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Abstract. The hygroscopic properties of atmospheric aerosol were investigated at a suburban environment in
Athens, Greece, from August 2016 to July 2017. The growth factor distribution probability density function (GF-
PDF) and mixing state were determined with a hygroscopicity tandem differential mobility analyser (HTDMA).
Four dry particle sizes (Dg) were selected to be analysed in terms of their hygroscopic properties at 90 % relative
humidity. The annual mean GFs for Dy =30, 50, 80 and 250 nm were found to be equal to 1.28, 1.11, 1.13
and 1.22, respectively. The hygroscopic growth spectra were divided into two distinct hygroscopic ranges: a
non- and/or slightly hygroscopic mode (GF < 1.12) and a moderately hygroscopic mode (GF > 1.12), which
are representative of a suburban environment influenced by local/urban emissions and background aerosol. The
standard deviation o of the GF-PDF was employed as a measure of the mixing state of ambient aerosol. The
30 nm particles were mostly internally mixed, whereas larger particles were found to be externally mixed, either
with a distinct bimodal structure or with partly overlapping modes. Cluster analysis on the hourly dry number size
distributions was performed to identify the link between aerosol hygroscopicity and aerosol emission sources and
formation processes. The size distributions were classified into five groups, with the “mixed urban and regional
background” aerosol (67 %) and the “fresh traffic-related particles” from the neighbourhood urban area (15 %)
accounting for more than 80 % of the results. The hygroscopic properties for 50 and 80 nm were found to be
similar in all cases, indicating particles of similar nature and origin across these sizes. This was also confirmed
through the modal analysis of the average number size distributions for each cluster; the 50 and 80 nm particles
were found to belong to the same Aitken mode in most cases. The 250 nm particles (i.e. accumulation mode)
were generally more hygroscopic than Aitken particles but less hygroscopic than the 30 nm particles (nuclei
mode).

nuclei (CCN) or as ice nuclei (IN), which determines their

Atmospheric aerosol particles in the ambient atmosphere af-
fect the radiation budget of the planet and the regional and
global climate (IPCC, 2013; Rosenfeld et al., 2014) through
direct and indirect effects (Li et al., 2016). Aerosol parti-
cles interact with solar radiation through light absorption
and scattering, inducing a positive or negative radiation forc-
ing, respectively (Haywood and Boucher, 2000). Addition-
ally, aerosol particles can act either as cloud condensation

indirect effect on clouds’ microstructure and lifetime. The
climate-relevant properties of atmospheric aerosol particles
are largely influenced by their ability to take up water (hy-
groscopicity) and their state of mixing (Zhang et al., 2011;
Kaufman et al., 2002; McFiggans et al., 2006).

The hygroscopic properties of atmospheric particles are
strongly related to particle chemical composition (Gunthe
et al., 2009; Gysel et al., 2007), while they undergo con-
tinuous changes over particle lifetime. Research results have
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shown that the relative non-hygroscopic fresh organic aerosol
can become hygroscopic through physical and chemical at-
mospheric processes (Kanakidou et al., 2005). This is also
the case for soot particles originating from different sources
(e.g. biomass burning, diesel soot). The condensation of sec-
ondary species on the surface of primarily emitted soot (pure
black carbon particles) may alter their hygroscopic properties
from non-hygroscopic to hygroscopic being therefore capa-
ble to act as CCN (Tritscher et al., 2011; Kotchenruther and
Hobbs, 1998). Motos et al. (2019) also studied and estab-
lished the relations between the black carbon core size, mix-
ing state and droplet activation.

Aerosol hygroscopic growth can be measured or estimated
by both direct and indirect techniques (Hegg et al., 2007;
Achtert et al., 2009). The most widespread real-time direct
measurement technique for fine-mode aerosol is the hygro-
scopicity tandem differential mobility analyser (HTDMA),
which determines the growth factor (GF) of particles at a
given dry particle diameter and relative humidity (RH). Then,
the hygroscopic parameter «, a simplified parameter model
of the composition dependence on the solution water ac-
tivity, can be calculated as described by Peter and Krei-
denweis (2007). The kappa values for highly hygroscopic
aerosols, such as salts and sulfates, range between 0.5 and 1.4
for organics from 0.01 to 0.5, whereas for non-hygroscopic
aerosol, such as soot, the kappa values are close to zero
(Bezantakos et al., 2013; Gysel et al., 2007).

The cloud nucleating effectivity of aerosol particles and
the overall aerosol-cloud—climate interactions depend on
the distribution of components among individual particles,
termed “aerosol mixing state” (Riemer et al., 2019). Am-
bient aerosol is usually considered a heterogeneous mixture
of particles with different chemical compositions and sizes.
We refer to an internal mixture of aerosol when the par-
ticles of the same size have a similar chemical composi-
tion, whereas, in an external mixture, particles of the same
size have a distinctly different chemical composition. The
aerosol in urban/sub-urban environments typically is an ex-
ternal mixture of non-hygroscopic aerosol from fresh local
emissions and moderately hygroscopic background aerosol
(Wang et al., 2018; Enroth et al., 2018; Swietlicki et al.,
2008), whereas in marine environments the aerosols tend to
be internally mixed and highly hygroscopic (Massling et al.,
2007).

Long-term measurements of aerosol hygroscopicity are
commonly done using CCN counters (e.g. Paramanov et al.,
2015, Schmale et al., 2017 and 2018, and references therein)
or HTDMAs. A few long-term studies of aerosol hygro-
scopicity and mixing state by means of the HTDMA tech-
nique have been published so far, and some of them are
mentioned below (Kammermann et al., 2010; Fors et al.,
2011; Holmgren et al., 2014). These provide a better un-
derstanding of the link between particle hygroscopic growth
and particle emission sources, formation and transformation
processes. The present study aims at providing insights into
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Figure 1. The Demokritos atmospheric aerosol measurement sta-
tion in Athens (from © Google Maps).

the hygroscopic properties and state of mixing of ambient
aerosol and the origin of ambient ultrafine and fine particles
through 1 year of measurements of key microphysical pa-
rameters (i.e. size distributions and time- and size-resolved
HTDMA data) in a suburban environment. The hygroscop-
icity of ambient aerosol was investigated in the particle size
range between 30 and 250 nm, providing information about
the month-to-month variability, seasonal cycle and diurnal
pattern of hygroscopicity and the degree of mixing state for
selected particle sizes.

2 Methodology

2.1 Sampling site

The measurement campaign was conducted from Au-
gust 2016 to July 2017 at the Demokritos (DEM) station
(Fig. 1), a member of Global Atmosphere Watch (GAW) and
part of the ACTRIS and PANACEA infrastructures within
the National Centre of Scientific Research Demokritos cam-
pus. The station is located in a vegetated area at the foot of
Mount Hymettus, about 7 km to the northeast of Athens’ city
centre. It is an urban background station, representative of the
atmospheric aerosol in the suburbs of the Athens metropoli-
tan area. The site is partially influenced by transported pollu-
tion from the urban area of Athens (Eleftheriadis et al., 2021)
(i.e. under most atmospheric conditions) and partially by the
incoming regional aerosol (i.e. under northern, southern or
eastern winds).

2.2 Instrumentation

A custom-built humidified tandem differential mobility anal-
yser (HTDMA) was used to measure the hygroscopic growth
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factor distributions of ambient aerosol particles with selected
dry diameters Dy at certain narrow size fractions centred
around 30, 50, 80 and 250 nm and exposed at relative hu-
midity (RH) of 90 2 % (Bezantakos et al., 2013). Figure 2
shows the main components of the HTDMA system. The HT-
DMA consists of two differential mobility analysers (DMAs)
in tandem mode, a humidifier section and a condensation
particle counter (CPC 3772, TSI). The polydisperse aerosol
was initially dried, passing through an aerosol Nafion dryer,
and brought to charge equilibrium passing through a $Kr
bipolar neutraliser before entering the first DMA (DMA-1)
where the specific particle sizes were selected (monodis-
perse aerosol) according to their electrical mobility. Then,
the monodispersed and dried particles were conditioned by
passing through the humidifier section at a well-defined rel-
ative humidity (set point 90 %) before entering the second
DMA (DMA-2); the sheath flow of the DMA-2 was also
humidified at a relative humidity of 90 %. The DMA-2 was
operated with the CPC in a scanning mobility particle sizer
(SMPS) configuration to measure the particle size distribu-
tion of the conditioned wet aerosol. Both DMAs were oper-
ated with a sheath flow rate of 3L min~! and a sample flow
rate of ~0.3 L min~'.

The aerosol number size distributions of ambient aerosol
(dry) were measured by means of a SMPS system, operated
in parallel with the HTDMA at the DEM station. The SMPS
consists of an electrostatic classifier (TSI Inc. model 3080),
a cylindrical differential mobility analyser column (TSI Inc.,
model 3081) and a condensation particle counter (TSI Inc.,
model 3772). It was operated with a 5min time resolution
and an aerosol-to-sheath flow ratio of 1/5Lmin~! covering
a particle size range from 10 to 550 nm. Both aerosol and
sheath flows were dried to relative humidity lower than 40 %
using a Nafion drier. Data acquisition and analysis were per-
formed using the TROPOS-SMPS data evaluation software
(Wiedensohler et al., 2012). To achieve the highest measure-
ment accuracy with SMPS measurements, the technical rec-
ommendations and quality-control procedures proposed by
Wiedensohler et al. (2012) were followed.

The standard meteorological parameters (i.e. temperature,
humidity, wind speed and wind direction) were recorded at
an hourly time interval at the DEM station. The meteorolog-
ical sensors were installed on a meteorological mast at 10 m
height above ground.

2.3 Data analysis
2.3.1 HTDMA data inversion and fitting procedure

Due to water uptake, the diameter of the humidified particles
(D(RH)) increase, and the ratio between humidified (D(RH))
and dry particle diameter (Dy) is defined as the growth factor
(GF):

_ D(RH)
=~

GF

, ey
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where D(RH) is the particle diameter at the given RH, and
Dy is the dry diameter selected by the first DMA. The particle
concentration at the HTDMA outlet as a function of growth
factor (GF) set at the HTDMA is referred to as the measure-
ment distribution function (MDF).

Then, an inversion algorithm was applied to the measured
MDF to retrieve the actual growth factor probability density
function (GF-PDF), which describes the probability that a
particle with a defined dry size exhibits a certain GF at the
specified relative humidity. The methodology we follow for
inverting the HTDMA data is described in detail by Gysel et
al. (2009). A key element for the data inversion is the ker-
nel function, which describes the physics of a TDMA sys-
tem. The kernel width calibration, for particles exhibiting a
true growth factor of 1.0, of the HTDMA and data inversion
was performed according to the methodology described by
Gysel et al. (2009), applying the TDMAinv algorithm. The
underlying principle of the HTDMA inversion approach is to
find an inverted GF-PDF such that a minimum x 2 residual is
obtained between the measured MDF and the reconstituted
MDF (R-MDF). The growth factor probability density func-
tions (GF-PDFs) were afterwards normalised to unity. The
GF-PDFs measured in the range 88 % < RH < 92 % were re-
calculated to RH =90 % following the procedure described
by Gysel et al. (2009) in order to minimise uncertainties as-
sociated with variations in RH levels. Each GF-PDF was de-
scribed as a piecewise linear function with the midpoint of
the first and last inversion bin at GF=0.7 and GF =2.5, re-
spectively, and a resolution of AGF =0.1. The GF standard
deviation o of a GF-PDF was also determined according to
Eq. (C.6) in Gysel et al. (2009).

The o is used as a measure for the spread of growth
factor to describe the mixing state (Sjogren et al., 2008).
In the present study, the inverted data were grouped into
three cases, representative of the aerosol mixing state in
Fig. 3. Specifically, o < 0.07 indicates an internally mixed
aerosol (Fig. 3a), o > 0.15 describes an externally mixed
aerosol with two distinct modes (Fig. 3c), and GF-PDFs
with 0.07<0 <0.15 are considered as a continuum of mixing
states with two overlapping modes or a broad mode (Fig. 3b)
(almost bimodal and externally mixed). The bimodal GF-
PDF spectra, either with overlapping or with well-defined
modes, were divided into two distinct ranges of particle hy-
groscopicity: one subset comprising non- and/or slightly hy-
groscopic particles with GF < 1.12 and the other subset com-
prising moderately hygroscopic particles with GF > 1.12.
This threshold GF coincides with the typical local minimum
in the GF-PDFs observed in this study, which also is in line
with the findings of previous studies (Kim et al., 2020). Then
the different integral properties of GF-PDFs (i.e. mean GF
and number fraction) for these subranges were calculated by
Egs. (C.9) and (C.8), as described by Gysel et al. (2009), by
averaging GF-PDFs above and below the GF = 1.12 thresh-
old. It has be noted that a sensitivity analysis has been per-
formed before selecting the two subranges by changing the
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Aerosol inlet >

Figure 2. Schematic diagram of the HTDMA system.

selected threshold GF between 1.12 and 1.20 with no sig-
nificant effect on the calculated parameters. The fixed GF
threshold translates to a slight size dependence of the kappa
threshold, i.e. from 0.07 to 0.05 for 30 to 250 nm.

Additionally, the hygroscopicity parameter x was calcu-
lated as follows (Petters and Kreidenweis, 2007):

3 _ —
- (GF 1)(1 aw)7 o)

Aw

where ay, is the water activity at which the growth factor was
measured. According to Kohler theory (Kohler, 1936), ay, is
obtained by the following:

RH
exp (83 )
where oy is the surface tension of the solution droplet (as-
sumed to be pure water), vy, is the partial molar volume of
water in solution, R is the universal gas constant, T is the
temperature, and D is the diameter of the droplet.

One of the limitations of the HTDMA technique for size-
resolved hygroscopicity measurements arises from select-
ing several representative size fractions to study but at the
same time obtaining data in a relatively high time resolu-
tion. In our case, four dry sizes were selected to be studied,
i.e. 30, 50, 80 and 250 nm. Our findings reveal that the 50 and
80nm Aitken particles presented similar hygroscopic prop-
erties, whereas larger differences were observed between the
Aitken particles and the particles in the accumulation size
range, i.e. 250 nm. At least from a CCN prediction perspec-
tive, our size selection might not be the optimal one, although

3)

Ay =
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the GF-PDFs can be interpolated in time and diameter in
between the available measurements to describe the hygro-
scopic behaviour of the aerosol particles in each size bin of
the SMPS without introducing too much error in CCN pre-
dictions as confirmed by previous studies (Kammermann et
al., 2010). Alternatively, it might be more ideal that the hy-
groscopic properties of ambient aerosol at the dry diameters
Dg of 60 and 120 nm instead of at 50 and 80 nm are inves-
tigated given that the size range between 100 and 150 nm is
considered very important for CCN studies.

2.3.2 Cluster analysis

k-means cluster analysis was applied to the hourly-averaged
particle number size distributions to classify the distribu-
tions of the highest degree of similarity into the same clus-
ter, reducing in that way the complexity of the dataset. The
k-means method aims to minimise the sum of the squared
Euclidian distance between each dataset point and the cor-
responding cluster centre (i.e. the mean of all the points in a
cluster). Cluster analysis was performed using the IBM SPSS
software. The interpretation of the origin of each cluster was
based on the dominant size modes (Hussein et al., 2014),
their hourly frequency of occurrence and the average values
obtained for standard meteorological parameters.

2.3.3 Multimodal analysis

The modal characteristics of the clustered average number
size distributions were obtained by applying a curve-fitting
algorithm as proposed by Hussein et al. (2005). The least-
squares method was used to best-fit the sum of up to four
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C. Spitieri et al.: Annual cycle of hygroscopic properties

Counts of MDF/R-MDF
e
40d-49 pssijewloN

N Vi ¥,

R\ L
NI

T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24
Growth Factor D/D,

Counts of MDF/R-MDF
4dd-49 pasijewioN

N b . . . . . . . . .
T T
0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 22 24
Growth Factor D/D,

o

Counts of MDF/R-MDF
T
N
4dd-49 pasijew.ioN

-0

02 04 06 08 1.0 1.2 14 16 18 20 22 24
Growth Factor D/D,

Figure 3. Example of growth factor distributions measured at
RH =90 % of Dy = 30nm particles (a, internally mixed), of Dy =
80nm particles (b, continuum of mixing states) and of Dg=
250 nm particles (¢, externally mixed with distinct modes). The red
line represents the measured particle counts, the blue line represents
the reconstructed measured distribution function, and the green line
is the GF-PDF.

modes to the multi-modal distributions to the clustered num-
ber size distributions. The log-normal distributions were de-
scribed by the following characteristic modal parameters
of each mode: geometrical mean mobility diameter, num-
ber concentration and geometric standard deviation. Start-
ing from an initial assumption, the modal parameters of each
log-normal distribution were successively re-defined to ob-
tain the best-fit curve. The algorithm starts by fitting a uni-
modal log-normal distribution and successively tests the pos-
sibility of increasing it to a bi-, a tri- and finally a tetra-modal
distribution. The optimum best-fit curve was determined by
minimising the root mean square error (RMSE, %), defined
by Vratolis et al. (2019) as

100 (~—n A
RMSE = % (Zi—l (N(Ii?n - Ndpi) ) ’ 4
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where n is the number of size bins of the SMPS size dis-
tribution, NI’ is the number concentration measured by the
SMPS at size bin i corresponding to particle diameter dpi,
and ngi is the number concentration of the sum of fitted
modes at diameter dpi.

3 Results and discussion

3.1 Seasonal and monthly variability in aerosol GF and
mixing state

The seasonal and the annual mean GF-PDFs, Fig. 4., were
calculated by averaging the individual GF-PDF for each dry
particle size and season. The GF-PDFs represent the mean
distributions of the growth factors of particles with Dy = 30,
50, 80 and 250 nm. The selected dry sizes are representative
of the nuclei (30 nm), Aitken (50 and 80nm) and accumu-
lation (250 nm) modes of the aerosol number size distribu-
tions. It has to be highlighted that the mean GF-PDFs repre-
sent the mean distributions of growth factors and do not nec-
essarily provide a clear picture of the mixing state of these
size fractions. Specifically, the appearance of a broad mode
or two overlapping modes or two distinct modes does not
imply the simultaneous existence of particles with distinctly
different hygroscopic properties and therefore compositions,
but it may also result as a matter of GF temporal variability.
Below it will be further discussed and clarified which factor
is the prominent one in different cases. The majority of the
mean GF-PDFs of the nuclei mode particles with dry diame-
ters of 30 nm were characterised by a unimodal peak during
all seasons, except winter, with GFs ranging between 1.17
and 1.41, as reported in Table S1. Non- and/or slightly hygro-
scopic 30 nm particles with GF ~ 1.0 are essentially missing,
in contrast to particles with Dy>30nm, indicating that bare
black carbon particles do not make a dominant contribution
at this size either because sources of other particle types are
stronger or because they rapidly acquire some hygroscopic
coatings.

In wintertime, a complex state of mixing was observed
indicating that both fresh (non- and/or slightly hygro-
scopic) and aged (more hygroscopic) combustion-generated
nanoparticles (i.e. biomass burning, traffic) contribute to the
nuclei mode, with the timescale and efficiency of the age-
ing process governing the final hygroscopic properties and
state of mixing (Wang et al., 2018; Enroth et al., 2018; Swi-
etlicki et al., 2008; Kim et al., 2020; Vu et al., 2021). The
externally mixed nature of the nuclei mode reflects the less
efficient ageing and coating of the fresh combustion-related
nanoparticles during the dark and cold months of the year.

The GF-PDFs of medium to large Aitken mode particles,
i.e. at 50 and 80 nm, are characterised by a broad peak within
the range of 1.00 and 1.27 (Table S1). The contribution of
the non- and/or slightly hygroscopic mode is higher in the
Aitken mode compared to the moderately hygroscopic mode
in all seasons, except spring.

Atmos. Chem. Phys., 23, 235-249, 2023
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Figure 4. Seasonal and annual mean GF-PDFs for different dry
particle sizes (30, 50, 80 and 250 nm). The vertical black line repre-
sents the selected cutoff between the non- and/or slightly hygro-
scopic mode (GF < 1.12) and the moderately hygroscopic mode
(GF > 1.12).

The separation of the two distinct hygroscopic modes (a
bimodal distribution or a continuum of mixing states) is most
pronounced for the accumulation mode particles (250 nm).
The contribution of the moderately hygroscopic mode to the
total hygroscopicity is higher compared to the hygroscopic-
ity of Aitken particles. Particles larger than 100 nm are usu-
ally more aged than the smaller particles, with higher val-
ues of GF (Cubison et al., 2006), and are more immediately
associated with the atmospheric processing they undergo
during long-range transport (Kalivitis et al., 2015). How-
ever, in winter time the expected slowing down of secondary
aerosol formation processes and the existence of larger pri-
mary particles, partly from biomass burning (Bernardoni et
al., 2017), make evident the distinct appearance of the fresh
non- and/or slightly hygroscopic mode and moderately hy-
groscopic mode in this size range. Moreover, looking at
the GF-PDFs of the particles in the accumulation mode a
peak appeared in the highly hygroscopic range. However, the
number fraction corresponding to the peak is extremely low
(i.e. close to zero). Thus, we decided not to investigate fur-
ther the nature of this peak.

In order to investigate the hygroscopic properties of par-
ticles in more detail, the temporal variability in mean GF,
standard deviation o, individual GF-PDF measurements and
hygroscopicity parameter ¥ was assessed by means of the
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box plots presented in Fig. 5 for each month and for the dry
diameters of 30, 50, 80 and 250 nm.

The 30 nm particles appeared to have a peak in GF dur-
ing spring time (April-May) and a second peak during late
autumn and early winter with a high variability in mean GF
(Fig. 5a). The 30 nm particles were internally mixed for all
months with o <0.07, except January and February when
the mean o was 0.10 and 0.13, respectively (Fig. 5b). In the
latter case the aerosol particles were externally mixed (over-
lapping modes). Despite the fact that the monthly mean GF-
PDFs in Fig. S1 look similarly broad in February and April,
the time-resolved data are quite different. In April the 30 nm
particles are characterised by a low degree of mixing state
(always low sigma, o = 0.07), while considerable temporal
variability in mean GF leads to a broad monthly mean GF-
PDF. By contrast, in February, the mean GF exhibits limited
variability, while the aerosol is externally mixed at any time
(0 =0.13). The « values corresponding to the mean GFs
ranged from 0.11 to 0.33 (Fig. 5c).

The Aitken particles (50 and 80 nm) were characterised by
a continuum of mixing states (externally mixed with overlap-
ping modes), with o values (Fig. 5e and h) ranging between
0.09 and 0.13, except August when the mean o was 0.06, in-
dicating an internally mixed aerosol. On average, the mean
GFs and « values of the Aitken particles appeared to follow
the same trend as the 30 nm particles but with lower absolute
values. The « values of the Aitken particles (Fig. 5f and i,
respectively) ranged between 0.02 and 0.13.

The Dy = 250 nm particles were characterised by a high
degree of external mixing state (0.09 <o <0.16, Fig. 5k)
during all months, except August and September when the
aerosol displays a low degree of mixing state (o = 0.09).
The mean GF and k values were minimum in August (1.09,
0.03, respectively) and maximum in April (1.29, 0.13, re-
spectively), indicating the seasonal variability in chemical
composition of ambient aerosol throughout the year.

A higher degree of external mixing state in winter (Febru-
ary) was generally expected due to a less effective ageing
process. The exact magnitude and timing at this seasonal ef-
fect remain elusive based on a single year of observations.

The annual mean growth factors at 90 % relative humidity
were found to be 1.28, 1.11, 1.13 and 1.22 for Dy = 30, 50,
80 and 250 nm, respectively. The mean values of hygroscop-
icity parameter «, determined according to Egs. (1) and (2),
were found to be 0.22, 0.06, 0.08 and 0.12 for particles with
dry diameters of 30, 50, 80 and 250 nm, respectively.

Figure 6 shows the monthly mean GFs and the number
fraction fgr of non- and/or slightly hygroscopic and mod-
erately hygroscopic mode for each Dy. The variation in the
mean GF for particles with GF < 1.12 is expected to be rel-
ative low, given that the upper boundary of the non- and/or
slightly hygroscopic mode (1.12) is quite low and close to
the lowest boundary (1.0). The mean GF of the moderately
hygroscopic mode presented larger variability, with the min-
imum being observed in summer (i.e. August). The mean
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Figure 5. Percentiles of the GF-PDF, standard deviation o and hygroscopicity parameter « for each dry size and for each month. Box plots

with whiskers show 10th, 25th, 50th, 75th and 90th percentiles.

GF of the subset with GF > 1.12 was larger for the 30 and
250 nm particles compared with the 50 and 80 nm particles.
The different hygroscopic properties of these particles reflect
the differences in their chemical composition, with the parti-
cles in the nucleation and in the accumulation modes contain-
ing a larger fraction of more hygroscopic compounds, such as
inorganics and more-oxidised organics, compared to Aitken
particles (Bougiatioti et al., 2016). This trend in the size de-
pendence of the mean GFs and consequently of the mean
kappa values is in line with the results from previous stud-
ies (Xu et al., 2019; Jurdnyi et al., 2013; Petdjd et al., 2007).
Indicative GF values for different chemical compounds are
listed in Table 1.

The number fraction of each mode was also significantly
different from month to month for all dry sizes, with dis-
tinct variability in the relative contributions of particles with
small or moderate-to-large growth factors. For dry particle
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diameters Do>30nm, the contribution of the non- and/or
slightly hygroscopic mode was minimum in spring and max-
imum in August and in winter. For particles with Do =
250 nm, the moderately hygroscopic particles clearly dom-
inate over those with GF < 1.12 for all seasons. Specifically,
the number fractions of the moderately hygroscopic particles
with Doy = 250 nm were 0.62, 0.80, 0.67 and 0.70 in winter,
spring, summer and autumn, respectively. This is consistent
with the perception that the accumulation mode is dominated
by aged aerosol (i.e. background aerosol) (Psichoudaki et al.,
2018).

3.2 Annual and seasonal diurnal variability

The mean diurnal variability in critical meteorological pa-
rameters, i.e. wind speed, temperature and relative humidity,
is shown in Fig. S2. The daily average temperature varied be-
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Table 1. Mean growth factors measured at RH = 90 % for particles with different chemical compositions.

Chemical composition ~ Growth factor (GF)  Source

BC, mineral dust <1.05 Vlasenko et al. (2005)

Biomass burning 1.15-1.65 Cocker et al. (2001)

Aged wood smoke 1.3-1.5  Kotchenruther and Hobbs (1998)
Fresh wood smoke 1.1-1.3  Kotchenruther and Hobbs (1998)
Inorganic ions ~ 1.7 Gysel et al. (2002)

Organic compounds 1.0-1.7  Koehler et al. (2006)

Fresh traffic emission 0.92-1.20  Vuetal. (2021)

Aged traffic emission 1.09-1.29 Vuetal. (2021)
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Figure 6. Annual cycles (a) of the monthly mean GFs for non- or
slightly hygroscopic particles at 90 % RH, (b) of the number frac-
tion of non- and/or slightly hygroscopic particles at 90 % RH, (c) of
the monthly mean GFs for moderately hygroscopic particles at 90 %
RH, and (d) of number fraction of moderately hygroscopic particles
for different particle sizes.

tween 17.2 and 20.5 °C, peaking at midday, whereas the av-
erage daily relative humidity was ~ 60 %, ranging between
68 % (night and early morning) and 49 % (midday). The
daily average wind speed varied between 1.81 and 2.84 ms~!
peaking also at midday. Generally, higher concentrations of
traffic-related pollutants are expected to be observed at the
suburban site at midday, when conditions favour mixing and
dispersion of the generated aerosol across the Athens valley.
The prevailing westerly winds become stronger resulting in a
well-mixed atmosphere, while the pollutants are transported
from the city to the suburban site (Kalogridis et al., 2018).
During the evening hours, a peak in the concentration levels
of different air pollutants is typically observed reflecting the
increased atmospheric stability (development of local inver-
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sion/nocturnal boundary layer) and emissions from different
combustion sources especially in winter (i.e. residential heat-
ing) (Eleftheriadis et al., 2021).

Particle hygroscopicity was lower during morning rush
hours, when an increase in the traffic-related emissions is ex-
pected to occur. In the afternoon an increase in hygroscop-
icity was observed which may be attributed to the conden-
sation of water-soluble organics and inorganics on fresh pri-
mary particles of local and regional origin (Psichoudaki et
al., 2018; Eleftheriadis et al., 2014). According to previous
studies, the mass fraction of secondary organic compounds,
which is generally higher in summer (Diapouli et al., 2017;
Mendes et al., 2018), peaks at noon, resulting in intermedi-
ate GF values (GF < 1.3) a few hours later (Bourcier et al.,
2012).

The diurnal mean GFs, standard deviation of mean GFs,
and number fractions of the non- and/or slightly hygro-
scopic and the moderately hygroscopic modes are presented
in Fig. 7 for each dry particle size. The Aitken particles
are generally externally mixed throughout the day, with a
higher contribution of the moderately hygroscopic mode in
the early morning (03:00-05:00 UTC+-2). A second but less
pronounced peak also appeared in the afternoon. The 24 h
cycle of the mean GF of the non- and/or slightly hygro-
scopic mode (GF < 1.12) appeared to have two peaks, with
the major contribution of the non- and/or slightly hygro-
scopic particles occurring at midday. Particles in the accu-
mulation mode appeared to have a somewhat similar hygro-
scopic behaviour in terms of diurnal variability to Aitken par-
ticles, even though with less pronounced changes within the
day for both growth factors and number fractions.

For the 30nm particles, it was observed that the
GF of the moderately hygroscopic mode was higher
(GF > 1.3) between late evening and early morning (00:00—
05:00 UTC+-2), when the relative humidity appeared to have
the maximum values (Fig. S2), as well as at early afternoon
(15:00-20:00 UTC+-2). At the DEM station, the 30 nm par-
ticles are primarily related to traffic emissions and to a lesser
extent to new particle formation (Vratolis et al., 2019; Zo-
grafou et al., 2022). This was also confirmed in the present
study by the cluster analysis of the number size distributions.
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Figure 7. Diurnal variation in (a) mean GF, measured at
RH =90 %, (b) standard deviation of the mean GF, (¢) GF of non-
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In Fig. S3, the CPF (conditional probability function) polar
plot of the 75th percentile of the total number concentration
in the size range from 20 to 38 nm is presented. CPF analy-
sis was performed by using the OpenAir software (Carslaw
and Ropkins, 2012). It is obvious that these particles are pre-
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dominately originated from the urban area under moderate
wind speeds. Taking into account that the distance between
Athens’ city centre and the DEM station is around 7 km,
the transport time within the Athens metropolitan area at
the indicative wind speeds observed yields estimated trans-
port times between 0.5h and a few hours. These data pro-
vide enough evidence to assume that the observed nuclei
concentrations reflect a synergetic effect between different
combustion-related urban emissions (e.g. fresh traffic-related
aerosol from the surrounding urban area and further growth)
especially during daytime and the development of the local
inversion boundary layer during nighttime. As the particles
undergo atmospheric ageing their composition changes, in
relative terms, due to condensation of secondary aerosol.

The fact that Aitken particles appeared to be less hygro-
scopic than nuclei particles (Holmgren et al., 2014) reflects
the differences in availability in the atmosphere between the
concentrations of inorganic and organic condensable vapours
and their relative contribution to the hygroscopic GF of nu-
clei and Aitken modes. More specifically, inorganics and es-
pecially sulfuric acid are the main component for nuclei par-
ticles in polluted urban areas (Stolzenburg et al., 2005), but
subsequent growth may be affected by the type and concen-
trations of condensable species. This process has been al-
ready described previously in Athens (Petdji et al., 2007),
where higher GFs for 20 and 50 nm indicated higher mass
flux of soluble material. The decrease in hygroscopicity in
the Aitken mode in this study can be potentially attributed
to the dominating influence of higher concentrations of non-
hygroscopic volatile organic vapours relative to the available
condensable soluble mass.

3.3 Cluster analysis and aerosol hygroscopic properties

Cluster analysis was performed on the hourly-averaged size
distributions in order to identify the link between aerosol
hygroscopic properties, aerosol emission sources and parti-
cle formation mechanisms in the suburban area of Athens
(Fig. 8b). The mean GF-PDFs were calculated for each clus-
ter and for the different dry particle sizes (Fig. 8a). Differ-
ences in mean GF between clusters were small, but trends in
hygroscopicity across clusters were constituent for all parti-
cle sizes. Particle number size distributions vary across dif-
ferent regions and environments (Rose et al., 2021), and the
structure of their patterns can be used as an indicator of
the possible aerosol particle emission sources and forma-
tion processes. At the DEM station, secondary aerosol for-
mation, mostly related to sulfate and organics (Kostenidou et
al., 2015; Tsiflikiotou et al., 2019), and traffic-related emis-
sions are the main sources of ambient aerosol (Zografou et
al. 2022), while biomass burning also constitutes a major
source in winter (Vratolis et al., 2019; Bousiotis et al., 2021).
In the present study, five clusters were identified which rep-
resent a combination of the major particle emission sources
and formation/transformation processes. The modal charac-
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teristics of the clustered average number size distribution are
summarised in Table S3.

Cluster 1 (aged traffic mixed with background aerosol) ac-
counts for 4.2 % of the hourly particle number size distribu-
tions. The fact that the frequency of the cluster occurrence
peaks at noon and afternoon and the morning traffic-related
peak is missing, together with the prevailing westerly winds
(Fig. S4), hints to traffic-related pollution transported from
the urban area.

Cluster 2 (urban background, nocturnal) represents
12.1 % of the hourly-averaged number size distributions. The
diurnal frequency of occurrence profile of this cluster is char-
acterised by an evening peak. The average particle number
size distribution has a major mode in the Aitken size range,
which is probably a synergetic effect between particle emis-
sions from different combustion sources (aged traffic, wood
burning) and the development of the local inversion noctur-
nal boundary layer.

Cluster 3 (nucleation and growth) accounts for 1.3 % of
the hourly-averaged number size distributions. The diurnal
frequency of occurrence profile is characterised by a peak at
noon, and the nuclei mode at particle sizes < 10 nm seemed
to contribute more than 60 % to the total number concentra-
tion. This cluster was characterised by the lowest frequency
of occurrence but the highest total number concentration,
previously also observed in parallel in the surrounding area,
(Mendes et al., 2018). It occurs almost exclusively under
westerly wind directions (Fig. S4) of low to moderately wind
speeds — conditions that favour new particle nucleation.

Cluster 4 (mixed urban and regional background) is the
most frequent cluster (67 %), dominated by aged and long-
range transported aerosols. The diurnal profile is charac-
terised by an almost stable frequency of occurrence within
the day and minimum total number concentrations (Brines et
al., 2014). The major mode of the size distribution appeared
in the Aitken size range (61 nm), while an additional mode
also exists in the accumulation region.

Cluster 5 (fresh traffic and further growth) has a frequency
of occurrence of 15.3 % and is characterised by a peak in the
frequency of occurrence during morning and late afternoon
traffic rush hours, with an additional peak that appeared at
noon. It is not restricted to a specific wind direction, while
the size distribution is similar to cluster 1 but with a higher
contribution of nuclei particles to the total particle number
concentration. This cluster represents the relatively fresh par-
ticles predominately transported in the receptor site from the
neighbourhood urban area.

Specifically, clusters 2 and 5, which represent 12.1 % and
15.3 % of the hourly-averaged number size distributions, re-
spectively have similar GF-PDF patterns and average GF val-
ues for all dry particle sizes. Clusters 1 and 3, which ac-
count only for 4.2 % and 1.3 % of the hourly particle num-
ber size distributions and are related to atmospheric condi-
tions favouring new particle formation or transport of nu-
clei particles from the city centre to the sampling site, were
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characterised by more hygroscopic particles (higher mean
GFs) compared to the other clusters. The particles of clus-
ter 4, which represent 67 % of the averaged number size dis-
tributions, had the lowest mean GF values. The GF-PDF of
the 30 nm particles appeared to have one moderately hygro-
scopic mode whose structure does not change significantly
between the clusters. For the larger particles, the distributions
of the GFs appeared to have two modes with more or less dis-
tinct modes. In the case of cluster 4, which mostly consists
of aged and long-range transported particles, the GF-PDFs
of the Aitken particles appeared to have a broad mode with
no distinct modes, whereas the particles in the accumulation
mode appeared to have two modes which were less distinct
than in the other clusters.

4 Conclusions

The hygroscopic properties of ambient aerosol were investi-
gated at a suburban environment in Athens over a period of
12 months, using an HTDMA system for dry particle sizes
of 30, 50, 80 and 250nm at a relative humidity (RH) of
90 %. The standard deviation o of the inverted GF-PDF was
used as a measure of the mixing state of aerosol. The aerosol
was characterised as internal, external (with two well-defined
modes) or a continuum of mixing states (with two overlap-
ping modes). In the case of an externally mixed aerosol, the
growth factor spectrum was characterised by a non- and/or
slightly hygroscopic mode (e.g. black carbon, fresh carbona-
ceous aerosol) and a moderately hygroscopic mode (e.g. aged
traffic, background aerosol).

The data were analysed in terms of their temporal seasonal
and diurnal variability. The 30nm particles were mostly
internally mixed and moderately hygroscopic in all sea-
sons, except wintertime when a significant fraction of non-
and/or slightly hygroscopic mode became distinct. The 50
and 80nm Aitken particles were mostly externally mixed
except August when an internally mixed and non- and/or
slightly hygroscopic aerosol type dominated this size frac-
tion. The 250 nm particles were externally mixed, with the
moderately hygroscopic mode being the major contributor
to particle GFs in all seasons. A higher degree of external
mixing state in winter (February) was observed in all cases.
This was generally expected due to the dominance of primary
emissions from different combustion sources (i.e. biomass
burning, traffic) and the less effective ageing process under
cold and dark conditions. Exact magnitude and timing at this
seasonal effect remains elusive based on a single year of ob-
servations.

The number size distributions were also analysed by
means of cluster analysis to identify the link between aerosol
hygroscopicity and state of mixing and aerosol origin. The
data were categorised into five clusters representative of
traffic-related emission sources (fresh and aged traffic), the
mixed urban and regional background and urban noctur-
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nal aerosol, and the photochemically induced new particle
formation (nucleation). The clusters related to atmospheric
conditions favouring new particle formation or transport of
nuclei particles from the city centre, after undergoing fur-
ther mixing with the background aerosol, are characterised
by more hygroscopic nuclei particles compared to the other
clusters. The mean GF-PDFs of the Aitken particles and the
particles in the accumulation size range revealed that their
patterns are significantly associated with particle origin, be-
ing characterised by either a broad mode (urban and regional
background aerosol) or two more or fewer distinct modes.
The HTDMA data obtained in this study can be further
parameterised and used as a proxy for CCN prediction.
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