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Abstract

ThechemicalNO, budgetin theuppertropospherever thetropical SouthPacificis analyzedising
aircraftmeasurementsadeat 6-12km altitudein Septembef996duringthe Global Tropospheric
Experimen{GTE) Pacific ExploratoryMission (PEM) TropicsA campaignChemicalossand
productionratesof NO, alongtheaircraftflight tracksarecalculatedwvith a photochemicamodel
constrainedy obsenrations.Calculationausinga standarcchemicalmechanisnshav alarge missing
sourcefor NO,; chemicallossexceedschemicalproductionby afactorof 2.4 on average.Similar or
greatemNO, budgetimbalancefhave beenreportedn analyse®f datafrom previousfield studies.
Ammoniumaerosokoncentratiosin PEM-TropicsA generallyexceededsulfateon achage
equvalentbasisandrelatve humiditieswerelow (median25%relatve to ice). Thisimpliesthatthe
aerosokouldbedry in which caseN,O5 hydrolysiswould be suppressedsasinkfor NO,.
Suppressionf N,O5 hydrolysisandadoptionof new measurementf thereactionrateconstantgor
NO, + OH + M andHNOj3 + OH reduceghemedianchemicalimbalancen the NO,, budgetfor
PEM-TropicsA from 2.4to 1.9. Theremainingimbalancecannotbe easilyexplainedfrom knowvn
chemistryor long-rangdransporof primaryNO, andmayimply a majorgapin our understandingf
thechemicalcycling of NO, in thefreetroposphere.



1. Intr oduction

Reactve nitrogenoxides(NO, = NO + NO; + NOg
+ 2 N,05 + HNO> + HO,NO,) play a critical role in
thephotochemicaproductionof ozonein thetroposphere,
andthey have a major effect on the abundanceandparti-
tioning of HO,, radicals(= OH + peroxyspecie$ which
determingheoxidizingpowerof thetroposphereSources
of NO, in the tropical uppertroposphereénclude major
contritutions from corvective input of NO, emitted at
the surface,chemicalregycling from nitric acid (HNO3)
and peroxyacetylnitrat§d PAN) and productionfrom N,
and O in lightning flashes.The residencdime of air in
the tropical uppertropospherds about10 days[Prather
andJacob,1997]. Thisis generallylong comparedo the
lifetime of NO,, with respecto oxidationto thereseroir
speciedINO; andPAN (2-10days[Jacobetal., 1996]).
Thereforeonewould expectaverageNO, concentrations
in the uppertropospheréo be nearachemicalsteadystate
betweenloss by oxidationand regycling from the reser
VOIrs.

The mostimportantNO,, reserwir in the uppertro-
posphereaccordingto currentmodelsis HNO3;. HNOs3
is formed during daytime throughoxidation of NO, by
OH andduringnighttimeby hydrolysisof N,O5 onaque-
ousaerosokurfaceg N, Os itself is formedby reactionof
NO, with NO3, whereNOj is producedby reactionof
03 with NO,). Regeneratiorof NO, from HNO; takes
placeduringdaytimeby photolysisandreactionwith OH.
Conversionof NO, to PAN in theuppertropospher¢akes
placeby photochemicatlegradationof acetoneandother
carboryls[Singhetal., 1995]. PAN is photolyzedackto
NO, (thermaldecompositiorof PAN is very slow in the
uppertroposphere)The cycling betweerNO, andPAN
in the tropical upper tropospherds typically 10 times
slower thanthe cycling betweenNO, andHNO; [Jacob
etal., 1996].

Obsered HNO;3/(NO + NO,) concentratiorratios
(hereinafterdenotedas Ry) in the free tropospherecan
be comparedo chemicalsteadystatemodelcalculations
asa testof the cycling betweerNO, andHNO; [Chat-
field, 1994]. Model ratiosreportedn a numberof studies
overestimateobsened valuesby factorsof 2-10 [Liu et
al., 1992; Chatfield,1994; Davis et al., 1996; Hauglus-
taineetal., 1996;Jacobetal., 1992,1996; Jagylé et al.,
1998] suggestingnajor flaws in our currentunderstand-
ing of thechemicabudgetof NO,,. Similar overestimates
arefound in global three-dimensionatodels[Brasseur
etal., 1996;Wangetal., 1998a,bi awrenceand Crutzen,
1998;Hauglustaineetal., 1998]. Only a few studiesfind
nodiscrepang [Fanetal., 1994;Singhetal., 1998].
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It hasbeenproposedthat the overestimateof Ry in
chemicalmodelsis dueto a perturbationof the chemi-
cal equilibrium by primary NO, sourcesrom lightning,
aircraft, or deepcorvection[Singhet al., 1996b; Liu et
al., 1996; Smythet al., 1996; Kawakamiet al., 1997,
Prather and Jacob, 1997; Jagglé et al., 1998]. Prather
and Jacob[1997] useda simplebox modelto determine
the meanshift in uppertropospheriqabove 12 km alti-
tude) Ry dueto tropical deepcorvection. With a dy-
namical turnover rate of 10%/dayand a chemicallife-
time of NO, of 10 days,they find that injection of pri-
mary NO, from corvection and lightning would lower
Ry by afactorof 2 from its chemicalequilibriumvalue.
The effect would be less at lower altitudesbecauseof
the shorterlifetime of NO,. In an analysisof aircraft
data (8-12 km) over the central United States, Jagglé
et al. [1998] found that the discrepang betweensim-
ulated and obsered NO, /(NO + NO,) ratios (NO,=
NO,+ HNO;+ organicnitrateg wasanticorrelatedvith
the numberconcentratiorof condensatiomuclei. They
concludedhatconvectiveinjectionof boundarjayerNO,
playsanimportantrolein lowering Ry .

Otherinvestigationhave attemptedo explainthemodel
overestimatesf Ry by invoking a fastchemicalreaction
to corvert HNO3 to NO,, in sulfate aerosolq Chatfield,
1994; Fan et al., 1994] or on soot[Hauglustaineet al.,
1996; Lary et al., 1997]. However, thereis so far no
laboratoryevidencefor fastcorversionof HNO3 to NO,,
underconditionsrepresentatie of the uppertropospheric
aeroso[Jacob,1999].

We presentn this papera chemicalmodelanalysisof
airborneobsenationsmadeup to 12 km altitudeover the
remotetropical and subtropicalSouthPacific in Septem-
ber1996(PEM-TropicsA [Hoell etal., 1999]). Thisstudy
extendsthe brief discussiorof the chemicalNO,, budget
givenby Scultz et al.[1999] in light of new kinetic data
andinformationon aerosokcomposition A review of pre-
viousstudieds alsopresented.

2. ChemicalNO, BudgetDuring
PEM-TropicsA

The Global TroposphericExperiment(GTE) Pacific
ExploratoryMission(PEM) TropicsA campaigriHoell et
al., 1999]suneyedthetroposphereverthe SouthPacific
in Septemberand October1996, during the peakof the
burningseasorin the SoutherrHemisphereTwo aircraft,
a DC-8 and a P-3B, eachspentmore than 120 hoursin
flight conductingextensie tracegasmeasuremementi
thispapeme focusondatafrom theDC-8aircraftbecause
it hada higherceiling (12km comparedo 8 km for the P-



3B) andtherewereno HNO3; measuremenisn boardthe
P-3B.Werestrictouranalysigo thetropicalandsubtropi-
cal SouthPacific (0-30°S, 165°E—-105'W) andto altitudes
above 6 km. Theaircraftdataareaveragedverthe HNOj;
measuremerihtervals (~3 min), which werethe longest
of all thegas-phasspecie®bsered. Thisdatasetis then
usedto constrainthe chemicalmodel. For the discussion
of theaerosokhemicalcompositionn section3, thetem-
poralresolutionof the aerosolmeasurements~ 20 min)
is retained.

Figurel showsverticalprofilesfor themixing ratiosof
severalNO,, speciesover the tropical SouthPacific dur-
ing PEM-Tropics A. NO, was computedfrom the sum
of obsenedNO (measureavith two-photonlaserinduced
fluorescencéTP-LIF) [Bradshawet al., 1985; Sandholm
et al., 1990, 1994, 1997]) and locally computedchemi-
cal modelvaluesfor NO;, HO2NO2, NO3, andN2Os
[Sctultzetal., 1999]. Scultzetal. [1999] comparedb-
senedandmodeledNO»/NO ratiosandfoundagreement
to within 30% (interquartilerange)atall altitudesabove 2
km. We will usecalculatedNO, throughoutthe remain-
derof this papetecausef thegreatemvailability. HNO;
wasmeasuredvith the mistchambeitechniqud Talbot et
al., 1988,1990, 1997], and PAN was measuredvith a
gaschromatographglectroncapturedetectol GC/ECD)
system[Singhand Salas,1983; Gregory et al., 1990a].
Tablel compilestheinstrumentabccuraciesandlimits of
detection(LOD) for the key NO, speciesduring PEM-
TropicsA.

Concentrationef PAN andHNO; showv pronounced
maximain the lower and middle free troposphergbe-
tween2 and8 km), reflectingthe extensive biomassourn-
ing influenceduring PEM-TropicsA [Sdultzetal., 1999;
Talbot et al., 1999a]. Concentration®©f NO, increase
steadilywith altitude,reachingtypical valuesof 50 parts
pertrillion by volume(pptv) at8-10km (Figurelb). The
obsered Ry is about5 mol/mol in the lower and mid-
dle troposphereanddecreaseto 1 mol/mol at 8 km and
to about0.4 mol/mol at 11 km (Figure 1e). The me-
dian NO/NO,, ratio (not showvn) above 6 km is 0.53 (in-
terquartilerange0.47-0.58)or zenithangles< 60°. Fig-
ure 1f displaysthe concentratiorratio of aerosolnitrate
(NO;) togas-phas&INO;. Aerosolnitratewasmeasured
from bulk filter samplegDibb etal., 1999]. The median
NO; /HNOj ratioat 6-12km is 0.29mol/mol, andthein-
terquartilesspantherangefrom 0.15to 0.91mol/mol. Of
theNO; dataabove 6 km, 55%arebelow thelimit of de-
tection(10pptv). In marinecorvectiveoutflow, NO3 con-
centrationsoccasionallyexceededyas-phaséINO; con-
centrationsy upto afactorof 4.

Table2 givesmediansandinterquartilerangesfor the
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air masscompositionover the tropical and subtropical
South Pacific at 6-12 km altitude. The subsetof data
with very low relative humidity (< 10%) exhibits signifi-
cantlyenhancegbollution presumablyjrom biomassurn-
ing (compareconcentrationsf CO, C2H,, PAN, andor-
ganicacidsof this subsetwvith theoveralldata). While the
lower Ry and higher C2H,/CO ratio indicaterelatively
freshpollutionin theseair masseshehighconcentrations
of HNO3 andorganicacidssuggesthatthey have noten-
counteredscavengingin corvectionfor atleastacoupleof
days.

We calculatedchemicalproductionand loss rates of
NO, alongthe PEM-Tropics A DC-8 flight trackswith
a chemicalpointmodel[Sdultzet al., 1999]. The model
is constrainedy concurrentobsenationsof O3, HNOj3,
PAN, H,0, CO, H,0,, CH;00H, hydrocarbonstem-
perature and photolysisfrequenciegor NO, andfor O3
to O(*D). TheNO, concentratioris chosenso thatthe
modelNO reproduceshe obsered NO within 1% at the
solar time of measurement.The model computesocal
HO, concentrationaindchemicalratesin diurnal steady
state,definedby repeatabilityof modelresultsover a 24
hour solarcycle. Acetonewasnot measuredanda typi-
cal concentratiorof 400 pptv wasassumedSinghetal.,
1995;McKeenetal., 1997]. Ourresultsareonly modestly
sensitveto thisassumptiorfa30%decrease theacetone
concentratiomeadsto a10%improvementn thechemical
NO, budgetimbalance).The standardyas-phasehemi-
calmechanisnof themodelfollows therecommendations
of JPL-97[DeMote et al., 1997], completedfor volatile
organic compoundchemistryby Atkinsonet al. [1997].
Absorptioncrosssectionsandquantumyields for photol-
ysisof acetonearefrom Gierczaketal. [1998].

Heterogeneousxidationof NO, to HNOj; isdescribed
asfirst-ordedosseof N, Os andNO3 onaerosokurfaces.
Reactionprobabilitiesfollow the recommendationsf Ja-
cob[1999],i.e. v = 0.1 for N,Os andy = 0.01 (upper
limit) for NO5;. Uptake of NO; wasgenerallynegligible.
The aerosolsurfaceareacould not be reliably computed
from measurementaboardthe DC-8 and was specified
with the medianvalueof 3 um? cm™3 obtainedfrom the
companionP-3B aircraftat tropical latitudesabove 6 km
[Clarke et al., 1999]. (Scwltzetal. [1999] tried to es-
timate the aerosolsurfaceareaby correlatingcondensa-
tion nuclei countermeasurementaboardthe DC-8 with
size-resoled measurementsmade aboardthe P-3B air-
craft. Thisapproactlyieldedaverageaerosokurfaceareas
of ~ 24 um? cm ™3 above 6 km over thetropicalandsub-
tropical SouthPacific which is abouta factorof 10 higher
thantypical surfaceareasneasuredh thefreetroposphere
(A. Clarke, personalcommunication,1998). The differ-



encecouldnotbefully resoled.)

Table3 givesthe meanandmedianratesof individual
reactiondmportantin the modelNO,, budgetat 6-12km
altitude. Thereis alarge budgetimbalancehroughouthe
uppertropospheresimilar to previous studies. The loss
rateof NO, betweent and12 km surpassethe produc-
tion rateby afactorof 2-3 on average.Thisimbalancesx-
ceedghe combineduncertaintiesn the measurementsf
NO, speciegTablel).In thelower tropical troposphere,
by contrastthermaldecompositiorof PAN from biomass
burningsourcesctsasadominantsourceof NO,, andthe
NO, budgetis balancedSdultzetal., 1999].

Figure 2 displaysthe model-calculateddiurnally av-
eragedratio of chemicallossto chemicalproductionof
NO, (Lno,/Pxo,) andtheNO, lifetime versusaltitude.
ThemedianLyo, /Pxo, ratiois fairly constantwith alti-
tude(median2.4,interquartilerangetypically 1.5-3).The
NO, lifetime increasesvith altitudefrom 2 daysat 6 km
to 10daysat 12 km.

If recentinjection of primaryNO,, in corvective out-
flow werethe major causeof the imbalanceof the chem-
ical NO, budget,thenwe would expectthe imbalances
to be greaterunderconditionsof high relative humidity.
However, as shavn in Figure 3, the Lyo,/Pno, ratio
tendsto be largestat low relative humidity. One could
invoke a scenariowhere injection of lightning NO,, in
corvective downdraftswould provide a primary sourceof
NO, associateavith low relative humidity. Sucha sce-
nario would imply the samplingof recentoutflow from
very deepcorvection(cloudtop > 12 km), but kinematic
back-trajectoriesogetherwith infrared satellite images
from PEM-TropicsA foundonly few occurencesf these
conditions.Thelack of anevidentdynamicalexplanation
for theNO, budgetimbalancgromptsanexaminationof
possiblechemicalfactorscontributing to theimbalance.

3. Chemical Contributions to the NO,,
Budgetimbalance

Recentlaboratorymeasurementsf the temperature-
dependentate constantfor the NO,+OH+M reaction
[Brown et al., 1999; Dransfieldet al., 1999] and the
HNO;+
OH reaction[Brown et al., 1999] indicate valueslower
(NO2+OH+M) andhigher(HNO3;+OH) thanthe stan-
dardrecommendationsf DeMore etal. [1997]. A recent
studyof theNO,/NO,, ratioin thelower stratospherdur-
ing polarsummefGaoetal., 1999]foundthatusingthese
new rateconstantsmprovesthe simulatedNO,/NO,, ra-
tio from 0.6 (with JPL-97rates)to 0.9timesthe obsened
ratio. For the PEM-TropicsA conditionsat 6-12 km al-
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titude, the rate constanfor NO,+OH+M is reducedby
20%,while therateconstanfor HNO;+OH is increased
by 50-100%o0n average. The medianLyo,/Pxo, ratio
decreasefrom 2.4 in the basecasescenariao 2.2 using
thenew ratecoeficients(Table4).

Table3 shavs thathydrolysisof N,Osx in aerosolsac-
countson averagefor 20% of the total NO,, loss. Fol-
lowing theassumptiortommonlymadein modelswe as-
sumedthat the aerosolis aqueousso that N, O5 hydrol-
ysistakesplace[Dentenerand Crutzen,1993; Lamaique
etal., 1996; Wanget al., 1998b]. McKeenet al. [1997]
pointedout thatthis assumptioris not necessarilgorrect,
which has significantimplicationsfor the NO, budget.
The chemicalcompositionof the aerosolmeasuredur-
ing PEM-TropicsA (Figure4) indicatedull neutralization
of SO~ by NH in 70%of all tropical samplesabove 6
km (Figure5a). Laboratorystudiesby Cziczoand Abbatt
[1999]for (NH4)2SO4 andLi-Jonesetal. [1999]for min-
eraldustindicatethatneutralaerosolsvould bedry under
the uppertroposphericconditionsfound in PEM-Tropics
A (medianrelative humidity 25%, Table 2). Cziczoand
Abbatt[1999] find that (NH4),SO. aerosolsat tempera-
turestypical of the middle anduppertropospherdbelov
240K) aredry for relatve humiditiesbelon 65%, even
whentheenepy barrierfor efflorescencés takeninto ac-
count. Mozurkevich and Calvert[1988] measuredhe up-
take of N, O5 ondry (NH,4).SO, aerosolsat 25%relative
humidity andfoundit to benegligible (y < 0.003).

Thefinding thataerosolsn theuppertropospherever
the SouthPacific are frequentlyneutralizedruns counter
to the standardsiew of a backgroundhcid sulfateaerosol
in theremotefreetropospher¢GiletteandBlifford, 1971;
Huebertand Lazrus,1980; Whelpdaleet al., 1987; Den-
tenerand Crutzen,1993]. Aerosolnitrate concentrations
duringPEM-TropicsA (Figure4c) occasionallyexceeded
the ammoniumpresentin excessof H,SO, neutraliza-
tion (Figure 5b), althoughone would not expect signif-
icant HNO3 dissolutionin acid aerosol[Carslaw et al.,
1995]. In thesecasesneutralizatiorof nitratecould pos-
sibly be achieved by mineralions (e.g., Caj or K*) as
suggestedby Tabazadeletal. [1998] for aerosobver the
centralUnitedStatesIn PEM-TropicsA, mineralion con-
centrationsvereoftenbelow thedetectionlimit (typically
15pmol/mol), butif we assumeoncentrationgistbelov
thedetectiorlimit, they would alwayssufficeto neutralize
the aerosol. Independensupportfor a fully neutralized
aerosobver the SouthPacificis offeredby airbornemea-
surementdrom the AerosolCharacterizatiofExperiment
(ACE-1) which indicated50-100 pptv of gaseousNH;
throughoutthe free tropospheréD. Davis, manuscripin
preparation,1999). Gaseousmmoniawould be titrated
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if the aerosolwere acidic. A neutralaerosolwould ex-
cludethe possibility of fastheterogeneoushemicalcon-
versionfrom HNO; to NO,, involving formaldehydeon
acidicaerosolasproposedy Chatfield[1994] andFan et
al. [1994]. A sensitvity runwithoutN,O5 (andNO3) hy-
drolysisreducesmedianLyo, / Pxo, from 2.2 (runwith
new rateconstantsjo 1.9 (Table4).

The availability of NH; in amountssufficient to neu-
tralize the aerosol(Figure 4a) implies the possiblepres-
ence of significantamountsof gas-phaseNHs, which
could provide an additionalsourceof NO,, via oxidation
by OH [e.g.,Logan, 1983]. Accordingto DeMore et al.
[1997], up to 80% of the NH, formedin the oxidationof
NH; by OH would reactwith O3 to form NO,. Thus
100 pptv of NH3 could provide a NO, sourceof about
0.75 pptvday~!, which is 15% of the medianchemical
NO, sourcecalculatedor the PEM-TropicsA conditions
(Table3). Thereis a needfor more obsenationsof gas-
phaseNH; andfor betterunderstandingf themechanism
of NH3 oxidation.

While the useof new rate constantgor the reactions
of NO, andHNO3 with OH andthepossiblesuppression
of N,Os5 hydrolysissignificantlyimprovetheNO,, budget
for PEM-TropicsA (Table4), amedianLyo, / Pxo, im-
balanceof 1.9 persists,correspondingo a missingNQO,,
sourceof 4.3 pptv day~! on average.Sincethetwo fac-
torsdiscussedhereincreasehe NO,, lifetime at 6—12km
by 30%(from 3.2to0 4.3days;Figure?2), thereis morepo-
tentialfor themissingsourceto beprovidedby long-range
transportof primaryNO,. However, agapin our under
standingof NO,, chemistryin thefreetroposphereannot
beruledout.

4. Previous Studies

A substantiabody of obsenationsfor analyzingthe
chemicalNO, budgetin the free tropospherehasbeen
presentedn the literature(Table5). Most studiesreport
largeimbalancesn theNO, budget.Thereliability of the
NO measuremenis theexperimentdistedin Table5 has
beenestablishedn formal intercomparison§Gregory et
al., 1990b;Crosley, 1996]. Aircraft measurementsf NO,
in missionsprior to PEM-TropicsA hadlarge positive bi-
aseqCrawford et al., 1996]. However, mostmodelstud-
iesin Table5 did not usemeasuredNO- but insteadas-
sumedNO- to bein photochemicaéquilibriumwith NO,
an assumptionsupportedby the NO, measurements
PEM-TropicsA [Sdultzetal., 1999]. The measurement
of HNO3; appearseliablebasedn arecentmeasurement
intercomparisorandobseredclosureof theNO,, budget
[Talbotetal., 1999b].
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The only previous studiedlisting averageratesof indi-
vidual reactionscontrituting to their modelNO,, budget
areFanetal. [1994]for ABLE-3B andJacobetal. [1996]
for TRACE-A.TheNO, budgetimbalanceduringABLE-
3B wassmall(Table5). Thatstudyextendedonly to 6 km
altitude;thermaldecompositiorof PAN wasthedominant
chemicalsourceof NO,, andN,Os hydrolysiswas ig-
noredbecaus¢heaerosolvasfully neutralized Therefore
theeffectsthatwe investigatedn section3 would notalter
thecomputedNO,, budget.In TRACE-AtheNO,, budget
imbalanceat 4-12km altitudewaslarge (Table5). If we
suppresN,Os hydrolysisand usethe revised rate con-
stantsfor NO,+ OH+ M andOH+ HNOs, wefind are-
ductionin Lyo, / Pxo, from 3.6t0 2.1(4-8km) andfrom
5.6to0 3.1 (8-12km). The large effectis mainly caused
by the importanceof N>Os hydrolysisin the Jacobet al.
[1996] modelbudgetwhichin turnis dueto thehighozone
concentrationsbsenedin TRACE-A.

Globalthree-dimensiond3-D) modelswhich account
for long-rangetransportof NO, from primary sources
suchaslightning andcomhustionalsoexperiencedifficul-
tiesin simulating Ry in the uppertroposphergBrasseur
etal., 1996;Wangetal., 1998a,biawrenceand Crutzen,
1998; Hauglustaineet al., 1998; Thakur et al., 1999].
These models generally achieze a good simulation of
NO, (reflecting, however, in part an adjustmentof the
sourcefrom lightning) but overestimateHNO; concen-
trations by a factor of 2-10 in the upper troposphere,
similar to the chemicalequilibrium modelstudiesin Ta-
ble 5. Aside from possiblegapsin our understanding
of the chemicalbudgetof NO,, otherfactorscould con-
tribute to the overestimateof HNOj3 in the 3-D mod-
els. Onefactorwould be the fractionationof HNO; into
aerosohitrate(NO; '), whichis not resohed by the mod-
els[Wangetal., 1998b;Tabazadeletal., 1998]. However,
during PEM-Tropics A, the NO; /HNO; concentration
ratiowasusually< 0.2 (Figurelf). Anotherfactorwould
be insufficient precipitationscavengingin the free tro-
posphergWang et al., 1998b]. Lawrenceand Crutzen
[1998] proposedthat gravitational settling of cirrus ice
crystals,
not accountedor in globalmodels,canreduceHNO; by
afactorof 10 in the tropical uppertropospheravhile the
impacton zonallyaveragedNO, concentrationgypically
remains< 20%.

5. Summary and Conclusions

The chemicalNO, budgetin the middle and upper
troposphereover the remotetropical South Pacific dur-
ing PEM-Tropics A was examinedwith model calcula-



tions usingconcurrenimeasurementsf NO, HNOj3, and
PAN asconstraints.A standarccalculationyields a me-
dian factor of 2.4 excessof chemicallossof NO, (con-
versionto HNO3; andPAN) relative to chemicalproduc-
tion (regycling from HNO3 and PAN), correspondingo
amissingNO, sourceof aboutl12 pptvday —*. Thisim-
balancds reducedby 10% whentherecentlyremeasured
temperature-and pressure-dependentactionrate con-
stants for OH+ NOs+ M
[Brown et al., 1999; Dransfieldet al., 1999] and OH+
HNOj [Brownetal., 1999]areincorporatedn thechem-
ical mechanism.

The bulk aerosolchemicalcompositionmeasuredn
PEM-TropicsA at6-12km altitudeindicatesn mostcases
total H,SO4 neutralizationby NH;. This obsenation,
combinedwith the low relative humidities measuredn
PEM-Tropics A (median25% relative to ice), suggests
thatthe aerosokhouldbe presentn the solid phase Sup-
pressionof N,Os hydrolysisin the modelimprovesthe
chemicalNO, budgetimbalancein PEM-Tropics A by
anotherl5%. Furtherstudyof the compositionrandphase
of freetropospheri@erosolds evidently needed.

The obsenation of 50-100pptv of gas-phasé&Hj; in
the free troposphereover the Pacific (D. Davis et al.,
manuscriptn preparation1999)is inconsistentvith global
models[e.g., Dentenerand Crutzen, 1994] and invites
speculatiorabouta potentialNO,, sourcefrom NH3 ox-
idation. For PEM-TropicsA, we derive an upperlimit of
15%of thetotal NO, sourcefrom this process.

If the resultsfrom this paperare appliedto previous
studiesreductionf thechemicalNO,, budgetimbalance
of upto 40%areexpected.Thenew rateconstant&ndthe
possiblysuppressedighttime sink of NO,, would bring
moststudiesinto a Lxo, / Pxo, rangeof 2—3.
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Figure 1. Verticalprofilesof (a) NO, (b)) NO, (= NO + NOs+ NO3+ 2 N,05+ HNO,+ HO,NO3), () gas-phaséINO;,
and(d) PAN concentrationsswell as(e) the HNO3/(NO + NO.) ratio (Ry) and(f) the ratio of aerosolNO; to gas-
phaselINO3 concentrationsConcentrationsf NO, PAN, HNO; andNO; areaircraftmeasurementsom PEM-Tropics
A (0-30'S, 165°’E-105W). Concentration®f NO,, specientherthanNO are photochemicaimodelvalues.NO dataare
displayedfor zenithangles< 60° only. Circlesare medianvaluesover 1 km altitude bands,starsdenotemeans,andthe
shadedareasspantheinterquartilerangesNO ™ valuesbelow thelimit of detection(LOD) aresetto 1/2 x LOD for Figure
1f.
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Figure 2. Vertical profilesof (a) the ratio of 24-houraveragedratesof chemicallossto chemicalproductionof NO, and
(b) the chemicallifetime of NO,.. Valuesareresultsfrom standardsteadystatepoint modelcalculationsfor the ensemble
of datasummarizedn Figurel. Circlesare mediansover 1 km altitude bands starsare meansandthe shadedareasspan
theinterquartilerangesrom the standardsimulation. The dashedine showsresultsfor a simulationwith new rateconstants
for NO,+ OH+ M [Brownetal., 1999;Dransfieldet al., 1999]andHNO3;+ OH [Brownetal., 1999]andwithout NoOs

hydrolysis.
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Figure 3. Ratioof chemicallossto productionof NO,, for thedatain Figurel, plottedversusrelative humidity with respect
to ice. Lossandproductionratesof NO, arefrom the standardsimulation. Dots representhe individual calculationsthe
line is asmoothedunninggeometricaverage.
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Figure 4. Vertical profiles of aerosolcompositionduring PEM-Tropics A (0-30°S, 165°E-105°W, 6-12 km): (a) sulfate,
(b) ammonium,(c) nitrate. Opentrianglesin Figures4aand4b denotesamplesvhereH,SO, is fully neutralizedoy NH;
(INHJ] > 2[SO;"]). Opensquaresn Figure4c denotesamplesvhereHNO; titratesthe excessNH, ([NH[ | > 2[SO; ]
and[NO;] > [NH}] — 2[SO37]). Plussesshov databelov detectionlimit (LOD) (setto 1 x LOD for display). Closed
symbolsrepresenall otherpoints,includingthosewherediagnosisof theNH; - SO2~-NO, balancecouldnotbeconducted
dueto concentrationbelow the detectionimit.
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Table 1. Instrumentarametergor Key MeasurementBuring PEM-TropicsA
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Species Technique Limit of Detection Accuragy, % PP
NO TP-LIF < 0.4pptv 13 J.Bradshav
NO, photolysis,TP-LIF 0.5 — 11 pptv 25 — 40 J.Bradshav
HNO; mistchamber < 20 pptv 15—-20 (> 25pptv)  R.Talbot
particulateNO;  filter sampling/ionchromatography 10 pmol/mol 20 R. Talbot
PAN GC/ECD 1pptv 20 H. Singh
JINO,)P 47 spectrometer 4.1077s7! 12 R. Shetter

TP-LIF, two photon-laseinducedfluorescence(GC/ECD,gaschromatographyvith electroncapturedetector;ppty, partspertrillion

by volume.
*Principallnvestigator
bPhotolysisrequengy for NO,.



Table 2. MedianAirmassCompositionOver the Tropical SouthPacific (0-30°S, 165°E-90°W,

6-12km)
Species All Data Relatve Humidity*< 10%
(N = 158) (N = 33)
TemperatureK 249(234-256) 252(244-260)
Potentialtemperaturek 336(331-342) 335(331-339)

relative humidity, %
NO, pptv

NO,, pptv®

HNOg, pptv

Ry, mol/moF
PAN, pptv

O3, pphv

CO, pphv

C.H,, pptv
C,H,/CO, pptv/pply
H202, pptV
CH3;00H, pptv
HCOOH, pptv
CH;COOH, pptv
CH3I, pptv

NH], pmol/mof!
SO32~, pmol/mof
NOj;, pmol/mof

25(13-46)
16(9-31)
35(18-63)
48(23-82)
1.9(1.2-3.2)
27(15-64)
33(28-49)

58 (54-65)
36(27-58)
0.6(0.5-0.8)
372(269-592)
212(116-340)
36(27-58)
34(24-68)
0.07(0.05-0.11)
LOD (LOD-46)
13(LOD-22)
LOD (LOD-26)

5(3-7)

36 (12-60)

77 (22-141)
87(41-183)
1.6(0.8-3.5)
47 (15-121)
48(29-80)

69 (54-85)

68 (29-94)
1.0(0.6-1.1)
322(209-446)
114(75-199)
72(41-133)
54(24-114)
0.05(0.04-0.07)
27 (LOD-46)
16 (LOD-21)
LOD (LOD-26)

PEM-TropicsA DC-8data.Valuesin parentheseareinterquartileranges.

*With respectoice.

"NO,= NO + NO3+ NOs+ 2 N, 05+ HNO,+ HO,NO,; concentrationsf specieotherthanNO

arecalculatedrom the photochemicamodel(standardimulation).
°Rn= HNO3/(NO 4 NO,). NO,from photochemicamodel.

4Limit of detection(LOD) = 25 pmol/molfor NH} and10 pmol/molfor SO2~ andNO3 .
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Table 3. Mean(Median)24-HourAverageChemicalNO,,
Budgetin the Upper Tropospheréver the Tropical South
Pacific

Reaction Mean(Median)

NO, Productionpptv d=?!

HNO;+ OH 1.9(1.2)
HNO;+ hv 2.0(1.5)
PAN+ hv 1.1(0.7)
PAN thermolysis 0.4(<0.1)
total production 5.4(3.6)
NO, Losspptvd™?!
NO2+ OH+ M 11.6(5.5)
N,O5+ H>O (aerosol) 3.4(1.2)
NO2+ CH;COOs + M 2.6(2.1)
totalloss 17.6(9.3)
NO, Budget, ratio
Lyo,/Pyo, 2.5(2.1)

Model results for PEM-Tropics A (run 0, basecase),0-
30°S, 165°E-105 W, 6-12 km altitude, with NO,, definedasNO
+ NOs+ NO3+ 2N,05+ HNO2+ HO;NO,; PAN formation
andlossratesarecorrectedor internalcycling within the[PAN+
CH;COO,] family [Jacobetal., 1996].
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Table 4. Model Sensitvity of Lyo, /Pno, andNO,, Lifetime in PEM-TropicsA

ModelRun Lyo, /Pro, NO, Lifetime, days
Resultsfrom Sdultzetal. [1999F 2.6(1.7-3.8) 2.8(1.7-5.6)
Standardsimulationwith JPL-97rate$ 2.4(1.4-3.5) 3.2(2.1-5.8)
New rateconstant$ 2.2(1.4-3.0) 3.4(2.2-6.5)

New rateconstant@andno heterogeneousSO,, loss  1.9(1.2-2.5) 4.1(2.5-7.7)

Lno, / Pxo, is theratio of the 24-houraveragecchemicallossrateof NO,, (LNO ) to the chemical
productionrate of NO,, (PNO ) calculatedwith a chemicalpoint modelconstralnecby PEM-Tropics
A alrcraftobser\atlonsoverthetroplcal and substropicaBouthPacific (0-30°S, 165 E-105W, 6-12km
altitude). Valuesaremediansyaluesin paranthesegive theinterquartilerange.

*Aerosol surfacearea estimatedfrom condensatiomuclei counts. Median surfaceareatoo large
(24 pm? em™3).

"N, O; hydrolysiswith v = 0.1; watervaporandperoxideconcentrationasobsered. Aerosolsurface
area= 3 um” cm™>.

“Revisedtemperaturdependentateconstantsor NO,+ OH+ M [Dransfieldetal., 1999]andHN O3 +
OH [Brownetal., 1999]. All otherparametergsin standardsimulation.
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