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Abstract:

The Asian summer monsoon involves complex trartspatternswith large scale
redistributionof trace gases in the upper troposphere and lower stratosphere (We_8inploy
the global chemistrglimate model ECHAMBHAMMOZ in order to evaluate théransport
pathways and the contributions of nitrogexide species PAN, NQand HNO; from various

monsoon regiongo the UTLS over Southern Asia and vice ve8mulated long term seasonal

meanmixing ratios ar&comparedvith trace gas retrievals from the Michelson Interferometer for

Passive Atmospheric Sodimg aboard ENVISAT MIPAS-E) and aircraft campaigns during the
monsoon season (JuSeptember) n order to evaluate the
transport patterns

The malel simulations show thahére are three regions which contribute suligh
pollution to the South AsianUTLS: the Asian summemonsoon (ASM)the North American
Monsoon(NAM) andthe West African monsoon YWWAM). However, penetration due to ASM

convectionreachesdeeper into theUTLS as compared to NAM andVAM outflow. The
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circulation inall three monsoon regionglistributes PANinto the tropical latitude beltin the
upper tropospher@JT). Remote transport also occurs in the extratropittlwherewesterly
winds drive North American and European pollutants eastwaete theycan become gt of
the ASM convection antifted into the lower stratosphertn the lower stratosphere the injected
pollutants are transported westward by easterly wiidssitivity experiments for simultaneous
NOx and NMVOCs emission changd ( %) ove ASM, NAM, WAM confirm similar transport
Our analysis shosvthat 10% bange in Asian emissioniansport~5-30 ppt of PAN in the
UTLS over Asia,~1-10 ppt of PAN in the UTE of Northern subtropics and miditades,~7-10
pptof HNO3z and ~12 ppb of ozae inUT over Asia. Comparison of emission change over Asia,
North America ad Africa shows highesiransport ofHNO; and @oneoccursin the UT over
Asia and least over Africa.

The intense convective activity in the monsoon regions is associated \uittirigy and
thereby thdormation of additionaNOy. Thisalsoaffect the distribution of PAN in the UTLS
According to sensitivity simulations with and without lightninggrease in concentrations of
PAN (~40 %), HNO; (75%), NO (70 %) and ozone(30 %) over the regions of convective
transport especiallyover equatorial Africa andAmerica and comparatively less over the ASM.

This indicates that PAN in the UTLS over the ASM region is primarily of anthropogenic origin.
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1. Introduction

Deep monsoon conveoti plays a key role in venting chemical constitudmsn the
boundary layer andheir export from source regiongDickerson et al., 1987). Thkargest
regional monsooystens are the North American monsoon (NAM), Asian Summer Monsoon
(ASM), Western NorthPacific monsoon (WNPM), South American monsoon (SAMgst
African Monsoon (WAM), and the Australian Monsoon (AUSM{hanget al, 2011) Recent
observation and modelingtudiesindicate thathe Asian summer monsooiRérk et al., 2004, Li
et al., 2005Randel and Parkk006; Fu et al., 2006; Park et al., 2007; Xiong et al., 2009; Randel
et al.,, 2010;Fadnavis et al.2013, the North American MonsoonSchmitzand Mullen 1996;
Collier and Zhang, 2008arth et al., 201Pand the West African monsoon (Bouar et al.,
2011) play important role in the transport of chemical constituents outtbé boundary layer
into the northern hemispheren the Upper TroposphereUT). A Number of studies have
documented large amouait pollution transporecross tropopawsoccurs from Asi@Park, 2006;
Fu et al.,, 2006; Park et al., 200However transport from other monsoon systems (WAM,
NAM) and their contribution té\sia have gotten less attention. btil now there has been no
attempt to assess the relative contributiivos these source regions and to analyze the transport
patterns including possible recirculation within one consistent model frameR®odt.model
simulations suggest that pollutaritansportedrom the Asian monsoon regionaa contribute
substantiallyto the budges of stratospheriozone, NQ and water vapour (Randel et,&010).
Ozone formation in the anticyclone is also enhanceddnsport ofpollution plumes from the
North American monsoowhich are rich in volatile organic compounds (VQCi et al., 2005;
Zhang et al., 2008; Choi et al., 20@arth et al., 2012)The deep monsoon convection over

West Africa transpost Central African emissions to thepper troposphere and lower

3
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stratosphereTLS) leading to large ozone changes in the loweatssphergBouarar et al.,
2011).A number ofstudieshave reported transport of chemical constituents into the UTLS due
to the Asian monsoon convectiomhile less attention has been paid to deep convective transport
from North'South America and West Africa to the lower stratosphere atal their relative
contributions to the UTLS compositiaver the ASM region

This study investigates the transport patterns and relative contributions to the Asian monsoon
anticyclone of three oxidized nitrogen speciesnely peroxyacetyl nitrate (PANNG (the sum
of NO and NQ@), and nitric acid (HNG@). PAN is a secondary pollutant that marks the trartspo
and conversion of surface N@fter it is emitted.The focus is placed on PAN as this species has
a long lifetime n theUT and can be favorably observed by satellite instrumeAtsthe same
time its short chemical lifetime in the lower troposphere results in a much tighter association
between the emissions regions of its precurantstransportompared to speciesich as carbon
monoxide (CO). The much longer chemical lifetime of CO in the lower troposphere allows it to
reach the UTLS via circuitous pathways that are not accessible to BABbntrast PAN isa
tracerthat allows for a clearer identification dOy pollution transport pathways between the
surface and the UTLSNe theperform NO, and MNVOCs emissiosensitivity simulations in
order to investigate the relative contributions from Asia, Africa and Améritdae PAN, HNO;

and QG concentrationi theUTLS.

PAN is formed through oxidation of non methane volatile organic compounds (NMVOCS) in
the presence of N(Fischer et al., 209). It is primarily formed after oxidation of acetaldehyde
(CH3CHO) or afterphotolysis of acetone (GBOCH;) and methyl glygal (CH;COCHO), all of
which are oxidation products of various NMVOQU#$e actual formation d?PAN proceedsn the

reaction of the peroxy acetyl radical (F03) with NO,. This reaction is reversible and the
4
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thermal decomposition of PAN back to ¢E0; andNO; is the main sink of PAN, although in

the UTLS PAN photolysis becomes the dominant loss process. Two minor loss processes of
PAN are reaction with OH and dry deposition (Talukdar et al., 1995; Fischer et &), 281

stated by Fischer et al. (2014pbélly, biogenic VOC like isoprene and terpenes contribute most

to PAN formation but in the context of our study it is important to note that the oxidation of
many alkanes and alkeneich are emitted from anthropogenic souressl to PAN formation

as vell. The majoranthropogenicsources of NMVOCs are the emissions from fossil fuel and
biofuel combustion and from industrial solvents (Tang et al., 2009). Biomass burning, biogenic
and soil emissionalso contribute to NMVOC and N(production. Anthropogea sourcesare
dominant in the extra tropical Northern Hemisphere outside the spring season. In spring, when
surface PAN peaks, biogenic and anthropogenic NMVOCs species each suqmuar50% of

the PAN burden.

In the UT, lightning can add substantial ammts of NQ and thus lead to additional PAN
production if NMVOC precursors are present, e.g. from convective uplifting from the boundary
layer (Tie et al., 2001)The estimated global N(production by lightning is 3 - 5 Tg N/yea
(Schumann and Huntriese2007 Martin et al.,, 2007 Murray et al., 2012 Strong lightning
activity during ASM, NAM and WAM §hepon, et al 2007 Evett et al., 2008Ranalkar and.
Chaudhari, 2009Barret et al.,, 2010Penki and Kamra, 20)3hence contributes to PAN
productionin the UTLS The estimated increase in PAN is ~2B0 % due to nitrogen

enhancement by lightning (Tie et,&001).

The thermal decomposition rate of PAN is highly temperature dependetite UTLS

temperatures are sufficiently low to prevent thermatamposition of PANand thereforehe
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chemical lifetime of PAN in this region is several monfAsold and Hauck1984. The PAN
lifetime in our ECHAM5-HAMMOZ simulations variebetween80 and170days in the tropical
UTLS (figure not included)). Numberof studies Tereszchuk et al., 201&latthoret al, 2007,
Sign et al 198)has reported lifetime of PAN varying form-2 months. PAN thereforetravels
over long distances and affethe NO, partitioning in areas that are far away from the precursor
emission regionsUpon descent into warmer regions of the troposphefd\ release NOy
which in turnincreass ozoneand OHproduction in remote regionSifigh et al.1986;Singhet
al., 198; Hudman et al., 2004 PAN mixing ratios vary from less thah pptv in the remote
marine atmosphere (as observkaing theNASA GTE PEMTropics B campaign in the South
Pacific lower marine boundary layer, data available at
http://acd.ucar.edu/~emmons/DATACOMPY/) to several ppbv in the polluted urban environment
andbiomass burning plumes (Ridley et,d99; Singh et al., 1998). In the UTLS mixing ratios
are typically in the range 1800 pptv Emmons et al2000;Keim et al., 2008

To our knowledge, this is the first study that analyzes the influence of mongtitmwo
from different world regions on the distribution mpéroxyacetyl nitrate (PAN) in the UTLS over
the Asian monsoon region, and its recirculation in the UTL8e emission sensitivity
simulations wereanalyzedto understanctontribution from ASM, WAMand NAM. We run
decadal simulations wittine chemistry climate modé&tCHAM5-HAMMOZ and apply statistical
comparisons with satellite and aircraft data, thereby contributing to the objectives of the
Chemistry Climate Model Initiative (CCMI, see http://mwwvagproject.org/CCMI)The model
climatology is evaluated wittata fromaircraft campaigns anthe Michelson Interferometer for
Passive Atmospheric Sounding (MIPABjstrumentonboard the ENVIronmental SATellite

(ENVISAT) (Refereed as MIPAE hereafter)The transport of HN@andNOy due to monsoon
6
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convection from different monsoon regions and the impacts of lightning on the UTLS
distributionsof the nitrogen oxidesre also analyzedand compared to the results obtained for
PAN. The paper is organized &dlows: Section 2 contains a short description of the data and
model including the simulation setu@omparisonof model simulations with observations is
given in section 3.In section 4 we discussthe variousconvectivetransportpathwaysof PAN

into the UTLS, its redistribution in the stratospheamd itsre-circulation across the various
monsoon regiongesults ofemission sensitivity simulationgepictingcontribution from major
monsoon systemdhe analysis opercentage change lightning produceazone, HNQ, PAN

and NQ on total concentrati@over the convective zonespsesentedn section 5Conclusions

are given in sectiof.
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2. Methods

2.1 Satellite measurements

The MIPAS E instrument onboard the ENVISAT was launched in March 2002 intdaa p
orbit of 800 km altitude, with an orbital period of about 100 minutes and an orbit repeat cycle of
35 days. MIPASE (Fischer and Oelhaf, 1996; Fischer et al., 2008) was a Fourier Transform
Spectrometer that provided continual limb emission measutsenrethe mid infrared over the
range 685 2410 cm®(146i 4. 15 &em) . From January 2005 thro
April 2012 MIPAS was operated with a spectral resolution of 0.0875, @nd a stepping of the
tangent altitude of 1.6 2 km in the UTLS region. As mid infrared sounder MIRESouldnot
provide spectral information from below cloud top.

MIPAS-E monitored several atmospheric trace constituents affecting atmospheric chemistry
including PAN, NQ and Q. The details of the general retrieval method and setup, error
estimates and use ofexraging kernel and visibility flag are documentedMmn Clarmanret al.
(2009). In this study we analyzee MIPASE observed PAN data during the peridd05 1
2012 i.e. the data version V5R_PAN_220/V5R_PAN_221 (different naming 220/221 merely

due to tehnical reasons)lhe data are available fronttp://share.lsdf.kit.edu/imk/asf/sat/mipas

export/Data_by Target/ Details of the MIPAS PAN retrievals, error budget, andtival

resolution are given by Glatthor et al. (2007) and by Wiegele et al. (ZDd2g 3 in Wiegele et

al. (2012) indicates that for the total error of single profiles of the V5R_PAN_220/221 product
the spectral noise and the uncertainty of the instrtirpemting are the main contributors.
However, since noise is a major contributor a reduction of the total error can be expected for
vertical profiles of binned data. For typical bins used in this work the total errors are less than 10

% below 12 km, 300 at 15 km, 504 at 19 km and 8®o at 23km.
8
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The sensitivity of the PAN retrievals can be judged by the averaging kernels. For the
V5R_PAN_220/221 product an example of the respective averaging kernel rows is shown in
figure S1 for an altitude range of 5 2% km at 28 degree N and 85 degree E for cloud free
atmospheric conditions. The diamonds indicate the respective nominal altitudes of the retrieval
grid. The figure shows that the retrieval results below98km are dominated by information
from above thenominal altitude. A similar, albeit less obvious, situation develops for altitudes
above 22- 23 km. There and above the information has an increasing weight from lower than
nominal altitudes. This is the reason why the MIPAS PAN data is not considéogd &&m
and above 23 km. Another effect clearly visible in the example is that the altitude region which
influences the retrieved PAN value at a given altitude is increasing with altitude, i.e. the vertical
resolution decreases with altitude. To accoonttie comparatively low, and altitude dependent,
vertical resolution, the model data to be directly compared to MIPAS measurements was
convolved with the MIPAS PAN averaging kernel.

The data are contoured and gridded at 4 degree latitude and 8 degiteléorasolution. In
the process the data quality specifications as documented at
http://share.lsdf.kit.edu/imk/asf/sat/mipasport/Documentationwere employed, namely: onl
data with visibility flag equal 1 and diagonal value of averaging kernel greater than 0.03 were
used.

2.2 ECHAM5 -HAMMOZ model simulation and experimental setup

The ECHAM5HAMMOZ aerosolchemistryclimate model used in the present study
comprises of thgeneral circulation model ECHAMS (Roeckner et 2003), the tropospheric
chemistry module, MOZ (Horowitz et al., 2003), and the aerosol module, Hamburg Aerosol

Model (HAM) (Stier et al., 2005)t includes ozone, NQ VOC and aerosol chemistryhe gas
9
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198 phase chemistryschemeis based orthe MOZART-2 model (Horowitz et al., 2003), which
199 includescomprehensiv®,-NOy-hydrocarbonghemistrywith 63 tracers and 168 reactions. The
200 O(*D) quenching reaction rateseve updated according to Sandgral. (2003), ad isoprene

201 nitrates chemistry according to Fiore et al. (2005 the model simulations we included
202 emissions of acetone from anthropogenic sources and wild fires (primary sources), while
203 acetaldehyde and methylglyoxal are produced by oxidation of diMvOCs (secondary

204  sources). In particular, oxidation of primary NMVOCs like ethangHg; propane (gHs) and

205 propene (GHe) forms acetaldehyde, while GEOCHO is mainly formed from the oxidation
206 products of isoprene and terpenédigher acyl peroxy nitrates (MPAN) are included in
207 MOZART-2 chemical scheme, they are also formed through oxidation of NMVOCs, but their
208 production issmallcompared to PAN.Thermal decomposition, and reaction with OH as well as
209 the absorption cross sections for PAN photolyses @t specified according t8ander et al.

210  (2003)

211 In ECHAM5-HAMMOZ dry deposition follows the scheme of Ganzeveld and Lelieveld
212 (1995. Soluble trace gases such as HNEDd SQ arealsosubject to wet deposition. 4cloud
213 and below cloud scavenging folls the scheme described by Stier et(2005. PAN is not

214  water soluble, therefore dry and wet deposition are insignificant removal processes.

215 The model is run at a spectral resolution of T42 corresponding to about 2.8 x 2.8 degrees in
216 the horizontaldim nsi on and 3 1-plewls fromahe surfdtey up toi 16 hP&a. We

217 note that the nominal grid resolution of 2.8 degrees is somewhat misleading, because the spectral
218 truncation of T42 only allows to resolve details on the order of 180/42 = 4.28ededthis is the

219 main reason why we compare our model results with the MIPAS PAN retrievals on a 4 x 8

10
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degree grid. The details of model parameterizations, emissions and validation are described by

Pozzoli et al., (2008a,b, 2011) and Fadnavis et al. (2013)

The simulations wergerformedwith varying monthly mean sea surface temperature
(SST) and sea iceover (SIC) data over the period000 1 2010 (AMIP) referred as control
simulation.The simulations did not aim to exactly reproduce specifiecoretogicd years, and
we ran llyear periods in order to obtain a reasonable statisWesused the RETRO project

data set of the year 20C#vailable athttp://eccad.sedoo.fr/for the surface CO, NO, and

hydrocarbon emigsns from anthropogenic sources and biomass burning (Schultz et al., 2004;
2005; 2007; 2008). Anthropogenic total RETRO emissiorth@year 2000 are 476 Tg/year for
CO and 90 Tgl/year for NO5 Tgl/year of ethane, 3.5 Tg/year of propane and 2.7 Tg/year of
propene, which are the maamthropogenid/OC precursors of PAN. Biomass burning RETRO
emissions of year 2000 are 357 Tg/year for CO, and 16 Tg/year forA\BOTg/year for ethane,

1.3 Tgl/year for propane, 2.7 Tgl/year for propene, and 2.7 Tg/year fmac€O biomass
burning emissions iSoutheast Asia account for 7 Gg/month in spring, while up to 15 Gg/month
were eported from Carmichael et al. (2008he anthropogenic and biomass burning emissions
of SO, (total of 142 Tglyear), BC (7.7 Tglyear) a@C (66.1 Tg/year) are based on the
AEROCOM emission inventory (Dentener et al., 2006), also representative of the yeart900.
biogenic NMVOC emissions are calculatedlme with the MEGAN module of Guenther et al.
(2006) The simulated global annual are emission of biogenic NMVOGQsetween 1995 and
2004 is 830 Tg(C)/yeaisoprene contributes by 3%, followed by terpenes (2%), methanol

(12 %), and other NMVOCs such as acetaldehyde $2)5and acetone (2.%). Other natural

emissions calculated dme by the model are the Dimethyl Sulfide (DMS) fluxes (Kettle and

11
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Andreae, 2000; Nightingale et al., 2000; Pham et al., 1995), sea salt aerosols (Schulz et al., 2004)

from the oceans, and mineral dust aerosols (Tegen et al., 2002; Cheng et al., 2008)

Our lase year for aerosol and trace gas emissions is 2000, and emissions were repeated
annually throughout the simulation perio@ne point to note is that there were substantial
emission changes in Asia and Africa (increasing trends) and Europe and NorthcagAmeri
(decreasing trends) during the study periadhich is not captured in our simulation$\
consequence ohese emission changés our studywould be thatwe may underestimatie
impact from local pollution sources on PAN concentrations in the UTL&tbeeASM regionn
recent years and that we overestimie contribution from longange transport of northern
hemispheric pollutionWe provide an estimate of this error in the discussion of the results.
Lightning NO, emissions are parameterized follogiGrewe et al. [2001]. They are proportional
to the calculated flash frequency with a productiate of 9 kg(N) per flash, and distributed
vertically using a &haped profile. The calculated flash frequency is resohatspendent and
scaled globally tgjield annual global emissions 8f4 Tg(N) per year.To studythe impact of
lightning onthe distributiors of PAN we compare two sets ekperimentspach conductetbr

11 years2000-2010: (1) the control experimenfCTRL) and (2) the lightning off expenment
(light-off).
Model simulated PAN, N@ HNO; and Ozone mixing ratios are evaluated with

climatological datasets of airborne campaigns during the monsoon seaseBédpteraber). The

data were retrieved frorhttp://acd.ucar.edu/~emmons/DATACOMP/CAMPAIGNSEe also

the paper by Emmons, 200The NQ and ozone volume mixing ratios observed du@igud

Aerosol Interaction and Precipitation Enhancement ExperindRiREEX) (details availablen

12
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Kulkarni et al., 2012) September 2010, are evaluated over the Indian region. The details of
instrumens and measurement technigue are available at
http://www.tropmet.res.in/~caipeex/abaldta.php. The list of data sets and aircraft campaign
used forcomparison are presented in Table 1. For the comparison, aircraft observations are

averaged over 82 km, 2- 6 km and 6 8 km and horizontally over the coherdhght regiors.

In order to understand thenpact of enhancedNO, and NMVOG emissions orthe
distribution of PAN, we conductedh reference an8 sensitivity simulationsfor the year 2003
driven by European Centre for MedidRange Weather Forecasts operational analyses
(Integrated Forecast System (IFS) cy8B2) meteorological fields (availle every 6 h)
(Uppala et al., 2005Model simulations were performed for the year 2003 since there was no
significant oceanic/meteorological perturbation event like, e.g., El Nifio Southern Oscillation or
the Indian Ocean Dipole
(http://www.marine.csiro@~mcintosh/Research_ENSO_IOD_years.htn). the sensitivity
experiments NO;, and NMVOCs emissionswere reduced by 10% simultaneouslyer the
monsoon regionsTheexperimeng 1 to 3were performed with reducesmissions ove(l) Asia
(10S50N, 60130E),(2) Africa (30S30N, 15W45E),and(3) North America (15N45N, 120W

75W), refereed as As-10%, Africa10%, NorthAmerica10%.

2.3Model production of PAN

PAN is a secondary pollutant that has a shottirife in the lower troposphere. Thisduces the
number of source points that contribute to PAN concentrations at any location in the UTLS
resulting in a clearer identification of soun@xepbr pathwaysFigure 1shows the distribution

of PAN producbn at 14km and16 km. A striking feature is the edinement of PAN production

13
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to regions of deep convectioA.maximum daily production rate of PAN in the UTLS,these
convective zones, is24 pptday near 14km and >12 pptiaynear 16 kmProduction of PAN

from background concentrations of ethane;H§ and other NMVOCs outside ofleep
convection regions is distinctly secondaryNMVOCs are subject to the same convective
transport as NQ@and PAN formation occurs where both have the highest values. The lifetime of
NOx is short throughout the tropospberhich implies that PAN production in theT will be
as®ciated with deep convectionfhere is also a contribution to PAN production from
stratospheric air penetrating into the troposphere (Liang et al., 2011). Tropopause folding is a
significant sourceof exchange between the stsphere and the troposphefgeftelman et al.,
2017). This is an extratropical process that is only likely to contribute to the PAN formation
maxima over North America, Europe and Askeown in Figure () viaenhanced conversn of
ethane.n the model it is unable to obscure the relationship between PAN formation gnd NO

pollution source regions.
3. Comparison of model simulations with observations
3.1Comparison with aircraft measurements

Figure 2shows scatter pldietveen aircrafobservations and model simulat®at the coherent
locations.Both aircraft observations and model simulations are averaged for the monsoon season
and altitude rangesit indicates that model simulated PAN,and NQ show good agreement

with aircraft measurementsorrelation coefficient >0.7and significance (P-value) varies
between 0.00 to B.indicating correlation is significant at 95%onfidence level However

simulated HNQ@ between 2 6 km and 6-10 km does not agreeell with aircrat observations.
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The point to point comparison of (latitudtengitude transects at various altitudes) simulated
PAN, NOx, Q and HNQ with aircraft observations are presentad Fadnavis et al. (2014
These plots showoodagreemenbetween model simulatg and aircraft observationgertical
variation of simulated ozonalso shows good agreement with ozonesonde meammnte over
India (see supplementary figure S3 in Fadnavis 2(Rigures sharing the difference between
ECHAM5-HAMMOZ and the aircraft obseations are provided in the supplement as Figure S2
The model bias varies with species and altitudegeneral bias in PAN is20 ppt to 80 ppt,
ozone-2ppb to 40 ppb, HN®-20ppt to 75 pptNOy mixing ratiosshow good agreement with
CAIPEEX measuremesitover the Indian regiotunfortunately, therevereno measurements of

PAN or HNG; made during CAIPEEX.

3.2 Comparison with MIPAS-E retrievals

In order to study the influence of monsooinculation on the distribution of PAM the
UTLS region, multi-yea averages (2002011) of seasonalmean (JuneSeptember)PAN
retrievals from MIPASE are analyzedrigure3 (a) presers these data for the altitude rarigke-
16 km and Figure 3b) shows the correspondiigCHAM5-HAMMOZ resultsfor comparison.
MIPAS-E obsrvationsshow maximum PANmixing ratios(~200- 230 ppt) over(1) the Asian
monsoon anticyclone region (12 40° N, 20° - 120° E), and (2) over parts of North America,
the Qulf Stream, (3) southernAtlantic Oceanand west coast otropical Africa. ECHAMb5-
HAMMOZ CTRL simulations also showigh PAN concentratiorat these locationshowever
PAN concentratios arelower than MIPASE observationgnd appear somewhat more localized
MIPAS-E exhibits a PAN maximum originating from African sources over the SAtléntic,

whereas the model shows this maximum over the African contifibist. may be the outflow of
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biomass burning over central and southern Africa during summer mgnsbarh might be
underestimated in the moddlhe biomass burning region of Africuring the ASM seasois
~30°S-20°N; 20° W - 30° E (Glanter et a) 2000). The logitudealtitude and latitudaltitude
crosssectiors of MIPAS-E observed and simulated PANes the biomass burningg®en are
plotted in figure S. Model simulationshowsthat the pbmass plume rising fromfrica move
westward and northward over the Atlantic Ocean and merges with South Americanfiome.
satellite, aircraft observations and model simulations Real et al., (201 aamd et al., (2008)
reported a plumen the mid andUpper TropospherelT) over the southern Atlantic which
originates from central African biomass burni
The diference between ECHAM5-HAMMOZ simulation and MIPAS observations
plotted in figures S3 (c) and S3(f). These figureshow that the model underestimates biomass
burning PAN by 20- 60 ppt. These differences magiso berelated to issues in theertical
transport of PAN or to a possible underestimate of the emission sourcedMfOCs.
Uncertainties in the rate coefficients arzbarption cross sections of PAN may also play a role.
Furthermore, anthropogenic NQ emissions are mostly underestimated in the emission
inventories (Miyazaki et al., 2012As discussed in Fadnavis et @014, UTLS PAN over the
ASM is sensitive to NQemission changes in India or China. In their study, alsmpeed with
ECHAM5-HAMMOZ, a 73% NOs emission change in India lead to a PAN increas&0of18
%, while a 73% NO, emission change in China changed PANrdhe ASM by 18 30 %. The
crosssecton plots of (see figure S4) differences in MIRESPAN with model simulated PAN
indicate that in the UTLS (823 km), MIPAS-E PAN is higher than model simulated PAN by
~20- 60 ppt (except above ). It is lower by 20- 40 ppt over eastern part of anjclone

(Southern India and South east Asia) atsbover Indonesiandnorthern Australia. In general,
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in the ASM region during the monsoon season MIFEABAN is higher than model by 3060
ppt between 8 16 km and thdifferencebetween MIPASE and mdel PANvary between +40

ppt to-40 ppt between 1@nd23 km.

4. Transport of PAN during monsoon season
4.1  Transport from Northern tropical land mass

Figure 3(a) shows high concentrationsMiPAS-E PAN at 1416 km overAsia, North
America and tropidaAfrica. ECHAM5-HAMMOZ simulations (figure 3b) also show similar
distribution. This may be due to transpdrom boundary layeinto the UTLSby the monsoon
convectionfrom respective regionsEECHAM5-HAMMOZ simulated OLR and 850hpa winds
averaged for thenonsoon seasoare shown in Figure $&). They indicate thextentof deep
convectionnearthe surface.NECP reanalysi©LR and850 hPawinds averagedor monsoon
season (200Q010)are plotted in figure S5b) for comparisonThesefigures indicatethat the
model could reproduceeep convection and large scale circulation at the sur@osssection
of distribution of simulated Cloud Droplet Number Concentration (CDNC) and ice crystal
number concentration (ICNQ)ver Asia, North America and tropical Afa confirms strong
convective transport from these regiofiigure S5 (c)-(e)). It should be noted thatertical
velocities in alarge scale model also indicatapid uplift in deep convective regionsrom
Satellite observationand model simulations Raet al., (2009) reported transportfodction of
boundary layer Carbon monoxidéQ@) into the UTLSby the Asian monsoon convection.

To illustrate verial transport, longitudaltitude cross sectiors of PAN mixing ratios

averaged ovethe region0° - 30° N and for JunéSeptember as obtained from MIPASand
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ECHAM5-HAMMOZ are shown in Figures 4(a) and (b respectively. Both MIPASE
observations and ECHAMBAMMOZ simulations show elevated levels of PAN (202560 ppt)
near 80 E - 100° E (ASM), 36° W - 30° E (WAM) and 86 W - 100° W (NAM) region The
simulated PAN distribution along witlvinds plotted inFigure 4(b) show cross tropopause
transportfrom these regiondt revealsthat transportof boundary layer PAN to UTLS mainly
occursfrom strong convecte regiors, i.e. Bay of Bengal (=8B E - 90° E), South China Sea
(~100° E - 120 E), western AtlantidOcean(Gulf Streamregion)and Gulf of Mexico(80° W -
100° W). MIPAS-E observations and model simulations show thatttansport due to ASM is
strongst andreachegleepst into the lower stratospher&his is due to the more intense deep
convection activity over the ASM region compared to the NAM redtogure 4c) presents the
differencesbetween MIPAS and model simulated PANt appears that the mod&AN is
overestimated over the ASM{ - 30 pp) and underestimated over the NABO(- 70 pp) and
WAM (20 - 50 ppdh regionsbetween Bm and Bkm. However, the overestimation in thE in
the ASM is difficult to explain on physical grounds and is morellike be a MIPASE

sampling issue as discussed later.
4.2  Transport from southern tropical land mass

In order to undestand transport of PAN due southerrWAM, SAM and AUSM we show
longitudepressure sections MIPAS-E observations and model simulateAN concentrations
averageaver @ - 25° Sin Figure 4d)-(e) respectivelyThe model haplumes near20° E, 10¢°
E and80° W. These three regions of convective transport are (1) tropical southern Afrig¢&°10
E, referred to as South Africa, (2) Indsigand northern parts of Australia ~f0a10° E and

(3) South America ~70- 80° W. Outflow from Indonesia and from northern parts of Australia
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398 (~10(° E) penetrates deep into the UTL$ropical Rainfall Measuring MissionTRMM)

399 satellite observations shv high frequencyof intense overshooting convection over these areas
400 (during the monsoon seasom)th highestdensty in the belt & - 10° S overthe Caribbean,
401 Amazon, Congoand SoutherrMaritime Continent (Ciu and Zipser, 2005. The analyses of
402  verticalwinds show strontransporfrom10°- 40°E, 100 - 11°E, 76 - 80° W (in the belto® -

403 10° S) (figure not shown)The amount of high level cloud fraction #@so high over these
404  regions Distribution of CDNC and ICNC show deep convection oves#negions (Figure not
405 showr). The model simulabns show highPAN concentratioa reaching the UTLS Thus

406 transport due tadeep convectionis reasonably wellcaptured bythe model However, the
407 MIPAS-E retrievalsonly show aplume rising oveiSouth Africaand noenhancement over the
408 AUSM (IndonesiaAustralig andSAM regions Figure 4e) shows thathe plumes from the three
409 outflow regions are mixeoh theUT (8 - 14 km) by the prevailing westerly winds. The reasons
410 for a single plume seen in MIPAS may be thatdwer concentrations of PAN reach these
411  altitudes (above &m) from SAM and AUSM and mix with the plume over South AfriChere

412 are indications of elevated PAN concentrationisttee lower boundary in Figure 4d).

413  Simulations showower PAN mixing ratiosover the longituds of SAM and AUSM (see figure
414  4(e)). The differences between MIPAS obsd#ions and simulations (figure(f) show that
415 model PAN isoverestimated in the AUSMLQ-30pp?) and is underestimated over the southern
416 WAM (20- 70 pp) and SAM @O0 - 50 pp) between 10 km and 18krit is likely that the three
417  plume structure in th&T seen in model is being obscured in the observations due to sampling
418 issues since periods of deep convection reaching significantly above 8 km are associated with

419 significant cloud cover.
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Figure 4shows thasimulatedtransport of PAN due to ASM, NAM and WAM convection
are stronger and penetrate deeper intdfheompared to SAM and AUSMThis is consistent
with the distribution of deep convection noted by Gettelmtaal. (2002)In generalthe PAN
amounts in the UTLS in the model are less tteseobserved by MIPASE. This may be due
to an underestimate of the chemical PAN source from VOC precursors or too little vertical
transport or a combination of both. Barlmodel studies with ECHAM also exhibited too low
concentrations of CO in the upper tropospheric outflow (M. Schultz, unpublished data from the

NASA Global Tropospheric Experiment TRAEEMission).
4.3  Transport from Asian Summer Monsoon region

The ASM anticyclone extends from 8& to 120°E and 18N to 40°N (see figure 3 (b)).
Latitudealtitude crosssectiors over the ASManticyclone(60° E - 120 ° E) of MIPAS-E
observedPAN (plotted in the altitude range8 - 20 km) and ECHAM5HAMMOZ CTRL
simulatons areshown inFigures 5(a) and (b), respectively ECHAM5-HAMMOZ simulations
are similar to MIPAS-E retrievalsof PAN. There is indicatiorof plumeascent into the lower
stratosphereThe ECHAM5-HAMMOZ simulationsalsoshowtransportof subtropicaboundary
layer PAN into the UTLSdue todeep convectionThis is not visible in the MIPA& data
because of thiack of data belovB km. Figure5 (b) shows thatttere is transport from £6 50°
N reaching upgo 10 km (-200hP3g. Park et al(2004, 2007, 2009) and Ra&l and Park (2006)
noted that trace species are introduced into the monsoon anticyclone at its eastaouedd
200 hPaThe uplift oversoutheast Asia and the base of the Himalayas in India gurapers
into the upper tropical troposphere where tgey horizontally redistributed by the anticyclonic

circulation and form the region of high PAN values betweehM@Gnd high latitdes. Figure
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442  10(c) shows thathe midlatitude maximum seemiFigure5(c) isdue topollution transport from

443  Europe. The Chiese enssions are feeding into this large plume over Russiagetdansported

444  partly and diluted over the extratropical Pacific Ocedrhe latitudealtitude section of

445  differences between MIPAS and simulated PAN indicatkat ASM plume is underestimated

446  the model (see figure &)). It is interesting tawomparefigure 4c) (longitudei altitude sectioh

447  and figure %c) (latitudealtitude section). The reason for underestimation of the ASM plume in
448 the latitudealtitude section may be due to a lower trinution from the eastern part of

449 anticyclone in the model. Figure S4 shows model PAN is underestimated over Southern India

450 and South East Asia theUT and overestimated in the lower stratosphere

451 In order to understand the impacttainsport fromASM region onthe rest of the world,
452 we analyze difference between reference and-A3% simulationgreferenced Asia-10%) The
453 latitude altitude and longitude altitude cross sectiongr the ASM regior(Figures 5 (d) and
454 5(e)) show transport of5-20 pptof PAN into the lower stratospher@he horizontal cross
455 sections at 14m to 21 km(figures 5 (f)i 5(i)) show that Asian PAN is transportém northern
456  Atlantic by subtropical westerlyinds. These figures show that 10% change in Asian emission
457 (NOyx andNMVOCs), transport 5-30 ppt of PANin the UTLSover Asia and 47 pptof PAN in

458 the UTLS ofNorthern subtropics and midtitudes

459

460 4.4  Transport from North American monsoon region

461 Figures 6(a) and p) exhibit latitudealtitude sectios of PAN from MIPAS-E retrievals and

462 ECHAM5-HAMMOZ simulatons (seasonal mean for Ju§eptemberpverthe North Ameaican
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monsoon regiorbetween70° W - 120° W. MIPAS-E observationsand the model indicate
transportof PAN into the UTLS The distribution of ECHAMBHAMMO Z simulated PAN from
the bourdary layer to UTLSshows the source regiois at around40° N. There is convective
uplift of PAN over the northern Gulf of Mexico region and over the Gulf Strédgh amount
of pollutants are emitted from north east Ameifican a numberof power plants are located
Atlanta, Washington, Chicago, Bostalacksonville(CEC report, 2011)The tropospheric N©
columns retrieved from the SCIAMACH¥nd OMI satellite instrument shows high amount of
anthropogenic N@emissions overhis region (Lamsal et al., 201Miyazaki et al., 2012 The
model simulations show high amount of PAN concentrations over this regpefigures10(a)
(d)). The monsoon convection lifts these pollutants tdiheThe outflow of these pollutants is
over the Atlantic (see figures 3a)). TRMM precipitation radaobservations showignificant
overshooting conveaste activity over this region during the monsoon seadan énd Zipser,
2005) The vertical distribution of differences in MIPAS and simulatedNPshows that PAN is
underestnated(see figure &)) over North andSouthAmerica (1060 ppt) between 1a.8km,
however it is over estimated betweed@m in the region near 3N . As discussed above this

may beassociated with European emissions and pramns

Figures 6 (d) - 6 (e) showimpact of North American emissidneferenceé North-Amrica-10%)
on the transportof PAN. It shows crosstropopausetransportof PAN by North American
monsoonconvection The amount of PAN transportge1-5 ppt)into the lawver stratosphere is
less than the ASN~10-20 ppt) Thelatitudelongitude distributiorof PAN (figures 6 (f)i 6(i))
shows that the upper tropospheric westerly winaissport-1-10 ppt of PANto Atlantic, Europe

andNorth China
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4.5 Transport from West African region

Figures7 (a) - (b) showvertical distributions of PAN over the African region (averaged
over @ - 45° E). MIPASE observationsind model simulations indicateplumethatcrosses the
tropopause anéntersthe lower stratospher@he modelsurface field{seeFigure 7(b)) show
that this plume arises frorfatitudes5-20°S over Africa and that it moves equatorward. It
subsequentlynerges with the ASM plume. A prominent tongue of high PAN kees between
30° and 6& N is capturedin model simuléions. This feature appears to be related to emissions
from Europe being transported towards the equator in the upper subtropical troposphere.
However, h the modelemissiondrom Europe are transported poleward instead of equatorward
(Figure 7(b)). Thereis a region of strong descent in the model betweéhN8@nd 46 N (see
Figure 7(b)) which deformsthe PAN isopleths around 12m around 38 N. This feature is not
seen in the MIPA& retrievalsand indicates a disagreement of the model with the transport
pattern of the atmosphere in thagion. The transportof PAN in the 16 - 20° S latitude band
over theCongo, Angola, Tanzania regions ebuthern and tropicalfrica is not pronouncedn
the modelcompared toMIPAS-E observations This behavior indicas that deep tropical
convection is underestimated in the model in this latitbded. The vertical distribution of
differences in MIPAS and simulated PARigure 7c) shows that simulated PAN is
underestimated over these region3 {20° S and 28 - 40° N) between 10 km and 18 kriihe
reason may beelated to underestimation of deep tropical convection in the model in this latitude
band Simulated PAN is overestimated between 8km and 12km near equator.

The reference- Africa-10% simulatiors (figures 7(9-7(e)) shows that African PAN is

transportedup to the tropopause. The cross sections overthNand South Africa show
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penetration ofNorth African plume into the lower stratospherel®km). However PAN
transportinto the lower stratosphere (~6026 pp) is comparatively less than Asia or North
America. Figures 7 (g} 7(j) showtransporiof ~5-50 pptof PAN in the UT(6-12km) of tropical
Africa. Thereis transporfrom equatorial Africa téAtlantic andMexico between &8km (figures

7 (9)1 7 (h)) whichis then transported to North Chibg upper tropospheril2km) westerly
winds (see figures T))).

The model simulated latituesdtitude, longitudealtitude cross sections of NQ and
HNO; over the ASM (18N - 40°N, 6P - 120°E), NAM (10° N - 40° N, 70° W - 120° W) and
WAM (0° - 25° S, 0° - 45° E) are shown in Figure 8 (a)i 8(j), respectivelyFigures 8 (a) 8(e)
showtransport featuresf NOy. These arsimilar to thoseseen inthe distribution of PAN but
with sharper signatures due to the shditetime of NO,. This shows that monsoon convection
lifts boundary layer pollutants including NOy specieghie UTLS. The distribution of HNG@
(seeFigures 8 (f)- 8(j)) shows a complex patter@omparing Figure 4(bXhe regionaround
100° E with inteng convective uplift corresponds to Hi@epletion from the surface to above
10 km. In fact, the upper troposplearegion of the ASM anticyclone exhibits much lower values
of HNO; compared to all the other longitudes in thé® 2040° N band Figure 8(h)). This
suggests thah the modethe convective transport in the ASM region is associated with efficient
removal by wet scavengingn contrast, the North American monsoon region has EHNO
ascending to th&T with significantly less lossThis is likely dueto the fact that convection
involved in vertical transport during the NAM is not as intense and not as deep as in the case of
the ASM and there are differences in wet scavendtgure 8(g) shows that the plume rising
from South America moves towards thguatorbut does not have the extension into thHeas

the North American pluméhese are JurBeptember averages and the ITCZ is on the northern
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530 hemisphere side during this period. Thus, weaker convective transport is to be expected on the
531 southern hensphere side of the equator during this period. Fidhr@) shows significant
532  transport ofAfrican emissionsaround~0° - 15° S anda plume rising from Europe (~38\ - 60°

533 N)as well

534 Figures 9 (a) 9 (f) show vertical distribution of HN£and Q, over Asia, North America
535 and Africa as obtainettom difference between reference and As@®6, NorthAmerica10%
536 and Africal0% simulations. It is evident th&tansport ofHNO; for Asia10% simulationis

537 deeper in th&JT (~16km) than NorthtAmerica10% and Afrca10% simulationslt can be see
538 that Asia10%, NorthRAmerical0% and Africal0% simulations transport =10 ppt, ~57 ppt
539 and~3-5 ppt of HNQ in the UT of their respective regions.

540 In the UT, between6km and10km, Asia-10% simulation shows transport ©10-15 ppt
541 of HNO; over Western Pacific and =10 ppt over tropical America by the subtropical westerly
542 winds (figure not included). NortAmerical0% simulation shows transport of ~3 ppt of
543 HNO; over Atlantic, North Africa, Saudi Arabia and North Chiby the subtropical westerly
544  winds and ~3& ppt of HNQ over equatorial pacific, Indonesia, China and India by the tropical
545 easterly winds. Africal0% simulation shows transport of-53spt HNG from North Africa to
546  North America, equatorial pacific, altloere is transpouf ~4 ppt of HNQ from South Aficato

547  Atlantic, South Anerica, Indonesia China and India by the tropical easterly winds (figure not
548 included).

549 North-America10% simulation shows transportledundary layepzoneextending up to
550 thetropopausegwhich are higher than for the Asl®% and Africal0% simulationgfigures 9
551  (d) 1 9 (f)). Asial0%, NorthAmerical0% and Africal0% simulations show transporil-2

552  ppb, ~0.81.5 ppb and ~0:0.6 ppb of ozone in the UT of their respectiveioag.
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In theUT, between 6km and 10 km\sia-10% simulation showsansport of ozone ~1.5
ppb toWestern Pacific and 0.8 ppb Mexico and United States by the subtropical westerly
winds (figure not included). NortAmerical0% simulation shows transport ©.4-1.5 ppb of
Os to equatorial Pacific extending up to Indonesia by the tropical easterly winds. There is some
outflow (~0.6ppb) over Atlantidy the subtropical westerly winds well(figure not included).
Africa-10% simulation shows transg of ~0.4-0.8 ppb of ozone t®quatorial Atlantic and
Mexico (figure not included).

It can be seen that similar emission change over Asia, North America and Africa causes
highest changén HNO; and Ozone inthe UT over Asia and least ovéfrica. In the UT,
between 6km and 10 kmtransport of HN@ by Asia10% (~3-10 ppt of HNQ to tropical
Americg is higher than NortAmerical0% 3-7 ppt of HNQ to China and India) and Afriea
10% E3-5 ppt of HNQ to tropical America, China and India). Similarbzone transporis

higherfor Asia=10% than Mrth-America10% and Africal0% simulations.

4.6  Horizontal transport

PAN concentrations from MIPAE and ECHAM5-HAMMOZ at differentaltitudes are
analyzed to understand horizontal transpbrgure 10(a) showsthe distribution of PAN from
ECHAM5-HAMMOZ simulationsnearthe surface(2 km). Sources of PANare apparenbver
South Americasouthern Africa, North America,Europe, Russia and northeé@dhina/Mongolia
The PAN distribution ad km (seeFigure 10(b)) shows high conentrations bovethese regions
indicating vertical transporfigures 10(c) and 10(d) showthe distributionat 6 km and 8km.
The upper level anticyclonic circulation betweer Ndand 36 S over the Atlantic transports

PAN from central Africa towards Amiga and from Brazil towards southern Africehe Large
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576 Scale Biospher&tmosphere Regional Experiment in Amazonia (LBAAIRE-98) campaign
577 observationgAndreae et a) 2001) and African MonsooMultidisciplinary Analysis (AMMA)
578 project (Real et al., 20)@howthat the biomass burning plume originating from Brazlifted
579 to altitudes aroundO km. This plumeis entrained into deep convection over the northern
580 Amazon, transported out over tAdantic and then returned to South America by the circufatio
581 around a large uppéevel anticycloneThis transport is well captured by the model.

582 North Americanpollution is also beingransportedoy the westerly windsever Eurasia,
583 forming an organized belThis transport patterngpsists up to 1&m (Figure 10 (e) and 10(g)).
584 MIPAS-E observations at 1Rm also show this transpgetittern The source region for the PAN
585 from southern Africa is the region of active biomass burning. Since this region is treipecal
586 outflow is over the Atlanticdue to the prevaing easterly winds ECHAM5-HAMMOZ
587 simulations show siilar transport (seBigures10(e)). But there aralifferencesjn particularthe
588 transport over tropical Africa does not get displaced over the Atl@deanAs noted above,
589 there a@e significant trasport differences between the model and oladEms in this longitude
590 band.Another difference is tha®PAN is not transported westwaoyer Cental America and
591 towards thePacific Ocean.

592 Figures 10(f)-10(h) show the distribution of PAN from ECHAM5-HAMMOZ
593 simulations andVIPAS-E retrievals, in the lower stratosphei@8 km). In both data setRAN
594 is transported westwardsom ASM, NAM and WAM by prevailing easterly windsind
595 maximizes in the region of the ASM anticyclone

596 As can be seen from the abovisadissionsthe ASM NAM, and WAM outflow and
597 convectionover the Gulf Streamplay an importantrole in thetransport of bounds layer

598 pollution into the UTS. Previous studiege.g. Fadnavis et al.2013)indicatal that over the
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Asian monsoon regigriransport into the lower stratosphere occarsd there issignificant
vertical transporbver thesouthern slopes dhe Himalayas (Fu et al2006 Fadnavis et al
2013 and alsoover the region spanned bye Bay of Bengaandthe Suth China Sea (Park et
al., 2009). Pollutant tansport due to North Ameriosaconvectionand tropical African outflow
does not penetrat@s deepnto the stratospheras the ASM However there is clear indication
that in theUT, middle latitude westerly winds connect the North ekiwan pollution to the
ASM.

Figures 37 and figure 1&how that in th&JT, westerly winds drivéNorth Americanand
Europeanpollutants eastwardto at least partlymerge withthe ASM plume Strong ASM
convection transpastthese remote and regional pollntsinto the stratospherdhe Carbbean
is a secondary source of pollutant transport into the stratosplmettee stratosphere the injected
pollutants are transported westward by eagtethds and irto the southern subtropics lilje

BrewerDobson circlation.

5.0 Impact of Lightning on tropospheric PAN, NO,, HNO3 and ozone

In the ASM region anduting the monsoon season the N®leased from intense lightning
activity enhances the formatiai PAN, HNO; and ozoneén the middle and upper troposphere
which is already relatively strong due to the intense solar radiation along with high background
concentrations of NQ HO, and NMVOCs (Tie et al., 20012AN, HNO; and Q produced from
lightning may get transported in the lower stratosphere by deep momsowection and
contribute to anthropogeniemission transport of these speciesin order to understand

contribution of lightningandthe dominating lightningroductionregions,we analyzaifference
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between control and ligidff experiments Figure 11a)-(d) shows thepercentagechangesn
ozone, HNQ@, PAN and NQ due to lightning agonally averaged spatial distribution of seasonal
mean (Jun&eptember)mixing ratios The analysis indicates that the impact of lightning on
these species largest h thetropical UT between 48N -40° S and between 8 km and 14 km. In
the tropical mid troposphere lightning produced maximum ozone i 285% (12 - 24 ppb),

HNO; - 407 60 % (50-90 ppt)~ PAN ~15i 25 % (70 - 140 ppt)and NQ ~207 40% (10- 35

ppt) while in theUT ozone is ~2630 % (20 - 28 ppb) HNO; ~60 - 75% (80 - 110 ppt) PAN

~2871 35% (120- 170 ppt) and NQ ~507 75 % (20 - 65 ppt). Our results are consistent with
model simulations by Tie et al., (200and Labrador et al. (2005)he spatialdistributions of

NOy, ozone, PAN and HNOprodued from lightning (see figures 1)1 (h)) indicate that in
theUT (12 km) increassin O3 ~20- 25% (11- 17 ppbv), HNQ ~407 70 %, PAN ~25i 35 %

and NQ ~55- 75 %, over North America are in agreemarth previous studies (e.g Labrador

et al.,2005;Hudman et al. 2007; Zhao et al., 2009; Cooper et al., 2009), over equatorial Africa
(PAN 30- 45 %, HNG; ~70- 80 %, Oz ~ 25%, NO~70%) agrees well with Barret et al., 2010;
Bouarar et al., 2011 and ovitie ASM region (PAN ~ 2586, HNQO; ~65-70 %, O3 ~20 %, NOy

~ 60- 70 %) agrees with Tie et al., (2001). These regions coincide with regions of convective
vertical transprt of PAN (as seen in figures 4 anjl bightning producedAN will be lifted into

the lower stratosphere by the monsoon convection along with anthropogenic emissions and will
redistribute in the tropical lower stratosphetatitudelongitude cross sections of lightning
induced PAN, NQ ozone and HN®formation at altitudes between-8l4 km show that the
production of PAN, NG, ozone and HN®Iis less over the ASM region than over the equatorial
Americas ad Africa (also seen in figure 11The high amounts dPAN over the ASMare

therefore primarily due to anthropogenic emission transpoo the UTLS from the source
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regions in Southern and Eastern Ashs discussed in Fadnavis et al., 20D, emissions are
estimated to have changed by 38 % in India and 76 @hina, respectively during 2062011
period. From sensitivity simulatns they deduced corresponding changespiper tropopsheric
PAN are> 40 %, O; by > 25 % and HNQ by > 70 % over the Asian monsoon region. These

effects are larger than the impact of lightning,@issions over this regidfigure 11 (e)}-(h)).
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651 6. Conclusons

652 In this studystatistical analysi®f simulated and satelliteetrieved mixing ratios of PAN,

653 NOy, and HNQ is presentedn order to determine the transport patterns of pollution into the

654 Asian monsoon region and the impact of pollution flowing ouhefASM into other regions of

655 the global atmosphere. The analysis focused on the upper troposphere and lower stratosphere and
656 covered the perio@002 - 2011. NO, and NMVOCs emission perturbation simulations were

657 performed over ASM, NAM and WAM to understad transport pathways ancklative

658 contributionimpact on the UTLS As discussed in Fadnavis et al. (2014),/Ngissions are

659 estimated to have changed by 38 % in India and 76 % in China, respectively during this period.
660 From sensitivity simulations thededuced corresponding changes in upper tropospheric PAN >

661 40 %, Q by > 2 5% and HN@by > 70 % over the ASM region. These effects are larger than

662 the impact of lightning N@emissions over this region discussed in section 3 of this study.

663 Interestingly, the ECHAM5-HAMMOZ reference simulation reveals thatin the UT,

664 westerly winds drive North American and northward propagating South African pollutants
665 eastward where they mix with the ASM plumBeepconvection and strong diabatic upwelling

666 in the ASM covectively transports a part of these plumes into the lower stratosphere. The
667 Caribbean region is another source of pollution transport into the stratosphere. Some cross
668 tropopause transport occurs due to convection over North America and Southerrag\friel.

669 Somecross tropopause transpartcursdue to convection over North America and Seuth

670 Africa as well In thelower stratosphere the injected pollutants from ASMAM andNAM are

671 transported westward by easterly winaisd irto the southerrhemispheresubtropics bythe

672 BrewerDobson circulation The emission sensitivity simulation8sia-10%, NorthRAmerica-
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674

675

676

677

678
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680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

10% and Africa 10%confirm these transport pathways. the southern hemispherplumes

rising from convective zones dbouth Africa South Ameica and IndonestAustralia are
evident in the model simulations, but are not seen in the MIPAS retrievals. PAN concentrations
are higher in the plume rising from South Africa than SAM and AUSM. Irlfhiethey merge

by the prevailing westerly winds. MKS-E observations in the UTLS show a single plume over
South Africa and no enhancement over SAM or AUSe reasons fahesingle plune seen in
MIPAS-E may bethat although there is uplifting by each of the three monsoon sysiemsr
concentrations oPAN reach these altitudes (aboveki®) from SAM and AUSMuntil they
mergewith South African plumelt is also possible thahe three plume structune theUT seen

in the model is being obscured in the observations due to sampling. i€aresctive clad

cover is strongly associated with deep convection in the ASM region. The MERfs$a has a

PAN minimum in theUT right in the longitude band of the deep convection over the southern
flanks of the HimalayagFigure 4a)). This feature is unphysicahd clearly identifies a
sampling bias. However, the model is also not fully reproducing the latitudinal structure of the
PAN in the ASM region UTLS which indicates that there are differences in both the distribution

of convection and the large scale clation.

The horizontal transport of PAN analyzed frd@CHAMS5I HAMMOZ simulations show
that the PAN from southern Africa and Brazil is transported towards Amayitiae circulation
around a large uppéevel anticycloneandthen lifted to the UTLSn theNAM region It is also

evident inthe Africa-10% simulation.

The vertical distribution of simulated HNOover the monsoon regimes showswy

concentrations above Xn at the foothills of the Himalayak contrast, the results show strong
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695 uplifting of HNGO; into theUT with NAM convection.This may be due to the fact that NAM
696 convection is not as intense as the ASM dmle may be more wet removal of nitrogen oxides
697 in the ASM convectionThe model simulations indicate a higher efficiency of,d@nversiorto

698 HNOsover the Indian region compared to NAM.

699 The change inemission {10% ,NOx and NMVOCs simultaneouslypver each oASM,
700 WAM and NAM regions show that Asid0% transport 5-30 ppt of PANin the UTLS over
701 Asia and~1-10 ppt in the UTLSNorthern subbpics and mid latitudeNorth-America10%
702 simulationshows transport o+~1-5 pptof PAN over Atlantic, Eirope and North China (between
703 12-14km) and 0.8ppt over Asia (n& 16km). Africal0% simulationshows transport from
704 equatorial Africa to Atlantic ashNorth America between 68 km, which is then transported to
705 Asia by uppetropospheric westerly winds (neb2km).

706 Transport of HNQ is deeper in theJT (~16km) in Asia10% simulationthan North
707 America-10% and Africal0% simulations. Asial0%, NorthAmerical0%, Africal0%
708 simulations show transport of ozoréd-2 ppt, 0.81.5 pptand 0.4-0.6 ppt in the UT over
709 respective regions

710 In theUT between 6km and 10kntransport of HN@by Asia10% (~310 ppt of HNQ
711 to tropicalAmerica)is higher than NortiAmerical0% (transport of F ppt of HNQ to China
712 and India) and Africal0% ¢3-5 ppt of HNQ to tropical America, China and Indigimulations
713  Similarly transportof ozone is highefor Asia10% than NortPAmerica10% and Africal0%
714  simulations Comparson of emission change over Asia, North Amerioa Africa showshighest
715 transport oHNO; and @one inthe UTover Asia and least over Africa.

716
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731

Lightning production of NQmay enhance PAN concentrations in theé and affect its
transport into the lowetrmtosphere. The percentage change in lightning produced ozong, HNO
PAN and NQ has been evaluated with a sensitivity simulation. InWhie lightning causes
significant increases in these species over equatorial America, equatorial Africa and the ASM
region. These regions coincide with intense convective zones with significant vertical transport.
Lighting production is higher over equatorial Africa and America compared to the ASM.
However, the vertical distribution shows that higher amounts of PANarsported into the T
in the ASM region. This indicates that the dominant contribution to PAN over the ASM is from
anthropogenic emissions. This is consistent with the fact that anthropogenic emissions in the

ASM region are higher than in the NAM and WAMafnsal et al., 2011, Miyazak et al., 2012).
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Table 1:

Global aircraft measurements used for model evaluation.

Experiment

Date Frame

Species

Location

POLINAT-2 (Falcon)
Ziereis etal.2000

Sep 190ct 25, 1997

O3, NG,

Canarylslands: LAT= 25N, 35°N, LON=16C"W,
17w

E-Atlantic: LAT= 35°N, 45°N, LON=15W,160°W

Europe: LAT= 45N, 55°N, LON=5°E, 15°E

Ireland: LAT=5(N, 6(°N, LON= 165°W,175°W

PEM-TropicsA
(DC8) Talbot et al.

(2000)

Aug 24Oct 15, 1996

0O, NG, HNG;, PAN

Christmaslsland: LAN= 0°, 1(°PN, LON=2w/, 40°wW
Easterlsland: LAT=40°N, 20°S, LON=60°W, 8¢°W
Fiji: LAT= 0°,10°S. LON= 176E, 1°W

awaii: LAT= 1PN, 3°N, LON= 1°w., 3°wW
Tahiti: LAT= 20°S, 0°, LON= 2¢W, 56°W

PEM-TropicsA (P3)
O'Sullivan et al, 1999

Aug 15Sep 26,
1996

O3, HNG;

Christmaslisland: LAT= @, 1PN, LON= 2w/, 40°W
Easterlsland: LAT= 40’S, 20°S, LON= 6PW, 8C°PW
Hawaii: LAT= 1PN, 3PN, LON= 1°w, 30°W
Tahiti: LAT= 20°S, @, LON= 2w, 5¢°wW

ABLE-3B (Electra)
Harriss et al.,1994

Jul 6:Aug 15, 1990

O, NO,, HNO3, PAN

Labrador: LAT= 506N, 55°N, LON= 126w, 135°W
Ontario: LAT= 45N, 6(°N, LON= 9°Ww, 10°W
US-E-Coast; LAT= 38N, 45°N, LON= 106°W,
110°PW.

CITE-3 (Electra) Aug 22Sep 29, 1989| O;, NO, Natal: LAT= 15°S.,5°N, LON= 145°W, 155°W

Hoell et al 1993 Wallops: LAT= 36N, 4PN, LON= 100w, 116°W
ELCHEM Jul 27Aug 22, 0s, NG, New-Mexico: LAT=30°N, 35°N , LON= 70°W, 75°'W
(Sabreliner)Ridley | 1989

et al., 1999

ABLE-3A (Electra) | Jul ZAug 17, 1988 | O; NO, ,PAN Alaska: LAT= 55N, 75°N, LON= 1w, 25°W
Harriss et al.,192

ABLE-2A (Electra) | Jul 12Aug 13, 1985 | O, E-Brazil: LAT= 10°S, @, LON= 126w, 135°W
Harris et al., 1988 W-Brazil: LAT= 5°S, @, LON= 11w, 12°W
STRATOZ3 Jun 426, 1984 O, Brazil: LAT= 20°S, 0°, LON= 135°W, 155°W

(Caravelle 116)
Drummond et al.,

1988

Canarylslands: LAT= 20N 35N,LON= 160w,
155°W

E-TropicatN-Atlantic: LAT= 0°, 20°N,
LON=150W.,,165W.

England: LAT= 48N, 60°N, LON= 10°E, 5°W
GooseBay: LAT= 45°N, 6(°N, LON= 11¢°W, 125°W
Greenland: LAT= 68, 70N,LON= 110W, 150W
Iceland: LAT= 60N, 70NLON= 150W, 155W
NW-Sout-America: LAT=5°N, 10°N, LON= 95°W,
115°W

PuerteRico: LAT= 1PN, 25°N, LON= 118w, 12w
S-Sout-America: LAT=65545S, LON= 95W, 120W
SE-Souh-America: LAT=45°S, 20°S. LON= 115°W,
140°W.

SW-SouthAmerica; LAT=-45°S25°S, LON= 105°W,
11°W

Spain: LAT= 35N, 45°N, LON= 15w, ¢
W-Africa: LAT= 0., 15N, LON= 15°W, (.

W-SouthAmerica: LAT= 25°S,5°S. LON=
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05°W,110°PW
WesteraN-Atlantic: LAT= 25°N, 45°N, LON=
110°PwW,120°W

CITE-2 (Electra)
Hoell et al., 1990

Aug 11-Sep 5, 1986

O3, NGOy, HNG;, PAN

Calif: LAT= 35°N, 45°N, LON= 55°W, 70°W
Pacific: LAT= 3®N, 45°N, LON= 45°W, 55°W
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(a)  PAN Production rate {ppt/day) at 14 km (b) PAN Production rate (ppt/day) at 16 km
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Figure 1. PAN production rates at (a) 14 km and (b) 16 km. Key regions of biomass burning and
anthropogenic emssons of pollutants are evident and correspond to maxima in PAN production.

Weaker dispersed background formation is evident as well.
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Figure 2. Scatter plot between model simulation (averaged for for-20®% and

aircraft observationsf PAN (ppt), ozone (ppb), HNQO(ppt), NO (ppt) (averaged for

the monsoon season (JuBeptember) ). The model simulations and aircraft observations

are averaged for altitude ranges

coefficient (R) ad corresponding-palue is given in each subplot.
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(a) MIPAS PAN at 14-16 km (b) ECHAMS-HAMMOZ PAN at 14-16 Km
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1154 Figure 3. Distribution of seasonal mean PAN concentration (ppt) averaged b6 I4n (a)
1155 observed by MIPASE (climatology for the period 2002011) (b) EHAM5-HAMMOZ CTRL
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Figure 4. Longitudaltitude cross section of PAN (ppt) averaged for monsoon season @d 10
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{a) ECHAM5-HAMMOZ PAN at 2 km (b} ECHAMS5-HAMMOZ PAN at 4 km
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{a) Lightning ON-OFF Ozone (zonal mean) {b} Lightning ON-OFF HNO3 (zonal mean)
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