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Abstract

Wedeterminemixing ratioprofilesfor HBr andupperlimits for HOBr in thestratospherewith
precisionsup to 1.7and4.8partspertrillion, respectively, usingthecombineddatafrom 7 flightsof our
far-infraredspectrometer. Themeasurementssuggestthatin therange22–34km theaveragemixing
ratioof HBr is 2 � 0

�
0 � 8, andthattheaveragemixing ratioof HOBr is lessthan2 � 8 ppt. Our

measurementsof HBr arein reasonableagreementwith aphotochemicalmodelwhich includes0 or 2%
productionof HBr throughthereactionof BrO with HO2, but in strongdisagreementwith amodel
including5 or 10%HBr production.
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Introduction

Anthropogenicemissionof methyl bromide and the
halonshasthepotentialto causegreaterozonelossesthan
emissionsof chlorofluorocarbonsandhydrochlorofluoro-
carbons,in part becausenearly 50% of the brominere-
leasedinto thestratosphereis believedto exist in reactive
forms,ascomparedto afew percentof thechlorine[World
Meteorological Organization (WMO), 1992]. Already, at
aconcentrationof only 0.5%thatof chlorine,catalyticcy-
clesinvolving bromineaccountfor 25%of theozoneloss
in theAntarcticozoneholeanda few percentof thetotal
ozonelossrateatmid-latitudes[McElroy et al., 1992].

Accurateassessmentof the ozonedepletionpotential
(ODP)of brominatedcompoundsrequiresanunderstand-
ing of the partitioningof stratosphericbrominebetween
reactive species(Br, BrO) and reservoir species(HBr,
BrNO3, andHOBr). Their low abundancehasmademea-
surementof brominespeciesdifficult, whichis unfortunate
becausethereis still considerableuncertaintyin thereac-
tion ratesusedin photochemicalmodelsandcomparison
with observationswouldbuild confidencein modelpredic-
tions.

For example,thereactionratefor BrO � HO2 at298K
wasrecentlyfoundto be6 timesfasterthanpreviouslybe-
lieved [Poulet et al., 1992]. Theeffect of the fasterreac-
tion rateis to increasethe abundanceof HOBr at theex-
penseof BrO, assumingthat theonly productsareHOBr
andO2. Modelswhich includesomeproductionof HBr
throughthis reactionpredictevenlessBrO, resultingin a
smallerODP for brominatedcompoundssuchasmethyl
bromide(CH3Br) [Poulet et al., 1992; Ko et al., 1994].
While not observedat roomtemperature,theexistenceof
anHBr channelis not ruledout at lower temperaturesby
thework of Poulet et al. [1992]. Recentobservationsof a
lower thanexpectedClO/HCl ratio [Stachnik et al., 1992;
Chance et al., 1995]couldbeexplainedby theexistence
of ananalogouschannelin thereactionof ClO with HO2

or OH [Tuomi and Bekki, 1993;McElroy and Salawitch,
1989].

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

Measurements

TheFIRS-2spectrometeranddatareductionsystemare
describedin detail elsewhere[Johnson et al., 1995]. We
observe the stratospherein thermalemissionfrom a bal-
loonplatform,recordinginfraredspectracontinuouslydur-
ing bothdayandnight. TheinstrumentscanstheEarth's
limb, makingobservationsat 7 differentelevationangles
correspondingto tangentheightsspacedby about4 km
in altitude. The spectrometerresolutionis 0.008cm� 1,
apodized.

Thelaunchdatesandhoursof dataatfloatfor theflights
analyzedhereareasfollows: May 12, 1988,16.6hours;
September26,1989,23.1hours;June4, 1990,28.1hours
(only the final 9 hoursusedhere); May 29, 1992, 8.7
hours;September29, 1992,7.8 hours;March 23, 1993,
6.7hours;andMay 22,1994,22.0hours.The1988flight
waslaunchedfrom Palestine,TX andthe1993flight was
launchedfromDaggett,CA; all otherflightswerelaunched
from Ft. Sumner, NM. Webin thespectraby elevationan-
gle, flight, andtime of day to produceaveragelimbscans
for dayand(or) night for eachflight. For this analysiswe
formed1daytimeaveragelimbscaneachfor theMay1988,
June1990,May 1992,andSeptember1992flights; and2
daytimeaveragesfor theSeptember1989andMay 1994
flights (onefor thefirst dayandonefor thesecond).We
alsoformed1 nighttimeaverageeachfor the May 1988,
September1989,March1993,andMay 1994flights. For
a typical averagelimbscaneachspectrumis thesumof 7
individualspectra,correspondingto 40minutesof integra-
tion perelevationangle.

Spectroscopicparametersfor theHBr linesusedin this
analysisaretakenfromtheSmithsonianAstrophysicalOb-
servatoryline databaseSAO92[Chance et al., 1994].Line
positionsandstrengthsfor HOBr werecalculatedat the
Jet PropulsionLaboratory(E. A. Cohen,personalcom-
munication,1995) using data from Koga et al. [1989]
combinedwith unpublishedmeasurements.Becausethe
HOBr linesarevery weakandunresolvedin our spectra,
we ignorethe hyperfinesplitting andusea default value
of 0 � 06cm� 1atm� 1 for the collisional broadening. The
broadeningpreservesequivalentwidth for anunsaturated
line, andsothechoiceof default valuewill not affect our
results.Linesfor both79Br and81Br areincluded.

We usethe rotationallines near99.9and116.4cm� 1

for HBr mixing ratio retrieval. Our averageHBr sensi-
tivity is 6 ppt for a singlemeasurement(fitting a single
line in a singleaveragedspectrum).Theline strengthsfor
HOBr areconsiderablyweaker, but therearemore lines
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,
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and159.4cm� 1, aswell astheQ branchat 140.0cm� 1.
Ouraveragesensitivity for HOBr is about45pptpermea-
surementof a single line or Q branch. For comparison,
a photochemicalmodelstartingwith 20 ppt of inorganic
bromineandusingreactionratesandphotolysiscrosssec-
tionsrecommendedbyDeMore et al. [1992](includingthe
fasterratefor BrO + HO2) predictsmixing ratiosfor HBr
andHOBr of 0.2–0.4and1–6ppt, respectively [Ko et al.,
1994].Thereforethesignal-to-noiseratio in anindividual
spectrumis roughly0.05for eitherspecies,andonedoes
not expectspectralfeaturesof HBr or HOBr to bevisible
above thenoiselevel in a singleFIRS-2spectrum.How-
ever, to theextentthatthesensitivity is limited by random
noise,wecanaveragemany measurementstogetherto in-
creasethesensitivity (asdiscussedbelow). While wecare-
fully choosethefitting windows to avoid interferinglines
of othermolecules,thereis alwaysthepossibilitythatun-
cataloguedlinesarepresentwhich couldbiastheaverage
towardshighvalues.We reducetherisk of biasby using2
or morespectralwindowsfor eachmoleculeandchecking
to seethatthedifferentwindowsgiveconsistentresults.

Analysis

Weretrieveamixingratioprofilefor eachaveragelimb-
scanasfollows. First,we selecta smallwindow centered
on eachspectralline usedin the analysis. Next, mixing
ratiosareretrievedfor eachwindow by fitting acalculated
spectrumto theobservedspectrumasdescribedin Johnson
et al. [1995]. Themixing ratio for stronglinesis retrieved
in onion-peelingfashion,proceedingfrom the highestto
the lowest tangentheight and updatingthe mixing ratio
profile aseachspectrumis fitted. For the weak lines of
HBr andHOBr the poor precisionof eachmeasurement
makesit unlikely thatsuchaprocedurewouldconverge.In
this case,we do not updatetheprofile until afterall lines
havebeenfit. Theresultsfor all linesareaveragedtogether
andcomparedto theinitial profile,andtheprofile is mod-
ified if thedifferenceis statisticallysignificant.Theerrors
in determiningthe mixing ratio at differentaltitudesare
correlated,but we reducethis correlationby spacingthe
elevationanglessuchthat for a uniformly mixedspecies,
roughly75%of thecolumndensityalongtheline of sight
is in the atmosphericlayer beingfitted. Finally, the re-
sultsfrom thedifferentlimbscansareaveragedtogetherto
producethefinal dayandnightprofiles.

Beforeaveragingtogethertheresultsfor individualwin-
dows we carefully checkthe estimatederror for eachfit.
Our fitting procedureestimatesthe randomerror in each
measurementfrom thevarianceof theresiduals,thenum-
berof degreesof freedom,andthecorrelationsbetweenthe

parametersbeingfitted. Statisticallyoneexpectsto under-
estimatethe varianceroughly half the time, andbecause
of the small numberof degreesof freedomthe spreadin
thevarianceestimatescanbequitelarge. In orderto pre-
venta fit with an underestimatederror from skewing the
weightedaverage,wefirst comparetheestimatedvariance
to thenoiselevel in nearbyline-freewindows in thespec-
trum. In caseswheretheresidualsfrom thefit arelessthan
thenoiselevel theerrorsareadjustedaccordingly.

Results and Discussion

We presentthe final HBr andHOBr mixing ratio pro-
files in Tables1 and2. All errorsare1σ, andinclude
randomerrorsaswell aserrorsin pointing, atmospheric
temperaturedetermination,andintensitycalibration.The
randomerror dominatesthe estimatedtotal error. Some
of themixing ratiosarenegative,which is not physically
meaningful,but is certainlystatisticallymeaningful.The
weightedaveragemixing ratiosin therange22–34km are
2 � 0 � 0 � 8and0 � 6 � 2 � 2pptfor HBr andHOBr, respectively.

Averagingthe mixing ratio profiles from many mid-
latitudeballoonflights is equivalentto estimatinga zonal
meanprofile, so our measurementscan be comparedto
the resultsof 2-D models. We compareour averageday
andnight profilesfor HBr andHOBr to severaldifferent
modelcalculationsin Figures1 and2. Themodelprofiles
arelabeledA, B, C, andD. Profile A wascalculatedus-
ing reactionratesandphotolysiscrosssectionstakenfrom
the1992JetPropulsionLaboratory(JPL)recommendation
[DeMore et al., 1992]; profile B usesthe samereaction
ratesbut includesa 2% yield of HBr from thereactionof
BrO andHO2; profile C includesa 5% yield of HBr; and
profileD includesa10%yield. Daytimeandnighttimeav-
eragesareshown. All modelprofileswerecalculatedusing
theAtmosphericandEnvironmentalResearch2-D model
( M. K. W. Ko, privatecommunication,1994),assuming

Table 1. HBr Mixing RatioProfiles

Day Night

z, km [HBr], ppt z, km [HBr], ppt

38.4 3.7 � 6 � 5 38.4 -0.6 � 8 � 2
33.3 3.2 � 2 � 1 33.4 2.1 � 2 � 6
29.5 2.7 � 2 � 0 29.5 0.4 � 2 � 6
25.7 3.0 � 1 � 7 26.0 2.1 � 2 � 8
21.9 -2.2 � 2 � 7 22.8 2.6 � 3 � 3
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Table 2. HOBr Mixing RatioProfiles

Day Night

z, km [HOBr], ppt z, km [HOBr], ppt

38.4 13.4 � 21� 6 38.3 -3.0 � 28� 9
33.4 0.3 � 6 � 4 33.3 -1.2 � 8 � 2
29.4 0.1 � 5 � 8 29.6 5.2 � 7 � 5
25.8 0.5 � 4 � 8 26.1 2.1 � 7 � 2
21.9 -0.2 � 6 � 1 22.9 -0.9 � 7 � 0

19pptof total inorganicbromine.Theprofilescorrespond
to averageconditionson May 15 at at a latitudeof 38 de-
greesnorth(about4 degreesnorthof Ft. Sumner).Results
for 28degreesnorthandfor Septemberaresimilar.

As shown in Figure1, themeasurementsof HBr arein
goodagreementwith profilesA andB. The dataarenot
consistentwith profilesC or D, indicatingthatthebranch-
ing ratiofor HBr is lessthan5%andmaybe0. Thisagrees
with the work of Mellouki et al. [1994], who concluded
that theHBr branchingratio is lessthan0.01%underat-
mosphericconditionsby measuringtherateof thereverse
reaction,O3 � HBr. Indeed,thereseemsto be little evi-
dencefor a largeadditionalsourceof HBr, unlike thesitu-
ationfor HCl [Stachnik et al., 1992;Chance et al., 1995].
Simultaneousmeasurementsof BrO andHBr would pro-
videamoredirectmeasurementof brominepartitioningby
eliminatingassumptionsaboutthe total bromineconcen-
tration. FromFigure2 it is clearthatprofilesA–D areall
consistentwith theHOBr data,but thereis insufficientpre-
cisionin themeasurementsto distinguishbetweenthem.

In recentlaboratorywork, Hanson and Ravishankara
[1995] found that the hydrolysisof BrONO2 on sulfuric
acid solutionsis extremelyrapid, implying that a signif-
icant amountof the BrONO2 in the stratospheremay be
convertedto HOBr at night by reactingon thesurfaceof
sulphateaerosols.Ourmeasurementsof HOBrarenotcon-
sistentwith a nighttimeincreasegreaterthan6 ppt at an
altitudeof 23km.

Assumingthattheerrorsarerandom,wecanperforma
morequantitativecomparisonof themodelswith thedata
by computingtheχ2 statistic.Thereare10degreesof free-
domin thecombinedHBr dataset(5 altitudes,and2 times
of day, with no free parameters).For model profile A,
χ2 � 9,whichindicatesagreementataboutthe53%confi-
dencelevel (CL). ProfileB is alsoin reasonableagreement
with thedata,with χ2 � 8 (CL � 64%).ProfilesC andD,
with χ2 � 25and67,respectively, areinconsistentwith the

Figure 1. A comparisonof 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-
eragesby the heavy lines. The profile calculationsare
describedin thetext.

dataataCL � 99%.

Conclusion

The HBr andHOBr measurementspresentedhereare
consistentwith a modelwhich assumes19ppt of total in-
organicbromineandconventionalchemistry. Thedataare
alsoconsistentwith a modelwhich includes2% produc-
tion of HBr throughthereactionof BrO with HO2, but are
highly inconsistentwith a5 or 10%productionof HBr.
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Figure 2. A comparisonof the averagedaytime(open
circles)andnighttime(solid circles)HOBr mixing ratio
profileswith calculatedprofilesA (solid), B (dotted),C
(shortdash),andD (long dash).Daytimeaveragemodel
profilesareindicatedby thelight lines,andnighttimeav-
eragesby the heavy lines. The profile calculationsare
describedin thetext.
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