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E. J. Freney et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 11, 27139–27170, 2011
www.atmos-chem-phys-discuss.net/11/27139/2011/
doi:10.5194/acpd-11-27139-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Seasonal variations in aerosol
particle composition at the puy-de-Dôme
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Abstract

Detailed investigations of the chemical and microphysical properties of atmospheric
aerosol particles were performed at the puy-de-Dôme (pdD) research station (1465 m)
in autumn (September and October 2008), winter (February and March 2009), and
summer (June 2010) using a Time-of-Flight Aerosol Mass Spectrometer. Over the5

three campaigns, the average mass concentrations of the non-refractory submicron
particles ranged from 10 µg m−3 up to 27 µg m−3. Highest nitrate and ammonium mass
concentrations were measured during the winter and during periods when marine mod-
ified airmasses were arriving at the site, whereas highest concentrations of organic
particles were measured during the summer and during periods when continental air-10

masses arrived at the site. The measurements reported in this paper show that atmo-
spheric particle composition is strongly influenced by both the season and the origin
of the airmass. The total organic mass spectra were analysed using positive matrix
factorisation to separate individual organic components contributing to the overall or-
ganic particle mass concentrations. These organic components include a low volatil-15

ity oxygenated organic aerosol particle (LV-OOA) and a semi-volatile organic aerosol
particle (SV-OOA). Correlations of the LV-OOA components with fragments of m/z 60
and m/z 73 (mass spectral markers of wood burning) during the winter campaign sug-
gest that wintertime LV-OOA are related to aged biomass burning emissions, whereas
organic aerosol particles measured during the summer are likely linked to biogenic20

sources. Equivalent potential temperature calculations, gas-phase, and LIDAR mea-
surements define whether the research site is in the planetary boundary layer (PBL) or
in the free troposphere (FT)/residual layer (RL). We observe that SV-OOA and nitrate
particles are associated with air masses arriving from the PBL where as particle com-
position measured from RL/FT airmasses contain high mass fractions of sulphate and25

LV-OOA. This study provides unique insights into the effects of season and airmass
variability on regional aerosol particles measured at an elevated site.
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1 Introduction

Aerosol particles play important roles in affecting the radiative balance of the earth
and air quality. For this reason, detailed and long-term analysis of the physicochemical
properties of atmospheric aerosol particles is crucial to understand their processes and
lifetime in the atmosphere. A network of both high (>2000 m) and low (<1000 m) eleva-5

tion measurement sites have provided the opportunity to study the long-term variability
of aerosol particle properties in Europe. These urban and rural research sites are most
commonly equipped with size distribution measurements and filters for offline particle
composition measurements (Nyeki et al., 1998; Weingartner et al., 1999; Gelencser
et al., 2007; Venzac et al., 2009).10

Results arising from observations made at these research sites offer information on
the seasonal and chemical variability of aerosol particles measured in different atmo-
spheric environments. However, the coarse time and size resolution of these mea-
surements limits our knowledge on the physical and chemical properties of aerosol
particles. In the last decade, online aerosol mass spectrometers have been used15

to provide highly time resolved quantitative data on submicron inorganic and organic
aerosol species. There have recently been several reports summarizing aerosol mass
spectrometry measurements made in the Northern Hemisphere (Zhang et al., 2005;
Jimenez et al., 2009; Ng et al., 2010), showing that aged organic compounds are
the largest contributor to the submicron particle mass. In Europe, Lanz et al. (2010)20

overviewed the results of several campaigns carried out in the alpine region over a
number of different seasons, providing detailed information on the aerosol particle
chemical and physical properties at both high- and low-altitude sites and during sev-
eral different seasons of the year. Similar to previous observations they showed that
organic compounds were the most abundant species in the submicron particle frac-25

tion, with biomass burning organic aerosol particles being important during the winter
and low-volatility organic aerosol (LV-OOA) dominating during the spring and summer.
Although these studies provide information on the background composition during dif-
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ferent seasons they are unable to provide information on the seasonal variability at the
same site.

The puy-de-Dôme (pdD) research site is classified as a mid-altitude site (1465 m)
where at night the research site is commonly in the residual layer (RL) or in the free
troposphere (FT), but during the day it is exposed to airmasses arriving from the plan-5

etary boundary layer (PBL) (Venzac et al., 2009). Therefore, at the pdD site, measured
particle composition during the day can be representative of boundary layer air masses,
whereas at night particle composition is representative of regional air masses. These
features make the pdD research site an ideal place to characterize both regional and
local boundary layer pollution conditions through examining the diurnal variability of10

aerosol particle properties. A Time-of-Flight Aerosol Mass Spectrometer (ToF-AMS)
was deployed at the pdD site during three different seasons of the year as part of the
European monitoring and evaluation program (EMEP). The aim of EMEP is to charac-
terize the physical and chemical properties of the aerosol population in Europe through
carrying out simultaneous aerosol composition measurements at several different re-15

search sites around Europe. In this paper, we report the chemical composition, con-
centrations, and temporal variations of the non-refractory particle components at the
pdD site. The focus of this study was to characterize the seasonal variability in the
chemistry of both long-range transported and less aged PBL airmasses with high-time
resolution, and thereby offering insights into the sources and properties of aerosol par-20

ticles arriving at an elevated background site.

2 Experimental

2.1 Sampling site

The pdD research station is located in central France (45◦46 N 2 ◦57 E). The station is
surrounded by agricultural and forest areas. The city of Clermont-Ferrand (150 00025

inhabitants) is located 16 km east of the station at 396 m. A detailed description of
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the site is provided by Venzac et al. (2009). The pdD research site contains a num-
ber of different instruments capable of resolving the physical, chemical, optical, and
hygroscopic properties of aerosol particles. The site is in cloud approximately 50 %
of the time between November and March. For this reason the site is equipped with
two different types of stainless steel inlets; a whole air inlet capable of sampling cloud5

droplets together with interstitial (non-activated) particles (whole air inlet (WAI)), and a
second inlet capable of sampling only interstitial particles. The WAI inlet has a 50 %
cut-off at 30 µm and the interstitial inlet has a 50 % cut-off at 1.6 µm. These inlets do
not allow for isokinetic sampling. Meteorological parameters (including wind direction,
wind speed, relatively humidity (RH), pressure, and temperature), aerosol physical and10

chemical properties (particle size, black carbon mass), and gas-phase species (SO2,
CO, CO2, O3, NO, and NO2) are measured continuously throughout the year. Particle
size distributions between 50 and 300 nm were measured using a scanning mobility
particle sizer (SMPS), and black carbon (BC) mass concentration was measured us-
ing a Multi Angle Absorption Photometer (MAAP 5012). The SMPS and MAAP were15

sampling behind the WAI, whereas the AMS was situated behind the interstitial inlet.

2.2 Backward trajectories

In order to determine the transport pathways of the aerosol particles prior to arriving
at the pdD site (1465 m), the Hybrid Single Particle Langrangian Trajectory (HYSPLIT)
model was used. Seventy-two hour backward trajectories were computed for every20

hour for each day of the campaign. Trajectories were classified according to their pre-
dominant transport direction prior to measurement as either continental (C), marine
(M), marine modified (Mod), and Mediterranean (Med) (Fig. S1). If air mass trajecto-
ries show a combination of transport direction during the 72-h period the air mass is
classified as mixed.25
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2.3 LIDAR and temperature profile measurements

Using temperature, pressure, and relative humidity data from measurements made si-
multaneously at the Observatoire de Physique du Globe de Clermont-Ferrand (OPGC)
ground based research station (425 m a.s.l., 11 km east from the pdD Research Sta-
tion) and at the pdD site, the differential equivalent potential temperature (θe) was5

calculated as a function of elevation using the Boltons approximation (Bolton, 1980).
The calculated (θe) is used to identify if the measurements at the pdD site were per-
formed in the PBL, FT, or RL. Fig. 1, shows the correlation ofθe at the OPGC with
those at the pdD site coloured by hour of day for the three different campaigns. The
largest difference inθe between the two sites occurs during the evening hours. This10

difference is most pronounced during the winter campaign when the pdD is most often
in the free troposphere. During the summer campaign, LIDAR measurements were
also available (Fig. 1d). The spatial raw resolution of the detected signals is 15 m. The
LIDAR instrument is positioned on the roof of the OPGC. There was no cloud cover
over the OPGC or pdD during the LIDAR measurements. The boundary layer height15

was determined by a wavelength covariance technique (Brooks, 2003), and exhibit a
weak diurnal variation in boundary layer height. However, these measurements show
that during the summer, the pdD site was always sampling in the PBL or RL.

2.3.1 Time-of-flight aerosol mass spectrometer

The chemical composition and mass concentration of the non-refractory submicron20

particulate matter (NR-PM1) was measured with an Aerodyne ToF-AMS (Drewnick
et al., 2005; Canagaratna et al., 2007). In order to extract chemically resolved mass
concentrations of individual aerosol species, the AMS raw data are evaluated with
standard assumptions as described by Allan et al. (2004). Filter measurements, in
which the AMS sampled filtered air, were made approximately every 48 hrs. The re-25

solved mass concentrations include ammonium, sulphate, nitrate, organic, and chloride
species. For the organic mass spectra additional analysis was carried out using posi-
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tive matrix factorisation (PMF). The ToF-AMS was sampling behind an interstitial inlet.
For this reason, when the site was advected by clouds, the ToF-AMS sampled only
those particles not activated into clouds. For the purpose of this study only periods
when the site was not in cloud are taken into account.

The calculation of the mass concentrations from the ToF-AMS mass spectra requires5

that a collection efficiency (CE) be applied to the data. The CE is defined as the fraction
of the particle mass that is measured by the ToF-AMS, relative to what would have been
measured if all particles were spherical and particle bounce was negligible. Recently,
it has been demonstrated that particles containing high ammonium nitrate concentra-
tions are more efficiently sampled by the AMS than other inorganic and organic species10

(Middlebrook et al., 2011). Ammonium nitrate particles tend to be spherical and retain
water even at very low RH values and are therefore efficiently focused by the parti-
cle beam and are not subjected to particle losses from particle bounce (Middlebrook
et al., 2011). Middlebrook et al. (2011) illustrated, using a series of equations, how
a composition dependent CE can be applied to particle mass concentrations. In this15

study, a similar composition dependent CE is applied to the data. When ammonium
nitrate mass concentrations contribute less than 0.25 to the total aerosol particle mass
a CE of 0.5 is used. As the fraction of ammonium nitrate increases to a maximum
of 0.78 (Pure NH4NO3) the applied CE approaches 1. Since the majority of aerosol
particles arriving at the pdD site are thought to be internally mixed, this composition20

dependent CE was applied to all species sampled by the AMS. In order to assess
how accurate our chosen CE was at quantifying the mass of aerosol particles in the
atmosphere, we compared the total volume of aerosol particles sampled by the AMS
and BC with that sampled by a SMPS. The AMS volume was calculated by dividing
the mass concentrations of organic and inorganic species by their respective densities25

(1.72 µg cm−3 for SO4, NH4, NO3, and 1.2 µg cm−3 for organics). During this study, the
SMPS was sampling behind a WAI inlet, where as the AMS was sampling behind the
interstitial inlet and hence the AMS did not sample particles with the same efficiency as
the SMPS. In addition the SMPS was not sampling in the same building at the time of
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the respective campaigns. The resulting slopes and r2 for each comparison were 0.76
and 44 % (SMPS:AMS=0.95), 0.51 and 71 % (SMPS:AMS=1.61), and 0.68 and 44 %
(SMPS:AMS=0.85) for the autumn, winter, and summer, respectively (Fig. S2). Peri-
ods with largest discrepancies were observed during episodes when increased particle
numbers were sampled by the SMPS. The size distributions of all particles during all5

seasons arriving at pdD are characteristic of aged particles showing a major accu-
mulation mode peaking at an aerodynamic diameter of 600 nm (Supplement Fig. S3).
This monomodal peak is expected since the site is not exposed to fresh emissions but
rather to particles transported long distances and thus considerably aged.

2.4 Positive matrix factorisation10

The unit mass resolution organic mass spectra from the ToF-AMS instrument are anal-
ysed using positive matrix factorisation (PMF). PMF is a statistical technique in which
the organic mass spectral time series (X) are represented as a linear combination of a
set of characteristic factor profiles (F) and their time-dependant intensities (G) (Paatero
and Tapper, 1994; Paatero, 1997). PMF is therefore described by the matrix equation15

X=GF+E, where E is the residual matrix, defined as the difference between the data
matrix X and the fitted solution GF. The PMF analysis was conducted using PMF2 soft-
ware package (P. Paatero, University of Helsinki, Finland), together with the PMF anal-
ysis and evaluation tool (Ulbrich et al., 2009). The error matrix calculated in the Squirrel
software (version 1.51) was modified following the recommendations of Ulbrich et al.20

(2009) and references therein. A minimum error of 1 ion was applied throughout the
X matrix, and the organic peaks calculated as the fraction of the CO+

2 ion (m/z 44, 18,
17, and 16) were down weighted as described in Ulbrich et al. (2009). Matrix rotations
were explored by varying the f peak parameter from −3 to +3. The fpeak parameter
allows the user to explore different PMF solutions that give the same fit to the data25

(Ulbrich et al., 2009). The number of PMF factors and fpeak values were determined
by minimising the scaled residuals and factor correlations with external tracers (includ-
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ing CO, O3, NOx, SO2, NO−
3 , and SO2−

4 ) and comparing the component mass spectra
with reference mass spectra available on the AMS mass spectral database (Lanz et al.,
2007; Ulbrich et al., 2009). An optimum fpeak value of 0 was applied for each dataset.
Correlations of the resolved mass spectral profiles with reference mass spectra and
correlations of the organic time series with the time series of other particulate and gas5

phase species are supplied in the Supplement (Table S1).

3 Results and discussion

3.1 Characterisation of the submicron particle composition

A time series of sulphate (SO4), nitrate (NO3), ammonium (NH4), organics (Org), chlo-
ride (Cl), and black carbon BC-bearing particles is shown in Fig. 2. Meteorological10

parameters are listed in Table 1. Average values for each aerosol particle species mea-
sured by the AMS, during clear sky periods are listed in Table 2. The weather conditions
during this study were characterized by high RH (86±12 %) and temperatures rang-
ing from 0.1 ◦C to 18 ◦C (average=9±4 ◦C), −8 ◦C to 13 ◦C (average=1±4 ◦C), and
2 ◦C to 25 ◦C (average=1 4±5 ◦C), during the autumn, winter, and summer campaigns,15

respectively. Highest average aerosol mass concentrations were observed during the
summer campaign (27 µg m−3) and lowest during the winter campaign (10 µg m−3), in
agreement with seasonal variability observed at the site for particle number concentra-
tions (Venzac et al., 2009) and particle mass concentrations measured at other high-
altitude stations in Europe (Kasper and Puxbaum, 1998; Weingartner et al., 1999).20

On the basis of campaign averages and in the order of the campaigns (autumn 2008,
winter 2009, summer 2010), the organic mass contributed 32 % (2.52 µg m−3), 23 %
(1.24 µg m−3), and 56 % (15.59 µg m−3) to the NR-PM1. Sulphate particles contributed
between 30% (2.4 µg m−3), 22 % (1.28 µg m−3), and 20 % (5.45 µg m−3), and nitrate
contributed 15% (1.14 µg m−3), 31 % (1.71 µg m−3), and 9 % (2.33 µg m−3). Ammonium25

contributed 18 % (1.36 µg m−3), 20 % (1.08 µg m−3), and 13% (3.69 µg m−3). Chloride
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always contributed less than 1 % (0.04) and BC contributed 5 % (0.38 µg m−3), 2 %
(0.2 µg m−3), and 2 % (0.47 µg m−3) (Table 2). Organic particle mass concentrations
measured during the summer are similar to those observed at other sites during the
summer (Lanz et al., 2010), but are much higher than those measured during the
autumn and winter campaign at the pdD.5

Particle composition measurements made during spring and summer months at el-
evated (Jungfraujoch) and remote (Hohenpeissenberg) sites in Europe (Hock et al.,
2008; Hueglin et al., 2009; Lanz et al., 2010) report Org ranging from 43 % to 50%,
SO4 ranging from 26 % to 19 %, NO3 ranging from 18 % to 19 % and NH4 contributing
between 13 % and 11 %. Lanz et al. (2010) measured similar particle compositions10

during the winter at a low altitude site as those measured at high altitude during the
summer, suggesting that the type of site (Alpine valleys, elevated sites in the Alps, or
Plateau sites) is more important than where the site is situated (rural vs urban) for de-
scribing particle composition. Particle mass concentrations measured at the pdD are
similar to those of Lanz et al. (2010) for the summer period showing a high contribu-15

tion of organic material, however for the winter we see marked differences in particle
composition with a significant decrease in the contribution of organic particles (from
56 % (summer) to 23 % (winter)), as well as significant increases in the contributions of
nitrate particles (from 8 % (summer) to 31 % (winter)). This shows that there are strong
seasonal influences on aerosol particle composition and should be considered when20

estimating the particle composition during different seasons of the year.
The time series of the NR-PM1 chemical components sampled within a given cam-

paign generally had similar trends and variations. The airmasses were always neu-
tralised. During the autumn, winter, and summer campaigns the NH4 shows reason-
able correlations with NO3 (r2 =0.67, 0.97, and 0.32, respectively) and SO4 (r2 =0.68,25

0.85, and 0.78, respectively). The organic aerosol species are generally correlated with
the inorganic species during the autumn (average r2 with SO4, NO3, and NH4 =0.55),
and winter (average r2 with SO4, NO3, and NH4 =0.62), however during the summer
these r2 correlations decreased to approximately 0.15 for NH4 and SO4 and to <0.01
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for NO3 bearing particles because of the high contributions of organic aerosol particles
to the submicron mass. This might indicate different origins like biogenic precursors for
secondary organic aerosols versus anthropogenic precursors for the inorganic compo-
nents.

3.2 PMF analysis of organic fraction5

In order to fully characterize the organic fraction collected at pdD, PMF analysis was
performed separately on each of the datasets, however the resolved PMF factors were
similar during all seasons allowing for a direct comparison of the datasets. Two promi-
nent types of organic species were resolved for each of the campaigns. Mass spectra
and time series of each of the different components resolved during each campaign are10

illustrated in Figs. 3 and S4, respectively. A full list of correlations of all PMF compo-
nents with reference mass spectra and with gas and particle phase species is available
in the Supplement (Table S1). The average mass concentrations and fractional contri-
butions of the different organic components are shown in Table 2. Only oxidised organic
aerosol (OOA) particles were resolved from ToF-AMS measurements made at the pdD15

research site. This OOA could be separated into two different types of OOA; OOA1 and
OOA2. OOA1 contributed approximately 65±5 % to the total organic aerosol during
all campaigns and had a similar mass spectral signature to OOA measured in Europe
and in the United States (Ng et al., 2010, 2011) (Fig. 3). The mass spectral properties
of this OOA are defined by having a dominant peak at m/z 44 and are generally asso-20

ciated with organic aerosol particles that are aged and have a low volatility. They are
therefore termed a low-volatility oxidised organic aerosol particle (LV-OOA).

For the summer campaign the time series of the LV-OOA component showed
strongest correlations with that of O3 (r2 = 0.52), CO (r2 = 0.33), and BC (r2 = 0.44)
(Supplement Table S1). Ozone has been shown to be a good marker for the pro-25

duction of secondary organic aerosols in some campaigns (Cabada et al., 2004), but
other studies show that this is not always the case (Zhang et al., 2005). In our three
campaigns the strongest correlation of LV-OOA with ozone is observed for the summer
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when high organic mass concentrations were arriving at the pdD site, weaker cor-
relations were observed during autumn and winter (r2 <0.01 and 0.10, respectively)
possibly suggesting a change in the precursor sources to the formation of LV-OOA
depending on the season.

Results from the CARBOSOL (study of the present and retrospective state of the or-5

ganic versus inorganic aerosol over Europe) project (Gelencser et al., 2007), involving
organic, levoglucosan, and black carbon measurements from several different Euro-
pean sites show that during the winter months there is a high contribution of biomass
burning to secondary organic aerosol particles (Gelencser et al., 2007; Puxbaum et al.,
2007; Lanz et al., 2008). We show a high contribution of secondary organic aerosol10

particles similar to that of fulvic acid during all campaigns, but during the winter cam-
paign the LV-OOA mass spectra also contains marker peaks of wood burning ((Alfarra
et al., 2007) (m/z 60 (contributing 0.9 % to the total mass spectra) and m/z 73 (con-
tributing 0.7 % to the total mass spectra)) and correlates strongly with the time series
of m/z 73 and m/z 60. These peak signals suggest that the LV-OOA measured during15

the winter are possibly related to aged wood burning particles and due to secondary
organic aerosols from wood burning emissions which can also contain significant con-
tributions of m/z 60 (Heringa et al., 2011). The LV-OOA component had average mass
concentrations of ∼0.4 µg m−3 for most of the winter campaign, but during an isolated
4-h period on 26 February, its mass concentrations increased up to 2 µg m−3. Or-20

ganic particle mass concentrations measured during this period showed little correla-
tion with gas phase species or other inorganic compounds suggesting that this is an
aged aerosol particle type. The residuals measured from the PMF analysis during
this period of the winter campaign are higher than during the rest of the campaign.
However, a pure primary wood burning factor could not be extracted even when PMF25

analysis was performed only on this isolated period.
The second type of organic aerosol resolved during each of the campaigns closely

resembled a less aged oxidized organic aerosol. The less oxidized organic aerosol
particle measured had dominant mass spectral peaks at m/z 43, 44, 55, and 57, and
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was similar to the mass spectra of semi-volatile oxidized organic aerosol (SV-OOA)
(Ng et al., 2011) (Fig. 3). During the winter campaign, the measured SV-OOA had low
concentrations (∼0.4 µg m−3) throughout except for one episode on 6 March when it
showed a substantial increase in mass concentration (1.5 µg m−3) (Fig. S4). During
this episode there was a corresponding increase in nitrate and sulphate particle mass5

concentrations. The time series of this SV-OOA correlates with the time series of NO3,
BC, and with gas phase species CO2 (r2 = 0.27) and NO2 (r2 = 0.48) suggesting that
particles arrived from an anthropogenic source. During the autumn, SV-OOA particles
contributed 25 % to the total organic aerosol mass spectra, and correlates well with
that of with reference mass spectra for SV-OOA (r2 =0.81) (Fig. 3) and to some extent10

with the time-series of BC (r2 =0.33). Summer SV-OOA contributed 32 % to the overall
organic mass. Its mass spectra was well correlated to the literature mass spectra of
SV-OOA (r2 = 0.73) (Fig. 3) and is also similar to mass spectra of secondary organic
aerosols formed from alpha-pinene precursors (r2 = 0.73) (Bahreini et al., 2005) (Ta-
ble S1). These correlations suggest that the SV-OOA may be formed from biogenic15

precursor gases. During the summer campaign there was a steadily increasing tem-
perature under clear sky conditions and there was little contribution from BC (1.7 %).
At the same time, the organic aerosol mass builds steadily with maximum values in the
early afternoon on 23, 24, 25, and 26 June. The concentrations of all other species
(sulphate, ammonium, and nitrate) remain low. These conditions are similar to those20

observed during a biogenic episode in Egbert, Ontario, Canada (Slowik et al., 2010),
the organic mass spectra measured during this event in Canada are similar to our
SV-OOA mass spectra (Fig. 2a in Slowik et al. (2010).

Recently, Ng et al. (2010) and Morgan et al. (2010), proposed a method to describe
the aging of the OOA component in the atmosphere. Using the fractions of two major25

mass spectral peaks, m/z 44 (CO+
2 ) and m/z 43 (mostly C2H3O+) a triangular space

was created in which organic aerosol particles become progressively more aged and
move towards the highest point of the triangle during the aging process. For our three
campaigns the fraction of m/z Org44 to the total organics (f44) is plotted against the
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fraction of m/z Org43 to the total organics (f43) (Fig. 4). All of our points and PMF
components from each campaign cluster within the well-defined triangular regions as
outlined by Ng et al. (2010). The calculated f44 and f43 from each of the PMF com-
ponents for each campaign is also plotted on the graph. During the autumn, winter,
and summer campaign the f44 for LV-OOA organics ranges from 0.19 to 0.24 which5

is similar to values reported by Ng et al. (2010) (0.10 to 0.25). SV-OOA during the
autumn, winter, and summer ranged from 0.02 to 0.14.

From Fig. 4 it is apparent that aerosol particles measured during the summer are
situated on the right side of the graph when it is likely to have more biogenic activ-
ity whereas those measured during the winter, when we expect to have the highest10

contribution from biomass burning, are located on the left side of the triangle. Or-
ganic mass spectra measured during the autumn are in the middle. Laboratory studies
on secondary organic aerosol formation from biogenic precursors show the resulting
f44, f43 on the right side of the Ng triangle (Jimenez et al., 2009; Ng et al., 2010),
whereas those from biomass burning emissions tend to be situated on the left side15

of the triangle (Heringa et al., 2011). These observations indicate that the formation
of organic aerosol particle is strongly influenced by different processes and precursor
sources occurring at different times of the year. The seasonal segregation shown in our
measurements of the organic mass spectra suggests that the triangle is not only de-
scriptive for the aging of organic aerosol particles but to some extent can also describe20

the source of the secondary organic aerosol particles.

3.3 Diurnal variations and air mass source

Backward trajectory calculations show that during the autumn and summer campaigns
air masses at pdD arrived mainly from the continental sector (39 % Autumn and 80 %
Summer), whereas marine airmasses (Marine (29 %)+Marine modified (43 %)) con-25

tributed 72 % during the winter. Mediterean air masses were only measured during the
autumn campaign where they contributed 13 % to the total airmasses arriving during
the sampling period. This air mass pattern is typical of that observed at the pdD station
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(Venzac et al., 2009). The fractional contribution of each species is averaged during
continental, marine, and marine modified air masses, for a given season (Fig. 5). High
aerosol mass concentrations are observed during continental air masses (3.3 µg m−3),
while lowest concentrations are measured in marine and marine modified air masses
(1.2 µg m−3 and 2.0 µg m−3 respectively), in agreement with Bourcier et al. (2011). Fig-5

ure 5 illustrates that within a given air mass type the aerosol composition changes
significantly with season. Hence, seasonal variability is not solely driven by changes
in air mass. Highest fractions of organic and nitrate aerosol particles are observed for
continental and marine modified airmasses, organic and sulphate particles are domi-
nant in marine airmasses, particularly during the winter campaign. Despite variability,10

the organic aerosol particles contribute a large fraction to the overall particle mass
whatever the air mass type (20 to 51 %) or season (23 to 50 %).

One of the conclusions of Lanz et al. (2010) was that the time of year and location
of the sampling site could largely explain the variability in chemical composition for
different campaigns and was found to be a better description of the aerosol composition15

than the type of site (rural vs urban). Here we show that although the time of year has
an important influence on the aerosol particle composition, the source of the airmasses
still has significant effects on the submicron particle composition.

In earlier studies, the seasonal variability of aerosol properties were shown to be
linked to the frequency at which the pdD site was located in the PBL or FT/RL Venzac20

et al. (2009). The pdD site is mostly in the PBL during the day and FT/RL during the
night time hours, particularly during the winter. Fig. 6 shows the diurnal variability of
the mass concentration of the inorganic and organic species during each campaign.
Particle number concentration (Ntot) measurements made at the site over several years
show that in general the typical diurnal variability is characterized by an increase in Ntot25

between 12:00 and 14:00 UTC (Venzac et al., 2009). In this study we observe that the
diurnal variability in Ntot was strongest during the autumn and winter, and weakest
during the summer campaign (Table 1). AMS measurements show strongest diurnal
variability in particle mass concentrations during the winter (Fig. 6), when the pdD
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site is expected to spend the majority of the time in the free troposphere and only be
advected by boundary layer airmasses for several hours during the day.

During autumn and winter we observe increases in the mass concentration of all
species during the day and decreases at night. However, the relative contributions of
all species do not change. For the summer campaign, mass concentrations of Org and5

SO2−
4 increase while those of NO3 decrease during the daytime hours (Fig. 6). These

changes are presumably a result of photochemical secondary aerosol production of
organics and sulphates during the day, rather than changes from BL to FT. Summer
night time increases in NO3 are likely related to the lower mass concentrations of sul-
phate at night, allowing excess NH3 to react with nitrate (Seinfeld and Pandis, 1998),10

this process is also favoured by the lower temperatures and higher RH during the night
time. A closer look at the different organic components determined from PMF analysis
show that the organic components day time increases are evenly attributed to both LV-
OOA and SV-OOA. During the summer campaign the diurnal temperature difference
was approximately 5 ◦C, however during autumn and winter it was less than 2 ◦C.15

The chemical composition of aerosol particles were also examined relative to the
age of the air masses. Since NOY measurements were not available at the pdD site
during these measurements, the ratio of CO/NOx was used as a tracer for major pol-
lution sources and for photochemical processing. According to Morgan et al. (2010), a
value between 10 and 50 for the CO/NOx ratio, is classified as near-source conditions.20

During all measurement campaigns the CO/NOx ratio range from 7 to greater than 400
with an average value of 93±43, confirming that most of the airmasses arriving at the
pdD are representative of aged regional emissions. Plotting the fraction of SO4, NO3,
LV-OOA, and SV-OOA to the total aerosol mass concentration against the CO/NOx
ratio (Fig. S5), shows that LV-OOA is associated with aged air masses while highest ni-25

trate concentrations favour low CO/NOx ratios arising presumably from boundary layer
sources.

The age of the air masses are likely connected to the BL/FT segregation. Hence,
on the basis of both thermodynamical and chemical indicators we used a combination
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ofθe measurements and gas-phase measurements to characterize the properties of
aerosol particles likely associated with BL/FT air masses. Plotting the difference in θe
(∆θe) against the CO/NOx ratio, we observe that there is not a strong linear relation-
ship betweenθe and the CO/NOx ratio. However, lowest values ofθe are related to
low CO/NOx ratios (Fig. 7) indicating that, overall, the thermodynamical indicator of5

BL/FT air masses,θe, is coherent with the chemical aging indicator, CO/NOx. These
plots suggest that boundary layer air masses can be characterized by low θe and
low CO/NOx ratios, whereas airmasses arriving from the free troposphere or residual
layer are characterized by high θe and high CO/NOx ratios (Fig. 7). If these plots are
coloured by particle composition, we observe that high concentrations of NO3 and SV-10

OOA are most often related to airmasses mostly associated to BL air, whereas highest
concentrations of LV-OOA are related to air masses associated to residual layer or free
tropospheric air.

4 Conclusions

This is the first time that the ToF-AMS has been deployed during three seasons at an15

altitude site, providing a unique opportunity to study the seasonal variability of regional
airmasses. Through investigating the chemical composition of submicron aerosol com-
position during autumn 2008, winter 2009, and summer 2010, we show that although
the time of year has a strong influence on the chemical properties of the airmass, we
also observe that the source (FT/BL) and transport direction of airmasses influence20

the properties of aerosol particle. Examining particle mass concentrations together
with gas-phase measurements allows us to associate nitrate and less aged organics
with airmasses arriving from the BL whereas airmasses arriving from the FT/RL are
correlated with aged organics and sulphate particles. Detailed analysis of the organic
component showed that two different types of organic aerosol particles were measured25

at the site: a LV-OOA particle and a SV-OOA particle. The lack of a clear sign of pri-
mary contributions to organic mass is similar as previously found in Crete (Hildebrandt
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et al., 2010). Small changes in mass spectral properties between seasons as well as
correlations with different gas and particle phase species suggest that there are dif-
ferent precursor sources contributing to the formation of secondary organic aerosols
during different seasons of the year. From the analysis of the resolved organic mass
spectra we conclude that biomass burning emissions contribute to the formation of5

secondary organic aerosols during the winter and biogenic emissions contribute dur-
ing the summer. Considering seasonal influences on the formation of SOA is important
in modelling and quantifying organic mass concentrations in the atmosphere. These
measurements show that through a combination of continuous aerosol particle mea-
surements, we can understand the influence of different airmass sources (FT/BL) and10

transport directions on the aging and formation of the aerosol particle distribution, par-
ticularly the organic fraction.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/27139/2011/
acpd-11-27139-2011-supplement.pdf.15
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E. J. Freney et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

size distributions (10<D< 750 nm) at a high-alpine site (Jungfraujoch 3580 m a.s.l.), J. Geo-
phys. Res.-Atmos., 104, 26809–26820, doi:10.1029/1999JD900170, Joint Symposium on
Atmospheric Chemistry and Climate Change, Univ. Washington, Seattle, Washington, 19–
25 Aug, 1998, 1999. 27141, 27147

Zhang, Q., Alfarra, M., Worsnop, D., Allan, J., Coe, H., Canagaratna, M., and5

Jimenez, J.: Deconvolution and quantification of hydrocarbon-like and oxygenated organic
aerosols based on aerosol mass spectrometry, Environ. Sci. Technol., 39, 4938–4952,
doi:10.1021/es048568l, 2005. 27141, 27149

27161

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/27139/2011/acpd-11-27139-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/27139/2011/acpd-11-27139-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/1999JD900170
http://dx.doi.org/10.1021/es048568l


ACPD
11, 27139–27170, 2011

Seasonal
characterisation of
aerosol particles at

the puy de Dôme site
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Table 1. Average meteorological parameters and particle number concentration measured at
the pdD site for each of the campaigns. The errors represent one standard deviation.

Particle concentration (SMPS) (cm−3)
Season RH% Wind speed (ms−1) Temp ◦C UV Day Night

Autumn 9±4 86 % ±18 6±4 5±7 3018 ±1969 2003±1259
Winter 1±4 86 % ±21 7±4 5±7 1557 ±1443 1301± 1160

Summer 14±5 87 %±12 2.2±1.2 9 ±11 3405±1156 3364 ±1108

27162

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/27139/2011/acpd-11-27139-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/27139/2011/acpd-11-27139-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 27139–27170, 2011

Seasonal
characterisation of
aerosol particles at

the puy de Dôme site
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Table 2. The fractional contribution of each species to the total submicron particle mass (%)
and their corresponding average mass concentrations (µg m−3). The value shown for each
of the separated organic species (LVOOA and SV-OOA) is the fractional contribution of these
species to the total organics.

Season SO4 NO3 NH4 Chl Org BC LV-OOA SV-OOA

Autumn % 30 15 18 0.3 32 5 73 27
µg m−3 2.4 1.14 1.36 0.02 2.52 0.38 1.27 0.48

Winter % 23 31 20 1 23 2 52 48
µg m−3 1.28 1.71 1.08 0.07 1.24 0.2 0.412 0.418

Summer % 20 9 13 0.2 56 2 68 32
µg m−3 5.45 2.33 3.69 0.06 15.59 0.474 7.82 3.76
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Fig. 1. Equivalent potential temperature (θe) determined from meteorological parameters mea-
sured at pdD and at the OPGC for the (a) autumn, (b) winter, and (c) summer campaign
coloured by hour of day (UTC). (d) Lidar image, coloured by range-corrected signal at 355 nm
(arbitrary units) taken during the summer campaign showing that the pdD station was always in
the boundary layer (values greater than 3×105). The dark dotted line represents to the height
of the pdD (1465 m a.s.l).
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EJFreney: Seasonal characterisation of aerosol particles at the puy de Dôme site 11

Fig. 2. Mass concentration of organic and inorganic particles mea-
sured by the AMS, and BC measured by MAAP during autumn,
winter, and summer. Pie charts illustrate the average particle com-
position measured during each campaign. Coloured bars at the top
of each graph indicate the source of the airmass. When the bars are
multicoloured it indicates that the airmasses were mixed during this
period of sampling.

Fig. 2. Mass concentration of organic and inorganic particles measured by the AMS, and BC
measured by MAAP during autumn, winter, and summer. Pie charts illustrate the average par-
ticle composition measured during each campaign. Coloured bars at the top of each graph
indicate the source of the airmass. When the bars are multicoloured it indicates that the air-
masses were mixed during this period of sampling.
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12 EJFreney: Seasonal characterisation of aerosol particles at the puy de Dôme site

Fig. 3. Average mass spectra of organic species extracted from the
total organic mass spectra for the a) Autumn, b) winter, and c) Sum-
mer campaign. Smaller sticks overlayed on each mass spectral pat-
tern represent those of Ng et al. (2011).

Fig. 3. Average mass spectra of organic species extracted from the total organic mass spectra
for the (a) Autumn, (b) winter, and (c) Summer campaign. Smaller sticks overlayed on each
mass spectral pattern represent those of Ng et al. (2011).

27166

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/27139/2011/acpd-11-27139-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/27139/2011/acpd-11-27139-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 27139–27170, 2011

Seasonal
characterisation of
aerosol particles at

the puy de Dôme site
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EJFreney: Seasonal characterisation of aerosol particles at the puy de Dôme site 13

Fig. 4. Plot of the fraction of Org44 to total Organics (f44) against
the fraction of Org43 to the total organics (f43) for each campaign.
Each triangular point represents data averaged over a 60-minute pe-
riod. The star shaped points show f44 and f43 of each of the dif-
ferent organic species extracted from the total organic signal using
PMF. The black dotted lines show the boundaries set by Ng et al.
(2010).

Fig. 4. Plot of the fraction of Org44 to total Organics (f44) against the fraction of Org43 to the
total organics (f43) for each campaign. Each triangular point represents data averaged over a
60-minute period. The star shaped points show f44 and f43 of each of the different organic
species extracted from the total organic signal using PMF. The black dotted lines show the
boundaries set by Ng et al. (2010).
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Fig. 5. Particle composition averaged over season and airmass type.
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Fig. 6. Diurnal variation of mass concentration of BC and inorganic and organic particles for
autumn, (a) and (b), winter, (c) and (d), and summer, (e) and (f).
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16 EJFreney: Seasonal characterisation of aerosol particles at the puy de Dôme site

Fig. 7. Difference in thetae vs the CO/NOX ratio during winter
2009. Plots are coloured by a) SO4, b) NO3, c) LV-OOA, and d)
SV-OOA

Fig. 7. Difference in thetae vs. the CO/NOx ratio during winter 2009. Plots are coloured by (a)
SO4, (b) NO3, (c) LV-OOA, and (d) SV-OOA.
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