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Abstract. This study focuses on the aerosol hygroscopic
properties as determined from ground-based measurements
and Mie theory. Usually, aerosol ground-based measure-
ments are taken in dry conditions in order to have a con-
sistency within networks. The dependence of the various
aerosol optical characteristics (e.g. aerosol absorption, scat-
tering, backscattering or extinction coefficients) on relative
humidity has therefore to be established in order to deter-
mine their values in the atmosphere, where relative humidity
can reach high values.

We calculated mean monthly diurnal values of the aerosol
hygroscopic growth factor at 90 % relative humidity GF(90)
based on measurements performed at the atmospheric re-
search station in Ispra (Italy) with a Hygroscopicity Tan-
dem Differential Mobility Analyzer over eight months in
2008 and 2009. Particle hygroscopicity increases with par-
ticle dry diameter ranging from 35 to 165 nm for all seasons.
We observed a clear seasonal variation in GF(90) for par-
ticles larger than 75 nm, and a diurnal cycle in spring and
winter for all sizes. For 165 nm particles, GF(90) averages
1.32 ± 0.06.

The effect of the particle hygroscopic growth on the
aerosol optical properties (scattering, extinction, absorp-
tion and backscatter coefficients, asymmetry parameter and
backscatter faction) was computed using the Mie theory,
based on data obtained from a series of instruments running
at our station. We found median enhancement factors (de-
fined as ratios between the values of optical variables at 90 %
and 0 % relative humidity) equal to 1.1, 2.1, 1.7, and 1.8,
for the aerosol absorption, scattering, backscattering, and ex-
tinction coefficients, respectively. All except the absorption
enhancement factors show a strong correlation with the hy-
groscopic growth factor. The enhancement factors observed

at our site are among the lowest observed across the world
for the aerosol scattering coefficient, and among the highest
for the aerosol backscatter fraction.

1 Introduction

Atmospheric aerosol particles reveal changes in their micro-
physical and optical properties with relative humidity (RH)
due to the water uptake. These changes depend on the par-
ticles’ chemical composition and size. In situ measurements
of the particles physical and optical properties usually take
place in low RH conditions (RH< 20–30 %), in order to
have consistent data within measurement networks. In order
to determine the properties of the aerosol in ambient con-
ditions, corrections have to be applied to all the parameters
measured in dry conditions. These corrections are manda-
tory once we need to compare these in-situ measurements
with other measurements taken at ambient conditions (e.g.
from satellite-borne or ground-based active or passive remote
sensing devices). Moreover, the aerosol optical parameters
(aerosol scattering, absorption and backscatter coefficient)
at ambient RH represent the input to the radiative transfer
models to determine the direct aerosol climate forcing (e.g.
Chylek and Wong, 1995).

The main parameter used to characterize the hygroscopic-
ity of the aerosol particles is the aerosol hygroscopic growth
factor GF(RH), which is defined as the ratio of the particle
diameter at any RH to the particle diameter at RH= 0 %.
This factor can be measured with a Hygroscopicity Tandem
Differential Mobility Analyzer (HTDMA). However, only a
few long-term (>12 months) hygroscopic growth factor data
sets were available (Kammermann et al., 2010; Swietlicki
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et al., 2008 and references therein) before a coordinated
action took place within the EU-funded EUSAAR (Euro-
pean Supersites for Atmospheric Aerosol Research) project
(www.eusaar.net) to measure the aerosol hygroscopic growth
factor over the four seasons (between May 2008 and April
2009). Eleven stations participated in this activity (Vavi-
hill, Puy de Dome, Jungfraujoch, Ispra, Cabauw, Melpitz,
Hyytiälä, Mace Head, Pallas, Kosetice, and Harwell).

Changes in the aerosol optical properties resulting from
the particle hygroscopic growth are described by enhance-
ment factorsf (RH), which, for each optical parameterχ ,
are defined as the ratio between its values determined in
any conditionsχ (RH) and those determined in dry condi-
tionsχ (RH= 0 %). Technically, the enhancement factor for
scattering and hemispherical backscattering can be deter-
mined for a chosen RH by using two nephelometers per-
forming measurements at the chosen RH and in dry condi-
tions (RH= 0 %), respectively (Pahlow et al., 2006; Kim et
al., 2006; Schmidhauser et al., 2009; Fierz-Schmidhauser et
al., 2010a–b; Zieger et al., 2011).

In this study, we present aerosol hygroscopic growth and
enhancement factors determined for the 4 seasons at the sta-
tion for atmospheric research located at Ispra, in a fairly pol-
luted region of Northern Italy. The station and the aerosol
monitoring equipment are briefly described in Sect. 2. The
methodologies we used to determine the aerosol hygroscopic
growth factor and enhancement factors at our site are de-
scribed in Sect. 3. In Sect. 4, we present the daily variations
of the aerosol hygroscopic growth factor and hygroscopicity
parameter, determine the enhancement factors of aerosol op-
tical properties, assess uncertainties and compare the hygro-
scopic characteristics of the aerosol observed at Ispra to other
sites. Conclusions highlight the importance of these results
for further research at our site, and suggest how our results
could be used for other locations, considering the specifici-
ties of the aerosol at our site (Sect. 5).

2 The atmospheric research station in Ispra and its
instrumentation

The JRC station for atmospheric research (45◦48.881′ N,
8◦38.165′ E, 209 m a.s.l.) is situated in a semi-rural area at
the NW edge of the Po valley in Italy. The station is sev-
eral tens of km away from large emission sources like in-
tense road traffic, large urban centres or big factories. The
aim of the JRC-Ispra station is to monitor the concentration
of pollutants in the gas phase, the particulate phase and pre-
cipitations, as well as aerosol optical properties, which can be
used for assessing the impact of European policies on air pol-
lution and climate change. Measurements are performed in
the framework of international monitoring programs like the
Co-operative program for monitoring and evaluation of the
long range transmission of air pollutants in Europe (EMEP)
of the UN-ECEConvention on Long-Range Transboundary

Air Pollution (CLRTAP)and theGlobal Atmosphere Watch
(GAW) program of the World Meteorological Organization
(WMO). The JRC-Ispra station operates on a regular basis
in the extended EMEP measurement program since Novem-
ber 1985. Aerosol physical and optical properties have been
monitored since November 2003. The station has been fa-
vorably audited by the World Calibration Centre for Aerosol
Physics (WCCAP) in March 2010.

The particle number size distribution is measured contin-
uously with a home-made (Vienna type) Differential Mobil-
ity Particle Sizer (DMPS) between 10 and 600 nm mobility
diameter, and an Aerodynamic Particle Sizer (APS – TSI
3321) from 0.72 to 12 µm aerodynamic diameter. Mobility
and aerodynamic diameters were converted to geometric di-
ameters assuming that particles are spherical and their den-
sity is 1.5, as estimated from the mean PM2.5 chemical com-
position (Putaud, 2012). The aerosol scattering and backscat-
ter coefficients are measured with an integrating nephelome-
ter (TSI 3753) at 450, 550 and 700 nm. Nephelometer data
were corrected for angular non idealities and truncation er-
rors according to Anderson and Ogren (1998). The aerosol
absorption coefficient at 450, 550 and 700 nm are derived
from 7-wavelength Aethalometer (Magee AE31) data, using
a scheme based on Weingartner et al. (2003), with correction
coefficients estimated from Schmid et al. (2006). The aerosol
absorption coefficient at 660 nm obtained this way com-
pares very well (slope= 0.97, R2

= 0.94 over 2008) with
the aerosol absorption coefficient at 670 nm measured with
a Multi Angle Absorption Photometer (MAAP) (Putaud,
2012). The MAAP was in turn recently shown to “com-
pare excellently with the photoacoustic reference” instru-
ment (Müller et al., 2011).

Data are transmitted yearly to the EBAS data bank (http:
//ebas.nilu.no/). A technical report of the station is internally
published each year (e.g. Jensen et al., 2009).

A custom-made HTDMA was assembled in Ispra dur-
ing the ’90s. The system description and some results can
be found in Virkkula et al. (1999) and Van Dingenen et
al. (2005). During summer 2006 and winter 2007, an inter-
comparison campaign took place at Paul Scherrer Institute
in Switzerland, where six HTDMA were compared, includ-
ing the Ispra instrument (Duplissy et al., 2009). The exper-
iment focused on the methods of calibration, validation and
data analysis. Measurements of ammonium sulphate and sec-
ondary organic aerosol were performed. All HTDMAs con-
firmed the sizing stability within ±1 % and RH stability un-
der constant laboratory temperature conditions within less
than ±2 %. However, systematic measurement errors were
observed during variable laboratory temperature conditions
for our HTDMA. The humidogram of pure ammonium sul-
phate exhibited some−5.6 % difference in GF at 85 % with
respect to the literature (Topping et al., 2005). The specific
set-up of our instrument, including the locations of RH mon-
itoring probe was the main cause of the discrepancies. Fol-
lowing this intercomparison exercise, the instrument did not
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undergo changes or upgrades, but during April 2009, a series
of humidograms were measured for ammonium sulphate.
The mean growth factor at 110 nm showed a value of 1.60,
i.e. 3.5 % smaller than the literature value of 1.66. It is there-
fore possible that the growth factors we measured were un-
derestimated by 3.5 %.

3 Methodology

In this study, the results of the HTDMA measurements taken
in Ispra over eight months between May 2008 and April 2009
are processed to obtain the aerosol hygroscopic growth fac-
tor at 90 % RH, GF(90) (Sect. 3.1). GF(90) data are used as
boundary conditions to derive the particles growth over the
entire relative humidity range GF(RH). The aerosol refrac-
tive index at instrumental RH is determined from the closure
of the aerosol scattering and absorption coefficients derived
from measurement and the Mie theory. Various aerosol op-
tical properties (scattering, backscattering, absorption coef-
ficients and asymmetry parameter) can then be computed at
any RH using GF(RH) to calculate the input variables needed
to apply the Mie theory. The effect of RH on the aerosol
optical properties is characterised by enhancement factors
(Sect. 3.2).

3.1 Hygroscopic growth factor

Our HTDMA provided data for the aerosol hygroscopic fac-
tor at 90 % RH for five dry diameters: 35, 50, 75, 110 and
165 nm. The GF probability density function (GF-PDF) are
determined following the procedure developed by Gysel et
al. (2009), using the TDMAInv toolkit. Note that in cases
when the target RH(90) is not accomplished, an empirical
correction is applied to the measured GFs and GF-PDFs (Gy-
sel et al., 2009). Shortly, the philosophy behind this proce-
dure is as follows. The measured GF distribution function
(MDF) is an integral transform of the particle’s actual GF-
PDF. Thus, an inversion algorithm is applied to MDF to re-
trieve the GF-PDF. Further, the mean GF of the sample and
the number fractions of particles in different GF ranges are
determined.

〈GF〉 =

∞∫
0

GF· GFPDFdGF (1)

NFa,b
=

b∫
a

GFPDFdGF. (2)

For more details, please see Gysel et al. (2009) and the inver-
sion toolkit (http://people.web.psi.ch/gysel).

3.2 Enhancement factors

Enhancement factors can be defined for each of the opti-
cal variables such as: aerosol scattering, aerosol absorption,
aerosol extinction or aerosol backscattering coefficients. We
have also applied the enhancement factor terminology for the
asymmetry parameter and backscatter fraction. In general,
the enhancement factor can be defined as:

fχ (RH,λ) =
χ (RH,λ)

χ (RH = 0,λ)
. (3)

whereχ can beσ , α, κ, β, g , or bf, denoting the aerosol scat-
tering, absorption, extinction, backscatter coefficient, asym-
metry parameter or backscatter fraction, respectively. RH
corresponds to any condition, and can cover the entire RH
spectrum. The most employedfχ is the scattering enhance-
ment factor, due to the fact that it can be directly determined
from nephelometers measurements at different RH.

Alternatively,fχ can be calculated using the Mie theory
if the aerosol refractive index and GF(RH) are known, and
assuming an aerosol internal mixture. The latter assumption
allows us to calculate the refractive index of wet particles as
a volume weighted average of the refractive indices of the
dry aerosol and water. Thus, the mentioned optical proper-
ties at any RH condition can be related to those at RH= 0 %.
The input data are the aerosol hygroscopic factor at RH=

90 % forDdry = 165 nm provided by the HTDMA, the par-
ticle number size distribution over the range 10 nm–10 µm
at RH< 30 %, the aerosol scattering and absorption coeffi-
cient at 450, 550 and 700 nm at RH< 35 %. The outputs are
the enhancement factors of the optical variables. We deter-
mine also the asymmetry parameterg (Mie theory), and its
enhancement factor. For comparison purposes, we also es-
timate the asymmetry parametergneph for the nephelometer
RH conditions (i.e. not in dry conditions) from the measured
backscatter fraction and an empirical formula developed by
Arnott (Andrews et al., 2006).

Note that we use monthly diurnal averages GF atDdry =

165 nm only. This option is supported by the fact that par-
ticles larger than 165 nm interact more efficiently with visi-
ble light (Fig. 1). The particles around 600–750 nm have the
largest scattering and extinction efficiency (ξ), and although
the largest particle number concentration (n = dN/dlogDp)

is around 100 nm, the largest contribution to scattering (n ·

ξ · Dp · 1Dp) is around 200–300 nm. Thus, using GF for
Ddry = 165 nm also for smaller particles, practically does not
affect enhancement factors. This approach was also used in
earlier studies (e.g. Zieger et al., 2010). However, particles
larger than 165 nm might have a different GF, due to a differ-
ent chemical composition. This issue is further discussed in
Sect. 4.3.1.

GF(RH) is estimated using aγ -model (e.g. Kasten, 1969;
Gysel et al., 2009):

GF(RH) = (1− RH/100)−γ (4)
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Fig. 1. Efficiency – ξ (for scattering –σ , extinction – κ, absorption –α and backscattering –β), particle number concentration
(n =dN /dlogDp) and the contributions to scattering, extinction, absorption, and backscattering (n · ξ · Dp · 1Dp) for each diameter (λ =

550 nm). n was recorded on 10 February 2008, 05:00 UTC.

whereγ is determined from the boundary condition at RH
= 90 %. Humidograms of the ambient aerosols obtained in
various atmospheric conditions showed that GF(RH) could
indeed be fitted well with aγ -law (Putaud, 2012). GF(RH)
functions are used to determine both dry volume fractions
and particle diameters in dry and ambient conditions (Eq. 5).

The main unknown variable when applying Mie theory is
the aerosol refractive index. This was retrieved by minimis-
ing the difference between the scattering and absorption co-
efficients derived from the Mie theory (Van de Hulst, 1981;
Bohren and Huffmann, 1998) on the one hand and in-situ
measurements on the other hand. Note that this refractive in-
dex corresponds to instrument conditions such that we de-
note it asminst. The aerosol scattering and absorption coeffi-
cients at 450, 550, and 700 nm obtained from measurements
are compared with a lookup table of the computed aerosol
scattering and absorption efficiencies. The calculated coeffi-
cients employ the measured NSD and particles diameters at
instruments RH conditions. That is why these computations
were performed only when the absolute difference in RH be-
tween the instrument measuring the particle number size dis-
tribution and the optical parameters was below 5 %. For the
lookup table, the refractive index covers the range from 1.3
to 1.7 (with 0.01 step) for the real part and the range from 0
to 0.6 (with 0.001 step) for the imaginary part. Note that no
dispersion for the refractive index was considered over the
three wavelengths. This is a common assumption for the vis-
ible spectrum (e.g. Adam et al., 2004; Nessler et al., 2005a,
b; Zieger et al., 2010, 2011). The match with measurements
is given by the smallest (overall) error for aerosol scattering
and absorption coefficients at all three wavelengths. Note that
the data points for which the difference is larger than 30 %
are discarded (first criterion in data validation). Once the re-
fractive index at instruments conditions is retrieved, the dry
and wet refractive indicesmdry andmwet are determined, us-
ing a weighted mean as a function of the dry volume fraction
DVF(RH) determined as the ratio between the dry volume

Vdry and the wet volumeVwet:

DVF( RH ) =
Vdry

Vwet(RH)
=

1

GF3 (RH)
(5)

In a first stage:

minst= [1−DVF(RHinst)] ·mwater+DVF(RHinst) ·mdry. (6)

the dry refractive index is determined considering
DVF(RHinst) (Eq. 5) for GF(RH) at instruments RH
conditions. The refractive index of water is a real number
mwater= 1.333.

mdry =
minst− [1− DVF(RHinst)] · mwater

DVF(RHinst)
. (7)

The wet refractive index is then computed as:

mwet= [1− DVF(RHwet)] ·mwater+DVF(RHwet) ·mdry. (8)

Here, DVF is computed for ambient (wet) RH (Eq. 5).
A second criterionin data validation is applied to the re-

fractive index: the retrieved refractive indices at instrument
conditions which reach the extremes values for the real part
(i.e. 1.3 or 1.7) are discarded. A regression between the cal-
culated and measured scattering and absorption coefficients
is performed.A third criterion in data quality eliminates the
outliers from regression analysis which correspond to the
points outside 95 % confidence level.

Finally, we apply the Mie theory using the dry and wet
particle diameters, particles number size distributions and
refractive indices to calculate the dry and wet optical vari-
ables, respectively, and further their enhancement factors.
The asymmetry parameter and its enhancement factor are
calculated as well.
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Figure 2. GF-PDF versus GF and dry diameter for January 2009, May 2008, July 2008 and October 2008.  2 

Fig. 2.GF-PDF versus GF and dry diameter for January 2009, May 2008, July 2008 and October 2008.

3.3 Error calculation

The error computation consists in a sensitivity study taking
into account the errors in the input parameters. Thus, the cal-
culations are performed once for the input parametersx + εx

and once for the input parametersx − εx . For each variable
y computed along the flow chart, its relative error will be the
average between the relative errors with respect to the case
of εx = 0:

εy = 100
1

2

(∣∣∣∣ym

y
− 1

∣∣∣∣ + ∣∣∣∣yp

y
− 1

∣∣∣∣)(%) . (9)

y corresponds to the input parametersx (εx = 0, i.e. no error
in input parameters), whileym andyp correspond to the input
parametersx−εx andx+εx respectively. An example of the
output errors is shown in Sect. 4.3. The numerical values of
the input errors are discussed in Sect. 4.3.1.

4 Results and discussions

We particularly studied the diurnal and seasonal variations in
the atmospheric aerosol growth factor at 90 % RH, focusing
on the data obtained in January, May, July and October (for
which the data coverage was satisfactory) as representative
for each season.

The monthly diurnal cycles of GF(90) forDdry = 165 nm
observed over May 2008–February 2009 are then used as in-

puts in the estimation of enhancement factors over two years
period (2008–2009).

4.1 Hygroscopic growth factor and hygroscopicity
parameter

Figure 2 shows the diurnal GF-PDF behavior for the months
of January 2009, May, July and October 2008, each repre-
senting a different season. GF-PDF (color scale) is shown
versus dry diameter and GF. The most striking observation is
the lack of diurnal variations in the GF-PDF in July. During
this month, a close-to-monomodal distribution is observed all
the day long, with GF modes ranging from 1.1 for 35 nm par-
ticles to 1.5 for 165 nm particles. This corresponds to an aged
particle population, where 35 nm particles are still mainly
hydrophobic (and probably primary) while 165 nm are in-
ternal mixture of hydrophobic and hydrophilic substances,
which could result from the accretion of secondary species
onto hydrophobic cores. The lack of clear diurnal variations
is also observed for October, but in this case the GF-PDF be-
comes broader and even bi-modal in most cases for particles
larger than ca. 100 nm. Particles larger than 100 nm with a
low (≤1.2) GF(90) are observed above all during the cold-
est hours of the day, and could result from the condensation
of semi-volatile hydrophobic species. Indeed, these “big”
(Ddry > 100 nm) hydrophobic particles are also observed in
January, but during this month, another mode centered on
a larger GF is also observed for all times during the day,
and for most particle diameters. As it was shown that wood
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Figure 3. Hygroscopicity parameter versus dry diameter for January 2009, May 2008, July 2008 and October 2008. 3 

Fig. 3.Hygroscopicity parameter versus dry diameter for January 2009, May 2008, July 2008 and October 2008.

burning is a major source of particulate matter in our area
in winter (Gilardoni et al., 2011), we suspect these particles
with a relatively high GF(90) to come from wood burning,
which is known to produce a variety of water-soluble sug-
ars (Schmidl et al., 2008). However, particles with a rela-
tively high GF(90) (ranging from≈1.2 for Ddry = 35 nm to
≈1.5 for Ddry = 165 nm), are also observed in May, most
of the time externally mixed with purely hydrophobic par-
ticles [GF(90)≈ 1], that cannot be attributed to wood burn-
ing, but rather to the mixture of hydrophobic and secondary
hydrophilic aerosol and species.

Figure 3 shows an increase of the hygroscopicity parame-
ter (Petters and Kreidenweis, 2007) from ca. 0.1 to 0.2 with
the particle dry diameter at all times in May, July and Octo-
ber, which indicates a gradual increase in the particle wa-
ter solubility with the particle size. As the hygroscopicity
parameter was calculated from the mean GF(90), we did
not capture the hygroscopicity parameter for the most hy-
drophilic mode in December. According to a parameterisa-
tion by Andreae and Rosenfeld (2008), the hygroscopicity
parameter values of 0.1–0.2 are characteristic for moderately
aged pyrogenic aerosol.

In Ispra, both the growth factor and hygroscopicity param-
eter at RH= 90 % (Fig. 4a, b) are on average lower than
in the USA (Gasparini et al., 2006), in Sweden (Fors et al.,
2011), in the free troposphere at the Jungfraujoch in Switzer-
land (Kammerman et al, 2010), and in the China North
Plain in summer (Liu et al., 2011). ForDp = 165 nm though,

the mean GF(90) in Ispra is very close to that observed
in Mace Head (Ireland) in polluted continental air advec-
tion conditions (Fierz-Schmidhauser et al., 2010a), Cabauw
(the Netherlands) in polluted conditions with southerly flows
(Zieger et al., 2011), and Beijing (China) in wintertime
(Meier et al., 2009). The low aerosol hygroscopicity in Ispra
can be related to the predominance of carbonaceous matter
in PM2.5 (Putaud, 2012).

4.2 Retrieved parameters and enhancement factors

Besides the enhancement factors, we present the most rele-
vant parameters determined along the intermediate calcula-
tion steps, i.e. the retrieved refractive indices, theγ exponent
describing GF(RH), and the aerosol asymmetry parameter.

4.2.1 Refractive indices

As mentioned in Sect. 3.2., computations were performed
only for times at which the absolute difference between RH
inside DMPS and RH inside nephelometer was less than 5 %.
Thus, from the initial set of hourly measurements over 2008
and 2009, we could lay down a number of 1062 hourly data,
scattered over 84 days (mostly during winter periods). After
applying the first two criteria used for data validation men-
tioned in Sect. 3.2 (difference between calculated and mea-
sured optical variables is smaller than 30 % and the real part
of retrieved refractive index does not take extreme values),
the remaining set of data includes 655 hourly data points. We

Atmos. Chem. Phys., 12, 5703–5717, 2012 www.atmos-chem-phys.net/12/5703/2012/
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Fig. 4. Average and standard deviation of hygroscopic growth factor GF(RH)(a) and hygroscopicity parameter(b) at 90 % RH observed at
various sites across the world (see references in Sect. 4.1).

did not investigate yet the reasons of discrepancy for these
outliers. The linear regressions between the optical properties
obtained from measurements and from the Mie computations
(using the retrieved refractive indices at instruments condi-
tions) for each of the scattering, absorption and extinction
coefficients shows very small offsets, slopes within 6 % dif-
ference with respect to the 1 : 1 line, and high correlation co-
efficients (R2 > 0.99) after additional 21, 81 and 19 outliers
(95 % confidence level), respectively, were discarded (third
criterion). Since we did not have measurements of GF over
March 2009, the data corresponding to this month were elim-
inated (forth criterion). The combination of all four criteria
finally gives us a final number of 459 cases for which we
were able to reproduce the scattering, absorption and extinc-
tion coefficients at 450, 550, and 700 nm obtained from mea-
surements, by applying the Mie theory based on wavelength-
independent retrieved refractive indices, and measured parti-
cle number size distribution.

Refractive indices retrieved for instruments RH conditions
(“inst”), dry and ambient RH conditions (“dry” and “wet”)
are shown in Fig. 5. Since only data taken at RH< 30 % were
considered, the values at instrument conditions are very close
to those in dry conditions. Both the real and imaginary part of
the wet refractive index decrease with increasing RH. Note
that the jump at measurement number 336 corresponds to
the break between data taken in January–February 2008 (first
335 points) and the data taken in December 2008. Particles
were noticeably larger in January–February 2008 compared

to December 2008 (Jensen et al., 2009). However, high dry
refractive index real parts (close to 1.7) retrieved for Decem-
ber 2008 perhaps suggest that our hypothesis of an internally
mixed aerosol was not verified for all days during that month.

4.2.2 γ -exponent

For the 459 selected cases, 165 nm particle growth fac-
tors GF(RH), as determined by theγ -model (Eq. 4), are
shown in Fig. 6. The range covered by GF(90) (1.19–1.40)
is quite large, and excludes only 8 % of the GF(90) values
observed during the whole HTDMA measurement period.
Larger GF(90) observed in summer (up to 1.48 on 10 June,
12:00 UTC) are however not accounted for. The meanγ -
exponent at 90 % RH is 0.12 ± 0.02. This value is somehow
smaller than what is reported by Swietlicki et al. (2000) for
the ACE-2 experiment in the Northeastern Atlantic Ocean
(0.23 ± 0.01), and by Maßling et al. (2003) for a study over
Atlantic and Indian Oceans (∼0.25 ± 0.01).

4.2.3 Asymmetry parameter

The linear regressions between the asymmetry parameterg

retrieved from Mie calculations and from Arnott’s empiri-
cal formula (Andrews et al., 2006) do not show significant
correlations. However, at instrument conditions, the average
relative difference between the empirical determination and
the Mie computation (Table 1) is significant with respect to
uncertainties at 700 nm only (see Sect. 4.3.2). In contrast,
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Table 1.Asymmetry parameter.

<g > ± STD 450 nm 550 nm 700 nm

Nephelometer (instrument conditions) 0.60 ± 0.05 0.57 ± 0.05 0.48 ± 0.06
Mie (instrument conditions) 0.63 ± 0.03 0.60 ± 0.04 0.54 ± 0.04
Mie (ambient conditions) 0.69 ± 0.05 0.66 ± 0.05 0.61 ± 0.06

Fig. 5.Refractive index. Thick lines represent the real part (left axis) while thin lines show the imaginary part (right axis). The vertical black
lines make the delimitation between different seasons (W= winter, Sp= spring).

Fig. 6. Growth factors GF(RH) for 165 nm dry diameter over the
whole RH range, as estimated from theγ law (Eq. 4) and GF(90)
measured for the 459 selected events (circles). Also shown (lines)
are theγ functions corresponding to the smallest and the largest
GF(90) values.

the corresponding relative difference for the hemispherical
backscatter fraction bf is larger than uncertainties for all
wavelength.

4.2.4 Enhancement factors

The enhancement factors calculated for the range of observed
ambient RH for the scattering, extinction, absorption, and
backscattering coefficients, the asymmetry parameter and the

backscatter fraction all show an increase with RH at all wave-
lengths (Fig. 7a–e). In contrast, the hemispherical backscat-
ter ratio decreases with RH (Fig. 7f), since the backscatter
ratio decreases with the particle size.

At λ = 550 nm, the median values of the enhancement fac-
tors at 90 ± 1 % RH for absorption, scattering, backscattering,
and extinction coefficients are 1.08, 2.10, 1.67, and 1.81, re-
spectively (Table 2, Fig. 7). The median enhancement fac-
tors for the asymmetry parameter and the backscatter frac-
tion are 1.16 and 0.69, respectively (Table 2). These en-
hancement factors lead to mean changes in single scattering
albedo (SSA) between dry and ambient conditions of 8.8 %
at 550 nm (Table 2). Thus, for the December–May data we
analyzed, the mean and standard deviation (STD) for SSA
calculated for ambient conditions was 0.84 ± 0.09, i.e. lower
compared to the values reported for 550 nm at Jungfraujoch
(0.95) (Fierz-Schmidhauser et al., 2010b), Mace Head (0.93)
(Fierz-Schmidhauser et al, 2010a), Gosan, Korea (0.93 in
polluted conditions) (Kim et al., 2006), and close to that
reported for the Northern Indian Ocean downwind of India
(0.86) (Sheridan et al., 2002). The low SSA observed in Ispra
is coherent with the large contribution of elemental carbon
(10 %) to the PM2.5 mass (Putaud, 2012). Particulate organic
matter (which possibly includes brown carbon) can as well
absorb light in the visible range.

In the literature, hygroscopic enhancement factors of the
aerosol optical properties are usually reported for the scatter-
ing coefficient (Fitzgertald and Hoppel, 1982; Kotchenruther
and Hobbs, 1998; Kotchenruther et al., 1999; Day and Malm,
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Fig. 7. Enhancement factors for aerosol scattering(a), extinction
(b), absorption(c) and backscatter(d) coefficients, asymmetry pa-
rameter(e)and backscatter fraction(f) at 550 nm.

2001; Sheridan et al., 2002; Carrico et al., 2000; Kim et al.,
2008; Liu et al., 2008; Pan et al., 2009; Zieger et al., 2011)
and more rarely for the backscatter coefficient (Carrico et al.,
2003; Magi and Hobbs, 2003; Fierz-Schmidhauser, 2010a,
b) or the absorption coefficient (e.g. Redemann et al., 2001,
Nessler et al., 2005b). Most studies are based on direct mea-
surements taken by nephelometers in dry (below 40 % RH)
and wet conditions (i.e. 80 % to 90 % RH). When necessary,
we calculated the scattering enhancement factors from 20–
30 % to 85 % RH based on humidograms or fittings provided

Table 2. Enhancement factor for optical variables (absorption –α,
scattering –σ , backscattering –β, extinction –κ, asymmetry pa-
rameter –g and backscatter fraction – bf). Also shown, single scat-
tering albedo (SSA).

f (RH) 450 nm 550 nm 700 nm

α min 0.99 1.02 1.05
max 1.21 1.19 1.18
median 1.07 1.08 1.10

σ min 1.55 1.58 1.62
max 2.95 3.00 3.07
median 2.05 2.10 2.17

β min 1.34 1.33 1.34
max 1.97 1.95 1.99
median 1.76 1.67 1.66

κ min 1.44 1.44 1.44
max 2.03 2.08 2.12
median 1.79 1.81 1.84

g min 1.09 1.10 1.12
max 1.19 1.20 1.21
median 1.13 1.16 1.18

bf min 0.62 0.63 0.65
max 0.78 0.78 0.81
median 0.69 0.69 0.71

SSA min 0.59 0.56 0.51
max 0.93 0.92 0.91
median 0.85 0.83 0.81

by the authors, so that data from various sites could be com-
pared (Fig. 8). The mean scattering enhancement factor we
observed in Ispra (1.71 ± 0.13) is among the smallest reported
for Europe, but close to the values reported for Sagres (Portu-
gal) and Mace Head (Ireland) when impacted by continental
polluted air masses (Carrico et al., 2000; Fierz-Schmidhauser
et al., 2010a). It is lower than the scattering enhancement
factor at most other polluted sites in Asia (Carrico et al.,
2003; Kim et al., 2008; Liu et al., 2008; Pan et al., 2009)
or America (Fitzgertald and Hoppel, 1982; Kotchenruther et
al., 1999; Day and Malm, 2001), but higher than in wood
smoke plumes in South America (Kotchenruther and Hobbs,
1998), Africa (Magi and Hobbs, 2003), or Asia (Kim et al.,
2008). In contrast, the backscatter ratio enhancement factor
from 20–30 to 85 % in Ispra (0.80) is amongst the highest
when compared to Mace Head, IR (0.80), Jungfraujoch, CH
(0.72) and the Sea of Japan (0.67) (Carrico et al., 2003; Fierz-
Schmidhauser et al., 2010a, b).

Most studies consider that the aerosol absorption coeffi-
cient does not change with RH (e.g. Nessler et. al, 2005a;
Zieger et al., 2010, 2011), because absorption is usually
much smaller than scattering and thus, the contribution of
the absorption enhancement to the extinction enhancement
is generally negligible. Based on modelling, Redemann et
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Fig. 8. Scattering enhancement factor between 20–30 % and 85 %
RH from various sites (see references in Sect. 4.2.4).

al. (2001) report an absorption enhancement factor at 550 nm
and 90 % RH of ca. 1.15 for a monomodal size distribution
that resembles what we observe at our site. From Nessler et
al. (2005b) data, we estimated that the aerosol absorption en-
hancement factor would range at Jungfraujoch from 1.0 to
1.06 from winter to summer. The mean absorption enhance-
ment factor (1.07 ± 0.04) we determined for Ispra based on
measurements and the Mie theory is coherent with the values
determined by modelling.

Nessler et al. (2005b) mention that for Jungfraujoch condi-
tions, the contribution of the aerosol absorption enhancement
to changes in extinction and SSA with RH is about 0.2 %
and can therefore be discarded. Even at our site where SSA
is rather low (0.77 on average at 550 nm in dry conditions),
there will be a small difference (generally< 1 %, up to∼5 %
for RH> 75 %) in estimating the extinction at ambient con-
ditions when taking into account the humidity dependence of
absorption (Eq. 10) or not (Eq. 11).

kwet,1= κdryfκ (RH) (10)

kwet,2= σdryfσ (RH) + αdry (11)

Figure 9 shows regressions betweenf (RH) and GF(RH)
for the case ofλ = 550 nm. The curves for the other two
wavelengths (450 and 700 nm) are not much different (Ta-
ble 3). Since the scattering, backscattering and absorption
coefficients are functions of the particle cross section, we
used second order polynomial fits. The similar behaviours of
f (RH) and GF(RH) for scattering, extinction and backscat-
tering (Figs. 6 and 7) lead to high correlation coefficients
(R2 > 0.98). The absorption enhancement factor is more
scattered over the RH range (R2

= 0.67), because it strongly
decreases with increasing aerosol single scattering albedo. A
good correlation is also found between the enhancement fac-
tor for the asymmetry parameter and the backscatter ratio and
the growth factor (Fig. 9e–f).

Fig. 9. Regression analysis between enhancement factorsf (RH)
and GF(RH), at 550 nm, for scattering coefficient(a), extinction co-
efficient (b), backscatter coefficient(c), absorption coefficient(d),
asymmetry parameter(e) and backscatter fraction(f). The dotted
curves represent the 95 % confidence level of the fitted curves.

Zieger et al. (2011) also mentioned a good correlation
(R2

= 0.72) between scattering enhancement factor at 85 %
RH (as determined from nephelometers measurements) and
growth factor GF(90) for 165 nm. However, no further com-
ments or correlation fit was provided.
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Table 3.Regression analysis between enhancement factorsf (RH) and growth factor GF(RH).

λ

f (RH)
450 nm 550 nm 700 nm

σ R2

fit
0.978
3.95GF2 −

6.06GF+3.13

0.979
4.81GF2 −

7.98GF+4.21

0.98
5.95GF2 −

10.6GF+5.65

κ R2

fit
0.990
3.24GF2 −

5.13GF+2.92

0.989
3.84GF2 −

6.54GF+3.74

0.986
4.54GF2 −

8.14GF+4.67

β R2

fit
0.970
3.16GF2 −

5.39GF+3.27

0.982
3.38GF2 −

6.15GF+3.82

0.982
3.11GF2 −

5.49GF+3.42

α R2

fit
0.501
−0.169GF2 +

0.608GF+0.552

0.625
−0.195GF2 +

0.7GF+0.487

0.767
−0.229GF2 +

0.828GF+0.395

g R2

fit
0.932
−0.374GF2 +

1.29GF+0.0829

0.947
−0.378GF2 +

1.36GF+0.0119

0.954
−0.345GF2 +

1.36GF+0.0215

bf R2

fit
0.987
0.78GF2 −

2.73GF+2.94

0.993
0.664GF2 −

2.45GF+2.78

0.987
0.462GF2 −

1.91GF+2.44

σ , κ, β, α, g, bf stand for aerosol scattering, extinction, backscattering, absorption coefficients, aerosol asymmetry
parameter and aerosol backscatter fraction.

From these correlations and the climatology for GF(RH),
we can estimate the enhancement factorsfχ (with χ = σ ,
α, κ, β or g) at any RH conditions for any time of the year,
based on measurements of RH only. Thus, the corrected opti-
cal parameterχ at ambient condition (RH) will be given by:

χ (RH) = χ (RHinst)
fχ [GF(RH)]

fχ [GF(RHinst)]
(12)

The accuracy of this approach will be investigated when si-
multaneous measurements in wet and dry conditions of the
aerosol scattering and backscattering are possible at our sta-
tion.

4.3 Uncertainties

4.3.1 Uncertainties of input variables

Nephelometer calibrations (using CO2 and zero-span) per-
formed in 2008–2009 showed a stability within ±1.1 %. The
intercomparison performed in 2007 at the World Calibration
Centre for Aerosol Physics (WCCAP) showed that our in-
strument measured well within the ±5 % of the average over
10 instruments. Anderson and Ogren (1998) report parti-
cles loss within 1 % for sub-micron particles, which always
largely dominate scattering at our site (see Fig. 1 as an ex-
ample). The uncertainty of the corrections for non idealities
is <1 %. The largest errors come from the possible growth of

particles in the nephelometer where RH is up to 30 %. The
upper limit for the overall uncertainty of the scattering coef-
ficient can thus be estimated to [−10, 0] %.

The aerosol absorption coefficient at 660 nm derived from
the Aethalometer and nephelometer measurements were
compared with the absorption coefficient at 670 nm obtained
with a Multi-Angle Absorption Photometer (MAAP). MAAP
instruments were shown by the WCCAP to deliver unbiased
absorption coefficients in comparison with reference instru-
ments (M̈uller et al., 2011). The correlation between hourly
data obtained from the Aethalometer and the MAAP suggest
an overall uncertainty of the Aethalometer derived absorp-
tion coefficient of [−10, 0] %.

Calibrations and inter-laboratory comparisons regularly
showed that the uncertainty of the particle number size distri-
butions obtained with our DMPS are within ±5 % in counting
and ±3 % in sizing. The concentration of 600 nm (geometric
diameter) particles determined from the APS and the DMPS
can occasionally differ by a factor up to 3, due to measure-
ment errors and uncertainties in the conversion from aerody-
namic to geometric diameters. However, as optical proper-
ties are largely dominated by particles smaller than 600 nm
(Fig. 1), such errors have no significant impact on the accu-
racy of the computed optical variables.

A 3 % uncertainty for GF(90) for 165 nm particles was
considered, following the uncertainty during the experiments
performed with ammonium sulphate for 110 nm particles.
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Fig. 10. The RH dependence of the uncertaintyε [%] for the retrieved refractive index, growth factor (GF), and computed enhancement
factorsf (RH) for the scattering (σ), absorption (α), extinction (κ), backscattering (β) coefficients, the asymmetry parameter (g) and the
backscatter fraction (bf).

The mean standard deviation of the monthly diurnal aver-
age of GF(90) (4 %) was used for each time slot, because
there were not enough points for statistics for all times and
months. Thus, an overall uncertainty of 5 % is estimated for
the GF(90) of 165 nm particles. At our site, the optical prop-
erties of the aerosol are dominated by 150–600 nm particles.
Over the season for which enhancement factors were com-
puted, the hygroscopic parameter does not significantly in-
crease from 110 nm to 165 nm. We assumed that there would
be no significant change from 165 nm to 600 nm either. The
chemical composition of the particulate matter in the sub-
2.5 µm fraction (Putaud, 2012) is actually consistent with the
hygroscopicity observed for 165 nm particles. However, to
take into account that particles larger than 165 nm could be
more hydroscopic, we used a range of [0,+10] % for the un-
certainty of the GF(90) values used in the computations.

4.3.2 Errors in retrieved parameters and computed
variables

As mentioned in Sect. 3.3, the uncertainty of the retrieved
parameters and computed enhancement factors is estimated
through a sensitivity study. Figure 10 shows an example
of the errors calculated (at 550 nm) based on data from 10
February 2009. We have chosen this particular day because
RH covers a large range (from 40 % to 96 %). We can ob-
serve an increasing error with RH for all variables but the
refractive index real part and the asymmetry factor.

The uncertainty in GF(RH), following an input error of
0 % and+10 % for GF(90), shows a mean error ranging from
1 % (RH< 40 %) to∼7 % at high RH (>90 %). The real part
of the refractive index shows an average uncertainty below
3 %, while the uncertainty of the imaginary part ranges from
<8 % (dry) to∼22 % at RH> 90 %. Note that the largest in-
put error for the refractive index comes from the uncertainty

in DVF which in turn, depends on [GF(RH)]3. The uncer-
tainty in dry and wet diameter is directly proportional to the
uncertainty in GF(RH). The optical variables and enhance-
ment factors have an uncertainty below 4 % at RH< 40 %,
reaching 30–38 % at RH> 95 % for all but the absorption en-
hancement factor. The error in all enhancement factors (ex-
cept absorption) depends strongly on the error in the imagi-
nary part of the refractive index. The small error for the ab-
sorption enhancement factor is due to the fact that its depen-
dence with RH is much smaller. Similarly, for the asymme-
try parameter and backscatter fraction enhancements factors,
smaller errors are found (below 2 % and 7 % respectively) as
their dependence on RH is relatively smaller (see Fig. 7).

Andrews et al. (2006) report an uncertainty ing of 2 %
corresponding to a diameter uncertainty of 5 %. Wang et
al. (2002) report an absolute uncertainty of∼25–30 % in cal-
culating aerosol extinction (Mie theory) taking into account
the uncertainty in NSD (3 % uncertainty for size and 10 %
uncertainty for number concentration). Eichler et al. (2008)
report also RH dependent errors for aerosol extinction co-
efficient as computed by Mie theory, reaching up to 20 %
at 92 % RH. Fierz-Schimdhauser (2010a) performed a sensi-
tivity study on the prediction of the scattering enhancement
factor (using Mie theory). The authors found that the pre-
diction is most sensitive to the growth factor and refractive
index. Thus, for an input error of ±20 % for each of the re-
fractive index and growth factor, the error of the scattering
enhancement factor for polluted air was about [−20,+50 %]
and [−40,+70 %], respectively. Therefore, the range of un-
certainties we determined are consistent with previous esti-
mates.
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5 Conclusions

Aerosol hygroscopicity in terms of hygroscopic growth fac-
tor and enhancement factors of the main optical properties
was determined based on measurements performed at the sta-
tion for atmospheric research in Ispra and Mie calculations.

Measurements show that the amount of water soluble mat-
ter clearly increases with the particle dry size during all sea-
sons but winter. We observed GF(90) values ranging from
1.16 to 1.48 for 165 nm dry diameter particles (average=

1.32 ± 0.06). A monthly diurnal cycle of the hygroscopic
growth at 90 % RH was established from measurements cov-
ering 8 months within a year.

The enhancement factors for all the optical variables, i.e.
aerosol scattering, absorption, extinction and backscatter co-
efficients, asymmetry parameter and hemispherical backscat-
ter fraction were calculated for December–May using the
Mie theory and based on input parameters retrieved from
measurement data. The enhancement factors for all optical
coefficients but absorption strongly increase with RH. At RH
= 90 % andλ = 550 nm, the aerosol scattering, extinction
and absorption enhancement factors reach values of 2.1, 1.8
and 1.1 respectively (median values). The enhancement fac-
tors at 90 % RH and 550 nm for intensive variables like the
asymmetry parameter and the backscatter ratio reach 1.15
and 0.78 (median), respectively. These values suggest how
much the aerosol optical properties can differ between the
laboratory (low RH) and the atmosphere at our site, where
the ambient RH is generally high (median= 83 %). As a
strong correlation between enhancement factors and growth
factor was found, one can determine the corresponding en-
hancement factor for optical variables based on RH mea-
surements only as soon as the seasonal-dependent diurnal
cycles of the growth factor (growth factor climatology) is
known. Then, measurements taken at instrument conditions
for aerosol scattering and absorption can be corrected to dry
and actual ambient conditions. Uncertainties estimated by
performing a sensitivity study considering measurements er-
rors in the input data demonstrated a RH-dependent uncer-
tainty for most variables. The uncertainty of GF(90) plays
an important role because the water volume fraction in parti-
cles depends on GF3. The high uncertainty in the imaginary
part of the refractive index in wet conditions (up to ca. 30 %)
leads to similar uncertainties (30–38 %) in the optical vari-
ables (scattering, extinction and backscattering) and further
to their enhancement factor.

Both the hygroscopicity and optical measurements per-
formed at our station in Ispra indicate that the aerosol in
our area is among the most hydrophobic and light absorb-
ing across the world. The very good correlations between
enhancement factors and hygroscopic growth factors show
that the second order polynomial laws we obtained may be
applied to sites with similar particle size distribution (64–
124 nm mean diameter) and aerosol single scattering albedo
(0.75–0.93 at 550 nm) measured in dry conditions. However,

for reducing the uncertainties of these corrections, a better
knowledge of the hygroscopicity of larger particles (200–
500 nm) is needed.
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Bates, T., and Covert, D.: Hygroscopic properties of different
aerosol types over the Atlantic and Indian Oceans, Atmos. Chem.
Phys., 3, 1377–1397,doi:10.5194/acp-3-1377-2003, 2003.

Meier, J., Wehner, B., Maßling, A., Birmili, W., Nowak, A., Gnauk,
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