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Abstract 16 

For the investigation of megacity emission plume characteristics mobile aerosol and trace gas 17 

measurements were carried out in the greater Paris region in July 2009 and January / February 18 

2010 within the EU FP7 MEGAPOLI project. The deployed instruments measured physical 19 

and chemical properties of sub-micron aerosol particles, gas phase constituents of relevance 20 

for urban air pollution studies and meteorological parameters. The emission plume was 21 

identified based on fresh pollutant (e.g. particle-bound polycyclic aromatic hydrocarbons, 22 

black carbon, CO2 and NOx) concentration changes in combination with wind direction data. 23 

The classification into megacity influenced and background air masses allowed a 24 

characterization of the emission plume during summer and winter environmental conditions. 25 

On average, a clear increase of fresh pollutant concentrations in plume compared to 26 

background air masses was found for both seasons. For example, an average increase of 190 27 

% (+ 8.8 ng m
-3

) in summer and of 130 % (+ 18.1 ng m
-3

) in winter was found for particle-28 
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bound polycyclic aromatic hydrocarbons in plume air masses. The aerosol particle size 29 

distribution in plume air masses was influenced by nucleation and growth due to coagulation 30 

and condensation in summer, while in winter only the latter process (i.e. particle growth) 31 

seemed to be initiated by urban pollution. The observed distribution of fresh pollutants in the 32 

emission plume – its cross sectional Gaussian-like profile and the exponential decrease of 33 

pollutant concentrations with increasing distance to the megacity – are in agreement with 34 

model results. Differences between model and measurements were found for plume center 35 

location, plume width and axial plume extent. In general, dilution was identified as the 36 

dominant process determining the axial variations within the Paris emission plume. For in-37 

depth analysis of transformation processes occurring in the advected plume, simultaneous 38 

measurements at a suburban measurement site and a stationary site outside the metropolitan 39 

area using the mobile laboratory have proven to be most useful. Organic aerosol oxidation 40 

was observed in summer, while in winter transformation processes seemed to occur at a 41 

slower rate. 42 

 43 

1 Introduction 44 

The number of people living on this planet is steadily growing. In 2011 the 7 billion mark was 45 

exceeded (United Nations, 2013) and a continuous increase is projected for the next decades 46 

(Stiftung Weltbevölkerung, 2013). Since the 19
th
 century the global phenomenon of 47 

urbanization can be observed. In 2008 more than 50 % of the world population lived in urban 48 

agglomerations and this percentage is still increasing (United Nations, 2012). Worldwide the 49 

number of so-called megacities, defined by 10 million and more inhabitants (Molina and 50 

Molina, 2004), rose from 2 in 1970 to 23 in 2011 and is expected to reach a number of 37 in 51 

2025 (United Nations, 2012). These intense hot-spots of human activities come along with 52 

major challenges like urban planning, transportation, industrial development and urban 53 

pollution. Questions concerning the influence of urban areas on local, regional and global air 54 

quality with its impacts on human health, flora and fauna as well as atmospheric chemistry 55 

and climate are heavily discussed in the scientific community (e.g. Fenger, 1999; Akimoto, 56 

2003; Crutzen, 2004; Molina and Molina, 2004; Gurjar and Lelieveld, 2005; Fenger, 2009; 57 

Parrish and Zhu, 2009; Kunkel et al., 2012).   58 

The European Union FP7 MEGAPOLI project (Megacities: Emissions, urban, regional and 59 

Global Atmospheric POLlution and climate effects, and Integrated tools for assessment and 60 
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mitigation; Baklanov et al., 2010) involved two intensive field campaigns in summer 2009 61 

and winter 2010 in the mid-latitude European megacity Paris, in order to characterize air 62 

pollution in and around such a large agglomeration and to investigate megacity emission 63 

evolution. The measurements at fixed ground-based sites and from research aircraft and 64 

mobile laboratories were complemented with satellite observations and local, regional and 65 

global modelling (Beekmann et al., 2014). State-of-the-art instrumentation, like ensemble and 66 

single particle aerosol mass spectrometers (Gard et al., 1997; Drewnick et al., 2005; DeCarlo 67 

et al., 2006; Brands et al., 2011) and proton-transfer-reaction mass spectrometers (de Gouw 68 

and Warneke, 2007), for the measurement of aerosol particle and trace gas loadings of the 69 

atmosphere were deployed for highly time-resolved analysis of the atmospheric composition. 70 

Stationary measurements at different locations within the city (Crippa et al., 2013; Freutel et 71 

al., 2013) were mainly used to characterize the urban atmosphere in terms of source 72 

identification and impact of the city onto the air quality within the agglomeration. Contrary, 73 

here we focus on the characterization of the megacity emission plume downwind of the 74 

agglomeration and transformation processes within this plume during transport away from the 75 

source, including a discussion of meteorological influence observed during summer and 76 

winter conditions. For the investigation mobile and stationary measurement results from the 77 

mobile laboratory MoLa (Drewnick et al., 2012) were used, partially in combination with 78 

stationary measurements at a suburban measurement site (Freutel et al., 2013) and with 79 

modelling results (Zhang et al., 2013). Urban emission plumes have been investigated in the 80 

field so far mainly by high-altitude research aircraft measurements (e.g. Nunnermacker et al., 81 

1998; Brock et al., 2003; Guttikunda et al., 2005; Brock et al., 2008; Bahreini et al., 2009), by 82 

deploying research vessels (e.g. de Gouw et al., 2008) and fixed measurement stations (e.g. 83 

Roldin et al., 2011; Slowik et al., 2011). The measurement data obtained by the mobile 84 

aerosol research laboratory MoLa provide new information about near ground properties of a 85 

megacity emission plume and the large amount of data helps to quantify these properties. In 86 

the methodical part of this work the emphasis is on the retrieval of positive matrix 87 

factorization results from on-line mass spectrometric measurements of sub-micron aerosol 88 

chemical composition. In the following, the emission plume and background air mass 89 

pollutant concentrations are compared and typical characteristics of the plume are described. 90 

In addition, the spatial distribution of pollutants within the plume is investigated and 91 

transformation processes occurring in the emission plume are analyzed.  92 
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 93 

2 Methodology: Measurements and data analysis 94 

2.1 MEGAPOLI project and field campaigns 95 

MEGAPOLI project: The European Union FP7 MEGAPOLI project (Baklanov et al., 2010; 96 

MEGAPOLI Data Base, 2013) combines theoretical and experimental approaches to 97 

investigate the influence of megacities on air quality as air pollution hot-spots. The two major 98 

field campaigns are focused on the post-industrial mid-latitude megacity Paris, one of the 99 

largest metropolitan areas in Europe with a population of around 11 million inhabitants 100 

(United Nations, 2012). The dense urbanized area is concentrated on a limited almost circular 101 

space with about 40 km diameter and is surrounded by rural areas with very little local 102 

emissions. The terrain is flat and regional atmospheric conditions are mainly driven by 103 

synoptic scale weather patterns (Baklanov et al., 2010). 104 

Field campaigns: The summer field campaign took place from 01 July to 31 July 2009 and 105 

the winter measurements from 15 January to 15 February 2010. Several fixed measurement 106 

sites were distributed over the Paris metropolitan area measuring urban and suburban air 107 

pollution. Research aircraft and mobile ground-based measurements additionally covered the 108 

surrounding rural areas to investigate the advected emission plume as well as background air 109 

masses. An overview of results based on data from the fixed measurement sites can be found, 110 

e.g., in Healy et al. (2011), Dolgorouky et al. (2012), Michoud et al. (2012), Beekmann et al. 111 

(2014), Crippa et al. (2013) and Freutel et al. (2013). An introduction to the applied mobile 112 

ground-based measurements and the methods used for their exploitation is provided in von 113 

der Weiden-Reinmüller et al. (2014).    114 

The fixed-site measurements were focused on the aerosol and trace gas characterization of 115 

urban air pollution in comparison to long-range transported background air pollution and on 116 

source apportionment of organic aerosol within the megacity. In contrast, the mobile 117 

measurements presented here were mainly applied to investigate the emission plume and to 118 

provide “real” background measurements.  119 

In the next section the mobile laboratory MoLa is briefly introduced. The adopted 120 

measurement strategies are described in Sect. 2.3. During the MEGAPOLI field campaigns 121 

MoLa was based at a suburban measurement site in the North-East of Paris (see Fig. 1 in the 122 

supplement) and carried out several intercomparison measurements for quality assurance at all 123 
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major measurement sites. Results from these intercomparisons can be found in Freutel et al. 124 

(2013) and von der Weiden-Reinmüller et al. (2014).  125 

2.2 Mobile laboratory “MoLa” 126 

The Mobile Laboratory “MoLa” developed by the Max Planck Institute for Chemistry in 127 

Mainz consists of a regular Ford Transit delivery vehicle as platform with a fully equipped 128 

mobile aerosol and trace gas laboratory. The aerosol inlet system was optimized and 129 

characterized for minimum particle losses and sampling artefacts using the software tool 130 

Particle Loss Calculator (von der Weiden et al., 2009). An extensive description of MoLa 131 

including technical features, inlet system characterization and instrumental equipment is 132 

presented in Drewnick et al. (2012). 133 

Instrumentation: For the MEGAPOLI field campaigns MoLa was equipped with the 134 

instrumentation for the investigation of 135 

(1) aerosol particle chemical composition in the PM1 size range, in particular 136 

- non-refractory species (sulfate, nitrate, ammonium, chloride, organics; excludes 137 

sea salt, black carbon, mineral dust and metals), 138 

- black carbon, 139 

- total particle-bound polycyclic aromatic hydrocarbons (PAHs), 140 

(2) aerosol particle total number concentration and size distribution by 141 

- electrical mobility (5.6 nm – 560 nm), 142 

- aerodynamic sizing (0.5 µm – 20 µm), 143 

- light scattering (0.25 µm – 32 µm), and 144 

(3) atmospheric trace gases, in particular  145 

- O3, SO2, NO, NO2, CO, and CO2. 146 

Additionally, meteorological parameters as well as the GPS vehicle position were logged and 147 

events in the surrounding were filmed using a webcam. Table 1 summarizes the instruments 148 

used for the measurements presented in this study. In von der Weiden-Reinmüller et al. 149 

(2014) a more detailed table can be found, listing the deployed measurement devices 150 
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including details on the instrumentation, time resolution, detection limits and general 151 

properties. 152 

2.3 Measurement strategies 153 

Using MoLa, measurements can be carried out stationary or while driving. 154 

Stationary measurements: Stationary measurements were performed with MoLa on 15 155 

occasions during summer and 10 times during winter. Each of these individual measurement 156 

periods lasted several hours. The chosen measurement locations (see Fig. S1 in the 157 

supplement) either were selected to be influenced by air masses that passed the Paris 158 

metropolitan area, thus allowing to collect fresh urban emissions (i.e. downwind of Paris), or 159 

by long-range transported background air masses (e.g. upwind of Paris). The first option gives 160 

insight into temporal variations of the Paris emission plume and the second one provides 161 

information on the levels and variability of the “real” background air pollution burden. In a 162 

few cases it was possible to take advantage of a distinct wind shift during the day, allowing 163 

direct comparison of background and emission plume air pollution from a single stationary 164 

measurement. 165 

Mobile measurements: Mobile measurements (for an overview map see Fig. S1 in the 166 

supplement) were performed both as cross sections through the emission plume (6 in summer, 167 

17 in winter) and as quasi-Lagrangian axial measurements inside the plume while it travels 168 

away from the city (3 in summer and 3 in winter). Cross section measurements cover one or 169 

several segments around Paris with nearly constant distance to the border of the 170 

agglomeration. They usually start in air masses not influenced by Paris emissions, then cross 171 

the emission plume and end again in background air masses. With this strategy a 172 

quantification of the influence of Paris’ emissions on local / regional air quality is possible 173 

and a detailed picture of spatial plume shape and homogeneity is provided. Quasi-Lagrangian 174 

axial measurements start at the border of the agglomeration and follow (ideally) the same air 175 

parcel while it travels axially away from Paris. This measurement strategy allows 176 

investigation of physical (e.g. particle formation and growth) and chemical (e.g. oxidation of 177 

particulate organic matter) transformation processes of the aerosol inside the urban plume. It 178 

is also a suitable method for studying dilution processes with increasing distance to Paris. 179 

Details of the various MoLa measurement approaches for the investigation of megacity 180 

emissions are discussed in von der Weiden-Reinmüller et al. (2014). 181 
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2.4 Data preparation for analysis 182 

Data preparation for analysis of mobile measurements is complex because not only the 183 

standard procedures like removal of outliers, application of calibrations, averaging on a 184 

common time base and interpretation of intercomparison measurements have to be performed. 185 

Additional labor has to be put in the removal of local pollution contamination from the data 186 

sets (see Sect. 2.4.1) or assignment of measurement time to measurement location. Advanced 187 

analysis of high resolution mass spectra (Aiken et al., 2007) or of organic aerosol by the 188 

application of positive matrix factorization (Lanz et al., 2007; Ulbrich et al., 2009) are already 189 

extensive for data sets with moderate changes of particulate organic matter concentration and 190 

composition as encountered during stationary measurements. During mobile measurements 191 

much more rapid variations of the aerosol particle characteristics are observed, resulting in 192 

additional complexity in application of such analysis tools (see Sects. 2.4.2 and 2.4.3). 193 

2.4.1 Removal of local contamination 194 

Local pollution – from the point of view of a mobile measurement of the regional distribution 195 

of air constituents – can be generated nearly everywhere by, e.g., vehicles in the vicinity of 196 

the driving MoLa, lop fires, barbecue activities, smoking, households while heating and 197 

cooking, bituminization works, or various industrial processes when driving by such facilities. 198 

Generally, the emission characteristics of the phenomena under investigation (here: the Paris 199 

emission plume) are not sufficiently different from those of local emitters. Local emissions 200 

are frequently mixed into the plume air masses, such that an undisturbed measurement is not 201 

possible. If we want to quantify the influence of Paris on local air quality or to investigate 202 

transformation processes of Paris emissions, it is essential to remove such sporadic local 203 

contamination as completely as possible from the measured data before further analysis. 204 

Otherwise it is not possible to clearly distinguish between the Paris emission plume and local 205 

contamination contribution, and the characterization of the urban plume would be 206 

significantly biased. 207 

Several methods for the removal of local pollution contamination were tested (Drewnick et 208 

al., 2012). Finally, a “video analysis method” was applied to the MEGAPOLI mobile data 209 

sets. Here the videos recorded by a webcam looking through the windshield during the mobile 210 

trips were analyzed to identify time periods with potential local contamination. These time 211 

periods were excluded from the mobile data sets. Further details about the applied removal 212 
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procedure can be found in von der Weiden-Reinmüller et al. (2014). The analysis results 213 

presented in this paper are based exclusively on the “decontaminated” data sets. 214 

2.4.2 High-resolution mass spectra analysis  215 

One advanced analysis method applied in this work is the analysis of high resolution mass 216 

spectra using “Peak Integration by Key Analysis” (PIKA; ToF-AMS Analysis Software 217 

Homepage, 2013). The algorithm implementing this method is generally applied for in-depth 218 

analysis of high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) data. 219 

While the standard AMS data analysis yields unit-mass resolution information only, PIKA is 220 

used to obtain information on individual fragment ions from the high-resolution mass spectra. 221 

In combination with APES (Analytical Procedure for Elemental Separation; ToF-AMS 222 

Analysis Software Homepage, 2013) it is possible to quantify the overall contribution of 223 

different elements (H, C, O, N, S) to the high-resolution AMS signals, enabling elemental 224 

analysis with the HR-ToF-AMS. 225 

Combining these tools the O/C ratio of the organic aerosol was calculated for the 226 

MEGAPOLI data sets. Only the peaks up to m/z 100 were considered to ensure sufficient 227 

resolution for separation of individual peaks. Since m/z larger than 100 contain only a 228 

negligible fraction of the total mass (typically < 1 % of the total signal and about 5 % of the 229 

organic signal during the MEGAPOLI MoLa summer and winter measurements), this is an 230 

acceptable limitation. The O/C ratio is an important marker for the oxidation level and 231 

therewith the age of the particulate organic matter (Aiken et al., 2007; Aiken et al., 2008). In 232 

this study we used low O/C ratios as marker for fresh pollution in the Paris emission plume 233 

opposed to aged pollution in background air masses characterized by high O/C ratios. 234 

2.4.3 Positive matrix factorization 235 

The organic aerosol typically accounts for a large fraction of the ambient sub-micron 236 

particulate matter (Andreae, 2009). It can consist of multiple organic components from 237 

various sources, altered by atmospheric transformation processes (Jimenez et al., 2009). To 238 

separate the total measured particulate organic matter into a certain number of sub-categories, 239 

which are associated with either different sources of organic aerosol and / or certain oxidation 240 

levels (~ age), “Positive Matrix Factorization” (PMF) was applied on the unit mass resolution 241 

mass spectra of organic aerosol obtained from AMS measurements. PMF generates “factors” 242 

without any a priori information, and the sum of their time series should represent most of the 243 
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variation of the organic aerosol observed during the measurement. The number of factors is 244 

not fixed; therefore, it is typically necessary to compare the PMF results to additional 245 

measurement data to find a reasonable PMF solution with a certain number of factors 246 

representing best the total organic aerosol. Details about the mathematical principle of PMF, 247 

the applied PMF evaluation tool as well as details of application to ambient aerosol data can 248 

be found in Paatero and Tapper (1994), Paatero (1997), Lanz et al. (2007), and Ulbrich et al. 249 

(2009). 250 

Uncertainties of PMF factors: While PMF calculates the optimum solution for each set of 251 

input parameters, an uncertainty is introduced into the PMF solution by the fact that the user 252 

can select several of these parameters arbitrarily and for some of these selections no objective 253 

criterions are available. Here we calculate the uncertainties of the PMF factors from the 254 

solutions obtained when varying the parameters “seed” and “fpeak”. The seed parameter 255 

defines the start value of the mathematical procedure. By altering this parameter the 256 

robustness and uniqueness of the solution can be explored. The fpeak value describes the 257 

rotational freedom of the solution. Usually, an fpeak value of 0 is chosen if no strong 258 

evidence against this selection can be found (Ulbrich et al., 2009). But all fpeak values around 259 

0 are valid – as all seed values are valid – and so variation of these parameters provides 260 

information about the uncertainty range of the obtained solution. For calculation of the 261 

uncertainty of the factors’ mass spectra and time series the seed value was varied between 0 262 

and 50 in steps of 1 (with fpeak = 0) and the fpeak value between -1.5 and 1.5 in steps of 0.1 263 

(with seed = 0). The resulting 51 (for seed variation) and 31 (for fpeak variation) PMF factor 264 

mass spectra and time series were used to estimate the uncertainty of each PMF factor by 265 

means of standard deviation and mean values (Freutel et al., 2013). 266 

In general, the uncertainty due to the fpeak variation is larger (2 to 32 % for the different 267 

factors) than that due to the seed variation (< 1 to 7 %), regarding the 5 factor solution in 268 

summer and the 3 factor solution in winter (see below) for the MoLa MEGAPOLI data set. 269 

The 6 factor solution in winter (see below) shows higher uncertainties (8 to 52 % for seed 270 

variation and 12 to 52 % for fpeak variation). This is likely due to the larger sensitivity of the 271 

solution when separating one factor into two that have very similar properties (i.e. similar 272 

mass spectra) but significant differences in source origin (i.e. in their time series). These PMF 273 

uncertainties add to the usual uncertainty of about 30 % of ambient AMS data (Canagaratna et 274 

al., 2007) when calculating absolute mass concentrations for the individual factors. 275 
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Single data points with very high concentrations force the PMF algorithm to overemphasize 276 

these single events. The PMF results will be dominated by these few data points and biased 277 

results will be generated. The resulting solutions are possibly not well suitable to describe the 278 

overall variation of the organic aerosol. Therefore, data points with intense peaks in the 279 

organic time series, independent of the cause of these peaks, were removed before PMF was 280 

applied. The criterion for a peak to be removed was arbitrarily chosen to be 50 µg m
-3 

of total 281 

organic aerosol concentration (occurring a few times during mobile measurements). This 282 

threshold has nothing to do with local contamination events at the first place. Local pollution 283 

contamination, as defined above, was not removed from the AMS data before PMF 284 

application but afterwards from the resulting factor time series (after the PMF calculations 285 

were finished). 286 

The results of the investigation of PMF factor uncertainties can be summarized as follows: 287 

The relative uncertainties of the AMS mass concentrations are significantly lower than those 288 

of the absolute values and thus do not affect the significance of the results presented in this 289 

work. 290 

MEGAPOLI summer data: The number of PMF factors for the MoLa MEGAPOLI summer 291 

data set was varied between 2 and 10, with the 3 to 6 factor solutions producing explainable 292 

results that were examined in detail. The 3 factor solution consists of one factor describing a 293 

more oxidized organic aerosol (Oxygenated Organic Aerosol, OOA) and two factors that are 294 

both mainly a mixture of Hydrocarbon-like Organic Aerosol (HOA) and Cooking-related 295 

Organic Aerosol (COA). Both factors have a lower m/z 44 (mainly CO2
+
) to total organics 296 

ratio (see supplement Sect. S1, Fig. S2), which is an approximate measure for the oxidation 297 

stage and therewith the age of the organic aerosol (Aiken et al., 2008), than the OOA factor. 298 

When adding one factor (4 factor solution) the HOA and COA become more clearly separated 299 

from the other factors. The new fourth factor (Semi-Volatile Oxygenated Organic Aerosol, 300 

SV-OOA) is mainly a fresher (lower m/z 44 to total organics ratio) semi-volatile part split 301 

from the OOA, the latter one consequently becoming more aged (oxidized) compared to the 3 302 

factor solution (now called Low-Volatile Oxygenated Organic Aerosol, LV-OOA). The SV-303 

OOA factor also contains signatures of biomass burning organic aerosol. This 4 factor 304 

solution was used for intercomparison purposes with the fixed measurement sites (Freutel et 305 

al., 2013). Adding another factor (5 factor solution) changes the former HOA, COA and SV-306 

OOA (now called SV-OOA1) factors only slightly. The previous LV-OOA factor again splits 307 
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into a more aged LV-OOA and another SV-OOA factor. From comparison to reference mass 308 

spectra (see supplement Sect. S1) it seems that this new SV-OOA factor (called SV-OOA2) is 309 

influenced by biogenic emissions that formed secondary organic aerosol. By adding one more 310 

factor to achieve the 6 factor solution the LV-OOA becomes even more oxidized, while the 311 

formerly HOA, COA, SV-OOA1 and SV-OOA2 factors change only slightly. The new sixth 312 

factor again is a split-off of fresher organic aerosol from the former LV-OOA factor. It cannot 313 

be attributed to a specific source or process and seems to be a mixture of organic aerosol with 314 

medium volatility. We decided that the 5 factor solution provides the best view on the organic 315 

aerosol during the MEGAPOLI summer campaign measured with MoLa. In summary, the 316 

factors of the 5 factor solution are: 317 

- HOA: fresh pollution marker, associated with traffic emissions 318 

- COA: fresh pollution marker, associated with cooking emissions 319 

- SVOOA1: medium aged pollution marker, associated with a mixture of various 320 

sources including biomass burning 321 

- SVOOA2: medium aged pollution marker, associated with a mixture of various 322 

sources including biogenic emitters of precursor gases for secondary organic 323 

aerosol 324 

- LV-OOA: aged pollution marker, associated with long-range transported pollution. 325 

In the supplement (Sect. S1) the factors of the 5 factor solution and their identification are 326 

described in more detail. 327 

MEGAPOLI winter data: For the MEGAPOLI winter data set also the 2 to 10 factor solutions 328 

were calculated, while the 3 to 6 factor solutions were examined in detail. The 3 factor 329 

solution consists of one factor related to biomass burning (Biomass Burning-related Organic 330 

Aerosol, BBOA), another factor associated with hydrocarbon-like organic aerosol (HOA) and 331 

one corresponding to the medium oxidized and aged fraction of the organic aerosol (OOA). 332 

When increasing the number of factors by one (4 factor solution) the mass spectra of the 333 

BBOA, HOA and OOA factors do not change significantly, but the new fourth factor appears 334 

to be a meaningless splitting. It consists mainly of m/z 28 and 44, while m/z 44 was split from 335 

the other three factors without any apparent physical reason. Due to this the 4 factor solution 336 

is not regarded as useful for further analysis. For the 5 factor solution, again BBOA, HOA 337 

and OOA do not change much and a new meaningful factor related with cooking emissions 338 

(COA) appears, but the fifth factor again seems to be non-interpretable. Therefore, the 5 339 
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factor solution is also not considered for further analysis. The 6 factor solution gives six 340 

interpretable and reasonable factors. Here, each of the factors of the 3 factor solution splits 341 

into two factors when looking at the 6 factor solution. The BBOA factor splits into a fresher 342 

and a more aged BBOA fraction (indicated by lower / higher m/z 44 to total organics ratio, see 343 

supplement Sect. S2, Fig. S3), the HOA factor splits into HOA related to traffic and HOA 344 

associated with cooking activities (COA), and the OOA factor splits into a highly aged (LV-345 

OOA) and a less aged fraction (SV-OOA). We decided that the 6 factor solution provides the 346 

best and most detailed view on the organic aerosol during the MEGAPOLI winter campaign. 347 

In summary, the factors of the 6 factor solutions are: 348 

- HOA: fresh pollution marker, associated with traffic emissions 349 

- COA: fresh pollution marker, associated with cooking emissions 350 

- BBOA1: medium aged pollution marker, associated with aged biomass burning 351 

emissions 352 

- BBOA2: fresh pollution marker, associated with fresh biomass burning emissions 353 

- SV-OOA: medium aged pollution marker, associated with emissions from various 354 

sources 355 

- LV-OOA: aged pollution marker, associated with long-range transported pollution. 356 

In the supplement (Sect. S2) the factors of the 6 and also the 3 factor solution and their 357 

identification are described in more detail. 358 

 359 

3 Characteristics of the emission plume 360 

3.1 Emission plume identification 361 

The Paris emission plume is generated by emissions from manifold pollution sources in the 362 

Paris metropolitan area. These sources include – among many others – traffic, domestic 363 

heating, cooking activities, industrial processes and building works. Therefore, the emission 364 

plume is expected to have higher loadings of freshly emitted pollutants compared to 365 

background air masses that already experienced aging processes like oxidation for several 366 

hours to days and recently collected only small amounts of fresh pollution (e.g. from scattered 367 

villages or highways). Since the background pollution burden can vary strongly with time 368 

(e.g. depending on air mass origin or meteorological conditions), appropriate threshold values 369 

need to be chosen from measurements performed in the same region and at a close time to 370 
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discern plume and background air  masses. To fulfill this requirement the mobile 371 

measurement routes were chosen to cover a sufficiently large area so that both, Paris 372 

influenced and not influenced air masses were measured during the same trip.  373 

The identification of the emission plume was performed in several steps: 374 

1. The expected direction of the emission plumes was determined from meteorological 375 

forecasts and Prev’Air pollution forecasts. Based on this information the measurement 376 

route was chosen (for details see von der Weiden-Reinmüller et al., 2014). 377 

2. All data sets from all measured variables (validated, cleaned from local pollution 378 

influence) were searched for fingerprints from the emission plume in the region where 379 

approximately – according to pollution re-analysis maps (for details see von der 380 

Weiden-Reinmüller et al., 2014) and meteorological data – the plume was expected. 381 

This step was made without any preference for certain types of variables like 382 

concentrations of fresh pollution markers. 383 

3. The emission plume was identified by the combination of meteorological data, 384 

pollution re-analysis maps and a simultaneous increase of concentration levels in 385 

several measurement parameters.  386 

In this process it turned out, that the emission plume was mainly visible in the data sets of 387 

fresh pollution markers. Therefore, these data were finally used to determine the location of 388 

the plume and of the background without plume influence. Only after this determination 389 

average plume and background concentrations were calculated for all variables. So the 390 

definition of plume and background air masses is based on the combination of information. 391 

In the following, the procedures applied to identify time periods of plume and background 392 

measurements in the data sets are exemplified for the different types of measurements 393 

performed. 394 

Mobile measurements: In Fig. 1 (a) concentrations of fresh pollution markers (NOx, black 395 

carbon, HOA and CO2) plotted versus the corresponding covered angle relative to the Paris 396 

center recorded during a cross section measurement in winter are shown. The time resolution 397 

of the presented data is 1 min. Two different air masses can be identified in this data set: 398 

Background air masses (B) and emission plume influenced air masses (P). The emission 399 

plume was expected in the South-East direction of Paris, based on pollution re-analysis maps 400 

and meteorological data. The emission plume can additionally be identified in the data by the 401 

simultaneous increase of concentrations of fresh pollution markers (e.g. black carbon, HOA, 402 



 14 

CO2 and NOx) compared to the average value and variability of the background levels. In the 403 

presented cross section example clearly higher concentrations were found in the 115° to 150° 404 

sector (between East to South direction) relative to Paris. For example, the average NOx 405 

concentration between 115° and 150° is 83.2 (± 27.7) ppbV, while the average background 406 

value in this measurement example is 37.1 (± 16.8) ppbV. Due to its intense and broad 407 

structure this plume-related increase in the levels of fresh pollution markers can clearly be 408 

separated from scattered pollution (e.g. NOx peak concentration of 95.9 ppbV around 160°) 409 

that remained in the data set after contamination removal by video analysis. Compared to the 410 

air masses identified as emission plume the background air masses show nearly no 411 

considerable trend (increase or decrease in pollutant concentration) and have on average 412 

clearly lower fresh pollutant concentrations.  413 

In Fig. 1 (b) measured levels of the same variables serving as fresh pollution markers like in 414 

(a) are plotted versus the associated distance to the Paris center, recorded during a quasi-415 

Lagrangian axial measurement in summer. On this day the emission plume was expected in 416 

the North-East direction of Paris where the measurement was performed. The high pollution 417 

concentrations near the city (up to about 50 km distance) are identified as the emission plume 418 

(marked by the dotted vertical line and “P”), while air masses further away from Paris show 419 

nearly constant background values (“B”) with only occasional local pollution influence. Since 420 

in any cases the measurements started in the morning near Paris and the most distant point 421 

was reached in the afternoon we assume that the slower decrease observed for the CO2 422 

concentration is – at least to a certain degree – an artefact due to typical diurnal variations of 423 

this trace gas.  424 

Generally, an influence of diurnal variations on the measured pollutant levels especially 425 

during axial measurements cannot be excluded. The measured pollutant levels are also 426 

potentially influenced by missing the emission plume with increasing distance to the source 427 

(Paris). However, we performed axial measurements only on days where a stable wind 428 

direction was predicted to minimize the risk of leaving the emission plume. 429 

Stationary measurements: Stationary measurement locations were chosen a priori to either be 430 

influenced by Paris emissions or to allow the measurement of the atmospheric background 431 

without any plume influence. Here, the critical parameter for the plume identification is 432 

mainly the wind direction. MoLa recorded local wind direction and speed at about 7 m above 433 

ground level. However, local winds can differ in direction and strength from the regional 434 
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wind patterns due to small scale and surface layer effects. Since advection of the emission 435 

plume is a regional phenomenon the measured wind data were used in combination with air 436 

pollution re-analysis maps showing regional wind patterns. When measuring constantly in 437 

emission plume or background air masses the variability of pollution concentration depends 438 

mainly on changes of the emission rate of the Paris metropolitan area (e.g. morning rush 439 

hour), meteorological parameters (e.g. rainfall events) and boundary layer effects (e.g. 440 

breakup of the boundary layer in the morning). In these cases, low / high values cannot be 441 

associated to background / plume conditions without ambiguity. However, during stationary 442 

measurements with occurring wind direction shifts the emission plume can also be identified 443 

on the basis of enhanced fresh pollution concentrations like during cross section 444 

measurements. 445 

Applying the described plume identification methods to all measurement data we classified 446 

them into emission plume- and background-related. In summer about 2800 and in winter 447 

about 3500 one-minute data points were classified as “background” (B); in summer about 448 

4100 and in winter about 3200 one-minute data points were classified as “emission plume” 449 

(P). Data points not clearly fitting into one of the categories (e.g. time periods during 450 

stationary measurements with rapidly changing wind direction) were not considered in these 451 

statistics. Results of this emission plume versus background air mass characterization are 452 

presented in the following section. The MoLa measurements took place several tens of 453 

kilometers outside the city; consequently, the average pollution concentrations in the emission 454 

plume are representative for locations several tens of kilometers downwind of Paris. 455 

3.2 Emission plume versus background air mass characteristics 456 

It was found that meteorology and air mass origin have nearly the same influence on both 457 

categories (B and P) during both measurement campaigns. For example, the average boundary 458 

layer height measured at the South-West suburban measurement site (Beekmann et al., 2014) 459 

applying a LIDAR was during summer (B: 1615 (± 13) m, P: 1616 (± 9) m) and winter (B: 460 

465 (± 4) m, P: 414 (± 5) m) approximately the same during the times when the emission 461 

plume and background air masses were probed. Therefore, the observed differences between 462 

emission plume and background characteristics are likely only marginally influenced by 463 

average associated meteorology or air mass origin differences. Average values of several 464 

measured variables for the two categories (background and emission plume) of the complete 465 

summer (S) and winter (W) campaign are presented in Figs. 2, 3 and 4. These values describe 466 



 16 

the average air quality around Paris in the distances (several tens of kilometers) where the 467 

measurements were carried out. 468 

Pollutant concentrations: Figure 2 provides a direct comparison for mean pollutant 469 

concentrations and their variation in background and plume air masses in summer and winter 470 

for the fresh pollution markers CO2, NOx, O3, SO2, particle number concentration (> 2.5 nm), 471 

PM1, black carbon, particle-bound PAH, chloride and HOA as well as the long-range 472 

transport pollution markers particulate sulfate, nitrate, ammonium and LV-OOA. 473 

Additionally, average O/C ratios in organic aerosol are shown as indicator for air masses 474 

dominated by fresh pollution (low values) and aged pollution (high values). In Table 2 the 475 

contribution of the Paris emission plume to the concentration levels of the average 476 

background pollutant burden of the same parameters as shown in Fig. 2 are listed. The 477 

concentration values of the plume contribution were calculated as the difference of the 478 

average plume and background concentration levels. 479 

Figure 2 and Table 2 clearly illustrate that emission plume air masses show higher fresh 480 

pollutant concentrations compared to background air masses during summer as well as during 481 

winter environmental conditions. For example, for black carbon concentrations an increase by 482 

100 % (+ 0.5 µg m
-3

) in summer and by 63 % (+ 1.0 µg m
-3

) in winter was found when adding 483 

Paris emissions to the air masses. HOA mass concentrations were on average increased by 50 484 

% (+ 0.1 µg m
-3

) in summer and 133 % (+ 0.4 µg m
-3

) in winter. The average O/C ratios in 485 

organic aerosol confirm that during both seasons the oxidation level of the organic aerosol in 486 

emission plume air masses is significantly lower (much more than the uncertainty of the 487 

values) than that in background air masses. Additionally, one can see from the average O/C 488 

ratios that during winter the organic aerosol is on average more oxidized than during summer, 489 

in plume as well as in background air masses. This could be explained by the fact that during 490 

summer more fresh organic particulate matter is generated (e.g. from biogenic emissions) by 491 

photochemical processes than in winter, favored by intense solar radiation. Additionally, the 492 

O/C ratio of organic aerosol related to biomass burning is higher than the O/C ratio of organic 493 

aerosol related to, e.g., traffic or cooking (see also Figs. S2 and S3 in the supplement). The 494 

biomass burning-related fraction of the total organic aerosol is much higher in winter than in 495 

summer (see Fig. 3).   496 

NOx concentrations experienced an enhancement of 58 % (+ 2.1 ppbV) during summer and of 497 

179 % (+ 26.5 ppbV) in winter. The other measured fresh pollution markers showed a 498 
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similarly clear enhancement in the emission plume. Only SO2 concentrations experienced on 499 

average no enhancement in plume air masses during summer. This can be explained by the 500 

spatial source distribution of SO2 emitters. Today, according to EU legislation fuel used in 501 

vehicles contains only a very small amount of sulfur (Fuel Quality Monitoring, 2013). The 502 

main SO2 emitters are in summer industrial activities and ship emissions on the open ocean 503 

(Corbett and Fischbeck, 1997; Diesch et al., 2012), so the SO2 sources are scattered over the 504 

country / sea instead of being concentrated in the city. In winter domestic heating leads to 200 505 

% (+ 1.6 ppbV) higher SO2 concentrations in the plume than in background air masses (Fig.2 506 

and Table 2). The limit for the maximum sulfur content in fuel used for heating is higher than 507 

for that used for cars (see European Union council directives 93/12/EEC and 1999/32/EC; 508 

EUR-Lex, 2013). Since heating is in winter an important anthropogenic air pollution source, 509 

the increased SO2 mixing ratios in emission plume as well as background air masses in winter 510 

compared to summer are explainable. The other fresh pollution components shown here are in 511 

both seasons mostly emitted by sources distributed all over the Paris region (e.g. NOx). O3 512 

mixing ratios were on average very similar in plume and background air masses in summer. 513 

Ozone depletion near the city due to increased NO mixing ratios and photochemical ozone 514 

production from urban precursor emissions seem to be balanced. In winter ozone production 515 

is reduced due to reduced solar radiation and biogenic volatile organic compound (VOC) 516 

emissions, so that on average 43 % (- 10.5 ppbV) lower O3 mixing ratios in plume compared 517 

to background air masses were observed.  518 

In contrast to the fresh pollution markers those for aged pollution show nearly no or even 519 

opposite trends in concentration when comparing emission plume and atmospheric 520 

background values. For example, the observed difference for particulate sulfate between both 521 

categories (B and P) is negligible in summer and small (- 8 %) in winter. A similar finding of 522 

largest sulfate concentrations often occurring outside the pollution plume is also obtained 523 

from aircraft measurements with the ATR-42 aircraft during the summer campaign and was 524 

attributed to large harbor-related and ship emissions at the Channel coast (Freney et al., 525 

2014). This difference is also negligible for ammonium in both seasons. For nitrate 526 

concentrations, an increased value in the plume is observed during the summer campaign, but 527 

absolute average values were small (< 0.3 µg m
-3

). For the winter campaign the concentration 528 

in the plume is slightly increased (+ 7 %), but for much larger background values. The 529 

moderately increased (+ 27 %) average LV-OOA concentrations in the plume compared to 530 

background air masses in summer could be caused by organic aerosol with a medium 531 
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oxidation level included in the calculated LV-OOA fraction. During summer oxidation rates 532 

can be very high (due to more intense solar radiation), so that some of the organic emissions 533 

and VOCs originating from Paris can already be converted to medium oxidized aerosol at the 534 

measurement location. However, these less aged organics seem to be on average a minor 535 

fraction of the LV-OOA. In winter oxidation rates are lower so that nearly no organic aerosol 536 

emitted in Paris ages to medium oxidized aerosol during these few hours of transport (see also 537 

Sect. 3.4).  538 

The day to day variability of long-range transported pollution can of course be very high in 539 

Paris-influenced as well as in uninfluenced air masses of varying origin. However, due to the 540 

large number of measurements being integrated in this statistical analysis, average 541 

concentrations of long-range transported pollutants are expected to be almost similar in both 542 

(plume and background) air mass types. In contrast to this, enhanced fresh pollutant 543 

concentrations in air masses advected from Paris compared to background air masses are 544 

predominantly caused by emitters located within the megacity. Thus, Paris has significant 545 

influence on the air quality in the surrounding regions. How far the spatial influence of the 546 

city reaches is discussed in Sect. 3.3. 547 

Additionally, one can see in the presented data (Fig. 2, Table 2) that in general the 548 

atmospheric pollution burden is higher during winter than during summer. For example, 549 

particle-bound PAH mass concentrations were on average in background air masses during 550 

winter (13.8 ng m
-3

) three times higher than in background air masses during summer (4.6 ng 551 

m
-3

). Other pollution markers like black carbon and NOx also showed higher ambient 552 

background concentration (around 200 % higher for black carbon and around 300 % higher 553 

for NOx) during winter, compared to the summer values. This is potentially caused by 554 

enhanced domestic heating but can also be influenced by reduced boundary layer heights in 555 

winter, where emissions are accumulated in a thinner atmospheric layer than during summer, 556 

and by slower removal processes (e.g. oxidation processes). The average boundary layer 557 

height measured at the South-West suburban measurement site was during the summer 558 

campaign around 970 (± 30) m (average and standard deviation of the average) and during the 559 

winter campaign around 360 (± 6) m, in agreement with the observed increased pollutant 560 

levels in winter. Additionally, comparatively more frequent continental advection (polluted 561 

air masses) occurred during the winter field campaign and more marine advection (clean air 562 

masses) during the one in summer (Beekmann et al., 2014). CO2 concentrations are 563 
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additionally enhanced during winter season due to the reduced photosynthesis by plants. The 564 

fact that enhanced pollutant emission is not only a local issue can be seen by the much higher 565 

long-range transported pollution concentrations measured by MoLa during the winter 566 

campaign. For example, particulate sulfate concentrations were on average approximately 300 567 

% higher than in summer (in background air masses). For certain species this is not only 568 

caused by higher emission rates, but also gas-to-particle partitioning is an important factor. 569 

High vapor pressure species like ammonium nitrate partition predominantly into the gas phase 570 

during summer, but are found mainly in the particulate phase during winter. This explains the 571 

large difference between summer and winter concentrations in the plume as well as 572 

background air masses for these substances (e.g. 27 times higher concentrations of nitrate 573 

background concentrations in winter compared to summer, see Table 2).  574 

Aerosol particle chemical composition: In Fig. 3 the average sub-micron aerosol particle 575 

chemical composition (including black carbon, organics, nitrate, sulfate, ammonium and 576 

chloride) and the average fractionation of the sub-micron organics (as retrieved by PMF 577 

analysis) is presented for both, the background and the plume aerosol in summer and winter. 578 

The presented concentration values of the composition of the Paris emission plume were 579 

calculated as the difference of the plume and background concentration levels. Negative 580 

values (e.g. due to on average lower sulfate concentrations in plume compared to background 581 

air masses in winter) are set to 0 in this calculation. 582 

During summer average background PM1 mass concentrations were low with about 4.2 µg m
-

583 

3
 and the emission plume added about 31 % – mainly black carbon and fresh organic matter 584 

(see Fig. 3) – to the background concentration (see Table 2). Thus, the aerosol in the emission 585 

plume contained a higher fraction of black carbon (18 %) than the aerosol in background air 586 

masses (11 %), causing the sulfate fraction (mostly long-range transported) to decrease from 587 

27 % to 23 %. Particulate organic matter consists of fresh and aged material. Its relative 588 

fraction of the total aerosol mass is nearly constant in both air masses, because the enhanced 589 

mass concentrations of fresh organics in the emission plume balance the enhanced black 590 

carbon concentrations in the plume. During summer ammonium and especially nitrate account 591 

only for a small part of the PM1 mass.  592 

During winter average PM1 mass concentrations are five times higher than in summer and the 593 

emission plume adds on average about 10 % to the background concentration (see Table 2). 594 

The averaged aerosol composition shows again a slightly increased fraction of black carbon 595 
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(+ 4 %) and organic matter (+ 2 %) in the emission plume, but the differences between plume 596 

and background compositions are moderate. The larger fraction of nitrate in winter is 597 

explained by a shift in its partitioning between aerosol and gas phase (see above).  598 

The calculated composition of the emission plume without the background contribution 599 

shows that in summer the additional organics in plume air masses are to one-third traffic- 600 

(HOA, 12 %) and cooking-related (COA, 23 %). Biomass burning-related organics (e.g. from 601 

barbecue fires, lop fires) contributes to the emission plume with a fraction of 6 % (SV-OOA1, 602 

which has some biomass burning signatures). However, due to the moderate temperatures in 603 

summer, domestic heating is not a major source of organic aerosol, other than in winter. SV-604 

OOA2 also contributes to the emission plume with about 28 %. Because this factor represents 605 

a mixture of medium aged organic aerosol from various sources, including anthropogenic 606 

emitters over the greater Paris region, the observed enhancement in the emission plume is 607 

expected. Additionally, plume air masses were preferentially probed when the emission 608 

plume was transported to the North-East of Paris. Air masses coming from the South-West 609 

direction crossed an extended forested area in the South-West of Paris (see Sect. 2.4.3 and 610 

von der Weiden-Reinmüller et al., 2014) before reaching the city and the measurement 611 

location. Therefore, biogenic secondary organic aerosol may also contribute to the plume air 612 

masses in summer. The LV-OOA fraction of the total PM1 mass decreases in plume air 613 

masses due to the increase of fresh particulate matter concentrations associated with urban 614 

emissions. The contribution of LV-OOA to the Paris emissions is about 30 %. This can be 615 

explained either by changes of long-range transported air mass origin (see also Fig. 2) and / or 616 

by rapid oxidation and aging of the organic aerosol and VOCs emitted in Paris (see also Sect. 617 

3.4). The latter point would imply that the contribution of fresh organic aerosol sources to the 618 

total organic mass in the emission plume would be higher than assumed (see above).  619 

During winter plume compared to background air masses also contained clearly more organic 620 

matter originating from traffic, cooking and biomass burning. Consequently, the medium aged 621 

(SV-OOA) and strongly aged organic aerosol fraction (LV-OOA), which was not enhanced in 622 

the plume, decreases the most (- 8 % for both). During winter fresh Paris emissions seem not 623 

to be oxidized to highly aged LV-OOA as fast as in summer. In the emission plume 624 

approximately 46 % of the organic aerosol is less oxidized, while in background air masses 625 

the fresh fraction only makes about 31 %. While in background air masses the sum of traffic- 626 

and cooking-related organics equals the biomass burning fraction, in plume air masses traffic 627 
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and cooking are the more important sources. The additional organic matter in the emission 628 

plume (+ 2.2 µg m
-3

, see Table 2) consists by two-thirds of organics associated with traffic 629 

and cooking, while one-third is associated with biomass burning. This can be explained by 630 

strong traffic and cooking activities in Paris. Domestic heating will probably only partly be 631 

based on residential biomass burning (e.g. favoring district heating) in the city. In rural areas 632 

usually wood burning is a more common way of domestic heating. 633 

Particle number size distributions: In Fig. 4 averaged particle number size distributions for 634 

emission plume and background air masses during summer and winter are presented. These 635 

data were measured by the FMPS (Fast Mobility Particle Sizer) instrument (size range 5.6 to 636 

560 nm). Again, the particle size distributions were calculated as average values for the two 637 

categories “background” (B) and “emission plume” (P) as described in Sect. 3.1., analog to 638 

the average pollution concentrations shown in Figs. 2 and 3. The contribution of the Paris 639 

emission plume (on top of the average background particle size distribution) is depicted as 640 

gray shaded area. In summer the background aerosol shows mainly one broad particle number 641 

distribution mode between a few nm and 200 nm. This size distribution describes a mixture of 642 

small freshly emitted or recently nucleated particles and grown particles (due to condensation 643 

and accumulation processes) of different individual sizes. Paris emissions add on the one hand 644 

freshly produced particles that grow in size while the emission plume is transported away 645 

from the city. These particles form a distinct additional mode in the emission plume size 646 

distribution around 30 nm. On the other hand also volatile organic components are emitted in 647 

the megacity, which become oxidized during emission plume advection. Under suitable 648 

environmental conditions these oxidation products can form new particles that likely cause 649 

the additional mode around 10 nm in the emission plume size distribution. Additionally, these 650 

substances can condense onto existing particles and increase their size. This is possibly one 651 

reason why the complete emission plume size distribution shows higher concentrations than 652 

the background distribution.  653 

During winter the emission plume as well as the background size distribution show a distinct 654 

mode around 10 nm with similar particle number concentrations. This shows that new particle 655 

formation and emission of small particles seem to occur independently of megacity emissions 656 

in the area covered by the measurements. The large error bars especially of the background 657 

distribution indicate that there was a large temporal and spatial variation in the occurrence of 658 

small aerosol particles. In addition, the particle mode around 10 nm might be affected by 659 
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artefacts due to the inversion algorithm used for this instrument (A. Wiedensohler, personal 660 

communication, 2012). Paris emissions only contribute to the accumulation mode between 20 661 

and 200 nm in these measurements at some distance to the metropolitan area. Here the 662 

increase in number concentration is very strong. When comparing background and plume 663 

total particle number concentrations calculated from the FMPS data, in winter the megacity 664 

emissions caused on average an increase of 8000 particles per cm
3 

in plume air masses several 665 

ten kilometers away from the city. Consistently, the CPC data (number concentration for 666 

particles > 2.5 nm) showed an average increase of 11300 particles per cm³ in plume compared 667 

to background air masses in winter (see Table 2). These particles were likely mainly emitted 668 

in the metropolitan area and grew rapidly into the accumulation mode due to low 669 

temperatures and high concentrations of condensable material. Increased emissions play a 670 

role, but also lower boundary layer heights when compared to summer. 671 

In summary, it can be stated that the emission plume is in general characterized by clearly 672 

enhanced concentrations of fresh pollution markers. Traffic and cooking activities seem to be 673 

the major sources in summer, while in winter domestic heating additionally appears as a 674 

strong source. This fresh pollution adds to the transported background pollution. In summer 675 

the megacity emission plume is characterized by aerosol particles in the nucleation as well as 676 

accumulation mode size range, while in winter additional particles could only be observed in 677 

the accumulation mode. In general, air quality downwind of Paris seems to be better during 678 

summer, mainly because the background pollution is significantly lower compared to the 679 

winter. 680 

3.3 Homogeneity and spatial distribution of pollutants in the emission plume 681 

Cross section measurements give insight into dilution processes at the border of the plume 682 

and the plume width while axial trips allow an approximation of its spatial extent downwind 683 

of the source. Both measurement types also provide data to investigate how homogeneously 684 

the fresh emissions are mixed into the plume air masses. For this type of analysis the 685 

measured data were investigated in combination with simulations of the plume. These air 686 

quality simulations are based on the CHIMERE model and have a spatial resolution of 3 km × 687 

3 km (Zhang et al., 2013). For suitable measurement trips with distinct emission plumes 688 

modelled distributions of primary organic matter and NOx were temporally and spatially 689 

interpolated for the respective measurement route. Thus, two data sets could be compared: 690 

The actually measured time series of these two fresh pollution markers along the 691 



 23 

measurement track and the corresponding modelled time series showing where the emission 692 

plume was expected to be and how its shape was modelled.    693 

Cross section: In Fig. 5 (a) as an example measured and modelled NOx concentrations versus 694 

the covered angle in relation to the Paris center of a cross section measurement during the 695 

winter campaign are presented. Both measured and modelled data sets show a clear 696 

enhancement in pollutant concentrations when crossing the plume in the North-West of Paris. 697 

Gaussian fits to the data sets show good agreement and seem to be a suitable way to describe 698 

the plume’s cross sectional distribution. This result is consistent with classical plume theory 699 

(Seinfeld and Pandis, 2006; Hunt and van den Bremer, 2011) and was also confirmed for 700 

Paris for ozone plumes on several occasions (Beekmann and Derognat, 2003). Apparently, 701 

turbulent dilution processes occur simultaneously and homogeneously at both sides of the 702 

plume, because the flat terrain around Paris favors uniform regional wind patterns. However, 703 

there are several significant differences between the measured and modelled emission plume. 704 

The apex of the Gaussian fit (and therewith the direction of the center of the emission plume) 705 

is shifted between the measured and modelled data (+ 13° related to the measured plume peak 706 

in this example). In addition, the width of the modelled plume is approximately twice as large 707 

as the width of the measured one. When comparing the absolute NOx concentrations the 708 

measured concentrations are about three times larger than the modelled ones. These 709 

discrepancies can on the one hand be explained by different dilution rates and the purely 710 

regional-scale meteorology used in the model that does not include smaller scale processes. In 711 

the model, horizontal diffusion is not explicitly taken into account, but this is partly 712 

compensated by numerical diffusion in the advection scheme (Menut et al., 2013). In 713 

addition, plume dilution occurs by vertical mixing and a vertical wind shear. This process is 714 

taken into account, but the vertical model resolution is limited (six levels in the first two 715 

kilometers). On the other hand the actual NOx emissions within the city on this day could be 716 

much higher than those assumed in the model. Additionally, the distribution of emissions 717 

could lead to too large emissions in the surrounding areas (through a spatial redistribution of 718 

EMEP (European Monitoring and Evaluation Programme) emissions of 0.5° resolution with 719 

respect to an urban land cover mask). However, systematic differences (widening, shifting, 720 

plume intensity) between measured and modelled emission plume depending on wind shift, 721 

wind speed and / or plume intensity were not observed when looking at all suitable cross 722 

section measurements.  723 
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For more measurement examples showing the cross sectional profile of the emission plume, 724 

and the corresponding model results, see Figs. S5, S6 and S7 in the supplement S3. 725 

Axial extent: Figure 5 (b) shows modelled primary organic matter and measured HOA (as 726 

approximation for primary organic matter) mass concentrations versus distance to the Paris 727 

center of one axial quasi-Lagrangian measurement during the summer campaign. Both data 728 

sets show decreasing pollutant concentrations with increasing distance to the metropolitan 729 

area. While the modelled concentrations continue decreasing over the whole distance range, 730 

the measured HOA values approach a constant background concentration of about 0.3 to 0.4 731 

µg m
-3

 already much closer to the source. Both decreases can be well described with an 732 

exponential fit, while the decrease rate is clearly larger for the measured HOA concentrations. 733 

During the measurement trip the influence of the Paris emission plume was detected up to a 734 

distance of about 50 km from the center of Paris, while it can be seen in the modelled data up 735 

to at least 140 km. This large discrepancy could be caused by too small effective horizontal 736 

dilution in the model (see above). The mixing of the emission plume with surrounding 737 

background air masses seems to take place very quickly. Also the apparently low background 738 

pollution concentrations in the modelled data bias the identification of the extent of the 739 

emission plume. Such low background concentrations are also the reason, why during aircraft 740 

measurements emission plumes can still be detected in much larger distances to the city. It 741 

could also be possible that the measurement route more and more deviated from the center of 742 

the plume with increasing distance to the city, so that decreasing pollution concentrations 743 

were also caused by varying positions of MoLa in relation to the plume center. The presented 744 

model data were interpolated to the driving route; however, as shown for the cross section 745 

measurement, a potential shifting of the location of the plume center between model and 746 

measurement cannot be excluded. Nevertheless, the analog exponential decrease in pollution 747 

concentrations with increasing distance to the source is in agreement with theoretical 748 

approaches applying turbulent diffusion processes (Seinfeld and Pandis, 2006).  749 

The presented structure of the plume can also be seen in other measured fresh pollution 750 

markers like CO2, which is also presented in Figs. 5 (a) and (b). There is a good agreement 751 

between the plume shape and spatial extent in the measured NOx, CO2 and HOA 752 

concentrations. This gives further indication for a rather homogeneously mixed emission 753 

plume since sources of the different pollution markers are likely not all homogeneously 754 

distributed over the Paris area, but all fresh pollution markers show nearly the same 755 
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homogeneous plume structure. Analysis of further measurements in addition to the two 756 

presented examples carried out during both field campaigns confirm the described results for 757 

the cross sectional and axial profile. However, deviations from the pure Gaussian plume 758 

shape (e.g. double peaks, asymmetric shapes) and alternating axial plume extensions were 759 

also observed, especially during more unstable weather conditions (e.g. changes of wind 760 

direction during the time of emission and measurement) and days with strong wind (favoring 761 

a fast axial transport of the plume). Corresponding measurement examples are shown in the 762 

supplement S3. The differences between modelled and measured axial plume extent for the 763 

other axial trips are not that strong as in the presented example. For example, during the axial 764 

measurement trip on 13 July 2009 (outward trip) the axial plume extent is about up to 50 km 765 

from the city center in the modelled as well as in the measured data (see Fig. S8 in 766 

supplement S3). During the winter campaign the axial trips were much shorter (up to 100 km) 767 

than in summer (up to 180 km) and the wind direction was not as stable as in summer. 768 

However, the data base of 3 axial trips in summer and in winter is too small for a 769 

comprehensive comparison of model and measurement data. 770 

For more measurement examples showing the exponential axial decrease of the emission 771 

plume, and the corresponding model results, see Figs. S8 and S9 in the supplement S3. 772 

3.4 Transformation processes in the emission plume 773 

Emitted substances originating from the megacity will not only be diluted in surrounding air 774 

masses while the plume is transported. Also transformation processes are expected to occur, 775 

especially when sufficient solar radiation favoring oxidation processes is present. For the 776 

investigation of transformation processes occurring in the advected emission plume, two 777 

different analysis approaches were applied.  778 

Quasi-Lagrangian axial measurements: In the first approach the quasi-Lagrangian axial 779 

measurement (3 in summer and 3 in winter) results were used. Here the temporal 780 

transformation of pollutants (aging) should correlate with the distance to the Paris center. On 781 

average MoLa covered an axial distance of 30 km in about 1 hour during the measurements, 782 

similar to the transport velocity of the plume. For the analysis of axial measurements it is 783 

assumed that CO2 is only diluted and does not experience any significant transformation 784 

processes during the first few hours of transport time in the emission plume. The excess (local 785 

concentration minus background concentration) of each variable compared to a suitable 786 
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background value (values measured most far away from the city on the specific day) was 787 

calculated. The excess of each pollutant was related to the excess of CO2 to determine the 788 

result of aging processes for each substance by elimination of the influence of dilution.  789 

Regarding all axial measurements during both field campaigns we can conclude that dilution 790 

is the dominant process occurring during emission plume transport within the first hours after 791 

emission. With this analysis method it was not possible to detect any significant chemical 792 

transformation process. Due to a number of reasons the data set is not robust enough to see 793 

significant trends besides dilution:  794 

- The data variability within distance intervals (e.g. intervals from 30 km to 40 km and 795 

from 40 km to 50 km distance to Paris) and from trip to trip is high due to, e.g., 796 

remaining local pollution influence or changing meteorological conditions. 797 

- An absolutely stable wind direction is indispensable for a successful axial trip inside 798 

the same air mass for several hours. If the wind direction is shifting during the 799 

measurement, the measurement track might not be located in the plume (center) 800 

during the complete measurement time. Misinterpretation of the data is possible, e.g., 801 

when a strong decrease in pollutant concentrations is interpreted as a strong dilution 802 

effect, but is in fact caused by leaving the plume (center).  803 

- All axial trips started and ended nearly during the same time of day, so transformation 804 

processes are superimposed by diurnal variations.  805 

- The number of axial trips is too small to provide a robust statistical basis for reliable 806 

conclusions. 807 

Stationary measurements at two locations: In the second approach stationary measurements 808 

of MoLa were combined with continuous measurements during the same time at the fixed 809 

suburban measurement site in the North-East of Paris (Freutel et al., 2013). Due to similar 810 

instrumentation and intensive intercomparison exercises between the suburban North-East 811 

measurement container and MoLa (Freutel et al., 2013, von der Weiden-Reinmüller et al., 812 

2014) these data sets are well suited for combined analysis. Using this approach the plume 813 

can be studied and compared at two different ages: The fresh emission plume directly at the 814 

border of the spatially extended source and the emission plume after several hours of transport 815 

and aging time. Background pollutant contributions should be the same at both locations 816 

(under suitable conditions), so in theory differences result from the influence of Paris. The 817 

transport time was estimated from the distance between both measurement locations, the 818 
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average wind speed measured at several stations and in several heights, calculated trajectories 819 

and comparison of changes in levels of long-range transported pollutants. While dilution 820 

processes will lead to decreasing concentrations with increasing distance from the source, 821 

transformation processes can change the observed concentrations or concentration ratios in 822 

both directions by consumption and production in chemical reactions or microphysical 823 

processes.  824 

Here we focus on the analysis of conversion of particulate organic matter during transport, 825 

which is expected to experience significant changes as already discussed in Sect. 2.4.3. A 826 

necessary requirement for this analysis method is a connected flow between both 827 

measurement locations. We confirmed this situation by analysis of the measured wind 828 

direction at several stationary sites and additional backward trajectories utilizing HYSPLIT 829 

(Draxler and Rolph, 2013; Rolph, 2013) for one measurement day in summer and one in 830 

winter. The estimated transport time of the emission plume between the two locations (3 h for 831 

both measurements) was used to identify the corresponding time periods in both data sets that 832 

have to be compared for analysis. Average organic mass spectra were calculated for the two 833 

locations during the respective time periods, which comprise several hours of measurement 834 

time. Average organic mass spectra of the night before and the night after the actual 835 

measurement day, obtained during simultaneous measurements of MoLa at the suburban 836 

North-East site, allow direct comparison of both applied AMS instruments. This comparison 837 

provides a factor that was applied to scale both organic mass spectra (actual measurement) to 838 

each other. This scaling factor accounts – among others things – for slightly different ion 839 

transmission functions of the AMS instruments. For separation of dilution and transformation 840 

effects, an appropriate background organic mass spectrum was subtracted from the suburban 841 

and the MoLa average mass spectra. This background mass spectrum was calculated from 842 

MoLa background measurements at the same measurement location before and / or after 843 

probing the emission plume. In the next step the difference mass spectrum for the actual 844 

measurement was obtained by subtracting the suburban mass spectrum from the MoLa 845 

spectrum (both mass spectra were previously normalized to the total signal). The scaling of 846 

both mass spectra to the total signal also minimizes the influence of dilution effects during 847 

transport. The positive and the negative signals of this differential mass spectrum were 848 

separated into two single mass spectra. The mass spectrum resulting from the positive signals 849 

describes the fraction of the total organic aerosol that increases during transport while the 850 

other mass spectrum (m/z with negative signals) describes the decreasing fraction (see Fig. S4 851 
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in the supplement). These two mass spectra were then compared to the MoLa PMF mass 852 

spectra derived for the respective field campaigns. The results of this comparison are 853 

presented in Table 3. The described method has the advantage of comparing data of the same 854 

air mass measured almost simultaneously at two different locations. A second advantage is 855 

that MoLa’s stationary measurement locations were always chosen to be not contaminated by 856 

any local pollution, which is not possible during mobile (axial) measurements (von der 857 

Weiden-Reinmüller et al., 2014).  858 

As shown in Table 3 during summer the “decrease mass spectrum” correlates well with the 859 

fresh and medium aged organic aerosol factors (HOA, COA, SV-OOA1 and SV-OOA2: 860 

coefficient of determination R
2
 = 0.4 to 0.5, LV-OOA: R

2
 < 0.1), while the “increase mass 861 

spectrum” correlates only with LV-OOA (R
2
 = 0.8, other factors R

2
 < 0.1). This means that 862 

besides of dilution effects, the fresher part of the organic aerosol decreases in concentration 863 

due to transformation processes as the air mass is transported from the city to the MoLa 864 

measurement location. The increase in LV-OOA confirms the aging of less aged material 865 

during transport time. So there is indeed significant transformation (oxidation) of at least the 866 

organic aerosol occurring in the emission plume during summer (see also Sect. 3.2) within the 867 

first hours of plume transport. This result is in line with results from aircraft measurements 868 

during the summer period, stating an increase of LV-OOA within the plume with increasing 869 

distance from Paris (Freney et al., 2014). In winter there is no clear similarity between the 870 

decrease and increase mass spectra and the PMF factors (R
2
 between 0 and 0.4, but without 871 

clear trend). So the transformation of fresh pollution seems to take place at a slower speed 872 

than in summer. This goes in line with reduced oxidation rates during this season.  873 

From these studies we can conclude that dilution is the dominating process determining the 874 

decrease in fresh pollution concentrations with increasing distance to the source. However, 875 

also transformation processes (oxidation of particulate organic matter) were detected. For a 876 

quantification of transformation processes applying the described method the available data 877 

basis is too small and not sufficiently robust. Further research utilizing several fixed and 878 

flexible stationary measurement locations under connected flow conditions is needed. 879 

 880 

4 Summary 881 

We present a detailed investigation of a mid-latitude European megacity emission plume 882 

based on mobile aerosol and gas phase measurements. The measurements were carried out in 883 
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the framework of the MEGAPOLI project during two major field campaigns in summer 2009 884 

and winter 2010 in the greater Paris region. The data obtained by the mobile laboratory MoLa 885 

were selectively combined with data measured at a fixed suburban site and model results to 886 

obtain extended information on plume properties and processes. Three mobile measurement 887 

strategies were applied depending on meteorological conditions. Quasi-Lagrangian axial 888 

measurements were used to explore the spatial extent of the emission plume, while cross 889 

section measurements allowed the investigation of plume shape and width and the direct 890 

comparison of plume and background conditions. Flexible stationary measurements in 891 

emission plume as well as background air masses complement the mobile data set.  892 

In the advanced data preparation for analysis local pollution contamination was removed from 893 

the data set. Positive matrix factorization was applied to AMS organic mass spectra to obtain 894 

additional chemical information about the particulate organic aerosol by separation of the 895 

organic aerosol into fractions (factors) related to different oxidation levels (ages) and source 896 

origins. For the summer data set five different factors were used to describe the organic 897 

particulate matter: Traffic- and cooking-related organic aerosol and three fractions 898 

representing organic aerosol of different ages and mixtures of sources. In winter six factors 899 

describe best the organic aerosol: Hydrocarbon-like organic aerosol related to cooking and 900 

traffic activities, respectively, organic aerosol related to biomass burning with two different 901 

oxidation levels and two factors associated with more oxidized mixtures of organic aerosol.  902 

Based on fresh pollution marker concentration changes and prevailing wind direction in 903 

combination with re-analysis pollutant maps (simulations with the chemistry-transport model) 904 

the emission plume was identified in the measurement data. This classification allowed a 905 

quantitative characterization of emission plume versus background air mass characteristics. 906 

During both seasons the emission plume was represented by a clear increase in fresh pollutant 907 

concentrations (e.g. increase in black carbon concentration of 100 % (+ 0.5 µg m
-3

) in 908 

summer and 63 % (+ 1.0 µg m
-3

) in winter). No similar increase was observed for 909 

concentrations of secondary pollutants such as particulate sulfate (in both seasons). In winter 910 

higher local and transported air pollution levels were measured than during summer due to 911 

increased emissions, less vertical dispersion, more continental conditions and enhanced 912 

partitioning into the aerosol phase (especially for particulate nitrate). The sub-micron aerosol 913 

particle composition was found to be influenced mainly by air mass origin and megacity 914 

contribution. The megacity mainly contributed fresh organic aerosol and black carbon to the 915 
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aerosol. This additional organic particulate matter is related to cooking and traffic activities in 916 

summer, while in winter additionally biomass burning is an important source. While the 917 

measurements presented here confirm those at the fixed sites (Crippa et al., 2013; Freutel et 918 

al., 2013), they have the advantage of covering a larger measurement area with less permanent 919 

influence of local pollution (von der Weiden-Reinmüller et al., 2014). This is in particular the 920 

case for cooking-related organic aerosols which could be impacted by local activities 921 

especially at the urban measurement site.  922 

Particle number size distributions in plume air masses show on the one hand additional 923 

freshly produced particles and on the other hand particle growth over a wide size range. 924 

Further analysis revealed that fresh pollution was rather homogeneously distributed in the 925 

emission plume. The cross sectional profile of the plume is typically Gaussian-like while the 926 

axial decrease of fresh pollution concentrations shows an exponential shape. On ground-level 927 

the emission plume could be detected up to 50 km from the city center. This value 928 

corresponds to a lower limit of the actual plume extension. The range of the detected emission 929 

plume was mainly determined by dilution processes. Exemplary model results confirmed the 930 

Gaussian profile but partially showed deviating center direction and width of the plume. Also 931 

dilution processes in the simulated plume seemed to occur much slower / weaker in the model 932 

than reflected in our measurements. However, a detailed model evaluation including more 933 

than a few “snapshots” is beyond the scope of this publication. The combination of MoLa 934 

stationary measurement data sets with results from a fixed suburban measurement location 935 

showed significant organic aerosol aging during summer. In winter this transformation 936 

seemed to occur more slowly due to the different environmental conditions. 937 

Our analysis results add interesting new aspects about near ground emission plume 938 

characteristics, extending the knowledge so far obtained by research aircraft, ship and 939 

stationary measurements as well as model studies. The large amount of valuable data obtained 940 

with the MoLa measurements allowed a quantification of properties of the Paris megacity 941 

emission plume. 942 
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Table 1. Summary of measurement devices – including measured variable and measurement principle – deployed in the mobile laboratory 1202 

MoLa during the MEGAPOLI summer and winter field campaigns. A table with more information on each of the instruments operated within 1203 

MoLa can be found in von der Weiden-Reinmüller et al., 2014.  1204 

Measured variable Measurement device Measurement principle 

Size-resolved aerosol chemical composition HR-ToF-AMS Mass spectrometry 

Black carbon mass concentration MAAP Light absorption 

PAH mass concentration PAS Photoionization of particle-bound PAHs 

Particle number concentration CPC Condensational growth and detection by light scattering 

Particle size distribution FMPS Electrical mobility 

Particle size distribution APS Aerodynamic sizing 

Particle size distribution OPC Light scattering intensity 

O3, SO2, CO, NO, NO2 mixing ratio Airpointer UV photometry, UV fluorescence, IR absorption, 

chemiluminescence,  

CO2, H2O mixing ratio LI-840 IR absorption 

Wind speed, wind direction, temperature, 

precipitation, pressure, relative humidity 

Meteorological Station Common methods 
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Vehicle location and speed GPS N/A 

Driver´s view through windshield Webcam  N/A 

  1205 
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Table 2. Contribution of the Paris emission plume to CO2, SO2, NOx, O3, particle number concentration (> 2.5 nm), sub-micron black carbon, 1206 

particle-bound PAH, particulate ammonium, nitrate, sulfate, chloride, PM1, HOA and LV-OOA mass concentrations and O/C ratio. The 1207 

values were calculated as the difference of the plume and background concentration levels; the percentage change is related to the background 1208 

concentrations, which are also listed including the respective standard deviation of the average values. The uncertainty of the plume 1209 

contribution was calculated from the standard deviations of the average plume and background values. The PM1 mass concentration was 1210 

calculated as the sum of the AMS total mass concentration (sum of organics, sulfate, nitrate, ammonium, and chloride) and the black carbon 1211 

mass concentration. 1212 

Measured variable Plume contribution 

summer 

Plume contribution 

winter 

Background 

summer 

Background 

winter 

 absolute relative absolute relative   

CO2 + 3.0 ± 0.1 ppmV  + 1 % + 9.8 ± 0.2 ppmV  + 3 % 378.0 ± 0.1 ppmV 400.8 ± 0.1 ppmV 

SO2 < 0.1 ppbV  + 1.6 ± 0.2 ppbV  + 200 % 0.2 ± 0.0 ppbV 0.8 ± 0.0 ppbV 

NOx + 2.1 ± 0.2 ppbV + 58 % + 26.5 ± 0.6 ppbV + 179 % 3.6 ± 0.2 ppbV 14.8 ± 0.3 ppbV 

O3 + 0.8 ± 0.3 ppbV  + 2 % - 10.5 ± 0.3 ppbV  - 43 % 38.3 ± 0.2 ppbV 25.1 ± 0.2 ppbV 

particle number 

concentration 

+ 5400 ± 400 cm
-3

 + 35 % + 11300 ± 800 cm
-3

  + 101 % 15300 ± 300 cm
-3

 11200 ± 700 cm
-3

 

black carbon + 0.5 ± 0.0 µg m
-3

  + 100 % + 1.0 ± 0.0 µg m
-3

 + 63 % 0.5 ± 0.0 µg m
-3

 1.6 ± 0.0 µg m
-3
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PAH + 8.8 ± 0.5 ng m
-3

   + 191 % + 18.1 ± 0.8 ng m
-3

 + 131 % 4.6 ± 0.2 ng m
-3

 13.8 ± 0.5 ng m
-3

 

ammonium < 0.1 µg m
-3

  < 0.1 µg m
-3

  0.4 ± 0.0 µg m
-3

 2.7 ± 0.0 µg m
-3

 

nitrate + 0.1 ± 0.0 µg m
-3

  + 50 % + 0.4 ± 0.1 µg m
-3

  + 7 % 0.2 ± 0.0 µg m
-3

 5.4 ± 0.1 µg m
-3

 

sulfate + 0.1 ± 0.0 µg m
-3

 + 8 % - 0.4 ± 0.1 µg m
-3

  - 8 % 1.2 ± 0.0 µg m
-3

 4.9 ± 0.1 µg m
-3

 

chloride < 0.1 µg m
-3

  + 0.1 ± 0.0 µg m
-3

  + 50 % < 0.1 µg m
-3

 0.2 ± 0.0 µg m
-3

 

PM1 + 1.3 ± 0.1 µg m
-3

  + 31 % + 2.2 ± 0.3 µg m
-3

  + 10 % 4.2 ± 0.0 µg m
-3

 21.6 ± 0.2 µg m
-3

 

HOA + 0.1 ± 0.0 µg m
-3

  + 50 % + 0.4 ± 0.0 µg m
-3

  + 133 % 0.2 ± 0.0 µg m
-3

 0.3 ± 0.0 µg m
-3

 

LV-OOA + 0.3 ± 0.0 µg m
-3

   + 27 % - 0.3 ± 0.0 µg m
-3

  - 13 % 1.1 ± 0.0 µg m
-3

 2.3 ± 0.0 µg m
-3

 

O/C ratio - 0.05 ± 0.00  - 14 % - 0.08 ± 0.00  - 17 % 0.37 ± 0.00 0.47 ± 0.00 

 1213 
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Table 3. Coefficients of determination R² from the comparison of the “increase mass 1214 

spectrum” and the “decrease mass spectrum” with the PMF factor mass spectra of the 5 factor 1215 

solution (summer) and the 6 factor solution (winter). For this comparison only the m/z ≤ 100 1216 

were considered.  1217 

R² Increase Decrease 

summer (27 July 2009): 

HOA < 0.1 0.5 

COA < 0.1 0.4 

SV-OOA2 < 0.1 0.5 

SV-OOA1 < 0.1 0.5 

LV-OOA 0.8 < 0.1 

winter (27 January 2010): 

HOA 0.3 < 0.1 

COA < 0.1 0.2 

BBOA2 0.4 < 0.1 

BBOA1 0.1 0.3 

SV-OOA 0.2 < 0.1 

LV-OOA 0.1 < 0.1 

  1218 
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 1219 

 1220 

Figure 1. (a) Measured concentrations of fresh pollution markers (NOx – dots, black carbon – 1221 

stars, HOA – diamonds, CO2 – circles with crosses) versus covered angle related to the Paris 1222 

center. The presented data were measured on 28 January 2010 during a cross section through 1223 

the Paris emission plume, which was advected in South-Eastern direction during this day. The 1224 

range between the two dashed vertical lines indicates plume air masses (“P”). Background air 1225 

masses are labelled with “B”. (b) Data of the same markers for fresh pollution as in (a) versus 1226 

distance to the Paris center. These data were recorded during a quasi-Lagrangian axial 1227 

measurement trip on 13 July 2009. The Paris emission plume was advected in North-Eastern 1228 

direction. The range left of the dashed vertical line indicates the emission plume (“P”), while 1229 

that to the right of it marks background air masses (“B”). The time resolution of all data is 1 1230 

min.  1231 
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 1232 

 1233 

Figure 2. Mean values for background (B) and emission plume (P) air masses averaged for all 1234 

measurements of the complete summer (S, dark grey filling) and winter (W, light grey filling) 1235 

field campaigns for CO2, NOx, O3, SO2, particle number concentration (> 2.5 nm), PM1 1236 

(calculated from AMS total plus black carbon mass concentration), black carbon, particle-1237 

bound PAH, sub-micron particulate sulfate, nitrate, ammonium, chloride, HOA, and LV-OOA 1238 

mass concentrations and O/C ratio. The data are presented as box-whisker-plots with 10 %, 25 1239 

%, 50 % (median), 75 % and 90 % percentiles. Additionally, the mean values are depicted as 1240 

black dots.  1241 
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 1242 

 1243 

Figure 3. Mean sub-micron aerosol particle chemical composition for background (B) and 1244 

emission plume (P) air masses averaged for all measurements of the complete summer and 1245 

winter campaigns, consisting of black carbon (black), particulate organics (green), nitrate 1246 

(blue), sulfate (red), ammonium (orange) and chloride (pink). Also shown is the average 1247 

particulate organic matter fractionation during both campaigns. During summer the 1248 

composition of the organic aerosol is best described by the 5 factor PMF solution: HOA 1249 

(purple), COA (pink), SV-OOA2 (green), SV-OOA1 (light blue) and LV-OOA (dark blue). 1250 

During winter the best description is the 6 factor solution: HOA (light purple), COA (pink), 1251 

BBOA2 (light brown), BBOA1 (dark brown), SV-OOA (light blue), and LV-OOA (dark 1252 

blue). The concentration values of the composition of the Paris emission plume were 1253 

calculated as the difference of the plume and background concentration levels. Negative 1254 
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values (e.g. due to on average less sulfate concentrations in plume compared to background 1255 

air masses in winter) are set to 0 for this calculation.  1256 
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 1257 

 1258 

Figure 4. Averaged summer and winter particle number size distributions (dN dlogDp
-1

) 1259 

measured by the FMPS instrument. The solid gray line indicates the average size distribution 1260 

of background air masses while the dotted black line represents the average particle 1261 

distribution of the emission plume, respectively. The gray shaded area indicates the plume 1262 

contribution as the resulting difference. The error bars represent the standard deviation of the 1263 

average values.  1264 
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 1265 

 1266 

Figure 5. (a) Measured NOx (black dots, left axis) and CO2 (blue stars, left axis) and modelled 1267 

NOx mixing ratios (black circles with crosses, right axis) versus the covered angle related to 1268 

Paris of a cross section through the emission plume on 16 January 2010. The cross sectional 1269 

route was in a distance of about 70 km from the city center. The respective Gaussian fits of 1270 

the presented data are depicted as solid (for the modelled data) and dashed lines (measured 1271 
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data). (b) Measured HOA mass concentrations (black dots) and CO2 mixing ratios (blue stars) 1272 

and modelled primary organic matter mass concentrations (black circles with crosses) versus 1273 

distance to Paris center from a quasi-Lagrangian axial measurement on 01 July 2009. The 1274 

respective exponential fits of the presented data are depicted as solid (modelled) and dashed 1275 

lines (measured data). The time resolution of all data is 1 min. 1276 


