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Abstract

For the investigation of megacity emission plume characteristics mobile aerosol and trace gas
measurements were carried out in the greater Paris region in July 2009 and January / February
2010 within the EU FP7 MEGAPOLI project. The deployed instruments measured physical
and chemical properties of sub-micron aerosol particles, gas phase constituents of relevance
for urban air pollution studies and meteorological parameters. The emission plume was
identified based on fresh pollutant (e.g. particle-bound polycyclic aromatic hydrocarbons,
black carbon, CO, and NO) concentration changes in combination with wind direction data.
The classification into megacity influenced and background air masses allowed a
characterization of the emission plume during summer and winter environmental conditions.
On average, a clear increase of fresh pollutant concentrations in plume compared to
background air masses was found for both seasons. For example, an average increase of 190

% (+ 8.8 ng m™) in summer and of 130 % (+ 18.1 ng m™) in winter was found for particle-
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bound polycyclic aromatic hydrocarbons in plume air masses. The aerosol particle size
distribution in plume air masses was influenced by nucleation and growth due to coagulation
and condensation in summer, while in winter only the latter process (i.e. particle growth)
seemed to be initiated by urban pollution. The observed distribution of fresh pollutants in the
emission plume — its cross sectional Gaussian-like profile and the exponential decrease of
pollutant concentrations with increasing distance to the megacity — are in agreement with
model results. Differences between model and measurements were found for plume center
location, plume width and axial plume extent. In general, dilution was identified as the
dominant process determining the axial variations within the Paris emission plume. For in-
depth analysis of transformation processes occurring in the advected plume, simultaneous
measurements at a suburban measurement site and a stationary site outside the metropolitan
area using the mobile laboratory have proven to be most useful. Organic aerosol oxidation
was observed in summer, while in winter transformation processes seemed to occur at a

slower rate.

1 Introduction

The number of people living on this planet is steadily growing. In 2011 the 7 billion mark was
exceeded (United Nations, 2013) and a continuous increase is projected for the next decades
(Stiftung Weltbevolkerung, 2013). Since the 19" century the global phenomenon of
urbanization can be observed. In 2008 more than 50 % of the world population lived in urban
agglomerations and this percentage is still increasing (United Nations, 2012). Worldwide the
number of so-called megacities, defined by 10 million and more inhabitants (Molina and
Molina, 2004), rose from 2 in 1970 to 23 in 2011 and is expected to reach a number of 37 in
2025 (United Nations, 2012). These intense hot-spots of human activities come along with
major challenges like urban planning, transportation, industrial development and urban
pollution. Questions concerning the influence of urban areas on local, regional and global air
quality with its impacts on human health, flora and fauna as well as atmospheric chemistry
and climate are heavily discussed in the scientific community (e.g. Fenger, 1999; Akimoto,
2003; Crutzen, 2004; Molina and Molina, 2004; Gurjar and Lelieveld, 2005; Fenger, 2009;
Parrish and Zhu, 2009; Kunkel et al., 2012).

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

Global Atmospheric POLIlution and climate effects, and Integrated tools for assessment and
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mitigation; Baklanov et al., 2010) involved two intensive field campaigns in summer 2009
and winter 2010 in the mid-latitude European megacity Paris, in order to characterize air
pollution in and around such a large agglomeration and to investigate megacity emission
evolution. The measurements at fixed ground-based sites and from research aircraft and
mobile laboratories were complemented with satellite observations and local, regional and
global modelling (Beekmann et al., 2014). State-of-the-art instrumentation, like ensemble and
single particle aerosol mass spectrometers (Gard et al., 1997; Drewnick et al., 2005; DeCarlo
et al., 2006; Brands et al., 2011) and proton-transfer-reaction mass spectrometers (de Gouw
and Warneke, 2007), for the measurement of aerosol particle and trace gas loadings of the
atmosphere were deployed for highly time-resolved analysis of the atmospheric composition.

Stationary measurements at different locations within the city (Crippa et al., 2013; Freutel et
al., 2013) were mainly used to characterize the urban atmosphere in terms of source
identification and impact of the city onto the air quality within the agglomeration. Contrary,
here we focus on the characterization of the megacity emission plume downwind of the
agglomeration and transformation processes within this plume during transport away from the
source, including a discussion of meteorological influence observed during summer and
winter conditions. For the investigation mobile and stationary measurement results from the
mobile laboratory MolLa (Drewnick et al., 2012) were used, partially in combination with
stationary measurements at a suburban measurement site (Freutel et al., 2013) and with
modelling results (Zhang et al., 2013). Urban emission plumes have been investigated in the
field so far mainly by high-altitude research aircraft measurements (e.g. Nunnermacker et al.,
1998; Brock et al., 2003; Guttikunda et al., 2005; Brock et al., 2008; Bahreini et al., 2009), by
deploying research vessels (e.g. de Gouw et al., 2008) and fixed measurement stations (e.g.
Roldin et al., 2011; Slowik et al., 2011). The measurement data obtained by the mobile
aerosol research laboratory MoLa provide new information about near ground properties of a
megacity emission plume and the large amount of data helps to quantify these properties. In
the methodical part of this work the emphasis is on the retrieval of positive matrix
factorization results from on-line mass spectrometric measurements of sub-micron aerosol
chemical composition. In the following, the emission plume and background air mass
pollutant concentrations are compared and typical characteristics of the plume are described.
In addition, the spatial distribution of pollutants within the plume is investigated and

transformation processes occurring in the emission plume are analyzed.
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2 Methodology: Measurements and data analysis

2.1 MEGAPOLI project and field campaigns

MEGAPOLI project: The European Union FP7 MEGAPOLI project (Baklanov et al., 2010;
MEGAPOLI Data Base, 2013) combines theoretical and experimental approaches to
investigate the influence of megacities on air quality as air pollution hot-spots. The two major
field campaigns are focused on the post-industrial mid-latitude megacity Paris, one of the
largest metropolitan areas in Europe with a population of around 11 million inhabitants
(United Nations, 2012). The dense urbanized area is concentrated on a limited almost circular
space with about 40 km diameter and is surrounded by rural areas with very little local
emissions. The terrain is flat and regional atmospheric conditions are mainly driven by

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

Field campaigns: The summer field campaign took place from 01 July to 31 July 2009 and
the winter measurements from 15 January to 15 February 2010. Several fixed measurement
sites were distributed over the Paris metropolitan area measuring urban and suburban air
pollution. Research aircraft and mobile ground-based measurements additionally covered the
surrounding rural areas to investigate the advected emission plume as well as background air
masses. An overview of results based on data from the fixed measurement sites can be found,
e.g., in Healy et al. (2011), Dolgorouky et al. (2012), Michoud et al. (2012), Beekmann et al.
(2014), Crippa et al. (2013) and Freutel et al. (2013). An introduction to the applied mobile
ground-based measurements and the methods used for their exploitation is provided in von
der Weiden-Reinmller et al. (2014).

The fixed-site measurements were focused on the aerosol and trace gas characterization of
urban air pollution in comparison to long-range transported background air pollution and on
source apportionment of organic aerosol within the megacity. In contrast, the mobile
measurements presented here were mainly applied to investigate the emission plume and to

provide “real” background measurements.

In the next section the mobile laboratory MolLa is briefly introduced. The adopted
measurement strategies are described in Sect. 2.3. During the MEGAPOLI field campaigns
MoLa was based at a suburban measurement site in the North-East of Paris (see Fig. 1 in the

supplement) and carried out several intercomparison measurements for quality assurance at all

4



124
125

126

127
128
129
130
131
132
133

134
135

136

137
138

139

140

141

142

143

144

145

146

147
148
149
150

major measurement sites. Results from these intercomparisons can be found in Freutel et al.
(2013) and von der Weiden-Reinmiller et al. (2014).

2.2 Mobile laboratory “MoLa”

The Mobile Laboratory “MolLa” developed by the Max Planck Institute for Chemistry in
Mainz consists of a regular Ford Transit delivery vehicle as platform with a fully equipped
mobile aerosol and trace gas laboratory. The aerosol inlet system was optimized and
characterized for minimum particle losses and sampling artefacts using the software tool
Particle Loss Calculator (von der Weiden et al., 2009). An extensive description of MoLa
including technical features, inlet system characterization and instrumental equipment is

presented in Drewnick et al. (2012).

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

instrumentation for the investigation of
(1) aerosol particle chemical composition in the PM; size range, in particular

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

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

- black carbon,

- total particle-bound polycyclic aromatic hydrocarbons (PAHS),
(2) aerosol particle total number concentration and size distribution by

- electrical mobility (5.6 nm — 560 nm),

- aerodynamic sizing (0.5 pm — 20 pm),

- light scattering (0.25 pm — 32 pum), and
(3) atmospheric trace gases, in particular

- 03, SOz, NO, NO,, CO, and COs..

Additionally, meteorological parameters as well as the GPS vehicle position were logged and
events in the surrounding were filmed using a webcam. Table 1 summarizes the instruments
used for the measurements presented in this study. In von der Weiden-Reinmiller et al.

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

properties.

2.3 Measurement strategies
Using MoLa, measurements can be carried out stationary or while driving.

Stationary measurements: Stationary measurements were performed with MolLa on 15
occasions during summer and 10 times during winter. Each of these individual measurement
periods lasted several hours. The chosen measurement locations (see Fig. S1 in the
supplement) either were selected to be influenced by air masses that passed the Paris
metropolitan area, thus allowing to collect fresh urban emissions (i.e. downwind of Paris), or
by long-range transported background air masses (e.g. upwind of Paris). The first option gives
insight into temporal variations of the Paris emission plume and the second one provides
information on the levels and variability of the “real” background air pollution burden. In a
few cases it was possible to take advantage of a distinct wind shift during the day, allowing
direct comparison of background and emission plume air pollution from a single stationary

measurement.

Mobile measurements: Mobile measurements (for an overview map see Fig. S1 in the
supplement) were performed both as cross sections through the emission plume (6 in summer,
17 in winter) and as quasi-Lagrangian axial measurements inside the plume while it travels
away from the city (3 in summer and 3 in winter). Cross section measurements cover one or
several segments around Paris with nearly constant distance to the border of the
agglomeration. They usually start in air masses not influenced by Paris emissions, then cross
the emission plume and end again in background air masses. With this strategy a
quantification of the influence of Paris’ emissions on local / regional air quality is possible
and a detailed picture of spatial plume shape and homogeneity is provided. Quasi-Lagrangian
axial measurements start at the border of the agglomeration and follow (ideally) the same air
parcel while it travels axially away from Paris. This measurement strategy allows
investigation of physical (e.g. particle formation and growth) and chemical (e.g. oxidation of
particulate organic matter) transformation processes of the aerosol inside the urban plume. It
is also a suitable method for studying dilution processes with increasing distance to Paris.
Details of the various MolLa measurement approaches for the investigation of megacity

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

Data preparation for analysis of mobile measurements is complex because not only the
standard procedures like removal of outliers, application of calibrations, averaging on a
common time base and interpretation of intercomparison measurements have to be performed.
Additional labor has to be put in the removal of local pollution contamination from the data
sets (see Sect. 2.4.1) or assignment of measurement time to measurement location. Advanced
analysis of high resolution mass spectra (Aiken et al., 2007) or of organic aerosol by the
application of positive matrix factorization (Lanz et al., 2007; Ulbrich et al., 2009) are already
extensive for data sets with moderate changes of particulate organic matter concentration and
composition as encountered during stationary measurements. During mobile measurements
much more rapid variations of the aerosol particle characteristics are observed, resulting in
additional complexity in application of such analysis tools (see Sects. 2.4.2 and 2.4.3).

2.4.1 Removal of local contamination

Local pollution — from the point of view of a mobile measurement of the regional distribution
of air constituents — can be generated nearly everywhere by, e.g., vehicles in the vicinity of
the driving MolLa, lop fires, barbecue activities, smoking, households while heating and
cooking, bituminization works, or various industrial processes when driving by such facilities.
Generally, the emission characteristics of the phenomena under investigation (here: the Paris
emission plume) are not sufficiently different from those of local emitters. Local emissions
are frequently mixed into the plume air masses, such that an undisturbed measurement is not
possible. If we want to quantify the influence of Paris on local air quality or to investigate
transformation processes of Paris emissions, it is essential to remove such sporadic local
contamination as completely as possible from the measured data before further analysis.
Otherwise it is not possible to clearly distinguish between the Paris emission plume and local
contamination contribution, and the characterization of the urban plume would be

significantly biased.

Several methods for the removal of local pollution contamination were tested (Drewnick et
al., 2012). Finally, a “video analysis method” was applied to the MEGAPOLI mobile data
sets. Here the videos recorded by a webcam looking through the windshield during the mobile
trips were analyzed to identify time periods with potential local contamination. These time

periods were excluded from the mobile data sets. Further details about the applied removal
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procedure can be found in von der Weiden-Reinmuller et al. (2014). The analysis results
presented in this paper are based exclusively on the “decontaminated” data sets.

2.4.2 High-resolution mass spectra analysis

One advanced analysis method applied in this work is the analysis of high resolution mass
spectra using “Peak Integration by Key Analysis” (PIKA; ToF-AMS Analysis Software
Homepage, 2013). The algorithm implementing this method is generally applied for in-depth
analysis of high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) data.
While the standard AMS data analysis yields unit-mass resolution information only, PIKA is
used to obtain information on individual fragment ions from the high-resolution mass spectra.
In combination with APES (Analytical Procedure for Elemental Separation; ToF-AMS
Analysis Software Homepage, 2013) it is possible to quantify the overall contribution of
different elements (H, C, O, N, S) to the high-resolution AMS signals, enabling elemental
analysis with the HR-ToF-AMS.

Combining these tools the O/C ratio of the organic aerosol was calculated for the
MEGAPOLI data sets. Only the peaks up to m/z 100 were considered to ensure sufficient
resolution for separation of individual peaks. Since m/z larger than 100 contain only a
negligible fraction of the total mass (typically < 1 % of the total signal and about 5 % of the
organic signal during the MEGAPOLI MolLa summer and winter measurements), this is an
acceptable limitation. The O/C ratio is an important marker for the oxidation level and
therewith the age of the particulate organic matter (Aiken et al., 2007; Aiken et al., 2008). In
this study we used low O/C ratios as marker for fresh pollution in the Paris emission plume

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

2.4.3 Positive matrix factorization

The organic aerosol typically accounts for a large fraction of the ambient sub-micron
particulate matter (Andreae, 2009). It can consist of multiple organic components from
various sources, altered by atmospheric transformation processes (Jimenez et al., 2009). To
separate the total measured particulate organic matter into a certain number of sub-categories,
which are associated with either different sources of organic aerosol and / or certain oxidation
levels (~ age), “Positive Matrix Factorization” (PMF) was applied on the unit mass resolution
mass spectra of organic aerosol obtained from AMS measurements. PMF generates “factors”

without any a priori information, and the sum of their time series should represent most of the
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variation of the organic aerosol observed during the measurement. The number of factors is
not fixed; therefore, it is typically necessary to compare the PMF results to additional
measurement data to find a reasonable PMF solution with a certain number of factors
representing best the total organic aerosol. Details about the mathematical principle of PMF,
the applied PMF evaluation tool as well as details of application to ambient aerosol data can
be found in Paatero and Tapper (1994), Paatero (1997), Lanz et al. (2007), and Ulbrich et al.
(2009).

Uncertainties of PMF factors: While PMF calculates the optimum solution for each set of
input parameters, an uncertainty is introduced into the PMF solution by the fact that the user
can select several of these parameters arbitrarily and for some of these selections no objective
criterions are available. Here we calculate the uncertainties of the PMF factors from the
solutions obtained when varying the parameters “seed” and “fpeak”. The seed parameter
defines the start value of the mathematical procedure. By altering this parameter the
robustness and uniqueness of the solution can be explored. The fpeak value describes the
rotational freedom of the solution. Usually, an fpeak value of 0 is chosen if no strong
evidence against this selection can be found (Ulbrich et al., 2009). But all fpeak values around
0 are valid — as all seed values are valid — and so variation of these parameters provides
information about the uncertainty range of the obtained solution. For calculation of the
uncertainty of the factors’ mass spectra and time series the seed value was varied between 0
and 50 in steps of 1 (with fpeak = 0) and the fpeak value between -1.5 and 1.5 in steps of 0.1
(with seed = 0). The resulting 51 (for seed variation) and 31 (for fpeak variation) PMF factor
mass spectra and time series were used to estimate the uncertainty of each PMF factor by

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

In general, the uncertainty due to the fpeak variation is larger (2 to 32 % for the different
factors) than that due to the seed variation (< 1 to 7 %), regarding the 5 factor solution in
summer and the 3 factor solution in winter (see below) for the MoLa MEGAPOLI data set.
The 6 factor solution in winter (see below) shows higher uncertainties (8 to 52 % for seed
variation and 12 to 52 % for fpeak variation). This is likely due to the larger sensitivity of the
solution when separating one factor into two that have very similar properties (i.e. similar
mass spectra) but significant differences in source origin (i.e. in their time series). These PMF
uncertainties add to the usual uncertainty of about 30 % of ambient AMS data (Canagaratna et

al., 2007) when calculating absolute mass concentrations for the individual factors.
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Single data points with very high concentrations force the PMF algorithm to overemphasize
these single events. The PMF results will be dominated by these few data points and biased
results will be generated. The resulting solutions are possibly not well suitable to describe the
overall variation of the organic aerosol. Therefore, data points with intense peaks in the
organic time series, independent of the cause of these peaks, were removed before PMF was
applied. The criterion for a peak to be removed was arbitrarily chosen to be 50 pg m™ of total
organic aerosol concentration (occurring a few times during mobile measurements). This
threshold has nothing to do with local contamination events at the first place. Local pollution
contamination, as defined above, was not removed from the AMS data before PMF
application but afterwards from the resulting factor time series (after the PMF calculations

were finished).

The results of the investigation of PMF factor uncertainties can be summarized as follows:
The relative uncertainties of the AMS mass concentrations are significantly lower than those
of the absolute values and thus do not affect the significance of the results presented in this

work.

MEGAPOLI summer data: The number of PMF factors for the MoLa MEGAPOLI summer
data set was varied between 2 and 10, with the 3 to 6 factor solutions producing explainable
results that were examined in detail. The 3 factor solution consists of one factor describing a
more oxidized organic aerosol (Oxygenated Organic Aerosol, OOA) and two factors that are
both mainly a mixture of Hydrocarbon-like Organic Aerosol (HOA) and Cooking-related
Organic Aerosol (COA). Both factors have a lower m/z 44 (mainly CO,") to total organics
ratio (see supplement Sect. S1, Fig. S2), which is an approximate measure for the oxidation
stage and therewith the age of the organic aerosol (Aiken et al., 2008), than the OOA factor.
When adding one factor (4 factor solution) the HOA and COA become more clearly separated
from the other factors. The new fourth factor (Semi-Volatile Oxygenated Organic Aerosol,
SV-00A) is mainly a fresher (lower m/z 44 to total organics ratio) semi-volatile part split
from the OOA, the latter one consequently becoming more aged (oxidized) compared to the 3
factor solution (now called Low-Volatile Oxygenated Organic Aerosol, LV-OOA). The SV-
OOA factor also contains signatures of biomass burning organic aerosol. This 4 factor
solution was used for intercomparison purposes with the fixed measurement sites (Freutel et
al., 2013). Adding another factor (5 factor solution) changes the former HOA, COA and SV-
OOA (now called SV-OOAL) factors only slightly. The previous LV-OOA factor again splits

10
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into a more aged LV-OOA and another SV-OOA factor. From comparison to reference mass
spectra (see supplement Sect. S1) it seems that this new SV-OOA factor (called SV-O0A2) is
influenced by biogenic emissions that formed secondary organic aerosol. By adding one more
factor to achieve the 6 factor solution the LV-OOA becomes even more oxidized, while the
formerly HOA, COA, SV-OOA1 and SV-OOAZ2 factors change only slightly. The new sixth
factor again is a split-off of fresher organic aerosol from the former LV-OOA factor. It cannot
be attributed to a specific source or process and seems to be a mixture of organic aerosol with
medium volatility. We decided that the 5 factor solution provides the best view on the organic
aerosol during the MEGAPOLI summer campaign measured with MoLa. In summary, the
factors of the 5 factor solution are:

- HOA: fresh pollution marker, associated with traffic emissions

- COA: fresh pollution marker, associated with cooking emissions

- SVOOAL: medium aged pollution marker, associated with a mixture of various
sources including biomass burning

- SVOOA2: medium aged pollution marker, associated with a mixture of various
sources including biogenic emitters of precursor gases for secondary organic
aerosol

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

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

described in more detail.

MEGAPOLI winter data: For the MEGAPOLI winter data set also the 2 to 10 factor solutions
were calculated, while the 3 to 6 factor solutions were examined in detail. The 3 factor
solution consists of one factor related to biomass burning (Biomass Burning-related Organic
Aerosol, BBOA), another factor associated with hydrocarbon-like organic aerosol (HOA) and
one corresponding to the medium oxidized and aged fraction of the organic aerosol (OOA).
When increasing the number of factors by one (4 factor solution) the mass spectra of the
BBOA, HOA and OOA factors do not change significantly, but the new fourth factor appears
to be a meaningless splitting. It consists mainly of m/z 28 and 44, while m/z 44 was split from
the other three factors without any apparent physical reason. Due to this the 4 factor solution
is not regarded as useful for further analysis. For the 5 factor solution, again BBOA, HOA
and OOA do not change much and a new meaningful factor related with cooking emissions

(COA) appears, but the fifth factor again seems to be non-interpretable. Therefore, the 5
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factor solution is also not considered for further analysis. The 6 factor solution gives six
interpretable and reasonable factors. Here, each of the factors of the 3 factor solution splits
into two factors when looking at the 6 factor solution. The BBOA factor splits into a fresher
and a more aged BBOA fraction (indicated by lower / higher m/z 44 to total organics ratio, see
supplement Sect. S2, Fig. S3), the HOA factor splits into HOA related to traffic and HOA
associated with cooking activities (COA), and the OOA factor splits into a highly aged (LV-
OOA) and a less aged fraction (SV-OOA). We decided that the 6 factor solution provides the
best and most detailed view on the organic aerosol during the MEGAPOLI winter campaign.
In summary, the factors of the 6 factor solutions are:

- HOA: fresh pollution marker, associated with traffic emissions

- COA: fresh pollution marker, associated with cooking emissions

- BBOA1L: medium aged pollution marker, associated with aged biomass burning
emissions

- BBOAZ2: fresh pollution marker, associated with fresh biomass burning emissions

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

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

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

identification are described in more detail.

3 Characteristics of the emission plume

3.1 Emission plume identification

The Paris emission plume is generated by emissions from manifold pollution sources in the
Paris metropolitan area. These sources include — among many others — traffic, domestic
heating, cooking activities, industrial processes and building works. Therefore, the emission
plume is expected to have higher loadings of freshly emitted pollutants compared to
background air masses that already experienced aging processes like oxidation for several
hours to days and recently collected only small amounts of fresh pollution (e.g. from scattered
villages or highways). Since the background pollution burden can vary strongly with time
(e.g. depending on air mass origin or meteorological conditions), appropriate threshold values

need to be chosen from measurements performed in the same region and at a close time to
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discern plume and background air masses. To fulfill this requirement the mobile
measurement routes were chosen to cover a sufficiently large area so that both, Paris

influenced and not influenced air masses were measured during the same trip.
The identification of the emission plume was performed in several steps:

1. The expected direction of the emission plumes was determined from meteorological
forecasts and Prev’ Air pollution forecasts. Based on this information the measurement
route was chosen (for details see von der Weiden-Reinmdiller et al., 2014).

2. All data sets from all measured variables (validated, cleaned from local pollution
influence) were searched for fingerprints from the emission plume in the region where
approximately — according to pollution re-analysis maps (for details see von der
Weiden-Reinmuller et al., 2014) and meteorological data — the plume was expected.
This step was made without any preference for certain types of variables like
concentrations of fresh pollution markers.

3. The emission plume was identified by the combination of meteorological data,
pollution re-analysis maps and a simultaneous increase of concentration levels in

several measurement parameters.

In this process it turned out, that the emission plume was mainly visible in the data sets of
fresh pollution markers. Therefore, these data were finally used to determine the location of
the plume and of the background without plume influence. Only after this determination
average plume and background concentrations were calculated for all variables. So the

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

In the following, the procedures applied to identify time periods of plume and background
measurements in the data sets are exemplified for the different types of measurements

performed.

Mobile measurements: In Fig. 1 (a) concentrations of fresh pollution markers (NOy, black
carbon, HOA and CO,) plotted versus the corresponding covered angle relative to the Paris
center recorded during a cross section measurement in winter are shown. The time resolution
of the presented data is 1 min. Two different air masses can be identified in this data set:
Background air masses (B) and emission plume influenced air masses (P). The emission
plume was expected in the South-East direction of Paris, based on pollution re-analysis maps
and meteorological data. The emission plume can additionally be identified in the data by the
simultaneous increase of concentrations of fresh pollution markers (e.g. black carbon, HOA,
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CO, and NOy) compared to the average value and variability of the background levels. In the
presented cross section example clearly higher concentrations were found in the 115° to 150°
sector (between East to South direction) relative to Paris. For example, the average NOy
concentration between 115° and 150° is 83.2 (= 27.7) ppbV, while the average background
value in this measurement example is 37.1 (= 16.8) ppbV. Due to its intense and broad
structure this plume-related increase in the levels of fresh pollution markers can clearly be
separated from scattered pollution (e.g. NOx peak concentration of 95.9 ppbV around 160°)
that remained in the data set after contamination removal by video analysis. Compared to the
air masses identified as emission plume the background air masses show nearly no
considerable trend (increase or decrease in pollutant concentration) and have on average

clearly lower fresh pollutant concentrations.

In Fig. 1 (b) measured levels of the same variables serving as fresh pollution markers like in
(a) are plotted versus the associated distance to the Paris center, recorded during a quasi-
Lagrangian axial measurement in summer. On this day the emission plume was expected in
the North-East direction of Paris where the measurement was performed. The high pollution
concentrations near the city (up to about 50 km distance) are identified as the emission plume
(marked by the dotted vertical line and “P”), while air masses further away from Paris show
nearly constant background values (“B”) with only occasional local pollution influence. Since
in any cases the measurements started in the morning near Paris and the most distant point
was reached in the afternoon we assume that the slower decrease observed for the CO,
concentration is — at least to a certain degree — an artefact due to typical diurnal variations of

this trace gas.

Generally, an influence of diurnal variations on the measured pollutant levels especially
during axial measurements cannot be excluded. The measured pollutant levels are also
potentially influenced by missing the emission plume with increasing distance to the source
(Paris). However, we performed axial measurements only on days where a stable wind

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

Stationary measurements: Stationary measurement locations were chosen a priori to either be
influenced by Paris emissions or to allow the measurement of the atmospheric background
without any plume influence. Here, the critical parameter for the plume identification is
mainly the wind direction. MoLa recorded local wind direction and speed at about 7 m above

ground level. However, local winds can differ in direction and strength from the regional
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wind patterns due to small scale and surface layer effects. Since advection of the emission
plume is a regional phenomenon the measured wind data were used in combination with air
pollution re-analysis maps showing regional wind patterns. When measuring constantly in
emission plume or background air masses the variability of pollution concentration depends
mainly on changes of the emission rate of the Paris metropolitan area (e.g. morning rush
hour), meteorological parameters (e.g. rainfall events) and boundary layer effects (e.g.
breakup of the boundary layer in the morning). In these cases, low / high values cannot be
associated to background / plume conditions without ambiguity. However, during stationary
measurements with occurring wind direction shifts the emission plume can also be identified
on the basis of enhanced fresh pollution concentrations like during cross section

measurements.

Applying the described plume identification methods to all measurement data we classified
them into emission plume- and background-related. In summer about 2800 and in winter
about 3500 one-minute data points were classified as “background” (B); in summer about
4100 and in winter about 3200 one-minute data points were classified as “emission plume”
(P). Data points not clearly fitting into one of the categories (e.g. time periods during
stationary measurements with rapidly changing wind direction) were not considered in these
statistics. Results of this emission plume versus background air mass characterization are
presented in the following section. The MolLa measurements took place several tens of
kilometers outside the city; consequently, the average pollution concentrations in the emission

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

3.2 Emission plume versus background air mass characteristics

It was found that meteorology and air mass origin have nearly the same influence on both
categories (B and P) during both measurement campaigns. For example, the average boundary
layer height measured at the South-West suburban measurement site (Beekmann et al., 2014)
applying a LIDAR was during summer (B: 1615 (+ 13) m, P: 1616 (£ 9) m) and winter (B:
465 (= 4) m, P: 414 (= 5) m) approximately the same during the times when the emission
plume and background air masses were probed. Therefore, the observed differences between
emission plume and background characteristics are likely only marginally influenced by
average associated meteorology or air mass origin differences. Average values of several
measured variables for the two categories (background and emission plume) of the complete
summer (S) and winter (W) campaign are presented in Figs. 2, 3 and 4. These values describe
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the average air quality around Paris in the distances (several tens of kilometers) where the

measurements were carried out.

Pollutant concentrations: Figure 2 provides a direct comparison for mean pollutant
concentrations and their variation in background and plume air masses in summer and winter
for the fresh pollution markers CO,, NOy, Os, SO,, particle number concentration (> 2.5 nm),
PM;, black carbon, particle-bound PAH, chloride and HOA as well as the long-range
transport pollution markers particulate sulfate, nitrate, ammonium and LV-OOA.
Additionally, average O/C ratios in organic aerosol are shown as indicator for air masses
dominated by fresh pollution (low values) and aged pollution (high values). In Table 2 the
contribution of the Paris emission plume to the concentration levels of the average
background pollutant burden of the same parameters as shown in Fig. 2 are listed. The
concentration values of the plume contribution were calculated as the difference of the

average plume and background concentration levels.

Figure 2 and Table 2 clearly illustrate that emission plume air masses show higher fresh
pollutant concentrations compared to background air masses during summer as well as during
winter environmental conditions. For example, for black carbon concentrations an increase by
100 % (+ 0.5 pg m™) in summer and by 63 % (+ 1.0 pg m™) in winter was found when adding
Paris emissions to the air masses. HOA mass concentrations were on average increased by 50
% (+ 0.1 ug m®) in summer and 133 % (+ 0.4 pg m®) in winter. The average O/C ratios in
organic aerosol confirm that during both seasons the oxidation level of the organic aerosol in
emission plume air masses is significantly lower (much more than the uncertainty of the
values) than that in background air masses. Additionally, one can see from the average O/C
ratios that during winter the organic aerosol is on average more oxidized than during summer,
in plume as well as in background air masses. This could be explained by the fact that during
summer more fresh organic particulate matter is generated (e.g. from biogenic emissions) by
photochemical processes than in winter, favored by intense solar radiation. Additionally, the
O/C ratio of organic aerosol related to biomass burning is higher than the O/C ratio of organic
aerosol related to, e.g., traffic or cooking (see also Figs. S2 and S3 in the supplement). The
biomass burning-related fraction of the total organic aerosol is much higher in winter than in

summer (see Fig. 3).

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

179 % (+ 26.5 ppbV) in winter. The other measured fresh pollution markers showed a
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similarly clear enhancement in the emission plume. Only SO, concentrations experienced on
average no enhancement in plume air masses during summer. This can be explained by the
spatial source distribution of SO, emitters. Today, according to EU legislation fuel used in
vehicles contains only a very small amount of sulfur (Fuel Quality Monitoring, 2013). The
main SO, emitters are in summer industrial activities and ship emissions on the open ocean
(Corbett and Fischbeck, 1997; Diesch et al., 2012), so the SO, sources are scattered over the
country / sea instead of being concentrated in the city. In winter domestic heating leads to 200
% (+ 1.6 ppbV) higher SO, concentrations in the plume than in background air masses (Fig.2
and Table 2). The limit for the maximum sulfur content in fuel used for heating is higher than
for that used for cars (see European Union council directives 93/12/EEC and 1999/32/EC;
EUR-Lex, 2013). Since heating is in winter an important anthropogenic air pollution source,
the increased SO, mixing ratios in emission plume as well as background air masses in winter
compared to summer are explainable. The other fresh pollution components shown here are in
both seasons mostly emitted by sources distributed all over the Paris region (e.g. NOy). O3
mixing ratios were on average very similar in plume and background air masses in summer.
Ozone depletion near the city due to increased NO mixing ratios and photochemical ozone
production from urban precursor emissions seem to be balanced. In winter ozone production
is reduced due to reduced solar radiation and biogenic volatile organic compound (VOC)
emissions, so that on average 43 % (- 10.5 ppbV) lower O3 mixing ratios in plume compared

to background air masses were observed.

In contrast to the fresh pollution markers those for aged pollution show nearly no or even
opposite trends in concentration when comparing emission plume and atmospheric
background values. For example, the observed difference for particulate sulfate between both
categories (B and P) is negligible in summer and small (- 8 %) in winter. A similar finding of
largest sulfate concentrations often occurring outside the pollution plume is also obtained
from aircraft measurements with the ATR-42 aircraft during the summer campaign and was
attributed to large harbor-related and ship emissions at the Channel coast (Freney et al.,
2014). This difference is also negligible for ammonium in both seasons. For nitrate
concentrations, an increased value in the plume is observed during the summer campaign, but
absolute average values were small (< 0.3 pg m™). For the winter campaign the concentration
in the plume is slightly increased (+ 7 %), but for much larger background values. The
moderately increased (+ 27 %) average LV-OOA concentrations in the plume compared to

background air masses in summer could be caused by organic aerosol with a medium

17



532
533
534
535
536
537
538

539
540
541
542
543
544
545
546
o547

548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563

oxidation level included in the calculated LV-OOA fraction. During summer oxidation rates
can be very high (due to more intense solar radiation), so that some of the organic emissions
and VOCs originating from Paris can already be converted to medium oxidized aerosol at the
measurement location. However, these less aged organics seem to be on average a minor
fraction of the LV-OOA. In winter oxidation rates are lower so that nearly no organic aerosol
emitted in Paris ages to medium oxidized aerosol during these few hours of transport (see also
Sect. 3.4).

The day to day variability of long-range transported pollution can of course be very high in
Paris-influenced as well as in uninfluenced air masses of varying origin. However, due to the
large number of measurements being integrated in this statistical analysis, average
concentrations of long-range transported pollutants are expected to be almost similar in both
(plume and background) air mass types. In contrast to this, enhanced fresh pollutant
concentrations in air masses advected from Paris compared to background air masses are
predominantly caused by emitters located within the megacity. Thus, Paris has significant
influence on the air quality in the surrounding regions. How far the spatial influence of the

city reaches is discussed in Sect. 3.3.

Additionally, one can see in the presented data (Fig. 2, Table 2) that in general the
atmospheric pollution burden is higher during winter than during summer. For example,
particle-bound PAH mass concentrations were on average in background air masses during
winter (13.8 ng m™) three times higher than in background air masses during summer (4.6 ng
m™). Other pollution markers like black carbon and NO, also showed higher ambient
background concentration (around 200 % higher for black carbon and around 300 % higher
for NOy) during winter, compared to the summer values. This is potentially caused by
enhanced domestic heating but can also be influenced by reduced boundary layer heights in
winter, where emissions are accumulated in a thinner atmospheric layer than during summer,
and by slower removal processes (e.g. oxidation processes). The average boundary layer
height measured at the South-West suburban measurement site was during the summer
campaign around 970 (£ 30) m (average and standard deviation of the average) and during the
winter campaign around 360 (+ 6) m, in agreement with the observed increased pollutant
levels in winter. Additionally, comparatively more frequent continental advection (polluted
air masses) occurred during the winter field campaign and more marine advection (clean air

masses) during the one in summer (Beekmann et al.,, 2014). CO, concentrations are
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additionally enhanced during winter season due to the reduced photosynthesis by plants. The
fact that enhanced pollutant emission is not only a local issue can be seen by the much higher
long-range transported pollution concentrations measured by MoLa during the winter
campaign. For example, particulate sulfate concentrations were on average approximately 300
% higher than in summer (in background air masses). For certain species this is not only
caused by higher emission rates, but also gas-to-particle partitioning is an important factor.
High vapor pressure species like ammonium nitrate partition predominantly into the gas phase
during summer, but are found mainly in the particulate phase during winter. This explains the
large difference between summer and winter concentrations in the plume as well as
background air masses for these substances (e.g. 27 times higher concentrations of nitrate

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

Aerosol particle chemical composition: In Fig. 3 the average sub-micron aerosol particle
chemical composition (including black carbon, organics, nitrate, sulfate, ammonium and
chloride) and the average fractionation of the sub-micron organics (as retrieved by PMF
analysis) is presented for both, the background and the plume aerosol in summer and winter.
The presented concentration values of the composition of the Paris emission plume were
calculated as the difference of the plume and background concentration levels. Negative
values (e.g. due to on average lower sulfate concentrations in plume compared to background

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

During summer average background PM; mass concentrations were low with about 4.2 pg m°
% and the emission plume added about 31 % — mainly black carbon and fresh organic matter
(see Fig. 3) — to the background concentration (see Table 2). Thus, the aerosol in the emission
plume contained a higher fraction of black carbon (18 %) than the aerosol in background air
masses (11 %), causing the sulfate fraction (mostly long-range transported) to decrease from
27 % to 23 %. Particulate organic matter consists of fresh and aged material. Its relative
fraction of the total aerosol mass is nearly constant in both air masses, because the enhanced
mass concentrations of fresh organics in the emission plume balance the enhanced black
carbon concentrations in the plume. During summer ammonium and especially nitrate account

only for a small part of the PM; mass.

During winter average PM; mass concentrations are five times higher than in summer and the
emission plume adds on average about 10 % to the background concentration (see Table 2).

The averaged aerosol composition shows again a slightly increased fraction of black carbon
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(+ 4 %) and organic matter (+ 2 %) in the emission plume, but the differences between plume
and background compositions are moderate. The larger fraction of nitrate in winter is

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

The calculated composition of the emission plume without the background contribution
shows that in summer the additional organics in plume air masses are to one-third traffic-
(HOA, 12 %) and cooking-related (COA, 23 %). Biomass burning-related organics (e.g. from
barbecue fires, lop fires) contributes to the emission plume with a fraction of 6 % (SV-OOAL,
which has some biomass burning signatures). However, due to the moderate temperatures in
summer, domestic heating is not a major source of organic aerosol, other than in winter. SV-
OOAZ2 also contributes to the emission plume with about 28 %. Because this factor represents
a mixture of medium aged organic aerosol from various sources, including anthropogenic
emitters over the greater Paris region, the observed enhancement in the emission plume is
expected. Additionally, plume air masses were preferentially probed when the emission
plume was transported to the North-East of Paris. Air masses coming from the South-West
direction crossed an extended forested area in the South-West of Paris (see Sect. 2.4.3 and
von der Weiden-Reinmiller et al., 2014) before reaching the city and the measurement
location. Therefore, biogenic secondary organic aerosol may also contribute to the plume air
masses in summer. The LV-OOA fraction of the total PM; mass decreases in plume air
masses due to the increase of fresh particulate matter concentrations associated with urban
emissions. The contribution of LV-OOA to the Paris emissions is about 30 %. This can be
explained either by changes of long-range transported air mass origin (see also Fig. 2) and / or
by rapid oxidation and aging of the organic aerosol and VOCs emitted in Paris (see also Sect.
3.4). The latter point would imply that the contribution of fresh organic aerosol sources to the

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

During winter plume compared to background air masses also contained clearly more organic
matter originating from traffic, cooking and biomass burning. Consequently, the medium aged
(SV-0OO0A) and strongly aged organic aerosol fraction (LV-OOA), which was not enhanced in
the plume, decreases the most (- 8 % for both). During winter fresh Paris emissions seem not
to be oxidized to highly aged LV-OOA as fast as in summer. In the emission plume
approximately 46 % of the organic aerosol is less oxidized, while in background air masses
the fresh fraction only makes about 31 %. While in background air masses the sum of traffic-

and cooking-related organics equals the biomass burning fraction, in plume air masses traffic
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and cooking are the more important sources. The additional organic matter in the emission
plume (+ 2.2 pg m?, see Table 2) consists by two-thirds of organics associated with traffic
and cooking, while one-third is associated with biomass burning. This can be explained by
strong traffic and cooking activities in Paris. Domestic heating will probably only partly be
based on residential biomass burning (e.g. favoring district heating) in the city. In rural areas

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

Particle number size distributions: In Fig. 4 averaged particle number size distributions for
emission plume and background air masses during summer and winter are presented. These
data were measured by the FMPS (Fast Mobility Particle Sizer) instrument (size range 5.6 to
560 nm). Again, the particle size distributions were calculated as average values for the two
categories “background” (B) and “emission plume” (P) as described in Sect. 3.1., analog to
the average pollution concentrations shown in Figs. 2 and 3. The contribution of the Paris
emission plume (on top of the average background particle size distribution) is depicted as
gray shaded area. In summer the background aerosol shows mainly one broad particle number
distribution mode between a few nm and 200 nm. This size distribution describes a mixture of
small freshly emitted or recently nucleated particles and grown particles (due to condensation
and accumulation processes) of different individual sizes. Paris emissions add on the one hand
freshly produced particles that grow in size while the emission plume is transported away
from the city. These particles form a distinct additional mode in the emission plume size
distribution around 30 nm. On the other hand also volatile organic components are emitted in
the megacity, which become oxidized during emission plume advection. Under suitable
environmental conditions these oxidation products can form new particles that likely cause
the additional mode around 10 nm in the emission plume size distribution. Additionally, these
substances can condense onto existing particles and increase their size. This is possibly one
reason why the complete emission plume size distribution shows higher concentrations than

the background distribution.

During winter the emission plume as well as the background size distribution show a distinct
mode around 10 nm with similar particle number concentrations. This shows that new particle
formation and emission of small particles seem to occur independently of megacity emissions
in the area covered by the measurements. The large error bars especially of the background
distribution indicate that there was a large temporal and spatial variation in the occurrence of

small aerosol particles. In addition, the particle mode around 10 nm might be affected by
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artefacts due to the inversion algorithm used for this instrument (A. Wiedensohler, personal
communication, 2012). Paris emissions only contribute to the accumulation mode between 20
and 200 nm in these measurements at some distance to the metropolitan area. Here the
increase in number concentration is very strong. When comparing background and plume
total particle number concentrations calculated from the FMPS data, in winter the megacity
emissions caused on average an increase of 8000 particles per cm® in plume air masses several
ten kilometers away from the city. Consistently, the CPC data (number concentration for
particles > 2.5 nm) showed an average increase of 11300 particles per cm? in plume compared
to background air masses in winter (see Table 2). These particles were likely mainly emitted
in the metropolitan area and grew rapidly into the accumulation mode due to low
temperatures and high concentrations of condensable material. Increased emissions play a

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

In summary, it can be stated that the emission plume is in general characterized by clearly
enhanced concentrations of fresh pollution markers. Traffic and cooking activities seem to be
the major sources in summer, while in winter domestic heating additionally appears as a
strong source. This fresh pollution adds to the transported background pollution. In summer
the megacity emission plume is characterized by aerosol particles in the nucleation as well as
accumulation mode size range, while in winter additional particles could only be observed in
the accumulation mode. In general, air quality downwind of Paris seems to be better during
summer, mainly because the background pollution is significantly lower compared to the

winter.

3.3 Homogeneity and spatial distribution of pollutants in the emission plume

Cross section measurements give insight into dilution processes at the border of the plume
and the plume width while axial trips allow an approximation of its spatial extent downwind
of the source. Both measurement types also provide data to investigate how homogeneously
the fresh emissions are mixed into the plume air masses. For this type of analysis the
measured data were investigated in combination with simulations of the plume. These air
quality simulations are based on the CHIMERE model and have a spatial resolution of 3 km x
3 km (Zhang et al., 2013). For suitable measurement trips with distinct emission plumes
modelled distributions of primary organic matter and NOy were temporally and spatially
interpolated for the respective measurement route. Thus, two data sets could be compared:
The actually measured time series of these two fresh pollution markers along the
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measurement track and the corresponding modelled time series showing where the emission

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

Cross section: In Fig. 5 (a) as an example measured and modelled NOy concentrations versus
the covered angle in relation to the Paris center of a cross section measurement during the
winter campaign are presented. Both measured and modelled data sets show a clear
enhancement in pollutant concentrations when crossing the plume in the North-West of Paris.
Gaussian fits to the data sets show good agreement and seem to be a suitable way to describe
the plume’s cross sectional distribution. This result is consistent with classical plume theory
(Seinfeld and Pandis, 2006; Hunt and van den Bremer, 2011) and was also confirmed for
Paris for ozone plumes on several occasions (Beekmann and Derognat, 2003). Apparently,
turbulent dilution processes occur simultaneously and homogeneously at both sides of the
plume, because the flat terrain around Paris favors uniform regional wind patterns. However,
there are several significant differences between the measured and modelled emission plume.
The apex of the Gaussian fit (and therewith the direction of the center of the emission plume)
is shifted between the measured and modelled data (+ 13° related to the measured plume peak
in this example). In addition, the width of the modelled plume is approximately twice as large
as the width of the measured one. When comparing the absolute NOx concentrations the
measured concentrations are about three times larger than the modelled ones. These
discrepancies can on the one hand be explained by different dilution rates and the purely
regional-scale meteorology used in the model that does not include smaller scale processes. In
the model, horizontal diffusion is not explicitly taken into account, but this is partly
compensated by numerical diffusion in the advection scheme (Menut et al., 2013). In
addition, plume dilution occurs by vertical mixing and a vertical wind shear. This process is
taken into account, but the vertical model resolution is limited (six levels in the first two
kilometers). On the other hand the actual NOy emissions within the city on this day could be
much higher than those assumed in the model. Additionally, the distribution of emissions
could lead to too large emissions in the surrounding areas (through a spatial redistribution of
EMEP (European Monitoring and Evaluation Programme) emissions of 0.5° resolution with
respect to an urban land cover mask). However, systematic differences (widening, shifting,
plume intensity) between measured and modelled emission plume depending on wind shift,
wind speed and / or plume intensity were not observed when looking at all suitable cross

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

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

Axial extent: Figure 5 (b) shows modelled primary organic matter and measured HOA (as
approximation for primary organic matter) mass concentrations versus distance to the Paris
center of one axial quasi-Lagrangian measurement during the summer campaign. Both data
sets show decreasing pollutant concentrations with increasing distance to the metropolitan
area. While the modelled concentrations continue decreasing over the whole distance range,
the measured HOA values approach a constant background concentration of about 0.3 to 0.4
ng m* already much closer to the source. Both decreases can be well described with an
exponential fit, while the decrease rate is clearly larger for the measured HOA concentrations.
During the measurement trip the influence of the Paris emission plume was detected up to a
distance of about 50 km from the center of Paris, while it can be seen in the modelled data up
to at least 140 km. This large discrepancy could be caused by too small effective horizontal
dilution in the model (see above). The mixing of the emission plume with surrounding
background air masses seems to take place very quickly. Also the apparently low background
pollution concentrations in the modelled data bias the identification of the extent of the
emission plume. Such low background concentrations are also the reason, why during aircraft
measurements emission plumes can still be detected in much larger distances to the city. It
could also be possible that the measurement route more and more deviated from the center of
the plume with increasing distance to the city, so that decreasing pollution concentrations
were also caused by varying positions of MoLa in relation to the plume center. The presented
model data were interpolated to the driving route; however, as shown for the cross section
measurement, a potential shifting of the location of the plume center between model and
measurement cannot be excluded. Nevertheless, the analog exponential decrease in pollution
concentrations with increasing distance to the source is in agreement with theoretical

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

The presented structure of the plume can also be seen in other measured fresh pollution
markers like CO,, which is also presented in Figs. 5 (a) and (b). There is a good agreement
between the plume shape and spatial extent in the measured NO, CO, and HOA
concentrations. This gives further indication for a rather homogeneously mixed emission
plume since sources of the different pollution markers are likely not all homogeneously

distributed over the Paris area, but all fresh pollution markers show nearly the same
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homogeneous plume structure. Analysis of further measurements in addition to the two
presented examples carried out during both field campaigns confirm the described results for
the cross sectional and axial profile. However, deviations from the pure Gaussian plume
shape (e.g. double peaks, asymmetric shapes) and alternating axial plume extensions were
also observed, especially during more unstable weather conditions (e.g. changes of wind
direction during the time of emission and measurement) and days with strong wind (favoring
a fast axial transport of the plume). Corresponding measurement examples are shown in the
supplement S3. The differences between modelled and measured axial plume extent for the
other axial trips are not that strong as in the presented example. For example, during the axial
measurement trip on 13 July 2009 (outward trip) the axial plume extent is about up to 50 km
from the city center in the modelled as well as in the measured data (see Fig. S8 in
supplement S3). During the winter campaign the axial trips were much shorter (up to 100 km)
than in summer (up to 180 km) and the wind direction was not as stable as in summer.
However, the data base of 3 axial trips in summer and in winter is too small for a

comprehensive comparison of model and measurement data.

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

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

3.4 Transformation processes in the emission plume

Emitted substances originating from the megacity will not only be diluted in surrounding air
masses while the plume is transported. Also transformation processes are expected to occur,
especially when sufficient solar radiation favoring oxidation processes is present. For the
investigation of transformation processes occurring in the advected emission plume, two

different analysis approaches were applied.

Quasi-Lagrangian axial measurements: In the first approach the quasi-Lagrangian axial
measurement (3 in summer and 3 in winter) results were used. Here the temporal
transformation of pollutants (aging) should correlate with the distance to the Paris center. On
average MoLa covered an axial distance of 30 km in about 1 hour during the measurements,
similar to the transport velocity of the plume. For the analysis of axial measurements it is
assumed that CO, is only diluted and does not experience any significant transformation
processes during the first few hours of transport time in the emission plume. The excess (local

concentration minus background concentration) of each variable compared to a suitable
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background value (values measured most far away from the city on the specific day) was
calculated. The excess of each pollutant was related to the excess of CO, to determine the

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

Regarding all axial measurements during both field campaigns we can conclude that dilution
is the dominant process occurring during emission plume transport within the first hours after
emission. With this analysis method it was not possible to detect any significant chemical
transformation process. Due to a number of reasons the data set is not robust enough to see
significant trends besides dilution:

- The data variability within distance intervals (e.g. intervals from 30 km to 40 km and
from 40 km to 50 km distance to Paris) and from trip to trip is high due to, e.g.,
remaining local pollution influence or changing meteorological conditions.

- An absolutely stable wind direction is indispensable for a successful axial trip inside
the same air mass for several hours. If the wind direction is shifting during the
measurement, the measurement track might not be located in the plume (center)
during the complete measurement time. Misinterpretation of the data is possible, e.g.,
when a strong decrease in pollutant concentrations is interpreted as a strong dilution
effect, but is in fact caused by leaving the plume (center).

- All axial trips started and ended nearly during the same time of day, so transformation
processes are superimposed by diurnal variations.

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

conclusions.

Stationary measurements at two locations: In the second approach stationary measurements
of MoLa were combined with continuous measurements during the same time at the fixed
suburban measurement site in the North-East of Paris (Freutel et al., 2013). Due to similar
instrumentation and intensive intercomparison exercises between the suburban North-East
measurement container and MoLa (Freutel et al., 2013, von der Weiden-Reinmdiller et al.,
2014) these data sets are well suited for combined analysis. Using this approach the plume
can be studied and compared at two different ages: The fresh emission plume directly at the
border of the spatially extended source and the emission plume after several hours of transport
and aging time. Background pollutant contributions should be the same at both locations
(under suitable conditions), so in theory differences result from the influence of Paris. The

transport time was estimated from the distance between both measurement locations, the
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average wind speed measured at several stations and in several heights, calculated trajectories
and comparison of changes in levels of long-range transported pollutants. While dilution
processes will lead to decreasing concentrations with increasing distance from the source,
transformation processes can change the observed concentrations or concentration ratios in
both directions by consumption and production in chemical reactions or microphysical

processes.

Here we focus on the analysis of conversion of particulate organic matter during transport,
which is expected to experience significant changes as already discussed in Sect. 2.4.3. A
necessary requirement for this analysis method is a connected flow between both
measurement locations. We confirmed this situation by analysis of the measured wind
direction at several stationary sites and additional backward trajectories utilizing HYSPLIT
(Draxler and Rolph, 2013; Rolph, 2013) for one measurement day in summer and one in
winter. The estimated transport time of the emission plume between the two locations (3 h for
both measurements) was used to identify the corresponding time periods in both data sets that
have to be compared for analysis. Average organic mass spectra were calculated for the two
locations during the respective time periods, which comprise several hours of measurement
time. Average organic mass spectra of the night before and the night after the actual
measurement day, obtained during simultaneous measurements of MoLa at the suburban
North-East site, allow direct comparison of both applied AMS instruments. This comparison
provides a factor that was applied to scale both organic mass spectra (actual measurement) to
each other. This scaling factor accounts — among others things — for slightly different ion
transmission functions of the AMS instruments. For separation of dilution and transformation
effects, an appropriate background organic mass spectrum was subtracted from the suburban
and the MoLa average mass spectra. This background mass spectrum was calculated from
MoLa background measurements at the same measurement location before and / or after
probing the emission plume. In the next step the difference mass spectrum for the actual
measurement was obtained by subtracting the suburban mass spectrum from the MoLa
spectrum (both mass spectra were previously normalized to the total signal). The scaling of
both mass spectra to the total signal also minimizes the influence of dilution effects during
transport. The positive and the negative signals of this differential mass spectrum were
separated into two single mass spectra. The mass spectrum resulting from the positive signals
describes the fraction of the total organic aerosol that increases during transport while the

other mass spectrum (m/z with negative signals) describes the decreasing fraction (see Fig. S4
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in the supplement). These two mass spectra were then compared to the MoLa PMF mass
spectra derived for the respective field campaigns. The results of this comparison are
presented in Table 3. The described method has the advantage of comparing data of the same
air mass measured almost simultaneously at two different locations. A second advantage is
that MoLa’s stationary measurement locations were always chosen to be not contaminated by
any local pollution, which is not possible during mobile (axial) measurements (von der
Weiden-Reinmuller et al., 2014).

As shown in Table 3 during summer the “decrease mass spectrum” correlates well with the
fresh and medium aged organic aerosol factors (HOA, COA, SV-OOAL and SV-OOAZ2:
coefficient of determination R* = 0.4 to 0.5, LV-OOA: R? < 0.1), while the “increase mass
spectrum” correlates only with LV-OOA (R? = 0.8, other factors R? < 0.1). This means that
besides of dilution effects, the fresher part of the organic aerosol decreases in concentration
due to transformation processes as the air mass is transported from the city to the MoLa
measurement location. The increase in LV-OOA confirms the aging of less aged material
during transport time. So there is indeed significant transformation (oxidation) of at least the
organic aerosol occurring in the emission plume during summer (see also Sect. 3.2) within the
first hours of plume transport. This result is in line with results from aircraft measurements
during the summer period, stating an increase of LV-OOA within the plume with increasing
distance from Paris (Freney et al., 2014). In winter there is no clear similarity between the
decrease and increase mass spectra and the PMF factors (R? between 0 and 0.4, but without
clear trend). So the transformation of fresh pollution seems to take place at a slower speed

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

From these studies we can conclude that dilution is the dominating process determining the
decrease in fresh pollution concentrations with increasing distance to the source. However,
also transformation processes (oxidation of particulate organic matter) were detected. For a
quantification of transformation processes applying the described method the available data
basis is too small and not sufficiently robust. Further research utilizing several fixed and

flexible stationary measurement locations under connected flow conditions is needed.

4 Summary

We present a detailed investigation of a mid-latitude European megacity emission plume
based on mobile aerosol and gas phase measurements. The measurements were carried out in
28
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the framework of the MEGAPOLI project during two major field campaigns in summer 2009
and winter 2010 in the greater Paris region. The data obtained by the mobile laboratory MoLa
were selectively combined with data measured at a fixed suburban site and model results to
obtain extended information on plume properties and processes. Three mobile measurement
strategies were applied depending on meteorological conditions. Quasi-Lagrangian axial
measurements were used to explore the spatial extent of the emission plume, while cross
section measurements allowed the investigation of plume shape and width and the direct
comparison of plume and background conditions. Flexible stationary measurements in

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

In the advanced data preparation for analysis local pollution contamination was removed from
the data set. Positive matrix factorization was applied to AMS organic mass spectra to obtain
additional chemical information about the particulate organic aerosol by separation of the
organic aerosol into fractions (factors) related to different oxidation levels (ages) and source
origins. For the summer data set five different factors were used to describe the organic
particulate matter: Traffic- and cooking-related organic aerosol and three fractions
representing organic aerosol of different ages and mixtures of sources. In winter six factors
describe best the organic aerosol: Hydrocarbon-like organic aerosol related to cooking and
traffic activities, respectively, organic aerosol related to biomass burning with two different

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

Based on fresh pollution marker concentration changes and prevailing wind direction in
combination with re-analysis pollutant maps (simulations with the chemistry-transport model)
the emission plume was identified in the measurement data. This classification allowed a
quantitative characterization of emission plume versus background air mass characteristics.
During both seasons the emission plume was represented by a clear increase in fresh pollutant
concentrations (e.g. increase in black carbon concentration of 100 % (+ 0.5 pg m®) in
summer and 63 % (+ 1.0 pg m®) in winter). No similar increase was observed for
concentrations of secondary pollutants such as particulate sulfate (in both seasons). In winter
higher local and transported air pollution levels were measured than during summer due to
increased emissions, less vertical dispersion, more continental conditions and enhanced
partitioning into the aerosol phase (especially for particulate nitrate). The sub-micron aerosol
particle composition was found to be influenced mainly by air mass origin and megacity

contribution. The megacity mainly contributed fresh organic aerosol and black carbon to the
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aerosol. This additional organic particulate matter is related to cooking and traffic activities in
summer, while in winter additionally biomass burning is an important source. While the
measurements presented here confirm those at the fixed sites (Crippa et al., 2013; Freutel et
al., 2013), they have the advantage of covering a larger measurement area with less permanent
influence of local pollution (von der Weiden-Reinmidiller et al., 2014). This is in particular the
case for cooking-related organic aerosols which could be impacted by local activities

especially at the urban measurement site.

Particle number size distributions in plume air masses show on the one hand additional
freshly produced particles and on the other hand particle growth over a wide size range.
Further analysis revealed that fresh pollution was rather homogeneously distributed in the
emission plume. The cross sectional profile of the plume is typically Gaussian-like while the
axial decrease of fresh pollution concentrations shows an exponential shape. On ground-level
the emission plume could be detected up to 50 km from the city center. This value
corresponds to a lower limit of the actual plume extension. The range of the detected emission
plume was mainly determined by dilution processes. Exemplary model results confirmed the
Gaussian profile but partially showed deviating center direction and width of the plume. Also
dilution processes in the simulated plume seemed to occur much slower / weaker in the model
than reflected in our measurements. However, a detailed model evaluation including more
than a few “snapshots” is beyond the scope of this publication. The combination of MoLa
stationary measurement data sets with results from a fixed suburban measurement location
showed significant organic aerosol aging during summer. In winter this transformation

seemed to occur more slowly due to the different environmental conditions.

Our analysis results add interesting new aspects about near ground emission plume
characteristics, extending the knowledge so far obtained by research aircraft, ship and
stationary measurements as well as model studies. The large amount of valuable data obtained
with the MoLa measurements allowed a quantification of properties of the Paris megacity

emission plume.
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Table 1. Summary of measurement devices — including measured variable and measurement principle — deployed in the mobile laboratory

MoLa during the MEGAPOLI summer and winter field campaigns. A table with more information on each of the instruments operated within

MolLa can be found in von der Weiden-Reinmuller et al., 2014.

Measured variable

Measurement device

Measurement principle

Size-resolved aerosol chemical composition
Black carbon mass concentration

PAH mass concentration

Particle number concentration

Particle size distribution

Particle size distribution

Particle size distribution

03, SO,, CO, NO, NO, mixing ratio

CO,, H,0 mixing ratio

Wind speed, wind direction, temperature,

precipitation, pressure, relative humidity

HR-ToF-AMS
MAAP

PAS

CPC

FMPS

APS

OPC

Airpointer

L1-840

Meteorological Station

Mass spectrometry

Light absorption

Photoionization of particle-bound PAHs
Condensational growth and detection by light scattering
Electrical mobility

Aerodynamic sizing

Light scattering intensity

fluorescence, IR

UV photometry, UV absorption,

chemiluminescence,
IR absorption

Common methods
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Vehicle location and speed

Driver’s view through windshield

GPS

Webcam

N/A

N/A
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Table 2. Contribution of the Paris emission plume to CO,, SO, NOy, Os, particle number concentration (> 2.5 nm), sub-micron black carbon,
particle-bound PAH, particulate ammonium, nitrate, sulfate, chloride, PM;, HOA and LV-OOA mass concentrations and O/C ratio. The
values were calculated as the difference of the plume and background concentration levels; the percentage change is related to the background
concentrations, which are also listed including the respective standard deviation of the average values. The uncertainty of the plume
contribution was calculated from the standard deviations of the average plume and background values. The PM; mass concentration was
calculated as the sum of the AMS total mass concentration (sum of organics, sulfate, nitrate, ammonium, and chloride) and the black carbon

mass concentration.

Measured variable Plume contribution Plume contribution Background Background

summer winter summer winter
absolute relative absolute relative

CO, +3.0+0.1 ppmV +1% +9.8+0.2 ppmV +3% 378.0 £ 0.1 ppmV 400.8 £ 0.1 ppmV

SO, < 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

Os +0.8 0.3 ppbV +2% -105+03ppbV  -43% 38.3+0.2 ppbV 25.1 + 0.2 ppbV

particle number ~ +5400 £400cm®  +35% +11300 + 800 cm®  + 101 % 15300 + 300 cm® 11200 + 700 cm®

concentration

black carbon +05+00ugm®  +100% +1.0+00pgm® +63% 0.5+0.0 ugm? 1.6 +0.0 pgm
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PAH
ammonium
nitrate
sulfate
chloride
PM;

HOA
LV-O0A

O/C ratio

+8.8+05ngm?
<0.1pgm?

+0.1+0.0 pgm?
+0.1+0.0pgm?
<0.1pgm?

+1.3+0.1pgm?
+0.1+0.0pgm?
+0.3+0.0pugm?

- 0.05+0.00

+ 191 %

+50 %

+8 %

+31%

+50 %

+27 %

-14 %

+18.1+0.8ngm>

<0.1pgm?

+0.4+0.1pgm?
-0.4+0.1pgm?
+0.1+0.0ugm?
+22+03pugm?
+0.4+0.0pgm?
-0.3+0.0pgm?

- 0.08 £0.00

+ 131 %

+7%

-8%

+50 %

+10 %

+ 133 %

-13%

-17%

46+02ngm?°
0.4+0.0pgm?®
0.2+0.0 pgm?
1.2+0.0 uygm*
<0.1pgm?

42+0.0pgm?®
0.2+0.0pgm?
1.1+£0.0 ugm*

0.37 £0.00

13.8+0.5ng m*
2.7+0.0pugm?
5.4+0.1pugm?®
49+01pgm?®
0.2+0.0 uygm?
21.6+0.2 ugm?
0.3+0.0 uygm?
2.3+0.0pugm?

0.47 +£0.00
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Table 3. Coefficients of determination R?> from the comparison of the “increase mass

spectrum” and the “decrease mass spectrum” with the PMF factor mass spectra of the 5 factor

solution (summer) and the 6 factor solution (winter). For this comparison only the m/z < 100

were considered.

R2 Increase Decrease
summer (27 July 2009):

HOA <0.1 0.5
COA <0.1 0.4
SV-0O0A2 <0.1 0.5
SV-00Al <0.1 0.5
LV-OOA 0.8 <0.1
winter (27 January 2010):

HOA 0.3 <0.1
COA <0.1 0.2
BBOAZ2 0.4 <0.1
BBOAl 0.1 0.3
SV-O0A 0.2 <0.1
LV-OOA 0.1 <0.1
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1221  Figure 1. (a) Measured concentrations of fresh pollution markers (NOx — dots, black carbon —
1222  stars, HOA — diamonds, CO, — circles with crosses) versus covered angle related to the Paris
1223  center. The presented data were measured on 28 January 2010 during a cross section through
1224 the Paris emission plume, which was advected in South-Eastern direction during this day. The
1225  range between the two dashed vertical lines indicates plume air masses (“P”). Background air
1226  masses are labelled with “B”. (b) Data of the same markers for fresh pollution as in (a) versus
1227  distance to the Paris center. These data were recorded during a quasi-Lagrangian axial
1228  measurement trip on 13 July 2009. The Paris emission plume was advected in North-Eastern
1229 direction. The range left of the dashed vertical line indicates the emission plume (“P”), while
1230 that to the right of it marks background air masses (“B”). The time resolution of all data is 1
1231 min.
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Figure 2. Mean values for background (B) and emission plume (P) air masses averaged for all
measurements of the complete summer (S, dark grey filling) and winter (W, light grey filling)
field campaigns for CO,, NOy, Oz, SO,, particle number concentration (> 2.5 nm), PM;
(calculated from AMS total plus black carbon mass concentration), black carbon, particle-
bound PAH, sub-micron particulate sulfate, nitrate, ammonium, chloride, HOA, and LV-OOA
mass concentrations and O/C ratio. The data are presented as box-whisker-plots with 10 %, 25

%, 50 % (median), 75 % and 90 % percentiles. Additionally, the mean values are depicted as

black dots.
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Figure 3. Mean sub-micron aerosol particle chemical composition for background (B) and
emission plume (P) air masses averaged for all measurements of the complete summer and
winter campaigns, consisting of black carbon (black), particulate organics (green), nitrate
(blue), sulfate (red), ammonium (orange) and chloride (pink). Also shown is the average
particulate organic matter fractionation during both campaigns. During summer the
composition of the organic aerosol is best described by the 5 factor PMF solution: HOA
(purple), COA (pink), SV-O0A2 (green), SV-OOA1 (light blue) and LV-OOA (dark blue).
During winter the best description is the 6 factor solution: HOA (light purple), COA (pink),
BBOA2 (light brown), BBOA1 (dark brown), SV-OOA (light blue), and LV-OOA (dark
blue). The concentration values of the composition of the Paris emission plume were

calculated as the difference of the plume and background concentration levels. Negative
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values (e.g. due to on average less sulfate concentrations in plume compared to background

air masses in winter) are set to O for this calculation.
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Figure 4. Averaged summer and winter particle number size distributions (dN dlogDp™)
measured by the FMPS instrument. The solid gray line indicates the average size distribution
of background air masses while the dotted black line represents the average particle
distribution of the emission plume, respectively. The gray shaded area indicates the plume
contribution as the resulting difference. The error bars represent the standard deviation of the

average values.
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Figure 5. (a) Measured NOy (black dots, left axis) and CO, (blue stars, left axis) and modelled
NOx mixing ratios (black circles with crosses, right axis) versus the covered angle related to
Paris of a cross section through the emission plume on 16 January 2010. The cross sectional
route was in a distance of about 70 km from the city center. The respective Gaussian fits of

the presented data are depicted as solid (for the modelled data) and dashed lines (measured
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data). (b) Measured HOA mass concentrations (black dots) and CO, mixing ratios (blue stars)
and modelled primary organic matter mass concentrations (black circles with crosses) versus
distance to Paris center from a quasi-Lagrangian axial measurement on 01 July 2009. The
respective exponential fits of the presented data are depicted as solid (modelled) and dashed

lines (measured data). The time resolution of all data is 1 min.
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