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Abstract

A Hygroscopicity Tandem Differential Mobility Analyzer (HTDMA) was used to evaluate
the hygroscopic properties of aerosol particles measured at the Puy de Déme research
station in central France from September 2008 to December 2012. This high-altitude
site is ideally situated to allow for both the upper part of the planetary boundary layer
and the lower free troposphere to be sampled. The aim of the study is to investigate
both the influence of year-to-year, seasonal, and diurnal cycles, as well as the influence
of air mass type on particle hygroscopicity and mixing state.

Results show that particle hygroscopicity increases with particle size and depends
both on air mass type and on season. Average growth factor values are lowest in
winter (1.21+0.13, 1.23+0.18 and 1.38 £ 0.25 for 25, 50 and 165 nm particles, re-
spectively) and highest in autumn (1.27 £0.11, 1.32+£0.12 and 1.49 £ 0.15 for 25, 50
and 165 nm particles, respectively). Particles are generally more hygroscopic at night
than during the day. The seasonal and diurnal variations are likely to be strongly in-
fluenced by boundary layer dynamics. Furthermore, particles originating from oceanic
and continental regions tend to be more hygroscopic than those measured in African
and local air masses. The high hygroscopicity of marine aerosol may be explained by
large proportions of inorganic aerosol and sea salts, and it is speculated that continen-
tal particles are more hygroscopic than local and African ones due to ageing of fresh
combustion aerosol.

Aerosol measured at the Puy de Déme display a high degree of external mixing,
and hygroscopic growth spectra can be divided into three different hygroscopic modes:
a less hygroscopic mode (GF < 1.3), a hygroscopic mode (GF 1.3-1.7) and a more
hygroscopic mode (GF > 1.7). The majority of particles measured can be classified
as being in either the less hygroscopic mode or the hygroscopic mode, and only few
of them have more hygroscopic properties. The degree of external mixing, evaluated
as the fraction of time when the aerosol is found with two or more populations with
different hygroscopic properties, is found to increase with particle size (average yearly
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values are 22, 33 and 49 % for 25, 50, and 165 nm particles, respectively). The degree
of external mixing is more sensitive to season than to air mass type, and it is higher in
the cold seasons than in the warm seasons.

This study gathers the results from one of the longest data sets of hygroscopic growth
factor measurements to date, allowing a statistically relevant hygroscopic growth pa-
rameterization to be determined as a function of both air mass type and season.

1 Introduction

Atmospheric aerosol particles affect the Earth’s climate in various ways. As a direct
effect, they scatter and absorb solar radiation. In addition, some aerosols can be acti-
vated to form cloud droplets, and will thereby indirectly impact the radiation budget of
the planet. The impacts of aerosol particles on the climate are subject to many uncer-
tainties, which are linked to their physical and chemical properties (IPCC, 2007). Both
the direct and indirect effect on radiation is influenced by aerosol particle hygroscopic-
ity, meaning that hygroscopicity is a key parameter to better understand and estimate
aerosol radiative impacts and aerosol-cloud interactions. Chemical compounds may be
present in aerosol particles as internal mixtures (all particles of a given size have the
same chemical composition), or external mixtures (particles of a given size are divided
into several sub-populations of different chemical composition). The mixing state of the
aerosol particles may have an impact on the way they interact with water vapour (i.e.
on their indirect effect), and on the way they interact with solar radiation (i.e. on their
direct effect).

Hygroscopic properties and mixing state of atmospheric aerosol particles can
be studied in detail using a Hygroscopicity Tandem Differential Mobility Analyzer
(HTDMA). This instrument selects a narrow range of particle diameters (D,) from
a polydisperse aerosol, and exposes the selected particles to a well defined elevated
relative humidity, which is normally 90 % (RH90). Due to water uptake, the diameter of
the selected particles will increase (Dgg), and a hygroscopic growth factor (GF) can be
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calculated. The mixing state of aerosol particles can be evaluated from hygroscopicity
measurements, when a population of particles selected at a given diameter falls into
different hygroscopic modes, pointing to the presence of different aerosol populations
for this size.

An overview of HTDMA data on atmospheric aerosol reported up to September 2007
has been summarized in a review article by Swietlicki et al. (2008). Historically, most
data have been obtained during intensive field campaigns, covering only a few weeks
to some months of measurements. Marine, rural, and urban environments have been
studied rather extensively over the last 20 years (see e.g. Swietlicki et al., 2008 and
references therein), while measurements at high altitude sites, i.e. away from local
sources and periodically in the free troposphere (FT), are more rare. Measurements
at high altitude sites are important when considering the climatic effect of tropospheric
clouds, which are formed on FT aerosol. Up until now, HTDMA measurements at high
altitude sites have been studied at the research station Jungfraujoch in the Swiss
Alps (3580 ma.s.l.) (Weingartner et al., 2002; Sjégren et al., 2008; Kammermann
et al., 2010), the lzafha baseline observatory station on the island of Tenerife in the
north-eastern Atlantic (2367 ma.s.l.) (Swietlicki et al., 2000), and the Monte Cimone
observatory in northern ltaly (2165 ma.s.l.) (Van Dingenen et al., 2005).

The Puy de DOme research station (pdD) in central France is ideally situated for
measurements of various types of air masses. Located at 1465 ma.s.l. it lies in a re-
gion which allows for both the upper part of the planetary boundary layer (PBL) and
the lower part of the FT to be sampled, depending on meteorological conditions. In this
study, the aim is to investigate aerosol hygroscopic properties and aerosol particle mix-
ing state, away from direct sources at a background site. The work presented covers
data collected from September 2008 to December 2012. This is, to the authors’ knowl-
edge, the first study that investigates hygroscopic properties of particles measured at
a high altitude site over several years. This allows for detailed analysis of the influence
of year-to-year and seasonal cycles, diurnal patterns, and air mass types on particle
hygroscopicity.
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2 Methods
2.1 Measurement site

The Puy de Dbéme research station (pdD) is located at the top of Puy de Déme,
1465 ma.s.l. in central France (45°46' N, 2°57' E), 16 km west of the city of Clermont-
Ferrand (396 ma.s.l., about 140 000 inhabitants). The site has been defined as a back-
ground site (Putaud et al., 2004) and as a high altitude site (Venzac et al., 2009; Asmi
et al., 2011). The station surrounding area is mainly dominated by fields and forests.
Meteorological parameters such as wind speed and direction, temperature, relative
humidity, radiation (global, UV and diffuse), atmospheric trace gases (O3, NOy, SO,
CO,), particulate black carbon (BC), and aerosol particle number concentration are
monitored continuously. The site is often used for investigations of cloud microphysical
properties, cloud chemistry and aerosol-cloud interactions (Wobrock et al., 2001; Sel-
legri et al., 2003; Marinoni et al., 2004; Asmi et al., 2012), due to frequent formation
of clouds (> 50 % of the time from November to March). Long-term records of remote
sensing measurements, in-situ particle measurements, and meteorological parame-
ters indicate that in winter, spring, and at night during summer, the site is more often
influenced by FT or residual layer (RL) air masses, compared to the summer season
(Venzac et al., 2009; Boulon et al., 2011; Hervo et al., 2014).

2.2 Instrumentation

The Hygroscopicity Tandem Differential Mobility Analyzer (HTDMA) system used in this
study is designed and built at the Laboratoire de Météorologie Physique (LaMP). The
system includes a drying system, two Differential Mobility Analyzers (DMAs), a hu-
midifying system, and a Condensation Particle Counter (CPC). First, a polydisperse
aerosol is sampled at a flow rate of about 0.6 Lmin~". This aerosol is dried to less than
30 % RH, using silica gel diffusion driers. The first DMA (DMA1) alternatively selects
six different dry diameters (D,) from the polydisperse aerosol: 25, 35, 50, 75, 110 and
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165 nm. Selected particles are subsequently exposed to 90 % RH, using a humidifi-
cation system. The humidification system consists of a nafion membrane exposed to
humid air generated by bubbling the air through distilled water (18 Ohm). RH is mea-
sured and controlled by a dew point mirror placed on the second DMA (DMAZ2) sheath
loop. The particle diameter increases due to uptake of water, and the resulting particle
size (Dgp) is measured with DMA2, while the particle concentration is measured by
the CPC. The ratio of Dy, to D, is defined as the hygroscopic growth factor (GF). The
particle concentration measured by the CPC as a function of GF is referred to as the
measurement distribution function (MDF). An MDF covering the whole GF range can
be obtained by changing the diameter selected by DMA2 gradually or in discrete steps,
while keeping DMA1 at a constant dry size. The first and the second DMA are operated
using a closed-loop/vacuum pump set-up. A critical orifice and mass flow controllers
are used to control the sheath aerosol flow rate at 3Lmin~". The system is confined
and cooled by Peltier systems (AT close to -5 °C).

The HTDMA at the pdD is regularly calibrated using ammonium sulphate at 90 % RH.
Calibrations performed during a EUSAAR workshop (Duplissy et al., 2009) showed that
the average variability of measurements is less than 1 %, which indicate that the DMA is
well calibrated. The humidification system presented a stability of £0.4 % RH in normal
conditions.

2.3 Analysis
2.3.1 Data inversion and fitting procedure

In this work, growth factor probability density functions (GF-PDFs) are obtained from
the measured GFs following the procedures given by Gysel et al. (2009). The method
uses a full TDMA transfer forward function in combination with a ,1/2 minimization al-
gorithm, which has been tested on HTDMA data previously (Gysel et al., 2007; Allan
et al., 2008). A piecewise linear inversion approach was used, with the center of the
first and the last inversion bins set to GF = 0.7 and GF = 2.5, respectively. The resolu-
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tion chosen was AGF = 0.15. All GF-PDFs measured in the range 87 % < RH < 93 %
were recalculated to RH = 90 % according to Eqgs. (3) and (6) in Gysel et al. (2009).
Data acquired at lower or higher RH were ignored and scans that show particle counts
less than 1 cm™ are not included in the analysis.

Hygroscopic growth factor distributions are quite complex at the pdD, often with
two and sometimes three hygroscopic modes observed simultaneously. This indicates
a high degree of external mixing and the influence of multiple sources of particles at
the site. When the distribution is multi-modal, the average GF provided by the TDMAinv
program is not enough to fully describe the different hygroscopic modes of individual
GF-PDFs. Therefore, all data is further interpreted using a matlab program developed
at LaMP. By describing the obtained GF-PDF as a superposition of multiple Gaussians,
the growth factor GF, spread o, and number fraction NF of particles in each hygroscopic
mode can be identified for every scan individually. Figure 1 is an example of a bimodal
growth factor distribution obtained from the TDMAinv program. In this example, the
TDMAInv software provides an average GF of 1.38 and a spread o of 0.18. Using the
matlab program, a first GF mode is identified at GF 1.00 and ¢ 0.07 and a second at
GF 1.37 and o 0.09. This is more representative of the actual distribution function. It
should be noted, however, that the matlab program is only used to interpret the data
already retrieved from the TDMAIinv software.

The HTDMA at the pdD is calibrated using ammonium sulphate, which has well
documented hygroscopic parameters. With a resolution AGF =0.15 chosen for the
fit, the spread in data obtained by ammonium sulphate is o < 0.05. Following Sj6-
gren et al. (2008), GF-PDFs showing ¢ < 0.10 indicate an internal mixture, or a quasi-
internal mixture with limited spread of growth modes. Contrary, GF-PDFs with o > 0.15
are considered externally mixed, or quasi-internally mixed with substantial spread of
growth factors.
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2.3.2 Air mass back trajectory calculations

Back trajectories for air masses arriving at the pdD were calculated using HYSPLIT
(HYbrid Single-Particle Lagrangian Integrated Trajectory) (Draxler and Hess, 1998).
Trajectories were calculated every 6h, going back 72h in time, and were classified
as continental, African, oceanic or oceanic modified (sectors: 10—130, 130-260, 260—
315 and 315-10, respectively, according to Asmi et al., 2012). In addition, air masses
predominantly circulating above continental France were classified as local.

3 Results and discussion

In this work, hygroscopic growth factors of particles with dry sizes 25, 50 and 165 nm
are discussed. These particles represent the nucleation mode (25nm), the Aitken
mode (50 nm), and the accumulation mode (165 nm) at the pdD (Venzac et al., 2009).
Table 1 gives the total number of successful scans, split by calendar month. Although
the HDTMA was planned to measure hygroscopicity continuously, several problems
occurred (e.g. acquisition PC failure and air-conditioning failures) so that there are pe-
riods when measurements are scarce.

Based on literature, black carbon (BC) and mineral dust can be considered almost
hydrophobic with a GF less than 1.05 (Weingartner et al., 1997; Vlasenko et al., 2005),
while biomass burning can have a GF of as high as 1.65 (Cocker et al., 2001; Pagels
et al., 2003). The main inorganic ions (NO3, SO, and NH,) can be associated with am-
monium sulphate or ammonium nitrate, which have GFs around 1.7 (Gysel et al., 2002;
Prenni et al., 2003; Wise et al., 2003). GFs of secondary organic aerosol (SOA) range
between about 1.07 and 1.14 (Virkkula et al., 1999; Saathoff et al., 2003; Baltensperger
et al., 2005) and the GFs of organic compounds may vary between about 1.0 and 1.7.
(Peng et al., 2001; Wise et al., 2003; Chan and Chan, 2003; Prenni et al., 2003, 2007;
Koehler et al., 2006; Huff Hartz et al., 2006). The terpenes a-pinene and (-pinene
have been reported to have GFs between about 1.03 and 1.18 (Saathoff et al., 2003;
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Varutbangkul et al., 2006; Prenni et al., 2007). Finally, particles composed of sea salt
or sulphuric acid are very hygroscopic with GFs higher than 2.0 (Gysel et al., 2002;
Koehler et al., 2006).

3.1 Year-to-year and seasonal variability

In order to provide an overview of particle hygroscopicity, average GF-PDFs were cal-
culated for each measurement year. As observed in several studies (see e.g. Swietlicki
et al., 2008 and references therein), there is a distinct increase in hygroscopicity with
increasing particle diameter (Fig. 2). Nucleation mode particles display roughly the
same hygroscopic behavior throughout all years. The distributions peak at a GF of
around 1.1-1.2 for measurement years 2009-2012, and for the year 2008 they are
centered at ~ 1.3. Particles in the Aitken mode cover a larger range of GFs and show
more year-to-year variability than those in the nucleation mode. In 2010 and 2011, the
GF peaks at around 1.1, and in 2012 close to 1.2. In 2008 and 2009, the GF peak is lo-
cated at almost 1.4. Finally, accumulation mode particles cover GFs from less than 1.0
to over 2.2 and show a strong variability from one year to another. The GF-PDF is of-
ten bimodal with a first mode located close to 1.0 and a second mode between 1.4 and
1.6. Yearly variations may be an effect of unbalanced seasonal sampling, and needs to
be further evaluated. In 2008, data was only collected in September, while 2009 only
represent winter and spring time measurements. In 2010, winter and autumn are rep-
resented, but neither spring nor summer. In 2011 and 2012, measurements took place
over all seasons.

Monthly median GFs were calculated from the GF-PDFS and are displayed in Fig. 3,
showing that the GF is lower in winter than during summer. It is also observed that the
GF variability is higher in winter than in summer. Table 2 gives yearly and seasonal av-
erage GFs, where winter stretches from December to February, spring from March to
May, summer from June to August and autumn from September to November. Particles
in the nucleation mode do not show any strong seasonal variability, as the average GF
is roughly constant throughout the year. Aitken and accumulation mode particles are
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generally most hygroscopic in autumn and least hygroscopic in winter. Measurement
year 2010 contributes with low GFs in winter and in autumn, but does not significantly
lower the total average since data is scarce that year. The large variations in winter time
values, seen especially in the Aitken and the accumulation mode, can be attributed to
measurement year 2009 when GFs were higher than usual and standard deviations
were large. In spring the difference between 2009 and the other years is less pro-
nounced, resulting in smaller variations in the data.

Weingartner et al. (2002), Sjégren et al. (2008), and Kammermann et al. (2010)
studied hygroscopic properties at the FT site Jungfraujoch (JFJ) in the Swiss Alps
(3580 ma.s.l.). In the first two studies GFs were measured at 85 % RH, but could be
extrapolated to 90 % RH. In winter, when the JFJ site is predominantly influenced by
lower FT air masses, Weingartner et al. (2002) reported GFs of 1.55 and 1.62 for 50
and 100 nm particles, respectively. Later, Sjoégren et al. (2008) measured winter time
GFs to be 1.45 for 50 nm particles and 1.60 for 100 nm particles. These authors also
measured particle hygroscopicity in summer time, when the sampled air can be in-
fluenced by injections from the PBL, giving calculated GFs (RH90) of 1.35 and 1.40
for 50 nm and 100 nm particles, respectively. Finally, Kammermann et al. (2010) eval-
uated JFJ hygroscopicity data over 13 months and found the yearly average GFs to
be 1.34 and 1.43 for 50 and 110 nm particles, respectively. They found no distinct sea-
sonal variability in the values measured. The reported winter time GFs were 1.30 for
50 nm particles and 1.41 for 110 nm particles, and the corresponding summer time
values were 1.34 and 1.40. GF spectra measured at Monte Cimone (Van Dingenen
et al., 2005) and lzaha (Swietlicki et al., 2000) were reported to be bimodal, and no
average GFs were presented.

GFs reported from JFJ can be compared to those measured in this study in Table 3.
The yearly averages measured by Kammermann et al. (2010) are close to those ob-
served at the pdD. This is also the case for the summer time values given by Sjégren
et al. (2008) and Kammermann et al. (2010). However, winter time GFs measured by
Weingartner et al. (2002) and Sjégren et al. (2008) are much higher than those ob-
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served in this work, while those given by Kammermann et al. (2010) are more similar.
Overall, GFs measured at JFJ are generally higher than those measured at the pdD.
A likely explanation of this could be that the JFJ site is located at a higher altitude than
the pdD station, and is thus less influenced by the advection of pollution aerosols from
the PBL. Indeed, opposite to observations at the pdD, Kammermann et al. (2010) found
that PBL influence has no effect on the annual mean hygroscopicity of the aerosol mea-
sured at JFJ, although GFs are significantly lowered during the short periods with PBL
influence.

GF-PDFs measured at the pdD were averaged over each season in Fig. 4. For parti-
cles in the nucleation mode, the shape of the GF-PDF is similar for all seasons, peaking
between 1.1 and 1.2. Aitken mode particles are characterized by a wide range of GFs,
especially in the cold seasons. The distribution function peaks at a lower GF in winter
and in summer (GF peaks at about 1.1) than during other seasons (GF peak 1.1-1.3).
For accumulation mode particles, the shape of the GF-PDF strongly depends on the
season. In winter and in autumn two modes are clearly visible, with a first mode lo-
cated between 1.0 and 1.1 and a second mode around 1.5-1.6. The occurrence of this
nearly hydrophobic mode in winter lowers the average GF, as reported in Table 2. The
low average GF confirms the more frequent intrusion of the PBL hydrophobic aerosol
at the pdD site in winter, compared to JFJ. In spring and summer the appearance of the
hydrophobic mode is less obvious, which indicates that the nearly hydrophobic mode
observed in winter and in autumn originates from the presence of combustion aerosols
emitted from heating devices.

The observation of several hygroscopic modes in the GF-PDFs measured at the
pdD indicates a high degree of external mixing that needs to be characterized. Each of
the individually retrieved GF-PDFs was therefore examined in more detailed using the
Gaussian fitting procedure described in Sect. 2.3.1 This procedure allowed identifica-
tion of several hygroscopic modes with a specific median growth factor GF, GF spread
(o) and number fraction NF found in each mode. The calculated median GF of each
mode was then attributed to one of three hygroscopic classes. Mode 1 represents less
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hygroscopic material with GFs lower than 1.3, i.e. black carbon and organic material.
Mode 2 corresponds to hygroscopic particles with GFs between about 1.3 and 1.7,
e.g. ammonium sulphate and mixtures of ammonium sulphate and organic material.
Mode 3 is the more hygroscopic mode, with GFs higher than 1.7. These are particles
composed of sea salt and modified sea salt. Table 4 gives the average GF of each
hygroscopic mode and the frequency of occurrence (FO) of that mode, i.e. the fraction
of scans in which you find particles in mode 1, mode 2 or mode 3, respectively. The
data shows that the less hygroscopic mode (mode 1) is most important for nucleation
and Aitken mode particles, occurring in 85 and 78 % of all scans, respectively. For ac-
cumulation mode particles, the hygroscopic mode (mode 2) is strongest, with a FO of
79 %. The average GFs of each hygroscopic mode are roughly the same for all particle
sizes; only the FO changes.

Table 5 shows the frequency of external mixing split by season, i.e., the percentage
of scans that display two or more modes. At the pdD, the aerosol is found as an exter-
nal mixture from 16 to 67 % of the time, depending on both particle size and season.
It is clear that the degree of external mixing increases with particle size, and that it
is higher in the cold seasons than in the warm seasons. During winter, the pdD oc-
curs more frequently in the interface between the PBL and the FT, and the air masses
contain a mixture of different sources. In autumn and in winter, the high degree of ex-
ternal mixing may also be explained by more wood fires in individual houses, resulting
in combustion aerosol being injected high in the atmosphere due to the very strong
convection in the warm outflow.

Sjogren et al. (2008) used the GF spread (o) for individual scans to conclude that
winter time aerosol measured at JFJ is predominantly internally mixed. Nonetheless,
the authors’ did find a small GF mode at about 1.0—1.2, in addition to the main mode.
The mode was less pronounced for 50 nm particles than for 100 nm particles, which
is coherent with the trend of the degree of mixing with particle size seen at the pdD.
Similar to the pdD, the JFJ summer time aerosol showed a more homogeneous distri-
bution. Kammermann et al. (2010) also found that 50 nm particles were characterized
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by a broad peak including the full range of particle compositions. Particles larger than
75nm were more clearly bi-modal, again in agreement with the pdD trend showing
a higher degree of mixing with larger particle size.

Monthly average GFs and NFs of particles in each hygroscopic mode, measured at
the pdD, are displayed in Fig. 5. Overall, less hygroscopic particles are dominating in
winter time, but their relative number fraction (NF1) decreases as spring arrives and
the number fraction of hygroscopic particles (NF2) increases. The nucleation mode is
dominated by less hygroscopic particles throughout the whole year (NF1: 57-88 %),
although the hygroscopic mode contributes significantly (NF2: 11-43 %). More hygro-
scopic particles are present only at very low number fractions (NF3: < 1 %). The Aitken
mode mostly contains less hygroscopic and hygroscopic particles. Hygroscopicity is
lowest in winter (NF1: 61-79 %, NF2: 20-34 %, NF3: <5 %) and highest from late
spring to early autumn (NF1: 39-56 % NF2: 21-59 %, NF3: < 2%). The accumulation
mode is most sensitive to seasonal variations. The less hygroscopic mode is dominant
only during winter months (NF1: 43—63 %, NF2: 28-47 %, NF3: 3-24 %). As spring ar-
rives, this fraction decreases (NF1: < 38 %) and the hygroscopic fraction increases (N2:
51-83 %). In autumn, the less hygroscopic fraction slowly begins to increase again.
The more hygroscopic mode only contributes low number fractions throughout the year
(NF3: 5-10 %), with a maximum fraction present during winter. This observation is in
agreement with a more efficient long-range transport of sea salt particles to the site in
winter (Bourcier et al., 2012). Figure 5 also shows that for nucleation and Aitken mode
particles the average GF in the less hygroscopic mode (GF1) increases in the warm
season, while the GF of hygroscopic mode (GF2) remains more or less the same. In
the accumulation mode, GF1 and GF2 show no significant variation throughout the
year.

Freney et al. (2011) suggest that low volatility oxygenated organic aerosol particles
(LV-OOA) measured at the pdD in winter are related to aged biomass burning emis-
sions, whereas organic aerosol particles measured in summer are linked to biogenic
sources. The hygroscopicity of particles originating from biomass burning can vary
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significantly (Pagels et al., 2003), but they are globally less hygroscopic than organic
particles originating from biogenic sources. This change of organic sources from winter
to summer would explain the increase in GF1 from winter to summer in the nucleation
and Aitken modes. Bourcier et al. (2012) and Freney et al. (2011) found that the frac-
tion of black carbon (BC) measured at the pdD is low (< 5 %), while the organic frac-
tion, which could also contribute to the number fraction of less hygroscopic particles,
varies between 23 % (Freney et al., 2011) and 48 % (Bourcier et al., 2012) in winter.
In summer, the organic fraction contributes to at least 55 % (both studies) to the total
mass concentration. Thus, it seems like the organic fraction is only variable in winter
time, leading to variable values of hygroscopicity. In winter, the PBL height varies a lot,
meaning that the pdD site can be either in the PBL or in the FT. In winter and in PBL
conditions, the contribution from biomass burning is greater than in summer, bringing
with it a high fraction of primary organics and nitrates. In FT conditions, the aerosol is
dominated by sulphate and organic aerosol (Heald et al., 2006; Murphy et al., 2006).

The seasonal variations of the contribution of different hygroscopic fractions are likely
linked to the seasonal variation of the vertical transport of air masses from the PBL to
the pdD site. This vertical transport may also be discussed in the light of the diurnal
variations of the hygroscopic fractions in the aerosol.

3.2 Diurnal variability

Particles measured at the pdD show a clear diurnal variation, with a higher GF mea-
sured at night time than during the day, as illustrated in Fig. 6. For all particle sizes,
the median GF is highest in late night/early morning, and lowest around midday. This
diurnal variation is due to the less hygroscopic fraction that increases during the day,
at the expense of the hygroscopic fraction. It is the result of the site being in the RL or
FT at night, hence being exposed to long-range transport and aged aerosol particles.
During the day, there are more air masses arriving from the PBL with a larger contribu-
tion from anthropogenic emissions that are less hygroscopic. The diurnal variation is
most pronounced for nucleation mode particles.
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Nucleation and Aitken mode particles may originate from anthropogenic emissions
transported from the PBL or from new particle formation and growth occurring at the
site. New particle formation (NPF) events are frequently observed at the pdD during the
day (Venzac et al., 2007; Boulon et al., 2011; Rose et al., 2013). Boulon et al. (2011)
and Rose et al. (2013) suggest that the nucleated particles grow from condensation
of organic compounds, which are likely less hygroscopic. Thus, NPF events will lead
to an increase in the less hygroscopic fraction, which can explain the observed diurnal
variations at the site.

Hygroscopicity data are further segregated into night (00:00-06:00 UTC) and day
(09:00-15:00 UTC), and are split into seasonal averages in Fig. 7. The diurnal changes
are observable over all seasons and all partice sizes. In winter, the day time increase
in the number fraction of less hygroscopic particles (NF1) is smaller than during the
other seasons. This is consistent with observations by Rose et al. (2013), who report
that NPF events are less frequent in winter (NPF event frequency 17 %) than in spring,
summer and autumn (NPF event frequency 26 %, 27 % and 24 %, respectively).

3.3 Influence of air mass origin

Air masses were sorted according to their origin in order to investigate the influence
of long range transport on the aerosol hygroscopic behavior measured at the top of
the pdD. Back trajectories were calculated from the HYSPLIT model (Draxler and
Hess, 1998) every 6 h, going back 72h in time, and were classified as either conti-
nental, African, oceanic, oceanic modified or local according to the boundaries de-
fined in Fig. 8. The colour coding represents the number of back trajectories arriving
at the pdD with a 1° x 1° resolution over the measurement period September 2008—
December 2012. The origin of a back trajectory is defined as a function of the number
of hours spent over each sector by an air mass. Hygroscopicity data treated in this work
arrived from air masses that were 36 % oceanic, 29 % African, 19 % continental, 10 %
oceanic modified and 6 % local. Figure 9 shows that there is a seasonal variation in the
frequency of continental air masses. For example the contribution of continental air is
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substantial throughout most of the year, but in July and August those air masses are
rarely present. Local air masses are most frequent from late spring to early autumn.
This is in agreement with the observation of a higher PBL in the warm seasons, in
which the winds are weaker.

Table 6 shows the frequency of external mixing split by air mass origin, i.e. the per-
centage of scans that display two or more modes simultaneously. Particles in the nu-
cleation and Aitken mode have the highest degree of external mixing for oceanic and
oceanic modified air masses (21-39 %) and the lowest for local air masses (14—20 %).
Accumulation mode particles show different behaviour, with the degree of external mix-
ing being highest for continental air masses (54 %) and lowest for oceanic and oceanic
modified air masses (40—42 %). The degree of external mixing is less sensitive to air
mass type than to season. For example, the frequency of external mixing in the accu-
mulation mode varies from 31 % in summer to 67 % during winter, while it only varies
from 40 % in oceanic air masses to 54 % in continental air masses.

Sjogren et al. (2008) and Van Dingenen et al. (2005) report that the degree of exter-
nal mixing is greater during dust events, when mineral dust from African air masses is
mixed with anthropogenic particles. These events do not have a large influence on the
average GF values, as they only represent about 5 % of the total measurements at JFJ
(Sjogren et al., 2008) and 3 % at Monte Cimone (Van Dingenen et al., 2005). Accumu-
lation mode particles in African air display a high degree of external mixing also in this
study, although dust events have not been individually identified.

Median GFs and average NFs measured at the pdD are displayed as a function of
air mass origin in Fig. 10. Taken as an average over the whole measurement period,
the hygroscopic variability as a function of air mass trajectory is not obvious. Nucle-
ation and Aitken mode particles originating from the oceanic and continental regions
tend to contain slightly higher fractions of the hygroscopic mode than those measured
in African and local air. In the accumulation mode, oceanic and oceanic modified air
contains much larger fractions of more hygroscopic particles than the other air masses.
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When oceanic modified air masses are measured at the pdD they contain marine air
internally mixed with aged anthropogenic and less hygroscopic particles, thus resulting
in a more hygroscopic mode with an average GF less than that of sea salt (GF3 ~ 1.80).
According to Bourcier et al. (2012), modified oceanic air measured at the pdD contains
one of the largest proportions of inorganic anthropogenic and sea salt aerosol to total
mass. Whereas anthropogenic sources in the PBL normally are thought to be fresh
(less hygroscopic), the anthropogenic compounds associated with marine aerosol are
thought to be aged. Moreover, sea salt is aged principally with NO, rather than with
organics (Sellegri et al., 2001; Piazzola et al., 2012). This would explain the high hy-
groscopicity of particles in modified oceanic air compared to those in other air masses.
In fact, aerosols in oceanic modified air masses are generally more hygroscopic than
in oceanic air masses. At first glance this is surprising since sea salt is the most hy-
groscopic of all salts, but the observation confirms that oceanic air masses at the pdD
contain a high fraction of organic particles, as reported by Bourcier et al. (2012). These
authors found that particles in oceanic air masses measured at the pdD contain the
lowest fraction of inorganic to total mass. Further, Asmi et al. (2012) observed, by CNN
measurements, that oceanic particles measured at the pdD are less hygroscopic in
oceanic air masses than in oceanic modified air masses.

Local air masses tend to be dominated by a less hygroscopic mode, and a hy-
groscopic mode (NF1 + NF2 > 85 %). Here, the less hygroscopic aerosol particles are
likely originating from freshly formed anthropogenic aerosol, and the hygroscopic mode
corresponds to aged anthropogenic particles. Continental particles should show the
same hygroscopic properties as the local ones in the accumulation mode (most repre-
sentative of long range transport), but they are more hygroscopic than the local ones
for the nucleation and Aitken modes, presumably due to ageing of the fresh combus-
tion particles. Particles in African air have hygroscopic properties somewhere between
local and continental air.

In order to investigate if the seasonal variation previously observed is due to the vari-
ability of air mass origin, data are further divided into seasons in Fig. 11. As described
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in Sect. 3.1, nucleation mode particles do not show any apparent seasonal general
trend (without air mass splitting). This could be because the individual seasonal trends
are opposite for continental and local air, compared to oceanic modified air. The conti-
nental and local aerosol is more hygroscopic in the colder season, as the hygroscopic
particle fraction (NF2) increases at the expense of less hygroscopic particles (NF1).
The opposite trend is seen in oceanic modified air masses, which are less hygroscopic
in autumn and in winter. The other air masses do no not show a marked seasonal
cycle. A similar behavior can be seen in the Aitken mode, with the exception that the
winter time aerosol is less hygroscopic also for oceanic and African air masses. The
hygroscopic behavior of accumulation mode particles is more difficult to describe. Con-
tinental aerosol displays the same trend as smaller particles, with higher hygroscopicity
in the cold season. For all other air masses, particles are least hygroscopic in winter,
as observed for the general trend (without air mass splitting). Oceanic and oceanic
modified particles are most hygroscopic in spring, while the GFs of African and local
particles peak in autumn.

Venzac et al. (2009) found that the seasonal variability in aerosol sources at the
pdD was predominant over the continent compared to marine aerosol sources. Freney
et al. (2011) and Bourcier et al. (2012) suggest that the atmospheric particle composi-
tion at the site is strongly influenced by both season and air mass origin. For example,
Freney et al. (2011) found that the highest nitrate and ammonium mass concentrations
at the pdD were measured during winter/spring, in periods when oceanic and oceanic
modified air masses dominated. This would explain the high GFs seen in accumulation
mode particles in those air masses, as the accumulation mode is most representative
of chemical analysis.

3.4 Hygroscopic growth factor parameterization

Parameterizations giving the GF as a function of RH can be found in different forms

(e.g. Zhou et al., 2001; Rissler et al., 2006). In this paper a parameterization is derived

from GF measurements conducted at the Puy de Déme at RH = 90 %. This parameter-
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ization is similar to the one of Zhou et al. (2001), which was previously used in several
papers (Laakso et al., 2004; Horrak et al., 2008) and is available for RH up to 90 % and
for particles in the size range 10 nm to 420 nm. In particular, this kind of parameteriza-
tion was previously shown to retrieve very satisfying GF estimations for RH in the range
60-90 % and for particles smaller than 300 nm at the Puy de Déme (Rose et al., 2013).
For lower RH or larger particles, the model is likely to slightly overestimate the GF. The
parameterization is a continuous one-parameter function GF = (1 RH )V, where y is

~ 100
a dimensionless parameter which can be parameterized as a function of particle dry

size, dp y=ax 1% — b . Parameters a and b for all seasons and air mass origins are
given in Table 7.

Also found in Table 7 are the kappa values, «, for each particle size and for all sea-
sons and air mass origins. These values have been calculated following Petters and
Kreidenwies (2007). The parameterization and the kappa values are issued from a long
term data set, and are therefore considered reliable for future use in studies in which
the hygroscopic properties should be taken into account, such as for calculations of
condensational sink or for calculations of size distributions at ambient humidities for
calculations of optical properties. The parameterizations and kappa values are repre-

sentative of western European aerosol in remote sites.

4 Conclusions

HTDMA data of aerosol particles measured at the Puy de Déme research station
(France, 45°46' N, 2°57' E, 1465 ma.s.l.) were evaluated over the time period Septem-
ber 2008 to December 2012. The aim was to investigate the influence of year-to-year
and seasonal variability, diurnal cycles and air mass types on particle hygroscopicity
and to use this data to develop a parameterization that can be applied to other data
sets.

Results show that particle hygroscopicity increases with particle size and depends
both on air mass type and on season. Average GF values are lowest in winter
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(1.21+£0.13, 1.23+0.18 and 1.38 + 0.25 for 25, 50 and 165 nm particles, respectively)
and highest in autumn (1.27 £0.11, 1.32 £ 0.12 and 1.49 £ 0.15 for 25, 50 and 165 nm
particles, respectively). Moreover, particles are generally more hygroscopic at night
time than during the day. The seasonal and diurnal variations are likely linked to the
seasonal and diurnal variation of the vertical transport of the PBL layer to the site. The
hygroscopic variability as a function of air mass origin is not obvious, although particles
originating from the oceanic, modified oceanic and continental sectors tend to be more
hygroscopic than those measured in African and local air. The high hygroscopicity of
oceanic and modified oceanic aerosol may be explained by large proportions of inor-
ganic aerosol and sea salts, and it is speculated that continental particles are more
hygroscopic than local and African ones due to ageing of fresh combustion aerosol.

The GF-PDFs of particles measured at the pdD often display two and sometimes
three modes simultaneously, indicating a high degree of external mixing at the site.
Growth spectra are therefore divided into three different hygroscopic modes, two of
which are found in majority. Depending on particle size, a less hygroscopic mode
(GF < 1.3) or a hygroscopic mode (GF 1.3—1.7) dominates the aerosol, while a more
hygroscopic mode (GF > 1.7) is normally only present at lower number fractions. The
degree of external mixing, i.e. the percentage of HTDMA scans that display two or
more modes at the same time, increases with particle size (average yearly values of
about 22, 33 and 49 % for 25, 50 and 165 nm particles, respectively) and is higher in
the cold seasons than in the warm seasons. This is likely a result of higher number
concentrations of combustion aerosols emitted from heating devices in the PBL in win-
ter and autumn. The degree of external mixing is less sensitive to air mass type than
to season. Ultimately, parameterizations of hygroscopic growth factors and kappa val-
ues are calculated for given seasons and air mass types. These parameterizations and
kappa values are needed for future calculations of wet aerosol size distributions, which
are more realistic than dry aerosol size distributions and essential for in situ-to-remote
sensing comparisons and radiative impact studies.
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Table 2. Yearly and seasonal average hygroscopic growth factors (GFs), including standard

deviations (std) and the number of scans (n) in each category of measurements.

Average GF+std, n

Particle Year vyearly winter spring summer autumn
dry
size
25nm  All 1.22+0.12 1.21+£0.13 1.21+£0.11 1.22+0.11 1.27+£0.11
5470 1145 2470 781 1074
2008 1.30+0.10 1.30+£0.10
540 540
2009 1.23+0.11 1.26£0.11 1.22+0.11
1177 314 863
2010 1.13+0.10 1.11+£0.11 1.14+0.08
187 67 120
2011 1.20+0.13 1.17+£0.11 1.19+£0.13 1.29+0.11 1.29+£0.13
1623 486 776 205 156
2012 1.22+0.11 1.25+0.15 1.23+0.10 1.20+0.10 1.25+£0.10
1943 278 831 576 258
50nm All 1.27+0.14 1.23+0.18 1.27+0.13 1.26+0.11 1.32+£0.12
5952 1339 2623 817 1173
2008 1.36+0.10 1.36+0.10
580 580
2009 1.36+0.14 1.39+£0.25 1.34+£0.12
1369 424 945
2010 1.16+0.10 1.14+0.13 1.18+0.07
210 87 123
2011 0.19+0.13 1.13+0.10 1.17+0.12 1.30+0.11 1.31£0.14
1755 527 815 233 180
2012 1.27+0.11 1.23+0.16 1.28+0.09 1.25+£0.10 1.31+£0.10
2038 301 863 584 290
165nm All 1.44+£0.19 1.38+£0.25 1.45+0.18 1.44+0.14 1.49+0.15
5316 1039 2550 627 1100
2008 1.52+0.13 1.52+0.13
555 555
2009 1.57+0.19 1.56+0.25 1.57+0.16
1300 366 934
2010 1.29+0.14 1.25+£0.20 1.31+£0.07
179 68 111
2011 1.34+0.19 1.22+0.15 1.31+£0.17 1.53+£0.13 1.47+£0.18
1609 420 816 207 166
2012 1.45x0.13 1.41+£0.16 1.46+0.10 1.40£0.12 1.53+0.13
1673 185 800 420 268
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Table 3. Average growth factors measured at the Jungfraujoch site and at the Puy de Déme.
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Measurement site  Source Particle dry size average GF Title Page
Yearly Winter Summer
v
Jungfraujoch Weingartner et al. (2002) 50 nm 1.55
100nm 1.62 o Conclusi Ref
Sjogren et al. (2008) 50 nm 1.45 1.35 o
100 nm 1.60 1.40 T TR TR
Kammermann et al. (2010) 50nm 1.34 1.30 1.34 2
110nm 1.43 1.41 1.40 @
Puy de Déme This work 50nm 127 123 1.26 o
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;
Mode 1 Mode 2 Mode 3 o )
Less hygroscopic Hygroscopic More hygroscopic
Particle dry size ~ GF +std FO (%) GF+ std FO (%) GF+ std FO (%) %
25nm 1.14+008 85 |[142+009 36 |1.78+0.10 2 2
50nm 114009 78 | 1422009 53 | 1.79+0.11 4 @
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Table 6. Frequency of external mixing split by air mass origin.
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Title Page
Frequency of external mixing (%) A | ,
Particle Oceanic Oceanic African Local Continental - e focieion
dry size modified Conclusions [l References
25nm 29 21 19 14 21 - —
50nm 38 36 25 20 27 £
165nm 40 42 49 44 54
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Table 7. Parameterization giving the growth factor (GF) as a function of relative humidity (RH), 14, 6759-6802, 2014

and the kappa value « for each particle size.
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GF derived « Hygroscopic
Season  Air mass origin ax10™* ax1072 | 25nm 50nm 165nm properties of aerosol
All All 5.081 7.631 | 0.158 0.156  0.243 at the Puy de Dome
Winter  All 4.088 7128 | 0.145 0.131  0.195 o
Spring Al 5.484 7234 | 0148 0.154 0.250 7
Summer Al 5085 7502 | 0157 0.151 0.241 2 H. Holmgren et al.
Autumn  All 4.945 9.275 | 0.195 0.189  0.281 2
All Oceanic 5.511 7.680 | 0.164 0.157 0.264 <)
All Oceanic modified 6.402 7.783 0.171 0.170 0.307 >
All African 4.589 7117 | 0.142 0.142 0.212 S Title Page
All Local 5.152 6.904 | 0.141 0.143 0.229 S
All Continental 4.974 8.440 | 0173 0.174 0.259 = .
Winter Oceanic 3.508 7.526 0.163 0.121 0.186
Spring Oceanic 6.489 7.571 0.156 0.179  0.302 —
Summer Oceanic 5.694 7.676 0.164 0.161 0.271
Autumn  Oceanic 5.419 8.523 | 0.182 0.176 0.282 @)
Winter  Oceanic modified ~ 4.787  6.369 | 0.130 0.127  0.203 7
Spring Oceanic modified ~ 7.698 8.837 | 0.198 0.214 0.408 g
Summer Oceanic modified ~ 6.609 7119 | 0.166 0.149  0.300 D
Autumn  Oceanic modified  5.211 6.977 | 0.147 0.141 0.234 o g g
Winter  African 3.291 5.827 | 0.111 0.104 0.143 o
Spring  African 4.943 6.927 | 0.137 0.145 0.220 Q
Summer  African 4.027 7.318 0.148 0.136 0.197 8 _ —
Autumn  African 4.993 8.672 0.180 0.177 0.266 .
Winter  Local 3517  7.284 | 0135 0141 0.177
Spring  Local 5.415 5919 | 0127 0.122 0217 T
Summer  Local 4.885 7.389 | 0.145 0.156 0.229 Full S /E
Autumn  Local 5339  11.440 | 0258 0.242 0.366 Il e /155
Winter Continental 6.493 9.249 0.183 0.232 0.349
Spring Continental 4.742 7.234 0.149 0.142 0.221 ] . )
Summer Continental 5925 6560 | 0.152 0.129 0.255 Printer-friendly Version
Autumn  Continental 4257  10.820 | 0.228 0.219 0.291
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Fig. 1. Example of a bimodal growth factor distribution function. The red line refers to measured
particle counts, i.e. the MDF (left axis), and the green line is the GF-PDF (right axis). The black
dotted lines and the yellow line are the results of super positioning multiple Gaussians over
the GF-PDF obtained from the TDMAIinv program (right axis). Error bars indicate the estimated
counting uncertainty of the measurements.
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Fig. 2. Yearly average GF-PDFs and their standard deviations for particles in the nucleation

mode (top panel), the Aitken mode (middle panel) and the accumulation mode (bottom panel). Printer-friendly Version
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Fig. 3. Monthly variation of hygroscopic growth factors (GFs) for particles in the nucleation Printer-friendly Version

mode (top panel), Aitken mode (middle panel) and accumulation mode (bottom panel). The
figure shows the median GF value, with the bottom and top sides of the box giving the 25th and
75th percentiles, and the extremities the 10th and 90th percentiles.

6794

Interactive Discussion

Jaded uoissnosiq

SO


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/6759/2014/acpd-14-6759-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/6759/2014/acpd-14-6759-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
14, 6759-6802, 2014

Jaded uoissnosiq

Hygroscopic
properties of aerosol
at the Puy de Dome

o

7

2] H. Holmgren et al.

7]

@

o

=]

Q_? Title Page

°

[9)

- Abstract Introduction
9

7 :

:
0

@,

- I
=]

T

)

°

: K I
o

:

Full Screen / Esc

Fig. 4. Average GF-PDFs and their standard deviations for particles in the nucleation mode (top

panel), Aitken mode (middle panel) and accumulation mode (bottom panel), split by season. Printer-friendly Version
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Fig. 5. Annual variation of hygroscopic growth factors (GF) (left panels) and number fractions
(NF) (right panels) for particles in the nucleation mode (top panels), Aitken mode (middle pan-
els) and accumulation mode (bottom panels). The coloured bars show the average NF of each
hygroscopic mode and the markers give the average GF in each mode, including standard
deviations.
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Fig. 6. Diurnal variation of hygroscopic growth factor (GF) and number fractions (NF) for par-
ticles in the nucleation mode (top panel), Aitken mode (middle panel) and accumulation mode
(bottom panel). The figure shows the median GF value, with the bottom and top sides of the
box giving the 25th and 75th percentiles, and the extremities the 10th and 90th percentiles. The
coloured bars illustrate the NF of particles found in each hygroscopic mode.
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Fig. 7. Diurnal and seasonal variations in hygroscopic growth factor (GF) and number fractions
(NF) for particles in the nucleation mode (top panel), Aitken mode (middle panel) and accumu-
lation mode (bottom panel). The figure shows the median GF value, with the bottom and top
sides of the box giving the 25th and 75th percentiles, and the extremities the 10th and 90th
percentiles. The coloured bars illustrate the NF of particles found in each hygroscopic mode.
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Fig. 8. Back trajectories of air masses measured at the Puy de Déme over the measurement

period September 2008—December 2012, calculated from the HYSPLIT model. Full Screen / Esc
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Fig. 9. Seasonal variations in back trajectories of air masses measured at the Puy de Dome
over the measurement period September 2008—December 2012. —
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Fig. 10. Seasonal variation of hygroscopic growth factor (GF) and number fractions (NF) as
a function of air mass origin for particles in the nucleation mode (top panel), Aitken mode
(middle panel) and accumulation mode (bottom panel). The figure shows the median GF value,
with the bottom and top sides of the box giving the 25th and 75th percentiles, and the extremities
the 10th and 90th percentiles. The coloured bars illustrate the NF of particles found in each
hygroscopic mode.
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Fig. 11. Variations in hygroscopic growth factor (GF) and number fractions (NF) as a function
of air mass origin and season for particles in the nucleation mode (left panels), Aitken mode
(middle panels) and accumulation mode (right panels). The figures show the median GF value,
with the bottom and top sides of the box giving the 25th and 75th percentiles, and the extremities Back
the 10th and 90th percentiles. The coloured bars illustrate the NF of particles found in each
hygroscopic mode.
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