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Abstract

Optical properties of aerosols were measured from the GAW Puy de Dôme station
(1465 m) over a seven year period (2006–2012). The impact of hygroscopicity on
aerosol optical properties was calculated over a two year period (2010–2011). The
analysis of the spatial and temporal variability of the optical properties showed that5

while no long term trend was found, a clear seasonal and diurnal variation was ob-
served on the extensive parameters (scattering, absorption). Scattering and absorp-
tion coefficients were highest during the warm season and daytime, in concordance
with the seasonality and diurnal variation of the PBL height reaching the site. Intensive
parameters (single scattering albedo, asymmetry factor, refractive index) did not show10

such a strong diurnal variability, but still indicated different values depending on the
season. Both extensive and intensive optical parameters were sensitive to the air mass
origin. A strong impact of hygroscopicity on aerosol optical properties was calculated,
mainly on aerosol scattering, with a dependence on the aerosol type. At 90 % humidity,
the scattering factor enhancement (f σsca) was more than 4.4 for oceanic aerosol that15

have mixed with a pollution plume. Consequently, the aerosol radiative forcing was es-
timated to be 2.8 times higher at RH= 90 % and 1.75 times higher at ambient RH when
hygroscopic growth of the aerosol was considered. The hygroscopicity enhancement
factor of the scattering coefficient was parameterized as a function of humidity and air
mass type.20

1 Introduction

Atmospheric aerosols directly interact with the solar radiation by scattering and ab-
sorption processes. This affects the visibility in all major urban areas but it also impacts
global climate. The direct radiative effect (or Radiative Forcing for aerosol-radiation in-
teraction RFari in IPCC 2013) depends on the aerosol optical properties. Long term25

studies of in situ aerosol optical properties measured over than more than one decade
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show that there is no real trend on a global scale since 2000 (Collaud Coen et al.,
2013). High altitude measurements are especially important as they are more repre-
sentative of the global atmosphere than measurements at low altitude sites, especially
for satellite validation (Laj et al., 2009). These sites are usually exempt from local pol-
lution sources. Moreover high wind speeds, are frequently present in the free tropo-5

sphere and transport the aerosols injected in this layer over long distances (Mattis
et al., 2008; McKendry et al., 2007). Despite the importance of measurements at high
altitude sites, there are currently only a small number of sites that perform continuous
measurements of aerosol optical properties (Collaud Coen et al., 2007; Marcq et al.,
2010). Andrews et al. (2011) presents a climatology of aerosol properties measured at10

the main altitude sites, among which two are located in Europe (the Junfraujoch station
in Switzerland and the Monte Cimone station in Italy). These long-term datasets report
dry measurements, while in the real atmosphere particles are subjected to atmospheric
humidities ranging from 20 to 100 % and readily absorb water. Consequently, their size,
chemical composition and optical properties change with humidity (Tang, 1996; Zhang15

et al., 2008). According to a recent study, water uptake on aerosol particles can be
responsible of nearly 70 % of their total optical depth (Zhang et al., 2012). Therefore,
hygroscopicity is a major parameter for the determination of optical properties and the
direct radiative effect of aerosols (Pilinis et al., 1995; Yu et al., 2012).

To our knowledge there are only a few measurements of the impact of hygroscop-20

icity on aerosol optical properties. The first laboratory measurements of the impact of
water uptake on aerosol scattering was performed by Covert et al., in 1972. The first
field studies on the impact of the hygroscopicity of ambient aerosols on aerosol optical
properties was reported by Li-Jones et al. (1998), followed by measurements in the
United States (Gassó et al., 2000; Kotchenruther et al., 1999), in Brazil (Kotchenruther25

and Hobbs, 1998) and in the South of Europe (Carrico et al., 2000). These type of
studies are useful to compare in situ and remote sensing measurements at ambient
humidities (Raut and Chazette, 2007; Zieger et al., 2011, 2012). In addition to the low
number of in-situ measurements, the hygroscopic growth and subsequent modifica-
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tion of the aerosol optical properties are still poorly quantified in global climate models
(Ward and Cotton, 2011). Recently, through the use of Mie code, the impacts of hygro-
scopicity was estimated, not only on scattering and extinction, but also on other optical
parameters such a the single scattering albedo or asymmetry factor (Adam et al., 2012;
Fierz-Schmidhauser et al., 2010a, b; Schladitz et al., 2011; Zieger et al., 2010). The5

subsequent impact of hygroscopicity on the direct radiative impact was evaluated by
Fierz-Schmidhauser et al., (2010a) and Stock et al. (2011). However, these later stud-
ies were performed over short-term periods, without taking into account the seasonal
or pluri-annual variations. In the present study, both optical and hygroscopic properties
were measured over several years at the high altitude Puy de Dôme station, and were10

used to characterize the impact of hygroscopicity on the optical properties of ambient
aerosol particles and on their radiative effect.

2 Instrumentation and methodology

2.1 Sampling site and inlet

The Puy de Dôme station (PdD) is situated in the center of France (45.7723◦ N,15

2.9658◦ E) at the top of a volcano (1465 m above sea level). Its altitude allows sam-
pling in the boundary layer during the warm season and daytime, and in the free tro-
posphere/residual layer during the cold season and nighttime (Venzac et al., 2009).
According to Henne et al. (2010), the site is representative of western European air
masses over a large scale. The PdD is mainly influenced by western winds and during20

the winter is in cloud 50 % of the time (RH> 98 %). At the PdD site aerosol measure-
ments are performed behind a whole air inlet (RH< 40 %) with an upper cut-off diame-
ter of 30 µm at average wind speeds, allowing the characterization of the whole aerosol
population (interstitial and residual particles) during both clear and cloudy conditions.
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2.2 Instrumentation and method

The scattering (σsca) and backscattering coefficients were measured at 3 wavelengths
from July 2006 to December 2012 using a nephelometer TSI 3563. Corrections for
detection limits and truncation errors were applied according to Anderson and Ogren
(1998). The Angstrom exponent (α) was calculated between 450 and 700 nm. The5

asymmetry parameter (g) was calculated from the backscatter ratio measured by the
nephelometer following the parameterization of Andrews et al. (2006). The absorp-
tion coefficient (σabs) was measured by a Multi Angle Absorption Photometer (MAAP
5012), with a central wavelength of 637 nm (Petzold et al., 2005) from January 2008
to December 2012. Between July 2001 and December 2008, an aethalometer AE1610

from Magee Scientific was measuring the absorption at 880 nm. The aethalometer is
known to overestimate σabs (Arnott et al., 2005; Collaud Coen et al., 2010; Schmid
et al., 2006), and although different correction procedures exist there is no consensus
available on the best way to correct the Aethalometer measurements (Collaud Coen
et al., 2010; Virkkula et al., 2007; Weingartner et al., 2003). Both instruments were run-15

ning side by side during 2008, showing a good correlation over this period (r2 = 0.82).
The combination of the scattering and absorption coefficients allowed us to calculate
the extinction coefficient (σext) and the single scattering albedo ω0. The absorption at
550 nm was extrapolated from measurements at 637 nm with an absorption Angstrom
exponent of 1. More information about these instruments and error calculations are dis-20

cussed by Hervo et al. (2012). The particle size distributions of aerosols with diameters
between 10 to 500 nm were measured by a Scanning Mobility Particle Sizer (SMPS,
Wiedensohler et al., 2012) between December 2005 and December 2012. For parti-
cle diameters between 300 nm and 20 µm, an Optical Particle Counter (OPC, Grimm,
model 1.108, Burkart et al., 2010) was operating at the site from February 2010 to25

December 2012. For each measurement, the complete size distribution (merged be-
tween SMPS and OPC) was fitted by 3 lognormal modes (nucleation, accumulation
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and coarse mode). The diameter and the SD of each mode was fitted with a least
square method.

The hygroscopicity of the particles was measured at 90 % RH by an Hygroscopic
Tandem Differential Mobility Analyser (HTDMA, Villani et al., 2008). The growth fac-
tor (GF) was calculated as the ratio between wet and dry diameters. The HTDMA5

measurements were sorted into 3 modes: hydrophobic, hygroscopic and very hygro-
scopic after a log-normal fitting procedure on the hygroscopic growth factor distribution,
according to Holmgren et al. (2014). The HTDMA was involved in international inter-
comparisons for the European project EUSAAR (European Supersites for Atmospheric
Aerosol Research) showing that the uncertainty in the growth factor is less than 2 % for10

the PdD HTDMA instrument (Duplissy et al., 2009). Diffusion, absorption, hygroscopic
growth and submicron size distribution measurements were performed according to
the requirements of the ACTRIS European Infrastructure project.

In order to calculate the refractive index, the scattering and the absorption values
were first computed using a Mie code (Bond et al., 2006; Mätzler, 2002) with an a priori15

refractive index (1.55+0.05i). The refractive index was then modified iteratively until
the measured extinction fits the calculated one. This method was described for the first
time by Raut and Chazette (2007). It has been used in different studies for computing
complex optical properties like the refractive index or the Lidar ratio (e.g. Bukowiecki
et al., 2011; Hervo et al., 2012)20

All wet optical properties and enhancement factors were calculated from the calcu-
lated wet size distributions and wet refractive index using a Mie code. The wet size
distribution was computed from the hygroscopic growth factor, retrieved from the HT-
DMA measurements at 110 nm, applied to each size mode measured by the SMPS.
The modification of the wet refractive index (i.e. after the hygroscopic growth was ap-25

plied) was calculated using the volume weighted mixing rule (Hasan and Dzubay, 1983;
Michel Flores et al., 2012).

This is not direct measurements but approximations using synergetic measure-
ments of 5 instruments. Zieger et al. (2013) recommended this method to calculate
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the scattering enhancement factor (f (RH)) when no direct measurements are avail-
able. Zieger et al. (2013) demonstrated that, on average, the calculation using HT-
DMA and size distribution (submicron) agreed with direct measurements (sub- and
super-micron) with less than 10 % discrepancy (e.g. at the altitude station Jungfrau-
joch: fpred/fmeas = 1.07±0.12, including instrument systematic error). However, they5

clearly mentioned that “standard HTDMA may miss the important coarse mode contri-
bution to f (RH) and therefore may under- or over-estimate the overall f (RH)”.

In our work we also may under- or over-estimate the overall f (RH) due to the as-
sumption of a constant chemical composition between accumulation and coarse mode,
in case of a super-micron dust or sea salt, respectively. Like suggested by Zieger10

et al. (2013) this error is estimated to be, in average, less than 10 %.
The structure of the atmosphere strongly influences measurements performed at

high altitude stations. Hence, the height of the planetary boundary layer was calcu-
lated with a Raymetrics Lidar measuring at 355 nm (Hervo et al., 2012). The Lidar was
installed at 425 m a.s.l. at 11 km from the PdD (45.76◦ N, 3.11◦ E). The vertical resolu-15

tion was 7.5 m. The boundary layer was defined as the first mixed layer of aerosol. This
height was calculated using a Wavelet Covariance Transform (WCT) algorithm (Baars
et al., 2008; Brooks, 2003). Optical depth measurements were obtained from a Cimel
CE-318 sunphotometer, installed next to the Lidar. The sun photometer measures the
aerosol optical depth at 4 different wavelengths (440, 670, 870, 1020 nm) and vari-20

ous optical properties (such as the phase function, refractive index or single scattering
albedo. . . ) were obtained by performing the almucantar inversion (Dubovik and King,
2000). The data were processed and quality assured by AERONET (Aerosol Robotic
Network) network.
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3 Dry optical properties

3.1 Temporal variations

3.1.1 Scattering coefficient

The mean scattering coefficient (σsca) at PdD calculated over the period 2008 to 2012
(mean: 19.5 Mm−1, median 12.2 Mm−1, SD 25.8 Mm−1, 90th percentile 43.6 Mm−1) was5

lower than the mean scattering coefficient reported at other low altitude sites in Europe.
For example, in Granada, Spain the mean value was 60±30 Mm−1 (Lyamani et al.,
2010) or in eastern Europe: 40±27.1 Mm−1 (Kalivitis et al., 2011). Values measured
at PdD were closer to those at high altitude sites, where median values of around
10 Mm−1 were measured for both Izaña and Monte Cimone (Andrews et al., 2011).10

A Mann Kendall test (Gilbert, 1987) applied to the measurement period shows that
no pluri-annual trend can be observed. The lack of a pluri-annual trend was similarly
observed at different high altitude sites in Europe, such as the Jungfraujoch (3580 m)
in Switzerland or Hohenpeissenberg (950 m) in Germany (Collaud Coen et al., 2012).

Figure 1 shows the diurnal variations of the optical properties for the different sea-15

sons. A clear seasonal variability of the scattering coefficient is shown in Fig. 1a), with
a maximum σsca in spring, followed by summer, autumn and a minimum in winter.
These observations are coherent with the observations reported at other high altitude
stations (Andrews et al., 2011). Nevertheless the seasonal variations are opposite to
the ones observed at boundary layer sites such as Granada, where maximum values20

were reported during winter (Lyamani et al., 2010). At boundary layer sites the diurnal
variation showed (Fig. 1a) a σsca maxima measured during the day, between 12:00 UTC
(spring and summer) and 15:00 UTC (autumn and winter). For altitude stations in gen-
eral and for the PdD station in particular, the diurnal and seasonal variations are likely
to be linked to the height of the Planetary Boundary Layer (PBL). Indeed, LIDAR PBL25

retrievals showed that in summer or during the day, the PBL was higher than during
winter and at night, so that altitude sites were more influenced by surface emissions
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when they were within the PBL. During the night or winter, the site was mostly influence
by the free troposphere or residual layer (Fig. 2).

3.1.2 Absorption coefficient

The absorption coefficient has been measured at PdD site since 2001, making it one
of the longest dataset of optical properties available at PdD. The order of magnitude5

of σabs median value (0.80 Mm−1 [25th percentile: 0.09–75th percentile 3.42] during
night and 1.28 Mm−1 [0.17–4.72] during day (also given in Table 1) was very similar
to the σabs reported for other high altitude stations in Europe (Jungfraujoch and Izana:
∼ 0.5 Mm−1, Monte Cimone 2 Mm−1 Andrews et al., 2011). Similar to the scattering
coefficient, no significant pluri-annual trend was observed. On Fig. 1b the absorption10

coefficient shows clear seasonal and diurnal variations. σsca and σabs were strongly
impacted by the boundary layer dynamics, with maximum values when the boundary
layer reaches the PdD altitude, i.e. during the summer and at daytime.

3.1.3 Intrinsic optical properties

Unlike the scattering and absorption coefficient, single scattering albedo (ω0) and15

asymmetry factor (g) only depend on the aerosol type, and not on the aerosol con-
centration. The median single scattering albedo at PdD (Table 1) was close to the one
measured at other high altitude sites (0.90±0.05, Andrews et al., 2011). In urban areas,
particles were more absorbing and ω0 was generally lower (e.g. 0.68±0.07, Lyamani
et al., 2010). At PdD, no pluri-annual variability was observed in the time period from20

2006 to 2012. However, ω0 shows a seasonal variation with minimal values during
winter and highest values during summer (Fig. 1). Therefore, the fraction of absorbing
aerosols was higher during winter. This can be explained by different factors. First, the
proportion of combustion aerosols, which were more absorbing, were expected to be
higher during winter. Second, purely scattering aerosols were larger, and hence prefer-25

entially scavenged by clouds (Marcq et al., 2010) that were frequently at the site during
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winter. Then, there was a reduced formation of secondary aerosols induced by a lower
solar intensity during winter (Boulon et al., 2011). Lowest values were likely a result
of a bias in the measurements induced by the very low aerosol concentration in win-
ter. Similar seasonal variations were observed on most high altitude sites discussed
by Andrews et al. (2011). A slight diurnal variation of ω0 was detectable with a lower5

value during the day, suggesting an increase in absorbing aerosols brought by the ris-
ing boundary layer, which contains a higher proportion of primary particles, mostly from
combustion processes during winter.

The asymmetry factor (g), describing the scattering geometry, was calculated from
nephelometer measurements from 2006 to 2012. At PdD, the median g was 0.57,10

which was the same order of magnitude than from other measurements performed
in France close to Marseille (0.59±0.05, Mallet et al., 2003), but lower than those
measured at high altitude in Nepal (from 0.63 to 0.78, Marcq et al., 2010). A slight
seasonal variability was perceptible, with a minimum in winter, but no daily variation was
detectable. Andrews et al. (2006) suggested that the variation of g could be explained15

by changes in aerosol size distributions, in agreement with observations of Venzac
et al. (2009), who observed a decrease in average particle diameters during winter but
no variation between day and night at the PdD station.

A refractive index (m) was calculated for 2010 and 2011 when the SMPS, OPC,
Nephelometer and MAAP instruments were running simultaneously. The median m20

calculated at PdD was 1.43+0.011i [1.36+0.004i 1.55+0.04i]. This value was slightly
lower than the one calculated at the Jungfraujoch from the aerosol chemical composi-
tion, with a reported average refractive index of 1.52+0.03i (Fierz-Schmidhauser et al.,
2010a). However, the refractive index reported by Fierz-Schmidhauser et al. (2010a)
was calculated over a small period that might not be representative of the whole year.25

Indeed, the refractive index calculated from in situ measurements showed a signifi-
cant seasonal variation, with a higher real and imaginary refractive index during winter
(Fig. 1e and f). This points to the lack of representativeness of refractive indexes calcu-
lated over short periods. A higher real and imaginary refractive index during winter was
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coherent with the hypothesis of a higher proportion of combustion aerosol during win-
ter, even though no clear dinurnal variation was visible. This is likely because the refrac-
tive index of black carbon is high (mBC = 1.95+0.79i, Bond and Bergstrom, 2006), From
our data set, the in-situ refractive index was compared with data from the co-localized
sunphotometer, during non-cloudy daytime periods. The median m agrees within 4 %5

of the real part of the refractive index derived from the sun-photometer and within 40 %
of its imaginary part. When ambient humidity was taken into account (wet refractive
index calculated according to volume weighted mixing rule, Hasan and Dzubay, 1983;
Michel Flores et al., 2012), the median of the refractive index agreed within 5 % of both
the real and imaginary part of the refractive index.10

At the PdD, several studies have shown that the physical and chemical characteris-
tics of aerosols depend both on the time of the year and the time of the day, but also on
the air mass type sampled at the site (Freney et al., 2011). The long data set acquired
at PdD offers a unique chance to characterize both the temporal and spatial variability
of the aerosol optical properties. In the following section, the spatial variations of these15

properties are analysed.

3.2 Spatial variations

Optical properties of aerosols depend on their size distribution and chemical compo-
sition, which in turn highly depend on their geographical origin (Bourcier et al., 2012;
Venzac et al., 2009). Hence, it is essential to characterize the optical properties of par-20

ticles according to the air mass type in which they were sampled. 72 h back trajectories
were calculated every 6 h between 2008 and 2012 using the Lagragian model Hysplit
(Hybrid Single-Particle Lagrangian Integrated Trajectory) (Draxler and Rolph, 2012).

Instead of separating the air mass types into discrete sectors, it was possible to at-
tribute the aerosol optical properties to a given spatial origin along the trajectory path-25

way. Each 6 h average sampled at PdD was associated to a portion of the correspond-
ing back trajectory, with a decreasing weight as the distance (time) from the sampling
point increases. Resulting maps for the optical properties are shown in Fig. 3.
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The scattering coefficient showed a clear spatial variability. The σsca of aerosols rep-
resentative of eastern continental air masses was strongly in contrast with the σsca
of aerosol in western oceanic air masses. The scattering coefficient was higher for
particles transported by continental air masses, mainly from anthropogenic sources.
σsca was particularly low for oceanic air masses, which contain lower aerosol con-5

centrations (Bourcier et al., 2012; Venzac et al., 2009). A very similar behaviour was
observed for the absorption coefficient with high σabs from the central and eastern
European part, and low σabs from the Atlantic Ocean. The single scattering albedo
presented a smaller west–eastern gradient, suggesting that, in proportion to the to-
tal aerosol mass, the oceanic aerosol contained a higher absorbing fraction than10

over continental areas. This result could be surprising, as strongly absorbing anthro-
pogenic aerosols such as black carbon are mainly emitted over continental Europe.
This feature was confirmed by analysing the absolute values of absorption and scat-
tering coefficients. Indeed, aerosols form continental Europe were more absorbing
(σabs ≈ 3 Mm−1) than oceanic aerosols (σabs ≈ 1 Mm−1). However the difference was15

even stronger for the scattering coefficient between continental (σsca ≈ 25 Mm−1) and
oceanic (σsca ≈ 5 Mm−1) air masses. Moreover, when particles coming from Eastern
Europe were measured at PdD, they travelled over long distances and absorbing soot
may have experienced a substantial ageing. This ageing resulted in the condensation
of less absorbing species such as ammonium sulphate.20

The asymmetry coefficient also showed an increasing west–eastern gradient. The
variability of g was explained by a combination of size and refractive index evolutions.
Hence the spatial variation of this parameter was difficult to interpret. The refractive
index was calculated only when the data of 4 instruments were simultaneously available
(SMPS, OPC, MAAP and nephelometer), implying a lower temporal coverage and less25

statistical reliability for this parameter. However the refractive index was calculated for
each type of air masses, with no significant difference between air masses (Table 1).

In order to compare these results with values reported in the literature for others
stations, the air masses sampled at PdD are classified under 5 categories: African,
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continental, local, oceanic and oceanic modified (Fig. 5). Air masses sampled at the
PdD station originated in majority from the oceanic sector (37.8 % over the calcula-
tion period), while African, continental and oceanic modified air masses represented
27.1, 18.4 and 20 % of the air mass types, respectively. Local air masses were scarce
(7.2 %). The year-to-year variability of the origin of air masses was not substantial, but5

the seasonal variation was noteworthy. The continental air masses were nearly absent
during July and August. They were mainly replaced by oceanic air masses. Finally, the
origin of the air mass was mainly constant during the day (not shown).

The main optical properties are summarized in Table 1.
Table 1 summarizes the features highlighted from the analysis of the maps (Fig. 3)10

with σsca and σabs 3.2 and 3.8 times higher for continental and local air masses com-
pared to oceanic air masses, respectively. As the result of the diurnal variation of the
boundary layer height, a clear diurnal variation for the absorption and scattering co-
efficients was observed whatever the air mass origin. While daytime values may be
compared to boundary layer sites, night-time values can be compared to high altitude15

sites.
As already mentioned for the whole data set, within a given air mass, the diurnal and

spatial variation of the single scattering albedo were less contrasted than for σsca and
σabs, except during the day for local air masses, where fresh emissions induced a lower
ω0.20

In this section, an overview of the evolution of the dry optical properties of aerosols
over a relatively large period of time and relatively large spatial scale was given. In the
following section, the impact of the water presence on aerosols on their optical and
radiative properties was quantified over temporal and spatial scales.

4 Wet optical properties25

The hygroscopicity of aerosols may strongly influence their optical properties, and in
particular aerosol scattering ability. This impact was characterized by calculating the
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enhancement factor (f (RH)) of the scattering coefficient at a given relative humidity
(RH). This f (RH) was defined as the ratio between the wet and the dry scattering co-
efficient. f (90%) has been calculated from PdD measurements on more than 1000 3 h
averaging periods in 2010 and 2011 and averaged to monthly means (Fig. 4). Due to
instrumental failures, no measurements were available in January and August of both5

years. However, f (90%) shows a marked seasonal variation with maximum enhance-
ments during the warm season.

No clear diurnal variation of f (90%) was observed, indicating that the boundary layer
height was not a major parameter influencing the seasonal variation observed, and that
the seasonal variation of the air mass types is driving this variability. In order to apply10

a humidity enhancement factor at ambient relative humidities and for given aerosol
types, f (RH) was parameterized for the different aerosol origins discriminated within
our data set. From the measurements of the growth factor at 90 %, the growth factor
was extrapolated between 10 and 95 % using the kappa theory (Petters and Kreiden-
weis, 2007). Then the wet size distribution and the wet refractive index were used to15

calculate f using a Mie code (Fig. 5).
Median values calculated for discrete RH were fitted with the sum of 2 exponen-

tials (Eq. 1), which parameters are summarized Table 2. This parameterization can be
used to estimate wet optical properties when no hygroscopic measurements are avail-
able. The calculated f humidograms did not take into account the deliquescence and20

efflorescence of aerosols. This was supported by the fact that enhancement factors hu-
midograms given in the literature for directly measured ambient atmospheric aerosols
using the wet nephelometer technique did not show any deliquescence point (Fierz-
Schmidhauser et al., 2010a; Zieger et al., 2011) except for clean marine air masses
(Fierz-Schmidhauser et al., 2010b).25

f σ550 ≈ a1e
a2RH +a3e

a4RH (1)

Clear differences between the parameterizations obtained in different air masses were
observed. The lowest f was observed for continental air masses (f (90%) = 2.56±1.86).
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Figure 5 shows, that this was in good agreement with values measured at Ispra,
Italy (f (90%) = 2.10 [1.58–3], Adam et al., 2012), defined as a polluted continental
site, and for polluted air masses at Mace Head, Ireland (f (85%) = 1.77±0.31, Fierz-
Schmidhauser et al., 2010b). It was also in good agreement with results obtained in
the south of Portugal for polluted air mass (f (82%) = 1.46±0.1, Carrico et al., 2000).5

A second range of hygroscopic scattering enhancement factors appeared for
aerosols representative of oceanic, African and local air masses. The values of f (90%)
for these aerosol types were higher than for aerosols in continental air masses (respec-
tively 2.93±1.45, 2.89±1.52 and 2.8±1.03). In Fig. 5, the value of f for oceanic air
mass at PdD was close to the one measured at Mace Head for air masses from the10

clean sector (f (85%) = 2.22±0.17, Fierz-Schmidhauser et al., 2010b). For a Saharan
dust event, f measured at the Jungfraujoch high altitude site (f (85%) = 1.72, Fierz-
Schmidhauser et al., 2010a) was close to the one observed for African air masses at
PdD. At the Cape Verde station, aerosols mainly originated from marine and Saharan
origins, f (90%) and had an average value of 2.55 (Schladitz et al., 2011).15

Finally, f was highest for the air masses from the oceanic modified origin (f (90%) =
4.36±2.51). Zieger et al. (2010) reported a similar value in the Arctic (f (85%) =
3.24±0.53). Zieger et al. highlighted that f was highly dependent on the particles’ hy-
groscopicity, but also on the particle dry size. Indeed, for a given chemical composition,
f strongly decreased with an increasing diameter. Hence, f was higher for particles of20

lower hygroscopicity and of smaller diameters than sea salt. Particles in modified air
masses were smaller compared to oceanic air masses, as shown by their respec-
tive angstrom coefficient, which may explain why f was larger in modified oceanic air
masses than in purely oceanic air masses.

At the high altitude site of Jungfraujoch (Fierz-Schmidhauser et al., 2010b), the order25

of magnitude and the variability of f (85%) = 2.23 [1.3 3.3] in all air masses together,
over a month of measurements, was similar to the average and variability observed
for the Puy de Dôme site. Other studies outside Europe reported f (80–85%) values
ranging from 1.8 to 2.54 for marines aerosols, from 1.58 for polluted marines aerosols,
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from 1.4 to 1.65 for anthropogenic aerosols, from 1.0 to 1.13 for dust and finally from
1.1 to 1.4 for particles freshly emitted by biomass burning (Stock et al., 2011 and
references included). These values are consistent with our measurements.

As the water is not an absorbent material, the impact of hygroscopicity on the ab-
sorption coefficient was limited. Some studies considered that the water uptake effect5

was negligible (Nessler et al., 2005; Zieger et al., 2010, 2011), others highlight a small
enhancement with humidity: 1.1 at Ispra (Adam et al., 2012) or 1.043 at Cape Verde
(Schladitz et al., 2011). The impact of hygroscopicity on the absorption coefficient was
quantified from our measurements, confirming the low enhancement factors with hu-
midity of the absorption coefficient (see Table 3). The effect of humidity on the extinction10

and on the asymmetry factor was also rather low (on average less than 15 %), but could
nevertheless impact the aerosol radiative impact.

5 Radiative effect

The aerosol direct radiative effect was estimated with a simple radiative transfer model,
using the two flux approach from Chylek and Wong, (1995). From this approximation,15

the direct radiative forcing at the top of the atmosphere was calculated with:

∆F = −
S0

2
T 2

atm(1−Ncloud)
[
(1−a)2βrω0−2a(1−ω0)

]
τ (2)

With S0 the solar constant, Tatm the transmittance of the atmosphere above the aerosol
layer, Ncloud the cloud fraction, a the surface albedo (0.16), τ the optical depth, ω0 the20

single scattering albedo and βr the fraction of radiation scattered to the upper part of
the atmosphere. The values of ∆F were calculated for a clear sky, i.e. for Ncloud equals
to zero. βr was approximated by βr = 0.5(1−g) with g the asymmetry factor calculated
from the nephelometer.
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This approach was frequently used in the literature (e.g. Andrews et al., 2011; Bond
and Bergstrom, 2006; Cheng et al., 2008; Delene and Ogren, 2002; Lesins et al., 2002;
Stock et al., 2011).

In order to estimate the impact of hygroscopicity on the direct radiative forcing of
aerosols, the hygroscopic radiative forcing ratio (f∆F ) was defined as the ratio of the5

radiative impact calculated at a RH of 90 % (∆Fw) to the one calculated in dry conditions
(∆Fd). f∆F was calculated with the following equation:

f∆F =

[
(1−a)2βrw

ω0w −2a(1−ω0w)
]
τw[

(1−a)2βrd
ω0d −2a(1−ω0d)

]
τd

(3)

The subscripted index “w” was used for wet measurements and “d” for dry measure-10

ments. In case of an homogenous atmospheric layer, the ratio between wet and dry
optical depths was equal to the ratio between wet and dry extinction coefficients. f∆F
was calculated at 90 % humidity for all the available measurements in 2010 and 2011.
The median f∆F calculated from PdD measurements are summarized in Table 4.

As the scattering enhancement strongly influences f∆F , the results were close to the15

ones shown in Fig. 5. The lowest f∆F was detected for continental air masses. Larger
values were detected for oceanic, African and continental air masses. The maximum
values were observed for aerosols from oceanic modified origin, for which the radiative
forcing calculated at 90 % was more than 4 times higher than for dry conditions.

6 Conclusions20

From 2006 to 2012, the optical properties of aerosol particles were characterized at the
Puy de Dôme station, 1465 m a.s.l., together with their change due to water uptake from
2010 to 2011. The analysis of the spatial and temporal variability of the optical prop-
erties showed that while no long term trend was found, a clear seasonal variation was
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observed on the extensive optical parameters (scattering, absorption). Extensive pa-
rameters (scattering and absorption coefficients) showed a clear diurnal and seasonal
variability. They were highest/maximal during the warm season and in the afternoon,
when an efficient vertical mixing of the PBL reaches the site. Intensive parameters (sin-
gle scattering albedo, asymmetry factor, refractive index) did not shown such a strong5

diurnal variability. These values may be useful as representative characteristics of the
PBL and the nocturnal residual layer in Western Europe. Both extensive and intensive
optical parameters were sensitive to the air mass origin.

This study highlights the significant impact of hygroscopicity on aerosol optical prop-
erties, and how this is influenced by aerosol type. In particular, the calculated scatter-10

ing coefficient humidity enhancement factor (f ) was the highest during summer, most
likely due to a higher fraction of hygroscopic aerosols. f was highly dependent on the
air mass type, with maximum values in modified oceanic air masses. Modified oceanic
air masses contained high proportions of small hygroscopic aerosols. As a result, a pa-
rameterization of the scattering coefficient humidity enhancement factor was proposed15

as a function of relative humidity and air mass type. This parameterization can be used
to estimate wet optical properties when no hygroscopic measurements are available. f
measured at the PdD in different air mass types compared well with f measurements
reported in the literature for specific places in Europe. It confirmed the representa-
tiveness of our measurements at the European scale. Hence, the parameterizations20

provided in the present work can be applied whenever the size distribution or the hy-
groscopicity of the aerosol is unknown.

Finally, using these results, the impact of hygroscopicity on the direct radiative effect
of aerosols was evaluated. In case of highly hygroscopic oceanic modified air masses,
the radiative forcing calculated at a relative humidity of 90 % was more than 4 times25

higher than for dry conditions.
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Table 1. Dry optical properties measured at 550 nm at PdD (2010–2011) (median (25th
percentile–75th percentile)).

Night (0–6 h)

Origin σsca (M m−1) σabs(M m−1) ω0 g

African 12.04 [0.67–42.18] 0.76 [0.10–3.67] 0.91 [0.82–0.94] 0.57 [0.31–0.62]
Oceanic 5.32 [0.36–25.20] 0.39 [0.07–2.03] 0.92 [0.80–0.95] 0.55 [0.28–0.63]
Oceanic Mod 12.93 [0.63–59.5] 0.84 [0.10–3.28] 0.93 [0.86–0.96] 0.57 [0.17–0.64]
Continental 21.92 [1.40–126.23] 1.60 [0.22–5.49] 0.92 [0.84–0.96] 0.60 [0.37–0.68]
Local 20.25 [2.61–50.88] 1.72 [0.22–3.68] 0.90 [0.85–0.94] 0.58 [0.46–0.63]

All 11.59 [0.49–53.26] 0.80 [0.09–3.42] 0.92 [0.84–0.95] 0.57 [0.30–0.65]

Day (12–18 h)

Origin σsca (M m−1) σabs(M m−1) ω0 g

African 15.83 [1.89–44.60] 1.43 [0.23–4.70] 0.89 [0.78–0.94] 0.56 [0.40–0.62]
Oceanic 8.14 [0.48–32.91] 0.72 [0.11–3.16] 0.90 [0.79–0.96] 0.55 [0.29–0.62]
Oceanic Mod 16.86 [2.10–45.39] 1.12 [0.18–3.69] 0.91 [0.79–0.96] 0.56 [0.43–0.63]
Continental 26.47 [2.08–147.94] 2.11 [0.37–8.68] 0.92 [0.78–0.96] 0.60 [0.42–0.69]
Local 20.56 [3.32–53.53] 2.75 [0.44–5.98] 0.87 [0.72–0.93] 0.55 [0.43–0.63]

All 14.94 [0.92–60.58] 1.28 [0.17–4.72] 0.90 [0.78–0.95] 0.56 [0.39–0.65]
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Table 1. Continued.

Night (0–6 h)

Origin mr mi

African 1.425 [1.360–1.590] 0.011 [0.005–0.029]
Oceanic 1.45 [1.350–1.550] 0.011 [0.001–0.041]
Oceanic Mod 1.405 [1.369–1.533] 0.008 [0.003–0.024]
Continental 1.43 [1.352–1.556] 0.01 [0.004–0.022]
Local 1.405 [1.361–1.547] 0.01 [0.006–0.016]

All 1.43 [1.360–1.550] 0.01 [0.001–0.032]

Day (12–18 h)

Origin mr mi

African 1.43 [1.360–1.590] 0.012 [0.006–0.030]
Oceanic 1.43 [1.350–1.550] 0.011 [0.001–0.041]
Oceanic Mod 1.42 [1.369–1.533] 0.01 [0.001–0.032]
Continental 1.43 [1.352–1.556] 0.01 [0.005–0.039]
Local 1.415 [1.361–1.547] 0.014 [0.007–0.029]

All 1.43 [1.360–1.550] 0.011 [0.004–0.039]
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Table 2. Fitting coefficients of the calculated hygroscopic scattering enhancement factor pa-
rameterization as a function of RH for different air masses.

a1 a2 a3 a4

African 9.36E-01 5.23E-03 1.55E-06 1.49E-01
Oceanic 9.18E-01 6.08E-03 3.10E-07 1.68E-01
Oceanic Mod 9.88E-01 5.14E-03 8.66E-04 8.82E-02
Continental 9.69E-01 3.50E-03 6.02E-05 1.07E-01
Local 9.18E-01 6.05E-03 6.17E-07 1.60E-01
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Table 3. Hygroscopic optical enhancement at 550 nm and 90 % RH calculated from PdD data
for different air masses (2010–2011) (median (25th percentile–75th percentile)).

f σabs fω0 f g

African 1.10 [0.97–1.30] 1.06 [1.015–1.131] 1.10 [1.025–1.194]
Oceanic 1.12 [0.97–1.56] 1.07 [1.008–1.156] 1.11 [1.013–1.237]
Oceanic Mod 1.14 [0.89–1.66] 1.05 [1.018–1.131] 1.15 [1.051–1.251]
Continental 1.08 [0.89–1.35] 1.04 [1.014–1.142] 1.10 [1.033–1.193]
Local 1.10 [0.93–1.65] 1.06 [1.021–1.107] 1.10 [1.031–1.198]

All 1.11 [0.930–1.42] 1.05 [1.014–1.134] 1.11 [1.027–1.212]
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Table 4. Climatology of the direct radiative forcing enhancement at 90 % humidity (Median
(25th percentile–75th percentile)). These values are calculated from measurements at 550 nm
at PdD for different air masses.

f∆F

African 2.9 [1.3–6.5]
Oceanic 3.1 [1.1–7.0]
Oceanic Mod 4.2 [1.5–8.2]
Continental 2.4 [1.3–6.3]
Local 2.8 [1.3–4.5]

All 2.8 [1.2–6.7]
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Figure 1. Diurnal variations of the optical properties at 550 nm for different seasons at the PdD:
(a) scattering coefficient, (b) absorption coefficient, (c) single scattering albedo, (d) asymmetry
factor, (e) real refractive index, (f) imaginary refractive index. The green curve corresponds
to spring, the black to summer, the red to autumn and the blue to winter. The shaded areas
are the regions between the 25th and the 75th percentile associated with the 4 curves. (a–d:
2008–2012, e, f: 2010–2012)
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Figure 2. Mean planetary boundary layer height calculated from Lidar data of 2011. The black
boundary layer line is the hourly median in summer and the blue the median in winter. The
shaded area is the region between the 25th and the 75th percentile associated with the 2
curves. The black dashed line represent the height of the PdD (1465 m).
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Figure 3. Map of the influence of the air mass origin on the optical properties at the PdD.
(a) Scattering coefficient at 550 nm, (b) absorption coefficient, (c) single scattering albedo, (d)
asymmetry factor. The maps are realized by combining measurements at 550 nm at the PdD
and Hysplit back trajectories over the period 2008–2012.
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Figure 4. Seasonal evolution of the scattering enhancement factor calculated at 90 % RH. The
shade area is the region between the 25th and the 75th percentile associated with the black
curves.
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Figure 5. Humidogram of the calculated scattering enhancement factor at the PdD for different
origins of air masses. The measurements available in the literature and their uncertainties are
also shown. The colours represent the origin of the air mass. The median values for each air
mass at different humidity are represented as lines.
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