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Abstract. A detailed characterization of air quality in the
megacity of Paris (France) during two 1-month intensive
campaigns and from additional 1-year observations revealed
that about 70% of the urban background fine particulate
matter (PM) is transported on average into the megacity
from upwind regions. This dominant influence of regional
sources was confirmed by in situ measurements during short
intensive and longer-term campaigns, aerosol optical depth
(AOD) measurements from ENVISAT, and modeling results
from PMCAMXx and CHIMERE chemistry transport mod-
els. While advection of sulfate is well documented for other
megacities, there was surprisingly high contribution from
long-range transport for both nitrate and organic aerosol.
The origin of organic PM was investigated by comprehen-
sive analysis of aerosol mass spectrometer (AMS), radio-
carbon and tracer measurements during two intensive cam-
paigns. Primary fossil fuel combustion emissions constituted
less than 20 % in winter and 40 % in summer of carbonaceous
fine PM, unexpectedly small for a megacity. Cooking activi-
ties and, during winter, residential wood burning are the ma-
jor primary organic PM sources. This analysis suggests that
the major part of secondary organic aerosol is of modern ori-
gin, i.e., from biogenic precursors and from wood burning.
Black carbon concentrations are on the lower end of values
encountered in megacities worldwide, but still represent an
issue for air quality. These comparatively low air pollution
levels are due to a combination of low emissions per inhab-
itant, flat terrain, and a meteorology that is in general not
conducive to local pollution build-up. This revised picture of
a megacity only being partially responsible for its own av-
erage and peak PM levels has important implications for air
pollution regulation policies.

1 Introduction

Megacities, defined as agglomerations with a population
above 10 million inhabitants (Gurjar and Lelieveld, 2005) of-
ten concentrate in a small area a substantial part of a coun-
try’s population, economic activities, and thus air pollutant
emissions. Emitted primary and subsequently formed sec-
ondary gas- or particulate-phase pollutants cause substan-
tial health problems especially in megacities with rapidly
growing industry and low pollution control (e.g., Gurjar et
al., 2010). The impact of local emissions on air quality in
many of these megacities was shown to be large (see, e.g.,
Molina and Molina, 2004, for a general overview; Hand et
al., 2011, and Parrish et al., 2011, for Los Angeles; Molina
et al., 2010, for Mexico City; Chan and Yao, 2008, for Chi-
nese megacities). In addition to the local contribution, lev-
els of gaseous species and of fine particulate matter (fine
PM, with an aerodynamic diameter below 2.5um, PM2;s)
are also affected by long-range transport from outside the
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cities. This important role of pollutant transport has been first
shown for sulfate in New York City, a megacity located in a
highly industrialized belt in the northeastern US (Rahn and
Lowenthal, 1985; Dutkiewicz et al., 2004; Quin et al., 2006).
Indeed, as a secondary aerosol component, sulfate needs
some time to be formed from SO, emissions by gaseous-
or agueous-phase oxidation pathways (Seinfeld and Pandis,
2006), important SO, emissions of industrial origin are of-
ten located outside of a megacity. For nitrate, another impor-
tant secondary inorganic aerosol component, and for organic
aerosol (OA; both of primary and secondary origin), only
few explicit estimations of the local versus advected con-
tributions to their burden in megacities are available. While
for Chicago (with about 8.75 million inhabitants is nearly a
megacity) the advected part for both nitrate and OA is dom-
inant (about 60 % (Hand et al., 2011)), it is only minor for
New York City (about 30-40 %) (Lall and Thurston, 2006;
Hand et al., 2011). Important contributions to nitrate from
advection were qualitatively estimated for London (Harrison
etal., 2012).

Inorganic secondary particulate species are directly related
to their precursor gases SO2, NO, and NHj3, with rather well
known sources mostly related to fossil fuel burning (SO,
NO,) and agriculture (NH3). By contrast, sources of organic
aerosol are widespread (road transport, residential heating in-
cluding wood burning, open biomass burning, cooking activ-
ities, secondary formation from biogenic as well as anthro-
pogenic volatile organic compound (VOC) precursors) and
their relative contributions remain uncertain (Hallquist et al.,
2009). Early source apportionment work on PM was based
on the analysis of daily filter samples and analysis of correla-
tions between organic aerosol and tracers for specific sources
using different statistical methods (for a review of methods
and results, see Viana et al., 2008). In these earlier studies the
secondary OA was often determined as the part of OA which
could not be attributed to primary sources.

More recently, the combination of aerosol mass spectrom-
eter (AMS) measurements (DeCarlo et al., 2006; Drewnick
et al., 2005) and factor analysis techniques (e.g., positive ma-
trix factorization, PMF, Paatero and Tapper, 1994; Lanz et al.,
2007; Ulbrich et al., 2009) has improved the high temporal
resolution of source apportionment of primary and secondary
OA (e.g., Jimenez et al., 2009; Zhang et al., 2011). Neverthe-
less, the biogenic versus anthropogenic origin of secondary
aerosol in megacities and in megacity plumes is still an open
question (Hallquist et al., 2009). The combination of radio-
carbon (}4C) measurements and AMS based source appor-
tionment can provide valuable insights about the share of
fossil fuel and contemporary organic aerosol sources (Lanz
et al., 2007; Minguill6n et al., 2011; El-Haddad et al., 2013;
Zotter et al., 2014). Despite this progress, sources of organic
aerosol in megacities with respect to their local versus ad-
vected and fossil fuel versus contemporary contribution are

www.atmos-chem-phys.net/15/9577/2015/



M. Beekmann et al.: Evidence for a dominant regional contribution to fine particulate matter levels 9579

still highly uncertain. Comprehensive data sets are needed to
better quantify these sources.

Here, we report measurements of air pollution of fine
particles in the Paris agglomeration, a mid-latitude, post-
industrial megacity with 10.84 million inhabitants (United
Nations, 2015). We conducted two intensive field campaigns
in the Greater Paris area during July 2009 and from mid-
January to mid-February 2010 as part of the MEGAPOLI
(Megacities: Emissions, urban, regional and Global Atmo-
spheric POLIution and climate effects, and Integrated tools
for assessment and mitigation) project (Butler, 2008; Bak-
lanov et al., 2010). In addition, for 1 year (September 2009-
September 2010), daily PM5 5 chemical composition mea-
surements were performed at one urban background and sev-
eral rural sites during the PARTICULES (Source Apportion-
ment Of Airborne Particles In The lle-de-France Region)
project (Ghersi et al., 2010; Bressi et al., 2013, 2014). Our
major aim is to quantify the contribution of local versus ad-
vected sources of fine aerosol in a post-industrial megac-
ity, with a special focus on organic aerosol sources. This
will be addressed by combining observations from both the
MEGAPOLI and PARTICULES campaigns, and also con-
sidering results from chemical transport modeling and satel-
lite observations. The analysis of organic aerosol sources will
be addressed by a synthesis of AMS, radiocarbon and tracer
measurements. Finally, we will place results found for Paris
in a larger context of particulate matter origin in other se-
lected megacities.

2 Measurements and methods

In Sect. 2.1, we will present the sites and measurements used
for this study during the MEGAPOLI and PARTICULES
campaigns. The processing of the measurements will be de-
scribed in Sect. 2.2. The analysis for attribution of local ver-
sus advected contributions is outlined in Sect. 2.3. Details of
the combined use of 1*C and AMS data are given in the Sup-
plement in Sect. S1. Additional data sets used in this study
are described in the Supplement: satellite data sets (aerosol
optical depth (AOD) from the Advanced Along Track Scan-
ning Radiometer (AATSR), NO, columns from the SCIA-
MACHY instrument, both on the ENVISAT platform) in
Sect. S2, black carbon (BC) and elemental carbon (EC) ob-
servations from other megacities than Paris in Sect. S3, emis-
sion inventories in Sect. S4 and modeling simulations with
the PMCAMNXx and the CHIMERE models in Sect. S5.

2.1 Sampling sites and strategy

MEGAPOLI summer and winter campaigns took place from
1 to 31 July 2009 and 15 January to 15 February 2010.
The measurement design included three primary and sev-
eral secondary sites (Crippa et al., 2013b; Freutel et al.,
2013), mobile platforms (Royer et al., 2011; von der Weiden-
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Figure 1. Location of the sampling sites from the MEGAPOLI and
PARTICULES projects in the lle-de-France region. The zone in
beige color stands for the urban area of the Paris agglomeration.
The white circle shows the three rural background sites, all at about
70km distance from the PARTICULES urban background site.
The purple lines indicate administrative boundaries. Map source:
Google Earth.

Reinmdller et al., 2014a), and an aircraft (Freney et al.,
2014). Measurements at primary sites include gas-phase pol-
lutants, size-resolved chemical composition of fine PM, and
aerosol physical properties. In this paper, we use in particu-
lar concurrent AMS and black carbon measurements derived
either from a MAAP (Multi Angle Absorption Photometer;
Thermo) or an Aethalometer (Magee Scientific, model AE-
31, USA) at the three primary sites. The urban background
site (LHVP, Laboratoire d’Hygiene de la Ville de Paris) was
located near the agglomeration center, in the 13th district
of Paris. Two suburban background sites were located re-
spectively at the southwestern (SW) and northeastern (NE)
edges of the agglomeration, about 20 km from the city cen-
ter (Fig. 1): the SIRTA (Site Instrumental de Recherche par
Teélédétection Atmosphérique, Haeffelin et al., 2005) site at
Ecole Polytechnique, Palaiseau (later on referred to as SW
suburban site) and the Golf Départemental de la Poudrerie
site at Livry Gargan (NE suburban site). The sites are de-
scribed in more details in Freutel et al. (2013) and Crippa et
al. (2013b). At the urban site, filter sampling for 14C anal-
ysis of PM; aerosol was also performed in order to distin-
guish between fossil and modern fuel origin (see Sect. S1
for a detailed method description). Briefly, in these sam-
ples TC (total carbon) was isolated for C measurements
using the THEODORE (Two-step Heating system for the
EC/OC Determination Of Radiocarbon (*4C) in the Envi-
ronment) system (combustion in Oy at 640°C for 12 min
and subsequent cryo-trapping of the evolving CO, see Szi-
dat et al. (2004) for more details). 1*C was then measured
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with the accelerator mass spectrometry system MICADAS
(MIni CArbon DAting System) (Synal et al., 2007). The
French PARTICULES project (Ghersi et al., 2010; Bressi
et al., 2013) was designed to identify the major sources of
PM> 5 in the city of Paris and document their geographi-
cal origin in order to better define effective local abatement
strategies. A 1-year survey of the daily PM3 5 chemical com-
position (from 11 September 2009 to 10 September 2010)
was performed at five background locations in the region of
Paris (Fig. 1): one urban background, one suburban back-
ground (not used in this study), and three rural background
sites at about 70 km distance from the city center. Additional
measurements (not used in this study) were performed at two
traffic sites. Each site was equipped with two automated low-
volume samplers (Leckel SEQ47/50) collecting 24h PM3 5
samples (from midnight to midnight) in order to determine
the concentrations of PM> 5, elemental carbon (EC), organic
carbon (OC), the major water-soluble inorganic ions, metals,
and selected organic tracers such as levoglucosan (a marker
for wood burning) as described in Bressi et al. (2013). From
filter samples, total PM> 5 mass was obtained from gravi-
metric measurements. Chloride, nitrate, sulfate, sodium, am-
monium, potassium, magnesium and calcium concentrations
were determined by lon Chromatography (IC). EC and OC
were determined by a thermal-optical method using a Sunset
Laboratory Carbon Analyzer (Sunset Lab., OR, USA) and
the EUSAAR 2 protocol defined by Cavalli et al. (2010).

2.2 Aerosol measurements processing

AMS measurements provide the chemical speciation (sul-
fate, nitrate, ammonium, chloride, and the organic fraction)
of the non-refractory fraction of aerosols with a diameter be-
low 1 um (PM1). The uncertainty in these measurements has
been estimated at about 30 % (Crippa et al., 2013b; Freutel et
al., 2013). Positive matrix factorization (PMF) (Paatero and
Tapper, 1994; Lanz et al., 2007; Ulbrich et al., 2009) allows
deconvolution of the OA mass spectra into several factors
that can be assigned most of the time to specific OA sources.
Error analysis for PMF output is performed by varying the al-
gorithm parameters (seeds, fpeak). A relative uncertainty for
different factors of usually several tens of percent has been
obtained (Freutel et al., 2013). The PMF analysis was ap-
plied here to the AMS measurements at the three primary
MEGAPOLLI sites indicated in Fig. 1. For the summer cam-
paign a three-factor solution comprising HOA (hydrocarbon-
like organic aerosol), OOA (oxygenated organic aerosol) and
COA (cooking-related organic aerosol) was selected (Freutel
et al., 2013). For the winter campaign a four-factor solution
with an additional BBOA (biomass-burning-related organic
aerosol) component was selected (Crippa et al., 2013b).

The combination of radiocarbon (*C) analysis with PMF
analysis of AMS measurements allows quantification of the
fossil fuel and modern fractions of different OA sources
(Minguillén et al., 2011; EI Haddad et al., 2013; Zotter et
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al., 2014). All PMF factors (as obtained with a three-factor
analysis by Freutel et al., 2013) are attributed a priori to fossil
fuel or modern (non-fossil fuel) carbon. HOA, which largely
originates from road transport, was assumed to be 100 % fos-
sil fuel, thus neglecting the small biofuel contribution. COA
and BBOA were assumed to be 100 % non-fossil fuel. Only
for OOA is this attribution not possible a priori, but it is ob-
tained as a result of the combined *C/AMS-PMF analysis.
For a more detailed description of this analysis, see Sect. 1
of the Supplement.

The measurement setup, data processing, and the data sets
obtained from the PARTICULES project are described in de-
tail in Bressi et al. (2013). Chemical mass closure was suc-
cessfully achieved at all sites leading to a large quality con-
trolled aerosol data set (Bressi et al., 2013).

2.3 Data processing for determining local versus
advected contributions

The geographical origins of the various PM components
measured during the PARTICULES campaign were deter-
mined assuming that the difference in PM chemical compo-
sition between the urban background site and the appropriate
upwind rural site can be attributed to the emissions within the
agglomeration (Lenschow et al., 2001). Backward trajecto-
ries calculated with the HYSPLIT model (Draxler and Hess,
1997) have been used to choose the convenient rural back-
ground site upwind of the agglomeration among the three
sites located at the northeast, northwest and south of the ag-
glomeration (as described in more details in Petetin et al.,
2014). Uncertainties in the annual advected fractions are be-
low 5% (Petetin et al., 2014).

3 Aerosol origin: regional or local?
3.1 MEGAPOLLI intensive campaign perspective

A first striking result is that PM1 levels in the Paris agglomer-
ation were much lower during the MEGAPOLI summer cam-
paign in July 2009 than during the winter campaign (in Jan-
uary/February 2010): average PM; levels were between 5.3
and 7.5 ugm~2 and between 15.2 and 18.5 pgm~2 in summer
and winter, respectively, at the three primary sites (Table S1
in Supplement; Freutel et al., 2013, Crippa et al., 2013b).
This seasonal variation of PM; is confirmed at the SW sub-
urban site by 2-year (June 2011-June 2013) combined Q-
ACSM (Quadripole Aerosol Chemical Speciation Monitor,
Aerodyne, MA, USA) and Aethalometer measurements (Pe-
tit et al., 2015): summer PM; were on average 4.4 ugm—3
while winter reached on average 14.5ugm—2. Also, on a
longer-term perspective, PM levels in the Paris megacity ap-
pear moderate, when compared to the European background:
average urban background PMy 5 concentrations levels in
and near Paris suburbs over the period 2007-2013 are about
18 ugm~—23 (Petit, 2014). This value is similar to the median
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Figure 2. PM1 components (g m*3) and NO, (ppb x 10) at the
NE suburban site for air masses arriving from SW (red bars) and
NE sectors (blue bars); air masses originating from the SW sector
sample emissions from Paris, those from the NE sector represent
continental type air masses moving towards Paris: (a) for summer
and (b) for winter.

value of the annual PMy 5 means of 17 ugm~2 derived from
eight European rural background sites (Putaud et al., 2010).
Nevertheless, Paris urban PM2 5 background exceeds the
WHO health guideline of 10 uggm~—2 on an annual average;
also European PM1q standards are exceeded for traffic sites.
Average PM> 5 levels in Paris are rather close to European
background levels, suggesting a strong regional contribution
to the Paris background urban fine PM burden which needs
to be confirmed by quantitative analysis presented here.

Firstly, time series were analyzed (Crippa et al., 2013b;
Freutel et al., 2013). For all major aerosol components ex-
cept black carbon, the average concentrations (Table S1 in
the Supplement) and their temporal variability are rather sim-
ilar between the urban LHVP and the NE and SW suburban
sites, located at the edge of Paris. This similarity implies in-
deed a major regionally controlled fine PM burden.

Second, we compared levels of different PM1 components
and NO, at the NE suburban site for air masses originating
from (see Sect. S6 in the Supplement): (1) the NE sector
coming from central Europe and (2) the SW sector and af-
ter passing over the Paris agglomeration before reaching the
measurement site. Inorganic ions (sulfate, nitrate and ammo-
nium) and OA levels were substantially higher for air masses
originating from the NE sector both during summer and win-
ter (Fig. 2). This increase is less apparent for OA in winter
because AMS measurements were not available during 26
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Figure 3. Local (hatched) and imported contributions to PMa g in
Paris (PARTICULES urban background site) for the period Septem-
ber 2009 to September 2010, for different PM5 5 levels. An uncer-
tainty range of 5 % (absolute value) is estimated for the local and
imported PM> 5 contribution.

to 28 January when heavily polluted air masses were trans-
ported to the agglomeration, and absent for BC and NO,,
both primary pollutants. Thus contrary to intuitive expec-
tations, PM levels for most components are larger in air
masses advected to the agglomeration (from NE) than in air
masses (from SW) leaving Paris and having accumulated ur-
ban emissions while crossing the city.

3.2 One-year measurements perspective

The dominance of regional pollution for fine PM levels was
additionally quantified by the analysis of the year-long mea-
surements from the PARTICULES project. Using the appro-
priate upwind rural site (see Sect. 2.2, Fig. 1) as background,
we estimated that on an annual basis more than 70 % of the
urban PM> 5 was advected to Paris from outside (Fig. 3). Re-
sults from this analysis are very similar for the summer (JJA)
and winter (DJF) seasons (72 and 71 %, respectively). During
the polluted periods (PM25 > 40 ugm~2 at the urban site),
especially during spring, the regional contribution can even
be larger, around 90 %. Thus the variability of fine PM lev-
els in Paris background atmosphere is mostly controlled by
advection from outside.

The three major fine aerosol species sulfate, nitrate and
organic aerosol at the urban background site on average con-
stituted 13, 19 and 36 %, respectively, of total PM2 5. The
predominance of advected aerosol compounds is observed as
expected for sulfate (nearly 95 % of total fine PM), but also
for nitrate (nearly 80 %) and for organic matter (about 70 %).
Such an important advected fraction of OA has to our knowl-
edge not yet been shown before for a megacity. Possible rea-
sons for this behavior will be discussed in Sect. 5.
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