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Abstract

Wepresentremote-sensingmeasurementsof theabundanceof nitric acid(HNO� ) in thelowerand
middlestratosphere(between16and40km) coveringtheperiod1989–1997.Themeasurementswere
madewith theSmithsonianAstrophysicalObservatoryFar-InfraredSpectrometer(FIRS-2)undera
wide rangeof aerosolsurfaceareadensity. Wecompareourmeasurementswith theresultsof a
photochemicalsteadystatemodelto testourunderstandingof thechemistryof HNO� underavarietyof
conditions.Wefind thatHNO� is significantlyoverestimatedby themodelataltitudesabove22km,
with thedifferenceincreasingwith increasingaltitudeanddecreasingaerosolsurfaceareadensity. The
agreementbetweenmodeledandmeasuredHNO� canbeimprovedby eitherdecreasingtherateof����������	

by 35%or by usingnewly measuredrateconstantsfor thereactions
�����
����	

and����������� � , but significantdifferencesremain.Wediscusstheseobservationsin thecontext of
possibleuncertaintiesin thecalculatedphotolysisrateof HNO� atwavelengthsnear200nm,
uncertaintiesin theobservations,errorscausedby theuseof constrainedsteadystatemodels,and
possiblemissingsink reactionsfor HNO� .
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1. Introduction

Understandingthe partitioning of reactive nitrogen
compoundsin the stratosphereis important for a num-
ber of reasons.Catalyticcycles involving NO andNO

regulate the abundanceof ozone in the middle strat-
osphere(22–40 km), so accuratemodeling of ozone
loss requires a good understandingof the partition-
ing of nitrogen compoundsbetweenradicals (NO and
NO
 ) andreservoirs (HNO� , N 
 O� , ClNO� , andHNO� ).
Also, levels of NO and NO
 help control the partition-
ing of inorganic chlorine compoundsand of OH and
HO
 , all of which affect the photochemicalbalanceof
ozone. We defineherethe quantities[NO � ] and[NO � ],
where � ��������� � ������� � ��� 
 ��� � ��� � � , � ���"!#���
� �������$��� %&��� � �$�(')� � 
 � � �*��� +-,.��� � �/��� %���� � � +
[HNO 
 ] + [BrNO � ], and � 01� denotesthevolumemixing
ratio of 0 . Most of NO� below 30 km is in the form of
HNO� . TheprimaryreactionsthatconvertNO� to HNO�
are

OH � NO
 � M 2 HNO� (1)

andtheheterogeneousreactionson liquid sulfateaerosols

N 
 O�-� H 
 O 23' HNO�$4 (2)

BrNO� � H 
 O 2 HNO� � HOBr 4 (3)

ClNO� � H 
 O 2 HNO� � HOCl 4 (4)

whereN 
 O� , BrNO� , andClNO� areformedby reactions
of NO
 with radicals.ThedominantNO� reservoir, HNO�
is convertedbackto NO� eitherby photolysis,

HNO�-� h562 NO
-� OH (5)

or by thereaction

HNO�*� OH 2 NO�-� H 
 O 7 (6)

In addition, each of the less abundant NO� reservoir
species(N 
 O� , BrNO� , andClNO� ) canphotolyzeto pro-
duceNO
 .

Recentstudiesof NO� partitioning show that [NO],
[NO 
 ], and [NO � ]/[NO � ] arewell modeledin the strat-
ospherebelow 20 km under conditionsof moderateto
relatively high aerosolloading[Gaoet al., 1997]. How-
ever, Senet al. [1998] find that a model using recom-
mendedratesand crosssections[DeMore et al., 1994]
significantlyunderestimates[NO � ]/[NO � ] at higheralti-
tudes,especiallyduring conditionsof low-aerosolload-
ing. Similar conclusionswerereachedby theanalysisof
[NO � ]/[NO � ] measuredby instrumentsaboardtheUARS
satellite[Morris etal., 1997;Danilin etal., 1999].

In thepresentstudyweexplorethepartitioningof NO�
in thestratosphereby comparingSmithsonianAstrophysi-
calObservatoryFar-InfraredSpectrometer(FIRS-2)mea-
surementsof [HNO � ] with the resultsof numerouspho-
tochemicalsimulationsfor various assumptionsregard-
ing key kinetic parameters.Themodelis constrainedby
FIRS-2measurementsof temperature,[O � ], [H 
 O], and
[N 
 O] (usedto estimate[NO � ], [Cl � ], [Br � ], and[CH � ]).
The validity of eachsimulationis testedfurther by com-
paringmodelcalculationswith FIRS-2measurementsof
[OH], [HO 
 ], [NO 
 ], [N 
 O� ], and[ClNO � ]. We usedata
from oneballoonflight onApril 30,1997,nearFairbanks,
Alaska(688 N, 1498 W), togetherwith datafrom six north-
ern hemispheremidlatitudeflights which took placebe-
tween1989and1994. Theseobservationscover a wide
rangeof aerosolloadingandsolar illumination. We use
theseobservationstoshow thatconcentrationsof HNO� in
the middle stratospherearesystematicallyoverestimated
by photochemicalmodel calculations. The magnitude
of this discrepancy is greatestfor the observationswith
the lowestaerosolloading in which casethe production
of HNO� is driven primarily by reaction(1). We also
show that the discrepancy betweenobserved and calcu-
lated[HNO � ] cannotbecompletelyresolvedby anadjust-
mentto the rateof reaction(1) or by the useof recently
measuredratesfor reactions(1) and(6). Weconcludepart
of the discrepancy may result from the modelundercal-
culatingthephotolysisrateof HNO� at wavelengthsnear
200nm.

2. Measurements

The FIRS-2 is a remote-sensingFourier transform
spectrometerthatoperatesmostlyfrom balloonplatforms
[Johnsonet al., 1995a]. The spectrometermeasuresat-
mosphericthermalemissionin the band75–1300cm9;: ,
producingspectrathat are usedto retrieve simultaneous
concentrationprofilesfor 28 differentmolecules,includ-
ing OH, HO
 , H 
 O
 , NO
 , HNO� , HNO� , N 
 O� , HCl,
HOCl, ClNO� , N 
 O, O� , H 
 O, andCH� . Improvements
to the instrumentbeforethe lastballoonflight from Fair-
banksallowed for the retrievals of profiles from shorter
wavelengthbandsfor CH� , HNO� , andN 
 O� whichwere
notavailablefrom thepreviousflights. For daytimeflights
we can estimate[ClO] from measurementsof [HOCl],
[HO 
 ], and[OH] [Johnsonet al., 1995b],and[NO] from
measurementsof [OH], [HO 
 ], and[O � ] sincethe parti-
tioning betweenOH andHO
 is drivenprimarily by NO
andO� . Theuncertaintiesin inferred[NO] arefairly large
owing to the large uncertaintiesin the rate of OH+O� .
Thederivationof [NO] breaksdown above 35 km where
atomic O startsto dominateHO� partitioning [Jucks et
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al., 1998]. Thegroupof moleculesmeasuredby FIRS-2
forms a comprehensive set for examining stratospheric
photochemistry[Chanceet al., 1996; Jucks et al., 1996,
1998,alsounpublishedmanuscript,1999].

Spectraareobtainedataseriesof regularlyspacedtan-
gentheightsbelow theballoonduringbothdayandnight.
The retrieval algorithmhasbeendescribedin detail else-
where[Johnsonet al., 1995a,1996; Jucks et al., 1998].
Datapresentedherewereobtainedduringballoonflights
launchedon September24, 1989,June5, 1990,May 29,
1992, September29, 1992, March 23, 1993, May 22,
1994,andApril 30, 1997. All but the lastflight provided
observationfootprintsat latitudesbetween308 and388 N.
The latter flight, launchedfrom Fairbanks,Alaska, pro-
videdobservationsnear688 N. Thecombineddatasetpro-
vides concentrationprofiles for a wide rangeof aerosol
loadingandsolarillumination.

Thespectroscopictransitionsusedfor mostmolecules
and the spectroscopicerrorsassociatedwith thosetran-
sitionsarediscussedby Jucks et al. [1998], Johnsonet
al., [1996],andChanceet al. [1996]; thediscussionhere
will be limited to HNO� , N 
 O, and O� . The profile of
[HNO � ] is retrieved from the 5=< bandcenterednear458
cm9;: . This is a strongvibrational bandwith very few
spectralinterferencesfrom othermolecules,andthe pre-
cision in the lower andmiddlestratosphereis betterthan
0.2ppbfor mostof thedatapresentedhere.Theabsolute
accuracy is 10% dueto the large uncertaintiesin the ab-
solutestrengthsfor all bandsof HNO� [Goldmanet al.,
1998;Perrin, 1998]. For the1997flight we wereableto
retrieve concentrationsof HNO� usingthe 5 � /25 < bands
(oneof the bandsusedby solaroccultationinstruments)
in additionto the 5 < band.We find thatconcentrationsre-
trievedusingthe 5 � /25 < are8> 3% lower thanthosefrom
the 5=< band.Mostof thisdifferencecanbeattributedto the
uncertaintiesin theabsolutestrengthsof thesetwo bands.

For flights prior to 1997,we retrieve [O � ] usingonly
far-infrared rotational transitions. Thesetransitionsbe-
comeobscuredin thelowerstratosphere,limiting thepre-
cision below 20 km. For the 1997flight we areable to
usemid-infrared5 
 transitionsin additionto thepurerota-
tional transitionsgreatlyimproving themeasurementpre-
cisionbelow 22km.

[N 
 O] is retrievedfrom morethan20 P andR branch
transitionsof the 5 
 band(centerednear588cm9?: ) using
theparametersfrom Johnset al. [1996]. Thestrengthsof
the transitionsaremeasuredto betterthan2% [Johnset
al., 1996].

All error barsshown in the figuresdiscussedin this
studyincludeall therandomerrorsassociatedwith there-
trievalsof theconcentrations.Theseerrorsincludetheun-

certaintiesin theretrievalsfrom randomnoisein thespec-
tra, uncertaintiesfrom errorsin the observationalgeom-
etry, spectrumnormalizationerrors,and temperatureer-
rors.Systematicuncertaintiesresultingfrom uncertainties
in the spectroscopicconstantsusedfor the retrievals are
not included. Theseuncertaintiesarediscussedbelow as
they relateto theanalysis.

3. Models

We use a photochemicalsteadystate model that is
constrainedby temperature,[H 
 O], [O � ], [CH � ], [NO � ],
[Cl � ], [Br � ], and aerosolsurfacearea[Salawitch et al.,
1994]. Themodelinputsareeitherdirectly measuredby
the FIRS-2or derived from FIRS-2measurementsusing
establishedtracercorrelationsdescribedbelow. We use
FIRS-2measurementsof temperature,[H 
 O], and [O � ].
For datasetsobtainedbefore1997, the precisionof the
[O � ] profilesbelow 22km is poor, andwhenavailablewe
usethe profile of [O � ] obtainedon ascentby the JPL in
situUV photometerfor altitudesbelow 22km. TheFIRS-
2 andin situ profilesof [O � ] show goodagreementabove
22 km. Since[CH � ] is only retrieved for the Fairbanks
flight, wederive[CH � ] fromFIRS-2[N 
 O] usingrelation-
shipsderived from AtmosphericTraceMOlecule Spec-
troscopy Experiment(ATMOS) observations[Michelsen
et al., 1998a] for the midlatitudeflights. Uncertainties
in the [CH � ] model constrainthave only a small effect
on calculatedpartitioning of NO� speciessinceCH� is
a minor sourceof HO� . The profile of [Cl � ] is esti-
matedfrom FIRS-2[N 
 O] usingthe relationshipderived
by Woodbridge et al. [1995]. Theestimated[Cl � ] agrees
well with FIRS-2 measurementsof [Cl � ] and [N 
 O] in
1994and1997,wheremeasured[Cl � ] is approximatedby
� %�+-,@�A�B� +-,.�����C�D�E� %��"+-,@�D�E�F+-,G��� [K. W. Juckset al.,
unpublishedmanuscript,1999]. [Br � ] is also estimated
from [N 
 O], with a maximumvalueof 21 pptv. Profiles
of aerosolsurfaceareaarebasedon zonalmonthlymean
measurementsobtainedby StratosphericAerosolandGas
Experiment(SAGEII) [Thomasonetal., 1997].Thevari-
ability of aerosolsurfaceareaaroundthezonalmeanvalue
rangesfrom 20 to 40%between20and30km atnorthern
midlatitudes.

Weestimate[NO � ] from both[N 
 O] and[O � ] usingre-
lationshipsderivedfrom ATMOSobservations[Michelsen
et al., 1998b]. We usethe O� relationin the lower strat-
osphere(which is similar to themidlatituderelationships
derived from in situ observationsby Volk et al. [1996])
becausethe in situ observationsof [O � ] yield a morepre-
cise estimateof [NO � ] at low altitude than the FIRS-2
measurementsof [N 
 O]. We usethe N 
 O relationin the
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Figure 1. Comparisonof measuredandestimated[NO � ].
Measured[NO � ] (solid circles)is calculatedfrom FIRS-
2 measurementsof [HNO � ], [NO 
 ], [ClNO � ], [N 
 O� ],
and[NO] (inferredfrom measurementsof [OH], [HO 
 ],
and [O � ]) from the balloon flight on April 30, 1997
near 688 N. Modeled [NO � ] (solid curve) is estimated
from FIRS-2 measurementsof [O � ] below 20 km, and
from measurementsof [N 
 O] above 20 km, usingrela-
tionshipsderivedfrom midlatitudeATMOSobservations
[Michelsenet al., 1998b]. The 1H uncertaintyin esti-
mated[NO � ] is indicatedby thedottedlines.

middlestratosphere(generallyabove24km,dependingon
theflight) sincethecorrelationof [O � ] and[NO � ] breaks
down in this region. We show a comparisonof estimated
andmeasured[NO � ] in Figure1. The dataarefrom the
1997balloonflight, theonly flight whereall theindividual
constituentsof NO� wereobserved.Themeasured[NO � ]
is givenby � %������C�I��� %&���&�C�)���F+-,.�����J�I�K')� �&
#���J�)�
� ��� 
 �#�L� �����NM , where[NO] M hasbeenderivedfrom mea-
sured[OH], [HO 
 ], and[O � ]. The speciesthat arenor-
mally usedin thedefinitionof NO� but arenot measured
by FIRS-2, suchas BrNO� , HNO
 , and NO� , are esti-
matedto make a negligible contribution to theNO� bud-
get. The 1H uncertaintiesin the inferred [NO � ] reflect
the uncertaintiesin observed [O � ] and [N 
 O] projected
into therelationshipsandtheuncertaintiesin theATMOS
observationsof [NO � ] usedto derive the relationships.
Theestimatedandmeasured[NO � ] show goodagreement,
even thoughtheobservationsweremadeat a higherlati-

tudethantheobservationsusedto developtheNO� versus
N 
 O andNO� versusO� relationships.

Wehaverunthreeversionsof ourphotochemicalmodel
for the presentanalysis. The modelsusereactionrates,
crosssections,and heterogeneousreactionprobabilities
basedon the recommendationsof DeMore et al. [1997],
with slight modifications.ModelsA, B, andC includea
7% branchingratio for ClO+OH2 HCl+O
 assuggested
by laboratorymeasurements[Lipsonet al., 1997]andat-
mosphericobservations[Chanceetal., 1996;Michelsenet
al., 1996]. Model B includes25%reductionsin therates
of ��%K�O%�� 
 and �P�O%�� 
 , which improvestheagree-
ment with FIRS-2 observationsof [HO 
 ] [Jucks et al.,
1998],aswell asa35%reductionin therateof ��%Q�R����

asusedin apreviousstudy[Ostermanetal., 1999].Model
C includesthe reductionin the ratesof the HO
 reac-
tions aswell asrecentlymeasuredratesfor ��%��E����

and ��%B�S%������ [Dransfieldet al., 1999;Brown et al.,
1999]. Theslower ratefor thereactionO+NO
 measured
by Brown et al. [1999] haslittle affect on NO� or NO�
partitioningsincethis reactionis slow comparedto NO

photolysis.However, thisreactiondoessignificantlyaffect
thecalculatedlossrateof ozonesinceit is therate-limiting
stepfor animportantoddoxygencatalyticlosscycle. The
changein the ratesof the HO
 reactionshaslittle effect
on thecalculatedNO� partitioningbecausethecalculated
OH profile is notsignificantlychanged.

4. Comparison of Models and Measure-
ments

Several recentstudiesof NO� partitioninghave found
significant differencesbetweencalculationsand mea-
surements,particularly for conditionswhen reaction(1)
is the dominant NO� sink. In situ measurementsof
[NO � ]/[NO � ] in the lower stratosphereduring thePhoto-
chemistryof OzoneLossin theArctic Region in Summer
(POLARIS)campaignathighlatitudesduringsummerex-
ceedcalculatedvaluesby 38%[Gaoetal., 1999],whereas
the observationsobtainedduring the higher-aerosolcon-
ditionsof earliercampaignsshowedgoodagreementwith
calculations[Gaoet al., 1997]. Studiesof balloon-borne
solaroccultationmeasurementsin the lower andmiddle
stratospherehave reachedsimilar conclusions[Senet al.,
1998;Ostermanetal., 1999].

Recentlaboratorykinetics data suggestthat the rate
of reaction(1) may be slower thanthe currently recom-
mendedrate[DeMoreetal.,1997]by roughly20%to 25%
for typical temperaturesandpressuresin the lower strat-
osphereandroughly 30% near30 km [Dransfieldet al.,
1999;Brownet al., 1999]andthattherateof reaction(6)
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Plate 1. Observed and modeled [HNO � ], [NO 
 ],
[ClNO � ], [N 
 O� ], and[NO] (derived from the relation-
shipdescribedin thetext) from theFIRS-2balloonflight
on April 30, 1997,near688 N. ModelsA, B, andC are
describedin thetext. All measurementerrorbarscontain
thecompilationof all randomerrorsaffectingconcentra-
tion retrievals,but not systematicerrorsfrom uncertain-
tiesin spectroscopicparametersused.

maybe up to 120%fasterthanthe currentrecommenda-
tion [Brown et al., 1999]. Ostermanet al. [1999] find
thatthesolaroccultationobservationsof NO� partitioning
obtainedby MkIV during POLARIS are in good agree-
mentwith a model in which the rateof reaction(1) has
beenreducedby 35%(a changesimilar to whatwassug-
gestedby therecentlaboratorymeasurements),while Gao
etal. [1999] foundthatamodelincludingthenewly mea-
suredratesfor reactions(1) and(6) still undercalculated
[NO � ]/[NO � ] by 10%near20km.

We show in Plate1 a comparisonof modelsA, B, and
C with FIRS-2observationsof [HNO � ], [NO 
 ], [ClNO � ],
[N 
 O� ], andestimated[NO] nearFairbanks,Alaska,on
April 30, 1997. The uncertaintiesin estimated[NO] are
dominatedby theuncertaintyatstratospherictemperatures
in theratesof HO
 +NO (20%)andOH+O� (40%).Mod-
elsB andC give similar resultsto eachother(suggesting
thatthemodelusedby Ostermanetal. [1999]andGaoet
al. [1999] shouldbesimilar) andarein betteragreement
with the datathanmodelA, but all modelsoverestimate

[HNO � ] above25 km. We notethatmodelB is similar to
a modelwhichwasfoundto agreewell with MkIV obser-
vationsof [NO], [NO 
 ], [N 
 O� ], and[HNO � ] at thesame
latitudein May andJuly [Ostermanetal., 1999].

Mostof thedifferencesin theconclusionsbetweenour
resultsfrom the April 30, 1997,flight andthat from the
MkIV data(which wastaken 8 dayslater at similar lati-
tudes)resultsfrom differencesin transporthistoryof the
air massessampled.Theprofilesof [HNO � ] from thetwo
instrumentsagreewithin theuncertainties,andtheMkIV
summed[NO � ] agreeswith the[NO � ] inferredfrom N 
 O
usedhere.Similargoodagreementfor HNO� andNO� (as
well asO� ) wasseenwhenFIRS-2andMkIV flew on the
samegondolaat mid latitudesin 1994. The MkIV pro-
file of [O � ] is consistentlylower thanthe FIRS-2values
between22and32km by roughly1 ppm,suggestingcon-
siderablydifferent typesof air masses.The modelcon-
strainedwith the MkIV [O � ] will calculatea slower rate
for reaction(1)sincetherewill belesscalculated[OH] and
afasterratefor reaction(5) sincelessUV flux is absorbed
thanthemodeledconstrainedwith theFIRS-2[O � ]. An in
situUV photometeronboardthegondolawith FIRS-2ob-
tainedconcentrationsof [O � ] that agreewith the FIRS-2
datato within theuncertainties[Juckset al.. 1998,Figure
1]. Similar agreementbetween[O � ] from the MkIV and
in situ dataalsohasbeenshown [Senet al., 1998]. We
do not believe thatsystematicerrorsin theretrieved[O � ]
exist for eitherof thesedatasetsandthatthedifferencesin
theobserved[O � ] resultfrom differencesin theobserved
air masses.

Back trajectory calculationssupport the assumption
of differentair masses.The photochemicallifetimes of
HNO� areof the orderof 2 days(at 32 km) to 15 days
(at 24 km), andthe ratio of [HNO � ]/[NO � ] is lower for
lower latitudesdue to fasterphotolysisratesfor HNO� .
Between20and32km,mostof theair massessampledby
FIRS-2wereat latitudes108 to 208 southof themeasure-
mentlocationover thepast10 days,while for the MkIV
observations,mostof theair wason average58 to 108 to
the north of the observation latitudes(R. Kawa, private
communications,1998). If thetransporthistorieswereto
be taken into account,thenthe FIRS-2datawould agree
somewhat better, while the MkIV datawould show less
goodagreementwith themodelB, with bothmodelssim-
ilarly underestimatingtheobserved[NO � ]/[NO � ].

In Figure 2 we compare measuredand modeled
[HNO � ] on June6, 1990, May 29, 1992, and May 22,
1994. We show data from high (May 1992), moderate
(May 1994), and low (June1990) aerosolperiods. The
aerosolloading in 1990 and 1997 are similar. Models
B andC overestimate[HNO � ] above 25 km for the low
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Figure 2. Comparisonof modeled[HNO � ] with FIRS-
2 measurementsfrom flights near358 N before,during,
andshortlyafterthepeakof aerosolloadingfrom Mount
Pinatubo. The right panelsshow the SAGE II zonal
monthlymeansurfaceareasfor eachof theseflights. The
modelsarethesameasin Plate1.

and moderateaerosolcases,but thesesimulationsagree
well with the measurementsof [HNO � ] madeduring the
high-aerosolperiod in 1992. Model A is also in bet-
ter agreementwith the measurementsof [HNO � ] made
in 1992 than with observationsobtainedat other times.
The comparisonsfor September1992 (not shown), also
a periodof high aerosolconcentration,aresimilar to the
resultsfor May 1992.Our conclusionthatthebestagree-
mentbetweenmodeledandmeasuredNO� partitioningis
obtainedduringtimesof highaerosolloadingis consistent
with the conclusionsof Gao et al. [1997] andSenet al.
[1998]. All theseflights weretaken at the springstrato-
sphericwind turnaroundatmidlatitudeswherethelatitude
gradientin photolysisrateof HNO� will bemuchlessthan
that for the high-latitudedata. Thuserrorsfrom the as-
sumptionof a singlelatitudein thesteadystatemodelare
notassignificantasfor thedatashown in Plate1.

Figure 3 shows calculated rates of the reactions
controllingtheabundanceof HNO� for theflightsof June
90,May 1992,andMay 1994.All rateswerefoundusing

Figure 3. Calculatedratesfor thereactionswhich dom-
inateproductionandlossof HNO� for threeflights with
differentaerosolloading. Theheterogeneousproduction
curve is thesumof theproductionof HNO� from N 
 O�
hydrolysis,BrNO� hydrolysis,anda minor contribution
from ClNO� hydrolysis.All of thesemodelscorrespond
to datatakennear378 N.

model A. Reaction(1) is the primary sourceof HNO�
at nearly all altitudesfor low to moderateaerosolcon-
centrations,while theheterogeneousreactions(3) and(4)
dominateproductionof HNO� in thelowerstratosphereat
high aerosolconcentrations.For the high aerosolcondi-
tions of the May 1992flight the heterogeneousreactions
dominateproductionof HNO� up to 26 km, above which
reaction(1) dominates.The crossover point dropsto 23
km for theSeptember29,1992flight (not shown), result-
ing from a subsidenceof the aerosollayer betweenthe
two flights. The relative importanceof reaction(1) and
the heterogeneousreactionsis similar for all low-aerosol
flights.

Photolysisis thedominantsinkof HNO� for all FIRS-2
flights, especiallyabove 20 km. Themaindifferencebe-
tweenflightsin therelativecontributionsof photolysisand
reaction(6) to thelossof HNO� is thatthecontributionof
reaction(6) peaksat higheraltitudes(near30 km) for the
high-latitudeflight (not shown) than for the midlatitude
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flights.

ThecombinedFIRS-2datasetsamplesawiderangeof
altitudesandaerosolloadingandthusawiderangeof rel-
ative contributionsof reactions(1)–(6) to productionand
lossof HNO� . To comparemodelsandmeasurementsfor
all flights within a coherentframework we have adopted
a “chemicalcoordinatesystem”first suggestedby (R. C.
Cohen,manuscriptin preparation,1999]. This formalism
examinestheratio of measuredto modeledconcentration
of a particularspeciesasa functionof therelative contri-
butionof a specificreactionto thetotal productionor loss
of thatspecies.A systematicerrorin thecalculatedrateof
onereactionwill resultin a systematicchangein theratio
of themeasuredto modeledconcentrationasafunctionof
therelative importanceof thatreaction.For thedatapre-
sentedhere,theratio of measuredto modeled[HNO � ] is
plottedagainsttherelativecontributionsof reactions(1) or
(5) to theproductionor lossof HNO� . Theremainderof
theproductionof HNO� is from thesumsof theheteroge-
neousreactions,while theremainderof the lossof is due
to reaction(6).

Plate2showstheratioof measuredtomodeled[HNO � ]
asa functionof both the relative contribution of reaction
(1) to total productionof HNO� (thesumof reactions(1)
through(4)) andthe relative contribution of reaction(5)
to total loss of HNO� (reactions(5) and (6)). The es-
timatederrorsinclude both the uncertaintyin measured
[HNO � ] and the uncertaintyin modeled[HNO � ] result-
ing from the estimatederror in the inferred [NO � ]. Be-
causethecoordinatesaremodel-dependent,weshow sep-
arateplots for modelsA, B, and C. We only show data
for altitudesbetween20 and34 km. Therelative error in
the[HNO � ] measurementsincreasesrapidlyabove34km,
andHNO� is nolongerasensitiveprobeof NO� partition-
ing below 20 km since � %&�����J�UTD� ��� ! �WVYX in the lower
stratosphere.

The ratio of measuredto modeled[HNO � ] shown in
Plate2 is lessthan1.0wheneithertheproductionis dom-
inatedby reaction(1) or thelossis dominatedby reaction
(5). This is generallythe casefor thedataat higheralti-
tudesasshown in Figure3. ModelsB andC arein better
agreementwith thedatathanmodelA (asalreadyshown
in Plate1 andFigure2),but significantdifferencesremain.
Theratio of measuredto modeled[HNO � ] shows consid-
erablecurvaturewhenplottedagainsttheproductioncoor-
dinate(left panelsin Plate2), particularlywhenreaction
(1) accountsfor morethan80%of totalproduction,while
thebehavior is morelinearwhentheratiois plottedagainst
thelosscoordinate(right panelsin Plate2).

A numberof systematicerrorsmay affect this analy-
sis, including the assumptionof a single latitudefor the

Plate 2. Ratioof measuredto modeled[HNO � ] for seven
flightsof theFIRS-2spectrometerfor all threemodelsas
a function of calculatedrelative contribution to produc-
tion (left panels)andloss(right panels)of HNO� . Theer-
ror barscontainall randomuncertaintiesin theretrievals
of [HNO � ] and uncertaintiesin the retrieved N 
 O pro-
jectedinto the modeled[HNO � ]. The color coding of
thedatapointsindicatesthemodeledcontributionto pho-
tolysis of HNO� from absorptionbetween190 and230
nm: blackis Z 20%,blueis 20%to 40%,greenis 40%to
60%,orangeis 60%to 80%,pink is 80%to 90%,andred
is [ 90%.

steadystatecalculationsdiscussedabove.Wenotethatthe
estimateduncertaintyin the HNO� line strengthsis 10%
[Goldmanet al., 1998;Perrin, 1998], resultingin a 10%
uncertaintyin theretrievedHNO� abundance.An errorin
theline strengthswould resultin a uniform verticaloffset
for all thedatain Plate2. The measurementprecisionis
includedin theerrorbars.

Estimating[NO � ] from measured[N 
 O] introducesan-
other sourceof error. Note that model to measurement
comparisonsshown in Plate 2 do not include the alti-
tude rangefor which the O� correlationis usedto infer
[NO � ]. The uncertaintyin the midlatitude[NO � ]-[N 
 O]
relationshipderived from ATMOS measurementsis esti-
matedto be15%[Michelsenet al., 1998b],basedon the
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estimatederror for measurementsof individual species.
Theseuncertainties,alongwith the uncertaintiesin mea-
sured[N 
 O] reflectedinto therelationship,areincludedin
the error barsin Plate2. The estimatederror variesde-
pendingonwhichmoleculesdominateNO� ataparticular
altitude.TheATMOSmidlatituderelationshipagreeswell
with FIRS-2observationsfrom thehigh-latitudeflight in
April 1997, as shown in Figure 1. This flight occurred
well outsidethearcticvortex, prior to thefinal warming,
thuswedid notobserveany vortex-likefilamentsin tracer-
tracerrelationships.The [NO � ]-[N 
 O] relationshipused
herealso agreeswith ER-2 basedin situ measurements
to within 13%[Changet al., 1996]andwithin theuncer-
taintiesof the[NO � ]-[N 
 O] obtainedfrom theMkIV data
usedby Ostermanet al. [1999]. We concludethattheer-
ror in estimated[NO � ] is not largeenoughto accountfor
thedifferencebetweenmeasuredandmodeled[HNO � ].

The model calculationsare affectedby errors in the
SAGE II aerosolsurfaceareadensities,particularlyat the
altitudeswherethe heterogeneousreactionssignificantly
affect NO� partitioning(Figure3). Theassumptionsused
to convert theSAGE II extinction to aerosolsurfacearea
densityarediscussedby Thomasonetal. [1997]. We note
that errorsin surfaceareawill have the largesteffect on
calculationswherethe surfaceareasareat moderatelev-
els(in the lower stratospherefor theflights with the low-
estsurfaceareasandin themiddlestratospherefor flights
with thehighestsurfaceareas)becausetherateof themost
dominantheterogeneoussourceof HNO� (reaction(2))
saturatesathighsurfaceareas.

As seenin Plate1 andFigure2, the discrepancy be-
tween measuredand calculated[HNO � ] is greatestfor
the dataat higheraltitudesandlow surfaceareas,where
theheterogeneousreactionsarenotasignificantsourceof
HNO� . Thisis illustratedin Plate2 by thefactthatthedata
from thehigh-aerosolflights in 1992(theopencirclesand
squares)have measuredto modeledratiosmuchcloserto
1.0thantheotherflights. It is notpossibleto decreasethe
heterogeneousproductionof HNO� for the low-aerosol
datasetsenoughto make the comparisonbetweenmea-
suredandmodeled[HNO � ] consistentto thehigh-aerosol
data. This suggeststhat their is a potentialproblemwith
the gasphasedestructionof HNO� . On the otherhand,
if sucha correctionwere madeto all the datasetspre-
sentedheresuchthatthelow aerosoldataagreedwith the
model(seediscussionbelow), thenthemodelswouldsig-
nificantly underpredictthe observationsabove 22 km for
thehigher-aerosoldatasets.We areusingzonalmonthly
meansurfaceareaswhich may vary from the local sur-
faceareasby asmuchas50%. If all our dataduring the
high aerosoltime periodsweremadewhenthelocal con-

centrationswerehigherthanthezonalmeanvalues,then
the calculatedrateof the heterogeneousreactionswould
be biasedlow, andcalculated[HNO � ] would be system-
atically low. Anotherpossiblesourceof error in the cal-
culatedheterogeneousratesis thelackof temperatureand
sizedistribution sensitivity for the calculationof the up-
takecoefficient for reaction(2).

The model simulationsof [HNO � ] are dependenton
calculated[OH], sinceOH participatesin production(re-
action(1)) andloss(reaction(6)) of HNO� . Calculations
of [OH] with modelA agreewell with measurementsof
[OH] obtainedby FIRS-2[Juckset al., 1998]andappear
tounderestimateER-2basedin situobservationsof OH by
10 to 15%[Salawitch et al., 1994]. Calculationsof [OH]
with amodelincludingthesamechangesto theHO
 reac-
tions asmodelsB andC agreeaswell asmodelA with
measured[OH], and agreewith measured[HO 
 ] more
closelythanmodelA calculations[Jucksetal., 1998].

Another possiblesourceof error in the model is the
calculationof thephotolysisrateof HNO� (reaction(5)).
This calculationdependson themeasuredaltitudeprofile
for [O � ], thesolarirradiancemodel,accuraterepresenta-
tion of theabsorptionof UV radiationby O
 andO� , and
accurateUV absorptioncrosssectionsfor HNO� . Thealti-
tudeprofileof [O � ] is measuredfor eachof thesedatasets
with thesamesetof spectrausedin this studyandhasan
accuracy of betterthan10%for all datasets.For a few of
thesedatasets,we validatedthemeasured[O � ] with con-
centrationsmeasuredby an in situ photometerandfound
agreementwith FIRS-2profilesto within its uncertainties
(J. Margitan, privatecommunications,1998]. As stated
above,errorsin [O � ] usedto constrainthemodelwill have
two effectson the partitioningof NO� ; it will affect the
calculatedphotolysisrateof HNO� , andit will affect the
calculated[HO � ] which in turn affects the ratesof reac-
tions(1) and(6).

TheHNO� crosssectionsusedin ourmodel[Burkholder
et al., 1993] agreewell with previous measurementsat
wavelengthslessthan300 nm, but differ significantlyat
longer wavelengthswhere interferencesfrom NO
 be-
come important. Most of the HNO� photolysisin the
lower stratosphereresultsfrom absorptionat wavelengths
greaterthan290 nm, wherethe crosssectionis decreas-
ing with increasingwavelength.In themiddleandupper
stratosphere,at altitudesgreaterthan 24 km, significant
absorptionoccursat shorterwavelengths(centerednear
200 nm) wherethe HNO� crosssectionis considerably
larger [Burkholder et al., 1993, Figure 10]. The pho-
tolysis codeusedfor calculatingthe photolysisratesis
summarizedby Minschwaneret al. [1993] whereit was
shown to agreewith atmospherictransmissiondata to
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within 20%. Thesolarirradiancemodelis takenfrom the
1985World MeteorologicalOrganization(WMO) assess-
mentandagreeswith mostrecentmeasurementsof solar
irradianceasa functionof frequency to within 10%.

5. Discussion

Our conclusionthat a standardphotochemicalmodel
(modelA) overestimates[HNO � ] andthereforeunderesti-
mates[NO � ]/[NO � ] is consistentwith the resultsof Gao
et al. [1999] andOstermanet al. [1999]. Theresultthat
modelC, which usedrecentlaboratorymeasurementsfor
rateof OH+NO
 +M (reaction(1)) andOH+HNO� (reac-
tion (6)), overestimates[HNO � ] during periodsof low-
aerosolabundanceis consistentwith the studyof Gaoet
al. [1999], who find thata modelsimilar to our modelC
underestimates[NO � ]/[NO � ] for in situdataobtaineddur-
ing thePOLARISmission.UnlikeOstermanetal. [1999],
we find that a 35% reductionin the rateof reaction(1)
(modelB) is not sufficient to matchthe observationsof
[HNO � ] above 25 km (Plate1 and Figure 3). As men-
tionedabove, this is mostlikely dueto lack of considera-
tion for the latitudehistoryof the air massesby thecon-
strainedsteadystatemodelusedbothin this studyandby
Ostermanet al. [1999] . This,alongwith uncertaintiesin
thelocalaerosolsurfaceareasmentionedabove,couldac-
countfor mostof thespreadin thedataplottedin Plate2.
We have not obtainedbacktrajectorycalculationsfor the
midlatitudedatasetsasmostof thesedataweretakendur-
ing stratosphericwind turnaroundtimeswhenthe uncer-
taintiesin backtrajectoryanalysesarehigh.

Assumingthatthelatitudehistoriesfor themidlatitude
areconsistentwith theobservationlatitudesovera period
of 5 to 10 days,furtherchangesto therateconstantof re-
action(1) will not resolve thediscrepancy betweenmea-
suredandcalculatedHNO� shownherewithoutincreasing
thenegativetemperaturedependenceof thisreactionby an
unrealisticamount.Evenincluding the35%reductionin
the rateof OH+NO
 usedby Ostermanet al. [1999], a
changeonly slightly larger thansuggestedby recentlab-
oratorymeasurements[Dransfieldet al., 1999;Brown et
al., 1999], doesnot produceagreementwith the FIRS-2
measurementsof [HNO � ] whenreaction(1) accountsfor
morethan90%of thetotal productionof HNO� . Chang-
ing therateconstantwithoutchangingthetemperaturede-
pendencewill effectively changetheslopeof theratiosin
Plate2 andnot changethe curvaturein the relationship.
The fact that the ratio of measuredto modeled[HNO � ]
showsconsiderablecurvaturewhenplottedagainsttherel-
ativeOH+NO
 productioncoordinatein Plate2 (left pan-
els)suggeststhateitherthereis a missinglossreactionof

HNO� which dominateswherereaction(1) is the domi-
nantproductionchannel(generallyabove 25 km) and is
not significantelsewhere,or thereareproblemswith the
calculationof the primary lossprocesses.We againnote
that systematicerrors in measured[HNO � ] or inferred
[NO � ] will not add significantslopeor curvatureto the
relationsin Plate2, andwill insteadcausea verticalshift
of thedata.

The ratio of the relative contribution of photolysisto
total loss(right panels)appearsto bea linearasafunction
of total photolysis,with thedifferencebetweenmeasured
and modeled[HNO � ] increasingwith increasingimpor-
tance(especiallyfor the lower-aerosolflights beforeand
after 1992)of photolysisandnot the curved relationship
seenrelative to the OH+NO
 coordinate.This indicates
thattheremaybeanerrorin thecalculatedphotolysisrates
and not reaction(6) sincea changein the rate constant
in reaction(6) would not affect the ratiosof measuredto
modeled[HNO � ] where the discrepancy is greatest. A
simplescalingof the photolysisrateby an amountsuffi-
cientto resolvethediscrepancy for thedatawherephotol-
ysis dominateslossof HNO� would overcorrectthe data
wherephotolysishaslessimportanceby anamountcon-
sistentwith the uncertaintiesin the measurementssince
the ratiosof measuredto modeled[HNO � ] is effectively
1.0for thepointswherephotolysiscontributesabout50%
of thelossof HNO� . However, thewavelengthswhichare
mostimportantfor HNO� photolysishave a distinct alti-
tudedependence,asshown by Burkholderet al. [1993,
Figure10]. Mostof thephotolysisof HNO� above24km
occursin a 30 nm wide bandcenteredaround200 nm,
whereasbelow this altitudephotolysisfrom wavelengths
between290and330nmdominates.This is thesamealti-
tudedependenceasseenfor thedifferencebetweenmea-
suredandcalculated[HNO � ] (Plate1 andFigure2), sug-
gestingthatanerrorin thecalculatedphotolysisratesnear
200nm couldbeanexplanationfor thediscrepancy. This
is illustratedby thecolorcodingin Plate2. Theredpoints
arethosewhere90%or moreof thephotolysisof HNO�
comesfrom near200nm,while theblackpointsarefrom
thosepointswherelessthan20%of thephotolysiscomes
from wavelengthsnear200nm. Thereis aclearseparation
betweenthedifferentcolorbandsasafunctionof percent-
ageof the total loss of HNO� due to photolysis(as ex-
pected),andthereis a systematicincreasein thediscrep-
ancy in the ratio of measuredto modeled[HNO � ] with
increasein thepercentageof photolysisnear200nm.

OtherpossibleHNO� losschannels,suchasreactions
with atomicO or Cl, areincludedin this modelandhave
beenmeasuredtobeordersof magnitudetooslow toaffect
NO� partitioningandsoareunlikely causesof thediffer-
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encebetweencalculatedandobserved[HNO � ]. Thereac-
tion rateconstantof HNO� with O(: D) hasnotbeenmea-
sured,but if oneassumesit proceedswith the samerate
constantasthereactionof O(: D) andH 
 O, thenit would
still beseveralordersof magnitudeslowerthanthephotol-
ysisrateatall altitudesin thestratosphere.Othersuchun-
documentedreactionswith HNO� maybeimportant,with
the most likely candidatesto considerarereactionswith
radicals(like Br) thathave concentrationswhich increase
with increasingaltitude.

Potentialuncertaintiesin thecalculatedphotolysisrates
were discussedabove, but specificpoints are addressed
herefor completeness.One possiblesourceof error is
an uncertaintyin the HNO� absorptioncrosssectionat
wavelengthsnear200nm. However, crosssectionsin this
wavelengthrangehave beenmeasuredby many groups
and all agreeto within 20% [Burkholderet al., 1993],
whichis muchsmallerthanthe60%neededto completely
reconcilethe discrepanciesseenin Plate1. Somewhat
smallerchangescanreconcilethe otherflights. We con-
siderit unlikely thatall theselaboratorymeasurementsare
in errorby sucha largeamount.

Another possibility is an underestimationof the UV
flux near200 nm by the model. This could result from
overestimatingtheoverheadozonecolumn,underestimat-
ing the solarflux at shortwavelengths,or anerror in the
algorithmusedto calculateUV absorptionby O
 andO� .
TheoverheadO� columnis measuredwith a total uncer-
tainty of lessthan10% for all datasets. The solar flux
spectrumusedin themodelis adaptedfrom WMO [1986].
Thevariationoverasolarcyclein solarflux near200nmis
only > 5% andagreeswith recentmeasurementsto better
than10%[Leanet al., 1997,1992],makinguncertainties
in solarinputanunlikely sourceof significanterrorin cal-
culatedphotolysisof HNO� . Increasingtheflux by 60%at
wavelengthsshorterthan240nm givessimilar agreement
to thedatain Plate1 to thatobtainedfor a 60%changein
the crosssectionsof HNO� . Again, this changeis much
largerthancanbejustifiedfrom solarirradiancemeasure-
ments.

Properradiative transfernear200 nm relieson using
properparameterizationfor the Schumann-Rungebands
andHerzberg continuumof O
 andtheshortwavelength
side of the O� Hartley band,both of which are derived
from recentmeasurementsandvalidatedagainstmeasured
atmospherictransmissions(seeMinschwaneretal. [1993]
for details). The algorithmwe usefor absorptionby O

hasalsobeencomparedto theresultsof a line-by-linecal-
culationand is accurateto within 10% [Minschwaneret
al., 1993].

A total uncertaintyof 50%in thecalculatedphotolysis

rate(crosssection(20%)+ solarirradiance(10%)+ algo-
rithm (10%)+ [O � ] profile (10%)),combinedwith a 10%
systematicerror in measured[HNO � ] and the roughly
10%randomretrieval uncertaintyin theratioof measured
to modeled[HNO � ] (which includesthe uncertaintyin
modeled[NO � ]) would beenoughto accountfor theob-
servations,but they would have to all sumup in thesame
directionwhich is unlikely. Becausethe individual esti-
mateduncertaintiesin the calculatedphotolysisrate are
smallrelative to theobserveddiscrepancy, wecannotrec-
ommendphotolysisasasingularcauseof thediscrepancy.
Plus,changesto themodelto increasetheUV flux could
alsoaffect thecalculationof [O( � P)], [O( : D)], O
 photol-
ysis rates,andcalculatedstratosphericlifetimes of long-
livedtracerslikeN 
 O andCFCs,dependingon thepartic-
ularchangesmade.

Thedataclearlyshow adiscrepancy betweenmeasured
and modeled[HNO � ] using the currently recommended
ratesand crosssections,which is reducedbut not elim-
inatedby the useof morerecentkineticsmeasurements.
At present,we cannotidentify a single sourceof error
which canaccountfor the remainingdifferencebetween
calculatedandmeasured[HNO � ] above 22 km usingthe
recentlyrecommendedratesfor reactions(1) and(6), al-
thougherrorsin thecalculatedshort-wavelengthphotoly-
sisrate,errorsin calculated[HNO � ]/[NO � ] from assump-
tion of constantlatitudeduringthesteadystatemodelcal-
culation,anda potentialmissinglossreactionfor HNO�
remainopenpossibilitieswhich merit futureinvestigation
giventheimplications.
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