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Abstract

We determinemixing ratio profilesfor HBr andupperlimits for HOBr in the stratosphervith
precisionaupto 1.7 and4.8 partspertrillion, respectrely, usingthe combineddatafrom 7 flights of our
farinfraredspectrometeThe measurementsuggesthatin therange22—-34km the averagemixing
ratio of HBr is 2.0+ 0.8, andthatthe averagemixing ratio of HOBFr is lessthan2.8 ppt. Our
measurementsf HBr arein reasonablagreemenivith a photochemicamodelwhichincludesO or 2%
productionof HBr throughthereactionof BrO with HO,, but in strongdisagreementith a model
including5 or 10%HBr production.



I ntroduction

Anthropogenicemissionof methyl bromide and the
halonshasthe potentialto causegreatemzonelosseghan
emissionsof chlorofluorocarbonandhydrochlorofluore
carbons,in part becausenearly 50% of the brominere-
leasednto the stratospherés believedto existin reactve
forms,ascomparedo afew percenof thechlorine[World
Meteorological Organization (WMO), 1992]. Already; at
aconcentratiorof only 0.5%thatof chlorine,catalyticcy-
clesinvolving bromineaccountfor 25% of the 0zoneloss
in the Antarcticozonehole anda few percentof thetotal
ozonelossrateat mid-latitudeg McElroy et al., 1992].

Accurateassessmerntf the ozonedepletionpotential
(ODP)of brominateccompoundsequiresanunderstand-
ing of the partitioning of stratospheridrominebetween
reactve species(Br, BrO) and reserwir species(HBr,
BrNOz, andHOBY). Theirlow alundancéhasmademea-
suremenbf brominespeciedlifficult, whichis unfortunate
becausehereis still considerableincertaintyin thereac-
tion ratesusedin photochemicamodelsandcomparison
with obsenationswould build confidencén modelpredic-
tions.

For example thereactionratefor BrO+ HO, at 298K
wasrecentlyfoundto be 6 timesfasterthanpreviously be-
lieved[Poulet et al., 1992]. The effect of the fasterreac-
tion rateis to increasehe abhundanceof HOBr at the ex-
penseof BrO, assuminghatthe only productsare HOBr
and O;. Modelswhich include someproductionof HBr
throughthis reactionpredictevenlessBrO, resultingin a
smallerODP for brominatedcompoundssuchas methyl
bromide (CHsBr) [Poulet et al., 1992; Ko et al., 1994].
While notobsenedat roomtemperaturethe existenceof
anHBr channelis not ruled out at lower temperatureby
thework of Poulet et al. [1992]. Recentobsenationsof a
lower thanexpectedCIO/HCI ratio [Stachnik et al., 1992;
Chance et al., 1995] could be explainedby the existence
of ananalogoughanneiin the reactionof CIO with HO,
or OH [Tuomi and Bekki, 1993; McElroy and Salawitch,
1989].

The measurementpresentedn this paperexpandon
earlierwork [Traub et al., 1992]in which we combined
measurementsom 3 balloonflights to produceanupper
limit for HBr of 4 partspertrillion (ppt) atanaltitudeof 32
km. In the presentwork we combinedatafrom 7 balloon
flights to producemixing ratio profilesof HBr andHOBr
from 22—-38km.

M easurements

TheFIRS-2spectrometeainddatareductionsystemare
describedn detail elsavhere[Johnson et al., 1995]. We
obsene the stratospherén thermalemissionfrom a bal-
loonplatform,recordingnfraredspectracontinuouslydur-
ing both dayandnight. Theinstrumentscansthe Earth's
limb, makingobsenationsat 7 differentelevationangles
correspondingo tangentheightsspacedby about4 km
in altitude. The spectrometeresolutionis 0.008cm™2,
apodized.

Thelaunchdatesandhoursof dataatfloatfor theflights
analyzechereareasfollows: May 12, 1988,16.6 hours;
SeptembeR6,1989,23.1hours;June4, 1990,28.1hours
(only the final 9 hoursusedhere); May 29, 1992, 8.7
hours; Septembef9, 1992, 7.8 hours; March 23, 1993,
6.7hours;andMay 22,1994,22.0hours. The 1988flight
waslaunchedrom Palestine,TX andthe 1993flight was
launchedrom DaggettCA, all otherflightswerelaunched
from Ft. SumnerNM. We bin thespectraby elevationan-
gle, flight, andtime of dayto produceaveragelimbscans
for dayand(or) nightfor eachflight. For this analysiswe
formedl daytimeaveragdimbscaneachfor theMay 1988,
Junel990,May 1992,andSeptembef992flights; and2
daytimeaveragedor the Septembefl989andMay 1994
flights (onefor the first day andonefor the second).We
alsoformed1 nighttime averageeachfor the May 1988,
Septembel989,March 1993,andMay 1994flights. For
atypical averagelimbscaneachspectrumis the sumof 7
individualspectragorrespondingo 40 minutesof integra-
tion perelevationangle.

Spectroscopiparameterfor the HBr linesusedin this
analysisaretakenfrom the SmithsoniarAstrophysicaOb-
senatoryline databas&A092[Chanceet al., 1994].Line
positionsand strengthsfor HOBr were calculatedat the
Jet PropulsionLaboratory(E. A. Cohen,personalcom-
munication, 1995) using datafrom Koga et al. [1989]
combinedwith unpublishedneasurementsBecausehe
HOBr linesarevery weakandunresolhedin our spectra,
we ignorethe hyperfinesplitting and usea default value
of 0.06cm™tatni for the collisional broadening. The
broadeningpreseresequialentwidth for anunsaturated
line, andsothe choiceof default valuewill notaffectour
results.Linesfor both ”°Br and®!Br areincluded.

We usethe rotationallines near99.9and116.4cm—*
for HBr mixing ratio retrieval. Our averageHBr sensi-
tivity is 6 ppt for a single measuremenffitting a single
line in asingleaveragedspectrum)Theline strengthdor
HOBr are considerablywealer, but thereare morelines
in our spectra.We fit rotationallines of HOBr at 112.1,
116.3,142.8,143.5,146.3,147.7,149.8,155.3,155.9,



and159.4cm™1, aswell asthe Q branchat 140.0cm1.
Ouraveragesensitvity for HOBr is about45 pptpermea-
suremenbf a singleline or Q branch. For comparison,
a photochemicamodel startingwith 20 ppt of inorganic
bromineandusingreactionratesandphotolysiscrosssec-
tionsrecommendebtly DeMoreet al. [1992](includingthe
fasterratefor BrO + HO) predictsmixing ratiosfor HBr
andHOBFr of 0.2—0.4and1-6 ppt, respectiely [Ko et al.,
1994]. Thereforethe signal-to-noiseatio in anindividual
spectrumis roughly 0.05for eitherspeciesandonedoes
not expectspectraffeaturesof HBr or HOBr to be visible
above the noiselevel in a single FIRS-2spectrum.How-
ever, to the extentthatthe sensitvity is limited by random
noise,we canaveragemary measurementegetherto in-
creasdahesensitvity (asdiscussetbelow). While we care-
fully choosehefitting windows to avoid interferinglines
of othermoleculesthereis alwaysthe possibilitythatun-
cataloguedinesarepresentwhich couldbiasthe average
towardshigh values.We reducetherisk of biasby using2
or morespectralwindows for eachmoleculeandchecking
to seethatthe differentwindows give consistentesults.

Analysis

We retrieve amixing ratio profile for eachaveragdimb-
scanasfollows. First, we selecta smallwindow centered
on eachspectralline usedin the analysis. Next, mixing
ratiosareretrievedfor eachwindow by fitting a calculated
spectrunto theobsenredspectrunasdescribedn Johnson
et al. [1995]. Themixing ratiofor stronglinesis retrieved
in onion-peelingfashion,proceedingrom the highestto
the lowesttangentheight and updatingthe mixing ratio
profile as eachspectrumis fitted. For the weaklines of
HBr and HOBr the poor precisionof eachmeasurement
malkesit unlikely thatsuchaproceduravould corverge.In
this case we do not updatethe profile until afterall lines
have beerfit. Theresultsfor all linesareaveragedogether
andcomparedo theinitial profile, andtheprofile is mod-
ified if thedifferencds statisticallysignificant.Theerrors
in determiningthe mixing ratio at differentaltitudesare
correlated but we reducethis correlationby spacingthe
elevation anglessuchthatfor a uniformly mixed species,
roughly 75% of the columndensityalongtheline of sight
is in the atmospheridayer beingfitted. Finally, the re-
sultsfrom thedifferentlimbscansareaveragedogethetto
producethefinal dayandnight profiles.

Beforeaveragingogethetheresultsfor individualwin-
dows we carefully checkthe estimatecerror for eachfit.
Our fitting procedureestimatedhe randomerrorin each
measuremerftom thevarianceof theresidualsthe num-
berof degreeof freedomandthecorrelationdbetweerthe

parameterbeingfitted. Statisticallyoneexpectsto under
estimatethe varianceroughly half the time, andbecause
of the smallnumberof degreesof freedomthe spreadn
thevarianceestimatecanbe quitelarge. In orderto pre-
venta fit with an underestimatedrror from skewing the
weightedaveragewe first compargheestimated/ariance
to thenoiselevel in nearbyline-freewindowsin the spec-
trum. In casesvheretheresidualdrom thefit arelessthan
thenoiselevel the errorsareadjustedaccordingly

Resultsand Discussion

We presenthe final HBr andHOBr mixing ratio pro-
filesin Tablesl and2. All errorsarelo, andinclude
randomerrorsaswell aserrorsin pointing, atmospheric
temperaturaeterminationandintensitycalibration. The
randomerror dominateghe estimatedotal error Some
of the mixing ratiosare negative, which is not physically
meaningful,but is certainlystatisticallymeaningful. The
weightedaveragemixing ratiosin therange22—-34km are
2.0+ 0.8and0.6+2.2 pptfor HBr andHOBY, respectiely.

Averagingthe mixing ratio profiles from mary mid-
latitudeballoonflights is equivalentto estimatinga zonal
meanprofile, so our measurementsan be comparedo
the resultsof 2-D models. We compareour averageday
and night profilesfor HBr andHOBFr to several different
modelcalculationsn Figuresl and2. Themodelprofiles
arelabeledA, B, C, andD. Profile A wascalculatedus-
ing reactionratesandphotolysiscrosssectiondakenfrom
the1992JetPropulsiorLaboratory(JPL)recommendation
[DeMore et al., 1992]; profile B usesthe samereaction
ratesbut includesa 2% yield of HBr from the reactionof
BrO andHOg; profile C includesa 5% yield of HBr; and
profile D includesa 10%yield. Daytimeandnighttimeav-
erageareshavn. All modelprofileswerecalculatedising
the AtmosphericandEnvironmentalResearct2-D model
( M. K. W. Ko, privatecommunication1994),assuming

Table 1. HBr Mixing RatioProfiles

Day Night
Z, km [HBr], ppt Z, km [HBr], ppt
38.4 37+6.5 38.4 -06+82
33.3 32+21 334 21+26
29.5 27+2.0 29.5 04+2.6
25.7 30+17 26.0 21+28
21.9 -22+27 22.8 26+33




Table 2. HOBr Mixing RatioProfiles

Day Night
z,km [HOBI], ppt z,km [HOBY], ppt
38.4 1344216 38.3 -30+289
334 03+6.4 33.3 -12+82
29.4 01+5.8 29.6 5.2+75
25.8 05+4.8 26.1 21+7.2
21.9 -02+6.1 22.9 -09+7.0

19 ppt of totalinorganicbromine.The profilescorrespond
to averageconditionson May 15 at at a latitudeof 38 de-
greesorth(about4 degreesnorthof Ft. Sumner) Results
for 28 degreesnorthandfor Septembearesimilar.

As shavn in Figurel, themeasurementsf HBr arein
goodagreementvith profilesA andB. The dataare not
consistentvith profilesC or D, indicatingthatthe branch-
ing ratiofor HBr is lessthan5% andmaybe0. Thisagrees
with the work of Mellouki et al. [1994], who concluded
thatthe HBr branchingratio is lessthan0.01%underat-
mosphericonditionsby measuringherateof thereverse
reaction,Osz + HBr. Indeed,thereseemdo be little evi-
dencefor alargeadditionalsourceof HBr, unlike thesitu-
ationfor HCI [Stachnik et al., 1992;Chance et al., 1995].
Simultaneousneasurementsf BrO andHBr would pro-
videamoredirectmeasuremerdf brominepartitioningby
eliminatingassumptiongboutthe total bromineconcen-
tration. FromFigure?2 it is clearthatprofilesA-D areall
consistentvith theHOBr databut thereis insufficient pre-
cisionin themeasurement® distinguishbetweerthem.

In recentlaboratorywork, Hanson and Ravishankara
[1995] found that the hydrolysisof BrONO, on sulfuric
acid solutionsis extremelyrapid, implying that a signif-
icantamountof the BrONQO; in the stratospherenay be
corvertedto HOBFr at night by reactingon the surfaceof
sulphateaerosolsOurmeasurementsf HOBrarenotcon-
sistentwith a nighttimeincreasegreaterthan6 ppt at an
altitudeof 23 km.

Assumingthattheerrorsarerandomwe canperforma
morequantitatve comparisorof the modelswith thedata
by computingthex? statistic. Thereare10degreesof free-
domin thecombinedHBr dataset(5 altitudes and2 times
of day, with no free parameters).For model profile A,
x? = 9, whichindicatesagreemenat aboutthe 53%confi-
dencdevel (CL). ProfileB is alsoin reasonablagreement
with thedata,with X2 = 8 (CL = 64%). ProfilesC andD,
with x2 = 25and67, respectiely, areinconsistentith the
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Figure 1. A comparisorof the averagedaytime (open
circles) and nighttime (solid circles) HBr mixing ratio
profileswith calculatedprofilesA (solid), B (dotted),C
(shortdash),andD (long dash).Daytimeaveragemodel
profilesareindicatedby thelight lines,andnighttimeav-
erageshy the heavy lines. The profile calculationsare
describedn thetext.

dataataCL > 99%.

Conclusion

The HBr andHOBr measurementgresentecereare
consistentvith amodelwhich assumed9 ppt of total in-
organicbromineandcorventionalchemistry Thedataare
alsoconsistenwith a modelwhich includes2% produc-
tion of HBr throughthereactionof BrO with HO», but are
highly inconsistentvith a5 or 10% productionof HBr.
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Figure 2. A comparisorof the averagedaytime (open
circles)and nighttime (solid circles) HOBr mixing ratio
profileswith calculatedprofilesA (solid), B (dotted),C
(shortdash),andD (long dash).Daytimeaveragemodel
profilesareindicatedby thelight lines,andnighttimeav-
erageshy the heary lines. The profile calculationsare
describedn thetext.
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