Nitric acid in the middle stratosphere as a function of altitude and aerosol loading
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Abstract

We presentemote-sensingieasurementsf the alundanceof nitric acid(HNOs) in thelowerand
middle stratospherébetweenl6 and40 km) coveringthe period1989-1997The measurementsere
madewith the SmithsoniamstrophysicalObsenatory Far-InfraredSpectrometefFIRS-2)undera
wide rangeof aerosokurfaceareadensity We compareour measurementsith theresultsof a
photochemicasteadystatemodelto testour understandingf the chemistryof HNO; undera variety of
conditions.We find thatHNOs; is significantlyoverestimatedby the modelat altitudesabove 22 km,
with thedifferencencreasingwith increasingaltitudeanddecreasin@erosokuriaceareadensity The
agreemenbetweermodeledandmeasuredHNO; canbeimprovedby eitherdecreasingherateof
OH + NO, by 35%or by usingnewly measuredateconstantgor thereactionsOH + NO, and

OH + HNOgs;, but significantdifferencesemain.We discusgheseobsenationsin the context of
possibleuncertaintiesn the calculatedohotolysisrateof HNO; at wavelengthsiear200nm,
uncertaintiesn the obsenations,errorscausedy the useof constrainedteadystatemodels,and
possiblemissingsink reactiongor HNOs.



1. Introduction

Understandingthe partitioning of reactve nitrogen
compoundsn the stratospherés importantfor a num-
ber of reasons.Catalytic cyclesinvolving NO and NO,
regulate the ahundanceof ozonein 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,) andreserwoirs (HNO3, N2Os;, CINO3, 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 photochemicabalanceof
ozone. We defineherethe quantities]NO,] and[NO,],
where [NO,] = [NO] + [NO;] + [NOs3], [NO,] =
[NO.] + [HNOg3] + 2[N20s5] + [CINO3] + [HNOy4] +
[HNO-] + [BrNOs], and[X] denoteghe volumemixing
ratio of X. Most of NO, belox 30 km is in the form of
HNO;. TheprimaryreactionghatcorvertNO,, to HNO3
are

OH + NO, + M — HNO; 1)

andthe heterogeneougactionson liquid sulfateaerosols

N2Os5 + H,O — 2HNO;3 , (2)
BINO; + HyO — HNO; + HOBE, 3)
CINO; + H,0O — HNO3 + HOCI, (4)

whereN,O5, BrNO3, andCINO; areformedby reactions
of NO; with radicals.ThedominantNO, reserwir, HNO3
is convertedbackto NO,, eitherby photolysis,

HNO3 + hy — NO; + OH (5)
or by thereaction
HNO; + OH — NO3 + H-O. (6)

In addition, each of the less atundantNO, reserwoir
speciegN,>Os, BrNO3, andCINO3) canphotolyzeto pro-
duceNOs.

Recentstudiesof NO, partitioning shov that [NO],
[NO,], and[NO.]/[NO,] arewell modeledin the strat-
ospherebelov 20 km under conditionsof moderateto
relatively high aerosolloading[Gaoetal., 1997]. How-
ever, Senet al. [1998] find that a model using recom-
mendedratesand crosssections[DeMote et al., 1994]
significantly underestimatefNO,J/[NO,] at higheralti-
tudes, especiallyduring conditionsof low-aerosolload-
ing. Similar conclusionsverereachedy the analysisof
[NO,J/[NO,] measuredby instrumentsaboardthe UARS
satellite[Morris etal., 1997;Danilin etal., 1999].

In the presenstudywe explorethepartitioningof NO,,
in thestratospherby comparingSmithsoniarAstrophysi-
cal Obsenatory FarInfraredSpectrometefFIRS-2)mea-
surementof [HNO3] with the resultsof numerougpho-
tochemicalsimulationsfor various assumptiongegard-
ing key kinetic parametersThe modelis constrainedy
FIRS-2 measurementsf temperature[Os], [H2O], and
[N, O] (usedto estimatgNO, ], [Cl,], [Br,], and[CH,]).
The validity of eachsimulationis testedfurther by com-
paringmodel calculationswith FIRS-2 measurementsf
[OH], [HO:], [NO2], [N2Os], and[CINO3]. We usedata
from oneballoonflight on April 30,1997 ,nearFairbanks,
Alaska(68°N, 149W), togethemith datafrom six north-
ern hemisphereamidlatitudeflights which took place be-
tween1989and 1994. Theseobsenationscover a wide
rangeof aerosolloadingand solarillumination. We use
theseobsenationsto shav thatconcentrationsf HNOs in
the middle stratospherare systematicallyoverestimated
by photochemicalmodel calculations. The magnitude
of this discrepang is greatestfor the obsenrationswith
the lowestaerosolloadingin which casethe production
of HNO;s is driven primarily by reaction(1). We also
shav that the discrepang betweenobsened and calcu-
lated[HNO3] cannotbecompletelyresohedby anadjust-
mentto the rate of reaction(1) or by the useof recently
measuredatesfor reactiong1) and(6). We concludepart
of the discrepang may resultfrom the model undercal-
culatingthe photolysisrateof HNO3 at wavelengthsear
200nm.

2. Measurements

The FIRS-2 is a remote-sensind-ourier transform
spectrometethat operatesnostly from balloonplatforms
[Johnsonet al., 1995a]. The spectrometemeasurest-
mospherichermalemissionin the band75-1300cm !,
producingspectrathat are usedto retrieve simultaneous
concentratiorprofilesfor 28 differentmolecules,nclud-
ing OH, HOQ, HQOQ, NOQ, HNO3, HNO4, N205, HCl,
HOCI, CINOs, N,O, O3, H,O, andCH,. Improvements
to the instrumentbeforethe last balloonflight from Fair-
banksallowed for the retrievals of profilesfrom shorter
wavelengthbandsfor CH,, HNO,, andN, Oy whichwere
notavailablefrom thepreviousflights. For daytimeflights
we can estimate[CIO] from measurementsf [HOCI],
[HO-], and[OH] [Johnsoretal., 1995b],and[NO] from
measurementsf [OH], [HO-], and[Os] sincethe parti-
tioning betweenOH andHO: is driven primarily by NO
andOs. Theuncertaintiesn inferred[NO] arefairly large
owing to the large uncertaintiesn the rate of OH+G0;.
The derivation of [NO] breaksdown above 35 km where
atomic O startsto dominateHO,, partitioning [Judks et



al., 1998]. The groupof moleculesmeasuredy FIRS-2

forms a comprehensie set for examining stratospheric
photochemistrnfjChanceet al., 1996; Jucks et al., 1996,

1998,alsounpublishednanuscript1999].

Spectraareobtainedat a seriesof regularly spacedan-
gentheightsbelow the balloonduring bothdayandnight.
The retrieval algorithmhasbeendescribedn detail else-
where[Johnsonet al., 1995a,1996; Jucks et al., 1998].
Datapresentederewere obtainedduring balloonflights
launchedon Septembel4, 1989, Juneb, 1990, May 29,
1992, September29, 1992, March 23, 1993, May 22,
1994,andApril 30,1997. All but thelastflight provided
obsenationfootprintsat latitudesbetweerB0° and38°N.
The latter flight, launchedfrom Fairbanks,Alaska, pro-
videdobsenationsnear68°N. Thecombineddatasetpro-
vides concentratiorprofiles for a wide rangeof aerosol
loadingandsolarillumination.

The spectroscopitransitionsusedfor mostmolecules
and the spectroscopi@rrors associatedvith thosetran-
sitions are discussedy Judks et al. [1998], Johnsonet
al., [1996],andChanceet al. [1996]; thediscussiorhere
will be limited to HNOs3, N»O, and Q3. The profile of
[HNOg] is retrieved from the vy bandcenterechear458
cm~!. This is a strongvibrational bandwith very few
spectralinterferencedgrom othermoleculesandthe pre-
cisionin the lower andmiddle stratospherés betterthan
0.2 ppbfor mostof the datapresentedhere. The absolute
accurag is 10% dueto the large uncertaintiesn the ab-
solutestrengthdor all bandsof HNO; [Goldmanet al.,
1998; Perrin, 1998]. For the 1997flight we wereableto
retrieve concentration®f HNO; usingthe v5/2v9 bands
(one of the bandsusedby solar occultationinstruments)
in additionto the vy band.We find thatconcentrationse-
trieved usingthe vs/2vy are8+3% lower thanthosefrom
thevy band.Mostof thisdifferencecanbeattributedto the
uncertaintiesn theabsolutestrengthf thesetwo bands.

For flights prior to 1997, we retrieve [O3] usingonly
farinfrared rotationaltransitions. Thesetransitionsbe-
comeobscuredn thelower stratospherdimiting the pre-
cision below 20 km. For the 1997 flight we are ableto
usemid-infraredy, transitionsn additionto thepurerota-
tional transitionsgreatlyimproving the measuremergre-
cisionbelow 22 km.

[N2Q] is retrieved from morethan20 P andR branch
transitionsof the v, band(centerechear588cm=1) using
the parameterfrom Johnsetal. [1996]. The strengthsf
the transitionsare measuredo betterthan 2% [Johnset
al., 1996].

All error barsshawvn in the figuresdiscussedn this
studyincludeall therandomerrorsassociatevith there-
trievalsof theconcentrationsTheseerrorsincludetheun-

certaintiesn theretrievalsfrom randomnoisein thespec-
tra, uncertaintiesfrom errorsin the obsenationalgeom-
etry, spectrumnormalizationerrors,and temperaturesr-
rors. Systematiaincertaintiesesultingfrom uncertainties
in the spectroscopiconstantasedfor the retrievals are
notincluded. Theseuncertaintiesarediscussedelowv as
they relateto theanalysis.

3. Modds

We use a photochemicalsteady state model that is
constrainedyy temperaturefH,O], [O3], [CH4], [NO,],
[Cl,], [Bry], and aerosolsurface area[Salawitt et al.,
1994]. The modelinputsare eitherdirectly measuredy
the FIRS-2or derived from FIRS-2 measurementssing
establishedracercorrelationsdescribedbelon. We use
FIRS-2 measurementsf temperature[H,0], and [O3].
For datasetsobtainedbefore 1997, the precisionof the
[O3] profilesbelow 22 km is poor, andwhenavailablewe
usethe profile of [O3] obtainedon ascentby the JPL in
situ UV photometefor altitudesbelon 22km. TheFIRS-
2 andin situ profilesof [O3] shav goodagreemenabove
22 km. Since[CH,] is only retrieved for the Fairbanks
flight, wederive[CH,] from FIRS-2[N,QO] usingrelation-
shipsderived from AtmosphericTrace MOlecule Spec-
troscopy Experiment(ATMOS) obsenations[Michelsen
et al.,, 1998a]for the midlatitude flights. Uncertainties
in the [CH4] model constrainthave only a small effect
on calculatedpartitioning of NO, speciessince CHy is
a minor sourceof HO,. The profile of [Cl,] is esti-
matedfrom FIRS-2[N,O] usingthe relationshipderived
by Woodbridge etal. [1995]. The estimatedCl,] agrees
well with FIRS-2 measurementsf [Cl,] and [N2QO] in
1994and1997,wheremeasuredCl,] is approximatedy
[HC]] + [CINO3] + [HOCI] + [CIO] [K. W. Jucksetal.,
unpublishedmanuscript,1999]. [Br,] is also estimated
from [N, O], with a maximumvalue of 21 pptv. Profiles
of aerosolsurfaceareaarebasedon zonalmonthly mean
measuremensbtainedby StratospheriderosolandGas
Experimen{SAGE Il) [Thomasoretal., 1997]. Thevari-
ability of aerosoburfaceareaarouncdthezonalmearvalue
rangesrom 20to 40%betweer20 and30 km atnorthern
midlatitudes.

We estimatgNO, | from both[N O] and[O3] usingre-
lationshipgderivedfrom ATMOS obsenations[Michelsen
etal., 1998b]. We usethe Os relationin the lower strat-
osphergwhich is similar to the midlatituderelationships
derived from in situ obsenationsby \Volk et al. [1996])
becausehein situ obsenationsof [O3] yield amorepre-
cise estimateof [NO,] at low altitude than the FIRS-2
measurementsf [N, O]. We usethe N, O relationin the
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Figure 1. Comparisorof measureéndestimatedNO,].

MeasuredNO,] (solid circles)is calculatedrom FIRS-
2 measurementef [HNOs], [NOs], [CINOs], [N2Os],

and[NOQ] (inferredfrom measurementsf [OH], [HO:],

and [O3]) from the balloon flight on April 30, 1997
near 68°N. Modeled [NO,] (solid curve) is estimated
from FIRS-2 measurementef [O3] belov 20 km, and
from measurementsf [N,O] above 20 km, usingrela-
tionshipsderivedfrom midlatitudeATMOS obsenations
[Michelsenet al., 1998b]. The 1o uncertaintyin esti-
matedNO,] is indicatedoy thedottedlines.

middlestratospherégenerallyabore 24 km, dependingpn
theflight) sincethe correlationof [O3] and[NO,] breaks
down in this region. We shav a comparisorof estimated
andmeasuredNO,] in Figurel. The dataarefrom the
1997balloonflight, theonly flight whereall theindividual
constituent®f NO, wereobsened. ThemeasuredNO,]
is givenby [HNOj3] + [HNO4] + [CINO3] + 2[N2O5] +
[NO2] + [NOJ*, where[NOJ* hasbeenderivedfrom mea-
sured[OH], [HO;], and[O3]. The specieghat are nor-
mally usedin the definition of NO, but arenot measured
by FIRS-2,suchas BrNO3, HNO,, and NOs, are esti-
matedto make a negligible contrikution to the NO,, bud-
get. The 1o uncertaintiesn the inferred [NO,] reflect
the uncertaintiesn obsered [O3] and [N2O] projected
into therelationshipsandthe uncertaintiesn the ATMOS
obsenationsof [NO,] usedto derive the relationships.
TheestimatecdindmeasuredNO, ] shav goodagreement,
eventhoughthe obsenationswere madeat a higherlati-

tudethanthe obsenationsusedto developtheNO, versus
N2O andNO, versusOs; relationships.

We haverunthreeversionsof ourphotochemicainodel
for the presentanalysis. The modelsusereactionrates,
crosssections,and heterogeneougssaction probabilities
basedon the recommendationsf DeMote etal. [1997],
with slight modifications.ModelsA, B, andC includea
7% branchingratio for CIO+OH—HCI+0O, assuggested
by laboratorymeasurementd.ipsonetal., 1997]andat-
mospherimbsenationg Chanceetal., 1996;Michelseret
al., 1996]. Model B includes25%reductiondn therates
of OH + HO, andO + HO,, whichimprovesthe agree-
mentwith FIRS-2 obsenationsof [HO,] [Judks et al.,
1998],aswell asa 35%reductionin therateof OH + NO,
asusedin apreviousstudy[Ostermaretal., 1999]. Model
C includesthe reductionin the ratesof the HO, reac-
tions aswell asrecentlymeasuredatesfor OH + NO»
andOH + HNOj3 [Dransfieldet al., 1999; Brown et al.,
1999]. The slower ratefor thereactionO+NO, measured
by Brown et al. [1999] haslittle affect on NO, or NO,
partitioningsincethis reactionis slow comparedo NO,
photolysis.However, thisreactiondoessignificantlyaffect
thecalculatedossrateof ozonesinceit is therate-limiting
stepfor animportantoddoxygencatalyticlosscycle. The
changein the ratesof the HO, reactionshaslittle effect
onthecalculatedNO, partitioningbecauséhe calculated
OH profileis not significantlychanged.

4. Comparison of Models and Measure-
ments

Severalrecentstudiesof NO, partitioninghave found
significant differencesbetween calculationsand mea-
surementsparticularly for conditionswhenreaction(1)
is the dominantNO, sink. In situ measurement®sf
[NO.J/[NO,] in thelower stratosphereuring the Photo-
chemistryof OzonelL ossin the Arctic Regionin Summer
(POLARIS)campaigrathighlatitudesduringsummerex-
ceedcalculatedralueshy 38%[Gaoetal., 1999],whereas
the obsenationsobtainedduring the higheraerosolcon-
ditionsof earliercampaignshavedgoodagreementvith
calculationgGaoetal., 1997]. Studiesof balloon-borne
solar occultationmeasurements the lower and middle
stratospher&ave reachedsimilar conclusiongSenetal.,
1998;0stermaretal., 1999].

Recentlaboratorykinetics data suggestthat the rate
of reaction(1) may be slower thanthe currentlyrecom-
mendedate[DeMoreetal.,1997]by roughly20%to 25%
for typical temperaturesindpressuresn the lower strat-
osphereandroughly 30% near30 km [Dransfieldet al.,
1999;Brownetal., 1999]andthatthe rateof reaction(6)
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Plate 1. Obsened and modeled [HNO3z], [NOs],

[CINOs], [N2O5], and[NQ] (derived from the relation-
shipdescribedn thetext) from the FIRS-2balloonflight

on April 30,1997,near68°N. ModelsA, B, andC are
describedn thetext. All measuremergrrorbarscontain
the compilationof all randomerrorsaffectingconcentra-
tion retrievals, but not systematicerrorsfrom uncertain-
tiesin spectroscopiparametersised.

may be up to 120%fasterthanthe currentrecommenda-
tion [Brown et al., 1999]. Ostermanet al. [1999] find
thatthesolaroccultationobserationsof NO, partitioning
obtainedby MkIV during POLARIS arein good agree-
mentwith a modelin which the rate of reaction(1) has
beenreducedby 35% (a changesimilar to whatwassug-
gesteddy therecentlaboratorymeasurementsyvhile Gao
etal. [1999]foundthata modelincludingthe newvly mea-
suredratesfor reactions(1) and (6) still undercalculated
[NO,J/[NO,] by 10%near20 km.

We show in Platel a comparisorof modelsA, B, and
C with FIRS-20bsenationsof [HNOs], [NO-], [CINO3],
[N2Os], andestimatedNO] nearFairbanks,Alaska, on
April 30,1997. The uncertaintiesn estimatedNO] are
dominatedy theuncertaintyatstratospheritemperatures
in theratesof HO,+NO (20%)and OH+O; (40%). Mod-
elsB andC give similar resultsto eachother(suggesting
thatthe modelusedby Ostermaretal. [1999]andGaoet
al. [1999] shouldbe similar) andarein betteragreement
with the datathanmodel A, but all modelsoverestimate

[HNO3] abore 25 km. We notethatmodelB is similarto
amodelwhichwasfoundto agreewell with MKkIV obsef
vationsof [NOJ, [NO:], [N2Os], and[HNO3] atthesame
latitudein May andJuly [Ostermaretal., 1999].

Most of the differencesn the conclusiondetweerour
resultsfrom the April 30, 1997, flight andthat from the
MKIV data(which wastaken 8 dayslater at similar lati-
tudes)resultsfrom differencesn transporthistory of the
air massesampled.Theprofilesof [HNOs] from thetwo
instrumentsagreewithin the uncertaintiesandthe MklV
summedNO, ] agreeswith the[NO,] inferredfrom N,O
usedhere.Similargoodagreemenfor HNO; andNO,, (as
well asO3) wasseerwhenFIRS-2andMkIV flew onthe
samegondolaat mid latitudesin 1994. The MkIV pro-
file of [O3] is consistentlylower thanthe FIRS-2values
betweer22 and32 km by roughly1 ppm,suggestingon-
siderablydifferenttypesof air masses.The model con-
strainedwith the MkIV [O3] will calculatea slower rate
for reaction(1) sincetherewill belesscalculatedOH] and
afastermratefor reaction(5) sincelessUV flux is absorbed
thanthemodeledconstrainedvith the FIRS-2[O3]. Anin
situ UV photometepnboardthegondolawith FIRS-20b-
tainedconcentration®f [O3] that agreewith the FIRS-2
datato within theuncertaintiegJudksetal.. 1998,Figure
1]. Similar agreemenbetweern O] from the MkIV and
in situ dataalsohasbeenshovn [Senet al., 1998]. We
do not believe that systematicerrorsin theretrieved [O3]
exist for eitherof thesedatasetsandthatthedifferencesn
the obsened[Os] resultfrom differencesn the obsened
air masses.

Back trajectory calculationssupportthe assumption
of differentair masses.The photochemicalifetimes of
HNO; are of the orderof 2 days(at 32 km) to 15 days
(at 24 km), andthe ratio of [HNO3]/[NO,] is lower for
lower latitudesdue to fasterphotolysisratesfor HNOs.
Betweer20and32km, mostof theair massesampleddy
FIRS-2wereat latitudes10°® to 20° southof the measure-
mentlocationover the past10 days,while for the MkIV
obsenations,mostof the air wason average5° to 10° to
the north of the obsenation latitudes(R. Kawa, private
communications]1998). If thetransportistorieswereto
be takeninto accountthenthe FIRS-2datawould agree
somavhat better while the MkIV datawould shawv less
goodagreementvith the modelB, with bothmodelssim-
ilarly underestimatinghe obsened[NO,]/[NO,].

In Figure 2 we compare measuredand modeled
[HNO3] on June6, 1990, May 29, 1992, and May 22,
1994. We shav datafrom high (May 1992), moderate
(May 1994), and low (June1990) aerosolperiods. The
aerosolloadingin 1990 and 1997 are similar. Models
B and C overestimatdHNO3] above 25 km for the low
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Figure 2. Comparisorof modeledHNO3] with FIRS-
2 measurementBom flights near35°N before,during,
andshortly afterthe peakof aerosoloadingfrom Mount
Pinatubo. The right panelsshav the SAGE Il zonal
monthlymeansurfaceareador eachof thesdlights. The
modelsarethesameasin Platel.

and moderateaerosolcasesbut thesesimulationsagree
well with the measurementsf [HNO3] madeduring the
high-aerosolperiodin 1992. Model A is alsoin bet-
ter agreementvith the measurementsf [HNO3] made
in 1992 thanwith obsenationsobtainedat othertimes.
The comparisondor Septembel992 (not shown), also
a periodof high aerosolconcentrationare similar to the
resultsfor May 1992. Our conclusiornthatthe bestagree-
mentbetweermodeledandmeasuredNO, partitioningis
obtainedduringtimesof high aerosoloadingis consistent
with the conclusionsf Gaoetal. [1997] and Senet al.
[1998]. All theseflights weretaken at the spring strato-
spheriowind turnaroundat midlatitudeswvherethelatitude
gradientin photolysisrateof HNO;s will bemuchlessthan
that for the high-latitudedata. Thuserrorsfrom the as-
sumptionof a singlelatitudein the steadystatemodelare
notassignificantasfor the datashown in Platel.

Figure 3 shavs calculated rates of the reactions
controllingtheabundanceof HNO; for theflights of June
90, May 1992,andMay 1994. All rateswerefoundusing
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Figure 3. Calculatedratesfor the reactionswvhich dom-
inate productionandlossof HNOs for threeflights with
differentaerosoloading. The heterogeneousroduction
curveis the sumof the productionof HNO3; from N5O5
hydrolysis,BrNO; hydrolysis,anda minor contribution
from CINO3 hydrolysis. All of thesemodelscorrespond
to datatakennear37°N.

model A. Reaction(1) is the primary sourceof HNO3
at nearly all altitudesfor low to moderateaerosolcon-
centrationsyhile the heterogeneougactiong3) and(4)
dominateproductionof HNO; in thelower stratospherat
high aerosolconcentrations For the high aerosolcondi-
tions of the May 1992flight the heterogeneouseactions
dominateproductionof HNO3 up to 26 km, above which
reaction(1) dominates.The crosseer point dropsto 23
km for the SeptembeR9, 1992flight (not shavn), result-
ing from a subsidencef the aerosollayer betweenthe
two flights. The relative importanceof reaction(1) and
the heterogeneouseactionss similar for all low-aerosol
flights.

Photolysids thedominantsink of HNOs for all FIRS-2
flights, especiallyabore 20 km. The maindifferencebe-
tweenflightsin therelative contritutionsof photolysisand
reaction(6) to thelossof HNO; is thatthe contrikution of
reaction(6) peaksat higheraltitudes(near30 km) for the
high-latitudeflight (not shavn) thanfor the midlatitude



flights.

ThecombinedrIRS-2datasetsamplesawide rangeof
altitudesandaerosoloadingandthusawide rangeof rel-
ative contritutionsof reactiong1)—(6) to productionand
lossof HNO;. To comparemodelsandmeasurement®r
all flights within a coherentframeavork we have adopted
a “chemical coordinatesystem™first suggestedy (R. C.
Cohen,manuscripin preparation;1999]. This formalism
examinesthe ratio of measuredo modeledconcentration
of a particularspeciesasa function of therelative contri-
bution of a specificreactionto thetotal productionor loss
of thatspeciesA systemati@rrorin thecalculatedateof
onereactionwill resultin a systematichangen theratio
of themeasuredo modeledconcentratiorasa function of
therelative importanceof thatreaction. For the datapre-
sentedhere,the ratio of measuredo modeledHNO3] is
plottedagainstherelative contritutionsof reactiong1) or
(5) to the productionor lossof HNO3. The remainderof
theproductionof HNOs is from the sumsof the heteroge-
neousreactionswhile the remainderof thelossof is due
to reaction(6).

Plate2 shavstheratioof measureto modeledHNO3]
asa function of both the relative contribution of reaction
(1) to total productionof HNO; (the sumof reactiong1)
through(4)) andthe relative contritution of reaction(5)
to total loss of HNO3 (reactions(5) and (6)). The es-
timated errorsinclude both the uncertaintyin measured
[HNO3] andthe uncertaintyin modeled[HNOs] result-
ing from the estimatederror in the inferred[NO,]. Be-
causehecoordinategaremodel-dependemnye shav sep-
arateplots for modelsA, B, and C. We only showv data
for altitudesbetweern?0 and34 km. Therelative errorin
the[HNO3] measuremeniacreasesapidlyabose 34 km,
andHNGO:; is nolongerasensitie probeof NO,, partition-
ing belav 20 km since[HNO3]/[NO,] = 1 in thelower
stratosphere.

The ratio of measuredo modeled[HNO3] shavn in
Plate2 is lessthan1.0wheneitherthe productionis dom-
inatedby reaction(1) or thelossis dominatecby reaction
(5). Thisis generallythe casefor the dataat higheralti-
tudesasshavn in Figure3. ModelsB andC arein better
agreementvith the datathanmodelA (asalreadyshown
in Platel andFigure2), but significantdifferencesemain.
Theratio of measuredo modeledHNO3] shavs consid-
erablecurvaturewhenplottedagainstheproductioncoor
dinate(left panelsin Plate?2), particularlywhenreaction
(1) accountdor morethan80% of total productionwhile
thebehaior is morelinearwhentheratiois plottedagainst
thelosscoordinatgright paneldn Plate2).

A numberof systematicerrorsmay affect this analy-
sis, including the assumptiorof a single latitude for the
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Plate 2. Ratioof measuredo modeledHNO3] for seven
flights of the FIRS-2spectrometefor all threemodelsas
a function of calculatedrelative contribution to produc-
tion (left panelslandloss(right panels)f HNOs. Theer
ror barscontainall randomuncertaintiesn theretrievals
of [HNO3] and uncertaintiesn the retrieved N, O pro-
jectedinto the modeled[HNO3]. The color coding of
thedatapointsindicategshe modeledcontritutionto pho-
tolysis of HNO3; from absorptionbetween190 and 230
nm: blackis <20%,blueis 20%to 40%,greenis 40%to
60%,0rangeis 60%to 80%,pink is 80%to 90%,andred
is >90%.

steadystatecalculationsliscusseébove. We notethatthe
estimateduncertaintyin the HNOj3 line strengthds 10%
[Goldmanet al., 1998; Perrin, 1998], resultingin a 10%
uncertaintyin theretrievedHNO3; alundanceAn errorin
theline strengthsvould resultin a uniform vertical offset
for all the datain Plate2. The measurementrecisionis
includedin theerrorbars.

EstimatingNO,] from measuredN, O] introducesan-
other sourceof error. Note that model to measurement
comparisonsshovn in Plate 2 do not include the alti-
tude rangefor which the O3 correlationis usedto infer
[NO,]. Theuncertaintyin the midlatitude[NO,]-[N>QO]
relationshipderived from ATMOS measurementss esti-
matedto be 15% [Michelsenet al., 1998b],basedon the



estimatederror for measurementsf individual species.
Theseuncertaintiesalongwith the uncertaintiesn mea-
suredN- O] reflectednto therelationshipareincludedin
the error barsin Plate2. The estimatederror variesde-
pendingonwhichmoleculeslominateNO, ataparticular
altitude. The ATMOS midlatituderelationshipagreesvell
with FIRS-2obsenationsfrom the high-latitudeflight in
April 1997, asshavn in Figurel. This flight occurred
well outsidethe arctic vortex, prior to the final warming,
thuswe did notobseneary vortex-lik efilamentsin tracer
tracerrelationships.The [NO,]-[N O] relationshipused
herealso agreeswith ER-2 basedin situ measurements
to within 13%[Changetal., 1996] andwithin the uncer
taintiesof the[NO,]-[N 2 O] obtainedrom theMkIV data
usedby Ostermaretal. [1999]. We concludethatthe er-
ror in estimateNO, ] is notlarge enoughto accountfor
thedifferencebetweemmeasure@ndmodeledHNOs].

The model calculationsare affected by errorsin the
SAGE Il aerosokurfaceareadensitiesparticularlyatthe
altitudeswherethe heterogeneourseactionssignificantly
affect NO, partitioning(Figure3). Theassumptionsised
to corvertthe SAGE Il extinction to aerosolsurfacearea
densityarediscussedy Thomasoretal. [1997]. We note
thaterrorsin surfaceareawill have the largesteffect on
calculationswvherethe surfaceareasare at moderatdev-
els (in the lower stratospheréor the flights with the low-
estsurfaceareasandin the middle stratospheréor flights
with thehighestsurfaceareaspecauséherateof themost
dominantheterogeneousourceof HNO3 (reaction(2))
saturatest high surfaceareas.

As seenin Platel andFigure 2, the discrepang be-
tween measuredand calculated[HNOg3] is greatestfor
the dataat higheraltitudesandlow surfaceareaswhere
theheterogeneouwactionsarenotasignificantsourceof
HNO;. Thisisillustratedin Plate2 by thefactthatthedata
from thehigh-aerosoflightsin 1992(theopencirclesand
squareshave measuredo modeledratiosmuchcloserto
1.0thantheotherflights. It is not possibleto decreas¢he
heterogeneouproductionof HNO; for the low-aerosol
datasetsenoughto make the comparisorbetweenmea-
suredandmodeledHNOj3] consistento the high-aerosol
data. This suggestshattheir is a potentialproblemwith
the gasphasedestructionof HNO3;. On the otherhand,
if sucha correctionwere madeto all the datasetspre-
sentecheresuchthatthe low aerosoldataagreedwith the
model(seediscussiorbelaw), thenthe modelswould sig-
nificantly underpredicthe obsenationsabove 22 km for
the higheraerosoldatasets. We areusingzonalmonthly
meansurface areaswhich may vary from the local sur
faceareashy asmuchas50%. If all our dataduringthe
high aerosotime periodsweremadewhenthelocal con-

centrationsvere higherthanthe zonalmeanvalues,then
the calculatedrate of the heterogeneouseactionswould

be biasedlow, andcalculatedHNO3] would be system-
atically low. Anotherpossiblesourceof errorin the cal-

culatedheterogeneousitesis thelack of temperaturand
sizedistribution sensitvity for the calculationof the up-

take coeficientfor reaction(2).

The model simulationsof [HNO3] are dependenbn
calculatedOH], sinceOH participatesn production(re-
action(1)) andloss(reaction(6)) of HNOs. Calculations
of [OH] with model A agreewell with measurementsf
[OH] obtainedby FIRS-2[Judkset al., 1998]andappear
tounderestimatER-2basedn situobsenationsof OH by
10to 15% [Salawitt et al., 1994]. Calculationsof [OH]
with amodelincludingthesamechangeso theHO, reac-
tions as modelsB and C agreeaswell as model A with
measuredOH], and agreewith measuredHO,] more
closelythanmodelA calculationdJucksetal., 1998].

Another possiblesourceof error in the model is the
calculationof the photolysisrateof HNO3 (reaction(5)).
This calculationdepend®n the measuredltitudeprofile
for [O3], the solarirradiancemodel,accurateepresenta-
tion of theabsorptiorof UV radiationby O, andOs, and
accuratdJV absorptiorcrosssectiondor HNO3. Thealti-
tudeprofile of [O3] is measuredor eachof thesedatasets
with the samesetof spectrausedin this studyandhasan
accurag of betterthan10%for all datasets.For afew of
thesedatasets,we validatedthe measuredO3] with con-
centrationgmeasuredy anin situ photometeandfound
agreementvith FIRS-2profilesto within its uncertainties
(J. Margitan, private communications1998]. As stated
above,errorsin [O3] usedto constrainthemodelwill have
two effectson the partitioningof NO,; it will affect the
calculatedphotolysisrate of HNO3, andit will affectthe
calculatedHO_] which in turn affectsthe ratesof reac-
tions(1) and(6).

TheHNO; crosssectionaisedn ourmodel[Burkholder
et al.,, 1993] agreewell with previous measurementat
wavelengthdessthan 300 nm, but differ significantly at
longer wavelengthswhere interferencesrom NO, be-
come important. Most of the HNO; photolysisin the
lower stratosphereesultsfrom absorptiorat wavelengths
greaterthan 290 nm, wherethe crosssectionis decreas-
ing with increasingwavelength. In the middle andupper
stratosphereat altitudesgreaterthan 24 km, significant
absorptionoccursat shorterwavelengths(centerednear
200 nm) wherethe HNO3 crosssectionis considerably
larger [Burkholderet al., 1993, Figure 10]. The pho-
tolysis code usedfor calculatingthe photolysisratesis
summarizedy Minschwaneret al. [1993] whereit was
shavn to agreewith atmospherictransmissiondata to



within 20%. The solarirradiancemodelis takenfrom the
1985World MeteorologicalOrganizationfWMO) assess-
mentandagreeswith mostrecentmeasurementsf solar
irradianceasa functionof frequeng to within 10%.

5. Discussion

Our conclusionthat a standardphotochemicamodel
(modelA) overestimatefHNO3] andthereforeunderesti-
mates[NO,]/[NO,] is consistenwith the resultsof Gao
etal. [1999] andOstermaretal. [1999]. Theresultthat
modelC, which usedrecentlaboratorymeasurement®r
rateof OH+NO,+M (reaction(1)) andOH+HNO; (reac-
tion (6)), overestimategHNO3] during periodsof low-
aerosolalundances consistentith the studyof Gao et
al. [1999], who find thata modelsimilar to our modelC
underestimatefNO,J/[NO,] for in situdataobtaineddur-
ingthePOLARISmission.Unlike Ostermaretal. [1999],
we find that a 35% reductionin the rate of reaction(1)
(model B) is not suflicient to matchthe obsenationsof
[HNOs] above 25 km (Platel and Figure 3). As men-
tionedabove, this is mostlikely dueto lack of considera-
tion for the latitude history of the air massesy the con-
strainedsteadystatemodelusedbothin this studyandby
Ostermaretal. [1999]. This, alongwith uncertaintiesn
thelocal aerosokurfaceareagnentionedabove, couldac-
countfor mostof the spreadn the dataplottedin Plate2.
We have not obtainedbacktrajectorycalculationgor the
midlatitudedatasetsasmostof thesedataweretakendur-
ing stratospheriavind turnaroundimeswhenthe uncer
taintiesin backtrajectoryanalysesrehigh.

Assumingthatthe latitudehistoriesfor the midlatitude
areconsistentvith the obsenationlatitudesover a period
of 5to 10 days,furtherchangedo the rateconstanof re-
action(1) will notresole the discrepang betweenmea-
suredandcalculatedHNO3; shovn herewithoutincreasing
thenggativetemperaturelependencef thisreactionby an
unrealisticamount. Evenincluding the 35% reductionin
the rate of OH+NO, usedby Ostermanet al. [1999], a
changeonly slightly largerthan suggestedby recentlab-
oratory measurementiDransfieldet al., 1999; Brown et
al., 1999], doesnot produceagreementvith the FIRS-2
measurementsf [HNO3] whenreaction(1) accountsor
morethan90% of thetotal productionof HNO3;. Chang-
ing therateconstantvithoutchanginghetemperaturele-
pendencavill effectively changehe slopeof theratiosin
Plate2 and not changethe curvaturein the relationship.
The fact that the ratio of measuredo modeled[HNO3]
shavsconsiderableurvaturewhenplottedagainstherel-
ative OH+NGO, productioncoordinatdn Plate2 (left pan-
els)suggestshateitherthereis a missinglossreactionof

HNO; which dominateswvherereaction(l) is the domi-
nantproductionchannel(generallyaborve 25 km) andis
not significantelsavhere,or thereare problemswith the
calculationof the primary lossprocessesWe againnote
that systematicerrorsin measuredHNO3] or inferred
[NO,] will not add significantslopeor curvatureto the
relationsin Plate2, andwill insteadcausea vertical shift
of thedata.

The ratio of the relative contribution of photolysisto
totalloss(right panelsyappearso bealinearasafunction
of total photolysis,with the differencebetweemrmeasured
and modeled[HNQOs] increasingwith increasingimpor-
tance(especiallyfor the lower-aerosolfflights beforeand
after 1992) of photolysisandnot the curved relationship
seenrelative to the OH+NG, coordinate. This indicates
thattheremaybeanerrorin thecalculateghotolysisates
and not reaction(6) sincea changein the rate constant
in reaction(6) would not affect the ratiosof measuredo
modeled[HNO3] wherethe discrepang is greatest. A
simplescalingof the photolysisrate by an amountsuffi-
cientto resohe thediscrepanyg for thedatawherephotol-
ysis dominatedossof HNOs; would overcorrecthe data
wherephotolysishaslessimportanceby anamountcon-
sistentwith the uncertaintiesn the measurementsince
the ratiosof measuredo modeled[HNOs] is effectively
1.0for the pointswherephotolysiscontributesabout50%
of thelossof HNO3. However, thewavelengthsvhich are
mostimportantfor HNO3 photolysishave a distinct alti-
tude dependenceas shovn by Burkholderet al. [1993,
Figure10]. Most of the photolysisof HNO3; above 24 km
occursin a 30 nm wide bandcenteredaround200 nm,
whereadelow this altitude photolysisfrom wavelengths
betweer290and330nmdominatesThisis thesamealti-
tudedependencasseenfor the differencebetweermea-
suredandcalculatedHNO3] (Platel andFigure2), sug-
gestingthatanerrorin thecalculatedohotolysisratesnear
200nm couldbeanexplanationfor thediscrepang. This
is illustratedby thecolor codingin Plate2. Theredpoints
arethosewhere90% or more of the photolysisof HNO;
comesfrom near200nm, while the black pointsarefrom
thosepointswherelessthan20% of the photolysiscomes
fromwavelengthsiear200nm. Thereis aclearseparation
betweerthedifferentcolorbandsasafunctionof percent-
ageof the total loss of HNO; dueto photolysis(as ex-
pected)andthereis a systematidncreasen the discrep-
ang in the ratio of measuredo modeled[HNO3] with
increasan the percentagef photolysisnear200nm.

OtherpossibleHNO; losschannelssuchasreactions
with atomicO or Cl, areincludedin this modelandhave
beemmeasuredb beordersof magnitudeooslow to affect
NO, partitioningandso areunlikely cause®f the differ-



encebetweercalculatecandobsened[HNO3]. Thereac-
tion rateconstanof HNO; with O(' D) hasnotbeenmea-
sured,but if oneassumedt proceedswith the samerate
constantasthereactionof O(* D) andH,O, thenit would
still beseveralordersof magnitudeslowerthanthephotol-
ysisrateatall altitudesin the stratosphereOthersuchun-
documentedeactionsvith HNO; maybeimportant,with
the mostlikely candidatego considerare reactionswith
radicals(lik e Br) thathave concentrationsvhich increase
with increasingaltitude.

Potentiauncertaintiesn thecalculategphotolysisrates
were discussedabove, but specific points are addressed
herefor completeness.One possiblesourceof error is
an uncertaintyin the HNO3; absorptioncrosssectionat
wavelengthsxear200nm. However, crosssectiondn this
wavelengthrangehave beenmeasuredby mary groups
and all agreeto within 20% [Burkholderet al., 1993],
whichis muchsmallerthanthe60%neededo completely
reconcilethe discrepancieseenin Platel. Somavhat
smallerchangesanreconcilethe otherflights. We con-
siderit unlikely thatall thesdaboratorymeasurementsre
in errorby suchalargeamount.

Another possibility is an underestimatiorof the UV
flux near200 nm by the model. This could resultfrom
overestimatinghe overheadzonecolumn,underestimat-
ing the solarflux at shortwavelengthsor anerrorin the
algorithmusedto calculateUV absorptiorby O, andOs.
TheoverheadO; columnis measuredvith a total uncer
tainty of lessthan 10% for all datasets. The solar flux
spectrurrusedin themodelis adaptedrom WMO [1986].
Thevariationoverasolarcyclein solarflux near200nmis
only £5% andagreeswith recentmeasurement® better
than10%[Leanetal., 1997,1992], makinguncertainties
in solarinputanunlikely sourceof significanterrorin cal-
culatedphotolysisof HNOs. Increasingheflux by 60%at
wavelengthsshorterthan240nm givessimilar agreement
to thedatain Platel to thatobtainedfor a 60% changédn
the crosssectionsof HNOs. Again, this changels much
largerthancanbejustifiedfrom solarirradiancemeasure-
ments.

Properradiative transfernear200 nm relies on using
properparameterizatiorfior the Schumann-Rungbands
andHerzbeg continuumof O, andthe shortwavelength
side of the O3 Hartley band, both of which are derived
from recentmeasurementndvalidatedagainsmeasured
atmospheritransmissiongseeMinschwaneretal. [1993]
for details). The algorithmwe usefor absorptionby O,
hasalsobeencomparedo theresultsof aline-by-linecal-
culationandis accurateto within 10% [Minschwaneret
al., 1993].

A total uncertaintyof 50%in the calculatedohotolysis
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rate(crosssection(20%) + solarirradiance(10%) + algo-
rithm (10%) + [O3] profile (10%)),combinedwith a 10%
systematicerror in measuredHNO3] and the roughly
10%randomretrieval uncertaintyin theratio of measured
to modeled[HNO3] (which includesthe uncertaintyin
modeledNO,]) would be enoughto accountfor the ob-
senations,but they would have to all sumup in the same
directionwhich is unlikely. Becausehe individual esti-
mateduncertaintiedn the calculatedphotolysisrate are
smallrelative to the obseneddiscrepang, we cannotrec-
ommendohotolysisasasingularcauseof thediscrepanyg.
Plus,changego the modelto increasethe UV flux could
alsoaffectthe calculationof [O(3P)], [O(* D)], O, photol-
ysis rates,and calculatedstratospheridifetimes of long-
livedtracerdike N, O andCFCs,dependingnthe partic-
ularchangesnade.

Thedataclearlyshav adiscrepang betweermeasured
and modeled[HNOs] 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
calculatedandmeasuredHNO3] above 22 km usingthe
recentlyrecommendedatesfor reactions(1) and(6), al-
thougherrorsin the calculatedshort-wavelengthphotoly-
sisrate,errorsin calculatefHNO3]/[NO,] from assump-
tion of constantatitudeduringthe steadystatemodelcal-
culation,anda potentialmissinglossreactionfor HNOs
remainopenpossibilitieswhich merit future investigation
giventheimplications.
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