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Abstract

Thechemical
���� budgetin theuppertroposphereover thetropicalSouthPacific is analyzedusing
aircraftmeasurementsmadeat 6-12km altitudein September1996duringtheGlobalTropospheric
Experiment(GTE)PacificExploratoryMission(PEM)TropicsA campaign.Chemicallossand
productionratesof 
���� alongtheaircraftflight tracksarecalculatedwith aphotochemicalmodel
constrainedby observations.Calculationsusingastandardchemicalmechanismshow a largemissing
sourcefor 
���� ; chemicallossexceedschemicalproductionby a factorof 2.4onaverage.Similaror
greater
���� budgetimbalanceshave beenreportedin analysesof datafrom previousfield studies.
Ammoniumaerosolconcentrations in PEM-TropicsA generallyexceededsulfateonacharge
equivalentbasis,andrelative humiditieswerelow (median25%relative to ice). This impliesthatthe
aerosolcouldbedry in whichcase
 � � � hydrolysiswouldbesuppressedasasink for 
���� .
Suppressionof 
 � � � hydrolysisandadoptionof new measurementsof thereactionrateconstantsfor

�� �

� ��� ���
and ��
�� 	

� ��� reducesthemedianchemicalimbalancein the 
���� budgetfor
PEM-TropicsA from 2.4to 1.9.Theremainingimbalancecannotbeeasilyexplainedfrom known
chemistryor long-rangetransportof primary 
���� andmayimply a majorgapin ourunderstandingof
thechemicalcycling of 
���� in thefreetroposphere.
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1. Intr oduction

Reactivenitrogenoxides ������� �!�"�$#!�"� %&#!���('# 2 �)%*�(+�#-,(���(%)#-,"� %.�"� % ) play a critical role in
thephotochemicalproductionof ozonein thetroposphere,
andthey have a majoreffect on theabundanceandparti-
tioningof ,���� radicals �/�0�1,2# peroxyspecies3 which
determinetheoxidizingpowerof thetroposphere.Sources
of ����� in the tropical uppertroposphereincludemajor
contributions from convective input of �"�)� emitted at
the surface,chemicalrecycling from nitric acid ( ,(���(' )
and peroxyacetylnitrate( 4657� ) and productionfrom � %
and � % in lightning flashes.The residencetime of air in
the tropical uppertroposphereis about10 days[Prather
andJacob,1997]. This is generallylong comparedto the
lifetime of �"� � with respectto oxidationto thereservoir
species,(�"� ' and 4657� (2–10days[Jacobetal., 1996]).
Thereforeonewould expectaverage�"�)� concentrations
in theuppertroposphereto benearachemicalsteadystate
betweenloss by oxidationandrecycling from the reser-
voirs.

The most important �"�)� reservoir in the uppertro-
posphereaccordingto currentmodelsis , �"� ' . ,(���('
is formed during daytimethroughoxidationof �"� % by�1, andduringnighttimeby hydrolysisof � % � + onaque-
ousaerosolsurfaces( �)%8�(+ itself is formedby reactionof�"� % with �"� ' , where �"� ' is producedby reactionof� ' with ��� % ). Regenerationof �"� � from ,(��� ' takes
placeduringdaytimeby photolysisandreactionwith �1, .
Conversionof �"�)� to 4951� in theuppertropospheretakes
placeby photochemicaldegradationof acetoneandother
carbonyls [Singhetal., 1995]. 4657� is photolyzedbackto�"�)� (thermaldecompositionof 4657� is very slow in the
uppertroposphere).Thecycling between�"�)� and 4951�
in the tropical upper troposphereis typically 10 times
slower thanthe cycling between�"�)� and ,(���(' [Jacob
etal., 1996].

Observed , �"� ';: �����<#<�"� % 3 concentrationratios
(hereinafterdenotedas =(> ) in the free tropospherecan
be comparedto chemicalsteadystatemodelcalculations
asa testof the cycling between��� � and , �"� ' [Chat-
field,1994]. Model ratiosreportedin a numberof studies
overestimateobserved valuesby factorsof 2-10 [Liu et
al., 1992; Chatfield,1994; Davis et al., 1996; Hauglus-
taineet al., 1996;Jacobet al., 1992,1996;Jaeglé et al.,
1998] suggestingmajor flaws in our currentunderstand-
ing of thechemicalbudgetof �"�)� . Similaroverestimates
are found in global three-dimensionalmodels[Brasseur
etal., 1996;Wangetal., 1998a,b;LawrenceandCrutzen,
1998;Hauglustaineet al., 1998]. Only a few studiesfind
nodiscrepancy [Fanetal., 1994;Singhetal., 1998].

It hasbeenproposedthat the overestimateof = > in
chemicalmodelsis due to a perturbationof the chemi-
cal equilibriumby primary �"� � sourcesfrom lightning,
aircraft, or deepconvection [Singhet al., 1996b; Liu et
al., 1996; Smythet al., 1996; Kawakamiet al., 1997;
Prather and Jacob,1997; Jaeglé et al., 1998]. Prather
and Jacob[1997] useda simplebox modelto determine
the meanshift in uppertropospheric(above 12 km alti-
tude) = > due to tropical deepconvection. With a dy-
namical turnover rate of 10%/dayand a chemical life-
time of �"� � of 10 days,they find that injection of pri-
mary ����� from convection and lightning would lower=(> by a factorof 2 from its chemicalequilibriumvalue.
The effect would be less at lower altitudesbecauseof
the shorterlifetime of ����� . In an analysisof aircraft
data (8-12 km) over the central United States,Jaeglé
et al. [1998] found that the discrepancy betweensim-
ulatedand observed ����? : �@�"�<#<��� % 3 ratios ���"�)?A��"�)�B#0, �"� '*# organicnitrates3 wasanticorrelatedwith
the numberconcentrationof condensationnuclei. They
concludedthatconvectiveinjectionof boundarylayer �"� �
playsanimportantrole in lowering = > .

Otherinvestigationshaveattemptedtoexplainthemodel
overestimatesof =(> by invoking a fastchemicalreaction
to convert , �"� ' to �"�)� in sulfate aerosols[Chatfield,
1994; Fan et al., 1994] or on soot [Hauglustaineet al.,
1996; Lary et al., 1997]. However, there is so far no
laboratoryevidencefor fastconversionof ,(�"� ' to �����
underconditionsrepresentative of theuppertropospheric
aerosol[Jacob,1999].

We presentin this papera chemicalmodelanalysisof
airborneobservationsmadeup to 12 km altitudeover the
remotetropicalandsubtropicalSouthPacific in Septem-
ber1996(PEM-TropicsA [Hoell etal., 1999]).Thisstudy
extendsthebrief discussionof thechemical����� budget
givenby Schultzet al.[1999] in light of new kinetic data
andinformationonaerosolcomposition.A review of pre-
viousstudiesis alsopresented.

2. Chemical CEDF� BudgetDuring
PEM-TropicsA

The Global TroposphericExperiment(GTE) Pacific
ExploratoryMission(PEM)TropicsA campaign[Hoell et
al., 1999]surveyedthetroposphereover theSouthPacific
in Septemberand October1996, during the peakof the
burningseasonin theSouthernHemisphere.Two aircraft,
a DC-8 and a P-3B, eachspentmore than120 hoursin
flight conductingextensivetracegasmeasuremements.In
thispaperwefocusondatafrom theDC-8aircraftbecause
it hadahigherceiling(12km comparedto 8 km for theP-
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3B) andtherewereno , �"� ' measurementsonboardthe
P-3B.Werestrictouranalysisto thetropicalandsubtropi-
calSouthPacific(0–30G S,165G E–105G W) andtoaltitudes
above6 km. Theaircraftdataareaveragedoverthe ,(���('
measurementintervals ( H 3 min), which werethe longest
of all thegas-phasespeciesobserved.Thisdatasetis then
usedto constrainthechemicalmodel. For thediscussion
of theaerosolchemicalcompositionin section3, thetem-
poral resolutionof theaerosolmeasurements( HJIAK min)
is retained.

Figure1 showsverticalprofilesfor themixing ratiosofFigure1
several �"�)? speciesover the tropical SouthPacific dur-
ing PEM-Tropics A. �"� � was computedfrom the sum
of observedNO (measuredwith two-photonlaserinduced
fluorescence(TP-LIF) [Bradshawet al., 1985;Sandholm
et al., 1990, 1994,1997]) and locally computedchemi-
cal model valuesfor �"� % , ,��(%.�"� % , ���(' , and �)%;� +
[Schultzet al., 1999]. Schultzet al. [1999] comparedob-
servedandmodeled��� % /NO ratiosandfoundagreement
to within 30%(interquartilerange)atall altitudesabove2
km. We will usecalculated���(% throughoutthe remain-
derof thispaperbecauseof thegreateravailability. ,(���('
wasmeasuredwith themist chambertechnique[Talbot et
al., 1988, 1990, 1997], and 4951� was measuredwith a
gaschromatographyelectroncapturedetector(GC/ECD)
system[Singhand Salas,1983; Gregory et al., 1990a].
Table1 compilestheinstrumentalaccuraciesandlimits ofTable1
detection(LOD) for the key �"� ? speciesduring PEM-
TropicsA.

Concentrationsof 4951� and , �"� ' show pronounced
maxima in the lower and middle free troposphere(be-
tween2 and8 km), reflectingtheextensivebiomassburn-
ing influenceduringPEM-TropicsA [Schultzetal., 1999;
Talbot et al., 1999a]. Concentrationsof ����� increase
steadilywith altitude,reachingtypical valuesof 50 parts
pertrillion by volume(pptv) at 8-10km (Figure1b). The
observed =(> is about5 mol/mol in the lower andmid-
dle troposphereanddecreasesto 1 mol/mol at 8 km and
to about 0.4 mol/mol at 11 km (Figure 1e). The me-
dian NO/�"� � ratio (not shown) above 6 km is 0.53(in-
terquartilerange0.47-0.58)for zenithanglesL 60G . Fig-
ure 1f displaysthe concentrationratio of aerosolnitrate
(�"�NM' ) togas-phase, �"� ' . Aerosolnitratewasmeasured
from bulk filter samples[Dibb et al., 1999]. Themedian�"� M' / , �"� ' ratioat6-12km is 0.29mol/mol,andthein-
terquartilesspantherangefrom 0.15to 0.91mol/mol. Of
the ��� M' dataabove6 km, 55%arebelow thelimit of de-
tection(10pptv). In marineconvectiveoutflow, �"�NM' con-
centrationsoccasionallyexceededgas-phase,(�"� ' con-
centrationsby up to a factorof 4.

Table2 givesmediansandinterquartilerangesfor theTable2

air masscompositionover the tropical and subtropical
South Pacific at 6–12 km altitude. The subsetof data
with very low relative humidity ( L 10%)exhibits signifi-
cantlyenhancedpollutionpresumablyfrom biomassburn-
ing (compareconcentrationsof O&� , OP%Q,�% , 4951� , andor-
ganicacidsof thissubsetwith theoveralldata).While the
lower = > and higher O % , % / O&� ratio indicaterelatively
freshpollutionin theseair masses,thehighconcentrations
of ,(���(' andorganicacidssuggestthatthey havenoten-
counteredscavengingin convectionfor atleastacoupleof
days.

We calculatedchemicalproductionand loss ratesof�"� � along the PEM-Tropics A DC-8 flight trackswith
a chemicalpoint model[Schultzet al., 1999]. Themodel
is constrainedby concurrentobservationsof � ' , ,(���(' ,4657� , , % � , O&� , , % � % , OR, ' ���1, , hydrocarbons,tem-
perature,andphotolysisfrequenciesfor �"� % andfor � '
to �N�TSVU)3 . The �"�)� concentrationis chosenso that the
modelNO reproducestheobservedNO within 1% at the
solar time of measurement.The model computeslocal,"�)� concentrationsandchemicalratesin diurnalsteady
state,definedby repeatabilityof modelresultsover a 24
hour solarcycle. Acetonewasnot measured,anda typi-
cal concentrationof 400pptv wasassumed[Singhet al.,
1995;McKeenetal., 1997].Ourresultsareonly modestly
sensitiveto thisassumption(a30%decreasein theacetone
concentrationleadsto a10%improvementin thechemical�"�)� budgetimbalance).Thestandardgas-phasechemi-
calmechanismof themodelfollowstherecommendations
of JPL-97[DeMore et al., 1997], completedfor volatile
organiccompoundchemistryby Atkinsonet al. [1997].
Absorptioncrosssectionsandquantumyieldsfor photol-
ysisof acetonearefrom Gierczaketal. [1998].

Heterogeneousoxidationof �"�)� to , �"� ' isdescribed
asfirst-orderlossesof �)%;� + and���(' onaerosolsurfaces.
Reactionprobabilitiesfollow therecommendationsof Ja-
cob [1999], i.e. WX��KZY\[ for �)%;� + and WF�JKZY K][ (upper
limit) for �"� ' . Uptake of �"� ' wasgenerallynegligible.
The aerosolsurfaceareacould not be reliably computed
from measurementsaboardthe DC-8 and was specified
with the medianvalueof ^`_ m%6aQb M ' obtainedfrom the
companionP-3Baircraftat tropical latitudesabove 6 km
[Clarke et al., 1999]. (Schultz et al. [1999] tried to es-
timate the aerosolsurfaceareaby correlatingcondensa-
tion nuclei countermeasurementsaboardthe DC-8 with
size-resolved measurementsmadeaboardthe P-3B air-
craft. Thisapproachyieldedaverageaerosolsurfaceareas
of HcIAde_ m%6aQb M ' above6 km over thetropicalandsub-
tropicalSouthPacificwhich is abouta factorof 10 higher
thantypicalsurfaceareasmeasuredin thefreetroposphere
(A. Clarke, personalcommunication,1998). The differ-
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encecouldnot befully resolved.)

Table3 givesthemeanandmedianratesof individualTable3
reactionsimportantin themodel ����� budgetat 6-12km
altitude.Thereis a largebudgetimbalancethroughoutthe
uppertroposphere,similar to previous studies. The loss
rateof �"� � between6 and12 km surpassesthe produc-
tion rateby afactorof 2-3onaverage.This imbalanceex-
ceedsthecombineduncertaintiesin themeasurementsof�"�)? species(Table1). In the lower tropical troposphere,
by contrast,thermaldecompositionof 4951� from biomass
burningsourcesactsasadominantsourceof �"�)� andthe�"� � budgetis balanced[Schultzetal., 1999].

Figure 2 displaysthe model-calculateddiurnally av-Figure2
eragedratio of chemicalloss to chemicalproductionof�"� � ( f >hg6iQ:Ajk>lg6i ) andthe �"� � lifetime versusaltitude.
Themedianfm>lg i�:nj >lg i ratio is fairly constantwith alti-
tude(median2.4,interquartilerangetypically 1.5–3).The�"� � lifetime increaseswith altitudefrom 2 daysat 6 km
to 10daysat12km.

If recentinjection of primary �"� � in convective out-
flow werethemajorcauseof the imbalanceof thechem-
ical �"�)� budget,thenwe would expect the imbalances
to be greaterunderconditionsof high relative humidity.
However, as shown in Figure 3, the f >lg9iQ:njk>hg6i ratioFigure3
tendsto be largestat low relative humidity. One could
invoke a scenariowhere injection of lightning �"�)� in
convectivedowndraftswould provide a primarysourceof�"� � associatedwith low relative humidity. Sucha sce-
nario would imply the samplingof recentoutflow from
very deepconvection(cloudtop o 12 km), but kinematic
back-trajectoriestogetherwith infrared satellite images
from PEM-TropicsA foundonly few occurencesof these
conditions.Thelack of anevidentdynamicalexplanation
for the �"� � budgetimbalancepromptsanexaminationof
possiblechemicalfactorscontributing to theimbalance.

3. ChemicalContributions to the CpD!�
Budget Imbalance

Recentlaboratorymeasurementsof the temperature-
dependentrate constantsfor the ���(%*#)�7,�# M reaction
[Brown et al., 1999; Dransfieldet al., 1999] and the,(��� ' #�1, reaction[Brown et al., 1999] indicatevalueslower
(�"� %8#��1,�# M) andhigher(,(���('*#)�7, ) thanthe stan-
dardrecommendationsof DeMoreetal. [1997]. A recent
studyof the �"� � /�"�)? ratioin thelowerstratospheredur-
ing polarsummer[Gaoetal., 1999]foundthatusingthese
new rateconstantsimprovesthesimulated����� / �"� ? ra-
tio from 0.6(with JPL-97rates)to 0.9 timestheobserved
ratio. For the PEM-TropicsA conditionsat 6-12 km al-

titude, the rateconstantfor �"� %*#��1,"# M is reducedby
20%,while therateconstantfor , �"� ';#)�1, is increased
by 50-100%on average. The median f >lg i :njk>hg i ratio
decreasesfrom 2.4 in the basecasescenarioto 2.2 using
thenew ratecoefficients(Table4). Table4

Table3 shows thathydrolysisof � % � + in aerosolsac-
countson averagefor 20% of the total ����� loss. Fol-
lowing theassumptioncommonlymadein models,weas-
sumedthat the aerosolis aqueousso that � % � + hydrol-
ysis takesplace[DentenerandCrutzen,1993;Lamarque
et al., 1996; Wang et al., 1998b]. McKeenet al. [1997]
pointedout thatthisassumptionis notnecessarilycorrect,
which hassignificant implications for the ��� � budget.
The chemicalcompositionof the aerosolmeasureddur-
ing PEM-TropicsA (Figure4) indicatesfull neutralization Figure4
of qr� % Ms by � ,�ts in 70%of all tropicalsamplesabove 6
km (Figure5a). Laboratorystudiesby CziczoandAbbatt Figure5
[1999]for �@�(, s 3T%*qu� s andLi-Jonesetal. [1999]for min-
eraldustindicatethatneutralaerosolswouldbedry under
the uppertroposphericconditionsfound in PEM-Tropics
A (medianrelative humidity 25%, Table2). Cziczoand
Abbatt[1999] find that ��� , s 3T%*qu� s aerosolsat tempera-
turestypical of themiddleanduppertroposphere(below
240 K) aredry for relative humiditiesbelow 65%, even
whentheenergy barrierfor efflorescenceis takeninto ac-
count.Mozurkevich andCalvert [1988] measuredtheup-
takeof � % � + ondry �@�(, s 3 % qr� s aerosolsat25%relative
humidityandfoundit to benegligible ( W�LvKZY KwKB^ ).

Thefinding thataerosolsin theuppertroposphereover
the SouthPacific arefrequentlyneutralizedrunscounter
to thestandardview of a backgroundacidsulfateaerosol
in theremotefreetroposphere[GiletteandBlifford, 1971;
HuebertandLazrus,1980;Whelpdaleet al., 1987;Den-
tenerandCrutzen,1993]. Aerosolnitrateconcentrations
duringPEM-TropicsA (Figure4c)occasionallyexceeded
the ammoniumpresentin excessof , % qu� s neutraliza-
tion (Figure 5b), althoughone would not expect signif-
icant ,(�"� ' dissolutionin acid aerosol[Carslaw et al.,
1995]. In thesecases,neutralizationof nitratecouldpos-
sibly be achieved by mineral ions (e.g., OPxBt% or y t ) as
suggestedby Tabazadehet al. [1998] for aerosolover the
centralUnitedStates.In PEM-TropicsA, mineralion con-
centrationswereoftenbelow thedetectionlimit (typically
15pmol: mol), but if weassumeconcentrationsjustbelow
thedetectionlimit, they wouldalwayssufficeto neutralize
the aerosol. Independentsupportfor a fully neutralized
aerosolover theSouthPacific is offeredby airbornemea-
surementsfrom theAerosolCharacterizationExperiment
(ACE-1) which indicated50-100pptv of gaseous� ,�'
throughoutthe free troposphere(D. Davis, manuscriptin
preparation,1999). Gaseousammoniawould be titrated



5

if the aerosolwereacidic. A neutralaerosolwould ex-
cludethepossibilityof fastheterogeneouschemicalcon-
versionfrom , �"� ' to �"� � involving formaldehydeon
acidicaerosolasproposedby Chatfield[1994]andFanet
al. [1994]. A sensitivity runwithout ��%8� + (and���(' ) hy-
drolysisreducesmedianfR>hg iQ:Aj >lg i from 2.2 (run with
new rateconstants)to 1.9(Table4).

The availability of � , ts in amountssufficient to neu-
tralize the aerosol(Figure4a) implies the possiblepres-
ence of significant amountsof gas-phase�(,�' , which
couldprovide anadditionalsourceof ����� via oxidation
by �7, [e.g.,Logan,1983]. Accordingto DeMore et al.
[1997],up to 80%of the �(, % formedin theoxidationof�(,)' by �1, would reactwith � ' to form �"�)� . Thus
100 pptv of �(,�' could provide a �"�)� sourceof aboutKZY{zw|9}u}u~��P�ux*� M S , which is 15% of the medianchemical�"�)� sourcecalculatedfor thePEM-TropicsA conditions
(Table3). Thereis a needfor moreobservationsof gas-
phase�(, ' andfor betterunderstandingof themechanism
of �(, ' oxidation.

While the useof new rateconstantsfor the reactions
of �"� % and , �"� ' with �1, andthepossiblesuppression
of ��%*�(+ hydrolysissignificantlyimprovethe ����� budget
for PEM-TropicsA (Table4), a medianfR>hg iQ:Aj >lg i im-
balanceof 1.9 persists,correspondingto a missing ��� �
sourceof drY ^`}u}u~V���ux�� M S on average.Sincethe two fac-
torsdiscussedhereincreasethe �"�)� lifetime at 6–12km
by 30%(from 3.2to 4.3days;Figure2), thereis morepo-
tentialfor themissingsourceto beprovidedby long-range
transportof primary �"�)� . However, a gapin our under-
standingof ����� chemistryin thefreetropospherecannot
beruledout.

4. Previous Studies

A substantialbody of observationsfor analyzingthe
chemical ����� budget in the free tropospherehasbeen
presentedin the literature(Table5). Most studiesreportTable5
largeimbalancesin the �"�)� budget.Thereliability of the
NO measurementsin theexperimentslistedin Table5 has
beenestablishedin formal intercomparisons[Gregory et
al., 1990b;Crosley,1996].Aircraft measurementsof ��� %
in missionsprior to PEM-TropicsA hadlargepositive bi-
ases[Crawford et al., 1996]. However, mostmodelstud-
ies in Table5 did not usemeasured��� % but insteadas-
sumed�"� % to bein photochemicalequilibriumwith NO,
an assumptionsupportedby the �"� % measurementsin
PEM-TropicsA [Schultzet al., 1999]. Themeasurement
of ,(��� ' appearsreliablebasedona recentmeasurement
intercomparisonandobservedclosureof the �"� ? budget
[Talbotetal., 1999b].

Theonly previousstudieslisting averageratesof indi-
vidual reactionscontributing to their model �"�)� budget
areFanetal. [1994]for ABLE-3B andJacobetal. [1996]
for TRACE-A.The ����� budgetimbalanceduringABLE-
3B wassmall(Table5). Thatstudyextendedonly to 6 km
altitude;thermaldecompositionof PAN wasthedominant
chemicalsourceof �"� � , and � % � + hydrolysiswas ig-
noredbecausetheaerosolwasfully neutralized.Therefore
theeffectsthatweinvestigatedin section3 wouldnotalter
thecomputed��� � budget.In TRACE-A the �"� � budget
imbalanceat 4–12km altitudewaslarge (Table5). If we
suppress�)%;� + hydrolysisandusethe revised rate con-
stantsfor �"� %;#��7,�# M and �1,"#F,(���(' , wefind a re-
ductionin f >hg6i*:Aj`>hg6i from 3.6to 2.1(4-8km) andfrom
5.6 to 3.1 (8-12 km). The large effect is mainly caused
by the importanceof �)%*�(+ hydrolysisin theJacobet al.
[1996]modelbudgetwhichin turnis dueto thehighozone
concentrationsobservedin TRACE-A.

Globalthree-dimensional(3-D) modelswhich account
for long-rangetransportof �"� � from primary sources
suchaslightningandcombustionalsoexperiencedifficul-
ties in simulating =(> in theuppertroposphere[Brasseur
etal., 1996;Wangetal., 1998a,b;LawrenceandCrutzen,
1998; Hauglustaineet al., 1998; Thakur et al., 1999].
Thesemodels generally achieve a good simulation of�"� � (reflecting,however, in part an adjustmentof the
sourcefrom lightning) but overestimate, �"� ' 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 ����� , otherfactorscould con-
tribute to the overestimatesof , �"� ' in the 3-D mod-
els. Onefactorwould be the fractionationof , �"� ' into
aerosolnitrate( �"�NM' ), which is not resolvedby themod-
els[Wangetal., 1998b;Tabazadehetal., 1998].However,
during PEM-Tropics A, the �"� M' / , �"� ' concentration
ratio wasusually L 0.2(Figure1f). Anotherfactorwould
be insufficient precipitationscavenging in the free tro-
posphere[Wang et al., 1998b]. Lawrenceand Crutzen
[1998] proposedthat gravitational settling of cirrus ice
crystals,
not accountedfor in globalmodels,canreduce,(���(' by
a factorof 10 in the tropicaluppertropospherewhile the
impactonzonallyaveraged��� � concentrationstypically
remainsL 20%.

5. Summary and Conclusions

The chemical ����� budget in the middle and upper
troposphereover the remotetropical SouthPacific dur-
ing PEM-Tropics A was examinedwith model calcula-
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tionsusingconcurrentmeasurementsof NO, ,(�"� ' , and4657� asconstraints.A standardcalculationyields a me-
dian factorof 2.4 excessof chemicallossof ��� � (con-
versionto ,(�"� ' and 4657� ) relative to chemicalproduc-
tion (recycling from ,(���(' and 4657� ), correspondingto
a missing �"�)� sourceof about [8I9}u}u~V�m�ux*� M S . This im-
balanceis reducedby 10%whentherecentlyremeasured
temperature-and pressure-dependentreactionrate con-
stants for �1,�# �"� %8# M
[Brown et al., 1999; Dransfieldet al., 1999] and �1,"#,(��� ' [Brownet al., 1999]areincorporatedin thechem-
ical mechanism.

The bulk aerosolchemicalcompositionmeasuredin
PEM-TropicsA at6-12km altitudeindicatesin mostcases
total ,)%8qu� s neutralizationby �(,�' . This observation,
combinedwith the low relative humiditiesmeasuredin
PEM-Tropics A (median25% relative to ice), suggests
thattheaerosolshouldbepresentin thesolid phase.Sup-
pressionof � % � + hydrolysisin the model improves the
chemical ��� � budget imbalancein PEM-Tropics A by
another15%. Furtherstudyof thecompositionandphase
of freetroposphericaerosolsis evidentlyneeded.

The observationof 50-100pptv of gas-phase�(,)' in
the free troposphereover the Pacific (D. Davis et al.,
manuscriptin preparation,1999)is inconsistentwith global
models[e.g., Dentenerand Crutzen,1994] and invites
speculationabouta potential �"�)� sourcefrom � ,�' ox-
idation. For PEM-TropicsA, we derive anupperlimit of
15%of thetotal �"� � sourcefrom thisprocess.

If the resultsfrom this paperare appliedto previous
studies,reductionsof thechemical�"� � budgetimbalance
of upto 40%areexpected.Thenew rateconstantsandthe
possiblysuppressednighttimesink of �"�)� would bring
moststudiesinto a f >lg i :njk>lg i rangeof 2–3.
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Figure1. Verticalprofilesof (a) ��� , (b) ��� � (= NO #!�"� % #<�"� ' # 2 � % � + #F,(�"� % #<,"� % �"� % ), (c) gas-phase,(��� ' ,
and (d) 4951� concentrationsaswell as (e) the , �"� ' : �@�"�<#��"� %83 ratio ( =(> ) and (f) the ratio of aerosol�"�NM' to gas-
phase, �"� ' concentrations.Concentrationsof �"� , 4951� , ,(���(' and �"� M' areaircraftmeasurementsfrom PEM-Tropics
A (0–30G S, 165G E–105G W). Concentrationsof �"� � speciesotherthan �"� arephotochemicalmodelvalues. ��� dataare
displayedfor zenithanglesL 60G only. Circlesaremedianvaluesover 1 km altitudebands,starsdenotemeans,andthe
shadedareasspantheinterquartileranges.�"� M' valuesbelow thelimit of detection(LOD) aresetto [ : IN�����(U for Figure
1f.
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Figure 2. Vertical profilesof (a) the ratio of 24-houraveragedratesof chemicallossto chemicalproductionof �"�)� and
(b) the chemicallifetime of �"� � . Valuesareresultsfrom standardsteadystatepoint modelcalculationsfor the ensemble
of datasummarizedin Figure1. Circlesaremediansover 1 km altitudebands,starsaremeans,andtheshadedareasspan
theinterquartilerangesfrom thestandardsimulation.Thedashedline showsresultsfor a simulationwith new rateconstants
for ��� % #p�1,�# M [Brownet al., 1999;Dransfieldet al., 1999]and ,(�"� ' #-�7, [Brownet al., 1999]andwithout � % � +
hydrolysis.
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Figure3. Ratioof chemicallossto productionof �"�)� for thedatain Figure1, plottedversusrelative humiditywith respect
to ice. Lossandproductionratesof �"� � arefrom the standardsimulation. Dots representthe individual calculations;the
line is asmoothedrunninggeometricaverage.
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Figure 4. Vertical profilesof aerosolcompositionduring PEM-TropicsA (0-30G S, 165G E-105G W, 6-12 km): (a) sulfate,
(b) ammonium,(c) nitrate. Opentrianglesin Figures4aand4b denotesampleswhere , % qr� s is fully neutralizedby � , '
([ � , ts ] o�Ir� qr� % Msp� ). Opensquaresin Figure4c denotesampleswhere ,(�"� ' titratestheexcess�(, ts ([ �(, ts ] o�Ir� qu� % Msp�
and[ ��� M' ] o�� � , ts �9� IZ� qu� % Ms � ). Plussesshow databelow detectionlimit (LOD) (setto [ �¡���(U for display). Closed
symbolsrepresentall otherpoints,includingthosewherediagnosisof the �(, ts - qu� % Ms - ��� M' balancecouldnotbeconducted
dueto concentrationsbelow thedetectionlimit.
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Figure 5. Relationshipsat 6-12 km between(a) aerosolsulfateandammoniumand(b) aerosolnitrateandammoniumin
excessof sulfate.Thedashedline in Figure5ais the1:1 line; thesolid line is the2:1 line. Thesolid line in Figure5b is the
1:1 line. Symbolsarethesameasin Figure4.
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Table1. InstrumentParametersfor Key MeasurementsDuringPEM-TropicsA

Species Technique Limit of Detection Accuracy, % PI¢
NO TP-LIF L$KrY d`}u}u~V� [*^ J.Bradshaw�"� % photolysis,TP-LIF KZY{| � [w[£}u}u~V� Iw| � dBK J.Bradshaw,(��� ' mistchamber L�IAK`}u}u~V� [8| � InK��To�IB|e}u}u~V�r3 R. Talbot
particulate��� M' filter sampling/ionchromatography [�Kk} b¥¤A¦ : b�¤n¦ IAK R. Talbot
PAN GC/ECD [£}u}u~�� IAK H. Singh
J(�"� % ) § dn¨ spectrometer d(©B[*K M]ªh«*M S [8I R. Shetter

TP-LIF, two photon-laserinducedfluorescence;GC/ECD,gaschromatographywith electroncapturedetector;pptv, partspertrillion
by volume.¬

PrincipalInvestigator.­
Photolysisfrequency for �P� � .
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Table 2. MedianAirmassCompositionOver theTropicalSouthPacific (0-30G S,165G E-90G W,
6-12km)

Species All Data Relative Humidity¢8L 10%
( ®¯�p[8|n° ) ( ®±�c^B^ )

Temperature,K 249(234-256) 252(244-260)
Potentialtemperature,K 336(331-342) 335(331-339)
relative humidity, % 25(13-46) 5 (3-7)
NO, pptv 16 (9-31) 36 (12-60)�"� � , pptv§ 35(18-63) 77 (22-141),(���(' , pptv 48 (23-82) 87 (41-183)=(> , mol/mol² 1.9(1.2-3.2) 1.6(0.8-3.5)4657� , pptv 27 (15-64) 47 (15-121)� ' , ppbv 33(28-49) 48 (29-80)O&� , ppbv 58(54-65) 69 (54-85)OP%Q,�% , pptv 36 (27-58) 68 (29-94)O % , % / O&� , pptv/ppbv 0.6(0.5-0.8) 1.0(0.6-1.1),�%*� % , pptv 372(269-592) 322(209-446)OR,�'*�)�7, , pptv 212(116-340) 114(75-199)
HCOOH,pptv 36 (27-58) 72 (41-133)OR, ' O&�)�7, , pptv 34 (24-68) 54 (24-114)OR,�'.³ , pptv 0.07(0.05-0.11) 0.05(0.04-0.07)�(, ts , pmol/moĺ LOD (LOD-46) 27 (LOD-46)qu� % Ms , pmol/moĺ 13 (LOD-22) 16 (LOD-21)�"�NM' , pmol/moĺ LOD (LOD-26) LOD (LOD-26)

PEM-TropicsA DC-8data.Valuesin parenthesesareinterquartileranges.¬
With respectto ice.­ �P�P�8µ NO ¶��P� � ¶��P� � ¶ 2 � � �P�.¶X�R�P� � ¶¡�P� � �P� � ; concentrationsof speciesotherthanNO

arecalculatedfrom thephotochemicalmodel(standardsimulation).·�¸�¹ µ��m�P� �*ºw» �P�¼¶��P� ��½ . ��� � from photochemicalmodel.¾
Limit of detection(LOD) = 25pmol/molfor �R�m¿� and10 pmol/molfor �B� ��À� and �P� À� .
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Table 3. Mean(Median)24-HourAverageChemical�"�)�
Budgetin the UpperTroposphereOver the Tropical South
Pacific

Reaction Mean(Median)

®¼Á(Â Production,}r}u~��&� M S,(��� ' #��7, 1.9(1.2),(��� ' #FÃ£Ä 2.0(1.5)4657��#FÃ£Ä 1.1(0.7)
PAN thermolysis 0.4 ( L 0.1)
totalproduction 5.4 (3.6)

®¼Á Â Loss,}u}u~V��� M S�"� % #0�1,"# M 11.6(5.5)��%*� +8#!,)%;� (aerosol) 3.4 (1.2)�"� %*#0OR,)'8O&��� %�# M 2.6(2.1)
total loss 17.6(9.3)®¼Á Â Budget,ratiof >hg6iQ:Ajk>lg6i 2.5(2.1)

Model results for PEM-Tropics A (run 0, basecase),0-
30Å S, 165Å E-105Å W, 6-12km altitude,with �P�P� definedasNO¶���� � ¶��P� � ¶ 2 � � �P�Q¶��m�P� � ¶���� � ��� � ; �u�R� formation
andlossratesarecorrectedfor internalcycling within the[ �r�m�P¶Æ � � Æ �&� � ] family [Jacobet al., 1996].
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Table4. ModelSensitivity of fR>hg i*:Aj >hg i and �"�)� Lifetime in PEM-TropicsA

ModelRun fR>hg i*:nj >hg i ����� Lifetime, days

Resultsfrom Schultzetal. [1999]¢ 2.6(1.7-3.8) 2.8(1.7-5.6)
Standardsimulationwith JPL-97rates§ 2.4(1.4-3.5) 3.2(2.1-5.8)
New rateconstants² 2.2(1.4-3.0) 3.4(2.2-6.5)
New rateconstantsandno heterogeneous�"� � loss 1.9(1.2-2.5) 4.1(2.5-7.7)

Ç ¹]È i º*É ¹]È i is theratioof the24-houraveragedchemicallossrateof ���P� ( Ê �P� � ) to thechemical
productionrate of ���P� ( � ���P� ) calculatedwith a chemicalpoint model constrainedby PEM-Tropics
A aircraftobservationsover the tropicalandsubstropicalSouthPacific (0-30Å S, 165Å E-105Å W, 6-12km
altitude).Valuesaremedians,valuesin paranthesesgive theinterquartilerange.¬

Aerosol surfaceareaestimatedfrom condensationnuclei counts. Median surfacearea too large
( Ë�ÌhÍuÎ �uÏ Î ÀÐ� ).­ � � �P� hydrolysiswith ÑÒµ<ÓwÔ{Õ ; watervaporandperoxideconcentrationsasobserved.Aerosolsurface
area= ÖlÍuÎ � Ï Î ÀÐ� .·

Revisedtemperaturedependentrateconstantsfor �P� � ¶��P�&¶ M [Dransfieldetal., 1999]and �R��� � ¶�P� [Brownet al., 1999].All otherparametersasin standardsimulation.


