide a stringenttest of our under-
standingof thephotochemistryof HOx. Weshow: a)mea-
sured[OH] agreesreasonablywell with, and measured
[HO2] is significantlyhigher than, valuescalculatedus-
ing standardkinetic parametersfor altitudesbetween40
and 50 km; b) modificationsto both the partitioning of
HOx andthe balanceof productionand lossof HOx are
necessaryto explain the observed [HO2]/[OH] ratio and

abundanceof HOx; c) the changesto reactionratespro-
posedby Summers et al. [1997] andSandor and Clancy
[1998] to explain their observationsareinconsistentwith
thesimultaneousFIRS-2observationsof [OH] and[HO2].
Furthermore,theFIRS-2observationsareunlikely to help
resolve the ”ozonedeficit problem”above 45 km. Mod-
els that describewell our observed profilesof [OH] and
[HO2] either have similar, or enhanced,imbalancesbe-
tweenproductionandlossof O3 comparedto thestandard
calculation.

2. Measurements and Model

TheFIRS-2is a thermalemissionfar-infraredFourier
transformspectrometerdevelopedat theSmithsonianAs-
trophysicalObservatory and operatesmostly from bal-
loons [Johnson et al., 1995]. The spectrometerhasre-
centlybeenupgradedwith anew beamsplitter[Dobrowol-
ski and Traub, 1996] to obtainnearly completespectral
coveragebetween75 and1000cm� 1 with high interfer-
ometric efficiency. Currently, FIRS-2spectrayield ver-
tical concentrationprofilesof over 28 molecules. Mea-
suredslant columnsare fit in an onion-peelingfashion
and a singular-valuedecompositionroutine is then used
to retrieve mixing ratioson a 1 km verticalgrid [Johnson
et al., 1996]. The concentrationsabove the balloonalti-
tudearedeterminedfrom theobservedoverheadcolumns
retrieved from the FIRS-2spectraandconstrainedeither
by the profile shapecalculatedusing the photochemical
modeldescribedbelow or climatologicalprofiles.

The measurementspresentedherewereobtaineddur-
ing a balloonflight from Fairbanks,Alaskaon 30 April
1997aspart of the ADvancedEarthObservingSatellite
(ADEOS)Alaskavalidationcampaign.We producedtwo
setsof profiles: onefrom spectraobtainedwhile observ-
ing to thenorth,at 9:15 � 1 hr local solartime, centered
at69� N, 149� W andasecondfrom spectraobtainedwhile
observingto the northwest,at 11:15 � 1.5 hr local solar
time,centeredat 68� N, 157� W. Theballoonfloat altitude
was37km.

[OH] is retrievedfrom11rotationaltransitionsbetween
83and230cm� 1 and[HO2] is retrievedfrom43rotational
transitionsbetween110and220cm� 1. Thesystematicer-
ror duetouncertaintiesin thespectroscopicparametersfor
OH andHO2 rotationaltransitionsis small. Our estimate
of the total systematicuncertaintyfor the retrievals pre-
sentedhereis 5%for [OH] and3%for [HO2].

InvestigatingHOx photochemistryin the middle and
upper stratosphererequires accuratemeasurementsof
[O3] (usedto derive concentrationsof O and O(1D) as
well asthephotolyticenvironment)and[H2O]. TheFIRS-
2 profilesof [O3] areretrievedusingrotationaltransitions
between80 and130 cm� 1 andro-vibrationaltransitions
between750and810cm� 1. Theobservedconcentration
profile of [O3] is shown in Figure1a,alongwith a profile
obtainedby an in situ UV photometeron the samegon-
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Figure 1. (a)Balloon-bornemixing ratiosof O3 retrieved
by FIRS-2andanin-situphotometeraswell asILAS dur-
ing a nearlycoincidentoccultationon 30 April 1997in
northernAlaska.(b) Mixing ratiosof H2O retrievedfrom
the sameFIRS-2dataset. FIRS-2datapointsabove 38
km arederived from columnmeasurementsconstrained
by climatologicalvalues.MeasuredO3 andH2O areused
to constrainthephotochemicalmodelcalculations.

dolaanda nearby[O3] profile measuredby theImproved
Limb AtmosphericSounder(ILAS) instrument(version
3.0data)onboardADEOS.Thegoodagreementbetween
theFIRS-2,in-situ,andILAS profiles(asyetunvalidated)
below 38km suggestsILAS hasaccuratelymeasured[O3]
in themiddlestratosphere.Above38km, theoverheadO3
columnretrievedby FIRS-2is in goodagreementwith the
columnabove 38 km determinedfrom the ILAS profile.
Thus,we areconfidentthat the ILAS [O3] measurement
is accurate(it a variationof about10%dependingon the
inversionalgorithmused)andconfirmstheclimatological
profile shapeusedto constrainthe FIRS-2profile above
38km.

TheFIRS-2measurementsof [H2O] areplottedin Fig-
ure1b. [H2O] is retrievedusingrotationaltransitionsbe-
tween140 and500cm� 1, selectedto reducethe system-
aticuncertaintiesto 5%. Theprofileshapeabove38km is
constrainedby climatology. TheFIRS-2concentrationsof
[H2O] above35km are � 8%higherthanthoseof HALOE

Figure 2. Measuredandmodeledconcentrationsof OH,
HO2, andHOx aswell as[HO2]/[OH] from the FIRS-2
balloon flight on 30 April 1997 for the first set of ob-
servationsat 69� N, 149� W 9:15 local solar time. All
model curves are constrainedby simultaneousFIRS-2
measurementsof temperature,O3 and H2O. Model A
usesstandardphotochemicalreactionratesandcrosssec-
tions, model B has the rate constantfor O+HO2 de-
creasedby 50%,modelC hasO+OH decreasedby 20%
and OH+HO2 increasedby 30%, and model D hasthe
rateconstantsfor O+HO2 andOH+HO2 bothreducedby
25%.

for similar latitudesand time of year. Use of HALOE
[H2O] would decreasethemodeledHOx discussedbelow
by 4% andincreasethedifferencebetweenmeasuredand
calculatedvalues.

The photochemicalmodel employed here has been
usedpreviously to interpretdatafrom aircraft, satellite,
andballoonplatforms[Jucks et al., 1996andreferences
therein]. In thepresentanalysis,themodelis constrained
by FIRS-2 measurementsof [O3], [H2O], [Cly], [NOy],
[N2O] (to infer [CH4]), andtemperaturein themiddleand
upperstratosphere.

3. Discussion

Themeasuredconcentrationprofilesof OH, HO2, and
total HOx aswell as[HO2]/[OH] between30 and50 km
areshown in Figure2. Only thefirst of thetwo setsof data
is displayedherefor simplicity, but bothsetsshow quan-
titatively consistentcomparisonswith the modelcalcula-
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tions discussedbelow. Above 35 km, measuredconcen-
trationsof OH arein reasonableagreementwith thevalues
calculatedusingrecommendedreactionratesandabsorp-
tion crosssectionsfrom DeMore et al. [1997] (modelA)
while measuredconcentrationsof HO2 are � 25%higher
thanthecalculatedvaluesfrom modelA. Thediscrepancy
for [HO2] is similarto thatreportedbySandor and Clancy,
[1998]for altitudesabove50km. Thegoodagreementfor
[OH] is similar to thatreportednear40km by Pickett and
Peterson [1996].

Summers et al. [1997]reportedlowerconcentrationsof
OH between50 and80 km thancalculatedusingrecom-
mendedreactionratesandcrosssections. They showed
agreementwith theMAHRSI observationsof [OH] would
be improved if eitherthe rateconstantof reaction3 (k3)
werereducedby 50%(modelB in Figure2) or k2 wasin-
creasedby 20%andk3 wasreducedby 30%(modelC in
Figure2). Thelatterchangesarewithin theuncertainties
givenby DeMore et al. [1997]. Our modelsB andC use
thesamekineticparametersasthesimilarlynamedmodels
of Summers et al. [1997]. Model B is alsosimilar to the
kineticchangefavoredby Sandor and Clancy [1998](they
useda40%reductionin k3) to explaintheirmeasurements
of [HO2].

Neither model B or C lead to calculatedprofiles for
both [OH] and[HO2] thatareconsistentwith theFIRS-2
observations.Both resultin [OH] significantlylower than
measured.The model C calculationalso resultsin sig-
nificantly lower [HO2] thanobserved. Thedifferencebe-
tweentheobservedandmodeledcolumnsof OH andHO2
between38and50km (usingbothsetsof [HOx] retrievals
describedabove)hasa reducedχ2 of 5.3,7.8,and7.9 for
modelsA, B, andC, respectively.

Thecontrastingconclusionsregardingour understand-
ing of HOx photochemistrydrawn from the FIRS-2and
MAHRSI observationsappearto resultfrom a fundamen-
tal measurementdifference,sinceour model reproduces
theSummers et al. [1997]calculations.Thetwo measure-
mentsof [OH] aredifficult to comparedirectly since50
km is boththelowestaltitudepoint reportedby MAHRSI
and the highestaltitude point by FIRS-2. The differ-
encesbetweenthe concentrationsof [OH] measuredby
MAHRSI and the modelA calculationsarecloseto the
systematicuncertaintiesof 23%quotedin Summers et al.
[1997].

TheFIRS-2observationsof the [HO2]/[OH] ratio im-
ply thepartitioningof HOx is not calculatedcorrectlyus-
ing thekinetic parametersof DeMore et al. [1997]. This
suggestseithera modificationto theratio of k3/k4 is nec-
essary(theobservationscannotbeusedtodiscriminatebe-
tweenthetwo rates)or elsethereexistsanundocumented
reactionthatconvertsOH to HO2 thatwould needto pro-
ceedat an approximate24 hour averagerateof 2.8 � 105

molec/cm3/secat48km. Suchareactionis unlikely given
theextensive laboratorystudiesof OH reactionsover the
pasttwo decades.Themeasured[HO2]/[OH] ratio is con-

sistentwith k3/k4 equalto 1.34at250K. Keyser [1983]re-
porteda laboratorymeasurementat roomtemperaturefor
k3/k4 of 1.7 � 0.2, with an overall experimentalerror of

� 25%. While theratio of therateconstantsfor reactions
(3) and(4) necessaryto explaintheFIRS-2observationsis
systematicallylower thantheexisting laboratorydata,we
notethat theexperimentof Keyser [1983] wasconducted
only at room temperatureandthat the ratio for k3/k4 re-
quiredto accountfor theFIRS-2observationsis within the
overallexperimentalerrorof thelaboratorymeasurement.

TheFIRS-2observationsof theabundanceof OH and
HO2 imply alsothat thebalancebetweenproductionand
loss of HOx is not calculatedcorrectly by the standard
model. Thereactionof OH andHO2 [reaction(2)] is the
dominantsink for HOx in the upperstratosphere.Since
the measuredproductof [OH] � [HO2] is larger than the
productcalculatedusingmodelA, either the production
rateof HOx mustbe increasedor the rateconstantof the
loss reactiondecreasedto lead to betteragreementwith
themeasurements.

Thereareconsiderableuncertaintiesin theproduction
rateof HOx, which dependson thephotolysisrateof O3,
the quantumyield of O(1D), andk1. The existing labo-
ratorymeasurementsof k2 show wide variation,reflected
in the large uncertainty(52% at 240 K) associatedwith
therecommendedrate[DeMore et al., 1997]. Equivalent
valuesfor calculated[OH] and[HO2] resultif, insteadof
decreasingk2, a comparableincreasewere usedfor k1.
Finally, we note that thereis little couplingbetweenthe
partitioningreactionsandtheproduction/lossreactionsat
thesealtitudesbecausethepartitioningreactionsoccurat
ratesabout50 timesthe rateof the production/lossreac-
tions.Consequently, changesalonein theratesof thepro-
duction/lossreactionshave little effect on the calculated
[HO2]/[OH] ratio.

Goodagreementis obtainedwith theFIRS-2observa-
tionsof [OH] and[HO2] above35 km whentheratecon-
stantsof reactions2 and3arebothreducedby 25%(model
D in Figure2). We emphasizethatcomparableresultsare
obtainedfor � 25%increasesin theratesof reactions1 and
4. ThedifferencebetweentheobservationsandmodelD
profilesfor [OH] and[HO2] hasareducedχ2 of 1.2;a5%
changein eitherratealterationdoublesthereducedχ2. As
with modelC, thevaluesof k2 andk3 adoptedin modelD
areconsistentwith the uncertaintiesgiven by DeMore et
al. [1997].

Below 35 km, reaction5 startsto dominateHOx parti-
tioning. This is evident at the lower altitudesof the data
presentedin Figure2,wherethe[HO2]/[OH] ratiois small
comparedto themodel,implying higher[NO] thancalcu-
lated.Oursimultaneousmeasurementsof NO2 andHNO3
suggestthat the modelunderestimatesNOx in a manner
consistentwith the imbalancein observed [HO2]/[OH]
(Jucksetal.,manuscriptin preparation).
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4. Implications for Ozone

The requiredchangesin rate constantsneededto ac-
countfor our observationsof HOx will have eithera neg-
ligible or worseningeffect on the “ozone deficit” prob-
lem above 45 km [Osterman et al., 1997andreferences
therein].Goodagreementwith theFIRS-2measurements
is obtainedif therateconstantfor O+HO2 (k3), thedom-
inant rate limiting stepfor lossof odd oxygenabove 45
km, is reducedby 25%togetherwith eitheranincreasein
k1 or adecreasein k2 (modelD). Sinceobserved[HO2] is
roughly25%higherthanvaluescalculatedusingstandard
kinetics(modelA), thecalculatedimbalancebetweenpro-
ductionandlossof oddoxygenfoundusingmodelD (loss
is 30%greaterthanproductionat 48 km) is nearlyidenti-
cal to thatfoundusingmodelA. If therateof O+OH(k4)
is insteadincreasedby 25% a larger imbalancebetween
productionand loss of odd oxygen results(loss � 50%
greaterthanproductionat48km) becausethehigherthan
expectedconcentrationsof [HO2] arenolongeroffsetby a
changein therateof thelimiting step.Sandor and Clancy
[1998] proposedthat reducingk2 by 40% would resolve
theozonedeficit above 45 km. However, asnotedabove,
this changealoneresultsin discrepanciesbetweentheory
andFIRS-2observationsof [OH], andconsequentlywedo
not considerit to bea viablesolutionto theozonedeficit
problem.

It appearsthat thesolutionto the“ozonedeficit” prob-
lem at thesealtitudeslies eitherwith the calculatedpro-
ductionrateof odd oxygenor with calculatedconcentra-
tions of O. Thereareno observationalconstraintson the
calculatedconcentrationsof O at therequiredquantitative
level. Recentstudieshave proposedscenariosinvolving
vibrationallyexcitedO2 thatcould leadto increasedpro-
ductionof oddoxygen,but critical aspectsof this process
involving the quenchingof O2 (v 	 26) await laboratory
confirmation[Toumi et al., 1996]. This scenariowould
have thelargesteffect on calculatedproductionratesnear
48 km, andhave a significantlylessereffect near35 km,
wherecalculatedproductionandlossarefoundto balance.
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