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Abstract: 16 

The Asian summer monsoon involves complex transport patterns with large scale 17 

redistribution of trace gases in the upper troposphere and lower stratosphere (UTLS). We employ 18 

the global chemistry-climate model ECHAM5-HAMMOZ in order to evaluate the transport 19 

pathways and the contributions of nitrogen oxide species PAN, NOx, and HNO3 from various 20 

monsoon regions, to the UTLS over Southern Asia and vice versa. Simulated long term seasonal 21 

mean mixing ratios are compared with trace gas retrievals from the Michelson Interferometer for 22 

Passive Atmospheric Sounding aboard ENVISAT( MIPAS-E) and aircraft campaigns during the 23 

monsoon season (June-September) in order to evaluate the model’s ability to reproduce these 24 

transport patterns.  25 

The model simulations show that there are three regions which contribute substantial 26 

pollution to the South Asian UTLS: the Asian summer monsoon (ASM), the North American 27 

Monsoon (NAM) and the West African monsoon (WAM). However, penetration due to ASM 28 

convection reaches deeper into the UTLS as compared to NAM and WAM outflow. The 29 
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circulation in all three monsoon regions distributes PAN into the tropical latitude belt in the 30 

upper troposphere (UT). Remote transport also occurs in the extratropical UT where westerly 31 

winds drive North American and European pollutants eastward where they can become part of 32 

the ASM convection and lifted into the lower stratosphere. In the lower stratosphere the injected 33 

pollutants are transported westward by easterly winds. Sensitivity experiments for simultaneous 34 

NOx and NMVOCs emission change (-10 %) over ASM, NAM, WAM confirm similar transport. 35 

Our analysis shows that 10% change in Asian emissions, transport ~5-30 ppt of PAN in the 36 

UTLS over Asia, ~1-10 ppt of PAN in the UTLS of Northern subtropics and mid latitudes, ~7-10 37 

ppt of HNO3 and ~1-2 ppb of ozone in UT over Asia. Comparison of emission change over Asia, 38 

North America and Africa shows highest transport of HNO3 and ozone occurs in the UT over 39 

Asia and least over Africa.  40 

The intense convective activity in the monsoon regions is associated with lightning and 41 

thereby the formation of additional NOx. This also affects the distribution of PAN in the UTLS. 42 

According to sensitivity simulations with and without lightning, increase in concentrations of 43 

PAN (~40 %), HNO3 (75%), NOx (70 %) and ozone (30 %) over the regions of convective 44 

transport, especially over equatorial Africa and America and comparatively less over the ASM. 45 

This indicates that PAN in the UTLS over the ASM region is primarily of anthropogenic origin.  46 

 47 

 48 

49 
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1. Introduction 50 

Deep monsoon convection plays a key role in venting chemical constituents from the 51 

boundary layer and their export from source regions (Dickerson et al., 1987). The largest 52 

regional monsoon systems are the North American monsoon (NAM), Asian Summer Monsoon 53 

(ASM), Western North Pacific monsoon (WNPM), South American monsoon (SAM), West 54 

African Monsoon (WAM), and the Australian Monsoon (AUSM) (Chang et al., 2011). Recent 55 

observation and modeling  studies indicate that the Asian summer monsoon (Park et al., 2004; Li 56 

et al., 2005; Randel and Park, 2006; Fu et al., 2006; Park et al., 2007; Xiong et al., 2009; Randel 57 

et al., 2010; Fadnavis et al., 2013), the North American Monsoon (Schmitz and Mullen 1996; 58 

Collier and Zhang, 2006; Barth et al., 2012) and the West African monsoon (Bouarar et al., 59 

2011) play important roles in the transport of chemical constituents out of the boundary layer 60 

into the northern hemisphere in the Upper Troposphere (UT). A  Number of studies have 61 

documented large amount of pollution transport across tropopause occurs from Asia (Park, 2006; 62 

Fu et al., 2006; Park et al., 2007). However transport from other monsoon systems (WAM, 63 

NAM) and their contribution to Asia have gotten less attention. Until now there has been no 64 

attempt to assess the relative contributions from these source regions and to analyze the transport 65 

patterns including possible recirculation within one consistent model framework. Prior model 66 

simulations suggest that pollutants transported from the Asian monsoon region can contribute 67 

substantially to the budgets of stratospheric ozone, NOx and water vapour (Randel et al., 2010). 68 

Ozone formation in the anticyclone is also enhanced by transport of pollution plumes from the 69 

North American monsoon which are rich in volatile organic compounds (VOC) (Li et al., 2005; 70 

Zhang et al., 2008; Choi et al., 2009; Barth et al., 2012). The deep monsoon convection over 71 

West Africa transports Central African emissions to the upper troposphere and lower 72 
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stratosphere (UTLS) leading to large ozone changes in the lower stratosphere (Bouarar et al., 73 

2011). A number of studies have reported transport of chemical constituents into the UTLS due 74 

to the Asian monsoon convection, while less attention has been paid to deep convective transport 75 

from North/South America and West Africa to the lower stratosphere and to their relative 76 

contributions to the UTLS composition over the ASM region. 77 

This study investigates the transport patterns and relative contributions to the Asian monsoon 78 

anticyclone of three oxidized nitrogen species, namely peroxyacetyl nitrate (PAN), NOx (the sum 79 

of NO and NO2), and nitric acid (HNO3). PAN is a secondary pollutant that marks the transport 80 

and conversion of surface NOx after it is emitted.  The focus is placed on PAN as this species has 81 

a long lifetime in the UT and can be favorably observed by satellite instruments.  At the same 82 

time its short chemical lifetime in the lower troposphere results in a much tighter association 83 

between the emissions regions of its precursors and transport compared to species such as carbon 84 

monoxide (CO).  The much longer chemical lifetime of CO in the lower troposphere allows it to 85 

reach the UTLS via circuitous pathways that are not accessible to PAN.  In contrast, PAN is a 86 

tracer that allows for a clearer identification of NOx pollution transport pathways between the 87 

surface and the UTLS. We the perform NOx and MNVOCs emission sensitivity simulations in 88 

order to investigate the relative contributions from Asia, Africa and America to the PAN, HNO3 89 

and O3 concentrations in the UTLS. 90 

PAN is formed through oxidation of non methane volatile organic compounds (NMVOCs) in 91 

the presence of NOx (Fischer et al., 2014). It is primarily formed after oxidation of acetaldehyde 92 

(CH3CHO) or after photolysis of acetone (CH3COCH3) and methyl glyoxal (CH3COCHO), all of 93 

which are oxidation products of various NMVOCs. The actual formation of PAN proceeds in the 94 

reaction of the peroxy acetyl radical (CH3CO3) with NO2. This reaction is reversible and the 95 
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thermal decomposition of PAN back to CH3CO3 and NO2 is the main sink of PAN, although in 96 

the UTLS PAN photolysis becomes the dominant loss process. Two minor loss processes of 97 

PAN are reaction with OH and dry deposition (Talukdar et al., 1995; Fischer et al., 2014). As 98 

stated by Fischer et al. (2014) globally, biogenic VOC like isoprene and terpenes contribute most 99 

to PAN formation, but in the context of our study it is important to note that the oxidation of 100 

many alkanes and alkenes which are emitted from anthropogenic sources lead to PAN formation 101 

as well. The major anthropogenic sources of NMVOCs are the emissions from fossil fuel and 102 

biofuel combustion and from industrial solvents (Tang et al., 2009). Biomass burning, biogenic 103 

and soil emissions also contribute to NMVOC and NOx production. Anthropogenic sources are 104 

dominant in the extra tropical Northern Hemisphere outside the spring season. In spring, when 105 

surface PAN peaks, biogenic and anthropogenic NMVOCs species each support about 50% of 106 

the PAN burden.  107 

In the UT, lightning can add substantial amounts of NOx and thus lead to additional PAN 108 

production if NMVOC precursors are present, e.g. from convective uplifting from the boundary 109 

layer (Tie et al., 2001). The estimated global NOx production by lightning is ~3 - 5 Tg N/year 110 

(Schumann and Huntrieser, 2007; Martin et al., 2007; Murray et al., 2012). Strong lightning 111 

activity during ASM, NAM and WAM (Shepon, et al., 2007; Evett et al., 2008; Ranalkar and. 112 

Chaudhari, 2009; Barret et al., 2010; Penki and Kamra, 2013) hence contributes to PAN 113 

production in the UTLS. The estimated increase in PAN is ~20 - 30 % due to nitrogen 114 

enhancement by lightning (Tie et al., 2001).  115 

The thermal decomposition rate of PAN is highly temperature dependent. In the UTLS 116 

temperatures are sufficiently low to prevent thermal decomposition of PAN and therefore the 117 
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chemical lifetime of PAN in this region is several months (Arnold and Hauck, 1984). The PAN 118 

lifetime in our ECHAM5-HAMMOZ simulations varies between 80 and 170 days in the tropical 119 

UTLS (figure not included). ). Number of studies (Tereszchuk et al., 2013, Glatthor et al., 2007, 120 

Sign et al 1987) has reported lifetime of PAN varying form 2 - 4 months.  PAN therefore travels 121 

over long distances and affects the NOy partitioning in areas that are far away from the precursor 122 

emission regions. Upon descent into warmer regions of the troposphere, PAN releases NOx 123 

which in turn increases ozone and OH production in remote regions (Singh  et al., 1986; Singh et 124 

al., 1998; Hudman et al., 2004). PAN mixing ratios vary from less than 1 pptv in the remote 125 

marine atmosphere (as observed during the NASA GTE PEM-Tropics B campaign in the South 126 

Pacific lower marine boundary layer, data available at 127 

http://acd.ucar.edu/~emmons/DATACOMP/) to several ppbv in the polluted urban environment 128 

and biomass burning plumes (Ridley et al., 1992; Singh et al., 1998). In the UTLS mixing ratios 129 

are typically in the range 10-300 pptv (Emmons et al., 2000; Keim et al., 2008).  130 

To our knowledge, this is the first study that analyzes the influence of monsoon outflow 131 

from different world regions on the distribution of peroxyacetyl nitrate (PAN) in the UTLS over 132 

the Asian monsoon region, and its recirculation in the UTLS. The emission sensitivity 133 

simulations were analyzed to understand contribution from ASM, WAM and NAM. We run 134 

decadal simulations with the chemistry climate model ECHAM5-HAMMOZ and apply statistical 135 

comparisons with satellite and aircraft data, thereby contributing to the objectives of the 136 

Chemistry Climate Model Initiative (CCMI, see http://www.igacproject.org/CCMI). The model 137 

climatology is evaluated with data from aircraft campaigns and the Michelson Interferometer for 138 

Passive Atmospheric Sounding (MIPAS) instrument onboard the ENVIronmental SATellite 139 

(ENVISAT) (Refereed as MIPAS-E hereafter). The transport of HNO3 and NOx due to monsoon 140 
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convection from different monsoon regions and the impacts of lightning on the UTLS 141 

distributions of the nitrogen oxides are also analyzed and compared to the results obtained for 142 

PAN.  The paper is organized as follows: Section 2 contains a short description of the data and 143 

model including the simulation setup. Comparison of model simulations with observations is 144 

given in section 3.  In section 4, we discuss the various convective transport pathways of PAN 145 

into the UTLS, its redistribution in the stratosphere and its re-circulation across the various 146 

monsoon regions, results of emission sensitivity simulations depicting contribution from major 147 

monsoon systems. The analysis of percentage changes in lightning produced ozone, HNO3, PAN 148 

and NOx on total concentrations over the convective zones is presented in section 5. Conclusions 149 

are given in section 6. 150 

151 
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2. Methods 152 

2.1 Satellite measurements 153 

The MIPAS–E instrument onboard the ENVISAT was launched in March 2002 into a polar 154 

orbit of  800 km altitude, with an orbital period of about 100 minutes and an orbit repeat cycle of 155 

35 days. MIPAS–E (Fischer and Oelhaf, 1996; Fischer et al., 2008) was a Fourier Transform 156 

Spectrometer that provided continual limb emission measurements in the mid infrared over the 157 

range 685 –  2410 cm
−1

 (14.6 – 4.15 μm). From January 2005 through the end of the mission in 158 

April 2012 MIPAS was operated with a spectral resolution of 0.0875 cm
−1

, and a stepping of the 159 

tangent altitude of 1.5 – 2 km in the UTLS region. As mid infrared sounder MIPAS-E could not 160 

provide spectral information from below cloud top. 161 

MIPAS-E monitored several atmospheric trace constituents affecting atmospheric chemistry 162 

including PAN, NOx, and O3. The details of the general retrieval method and setup, error 163 

estimates and use of averaging kernel and visibility flag are documented by Von Clarmann et al. 164 

(2009). In this study we analyze the MIPAS-E observed PAN data during the period 2005 – 165 

2012, i.e. the data version V5R_PAN_220/V5R_PAN_221 (different naming 220/221 merely 166 

due to technical reasons). The data are available from http://share.lsdf.kit.edu/imk/asf/sat/mipas-167 

export/Data_by_Target/.  Details of the MIPAS PAN retrievals, error budget, and vertical 168 

resolution are given by Glatthor et al. (2007) and by Wiegele et al. (2012). Table 3 in Wiegele et 169 

al. (2012) indicates that for the total error of single profiles of the V5R_PAN_220/221 product 170 

the spectral noise and the uncertainty of the instrument pointing are the main contributors. 171 

However, since noise is a major contributor a reduction of the total error can be expected for 172 

vertical profiles of binned data. For typical bins used in this work the total errors are less than 10 173 

% below 12 km, 30 % at 15 km, 50 % at 19 km and 80 % at 23 km. 174 

http://share.lsdf.kit.edu/imk/asf/sat/mipas-export/Data_by_Target/
http://share.lsdf.kit.edu/imk/asf/sat/mipas-export/Data_by_Target/
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The sensitivity of the PAN retrievals can be judged by the averaging kernels. For the 175 

V5R_PAN_220/221 product an example of the respective averaging kernel rows is shown in 176 

figure S1 for an altitude range of 5 to 25 km at 28 degree N and 85 degree E for cloud free 177 

atmospheric conditions. The diamonds indicate the respective nominal altitudes of the retrieval 178 

grid. The figure shows that the retrieval results below 8 - 9 km are dominated by information 179 

from above the nominal altitude. A similar, albeit less obvious, situation develops for altitudes 180 

above 22 - 23 km. There and above the information has an increasing weight from lower than 181 

nominal altitudes. This is the reason why the MIPAS PAN data is not considered below 8 km 182 

and above 23 km. Another effect clearly visible in the example is that the altitude region which 183 

influences the retrieved PAN value at a given altitude is increasing with altitude, i.e. the vertical 184 

resolution decreases with altitude. To account for the comparatively low, and altitude dependent, 185 

vertical resolution, the model data to be directly compared to MIPAS measurements was 186 

convolved with the MIPAS PAN averaging kernel. 187 

The data are contoured and gridded at 4 degree latitude and 8 degree longitude resolution. In 188 

the process the data quality specifications as documented at 189 

http://share.lsdf.kit.edu/imk/asf/sat/mipas-export/Documentation/ were employed, namely: only 190 

data with visibility flag equal 1 and diagonal value of averaging kernel greater than 0.03 were 191 

used. 192 

2.2 ECHAM5-HAMMOZ model simulation and experimental setup  193 

The ECHAM5-HAMMOZ aerosol-chemistry-climate model used in the present study 194 

comprises of the general circulation model ECHAM5 (Roeckner et al., 2003), the tropospheric 195 

chemistry module, MOZ (Horowitz et al., 2003), and the aerosol module, Hamburg Aerosol 196 

Model (HAM) (Stier et al., 2005). It includes ozone, NOx, VOC and aerosol chemistry. The gas 197 

http://share.lsdf.kit.edu/imk/asf/sat/mipas-export/Documentation/
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phase chemistry scheme is based on the MOZART-2 model (Horowitz et al., 2003), which 198 

includes comprehensive Ox-NOx-hydrocarbons chemistry with 63 tracers and 168 reactions. The 199 

O(
1
D) quenching reaction rates were updated according to Sander et al. (2003), and isoprene 200 

nitrates chemistry according to Fiore et al. (2005). In the model simulations we included 201 

emissions of acetone from anthropogenic sources and wild fires (primary sources), while 202 

acetaldehyde and methylglyoxal are produced by oxidation of other NMVOCs (secondary 203 

sources). In particular, oxidation of primary NMVOCs like ethane (C2H6), propane (C3H8) and 204 

propene (C3H6) forms acetaldehyde, while CH3COCHO is mainly formed from the oxidation 205 

products of isoprene and terpenes. Higher acyl peroxy nitrates (MPAN) are included in 206 

MOZART-2 chemical scheme, they are also formed through oxidation of NMVOCs, but their 207 

production is small compared to PAN.  Thermal decomposition, and reaction with OH as well as 208 

the absorption cross sections for PAN photolysis are all specified according to Sander et al. 209 

(2003).  210 

In ECHAM5-HAMMOZ dry deposition follows the scheme of Ganzeveld and Lelieveld 211 

(1995).  Soluble trace gases such as HNO3 and SO2 are also subject to wet deposition. In-cloud 212 

and below cloud scavenging follows the scheme described by Stier et al. (2005). PAN is not 213 

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

The model is run at a spectral resolution of T42 corresponding to about 2.8 x 2.8 degrees in 215 

the horizontal dimension and 31 vertical hybrid σ-p levels from the surface up to 10 hPa. We 216 

note that the nominal grid resolution of 2.8 degrees is somewhat misleading, because the spectral 217 

truncation of T42 only allows to resolve details on the order of 180/42 = 4.28 degrees. This is the 218 

main reason why we compare our model results with the MIPAS PAN retrievals on a 4 x 8 219 
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degree grid. The details of model parameterizations, emissions and validation are described by 220 

Pozzoli et al., (2008a,b, 2011) and Fadnavis et al. (2013). 221 

The simulations were performed with varying monthly mean sea surface temperature 222 

(SST) and sea ice cover (SIC) data over the period 2000 – 2010 (AMIP) referred as control 223 

simulation. The simulations did not aim to exactly reproduce specific meteorological years, and 224 

we ran 11-year periods in order to obtain a reasonable statistics. We used the RETRO project 225 

data set of the year 2000 available at http://eccad.sedoo.fr/  for the surface CO, NOx , and 226 

hydrocarbon emissions from anthropogenic sources and biomass burning (Schultz et al., 2004; 227 

2005; 2007; 2008). Anthropogenic total RETRO emissions of the year 2000 are 476 Tg/year for 228 

CO and 90 Tg/year for NOx, 5 Tg/year of ethane, 3.5 Tg/year of propane and 2.7 Tg/year of 229 

propene, which are the main anthropogenic VOC precursors of PAN. Biomass burning RETRO 230 

emissions of year 2000 are 357 Tg/year for CO, and 16 Tg/year for NOx. 2.5 Tg/year for ethane, 231 

1.3 Tg/year for propane, 2.7 Tg/year for propene, and 2.7 Tg/year for acetone. CO biomass 232 

burning emissions in Southeast Asia account for 7 Gg/month in spring, while up to 15 Gg/month 233 

were reported from Carmichael et al. (2003). The anthropogenic and biomass burning emissions 234 

of SO2 (total of 142 Tg/year), BC (7.7 Tg/year) and OC (66.1 Tg/year) are based on the 235 

AEROCOM emission inventory (Dentener et al., 2006), also representative of the year 2000. The 236 

biogenic NMVOC emissions are calculated on-line with the MEGAN module of Guenther et al. 237 

(2006). The simulated global annual mean emission of biogenic NMVOCs between 1995 and 238 

2004 is 830 Tg(C)/year, isoprene contributes by 57 %, followed by terpenes (21 %), methanol 239 

(12 %), and other NMVOCs such as acetaldehyde (2.5 %) and acetone (2.3 %). Other natural 240 

emissions calculated on-line by the model are the Dimethyl Sulfide (DMS) fluxes (Kettle and 241 

http://eccad.sedoo.fr/
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Andreae, 2000; Nightingale et al., 2000; Pham et al., 1995), sea salt aerosols (Schulz et al., 2004) 242 

from the oceans, and mineral dust aerosols (Tegen et al., 2002; Cheng et al., 2008). 243 

Our base year for aerosol and trace gas emissions is 2000, and emissions were repeated 244 

annually throughout the simulation period. One point to note is that there were substantial 245 

emission changes in Asia and Africa (increasing trends) and Europe and North America 246 

(decreasing trends) during the study period, which is not captured in our simulations. A 247 

consequence of these emission changes for our study would be that we may underestimate the 248 

impact from local pollution sources on PAN concentrations in the UTLS over the ASM region in 249 

recent years and that we overestimate the contribution from long-range transport of northern 250 

hemispheric pollution. We provide an estimate of this error in the discussion of the results. 251 

Lightning NOx emissions are parameterized following Grewe et al. [2001]. They are proportional 252 

to the calculated flash frequency with a production rate of 9 kg(N) per flash, and distributed 253 

vertically using a C-shaped profile. The calculated flash frequency is resolution-dependent and 254 

scaled globally to yield annual global emissions of 3.4 Tg(N) per year.  To study the impact of 255 

lightning on the distributions of PAN we compare two sets of experiments; each conducted for 256 

11 years 2000-2010: (1) the control experiment (CTRL) and (2) the lightning off experiment 257 

(light-off).  258 

Model simulated PAN, NOx, HNO3 and Ozone mixing ratios are evaluated with 259 

climatological datasets of airborne campaigns during the monsoon season (June-September). The 260 

data were retrieved from http://acd.ucar.edu/~emmons/DATACOMP/CAMPAIGNS/ (see also 261 

the paper by Emmons, 2001). The NOx and ozone volume mixing ratios observed during Cloud 262 

Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) (details available in 263 

http://acd.ucar.edu/~emmons/DATACOMP/CAMPAIGNS/
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Kulkarni et al., 2012), September 2010, are evaluated over the Indian region. The details of 264 

instruments and measurement techniques are available at 265 

http://www.tropmet.res.in/~caipeex/about-data.php. The list of data sets and aircraft campaign 266 

used for comparison are presented in Table 1. For the comparison, aircraft observations are 267 

averaged over 0 - 2 km, 2 - 6 km and 6 - 8 km and horizontally over the coherent flight regions.  268 

In order to understand the impact of enhanced  NOx and NMVOCs emissions on the 269 

distribution of PAN, we conducted a reference and 3 sensitivity simulations for the year 2003 270 

driven by European Centre for Medium-Range Weather Forecasts operational analyses 271 

(Integrated Forecast System (IFS) cycle-32r2) meteorological fields (available every 6 h) 272 

(Uppala et al., 2005). Model simulations were performed for the year 2003 since there was no 273 

significant oceanic/meteorological perturbation event like, e.g., El Niño Southern Oscillation or 274 

the Indian Ocean Dipole 275 

(http://www.marine.csiro.au/~mcintosh/Research_ENSO_IOD_years.htm). In the sensitivity 276 

experiments, NOx and NMVOCs emissions were reduced by 10% simultaneously over the 277 

monsoon regions.  The experiments 1 to 3 were performed with reduced emissions over (1) Asia 278 

(10S-50N, 60-130E), (2) Africa (30S-30N, 15W-45E), and (3) North America (15N-45N, 120W-279 

75W), refereed as Asia-10%, Africa-10%, North-America-10%.     280 

2.3 Model production of PAN 281 

PAN is a secondary pollutant that has a short lifetime in the lower troposphere. This reduces the 282 

number of source points that contribute to PAN concentrations at any location in the UTLS 283 

resulting in a clearer identification of source-receptor pathways. Figure 1 shows the distribution 284 

of PAN production at 14 km and 16 km. A striking feature is the confinement of PAN production 285 
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to regions of deep convection. A maximum daily production rate of PAN in the UTLS, in these 286 

convective zones, is >24 ppt/day near 14 km and  >12 ppt/day near 16 km. Production of PAN 287 

from background concentrations of ethane (C2H6) and other NMVOCs outside of deep 288 

convection regions is distinctly secondary. NMVOCs are subject to the same convective 289 

transport as NOx and PAN formation occurs where both have the highest values.   The lifetime of 290 

NOx is short throughout the troposphere which implies that PAN production in the UT will be 291 

associated with deep convection. There is also a contribution to PAN production from 292 

stratospheric air penetrating into the troposphere (Liang et al., 2011).  Tropopause folding is a 293 

significant source of exchange between the stratosphere and the troposphere (Gettelman et al., 294 

2011). This is an extratropical process that is only likely to contribute to the PAN formation 295 

maxima over North America, Europe and Asia shown in Figure 1(a) via enhanced conversion of 296 

ethane. In the model it is unable to obscure the relationship between PAN formation and NOx 297 

pollution source regions.     298 

 3. Comparison of model simulations with observations 299 

3.1 Comparison with aircraft measurements  300 

Figure 2 shows scatter plot between aircraft observations and model simulations at the coherent 301 

locations. Both aircraft observations and model simulations are averaged for the monsoon season 302 

and altitude ranges.  It indicates that model simulated PAN,O3 and NOx show good agreement 303 

with aircraft measurements, correlation coefficient >0.7 and significance  (P-value) varies 304 

between 0.00 to 0.3 indicating correlation is significant at 95% confidence level. However 305 

simulated HNO3 between 2 - 6 km and 6 -10 km does not agree well with aircraft observations. 306 
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The point to point comparison of (latitude-longitude transects at various altitudes) simulated 307 

PAN, NOx, O3 and HNO3 with aircraft observations are presented by Fadnavis et al. (2014). 308 

These plots show good agreement between model simulations and aircraft observations. Vertical 309 

variation of simulated ozone also shows good agreement with ozonesonde measurements over 310 

India (see supplementary figure S3 in Fadnavis 2014). Figures sharing the difference between 311 

ECHAM5-HAMMOZ and the aircraft observations are provided in the supplement as Figure S2. 312 

The model bias varies with species and altitude. In general bias in PAN is -20 ppt to 80 ppt, 313 

ozone -2ppb to 40 ppb, HNO3 -20ppt to 75 ppt. NOx mixing ratios show good agreement with 314 

CAIPEEX measurements over the Indian region. Unfortunately, there were no measurements of 315 

PAN or HNO3 made during CAIPEEX. 316 

 317 

3.2 Comparison with MIPAS-E retrievals  318 

In order to study the influence of monsoon circulation on the distribution of PAN in the 319 

UTLS region, multi-year averages (2005-2011) of seasonal mean (June-September) PAN 320 

retrievals from MIPAS-E are analyzed. Figure 3 (a) presents these data for the altitude range 14 -321 

16 km, and Figure 3 (b) shows the corresponding ECHAM5-HAMMOZ results for comparison. 322 

MIPAS-E observations show maximum PAN mixing ratios (~200 - 230 ppt) over (1) the Asian 323 

monsoon anticyclone region (12
O
 – 40

O 
N, 20

O
 - 120

O 
E), and (2) over parts of North America, 324 

the Gulf Stream, (3) southern Atlantic Ocean and west coast of tropical Africa. ECHAM5-325 

HAMMOZ CTRL simulations also show high PAN concentration at these locations, however 326 

PAN concentrations are lower than MIPAS-E observations and appear somewhat more localized. 327 

MIPAS-E exhibits a PAN maximum originating from African sources over the South Atlantic, 328 

whereas the model shows this maximum over the African continent. This may be the outflow of 329 
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biomass burning over central and southern Africa during summer monsoon, which might be 330 

underestimated in the model. The biomass burning region of Africa during the ASM season is 331 

~30
O 

S - 20
O 

N; 20
O 

W - 30
O 

E (Glanter et al., 2000). The longitude-altitude and latitude-altitude 332 

cross-sections of MIPAS-E observed and simulated PAN over the biomass burning region are 333 

plotted in figure S3. Model simulation shows that the biomass plume rising from Africa move 334 

westward and northward over the Atlantic Ocean and merges with South American plume. From 335 

satellite, aircraft observations and model simulations Real et al., (2010), and Barret et al., (2008) 336 

reported a plume in the mid and Upper Troposphere (UT) over the southern Atlantic which 337 

originates from central African biomass burning fires. 338 

The difference between ECHAM5-HAMMOZ simulation and MIPAS observations 339 

plotted in figures S3 (c) and S3 (f). These figures show that the model underestimates biomass 340 

burning PAN by 20 - 60 ppt. These differences may also be related to issues in the vertical 341 

transport of PAN, or to a possible underestimate of the emission sources of NMVOCs. 342 

Uncertainties in the rate coefficients and absorption cross sections of PAN may also play a role. 343 

Furthermore, anthropogenic NOx emissions are mostly underestimated in the emission 344 

inventories (Miyazaki et al., 2012). As discussed in Fadnavis et al. (2014), UTLS PAN over the 345 

ASM is sensitive to NOx emission changes in India or China. In their study, also performed with 346 

ECHAM5-HAMMOZ, a 73 % NOx emission change in India lead to a PAN increase of 10 - 18 347 

%, while a 73 % NOx emission change in China changed PAN over the ASM by 18 - 30 %. The 348 

cross-section plots of (see figure S4) differences in MIPAS-E PAN with model simulated PAN 349 

indicate that in the UTLS (8 - 23 km), MIPAS-E PAN is higher than model simulated PAN by 350 

~20 - 60 ppt (except above 20 km). It is lower by 20 - 40 ppt over eastern part of anticyclone 351 

(Southern India and South east Asia) and also over Indonesia and northern Australia. In general, 352 
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in the ASM region during the monsoon season MIPAS-E PAN is higher than model by 30 - 60 353 

ppt between 8 - 16 km and the difference between MIPAS-E and model PAN vary between +40 354 

ppt to -40 ppt between 17 and 23 km.  355 

 356 

 357 

4. Transport of PAN during monsoon season  358 

4.1 Transport from Northern tropical land mass 359 

Figure 3(a) shows high concentrations of MIPAS-E PAN at 14-16 km over Asia, North 360 

America and tropical Africa. ECHAM5-HAMMOZ simulations (figure 3b) also show similar 361 

distribution.  This may be due to transport from boundary layer into the UTLS by the monsoon 362 

convection from respective regions. ECHAM5-HAMMOZ simulated OLR and 850hpa winds 363 

averaged for the monsoon season are shown in Figure S5(a). They indicate the extent of deep 364 

convection near the surface. NECP reanalysis OLR and 850 hPa winds averaged for monsoon 365 

season (2000-2010) are plotted in figure S5 (b) for comparison. These figures indicate that the 366 

model could reproduce deep convection and large scale circulation at the surface. Cross-section 367 

of distribution of simulated Cloud Droplet Number Concentration (CDNC) and ice crystal 368 

number concentration (ICNC) over Asia, North America and tropical Africa confirms strong 369 

convective transport from these regions (figure S5 (c)-(e)). It should be noted that vertical 370 

velocities in a large scale model also indicate rapid uplift in deep convective regions. From 371 

Satellite observations and model simulations Park et al., (2009) reported transport of fraction of 372 

boundary layer Carbon monoxide (CO) into the UTLS by the Asian monsoon convection.   373 

To illustrate vertical transport, longitude-altitude cross sections of PAN mixing ratios 374 

averaged over the region 0
O
 - 30

O
 N and for June-September as obtained from MIPAS-E and 375 
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ECHAM5-HAMMOZ are shown in Figures 4(a) and (b) respectively. Both MIPAS-E 376 

observations and ECHAM5-HAMMOZ simulations show elevated levels of PAN (200 - 250 ppt) 377 

near 80
O 

E - 100
O 

E (ASM), 30
O 

W - 30
O 

E (WAM) and 80
O 

W - 100
O 

W (NAM) region. The 378 

simulated PAN distribution along with winds plotted in Figure 4(b) show cross tropopause 379 

transport from these regions. It reveals that transport of boundary layer PAN to UTLS mainly 380 

occurs from strong convective regions, i.e. Bay of Bengal (~80
O 

E - 90
O 

E), South China Sea 381 

(~100
O 

E - 120
O 

E), western Atlantic Ocean (Gulf Stream region) and Gulf of Mexico (80
O 

W -382 

100
O 

W). MIPAS-E observations and model simulations show that the transport due to ASM is 383 

strongest and reaches deepest into the lower stratosphere. This is due to the more intense deep 384 

convection activity over the ASM region compared to the NAM region. Figure 4(c) presents the 385 

differences between  MIPAS and model simulated PAN. It appears that the model PAN is 386 

overestimated over the ASM (20 - 30 ppt) and underestimated over the NAM (50 - 70 ppt) and 387 

WAM (20 - 50 ppt) regions between 8km and 18km. However, the overestimation in the UT in 388 

the ASM is difficult to explain on physical grounds and is more likely to be a MIPAS-E 389 

sampling issue as discussed later. 390 

4.2 Transport from southern tropical land mass  391 

In order to understand transport of PAN due to southern WAM, SAM and AUSM, we show 392 

longitude-pressure sections of MIPAS-E observations and model simulated PAN concentrations 393 

averaged over 0
O
 - 25

O 
S in Figure 4(d)-(e) respectively. The model has plumes near 20

O 
E, 100

O 394 

E and 80
O 

W. These three regions of convective transport are (1) tropical southern Africa 10 -40
O
 395 

E, referred to as South Africa, (2) Indonesia and northern parts of Australia ~100
 O

 -110
O 

E and 396 

(3) South America ~70
O 

- 80
O 

W. Outflow from Indonesia and from northern parts of Australia 397 
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(~100
O 

E) penetrates deep into the UTLS. Tropical Rainfall Measuring Mission (TRMM) 398 

satellite observations show high frequency of intense overshooting convection over these areas 399 

(during the monsoon season) with highest density in the belt 0
O
 - 10

O 
S over the Caribbean, 400 

Amazon, Congo and Southern Maritime Continent (Liu and Zipser, 2005). The analyses of 401 

vertical winds show strong transport from10
O 

- 40
O 

E, 100
O 

- 110
O 

E, 70
O 

- 80
O 

W (in the belt 0
O
 -402 

10
O 

S) (figure not shown). The amount of high level cloud fraction is also high over these 403 

regions. Distribution of CDNC and ICNC show deep convection over these regions (Figure not 404 

shown). The model simulations show high PAN concentrations reaching the UTLS. Thus 405 

transport due to deep convection is reasonably well captured by the model. However, the 406 

MIPAS-E retrievals only show a plume rising over South Africa and no enhancement over the 407 

AUSM (Indonesia-Australia) and SAM regions. Figure 4(e) shows that the plumes from the three 408 

outflow regions are mixed in the UT (8 - 14 km) by the prevailing westerly winds. The reasons 409 

for a single plume seen in MIPAS-E may be that lower concentrations of PAN reach these 410 

altitudes (above 8 km) from SAM and AUSM and mix with the plume over South Africa. There 411 

are indications of elevated PAN concentrations at the lower boundary in Figure 4 (d). 412 

Simulations show lower PAN mixing ratios over the longitudes of SAM and AUSM (see figure 413 

4(e)). The differences between MIPAS observations and simulations (figure 4(f)) show that 414 

model PAN is overestimated in the AUSM (10-30ppt) and is underestimated over the southern 415 

WAM (20 - 70 ppt) and SAM (20 - 50 ppt) between 10 km and 18km. It is likely that the three 416 

plume structure in the UT seen in model is being obscured in the observations due to sampling 417 

issues since periods of deep convection reaching significantly above 8 km are associated with 418 

significant cloud cover.   419 
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Figure 4 shows that simulated transport of PAN due to ASM, NAM and WAM convection 420 

are stronger and penetrate deeper into the UT compared to SAM and AUSM.  This is consistent 421 

with the distribution of deep convection noted by Gettelman et al. (2002). In general, the PAN 422 

amounts in the UTLS in the model are less than those observed by MIPAS-E.  This may be due 423 

to an underestimate of the chemical PAN source from VOC precursors or too little vertical 424 

transport or a combination of both. Earlier model studies with ECHAM also exhibited too low 425 

concentrations of CO in the upper tropospheric outflow (M. Schultz, unpublished data from the 426 

NASA Global Tropospheric Experiment TRACE-P mission). 427 

4.3 Transport from Asian Summer Monsoon region 428 

The ASM anticyclone extends from 60
O
E to 120

O
E and 10

 O
N to 40

O
N (see figure 3 (b)). 429 

Latitude-altitude cross sections over the ASM anticyclone (60
O
 E - 120

 O
 E) of MIPAS-E 430 

observed PAN (plotted in the altitude range 8 - 20 km) and ECHAM5-HAMMOZ CTRL 431 

simulations are shown in Figures 5(a) and (b), respectively. ECHAM5-HAMMOZ simulations 432 

are similar to MIPAS-E retrievals of PAN. There is indication of plume ascent into the lower 433 

stratosphere. The ECHAM5-HAMMOZ simulations also show transport of subtropical boundary 434 

layer PAN into the UTLS due to deep convection. This is not visible in the MIPAS-E data 435 

because of the lack of data below 8 km. Figure 5 (b) shows that there is transport from 40
O
 - 50

O
 436 

N reaching up to 10 km (~200 hPa). Park et al. (2004, 2007, 2009) and Randel and Park (2006) 437 

noted that trace species are introduced into the monsoon anticyclone at its eastern end around 438 

200 hPa. The uplift over south-east Asia and the base of the Himalayas in India pumps tracers 439 

into the upper tropical troposphere where they get horizontally redistributed by the anticyclonic 440 

circulation and form the region of high PAN values between 40
O
 N and high latitudes. Figure 441 
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10(c) shows that the mid-latitude maximum seen in Figure 5(c) is due to pollution transport from 442 

Europe. The Chinese emissions are feeding into this large plume over Russia and are transported 443 

partly and diluted over the extratropical Pacific Ocean. The latitude-altitude section of 444 

differences between MIPAS and simulated PAN indicates that ASM plume is underestimated in 445 

the model (see figure 5 (c)). It is interesting to compare figure 4(c) (longitude –altitude section) 446 

and figure 5(c) (latitude-altitude section). The reason for underestimation of the ASM plume in 447 

the latitude-altitude section may be due to a lower contribution from the eastern part of 448 

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

and South East Asia in the UT and overestimated in the lower stratosphere.  450 

In order to understand the impact of transport from ASM region on the rest of the world, 451 

we analyze difference between reference and Asia-10% simulations (reference –Asia-10%).  The 452 

latitude altitude and longitude altitude cross sections over the ASM region (Figures 5 (d) and 453 

5(e)) show transport of ~5-20 ppt of PAN into the lower stratosphere. The horizontal cross 454 

sections at 14 km to 21 km (figures 5 (f) – 5(i)) show that Asian PAN is transported to northern 455 

Atlantic by subtropical westerly winds. These figures show that 10% change in Asian emissions 456 

(NOx and NMVOCs), transport ~5-30 ppt of PAN in the UTLS over Asia and 1-7 ppt of PAN in 457 

the UTLS of Northern subtropics and mid latitudes.   458 

      459 

4.4 Transport from North American monsoon region 460 

Figures 6(a) and (b) exhibit latitude-altitude sections of PAN from MIPAS-E retrievals and 461 

ECHAM5-HAMMOZ simulations (seasonal mean for July-September) over the North American 462 
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monsoon region between 70
O 

W - 120
O 

W. MIPAS-E observations and the model indicate 463 

transport of PAN into the UTLS. The distribution of ECHAM5-HAMMOZ simulated PAN from 464 

the boundary layer to UTLS shows the source region is at around 40
O 

N. There is convective 465 

uplift of PAN over the northern Gulf of Mexico region and over the Gulf Stream. High amount 466 

of pollutants are emitted from north east America from a number of power plants are located in 467 

Atlanta, Washington, Chicago, Boston, Jacksonville (CEC report, 2011). The tropospheric NO2 468 

columns retrieved from the SCIAMACHY and OMI satellite instrument shows high amount of 469 

anthropogenic NO2 emissions over this region (Lamsal et al., 2011, Miyazaki et al., 2012). The 470 

model simulations show high amount of PAN concentrations over this region (see figures 10(a)-471 

(d)). The monsoon convection lifts these pollutants to the UT. The outflow of these pollutants is 472 

over the Atlantic (see figures 3 (a)). TRMM precipitation radar observations show significant 473 

overshooting convective activity over this region during the monsoon season (Liu and Zipser, 474 

2005). The vertical distribution of differences in MIPAS and simulated PAN shows that PAN is 475 

underestimated (see figure 6(c)) over North and South America (10-60 ppt) between 10-18km, 476 

however it is over estimated between 8-10km in the region near 30
O
N . As discussed above this 477 

may be associated with European emissions and transport. 478 

Figures 6 (d) - 6 (e) show impact of North American emission (reference – North-Amrica-10%) 479 

on the transport of PAN. It shows cross tropopause transport of PAN by North American 480 

monsoon convection. The amount of PAN transported (~1-5 ppt) into the lower stratosphere is 481 

less than the ASM (~10-20 ppt). The latitude-longitude distribution of PAN (figures 6 (f) – 6(i)) 482 

shows that the upper tropospheric westerly winds transport ~1-10 ppt of PAN to Atlantic, Europe 483 

and North China. 484 
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  4.5 Transport from West African region 485 

Figures 7 (a) - (b) show vertical distributions of PAN over the African region (averaged 486 

over 0
O
 - 45

O 
E). MIPAS-E observations and model simulations indicate a plume that crosses the 487 

tropopause and enters the lower stratosphere. The model surface fields (see Figure 7(b)) show 488 

that this plume arises from latitudes 5-20
O
S over Africa and that it moves equatorward. It 489 

subsequently merges with the ASM plume. A prominent tongue of high PAN values between 490 

30
O
 and 60

O 
N is captured in model simulations. This feature appears to be related to emissions 491 

from Europe being transported towards the equator in the upper subtropical troposphere. 492 

However, in the model, emissions from Europe are transported poleward instead of equatorward 493 

(Figure 7(b)). There is a region of strong descent in the model between 30
O
 N and 40

O 
N (see 494 

Figure 7(b)) which deforms the PAN isopleths around 12 km around 30
O 

N. This feature is not 495 

seen in the MIPAS-E retrievals and indicates a disagreement of the model with the transport 496 

pattern of the atmosphere in this region. The transport of PAN in the 10
O
 - 20

O 
S latitude band 497 

over the Congo, Angola, Tanzania regions of southern and tropical Africa is not pronounced in 498 

the model compared to MIPAS-E observations. This behavior indicates that deep tropical 499 

convection is underestimated in the model in this latitude band. The vertical distribution of 500 

differences in MIPAS and simulated PAN (figure 7(c) shows that simulated PAN is 501 

underestimated over these regions (5
O
 - 20

O 
S and 20

O
 - 40

O 
N) between 10 km and 18 km. The 502 

reason may be related to underestimation of deep tropical convection in the model in this latitude 503 

band. Simulated PAN is overestimated between 8km and 12km near equator.   504 

The reference - Africa-10% simulations (figures 7(d)-7(e)) shows that African PAN is 505 

transported up to the tropopause. The cross sections over North and South Africa show 506 
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penetration of North African plume into the lower stratosphere (~19km). However, PAN 507 

transport into the lower stratosphere (~0.2-0.6 ppt) is comparatively less than Asia or North 508 

America.  Figures 7 (g) - 7(j) show transport of ~5-50 ppt of PAN in the UT (6-12km) of tropical 509 

Africa. There is transport from equatorial Africa to Atlantic and Mexico between 6-8km (figures 510 

7 (g) – 7 (h)) which is then transported to North China by upper tropospheric (12km) westerly 511 

winds (see figures 7 (j)).  512 

The model simulated latitude-altitude, longitude-altitude cross sections of NOx, and 513 

HNO3 over the ASM (10
O 

N - 40
O 

N, 60
O 

- 120
O 

E), NAM (10
O
 N - 40

O 
N, 70

O
 W - 120

O 
W) and 514 

WAM (0
O
 - 25

O 
S, 0

O
 - 45

O 
E) are shown in Figures 8 (a) – 8(j), respectively. Figures 8 (a)- 8(e) 515 

show transport features of NOx. These are similar to those seen in the distribution of PAN, but 516 

with sharper signatures due to the shorter lifetime of NOx. This shows that monsoon convection 517 

lifts boundary layer pollutants including NOy species to the UTLS. The distribution of HNO3 518 

(see Figures 8 (f) - 8(j)) shows a complex pattern. Comparing Figure 4(b), the region around 519 

100
O 

E with intense convective uplift corresponds to HNO3 depletion from the surface to above 520 

10 km. In fact, the upper tropospheric region of the ASM anticyclone exhibits much lower values 521 

of HNO3 compared to all the other longitudes in the 10
O 

- 40
O 

N band (Figure 8(h)). This 522 

suggests that in the model the convective transport in the ASM region is associated with efficient 523 

removal by wet scavenging. In contrast, the North American monsoon region has HNO3 524 

ascending to the UT with significantly less loss. This is likely due to the fact that convection 525 

involved in vertical transport during the NAM is not as intense and not as deep as in the case of 526 

the ASM and there are differences in wet scavenging. Figure 8(g) shows that the plume rising 527 

from South America moves towards the equator but does not have the extension into the UT as 528 

the North American plume. These are June-September averages and the ITCZ is on the northern 529 
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hemisphere side during this period.  Thus, weaker convective transport is to be expected on the 530 

southern hemisphere side of the equator during this period. Figure 8 (i) shows significant 531 

transport of African emissions around ~0
O
 - 15

O 
S and a plume rising from Europe (~35

O 
N - 60

O 
532 

N) as well.  533 

Figures 9 (a) –9 (f) show vertical distribution of HNO3 and O3, over Asia, North America 534 

and Africa as obtained from difference between reference and Asia-10%, North-America-10% 535 

and Africa-10% simulations. It is evident that transport of HNO3 for Asia-10% simulation is 536 

deeper in the UT (~16km) than North-America-10% and Africa-10% simulations. It can be seen 537 

that Asia-10%, North-America-10% and Africa-10% simulations transport ~7-10 ppt, ~5-7 ppt 538 

and ~3-5 ppt of HNO3 in the UT of their respective regions.  539 

In the UT, between 6km and 10km, Asia-10% simulation shows transport of ~10-15 ppt 540 

of HNO3 over Western Pacific and ~3-10 ppt over tropical America by the subtropical westerly 541 

winds (figure not included). North-America-10% simulation shows transport of ~5-7 ppt of 542 

HNO3 over Atlantic, North Africa, Saudi Arabia and North China by the subtropical westerly 543 

winds and ~3-5 ppt of HNO3 over equatorial pacific, Indonesia, China and India by the tropical 544 

easterly winds. Africa-10% simulation shows transport of ~3-5 ppt HNO3 from North Africa to 545 

North America, equatorial pacific, also there is transport of ~4 ppt of HNO3 from South Africa to 546 

Atlantic, South America, Indonesia, China and India by the tropical easterly winds (figure not 547 

included).    548 

North-America-10% simulation shows transport of boundary layer ozone extending up to 549 

the tropopause, which are higher than for the Asia-10% and Africa-10% simulations (figures 9 550 

(d) – 9 (f)). Asia-10%, North-America-10% and Africa-10% simulations show transport ~1-2 551 

ppb, ~0.8-1.5 ppb and ~0.4-0.6 ppb of ozone in the UT of their respective regions. 552 
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In the UT, between 6km and 10 km, Asia-10% simulation shows transport of ozone ~1.5 553 

ppb to Western Pacific and 0.8 ppb to Mexico and United States by the subtropical westerly 554 

winds (figure not included). North-America-10% simulation shows transport of 0.4-1.5 ppb of 555 

O3 to equatorial Pacific extending up to Indonesia by the tropical easterly winds. There is some 556 

outflow (~0.6ppb) over Atlantic by the subtropical westerly winds as well (figure not included). 557 

Africa-10% simulation shows transport of ~0.4-0.8 ppb of ozone to equatorial Atlantic and 558 

Mexico (figure not included).   559 

 It can be seen that similar emission change over Asia, North America and Africa causes 560 

highest change in HNO3 and Ozone in the UT over Asia and least over Africa. In the UT, 561 

between 6km and 10 km, transport of HNO3 by Asia-10% (~3-10 ppt of HNO3 to tropical 562 

America) is higher than North-America-10% (~3-7 ppt of HNO3 to China and India) and Africa-563 

10% (~3-5 ppt of HNO3 to tropical America, China and India). Similarly ozone transport is 564 

higher for Asia-10% than North-America-10% and Africa-10% simulations.  565 

  566 

4.6 Horizontal transport 567 

PAN concentrations from MIPAS-E and ECHAM5-HAMMOZ at different altitudes are 568 

analyzed to understand horizontal transport. Figure 10(a) shows the distribution of PAN from 569 

ECHAM5-HAMMOZ simulations near the surface (2 km). Sources of PAN are apparent over 570 

South America, southern Africa, North America, Europe, Russia and northern China/Mongolia. 571 

The PAN distribution at 4 km (see Figure 10(b)) shows high concentrations above these regions 572 

indicating vertical transport. Figures 10(c) and 10 (d) show the distribution at 6 km and 8 km. 573 

The upper level anticyclonic circulation between 10
O 

N and 30
O 

S over the Atlantic transports 574 

PAN from central Africa towards America and from Brazil towards southern Africa. The Large 575 
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Scale Biosphere-Atmosphere Regional Experiment in Amazonia (LBA-CLAIRE-98) campaign 576 

observations (Andreae et al., 2001) and African Monsoon Multidisciplinary Analysis (AMMA) 577 

project (Real et al., 2010) show that the biomass burning plume originating from Brazil is lifted 578 

to altitudes around 10 km. This plume is entrained into deep convection over the northern 579 

Amazon, transported out over the Atlantic and then returned to South America by the circulation 580 

around a large upper-level anticyclone. This transport is well captured by the model.  581 

North American pollution is also being transported by the westerly winds over Eurasia, 582 

forming an organized belt. This transport pattern persists up to 12 km (Figure 10 (e) and 10(g)). 583 

MIPAS-E observations at 12 km also show this transport pattern. The source region for the PAN 584 

from southern Africa is the region of active biomass burning. Since this region is tropical, the 585 

outflow is over the Atlantic due to the prevailing easterly winds. ECHAM5-HAMMOZ 586 

simulations show similar transport (see Figures 10(e)). But there are differences; in particular the 587 

transport over tropical Africa does not get displaced over the Atlantic Ocean. As noted above, 588 

there are significant transport differences between the model and observations in this longitude 589 

band. Another difference is that PAN is not transported westward over Central America and 590 

towards the Pacific Ocean.  591 

Figures 10(f)-10(h) show the distribution of PAN from ECHAM5-HAMMOZ 592 

simulations  and MIPAS-E retrievals , in the lower stratosphere (18 km). In both data sets PAN 593 

is transported westwards from ASM, NAM and WAM by prevailing easterly winds and 594 

maximizes in the region of the ASM anticyclone.  595 

As can be seen from the above discussions, the ASM, NAM, and WAM outflow and 596 

convection over the Gulf Stream play an important role in the transport of boundary layer 597 

pollution into the UTLS. Previous studies (e.g. Fadnavis et al., 2013) indicated that over the 598 
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Asian monsoon region, transport into the lower stratosphere occurs and there is significant 599 

vertical transport over the southern slopes of the Himalayas (Fu et al., 2006, Fadnavis et al., 600 

2013) and also over the region spanned by the Bay of Bengal and the South China Sea (Park et 601 

al., 2009). Pollutant transport due to North American convection and tropical African outflow 602 

does not penetrate as deep into the stratosphere as the ASM. However there is clear indication 603 

that in the UT, middle latitude westerly winds connect the North American pollution to the 604 

ASM. 605 

Figures 3-7 and figure 10 show that in the UT, westerly winds drive North American and 606 

European pollutants eastward to at least partly merge with the ASM plume. Strong ASM 607 

convection transports these remote and regional pollutants into the stratosphere. The Caribbean 608 

is a secondary source of pollutant transport into the stratosphere.  In the stratosphere the injected 609 

pollutants are transported westward by easterly winds and into the southern subtropics by the 610 

Brewer-Dobson circulation. 611 

 612 

5.0 Impact of Lightning on tropospheric PAN, NOx, HNO3 and ozone 613 

 614 

In the ASM region and during the monsoon season the NOx released from intense lightning 615 

activity enhances the formation of  PAN, HNO3 and ozone in the middle and upper troposphere 616 

which is already relatively strong due to the intense solar radiation along with high background 617 

concentrations of NOx, HOx and NMVOCs (Tie et al., 2001). PAN, HNO3 and O3 produced from 618 

lightning may get transported in the lower stratosphere by deep monsoon convection and 619 

contribute to anthropogenic emission transport of these species. In order to understand 620 

contribution of lightning and the dominating lightning production regions, we analyze difference 621 



29 

 

between control and light-off experiments.  Figure 11(a)-(d) shows the percentage changes in 622 

ozone, HNO3, PAN and NOx due to lightning as zonally averaged spatial distribution of seasonal 623 

mean (June-September) mixing ratios. The analysis indicates that the impact of lightning on 624 

these species is largest in the tropical UT between 40
O 

N -40
O 

S and between 8 km and 14 km. In 625 

the tropical mid troposphere lightning produced maximum ozone is ~15 – 25 % (12 - 24 ppb) , 626 

HNO3 ~ 40 – 60 % (50 -90 ppt) ~ PAN ~15 – 25 % (70 - 140 ppt) and NOx ~20 – 40 % (10 - 35 627 

ppt) while in the UT ozone is ~20 -30 % (20 - 28 ppb), HNO3 ~60 - 75% (80 - 110 ppt), PAN 628 

~28 – 35 % (120 - 170 ppt), and NOx ~50 – 75 % (20 - 65 ppt).  Our results are consistent with 629 

model simulations by Tie et al., (2001) and Labrador et al. (2005). The spatial distributions of 630 

NOx, ozone, PAN and HNO3 produced from lightning (see figures 12 (e) – (h)) indicate that in 631 

the UT (12 km) increases in O3 ~20 - 25 % (11 - 17 ppbv), HNO3 ~40 – 70 %, PAN ~25 – 35 % 632 

and NOx ~55 - 75 %, over North America are in  agreement with previous studies (e.g Labrador 633 

et al., 2005; Hudman et al. 2007; Zhao et al., 2009; Cooper et al., 2009), over equatorial Africa 634 

(PAN 30 - 45 %, HNO3 ~70 - 80 %, O3 ~ 25 %, NOx~70 %) agrees well with Barret et al., 2010; 635 

Bouarar et al., 2011 and over the ASM region (PAN ~ 25 %,  HNO3 ~65 -70 %, O3 ~20 %, NOx 636 

~ 60 - 70 %) agrees with Tie et al., (2001). These regions coincide with regions of convective 637 

vertical transport of PAN (as seen in figures 4 and 5). Lightning produced PAN will be lifted into 638 

the lower stratosphere by the monsoon convection along with anthropogenic emissions and will 639 

redistribute in the tropical lower stratosphere. Latitude-longitude cross sections of lightning 640 

induced PAN, NOx, ozone and HNO3 formation at altitudes between 8 - 14 km show that the 641 

production of PAN, NOx, ozone and HNO3 is less over the ASM region than over the equatorial 642 

Americas and Africa (also seen in figure 11). The high amounts of PAN over the ASM are 643 

therefore primarily due to anthropogenic emission transport into the UTLS from the source 644 
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regions in Southern and Eastern Asia.  As discussed in Fadnavis et al., 2014, NOx emissions are 645 

estimated to have changed by 38 % in India and 76 % in China, respectively during 2002 - 2011 646 

period. From sensitivity simulations they deduced corresponding changes in upper tropopsheric 647 

PAN are > 40 %, O3 by > 25 % and HNO3 by > 70 % over the Asian monsoon region. These 648 

effects are larger than the impact of lightning NOx emissions over this region (figure 11 (e)-(h)). 649 

650 
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6. Conclusions 651 

In this study statistical analysis of simulated and satellite-retrieved mixing ratios of PAN, 652 

NOx, and HNO3 is presented in order to determine the transport patterns of pollution into the 653 

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

the global atmosphere. The analysis focused on the upper troposphere and lower stratosphere and 655 

covered the period 2002 - 2011. NOx and NMVOCs emission perturbation simulations were 656 

performed over ASM, NAM and WAM to understand transport pathways and relative 657 

contribution impact on the UTLS.  As discussed in Fadnavis et al. (2014), NOx emissions are 658 

estimated to have changed by 38 % in India and 76 % in China, respectively during this period. 659 

From sensitivity simulations they deduced corresponding changes in upper tropospheric PAN  > 660 

40 %, O3 by > 2 5% and HNO3 by > 70 %  over the ASM region. These effects are larger than 661 

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

Interestingly, the ECHAM5-HAMMOZ reference simulation reveals that in the UT, 663 

westerly winds drive North American and northward propagating South African pollutants 664 

eastward where they mix with the ASM plume.  Deep convection and strong diabatic upwelling 665 

in the ASM, convectively transports a part of these plumes into the lower stratosphere.  The 666 

Caribbean region is another source of pollution transport into the stratosphere. Some cross 667 

tropopause transport occurs due to convection over North America and Southern Africa as well.  668 

Some cross tropopause transport occurs due to convection over North America and Southern 669 

Africa as well. In the lower stratosphere the injected pollutants from ASM, WAM and NAM are 670 

transported westward by easterly winds and into the southern hemisphere subtropics by the 671 

Brewer-Dobson circulation. The emission sensitivity simulations Asia-10%, North-America-672 
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10% and Africa 10% confirm these transport pathways. In the southern hemisphere, plumes 673 

rising from convective zones of South Africa, South America and Indonesia-Australia are 674 

evident in the model simulations, but are not seen in the MIPAS retrievals.  PAN concentrations 675 

are higher in the plume rising from South Africa than SAM and AUSM. In the UT, they merge 676 

by the prevailing westerly winds. MIPAS-E observations in the UTLS show a single plume over 677 

South Africa and no enhancement over SAM or AUSM. The reasons for the single plume seen in 678 

MIPAS-E may be that although there is uplifting by each of the three monsoon systems  lower 679 

concentrations of PAN reach these altitudes (above 8 km) from SAM and AUSM until they 680 

merge with South African plume.  It is also possible that the three plume structure in the UT seen 681 

in the model is being obscured in the observations due to sampling issues. Convective cloud 682 

cover is strongly associated with deep convection in the ASM region.  The MIPAS-E data has a 683 

PAN minimum in the UT right in the longitude band of the deep convection over the southern 684 

flanks of the Himalayas (Figure 4(a)).   This feature is unphysical and clearly identifies a 685 

sampling bias.  However, the model is also not fully reproducing the latitudinal structure of the 686 

PAN in the ASM region UTLS which indicates that there are differences in both the distribution 687 

of convection and the large scale circulation.  688 

The horizontal transport of PAN analyzed from ECHAM5–HAMMOZ simulations show 689 

that the PAN from southern Africa and Brazil is transported towards America by the circulation 690 

around a large upper-level anticyclone and then lifted to the UTLS in the NAM region. It is also 691 

evident in the Africa-10% simulation.   692 

The vertical distribution of simulated HNO3 over the monsoon regimes shows low 693 

concentrations above 10 km at the foothills of the Himalayas. In contrast, the results show strong 694 



33 

 

uplifting of HNO3 into the UT with NAM convection. This may be due to the fact that NAM 695 

convection is not as intense as the ASM and there may be more wet removal of nitrogen oxides 696 

in the ASM convection. The model simulations indicate a higher efficiency of NOx conversion to 697 

HNO3 over the Indian region compared to NAM. 698 

The change in emission (-10% , NOX and NMVOCs simultaneously) over each of ASM, 699 

WAM and NAM regions show that Asia-10% transport ~5-30 ppt of PAN in the UTLS over 700 

Asia and ~1-10 ppt in the UTLS Northern subtropics and mid latitude. North-America-10% 701 

simulation shows transport of ~1-5 ppt of PAN over Atlantic, Europe and North China (between 702 

12-14km) and 0.4-3ppt over Asia (near 16km). Africa-10% simulation shows transport from 703 

equatorial Africa to Atlantic and North America between 6 – 8 km, which is then transported to 704 

Asia by upper tropospheric westerly winds (near 12km).  705 

Transport of HNO3 is deeper in the UT (~16km) in Asia-10% simulation than North-706 

America-10% and Africa-10% simulations. Asia-10%, North-America-10%, Africa-10% 707 

simulations show  transport of ozone ~1-2 ppt, 0.8-1.5 ppt and 0.4-0.6 ppt in the UT over 708 

respective regions. 709 

In the UT between 6km and 10km, transport of HNO3 by Asia-10% (~3-10 ppt of HNO3 710 

to tropical America) is higher than North-America-10% (transport of 3-7 ppt of HNO3 to China 711 

and India) and Africa-10% (~3-5 ppt of HNO3 to tropical America, China and India) simulations. 712 

Similarly transport of ozone is higher for Asia-10% than North-America-10% and Africa-10% 713 

simulations. Comparison of emission change over Asia, North America and Africa shows highest 714 

transport of HNO3 and ozone in the UT over Asia and least over Africa.  715 

 716 
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Lightning production of NOx may enhance PAN concentrations in the UT and affect its 717 

transport into the lower stratosphere. The percentage change in lightning produced ozone, HNO3, 718 

PAN and NOx has been evaluated with a sensitivity simulation. In the UT, lightning causes 719 

significant increases in these species over equatorial America, equatorial Africa and the ASM 720 

region. These regions coincide with intense convective zones with significant vertical transport. 721 

Lighting production is higher over equatorial Africa and America compared to the ASM. 722 

However, the vertical distribution shows that higher amounts of PAN are transported into the UT 723 

in the ASM region. This indicates that the dominant contribution to PAN over the ASM is from 724 

anthropogenic emissions. This is consistent with the fact that anthropogenic emissions in the 725 

ASM region are higher than in the NAM and WAM (Lamsal et al., 2011, Miyazak et al., 2012).  726 
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N, 35

O
N, LON=160

O
W, 

170
O
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E-Atlantic: LAT=  35
O
N, 45

O
N, LON=150

O
W,160

O
W 

Europe: LAT=  45
O
N, 55

O
N, LON=5

O
E, 15

O
E 

Ireland: LAT=50
O
N, 60

O
N, LON= 165

O
W,175

O
W 

PEM-Tropics-A 

(DC8) Talbot et al. 

(2000)
 

Aug 24-Oct 15, 1996 O3, NOx, HNO3, PAN Christmas-Island: LAN= 0
O
, 10

O
N, LON=20

O
W, 40

O
W 

Easter-Island: LAT=-40
O
N, 20

O
S, LON=60

O
W, 80

O
W 

Fiji: LAT= 0
O
,10

O
S. LON=  170

O
E, 10

O
W 

Hawaii: LAT=  10
O
N, 30

O
N,  LON=  10

O
W., 30

O
W 

Tahiti: LAT= 20
O
S,  0

O
,  LON=  20

O
W, 50

O
W 

PEM-Tropics-A (P3) 

O'Sullivan et al, 1999  
Aug 15-Sep 26, 

1996 
 

O3, HNO3 Christmas-Island: LAT= 0
O
, 10

O
N, LON= 20

O
W, 40

O
W 

Easter-Island: LAT= 40
O
S, 20

O
S, LON=  60

O
W, 80

O
W 

Hawaii: LAT=  10
O
N, 30

O
N, LON=  10

O
W, 30

O
W 

Tahiti: LAT= 20
O
S,  0

O
, LON=  20

O
W, 50

O
W 

ABLE-3B (Electra) 

Harriss et al.,1994 

Jul 6-Aug 15, 1990 O3, NOx, HNO3, PAN Labrador: LAT=  50
O
N, 55

O
N, LON=  120

O
W, 135

O
W 

Ontario: LAT=  45
O
N, 60

O
N, LON=  90

O
W, 100

O
W 

US-E-Coast: LAT=  35
O
N, 45

O
N, LON=  100

O
W, 

110
O
W. 

CITE-3  (Electra) 
Hoell et al 1993 

Aug 22-Sep 29, 1989 O3, NOx Natal: LAT= 15
O
S.,5

O
N, LON= 145

O
W, 155

O
W 

Wallops: LAT=  30
O
N, 40

O
N, LON=  100

O
W, 110

O
W 

ELCHEM  

(Sabreliner) Ridley 

et al.,1999 

 
Jul 27-Aug 22, 

1989 
 

O3,  NOx New-Mexico: LAT=30
O
N, 35

O
N , LON=  70

O
W, 75

O
W 

ABLE-3A  (Electra) 
Harriss et al.,1992 

Jul 7-Aug 17, 1988 O3, NOx ,PAN Alaska: LAT= 55
O
N, 75

O
N, LON= 10

O
W, 25

O
W 

ABLE-2A  (Electra) 

Harris et al., 1988 

Jul 12-Aug 13, 1985 O3 E-Brazil: LAT= 10
O
S,  0

O
, LON=  120

O
W, 135

O
W 

W-Brazil: LAT=  5
O
S,  0

O
, LON=  110

O
W, 120

O
W 

STRATOZ-3 

(Caravelle 116) 
Drummond et al., 

1988 

Jun 4-26, 1984 O3 Brazil: LAT= 20
O
S, 0

O
, LON=  135

O
W, 155

O
W 

Canary-Islands: LAT=  20N, 35N, LON=  160
O
W, 

155
O
W 

E-Tropical-N-Atlantic: LAT= 0
O
, 20

O
N, 

.LON=150W.,165W. 

England: LAT= 45
O
N, 60

O
N, LON=  10
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 1109 
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 1111 

 1112 

 1113 

 1114 

 1115 

Figure 1. PAN production rates at (a) 14 km and (b) 16 km.  Key regions of biomass burning and 1116 

anthropogenic emissions of pollutants are evident and correspond to maxima in PAN production. 1117 

Weaker dispersed background formation is evident as well. 1118 

1119 
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 1136 

Figure 2. Scatter plot between model simulation (averaged for for 1995-2004) and 1137 

aircraft observations of PAN (ppt), ozone (ppb), HNO3 (ppt), NOx (ppt)  (averaged for  1138 

the monsoon season (June-September) ). The model simulations and aircraft observations 1139 

are averaged for altitude ranges over the coherent regions. The Pearson’s correlation 1140 

coefficient (R) and corresponding p-value is given in each subplot. 1141 

  1142 



55 

 

 1143 
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 1147 
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 1149 

 1150 

 1151 

 1152 

 1153 

Figure 3. Distribution of seasonal mean PAN concentration (ppt) averaged for 14 -16 km  (a) 1154 

observed by MIPAS-E (climatology for the period 2002-2011) (b) ECHAM5-HAMMOZ CTRL 1155 

simulations. Wind vectors at 16 km are indicated by black arrows in figures (b) 1156 

 1157 

1158 
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 1170 

 1171 

 1172 

Figure 4. Longitude-altitude cross section of PAN (ppt) averaged for monsoon season and 10
O
N 1173 

- 30
O
N; (a) MIPAS-E climatology (b) ECHAM5-HAMMOZ CTRL simulations. (c) difference in 1174 

PAN (ppt) (MIPAS - ECHAM5-HAMMOZ).PAN (ppt) averaged for monsoon season and 0-1175 

25
O
S (d) MIPAS-E climatology (e) ECHAM5-HAMMOZ CTRL simulations (f) difference in 1176 

PAN (ppt) (MIPAS - ECHAM5-HAMMOZ). ECHAM5-HAMMOZ simulations are smoothed 1177 

with averaging kernel of MIPAS-E. Wind vectors are indicated by black arrows in figures (b) 1178 

and (e). The vertical velocity field has been scaled by 300. The black line in (b) and (e) indicates 1179 

the tropopause. 1180 

 1181 

 1182 

 1183 
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 1199 

Figure 5.  Latitude-altitude cross section of PAN (ppt) (a) MIPAS-E climatology, averaged for 1200 

monsoon season and for 60-120
O 

E, (b) PAN from ECHAM5-HAMMOZ CTRL simulations, 1201 

averaged for monsoon season and 60-120
O 

E, (c) difference in PAN (ppt) (MIPAS-ECHAM5-1202 

HAMMOZ), (d) longitude-altitude section averaged over 0
 
-30

 O
 N obtained from reference- 1203 

Asia-10% simulations (e) same as (d) but latitude-altitude section  averaged over 60-120
O
E, (f) –1204 

(i) latitude-longitude sections of reference – Asia-10% simulations at  14km, 16 km, 18 , 21 km 1205 

respectively.  Wind vectors are indicated by black arrows. The vertical velocity field has been 1206 

scaled by 300. 1207 

1208 



58 

 

 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

 1215 

 1216 

 1217 

 1218 

 1219 

 1220 

 1221 
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 1223 
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 1225 

Figure 6.  Latitude-altitude cross section of PAN (ppt) (a) MIPAS-E climatology, averaged for 1226 

monsoon season and for 70-120
O 

W, (b) PAN from ECHAM5-HAMMOZ CTRL simulations, 1227 

averaged for monsoon season and 70-120
O 

E, (c) difference in PAN (ppt) (MIPAS-ECHAM5-1228 

HAMMOZ), (d) longitude-altitude section averaged over 0
 
-30

 O
 N obtained from reference- 1229 

North-America-10% simulations (e) same as (d) but latitude-altitude section  averaged over 1230 

120
O
W-70

O
W, (f) –(i) latitude-longitude sections of reference – North-America-10% simulations 1231 

at 10km, 12 km 14km, 16 km respectively.  Wind vectors are indicated by black arrows. The 1232 

vertical velocity field has been scaled by 300. 1233 
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 1250 

Figure 7.  Latitude-altitude cross section of PAN (ppt) (a) MIPAS-E climatology, averaged for 1251 

monsoon season and for 0-45
O 

E, (b) PAN from ECHAM5-HAMMOZ CTRL simulations, 1252 

averaged for monsoon season and 0-45
O 

E, (c) difference in PAN (ppt) (MIPAS-ECHAM5-1253 

HAMMOZ), (d) longitude-altitude section averaged over 30
 O

S - 30
 O

N obtained from reference- 1254 

Africa-10% simulations (e) same as d but averaged over 0-30
O
N, (f) same as d but averaged over 1255 

0-30
O
S.Wind vectors are indicated by black arrows. The vertical velocity field has been scaled 1256 

by 300,  Longitude – latitude section of PAN obtained from reference- Africa-10% simulations 1257 

at (g) 6 km, (h) 8 km, (i) 10 km, (j) 12km.  1258 

1259 
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Figure 8.  Panel (a) Latitude-altitude cross section of seasonal mean ECHAM5-HAMMOZ NOx 1270 

(ppt) averaged for (a) 60
O 

E-120
O 

E, (b) 70
O 

W-120
O 

W, (c) longitude-altitude cross section 1271 

averaged over 10
O 

N-40
O 

N, (d) latitude-altitude cross section averaged over 0-45
O 

E and (e) 1272 

longitude-altitude cross section averaged over 0-25
O 

S, (f)-(i) same as (a)-(e) but for HNO3. 1273 

 1274 

 1275 
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 1281 

 1282 

 1283 
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Figure 9. Latitude-altitude variation of (a) HNO3 (Reference – Asia-10%)  , averaged over 1301 

60
O
-120

O
E (b) HNO3 (difference of Reference – North-America-10%) , averaged over 70

O
-1302 

120
O
W (c) HNO3 (Reference – Africa-10%), averaged over 0-45

O
 E (d) O3 (difference of 1303 

Reference – Asia-10%) averaged over 60-120E (e) O3 (Reference – North-America-10%) 1304 

over North America averaged over 70
O
 -120

O
 W (f) O3 (Reference – Africa-10%)  over 1305 

Africa averaged over 0-45(Reference – Africa-10%) . HNO3 is expressed in ppt and ozone in 1306 

ppb. 1307 

1308 
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Figure 10. Latitude-longitude cross section of PAN (ppt) averaged for monsoon season (a) 1330 

ECHAM5-HAMMOZ simulations at 2 km (b) 4 km (c) 6 km (d) 8 km (e) 12 km (f) 18 km. 1331 

MIPAS-E climatology at (g) 12 km (h) 18 km.  1332 

1333 
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Figure 11.  Zonal averaged seasonal mean changes (percentage) produced from lightning in (a) 1354 

ozone (b) HNO3 (c) PAN (d) NOx, distribution of seasonal mean changes (percentage) 1355 

produced from lightning in (e) ozone (f) HNO3 (g) PAN (h) NOx at 12 km. 1356 

 1357 


