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Abstract

The sensitivity otropical tropospheric compositida the source strength nitrogenoxides
(NOx) produced by lightning (LNQ) is analyzedor the Septembeio-November 2007 time
periodusingNASAS6 &EOSS5 global ChemistryClimate Model (CCM)satelliteretrievals from
OMI, TES andOMI/MLS; and in situ masurements from SHADOZ ozonesond&lobal
LNOx production rates of 0 to 10 Tg&t and the subsequent responses of,N@one Qs),
hydroxyl radical(OH), nitric acid HNOs), peroxyacetyl nitrat¢éPAN) and NQ (NOx + HNGs +
PAN) are investigatedTheradiative implications associated with LiMdduced changes in
tropospheric @areassessedincreasinghe LNOy source strength by a factor offfom 2.5 to
10 Tg Nal) leads to tropical uppgropospheric enhancementsmobre thar.00% in NOx, OH,
HNOs and PAN This increase il.NOx alsoleads tdOs enhancements aip to 60 % which
subsequently yieldsfactorof-threeincrease irthe meannetradiative flux at the tropopause.
Comparisons with observations indicate i@ 50 Tg N a' source is most realistic, since the
2.5 Tg N & source underestimates tropospheric columns of 8@ the 10 Tg N-asource
overestimates tropospheric columns af Biases in modeled LNQdue to regional biases in
modeled flashes and/or regional difnces inthe NO production per flasladd uncertainty to
this analysis.Further research intanderstandingheregional dependenad LNOyx production

shouldhelpresolve the discrepancies that currently exist betws@modeland observations.
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1. Introduction

Nitrogenoxides NOx [ NO + NO) play an importantole in tropospheric chemistry.
They are catalytic precursors of ozone)(@dtheystrongly influence thexidative capacity of
the atmosphenrgia productionof the hydoxyl radical(OH) [Jourdain and Hauglustaa) 2001,
Zhanget al, 2003 Kunhikrishnan and Lawren¢c2004;Labradoret al, 2005]. NO« sourcesare
bothnatural and anthropogenic, originating from fossil fuel combustion, biomass burning, soil
release, ammoniaxidation and lightning, as well as from stratospheric exchanges and aircraft
emissions $tockwelket al, 1999;Zhanget al, 2003. In the tropi@l upper troposphere (UT)
lightning dominatesNOx productionand as a resujthas a profound impact on tropical
tropospherighotochemistryJourdain and Hauglustag 2001 Bondet al, 2003.

Thedistributionof NOy in the atmosphers affected by emissionsjtrogen oxide
reservoir speciephotodiemistry, dry depositical lossesand meteorological conditionisutis
notwell understood.The most uncertain component of i€y budget is lightningAllen et al,
2017. Considerablaincertainty remains inoththe magnitude antthe distribution of lightning
producedNOx (LNOx), with most recenglobal estimats varying between 2 and 8 TgaN
[Schumann and Huntriese2007;Wanget al, 2013. Reasons for the large uncertainty iINQy
productionare related tda) poorly understood aspects of the lightning phenomearah
associated NOx productionprocess(b) scalability oflocal measurements to thygobal
atmosphereand(c) uncertainty in global flashates and lightning distributiofiBeirle et al,
2004 Labradoret al, 2005].

Two types of information are neededestimatehe global INOx source strengttihe
global flash rate anthe meanproductionof NO per flash. The global number of flashes has

beenfairly well establishedby climatologies constructed from satellite senssush as the



Optical Transient Detector (OTD, 192000) Boccippioet al, 2000;Christianet al, 2003 and
the Lightnng Imaging Sensor (LIS, 199tesent) Christianet al, 2003;Boccippioet al, 2002;
Machet al, 2007;Cecil et al, 2014]. Recentglobalflashrate estimat& based on observations
from OTD and LIS averaged6 flashes pesecongwith a rangeof 35 to 60 flashes per second
[Cecilet al, 2014]. Therefore hte factorof-four uncertaintycurrentlyassociated witthe global
LNOx source strength stems primarily frahe uncertainty irthe globalmeanNOx production
per flash. Several methodbkave beemsed to estimate this quantitireoretical estimate$fice
et al, 1997;Koshaket al, 2014, laboratoryexperiments YWanget al, 1998] cloudresolving
model simulations constrained by lightning flash observations andN@yimeasurements
[DeCariaet al, 2005;0tt et al,, 2007, 2010Cumming<t al, 2013], analysis of aircraft data
[Huntrieseret al, 2008, 2009, 2011ind analyse of satellite observationB¢irle et al, 2004,
2006, 2010Bucseleet al, 2010]. NOyx production estimagefrom these studies vary from 30 to
1100 molegper flash thoughmostestimatedall between 100 and 500 molpsrflash
FurthermoreHuntrieseret al.[2008] have foundhatflashes inropicalthundestormstendto
producdessNOx thanflashes insubtropical and»dratropical storms They have hypothesized
thatgreater vertical wind shear at higher latitsi=ads to greater flash lengths atidis greater
LNOx production per flashTheuncertaintyin the globalmeanproductionof NOx maybe
reduced witithe use ofatellitebased observations tthce gases kaed to INOyx chemistry
[Martin et al, 2007, such asiitrogendioxide (NOz) andOs. In situ measurements oftric acid
(HNOs) deposition may also contribute as a-thgwn constraintor estimating theNOx
produced by lightning.

Lightning directly depositdlOyx primarily into the middle and uppetroposphere After

convective transport, the greatest fraction resides between 6 and Packerihget al, 1998;



Ottet al, 2010]. In contrast, surface N@missions reside primarilyithin the planetary
boundary layer (PBL)4hanget al, 2003]. SinceNOx lifetime varies considerably with altitude,
from a few hours near the surface to a few days in the UT exfited directly into the middle
and upper troposphere more effectively perttineconcentrations of NOand other chemicalty
relevant trace gas specigeurdain and Hauglustain@001;Zhanget al, 2003;Labradoret al,
2005,Martin et al, 2007]. Thus, althouglthe lightning component of the total NGudget is
relativelysmall,its contribution to uppetropospheric N@chemistryis substantial

In the tropics and subtropics, LN@ estimated to contribute more than%®f the NG
in the UT [Schumann and HuntriesgR007]. Increases itNOx due to lightninggenerdly leadto
enhancements i@z and OH [abrador et al, 2005], particularly in regions of low NO
concentrations§chumann and Huntriese2007]. When N@reacts with OHlit leads to the
formation of HNQ; Martin et al.[2007] have found that LNQbxidation explains nearly 8%
of theannual mean tropical (38 to 30°S)HNOs at 200 t0350 hPa.In the stratosphere atdTT,
HNO:z is recycled back to NQvia photolysis and etion with OH on a time scale of a few
weeks Jacol 1999]. In the lower tropospher@T), however, HNQis realily scavenged by
precipitation due to its high solubility in water, on the order of a few ddgs$h 1999]. As a
result, HNQ in the UT serves as an important reservoir for odd nitrogkarjget al, 2003,
Kunhikrishnan and Lawren¢c@004], whereas near the surface it acts primarily asash®. A
portion oflightning-produced\Ox« gets convertetb peroxyacetyl nitratd PAN), which has a
relatively long lifetime in the cold UTSchumann and Huntriese2007] andhusacts as an
effective NQ reservoir The lifetime of PAN is highly temperature dependent, ranging from one
hour at 295 K to several months at 25QJ€colh 19991 thermal decomposition of PAN

resulting from adiabatic subsidence is the principal source @fiilNtbe remote troposphere



Both HNG; and PAN have relatively long uppeopospheric lifetimes and can therefore be
transported over long distances, wheeytthen break down and releaseN& from the initial
source Htaudtet al, 2003].

Lightningplays an important role with respectdanate asLNOy productionoccurs
primarily in thetropical UT, where Q actsmostefficiently as a greenhouse gasiset al,
1990;Stockwelket al, 1999;Zhanget al, 2003 Kunhikrishnan and Lawren¢2004 Dahlmann
et al, 2017 and where high UV radiation, low background ,NfDd long Q lifetime lead to
very high Q production efficiency (approximately 100 molecules efp®r molecule of N§)
[Dahimannet al, 2011]. Converselylightning also influences thexidative capacityand
radiative forcingof the atmosphere through its effectOH: increased NOy promotes
increased OH formationyhichin turnoxidizes methane (a greenhouse gas)leadsto
subsequerghortterm radiative coolingKunhikrishnan and Lawrenc@004].

Severamodeling studies have addresseav the strength of theNOx source impacts
tropospheric compositionStockwellet al.[1999] noted better agreement with observatiafier
including LNOx productionin their model equating to an appxrimate doublingpf NOx in the
equatorialJT. Theyalsoobserved increases of greater tH@%o in O3, of greater thari00% in
HNOs andof 50 % in OH near300 hPa.Similarly, Labradoret al.[2005] observedightning-
induced enhancementsNOy throughout the middle angoper tropospherdétween 200 and
800 hPapetweem0°N and40°S,peakng near300 hPa over the equatorhe largest
enhancements iINOy, O3, OH, HNOs and PANwere observedt 300 to500 hPa According to
Chandraet al.[2004], the lightningcontribution totropospheric column ozong&@ CO) was20 to
30% in the tropicsand10 to15 % in the midlatitudesverthe Atlantic and Pacific oceans
Budget analyses performed Biganget al.[2003 showedhatlightning contributesnore than
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50 % of theuppertropospheric NQover the United Statdsom April to Novemberjmpacting
the uppettropospheri®s budgetby as much a80 %. Combined measurement and modeling
studies performed b@ooper et al[2006, 2007] indicated that LN(production led to upper
tropospheric @enhancements of 25 to 30 ppbv in the southern U.S. duriggsA2006 and of
11 to 13 ppbv over eastern North America during July through August Ziddany locations,
Oz increase with altitudedue to (a) uppertropospherid.NOx production (b) reducedchemical
losscaused by decreasedater vgor (and hencelOy) [Jacoh 1999;Martin et al, 200Q and(c)
isentropic cros$ropopause transport @k from the stratospherdé\[lenet al, 2003;Jing et al,
2005]

In this studywe use a global chemistiglimate modebnd a suite of observational data
sets tanvestigate the sensitivity dfopical tropospheric compositida the LNOyx source
strength. m particular, weexaminethe significance of NOx with respect to the concentration
and distributiorof NOy, Oz, OH,HNOz, PAN andNOy (herein defined aslOx + HNOsz + PAN)
within the tropical tropospheraNe focus ontheseparticularspeciedecause they play
important rols in tropospheri®lOx chemistry air qualityand climate Wethenconsiderthe
climateimplications associatedith changesn radiativeforcing attributable td_NOx-induced

changesn tropospheric @

2. Methodology
2.1GEOS5 ChemistryClimate Model

TheNational Aeronautics and Space Administration (NASA) Goddard Space Flight
Center (GSFCThemistryClimate Model (CCM) useh this studyincludesversion 5 of the

NASA Goddard Earth Observing System Gen@&iatulation Model (GEOS GCM)andthe



NASA Global Model Initiative(GMI) Chemical Transport Model (CTM)lt is run using a
horizontal resolutiof 2.0° latitude x 2.5° longitudanda vertical resolution of2 layerswith a
modeltopo0 . 01 hPa. A combined tropochemier e/ strato
mechanism is used, which contains 117 species, 322 chlewactionsand 81 photolysis
reactions Duncanet al, 2007]. Bogenic emissions of isoprene and monoterpenes are
calculated odine, and timeappropriate biomass burniegnissionsare providedisingversion 3
of the Global Fire Emissions Database (GFERan[der Werkt al, 201Q.
The CCM i s r un tlizingfieanalysis daja fromottiM@dérnErau
Retrospective Aalysis for Research and Applications (MERRR)eneckeet al, 2011]to
constrain model dynamicslhis study may be the first to use the CCM in this medth a
major benefibeingthefacility to focus ora particular time periodithout allowing dynamical
uncertainties and nonlinearitiesdevelopin the model By constraining the CCM to
observations, ware able tgerformsensitivitystudiesusing a small number of simulations with
less runto-run uncertaintyMor e i nf ormati on on the CCM and #dr

Appendix .

2.2 Parameterization of flash rates in the GEGECM

The CCM in this study employs a simple flash rate ip@tarization, whiclincorporates
two vaiables correlated to flash rateormalizedntegrated coletore (temperature less tha63
K) convective masstilx (X4) andnormalized cubedurface temperature perturbation from 273
K (Xs), and is expressed as follows:

Y =a[Xs+ Xz (1)



The constana is setto 0.003 at marine locationgith convective precipitatioandto 0.053 at
continental locationwith convective precipitation, whideads tocareasonable
continental/maringartitioning of flashes andglobalannual meafiash rateof 46 flashes per
secondor the fiveyear training periodwhichmatcheghe OTD/LIS version 2.Zlimatology
[Cecil et al, 2014]. Global LNOx sourcs of 2.5, 5.0and10 Tg N at areobtained bysing
productionratesof 125, 250and 500 moles per flasibee Appendill for more information

regardingthe flash ratgparaneterization employed ithe CCM for this study

2.3 Sensitivity Studies

TheNASA GEOS5 CCM with this LNOx algorithm and a 5.0 Tg Nesourcehas been
used to simulate the June 26@6February 2008 time period~orthis study we focus on
Septembertirough November (SONR007, for which weperformedfour sensitivity experiments
(all'initialized in July2007f r om t h e b a s andiiitsgtakdhi@kDecembern
2007). The firstsensitivitysimulation(henceforth referred to as the default run, or dfLNOX)
uses monthiwarying flash rateand a 50 Tg N a’ source In this simulation, LNQis
continuously bled into the model, with theoductionrateat each grid bochosen to be
proportional to th@®©TD/LIS climatologicalflash rate at that locatiorThis approach ensures
that the location of the LNQs consistent with the climatological distribution of flashes.
However, the location of modeghtning is not necessarily consistent with the location of model
convection. The vertical partitioning of theNOy in the dfLNOxsimulationis chosersuchthat,
when averaged over a enenth period, it matches timeean vertical distribution for that mibn

from a multiyear simulation with the GMI modehJlen et al, 2010].



Thebase simulation and tmemainingthree sensitivity simulationsarameterizenodel
flash ratewith respect tonodekdconvective parametersgeSection 2.2and Appendix ).
The main difference betwednesesimulations and thdfLNOx simulationis the episodic
0 p ul sNQ intorégions of convection, rather than the steady bleedingN@klinto the
same location over timeThe use of pulsed emissions ensures that mod®€y is consistent
with modeled meteorology and precursor distribution of chemical spddmsever, the
location ofmodelLNOy is notnecessarilgonsistent with the location of observed flashes.

The LNOy production ratefor thethree sensitivityunsare set td) (noLNOx), 125
(.5XLNOx) and 500 (2xLNOx) moles per flasfihe .5xLNOx and2xLNOx simulations
represent plausible lower and upper bounds o&ttepted range farNOx sourcestrength

while thenoLNOXx run serves to isolate the effects of lightning from ot@x sources.

3. Significance of LNOx for tropical tropospheric composition
3.1 Effect of NOx on the horizontal distribution dface gas species

Lightning-induced changes iINOx concentratios are most evidenin theUT, where
LNOx production idargeandwherethe contributions from surface sources are sniatjure 1
showsthemean200- to 400-hPaNOy, averaged oveBON 2007, for the (a)noLNOX, (b)
SXLNOX, (c) stdLNOxand (d)2xLNOx simulations. In the tropicghenceforth defined as 22°N
to 22°S) removing, lalving and doublinghe stdLNOXx productionrateof 250 moles per flash
leadto changes imppertropospheridNOx of -56 % (-35 ppt) -29 % (-18 ppt)and +5%% (+37
ppt), respectively.

Lightning occurs preferentially over larimecausenanymarine updrafts are too weak to
form sulstantialchargeseparationn the cloud andbecausenixedphasemicrophysical
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processes amore common at continental locatiora the topics 35 % of the LNOx modeled
for the SON 2007 time periantiginatesover Africa (30°W to60°E), while 34 % originatesover
SoutlCentralAmerica(120°W to40°W) and 27% originatesover Southeast Asia, southern
India and northern Australia (60°E 1d0°E) (not shown) Similar calculations performed by
Martin et al.[2000], whoanalyzed global lightning NGemissions estimates froRrice et al.
[1997], showedthe percentage dfNOx producedwithin 15°N and 15°3o be28 % over Africa,
34 % over SouttAmericaand 38 % over Southeast Asia and Oceania.

Since nodeldynamics andhonlightning sourceemissionsarekeptconstanfor all model
simulationswe are able tesolatechanges itroposphericomposition due to lightning alory
examining the diffeences betweesach sensitivity simulationin this regardwe comparehe
noLNOX, .5XxLNOxand 2xLNOx simulationgelativeto the stdLNOx simulatiortp investigate
lightning-induced changes mppertropospheridNOy, Oz and OH Figure 3, and NQ, HNGs
and PAN Figure 3. ThestdLNOxrun is chosen as the baselfinethese comparisorsecause
it falls in the middle of theurrentlyacceptedangefor LNOx production

When all LNOx is removed (XF 0), greater thar20 % reductions irNOy, Oz, OH, NG,
HNOs and PANoccurthroughout the tropical UTwith reductions of more tha0 % in NOx
overequatorialSouh America western Afica and IndonesiaThe effect of removing NOx on
different trace gases varies gredifthin magnitude and in spatial digtution. Regions with
greater that80 % reductiors in NOx alsoshowlocalizeddecreases of up &0 % in Oz, 80 % in
OH, NGO, and HNQ, and more thaB0% in PAN.

When LNOy production is reduced tt25 moles per flash (Xi HxXLNOx), maximum
NOy reductionsof 40 to60 % areobserved oveequatorial South America, western Africa and
Indonesia, with greater thai® 20 NOy reductions occurring throughout masétthetropics
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This correlates withrelatively uniformreductiors of 10 t020% in Oz andof 20 to 40 % in
HNOs and NQ. Reductions in OH and PA&re more spatially varied, wittecreasesf 10 to
20 % broadly covering the tropi@ddecreasesf 20 to 60% surrounding the highlOx regions
of South America, AfricandSoutheast Asia

DoublingLNOx to 500 moles per flash (Xi 2xLNOXx) leads toNOx enhancementsf
greater thar20 % throughout the tropigsvith maximum increases aipproximately100%
located overegions othigh lightning activity, such as northern South America, afquial
western Africa and aritime Southeast AsiaThe subsequeris enhancementsver the same
regionsamount tdess tharhalf of that about20 to40%. OH showshigh sensitivity to doubled
LNOy, especiallyoverthe equatorial continent&here the changes in Oldp tomore thar00
%) are highly correlateth space and magnitudéth thechanges in N@ HNO3 shows
enhancements of more th&@ % throughout the traps, with broad increases of 6086 % over
much of the tropical Atlanticrad southern Africand increases afp t0100% over Micronesia
Increases iPAN of 20 to40 % cover the majority ofhe globe south df5°N. LocalizedPAN
enhancemenisre also observed overuchof South Americg40 to100%) andeastern
maritimeSoutheast Asig40 to80 %).

The horizontal distribution of NOx-relatedchangesn tropospheric compositiovaries
greatlydepending on the lifetime of thieace gas considere@®pecies with relatively long upper
tropospheric lifetimesg(g, Oz, apprximately 1 month) tend to show broachoderate change
whereagelativelyshortlived speciesd.g., OH, roughlyl s) tendto show morantense and
localizedresponsesThis study helps to validatlis a priori assumptioregarding the

characteristicesponsef atrace gaso theperturbatiorsource as a function of its lifetime
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3.2 Effect of LNQon the vertical distribution of trace gas species

Section 3.1 demonstratdgatchanges iuppertroposphericompositioncoincide with
changes in NOx production andthat the horizontal distribution of these changeikcated
with activelightningregions This sectioraimsto supplement the previoectionby
investigatingheinfluence ofLNOy productionon thevertical distributionof tropical
tropospheric composition

Increasing_NOx production by a factor of #rom 2.5to 10 Tg Na?) leads taNOx
enhancements throughout the middle and upper tropospleaidng at approximate50%
over the equatawithin the200- to 450-hPapressure layefFigure4). In contrastNOx
reductionsof up to 10% areevidentthroughout the tropical arektratropicalPBL, as well as in
the northerowerto middle troposphereThis is consistent with resulisom Stockwell et al.
[1999] andLabrador et al.[2005], andresults fromincreasedonversion of N@Qto HNG; via
reaction with OHandincreased conversion 8O, to NOs (and ultimately NOs) via reaction
with Oz. Both OH andOs concentrationgncrease when LNQs increasedNOx decreases
because the subsequent loss of HR@hydrolysis on aeroso[®entener and Crutzeri993]
locally exceedsheincreassin NOy due toLNOy production

Os changes arkess profound in magnitugdbut have a greater verticaltentwhen
compared te@hanges ifNOx. Maximum enhancements of 40 6® % occurin the200- to 756
hPalayer between 15°N arfth°S with increases af0 to40 % extendingtoward the surface
between 30°N and 30°3.NOx is produced in the tropical UT, where tlifetime of Oz is
relatively long. As a resultOs produced from lightnings able tosurvive longdistance transport
outward andlownward from the NOx source region, resulting in the ovular signature seen in
Figure 4.
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The sensitivity of OH more closely resembdOy with respecto theshapeandthe
magnitudeof its responseprimarily dueto its very short lifetime Peak OHenhancements of 80
to 150 % occurin the200- to 400-hPalayer, whereincreases itNOy arealsomaximized
Although changes of up t@4%6 extenddownwardinto the tropical PBl.the most sigificant
change®ccur in the middle to upper troposphere.

At pressures lower thafD0 hPa, the impact aicreased.NOx leads to widespread
increasesn HNOs extending well into the northern and southexiratropics. At pressures
greater tharr00 hPa, HN®@changesrelocalized, with the largeginhancementsonstrained
between 10°N andl0°S. The magnitude afhe HNOs response to NOxy is consistentvith NOx,
but the shape and vertical distributiarenot. PeakHNO3z changes centerecaround500 hPa,
which iscloser to the surface when compared ;.

The sensitivity of PAN to changing\NOx takes on a very long and narrow shapih
increases of 80 to 150 &&ntered overhe equator and stretchifiggm 150 to 900 hPa.PAN
enhancementsf 10 t020 % extend to the surface, but azenfined tothe equatoral and
SoutheraHemispherdropics(approximately 15°S)

Figure 5showsmean tropical atmosphenofiles forNOy, Oz, OH, NG, HNOz and
PAN, averagedver SON 2007 Increasing th& NOx source strength leado distortionsn the
shape of therofiles for NQ,, OH, NG,, HNOs and PAN most noticeably witlhegard tahe
2XLNOx simulation Ext e n s i v e u b g isfegdéndn th@ BXLNOXx profiles oNOx (200
to 500 hPa)OH (200 to700 hPa)NOy (150 to600 hPa), HN®(150 to800 hPapnd PAN (100
to 800 hPa).In the case of & increased.NOy leads to a rightward shift in the profile, however

the shap of the profile itselfs minimally affected
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3.3 Correlation of tropical uppetropospheric chemtry with lightning flash rate

The mpactof LNOy source strengthn tropical uppetroposphericompositionand the
correlation of that impact witlghtning flash ratevary significantly byregionandby trace gas
species consideredrigure 6displaysthe changes in uppémpospheric N@(a-c), Os (d-f),
HOx (HOxI  H-©OH) (gi), NO/NO (j-I) andHO2/OH (m-0) between the5xLNOx and
2XLNOx simulationsversus flashate forSouth America (red), Africa (purple) and Southeast
Asia (blue). As expected, increasing NO production per feesdis to enhancementsupper
tropospheric NQ which arehighly correlated with local flash rate. However, the sensitivity of
uppertropospheric N@to flash rateexhibits regional variationsvith flashesover Africa
producing greater change WO thanflashesover South Americar Southeast AsiaUpper
tropospheric @increass by 20 to 30 ppb over South Ameriaad Africa andy 10 to 15 ppb
over Southeast Asia whémNOy productionis increased by a factor of Bowever, local changes
in Oz are not correlatedith local changes in flash rate. This result shows that changes in upper
tropospheric @ which has a relatively long &fime, are more closely related to advection of O
and Q precursors than to loceNOy production. HOx amounts increadey 0.1 to 0.2 ppas
LNOx production increasesincethe primary source of HQ) photolysis of @followed by
reaction of OfD) with water vapor, is enhancég the additional @ HOx enhancementshow
correlationwith changes in local flash rate, withe dependence being strongeer Africa and
Southeast Asiand weakr over South Americalncreasing-NOx production leadsot
substantiatlecreasem the uppertropospheridNO2/NO ratiq particularlyover South America
and Africa, where the lightninBO production isnaximized This, in turn, leads to decreases in
the HQ/OH ratio, aghe increase in NO shifts the HOH equiibrium toward OH via the
reaction of NO with H@ Local changes in the H{DH ratio are moderately correlated with
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local flash rate over South America but are uncorrelated over Africa and Southeast Asia.

4. Comparisons with observations

We compare model output from the CCM sensitigimulationsto severakatellitedata
sets, includingdzone Monitoring Instrumen©MI) tropospheridNO. columns[Bucsela et aJ.
2013] Tropospheric Emission SpectrometéEg) level2 Oz [Herman et al.2013, OMI level
2 TCO][Liu et al, 2010]and Ozone Monitoring Instrument/Microwave Limb Sounder
(OMI/MLS) TCO[Ziemke et a).2006] as well asn situ & profiles from theSouthern
Hemisphere ADitional OZonesonde€3HADOZ) data sefThompson et gl12012]

Figures 7i (Western Hemisphere) and 7ii (Eastern HemispharajpareCCM
tropospheric columiNO- (panels a through e) the OMI standard OMIstd) tropospheric
columnNO: product(panel f) Averaging kernel (avK) information providéy OMI has been
appliedto the model outpub ensure comparability of the two datts thishas led to changes
in mean column N@of -6.7 % in the tropicaWestern Hemispher@nd 0.0% in the tropical
Eastern Hemisphefer the baselinstdLNOx simulation(notshown). The CCM in all cases
underestimate®MIstdNO, particularly over BrazilporthernAustralia,southerrAfrica and the
equatorial western Pacifibowever the gatialdistributionof the NO: is reasonablyvell
captured byhe model To clarify which CCM LNOy scenario besteproduceshe observed
column NQ, we calculate the roaneansquare error (RMSE)hecentered roetmeansquare
error(RMSC)andtherootmeansquare bias (RMSB) with respect to OMIstobospheric
column NQ (Table 1). Thesmall reduction in RMSC aritielarge reduction in RMSB going
from .5XLNOx to stdLNOXx is strong evidence that the stdLNOXx source is more consistent with
OMI thanthe .5XLNOx source. However, the small increase in RMSQlaidrge reduction in
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RMSB goingfrom stdLNOXx to 2xLNOxsuggestshat a low bias in at least one additionalNO
source is contributing to the low bias in NGFurthermore, after doubling the LIN6ource, the
model isbiasedow in the Southern Hemisphere dmdsecdhigh in the Notern Hemisphere,
with the exception of eastern China, where anthropogenic emissidileebreinderestimated
The Southern Hemisphere low biast least partially due the low bias in model flasheser
South Americagouth of 15°$and over Africagouth of the equatpras shown in Figure A2
Since the dfLNOXx flashes are based on OMI/MLS climatology rather than model dynamic
parameters, the Southern Hemisphere bias for the dfLNOx simulation is smaller than it is for the
stdLNOx simulation.Takinginto consideratiothat model flashes are biased low over these
regionswe believethat the stdLNOXx source mostconsistent with OMlstd tropospheric
column NQ.

Comparisons athe OMIstdNO: productto version 2 of thédutchOMI NO, (DOMINO)
productrevealthatOMIstd exhibitsalow meanbias ofapproximately-21 % over the tropics
with high biasegup t085 %) occurringovera fewlocalized regionsRivas et al[2014]
observed a bain OMI slant column densitied)ay believe that this bias doest affect
tropospheric N@columns, but does cause an overall OMI bias in stratosphed©NID6 x
10" molecules cm, 20 % relative to limb observations. Howev@wartz et alclaim, through
comparisos againsindependent obseniahs and GMI CTMoutput thatthe spectral fitting
procedure used yothOMI NO2 products causes a high bias of perhdfsto35 % that dfects
both tropospheric and stratospheric vertical column den§itfessimpact of N@slant column
density retrieval bias on stratdsgic and tropospheric vertical column densitsedgymitted to
Geophysical Research Lette?§14. Ongoing followup studies at KNMI and NASASFC
will determinewhetherOMI tropospheric N@columns are indeed biased highd whether
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some of the low bias the model is showing with respect to OMI is due to a high tha®ixl
dataset

Mean CCMO:s biasesare calculated with respect to TES data after applying TES avK
informationto the model outputin general, positivenodelbiases are more prevalent in thé
(Figure 8) and negative biases are predominartheLT (Figure 8i). The.5XxLNOXxrun has the
smallest overall bias in th&estern Hemisphere UT12.9%) and thestdLNOxrun has the
smallest bias in thEasterrHemisphere UT (+10.%). Localizedbiasesxceedindl5 % can be
seen throughout much of the tropical and subtropical Southern Hemisphere Ut ti@©x
and2xLNOx runs In theLT, stdLNOxhas the lowest bias in the Western Hemisp&.® %)
and2xLNOXx has the lowest bias in the Eastern Hemisptidré %). Comparisosof TES data
to several ozonesonde datts Herman et al.2012] reveah positivemeanbiasof up t010 %
in the lower and middle tropospheasmd a neazeromeanbiasnear200 hPawhen averaged
over15°N t015°S(276 coincidenTES-sonde measuremeitsThus, a small low bias in lower
tropospheric TES &is a possible contributor to the low bias in loww@pospheric model ©

Model simulations are also compared to QMbure 9 and OMI/MLS (Figure 10 TCO
products OMI is provided ort h e mo d e | %25° gridi®@MI/MLES is hifially provided
on a finer 1°x 1.25°grid, butis re-gridded to the coarser model resolutipnaggregating
adjacengrid boxes The differencen mean tropical TC®etween OMI and OMI/MLSs 0.77
Dobson Units DU), approximatel\2.6 %, showingreasonable agreemdmttween the two data
sets The.5xLNOx run showshesmalkstbiasin mean topical TCO with respect toothOMI
(-1 %) and OMI/MLS (-4 %). All other simulationg(with the exception ofnoLNOX) showsmall
to moderatepositivebiases, ranginffom 7.3 to 28.6% (Figure ®-€; Figure10a-d).
Discrepancies in modelutputbetween Figures 9 and afe due to the fact that avK information
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is provided with the OMdataset, but not with OMI/MLStherefore CCM outputis avK-
adjustedn Figure9, but isunadjustedn Figure 10 Comparison®f model outpubothwith and
withouttheavK appliedindicatethat avK adjustment hasrelatively small impact on TCO
SHADOZ ozonesonde datxe used to aaopare the verticaDs profiles modeled byhe
four sensitivty simulations.Figure 11showsCCM andSHADOZ meanQOs profilesfor four
SHADOZ stes: Pago Pago, American SamAagension Island; San Cristobal, Galapagos}
La Réunion Island. These locations are chosen because they have 80 dagsof SHADOZ
ozonesonde datiuringthe SON 2007 time periodMlean CCM Q@ profiles are calculated using
model output from onlyttose dates with coincident SHADQ@alinchegsee Figure 11 caption),
and at the CCM output tirs@earest to the tinsof launch In generalthe stdLNG profiles are
biased low with respect 8HADOZ in the middle and upper tropospherEhis low bias is rost
noticeable at Ascension Island, where the 2xikN@bfiles agree best with the observed profile.
The low bias at Ascension Island is most likely due to a low bias in modeled flash rates over
central Africa (see Figure Alas the shape of the obsenadl 2xLNOx profiles agree well
ThestdLNOxmodelprofiles agree best with SHADQCat Pagd®ago and San Cristobal,
although the stdLNOx profile at Pago Pago is biased high in the LT and biased low in the UT
In order to address the inconsistencies betwee@@M-TES andCCM-SHADOZ
comparisonswe perform a direct comparison of the two degts. TES Oz columnsare
calculatedoy extractingTES profilesatthe grid point nearest t@achSHADOZ site location
(TESsHapoz), andthenaveraging ovethe days during which SHADOZ lauresoccurred (see
Figure 1lcaptior). The distance betweerachSHADOZ location and its neare$ES profile
ranges between 65 and 136 knT.ES dataarenot availableon 28 November andpnsequently,
the mearmES profiles calculated foboth Ascension Island and Laginion Islandnclude one
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less daythan the mean SHADOZ profileF.able 2lists the TCO valuedor the four SHADOZ
sites considered in this studs calculated by theEOS5 CCM, by SHADOZ andby TES.
Biases betweeMESandSHADOZ TCO are small, varyinfom -15 % at Pago Pago, American
Samoa to +7.4 % at San Cristobal, Galapago®rder to determinehetherthe days with
SHADOZ profilescan adequately portray thetee SON2007 time periodwe calculate the
mean TES columnsingall availableTES days during SON 200TESaLL). For all four
locations TESsHapoz is within 7 DU of TE@.L and SHADOZ is within 5 DU of TE&L. This
suggestthat SHADOZ ozonesonde da#dthough limitedcanprovidea reliable representation
of themean SON 2007 £profile. Overall, the stdLNOx simulation is biased high with respect
to SHADOZ and TE&iapoz TCO at Pago Pago, and low with respect to SHADOZ and
TESsHapoz TCO at Ascensionsland. Biases in mean TCO for the stdLNOx simulation at San
Cristobal and La Réunion are minor.

The inconsistencies in the agreement from model to observations amtbet
observations underlineur needto (a) better resolveegional variations in flastate and NO

production per flash, and (bpderstandand correct farbiases irtheobservational datsets

5. Significance of LNOx to natural radiative forcing

NOx serves as a catalyst t@ @roductionand therefore plays a role inlsort-term
atmaspheric warming. @nverselyNOx also influences OH formation, subsequendgiucing
CHs and leadingo shortterm radiative coolingKunhikrishnan and Lawreng@004;Matrtini et
al., 2011]; however, aeto the short length of owimulationsrelative tothelifetime of CHa

(approximately9 yearg, we neglecthis cooling effect inour study.
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Radiative forcings defined in this studgs the net flux imbalare at the tropopause;
thereforemeasuredlux changes either into or out of the tropospleeecmsideredo
contribute to changes wverall atmospheric radiative forcingrigure 12depicts the meanet
radiative fux near the tropopause (CCM pressure 16 hPathat isattributableonly to
lightning-produced @, which is calculatedby subtracting thaet fluxin thenoLNOx simulation
from thenet fluxin the.5XxLNOXx, stdLNOx dfLNOx and2xLNOx simulations Halving and
doublingthe LNOy productioncausechangs intotal radiative flx in the tropicsof -43 and +63
%, respectively.Localized flux maximawhich rangerom 0.30 t00.45 W n¥ (.5xLNOX) to
greater than 1.20 W A(2xLNOX), are evident off the eastern coast of Bramilersouthen
Africa andovernorthern Australia Increasinghe LNOy source strength by a factor #{2.5 to
10 Tg N &) leads to a approximately188 % increase imetradiative flux near the tropopause.

The difference in radiativeuk betweerthe stdLNOxanddfLNOx simulations(0.46 W
m? versusD.53 W nf) is due to the differemss in thealtitudeand distributiorof the LNOx
production Although oth simulationdave the same total source strengiby eaclapply
different algorithns to partitiontheemissions in the horizontal atfae vertical. ThestdLNOXx
parameterizatioproduces strong pulsef NOx between 7 and0 km,which is celocated with
model deep convectipmvhereashe dfLNOx simulationgraduallyreleases NQovera broader
peakbetween 9 and4 km which isconsistent with thelimatologicaldistribution offlashesbut
doesnot necessarilyoincide with model convectionTheradiative forcing over Africas larger
in thedfLNOX run than in the stdLNOXx rymost likelybecause thdfLNOx run hashigher
flash rates andreate.NOx productionthanthe stdLNOxrun, whichtends to underestimate
flash rates over this regiorkindings fromLabrador et al[2005] show that the global NO
burden is highly dependent boththe vertical placement aride source strength of lightning
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produced N Figure 12 suggests thaminaccurate representation eithermay have

significant implicationsvith respect t@tmospheric radiativiorcing.

6. Discussionand Summary

The flash rate parameterization employethin GEOS5 CCMused for this studgims
to produce flashes that coincide with modeled convect#hile, in some caseshis might lead
to inaccuraciesvith respect taeproducinghe distribution or rate aflimatologicaly-observed
flashes we believe thatve are taking a step in thghit directionby maintaining consistency
betweerthelightning flashesandthe dynamicsthat drive them

The LNQO sensitivity simulationsisedin this study show that factorof-four increase in
lightning NOproduction(125 to 500 moles per flaghkignificantly impactshe chemical
composition of théropical troposphereTheseeffectsare maximized imegions of peak NOx
production butarealsoobserved throughotle middle andupper tropospherand in some
caseswell into the PBL In order b determine which.NOy productionscenario best agrees
with current observationsve compare model outpfrom the four sensitivity simulatiorte
various satellite and in situ data produdB®th the stdLNOx and dfLNOx simulations exhibit
negative biasesimeantropical troposphericolumnNO: of approximately30 and-25 %,
respectivelywhen compared to OMtd Initially, this suggests that applying a global LNO
productionrateof 250 moles per flasis too low. However, further investigation suggetiat
underestimated flash rates over South America and Aagwaell asa low bias in at least one
additionalsource ofatmospheridNOx, may be contributing to thHew bias in tropospheric
column NQ. BothstdLNOx and dfLNOxshow high biases with resgeo observed CO (OMI
and OMI/MLS), averaigpg approximately 9 antl3 %, respectively.The .5XxLNOx runs
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compares well against observed TCO, reasonably capturing the magnitude and distribution of the
observed @columns, but it vastly underestimates cotuNO;, particularly over Brazil,

southern Africa, Australia and Southeast Asia. The 2xLNO»eribitsthe smallest biam

mean tropospheric column N(butalsothe largest biag satellitederived TCO.Overall,

comparisons with observations indicéhat a 50 Tg N a* source is best, as a 2.5 Tg Nsource
underestimates tropospheric columns ofzN&hile a 10 Tg N & source overestimates

tropospheric columns of O In all cases, thaoLNOx simulation reveals an unrealistic

representation dfoththesatellite and in situ tropospheric observations.

Biases in modeled LNQdue to regional biases in modeled flashes and/or regional
differences in NO production per flgsdd uncertainty to this analysi€urrently we are faced
with the conundum thatincreasinghe LNOy sourcestrengthto reducethe low biases in
tropospheric columiNO- will likely exacerbate thalreadyhigh biases itolumnOs.
Underestimations in nelightning NO, source emissions may be partially to blame for this
conundrum but may also be due ioherent biases in the satellite data andiaccuracies in
modelchemistry such asinderestimationsf the uppertropospheridNOx lifetime or
overestimations ahe Os production rate Overall,furtherresearchnto (a) investigating
potential improvements ithe structure andperation of the CCMhemical mechanispand (b)
the application of additional meteorological and surface paranfetensprovingthelightning
parameterization, in combination with improved observational datasketsid improve our
ability to accurately model thdistribution of flasheshe productionof NO per flash and the

impact on atmospheric chemistry
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Appendices
Appendix I. ChemistrZlimate Model: Replay Mode

TheGEOS5CCMusedfot hi s experiment is run in Arepl
ModernEra Retrospective analysis for Research and Applications (MERRA) reanalysis data
[Rieneckeetal., 2011] to constrain thamospheriadynamics in the CCM. The analysis is
implemented at 0.67° longitude by 0.5° latitude horizontal resolution, with 72 levels and a model
top of 0.01 hPaand isre-gridded online t&CCM resolutionwithin replay mode.Surface data,
near surface meteorology, selectggperair levels, and verticallyntegrated fluxes and budgets
are produced at orA®our intervals. MERRA usebé Incremental Analysis Updaté\J)
technique developed Bioomet al.[1996] to minimize purious periodic perturbations of the
analysis.

Replay mode can be executed in any of three different options: Exact, Regular and
Intermittentt For t his study we employ the 6Regul ardé r
analysis by simulating the IAprocess (IAU = assimilated analysisnodel forecast), i.e., it
creates a new forcing. HoGrfiles are usedsince they contain the previous full analysis
increment and are well balanceldegular replay readin the analyzed fields every six hoarsd
thenrec omput es the analysis O0Oincrementsd to upda
Convective and diffusive transports are also recomputed every 30 mihdgesthat the
chemistry calculations within the CCM have no feedback on the meteordlbgyanalysis does
not generally modify the stratosphere, and basically relaxes itself to the background. However,
the lower levels are left in a generally unbalanced sthteh, upon reinsertion into the model
can produce gravity wave instabilities thabpagate into the stratosphere. To prevent the
development of gravity wave instabilities in the upper layers of the model, the IAU increment is
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linearly damped in the stratosphere between two specified pressure levels. Since the
meteorological fields anmgested exactly as they have been archivedyreessentially
eliminatingthe need for reprocessing or reformatting the datas allows us to perform and
reproduce global simulations in significantly less time, making using replay modesfficient

than using the GMI CTM alone.

Appendix Il. Lightning parameterization

Flash rates are correlated with numerous meteorological variables including surface
temperatureRrice, 1993;Williams and Stanfi]l2002;Markson 2007], convective available
potential energy (CAPERutledgeet al, 1992], cloud top heighPfrice and Ringd1992;Price et
al., 1997], coldcloud depth [Futyan and Del Genid2007;Yoshidaet al, 2009], convective
precipitation Meijer et al, 2001], uppetropospheric convectivimass flux Allen and
Pickering 2002], integrated convective mass fliDejerling et al, 2005], updraft vertical
velocity or volume Deierling and Petersar2008;Bartheet al, 2010], precipitation ice mass,
path, or flux Peterseret al, 2005;Deierling et al, 2008;Bartheet al, 2010], and aerosol
concentrationsNlichalonet al, 1999;Andreaeet al, 2004;Altaratzet al, 2010; Yuanet al,
2011].

The GEOS5 GCM was run irafree running mode for avie-year time period (1994 to
1998) archivingevery three hourthe meteorological fields needed to calculEfearables
related to flash rate. Awultivariable regression was then used to determine which combination
of variables explained the most vagksfiomnce i n
version 2.2 of the Optical Transient Detector/Lightning Imaging Sensor (OTD/CEg)lfet al,

2014]. Due to sampling constraintisesei d ai | y 0 OT D/ L-dapcentesed averagesar e 9
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Separate regressions were performed over land (inane50 % landtovered) and ocean grid
boxes using grid boxes and times where the model showed deep convection (i.e., model cloud
tops of less than 500 hPa and +r&mo convective precipitation rates). The resulting analysis
showed that a combinatiot five variables explained the most variance:cdlji-cloud depth,
(2) total cloud depth(3) CAPE, (4) integrated coldoud (less than 263 Kjonvective mass
flux, and(5) the cube othe perturbation adurface temperatul@srw) from a reference
temperaturdin this case 273 K) For unit consistency, each of the variables was divided by its
five-year mean (4.36, 9.27, 34.4, 2Ad 14600respectively before the fits were performed.
To minimize the impact of extreme events onftheeach of the normalized variabless
congrained to be between 0 and 3. The resulting equation is:

Y = aX1 + @X2 + aXz+ aXs + &Xs, (A1)
where X = normalized colecloud depth X2 = normalized total cloud deptbXs = normalized
CAPE, X = normalizedntegratectold-coreconvective mass fluyxand % = normalized Tstc -
273K)?2 for Tsic greater thar273 K and 0 for T less thar273 K.

The fitting coefficients (g &, &, &, and 8) were determined separately for marine and
continental locationsThe regression analis that selected these fivariables was performed
separately for tropical marine, tropical continental, extratropical marine, and extratropical
continental locationsWhen the tropical and extratropical fits were combined, it was determined
that a simpleformula, whichincorporated only Xand X, performed nearly as wedis the five
variable equation This expressiogoes as follows

Y = a(Xs+ Xs), (A2)
wherea was set t@®.003 at marine locations and 0.053 at continental locafwoducinga
globalflash rate of 46 flashes per second and providingasonable partitioning of flashes
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between continental and marine locations. Grid boxes adjacent to larmbxesiwere defined

as continental in character, while the remaining water grid boxes were defined as marine. The
desired LNQ production rates of 0, 2.5, 5.0 and T@ N a wereobtainedfor this studyby
multiplying the flash rate by 0, 150, 250 ab@0 moles per flashrespectively Vertical

distributions fromOtt et al.[2010] areused to distribute the lightningO in the vertical.

Currently, thefive-variable parameterization is the standard scheme used in the NASA
GEOSS5 CCM, but or this studythe more concise twearialde parameterization is used. This
simplea expressiomot onlylessens the possibility of ovétting, but also works nearly as well
as the fiveterm expressionduewhi gh | evel of <correlation betwe
variades. For example, the cubetbksurface temperatuia locations with deep convectian
correlated with CAPEand the integrated colcbre convective mass incorporates ecloud
deph during the integration. The twzarameter version of the paramétation was tested
usingthe Fotuna 2.5 version of the GEGEBCCM for a twoyear simulatiorbeginningin
Februaryl997. Figure A1 compares seasonal model flash rates from this simulation with
observed flash rates from OTD/LI®verall, flash rates areasonable, although the model
substantially overestimates Brazilian flash rates (espeaiaAM) and underestimates central
African flash rates. The model also underestimates flash rates downwind of continents and
overestimates flash rates at relatjvedmote tropical marine locationghese biases exist
because the transition from continert@hvectionto marine convection is more gradual than
implied by the continental/marine flagsed in the parameterization

The differences between modeled abdeyved flash rates can be attributed to several
factors including (1) errors in the climatological location and strength of model deep convection,
(2) errors introduced by the assumption that the relationship between flash rates and deep
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convection cand®explained by our simple formula, a8} errors introduced by the comparison
of observed flash rates from one time period with modeled flash filmm another time period.
The flash energy associated wiflbudto-ground(CG) andinter-cloud (IC) flashes has been the
subject of much recent researdRecent midlatitude and subtropical stesgale case studies
involving cloudresolved modsalconstrained by observed flash rates and anvil NO
measurements from field experimerasch as STERACOOeCariaetal., 2000, 2005],
CRYSTAL-FACE [Ott et al, 2010]and EULINOX [Fehret al, 2004;0tt et al, 2007] have
found that IC flashes are nearly as energetic as CG flashes (s&edidg@t al, 2005) and that
both CG and IC midlatitude flashes produme awerage, 500noles of N per flashQtt et al,
2010]. Recent laboratory work I@oorayet al.[2009] also suggests that on average NO
production by an IC flash is approximately equivalent & tf a CG flash. The 5efolesper
flash value for midlatitudéashes is on the higher end of estimdigSchumann and Huntries
[2007], and is much higher tharecent topdown estimatéy Beirle et al.[2010] based on
observed flash rates and Bi&lumns from SCIAMACHY. Figure A2 compares mean
OTDI/LIS flash raesto model flashes calculatasingMERRA meteorological fieldfor the

SON 2007 time period used in this study general, the distribution is similar to the
climatological SON distribution shown in Atvith both plots showng low biases over central
Africa. These biases influence modeled atmospheric compositiomenteal Africa and the
Atlantic, as shown i\llen and Pickering2002] andAllen et al.[2010] and in the main body of

this article
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Table 1. GEOS5 CCM Biases in Tropospheric Column pO

CCM
Simulation RMSE RMSC RMSB
NoLNOx 0.37 0.26 -0.27
.SXLNOx 0.32 0.24 -0.21
StdLNOx 0.27 0.23 -0.14
2XLNOx 0.24 0.24 -0.02

%Calculated with respect to OMIstd column NOr the region bounded by 22°N to 22°S and
180°W to 180°E. RMSE, roeheansquare error; RMSC, centered rooéansquare error;
RMSB, rootmeansquare bias; all values shown in units of peta moleculés cm
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Table 2. Mean Tropospheric Column Ozone, ICSHADOZ and TES

Pago Pago, Ascension  San Cristobal, La Réunion
Am. Samoa Island Galapagos Island
.5XLNOXx 24.8 32.3 25.9 45.3
stdLNOx 27.3 37.9 30.1 49.3
2XLNOx 32.3 46.5 36.7 55.5
SHADOZ 25.1 43.6 29.6 49.9
TESsHapoz 21.4 45.0 31.8 49.4
TESaLL 28.4 46.8 26.3 45.2

%Calculated using the dates fehich SHADOZ ozonesonde data aneilable (see Figure 11
caption). Values expressed in Dobson Units.
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NASA-GSFC CCM: Mean SON 2007 NO, at 200-400 hPa

noLNOx  0.028 .5xLNOx  0.045

0.05 0.10 0.15 0.20 0.25 0.30 0.40
Volume Mixing Ratio (ppbv)

Figure 1. Mean 200to 400hPa NQ, averaged over SON 2007, from the (@).LNOx, (b)
.SXLNOX, (c) stdLNOxand (d) 2xLNOx sensitivity simulations. Regions of greatest change can
be seen over northern South America, central Africa and South/Southeast Asia. The value above

each panel represents the mean Niixing ratio in ppbv, bounded #2°N to 22°S.
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Percent Change Relative to stdLNOx at 200-400 hPa
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Figure 2. Spatiallydistributed percent change in mean 2@0406hPa NQ (a-c), G; (d-f) ard
OH (gi), relative to stdLNOx.The data represent ti N 2007average Percent change is
calculatedas [(X T stdLNOX) / stdLNOx] x 100 %where X represents noLNOX, .5xLNOx and

2xXLNOx simulationsin the left, middle and right columns, respectively.
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Figure 3. Spatiallydistributed percent change in mean 2@0400hPa NQ (a-c), HNGs (d-f)
and PAN (gi), relative to stdLNOx The data represent tis®N 2007average Percent change
is calculatedas[(Xi T stdLNOXx) / stdLNOx] x 100 %where X representshe noLNOX,

.5XLNOx and 2xLNOxsimulationsin the left, middle and right columns, respeely.
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