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Abstract

This study investigates the CCN activity and hygroscopic properties of particles influ-
enced by biomass burning in the eastern Mediterranean. Air masses sampled were
subject to a range of atmospheric processing (several hours up to 3 days). Values of
the hygroscopicity parameter, κ, were derived from cloud condensation nuclei (CCN)5

measurements and a Hygroscopic Tandem Differential Mobility Analyzer (HTDMA). An
Aerosol Chemical Speciation Monitor (ACSM) was also used to determine the chem-
ical composition and mass concentration of non-refractory components of the sub-
micron aerosol fraction. During fire events, the increased organic content (and lower
inorganic fraction) of the aerosol decreases the hygroscopicity parameter, κ, for all par-10

ticle sizes. The reason, however, for this decrease was not the same for all size modes;
smaller particle sizes appeared to be richer in less hygroscopic, less CCN-active com-
ponents due to coagulation processes while larger particles become less hygroscopic
during the biomass burning events due to condensation of less hygroscopic gaseous
compounds. In addition, smaller particles exhibited considerable chemical dispersion15

(where hygroscopicity varied up to 100 % for particles of same size); larger particles,
however, exhibited considerably less dispersion owing to the effects of aging and re-
tained high levels of CCN activity. These conclusions are further supported by the ob-
served mixing state determined by the HTDMA measurements. ACSM measurements
indicate that the bulk composition reflects the hygroscopicity and chemical nature of20

the largest particles and a large fraction of the CCN concentrations sampled. Based
on Positive Matrix Factorization (PMF) analysis of the organic ACSM spectra, CCN
concentrations follow a similar trend with the BBOA component, with enhancements of
CCN in biomass burning plumes ranging between 65 and 150 %, for supersaturations
ranging between 0.2 and 0.7 %. Using multilinear regression, we determine the hygro-25

scopicity of the prime organic aerosol components (BBOA, OOA-BB and OOA); it is
found that the total organic hygroscopicity is very close to the inferred hygroscopicity
of the oxygenated organic aerosol components. Finally, the transformation of freshly-
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emitted biomass burning (BBOA) to more oxidized organic aerosol (OOA-BB) can re-
sult in a two-fold increase of the inferred organic hygroscopicity. Almost 10 % of the
total aerosol hygroscopicity is related to the two biomass burning components (BBOA
and OOA-BB), which in turn contribute almost 35 % to the fine-particle organic water
of the aerosol. This is important as organic water can contribute to the atmospheric5

chemistry and the direct radiative forcing.

1 Introduction

Globally, biomass burning (BB) is a major source of atmospheric aerosols (Adreae
et al., 2004). In the eastern Mediterranean, up to one third of the dry submicron aerosol
mass during the summer period consists of highly oxidized organic compounds (Hilde-10

brandt et al., 2010). During July–September, biomass-burning aerosol originates from
long-range transport from Southern Europe and countries surrounding the Black Sea
(Sciare et al., 2008). Bougiatioti et al. (2014) showed that of the total organic aerosol
(OA), about 20 % is freshly-emitted biomass burning organic aerosol (BBOA), 30 % is
oxidized, processed OA originating from BBOA (BB-OOA), and the remaining 50 % is15

highly oxidized aerosol that results from extensive atmospheric aging. Hence, in term
of organic mass, during time periods of high biomass burning activity, up to 50 % of the
aerosol can be influenced by these emissions.

Biomass burning aerosol particles have the potential to act as cloud condensation
nuclei (CCN), thereby impact cloud properties and climate. Modeling studies suggest20

that BB is a significant global source of CCN number (Spracklen et al., 2011). It is there-
fore important to understand how biomass burning contributes to CCN and aerosol hy-
groscopicity and how it evolves in the atmosphere. Laboratory and field studies suggest
that the water-soluble component of biomass burning aerosol is highly hygroscopic,
about half of ammonium sulfate (Asa-Awuku et al., 2010; Cerully et al., 2014). En-25

gelhart et al. (2012) found that freshly emitted BBOA displays a broad range of hygro-
scopicity (0.06 to 0.6) that considerably reduces after just a few hours of photochemical
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processing, to a value of 0.2±0.1. Few studies, however, focus on the hygroscopicity
of ambient aerosol for a range of atmospheric aging.

In the current study we focus on the CCN activity and hygroscopicity of ambient
aerosol influenced by biomass burning events in the eastern Mediterranean during
summertime. The events were not local and air masses sampled were subject to5

a range of atmospheric processing (several hours up to 3 days). Smoke plumes sam-
pled are identified by the Moderate Resolution Imaging Spectroradiometer (MODIS)
(Remy and Kaiser, 2014) onboard the Terra and Aqua satellites and the laser remote
sensing (lidar) system on board the space-borne Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) platform (Winker et al., 2009; Mamouri et al., 2012). Values of10

the hygroscopicity parameter, κ, were derived from CCN and HTDMA measurements
while the chemical composition and mass concentration of non-refractory components
of the submicron aerosol fraction were studied using an Aerosol Chemical Speciation
Monitor (ACSM). The originality of our study relies on the fact that, to our knowledge,
very few field studies were able to focus on the hygroscopicity of ambient biomass15

burning aerosol for a range of atmospheric aging, which is addressed here. The study
also examines the contribution of different organic aerosol components to the overall
hygroscopicity which in turn may contribute to the aerosol liquid water content (LWC),
as the potential of organic gases to partition to LWC is sometimes greater than the po-
tential to partition to particle-phase organic matter (Carlton and Turpin, 2013). LWC is20

important as it has a direct effect on aerosol particles by enhancing scattering but also
can contribute to the indirect effect by promoting secondary aerosol formation (Nguyen
et al., 2013; Guo et al., 2015).
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2 Experimental methods

2.1 Sampling site and period

The measurements were performed at the Finokalia station (35◦32′N, 25◦67′ E; http:
//finokalia.chemistry.uoc.gr) of the University of Crete, which is part of the Aerosols,
Clouds, and Trace gases Research Infrastructure Network (ACTRIS; http://www.actris.5

net/). More details about the sampling site have been provided by Mihalopoulos
et al. (1997) and Sciare et al. (2003). Measurements took place from mid-August to
mid-November 2012, the focus of our analysis however involves the periods of in-
tense biomass burning influence, August to September 2012. BB plumes sampled were
fresh, originating from the Greek islands and mainland (transport time 6–7 h) but also10

from long-range transport from the Balkans (transport time > 1 day) by using HYSPLIT
backtrajectory analysis as shown in detail in Bougiatioti et al., 2014 combined with the
hot spots/fire data from MODIS/Fire Information for Resource Management System
(FIRMS).

2.2 Instrumentation and methodology15

A Continuous Flow Stream-wise Thermal Gradient CCN Chamber (CFSTGC; Roberts
and Nenes, 2005) was used in parallel with a Hygroscopic Tandem Differential Mobility
Analyzer (HTDMA; Rader and McMurry, 1986) to measure the CCN number, activity
and hygroscopicity of ambient aerosol for supersaturated (0.1–0.7 %) and subsatu-
rated conditions (relative humidity, RH = 86 %), respectively. The whole system, which20

is illustrated in Fig. 1, sampled air with a total flow-rate of 1.8 Lmin−1. After passing
through a nafion dryer (MD-110–12S-2, Perma Pure LLC, RH < 30 %) the dried parti-
cles were selected based on their electrical mobility by a Differential Mobility Analyzer
(DMA-1; TSI Model 3080; Knutson and Whitby, 1975). The sheath flow and classified
aerosol outlet flow of DMA-1 were 10.8 and 1.8 Lmin−1, respectively, while the mobility25

diameter was changed every 6 min between 60, 80, 100 and 120 nm.
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The classified aerosol from DMA-1 was then split into two streams. The first stream
was passed through a nafion-tube humidity exchanger where its RH was increased to
86 %. The size distribution of the RH-conditioned particles was determined by a sec-
ond DMA (DMA-2; custom-made DMA using a closed-loop sheath flow with RH con-
trol; Biskos et al., 2006; Bezantakos et al., 2013) coupled with a Condensation Particle5

Counter (CPC, TSI Model 3772; Stolzenburg and McMurry, 1991) to measure the to-
tal number concentration of each classified particle size. The RH in both the aerosol
and the sheath flow in DMA-2 was controlled by PID controllers within a ±2 % accu-
racy. Both DMAs in the HTDMA system were calibrated with Polystyrene Latex (PSL)
spheres. The other classified stream was introduced into the CFSTGC to measure the10

CCN activity of particles. The CFSTGC was operated in Scanning Flow CCN Analysis
(SFCA) mode (Moore and Nenes, 2009), in which the flow rate in the growth cham-
ber changes over time, while a constant streamwise temperature difference is applied.
This causes supersaturation to change continuously, allowing the rapid and continu-
ous measurement of CCN spectra with high temporal resolution. The SFCA cycle used15

involved first increasing the flow rate linearly between a minimum flow rate (Qmin ∼
300 cm3 min−1) and a maximum flow rate (Qmax ∼ 1000 cm3 min−1) over a ramp time
of 60 s. The flow was maintained at Qmax for 10 s and then linearly decreased to Qmin
over 60 s. Finally, the flow rate was held constant at Qmin for 10 s and the scan cycle
was repeated. The activated droplets in the CFSTGC were counted and sized at the20

exit of its growth chamber with an Optical Particle Counter (OPC) that detects droplets
and classifies them into 20 size bins with diameter ranging from 0.7 to 10 µm every 1 s.

The overall performance of the system was investigated with ammonium sulfate cali-
bration aerosol following the procedure of Moore and Nenes (2009). In brief, an ammo-
nium sulfate solution was atomized, dried, charge-neutralized and classified by DMA-1.25

The resulting aerosol flow was split between DMA-2 and the CFSTGC, resulting in total
number at each size as well as the corresponding CCN. This provided the activation ra-
tio, which was plotted against the instantaneous flow rate and fit to a sigmoid function.
The point at which half of the particles of the selected size act as CCN corresponds to
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a “critical flow” and the instantaneous supersaturation inside the chamber (critical su-
persaturation) of the classified ammonium sulfate. Repeating the procedure for several
sizes of classified ammonium sulfate results in the calibration curve.

Supersaturation in the CFSTGC was calibrated in terms of the CCNC streamwise
temperature difference (∆T = 5 K), the instantaneous flow rate and the overall flow rate5

range. Sigmoidal activation curves of CCN vs. flow rate are obtained, and the inflection
point of the sigmoid is used as the critical activation flow, Q50, rate which corresponds
to the critical supersaturation Sc (hence instrument supersaturation) above which par-
ticles act as CCN. The humidification in the DMA-2 was also evaluated by the growth
factor measured for the calibration (NH4)2SO4. CCN activation is characterized by the10

CCN to CN ratio (activation ratio), Ra, which is a function of instantaneous flow rate
during a flow cycle. Ra data were fit to the sigmoidal equation:

Ra ≡
CCN
CN

= a0 +
a1 −a0

1+ (Q/Q50)−a2
(1)

where a0,a1,a2 and Q50, are constants which describe the minimum, maximum, slope
and inflection point of the sigmoidal, respectively, and Q is the instantaneous volumetric15

flow rate. The “critical flow rate”, Q50, corresponds to the instantaneous flow rate that
produces a level of supersaturation required to activate the measured monodisperse
aerosol, Sc. The implementation of Köhler theory presented by Moore et al. (2012a) is
used to convert the critical activation flow in terms of critical supersaturation. Absolute
uncertainty of the calibrated CCNC supersaturation is estimated to be ±0.04 % (Moore20

et al., 2012a, b). This process is repeated for many calibration aerosol sizes to obtain
a comprehensive calibration.
Ra can also be expressed as a function of supersaturation using the calibration of Q

vs. S as follows:

Ra(s) =
E

1+ ( SS∗ )
C

(2)25
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where E is the maximum fraction of particles that activate at a given supersaturation, S
is the instrument supersaturation and S∗ is the characteristic critical supersaturation at
which half of the classified CCN activate. In the term of Eq. (2), Ra represents a cumu-
lative distribution of critical supersaturation for particles with dry diameter dp (Cerully
et al., 2011). Köhler theory can then be applied to transform Ra(s) into accumulative5

distribution of hygroscopicity parameter Ra(κ):

κCCN =
4A3

27d3
pS

2
c

,A =
4Mwσw

RTρw
(3)

where Mw, σw and ρw are respectively the molar mass, the surface tension and the
density of water, R is the universal gas constant, and T is temperature. For every critical
supersaturation there is a corresponding characteristic hygroscopicity parameter, κ∗,10

and the probability distribution function for κ,ps(κ) can provide the chemical dispersion,
which describes the degree of chemical heterogeneity of the CCN population (Cerully
et al., 2011).

Particle hygroscopic growth at sub-saturated conditions (gi ) is obtained by:

g(RH) =
dm(RH)

dp
(4)15

where dm(RH) and dp are the geometric mean mobility diameters of the sampled par-
ticles at the hydrated state (i.e. at RH = 86 %) as measured by DMA-2 and the CPC,
and at the dry state selected by DMA-1 (RH < 30 %), respectively. Particle size distribu-
tions at 86 % RH were inverted using the TDMAfit algorithm (Stolzenburg and McMurry,
1988) which is also capable of distinguishing between internally and externally mixed20

aerosols (e.g. Bezantakos et al., 2013).
The corresponding κHTDMA values at sub-saturated conditions are calculated using:

κHTDMA = (g(RH)3 −1)

exp
(

A
g(RH)·dp

)
RH

100 %

−1

 (5)
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with A being already defined in Eq. (3). The exponential term of this equation (i.e. the
Kelvin term) is used to account for curvature effects on vapor pressure.

An average value of the hygroscopic parameter at each dry particle size, dp, which is
representative of the hygroscopic properties of the entire particle population is obtained
as follows:5

κHTDMA =

gmax∫
gmin

κ(g(RH))p(g(RH))dg(RH) (6)

where κ(g(RH)) is obtained from the growth factor probability distribution using Eq. (5)
and p(g(RH)) is the probability of each growth factor. gmin, gmax are the minimum and
maximum growth factors, respectively, obtained from the growth factor probability dis-
tribution and represent the minimum and maximum g with non-zero probability value.10

Chemical composition and mass concentration of non-refractory components (am-
monium, sulfate, nitrate, chloride and organics) of the submicron aerosol fraction was
provided by an Aerodyne Research Aerosol Chemical Speciation Monitor (ACSM; Ng
et al., 2011) with a temporal resolution of 30 min. More details of the ACSM mea-
surements can be found in Bougiatioti et al. (2014). Total absorption measurements15

provided the black carbon (BC) concentrations by a seven-wavelength aethalometer
(Magee Scientific, AE31). From the BC measurements and using the approach of San-
dradewi et al. (2008) the wood-burning and fossil fuel contribution to the total BC con-
centrations were calculated, using an absorption exponent of 1.1 for fossil fuel burning
and 1.86 for pure wood burning. The aerosol particle size distributions from 9 to 850 nm20

were monitored by a custom-built scanning mobility particle sizer (SMPS; TROPOS-
type, Wiedensohler et al., 2012) equipped with a condensation particle counter (CPC;
TSI model 3772) that provides measurements of the aerosol size distribution every
5 min.

To support the in situ instruments, we used space-borne laser remote sensing (li-25

dar) data from CALIOP (Mamouri et al., 2009; Winker et al., 2009) to characterize the
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plumes emerging from the fire hot spots. The fire plume originating from the location
can be tracked by HYSPLIT back-trajectory analysis (Bougiatioti et al., 2014) and lidar
observations can be used to check the presence of aerosol layers and aerosol types.
CALIOP is also able to provide the vertical profiles of different types of aerosols, as well
as the optical properties of clouds over the globe with unprecedented spatial resolution5

since June 2006 (Winker et al., 2009).

3 Results and discussion

3.1 Identifying periods of biomass burning influence

Bougiatioti et al. (2014) identified the BB events analyzed here by the time evolution
of absorption enhancements (BC) in the aerosol, which was further verified by FIRMS10

and back-trajectory analysis. During these events mass spectrometric biomass burning
tracers (i.e. fragments m/z = 60 and 73) also exhibited elevated levels. Clear biomass
burning contribution was identified by source apportionment using Positive Matrix Fac-
torization (PMF) analysis for four distinct events. The BB events considered include
a severe fire event that burned most of the island of Chios (19–21 August), an exten-15

sive wildfire at the Dalmatian Coast in Croatia resulting in smoke plumes that spread
across the Balkans during the period 28–30 August, and, less extensive fires on the
Greek islands of Euboea (3–5 September) and Andros (12–13 September).

MODIS and CALIOP measurements confirm the validity of the Bougiatioti
et al. (2014) analysis, by clearly showing the origin, transport path and characteris-20

tics of the biomass burning plume from the Chios fire on 18 and 19 August 2012, re-
spectively. Indeed, in Fig. 2a we show the MODIS true color image showing the plume
emerging from the Chios fires on 18 August 1992 as obtained during its 9.39 UTC
overpass over Greece (Kyzirakos et al., 2014). The blue and red lines delineate the
ground track of the CALIPSO satellite during its overpass over Crete several hours25

later on 19 August 2012 on 00:27–00:40 and 11:34–11:47 UTC, respectively; the red
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star shows the sampling site at Finokalia station. The CALPSO vertical profiles of the
aerosol backscatter coefficient (in km−1 sr−1) at 532 and 1064 nm for the two over-
passes (at 00:27–00:40 and 11:34–11:47 UTC) are shown in Fig. 2b (left-hand side)
together with the corresponding linear particle depolarization ratio at 532 nm obtained
between 00:27:30–00:40 UTC (right-hand side). Comparing the midnight and the day-5

time aerosol backscatter profiles in Fig. 2b, we observe that the midnight values are
3–4 times lower than the daytime ones for altitudes up to 3 km height. In addition, the
daytime observations show a discrete aerosol layer bellow 1.5 km. As for the linear
particle depolarization ratio it shows a mean value of 19 % (up to 1.25 km height) and
less than 6–10 % (1.25–2 km).10

Finally, we made use of the classification scheme of the CALIPSO data (Omar
et al., 2009) to classify the different subtypes of aerosols in the plume captured dur-
ing its overpass over Crete on 19 August 2012 (00:27–00:40 UTC). This classification
scheme, based on the optical and microphysical properties of the sampled aerosols
indeed reveals the presence of a mixture of smoke, polluted dust and marine particles15

observed below a 3 km altitude (black color for smoke, brown for polluted dust and blue
for marine) as shown in Fig. 2c, within the depicted area between 39◦N, 24.1◦ E–37◦N,
23.4◦ E, just NW of the Finokalia station and along the CALIPSO ground track. Accord-
ing to this classification, over Crete the presence of polluted dust (mixed with smoke
and marine aerosols) prevails within the marine boundary layer, which for Finokalia is20

approximately 1 km (Kalivitis et al., 2007), extending up to 0.8–1.2 km height.

3.2 PM1 composition

The average mass concentration for the whole measurement period, based on the
ACSM measurements combined with BC from the aethalometer was 9.2±4.8 µgm−3.
The corresponding average concentrations for the main aerosol constituents were25

2.87± 1.85, 0.91±0.71, 2.33±1.05 and 0.41±0.18 µgm−3 for sulfate, ammonium, or-
ganics and BC respectively. Figure 3 represents the time series of the major submicron
species where it can be seen that during the fire events the contribution of organics and
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BC increased substantially (from 34.9 to 46.5 % for organics and from 6.1 to 9.5 % for
BC) with a simultaneous reduction of that of sulfate. The wood burning component of
BC is also provided as a reference, depicting the enhanced contribution of biomass
burning during the highlighted events.

Based on Köhler theory and the calculation of the critical supersaturation, and the5

hygroscopicity parameter κ (Eq. 3), it is evident that the changes in the organics and
sulfate mass fractions will also influence the CCN concentrations, activation fractions
and hygroscopicity. These aspects are thoroughly investigated in the following sections.

3.3 CN and CCN number concentrations and biomass burning events

During four events of biomass burning-influenced air masses arriving at Finokalia, the10

number concentration for all particle sizes that were measured increased considerably.
For most of the events and especially for the larger particle sizes, concentrations exhib-
ited an increase that for the case of the Chios fire was around 65 %, for the Croatia fire
around 50 %, the Euboea fire 88 % and the Andros fire around 150 %. This increase
was also observed for the smaller particle sizes but was less pronounced. Figure 415

represents the CCN concentrations of the classified aerosol at the centroid mobility di-
ameter measured, for the four identified fire events; (a) Chios, (b) Croatia, (c) Euboea
and (d) Andros. Concentrations are given at the point of critical activation flow Q50 of
the SFCA, corresponding to the instantaneous supersaturation, for each particle size,
as described in detail in Sect. 2.2. As expected, smaller particles exhibit the higher crit-20

ical supersaturation (Bougiatioti et al., 2011). It can also be seen that during the smoke
influence critical supersaturations are higher, indicating that particles do not activate
so readily. In order to see the direct influence of biomass burning to particle number
concentrations, along with the CCN concentrations we studied the concentration of the
BBOA component, identified by PMF analysis of the ACSM mass spectra. The BBOA25

time series depicts the arrival time of the smoke plume and the magnitude of the event,
based on the measured concentration. More details about the PMF analysis can be
found in Bougiatioti et al. (2014).
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The data shown in Fig. 4 indicates that during the majority of the identified biomass
burning events, CCN concentrations for the larger particles sizes increase, tracking the
BBOA trend. Similar observations have been reported by Rose et al. (2010) during
a biomass burning event near the mega-city Guangzhou, China during the PRIDE-
PRD2006 campaign, where CCN number concentrations at lower supersaturations of5

S = 0.068 and 0.27 %, CCN number concentrations were higher than the study average
by 90 and 8 %, respectively, which was attributed to the larger average particle sizes.

It can also be seen that that the particles that appear to be less influenced for all of
the events, are those having a diameter of 60 nm. Nevertheless, for these particles it
can be seen that following the influence of the Croatia fire (Fig. 4b), CCN concentration10

for 60 nm particles exhibit a substantial increase. This event, together with others of
smaller extent, is associated with new particle formation (NFP) events. It appears that
when the BB event is combined with a NPF event within a few hours, 60 nm particles
are strongly influenced and their CCN concentrations increase considerably. A detailed
discussion on these events and their contribution to CCN concentrations is provided by15

Kalivitis et al. (2015).

3.4 CCN activation fractions during fire events

As demonstrated in the preceding section, during the biomass burning events CCN
number concentrations of mostly the larger particle sizes augmented, and so did the
total number concentrations at the corresponding particle size, with the exception of20

the smaller ones. Figure 5 shows the activation fractions (CCN/CN) for three of the
four particle sizes and the four considered fire events, as once more particles of
100 and 120 nm exhibit a similar behavior. In this case, instead of the BBOA factor,
the concentration of the identified processed BBOA (OOA-BB) which represents the
atmospherically-processed component of BBOA, is given for reference.25

First of all, it can be seen that apart from the 60 nm particles, the remaining sizes
appear to be unaffected by the presence of smoke, as their activation fractions at su-
persaturation levels as low as 0.4 % remain, more or less, stable and very close to
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unity throughout the events. This observation implies that, almost all aerosol particles
larger than 80 nm are CCN active at supersaturations higher than 0.6 %, within uncer-
tainties. In addition, larger particles tend to be internally mixed, which can justify their
high Ra(dp) at the point of their characteristic supersaturation. This can be attributed to
atmospheric processing and condensation of secondary aerosol components that are5

usually more hygroscopic, particles are also more CCN active. The mixing state of each
particle size is further investigated in the subsequent section. The same conclusion is
also drawn from the data provided by Bougiatioti et al. (2011) for the same sampling
site during summertime, and are verified by analysis of the chemical dispersion and
HTDMA data shown in following sections.10

In contrast to the above, Ra (60 nm) at 0.6 % S (and in the case of the Chios fire Ra
(80 nm) at 0.4 % S) exhibits the highest variability, with ratios reaching at some cases
even 40 %. This indicates that a substantial fraction of the smaller particle sizes may
well be an external mixture with low hygroscopicity particles that do not act as CCN up
to ∼ 0.6 % supersaturation. Indeed, the lower activation fractions occur for the strongest15

events where the time for transport and aging is limited. This aspect is further supported
by the particle chemical dispersion retrievals discussed in the following section.

The mixing state of the different sampled particle sizes is also investigated by the HT-
DMA measurements (Sect. 3.6). For reference, the concentration of the OOA-BB factor
is also provided in Fig. 5, which represents an oxygenated organic aerosol which is de-20

rived from the atmospheric processing of biomass burning organic aerosol (Bougiatioti
et al., 2014). It can be seen that as concentrations of the OOA-BB start to increase,
the Ra (60 nm) at ∼ 0.6 % S starts to diminish. This is also the case for the Croatia fire,
even though the CCN concentrations did not fluctuate much from background levels
because of the longer transport. It appears, thus that larger particles are mostly inter-25

nally mixed, as also seen by their high activation ratios, while small particles could be
externally mixed populations. This behavior is further discussed in the following section.
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3.5 Hygroscopicity and chemical heterogeneity during the biomass burning
events

The characteristic hygroscopicity parameters, κ∗, derived from the CCN measurements
for all particle sizes and for the four selected fire events are presented in Fig. 6. As a ref-
erence for the arrival time and magnitude of the smoke, the concentration of the BBOA5

factor is also shown in the figure. The smaller particles have the lowest κCCN values,
and hygroscopicity consistently increased with size. This hygroscopicity trend has also
been observed elsewhere (Dusek et al., 2010; Cerully et al., 2011; Levin et al., 2012;
Paramonov et al., 2013; Liu et al., 2014), and is attributed to the enrichment in organic
material of sub-100 nm particles. Most of the accumulation mode particles result from10

condensation of secondary sulfates, nitrates and organics from the gas phase and
coagulation of smaller particles (Seinfeld and Pandis, 2006). Accumulation mode par-
ticles can also result from cloud processing but as at the given time of the study, cloud
coverage in the boundary layer and aloft is limited, we assume that this mechanism is
not as important. This is further supported by the lack of a modal separation around15

60 nm, which indicates that cloud processing is not contributing to the chemical disper-
sion tendency seen here. On the other hand, particles larger than 100 nm are more
aged than the smaller particles and more immediately associated with BB plumes and
the atmospheric processing they undergo (Kalivitis et al., 2015). The hygroscopicity
parameter for 100 and 120 nm particles are very similar, while 80 nm particles are in20

between the lowest and highest κCCN values, an indication of size-dependent chemical
composition of components with different hygroscopicities.

Figure 6 also shows that during the arrival of the biomass burning-laden air masses,
κ values of all particle size ranges within 0.2–0.3. This observation is consistent with
values observed from chamber experiments of fresh and aged biomass burning aerosol25

and in-situ studies from the field. Engelhart et al. (2012) performed a study where
12 different biomass fuels commonly burnt in North American wildfires were used to
characterize their respective hygroscopicity. They found that while κ of freshly emitted
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BBOA prior to photochemical aging covered a range from 0.06 to 0.6, after a few hours
of photochemical processing, the variability of biomass burning κ values from the dif-
ferent fuels was reduced and hygroscopicity converged to a value of 0.2±0.1 (Cerully
et al., 2011; Engelhart et al., 2012).

During the fire events the contribution of organics and BC to the submicron aerosol5

mass fraction increased significantly while the presence of sulfate declined. This is ex-
pected to influence the CCN activity of the sampled aerosol particles as it would cause
variations in the inorganic and organic mass fractions. It has already been established
that as the organic mass fraction of aerosol increases, the κ value of primary aerosol
decreases (Petters et al., 2009; Engelhart et al., 2012). With photochemical aging, the10

increased oxygenation of the freshly emitted BBOA may influence the hygroscopicity
of the organic components, but the concurrent increase of the inorganic fraction of the
aerosol contributes to the observed increase of κCCN (inorganic content vs. aging).

In order to examine the role of atmospheric processing and aging to the sampled
aerosol, we studied the chemical dispersion σ(κ), and its dependence on particle size.15

As normal operation uncertainties and the DMA transfer function can induce a broad-
ening of Ra(s) and Ra(κ) and contribute to σ(κ), the inferred σ(κ) contains a fairly con-
stant instrument offset and a time-dependent constituent that is representative of the
real chemical variability. This offset value (instrument limit) has been calculated to be
roughly 0.25 by Cerully et al. (2011). Table 1 shows the calculated chemical dispersion,20

in terms of σ(κ)/κ, for the four fire events and the measured particle sizes. It is imme-
diately apparent that the chemical dispersion is reduced with increasing particle size.
60 nm particles exhibit the highest dispersion and especially the ones from the Chios
fire, suggesting that the smaller particles retain their characteristics for a longer period
and their aging takes longer that for the larger particles. The 80 and 100 nm particles25

from the Chios fire have high σ(κ)/κ values while the ones from Euboea and Andros
have considerably lower values, demonstrating the magnitude of the Chios fire and the
degree of atmospheric processing that has taken place. Finally, 120 nm particles al-
ways have a low chemical dispersion, with σ(κ)/κ values close to the instrument limit.
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This behavior of the small particles may be partially due to the coagulation of ultrafine
particles which are present in biomass burning plumes, as the coagulation mostly oc-
curs for smaller particles and increases the external mixing of those particles by bring-
ing together particles of different nature. It is also possible that organic compounds that
are emitted during biomass burning events and undergo atmospheric processing dur-5

ing their transport, could condense on the existing particles, contributing thus to their
mass. This condensational growth tends to render particles more chemically uniform,
and if this condensation takes place in the smaller particle range it would have a larger
impact on their chemical composition, than for the larger ones. Both condensational
growth and coagulation processes can take place, with the overall observed behavior10

depending on which process is predominant (Healy et al., 2014). Based on the surface
area distributions (Fig. S1 in the Supplement) it occurred that the peak of the surface
area is around 200 nm. With the surface area distribution being constant, one can ar-
gue that larger particle sizes would receive most of the condensational mass. For the
Chios fire, where the peak in the number size distribution is in the smaller particle15

range, coagulation is more effective for the 60 and 80 nm particles. This is further sup-
ported by the elevated chemical dispersion of those sizes caused by the coagulation
and the lower chemical dispersion of 100 and 120 nm particles caused by the conden-
sation. On the other hand, during the Euboea fire where the peak in the number size
distribution is closer to the peak of the surface area distribution, it seems that mostly20

the 60 nm particles are subject to coagulation. Larger particles could be affected by
both condensation and coagulation but the chemical dispersion as a function of par-
ticle size indicates that mostly condensation processes dominate in the BB plumes.
For this reason, the hygroscopicity parameters are calculated for all events and particle
sizes in the following section.25

3.6 Particle growth factors during the fire events

From the concurrent HTDMA growth factor measurements at sub-saturated conditions
we calculated the corresponding κHTDMA values. During the focus period, the grand ma-
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jority of the HTDMA data exhibited unimodal distributions, indicating that all selected
particle fractions were internally mixed. Bimodal distributions were scarce and there-
fore are not taken into account for this specific study. Average CFSTGC-derived κCCN
values and HTDMA-derived κHTDMA values for the selected particles sizes are given in
Table 2. On average, κHTDMA values are somewhat lower than the respective κCCN val-5

ues for the smaller particles, while the difference between them is larger for the larger
particle sizes. Nevertheless, both time series follow the same trend and values are
consistent within ±30 % (κHTDMA = 0.854 ·κCCN, R2 = 0.87; Fig. S2 in the Supplement).
Given that the solution of the resulting droplets may be non-ideal, the constituents may
be partially soluble and the phases may not be completely separated, it is not sur-10

prising that the HTDMA-derived κHTDMA values are somewhat lower. Therefore, these
differences are well within the range of possible uncertainties and are common when
comparing CFSTGC and HTDMA-derived κ values (e.g. Prenni et al., 2007; Massoli
et al., 2010; Cerully et al., 2011).

Apart from the hygroscopicity parameter, κHTDMA, from the concurrent HTDMA mea-15

surements the mixing state of the sampled particle sizes were also determined. During
the two most intense fire events where the smoke plume had the least transit and at-
mospheric processing time (i.e. during the Chios and Euboea fire) all sizes exhibited
two different hygroscopic modes (Tables 3 and 4; Fig. S3 in the Supplement). These
distinct modes were not observed during the rest of the events, probably due to the20

lower intensity of the other events and the longer transport time. Figure 7 portrays in
the left-hand panels the κHTDMA (estimated using Eq. 6) for the sampled particle sizes
during the Chios and Euboea fires. The right-hand panels show the respective parti-
cle size distributions obtained by the concurrent SMPS measurements, revealing the
presence of different particle modes. During the arrival of the smoke-influenced air25

masses, there is a decrease in the hygroscopicity of all measured sizes. At the same
time a bimodal distribution was observed by the SMPS (far right panels), indicative of
two groups of particles, probably freshly emitted particles (i.e. smaller mode) in combi-
nation with larger, more processed ones. Adler et al. (2011) had also observed a shift
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in the average mode diameter of size distributions from 86±8 nm for freshly-emitted
BBOA to 114±7 nm for processed BBOA. This further supports the observed higher
chemical dispersion found in the smaller particle sizes, presented in the previous sec-
tion.

A similar behavior when the sampled particles influenced by biomass burning were5

exposed to sub-saturated conditions has been reported by Rissler et al. (2006). In
those measurements the hygroscopic growth of the sampled particles when exposed
at 90 % RH showed that there was an external mixture of a nearly hydrophobic
(g(RH) = 1.09 for 100 nm particles) and a moderately hygroscopic (g(RH) = 1.26) popu-
lation. This reinforces our observations from the CCN measurements, where in super-10

saturated conditions, the activation fraction of mainly the 60 nm particles decreased
significantly under influence of the smoke. A possible explanation why the activation
fractions of the other size ranges seem to be unaffected by the smoke may be the num-
ber fraction of the two modes in each size, combined with the occurrence of these two
modes. If the presence of the bimodal samples is limited (less than 30 %), then even15

though the fraction of the less hygroscopic mode may be as high as 45 %, the overall
activation fractions might not be influenced. For the first event (20–21/8) which was the
most intense, the externally mixed samples represent almost 25 % of the total sam-
pled aerosol, with the occurrence of the bimodal samples increasing with increasing
diameter (Table 3). It appears that in the bimodal samples the less hygroscopic mode20

initially dominates followed by a progressive dominance of the hygroscopic mode. It
also appears that the increase in the less hygroscopic fraction coincides with the plume
arrival time and the increase of the BBOA component, further supporting our findings
of external mixing. During the second event (03–05/9) the bimodal samples increase,
once more, with increasing diameter (5 % for 60 nm to 28 % for 120 nm particles) with25

the less hygroscopic fraction being dominant in approximately 33 % of the samples,
although this more hygroscopic mode has a κHTDMA value of 0.2 during the plume ar-
rival time (Table 4). The more hygroscopic mode is therefore dominant in number for
all sampled particles, which would explain that the activation fraction of the larger ac-
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cumulation mode particles are not significantly affected by the presence of the less
hygroscopic mode. On the other hand, the reason for the reduction of the activation
fraction of 60 nm particles, apart from their hygroscopicity, can also be their size, as
during the events, the less hygroscopic mode is probably not activated, thus not de-
tected by the CCN. This is not the case for the larger particles, as for example, 80 nm5

particles having κHTDMA = 0.06 will activate at a critical supersaturation of 0.67 %.

3.7 Inferring size-dependent chemical composition and organic hygroscopicity

Assuming that the total aerosol hygroscopicity can be represented as the sum of the
contribution of the different aerosol components:

κ =
∑
j

εjκj (7)10

where εj and κj are the volume fraction and hygroscopicity of each species, respec-
tively (Petters and Kreidenweis, 2007). With the use of this equation, and by assuming
that the aerosol is a mixture of an organic and inorganic component, with the inorganic
component being represented by ammonium sulfate, the total measured hygroscopic-
ity, can be expressed by the sum:15

κ = εinorgκinorg +εorgκorg (8)

Prior studies at Finokalia have determined κorg = 0.158 and κinorg = 0.6. Assuming this
still applies and εinorg +εorg = 1, Eq. (8) can be used to infer the volume fractions of
organics and ammonium sulfate for the 4 different sizes, excluding the days of direct
biomass burning influence. From this we obtain that 60 nm particles, on average, are20

composed of 82 % organics and 18 % ammonium sulfate; 80 nm particles of 44 % or-
ganics and 55 % ammonium sulfate, and, the larger particles are mainly composed
of ammonium sulfate (67 and 78 % for 100 and 120 nm particles, respectively). This
reinforces our conclusion based on the hygroscopicity measurements that the smaller
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particles are mostly composed of organic material. These observations are in agree-
ment with similar observations reported by Bezantakos et al. (2013) in the region of the
Northern Aegean Sea.

The above approach can also be applied to the data from the fire events, as follows:
we use only the larger size (120 nm) as from the former CCN studies in the area it was5

established that the hygroscopicity of the larger particles is close to the “bulk” hygro-
scopicity of the sampled aerosol (PM1), which is constrained from the ACSM measure-
ments (Bougiatioti et al., 2011). To evaluate the importance of the assumptions made
in inferring the organic hygroscopicity from chemical composition, κorg was additionally
determined by applying Eq. (8), for the 120 nm particles, where a set of κ equations is10

produced (n = 228). Multivariable regression analysis is subsequently applied in order
to determine the organic and inorganic component of the total hygroscopicity during
the fire events. Based on the results, κinorg = 0.61±0.03 and κorg = 0.137±0.02, val-
ues which are very similar to values determined by Bougiatioti et al. (2009, 2011).

Taking the analysis one step further, we attempt a source apportionment of the or-15

ganic hygroscopicity, by its attribution to different factors. Positive Matrix Factorization
(PMF) analysis was applied to the time series of data from the direct influence from
biomass burning. A detailed discussion of the PMF results can be found in Bougiatioti
et al. (2014). During the focus period, 3 subtypes of organic aerosol (OA) were identi-
fied, namely biomass burning OA (BBOA), an OOA associated with biomass burning20

(OOA-BB) and a highly oxygenated OOA, having a relative contribution of 22, 32 and
46 %, respectively. With the chemical composition measurements of the ACSM for the
larger particle size (120 nm) combined with the respective κCCN we use the following
equation to determine the hygroscopicity parameter of each factor:

κ = (1−εorg)κinorg +εBBOAκBBOA +εOOA-BBκOOA-BB +εOOAκOOA (9)25

Once again a set of 228 κ equations is produced and multivariable regression anal-
ysis is applied in order to deconvolve the organic hygroscopicity to its 3 subtypes.
It occurs that κinorg = 0.62±0.04, κBBOA = 0.057±0.07, κOOA-BB = 0.138±0.11 and
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κOOA = 0.169±0.09. It is interesting to see that the inferred hygroscopicity for the
freshly-emitted BBOA is very close to the hygroscopicity obtained by the HTDMA for
the less hygroscopic component when two particle populations were present during
the events (Tables 3 and 4, Sect. 3.6). When comparing the obtained hygroscopicity
with the level of oxidation of each factor (O : C = 0.2 for BBOA, 0.9 for OOA-BB and5

1.2 for OOA; Bougiatioti et al., 2014) it occurs that the less hygroscopic component
is also the least oxygenated and hygroscopicity increases with increasing O : C ratio.
The calculated values are also comparable to the κ obtained by Chang et al. (2010)
for the oxygenated organic component (OOA-1, OOA-2 and BBOA) of rural aerosol
(κox = 0.22±0.04). They also found increased hygroscopicity with increasing ageing10

and degree of oxidation. Furthermore, the total organic hygroscopicity is very similar
to the hygroscopicity of the processed organic aerosol components, which make up al-
most 80 % of the organic aerosol. Finally, it seems the biomass burning organic aerosol
becomes more hygroscopic, by almost a factor of two, with atmospheric processing.

Using the average diurnal profiles obtained from the PMF analysis combined with15

the corresponding mass fractions of each component and the inferred hygroscopicity
parameter of each, we estimated the contribution of each factor to the overall κorg and
the total aerosol hygroscopicity. Figure 8 presents the resulting diurnal profiles and it
is clear that the grand majority of the organic hygroscopicity originates from the aged,
very oxidized OOA. BBOA contributes around 7 % to the organic hygroscopicity (2.2 %20

to the overall aerosol hygroscopicity), which is small but not negligible, as it can be
seen that when the BBOA contribution is the highest, there is an important decrease
in the κorg. Overall, organic aerosol associated with biomass burning can account for
almost 35 % of the organic hygroscopicity. By using the approach of Guo et al. (2015)
where particle water is predicted using meteorological observations (relative humid-25

ity, temperature), aerosol composition and thermodynamic modeling (ISORROPIA-II;
Fountoukis and Nenes, 2007), the LWC associated with the organic fraction is calcu-
lated. It occurs that even though the freshly-emitted BBOA contributes merely 1.2 % to
the total organic water of the aerosol, the corresponding contribution of the processed
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OOA-BB is almost 33 %. It is therefore clear that in the presence of biomass burning
aerosol, both aerosol hygroscopicity but LWC as well may be influenced, thus affecting
the overall direct and indirect aerosol radiative effects.

4 Summary and conclusions

This study provides CCN concentrations, hygroscopicity and mixing state of size-5

selected aerosol particles influenced by biomass burning during summertime over the
eastern Mediterranean. For the case of the most intense event the presence of smoke
was clearly identified by CALIPSO laser remote sensing observations for the most in-
tense event. Overall, during the selected events, the contribution of organics and BC
increased significantly while the concentration of sulfates decreased. This is shown10

also to affect the hygroscopicity of the particles. The fire events had a direct influence
to the total CN and CCN concentrations, where especially the larger particle sizes
(larger than 100 nm) exhibited an increase in absolute number of more than 50 %. At
the same time, the activation fractions of the smaller particles (60–80 nm) at 0.6 % S
appeared to be affected by the smoke, with ratios being well below unity. Based on15

the observations it is inferred that organic compounds that are less CCN-active, are
the dominant component of 60 nm particles (82 % of mass) while particles larger than
100 nm are mainly composed of ammonium sulfate. This was verified by the hygro-
scopicity analysis, where 60 nm particles exhibited the lowest hygroscopicity.

Nevertheless, during the arrival of the biomass-burning-laden air masses, the hygro-20

scopicity parameters of all particle sizes converged to values in the range of 0.2–0.3,
which can be attributed to different chemical composition of all particles during these
events. Based on chemical dispersion analysis it occurred that smaller particles ex-
hibit higher chemical dispersion and retain their characteristics for longer, compared to
larger ones that appear more homogeneous. This can be due to the fact that coagu-25

lation likely promotes the chemical dispersion at smaller sizes, while the condensation
of organics tends to make larger particles more uniform. Despite that, samples with
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two distinct populations, one having lower and one somewhat higher hygroscopicity, do
appear during the fire events. Nevertheless, their occurrence is limited and the overall
activation of particles appears to be unaffected by the presence of these two popu-
lations. Overall we can conclude that 60 nm particles were mostly composed by less
hygroscopic species, even when they have undergone atmospheric processing and5

they were internally mixed, making it more difficult for them to activate because of their
size and hygroscopicity even at the highest level of supersaturation. It appears that the
dominant process in this particle range is coagulation, rendering small particles less
uniform, with increased chemical dispersion.

On the other hand, larger particles were composed of more hygroscopic species,10

which either condensational growth or atmospheric aging yielded an internal mixture
with lower chemical dispersion. This supports the assumption of external mixing for
smaller particles originating from biomass burning with decreased activation fractions
and provides a plausible explanation of why larger particles appear not to be affected
as far as their CCN-activity is concerned.15

Finally, using multivariable regression analysis and the volume fractions of organ-
ics and ammonium sulfate for the different particle sizes, we inferred the hygroscop-
icity of the organic fraction and found it equal to 0.115±0.017, which is comparable
to the value of 0.2±0.1 determined for processed biomass burning aerosol. Using
the results obtained from the source apportionment of the organic fraction we were20

able to deconvolve the organic hygroscopicity to its 3 subtypes. The hygroscopicity
of freshly-emitted BBOA was found to be around 0.06, while the hygroscopicity of
atmospherically-processed BBOA and highly oxidized organic aerosol was found to be
0.14 and 0.17, respectively. The inferred hygroscopicity of each component are in line
with the corresponding level of oxidation of each component, and the overall organic25

hygroscopicity is close to the hygroscopicity derived for the processed organic aerosol.
Thus, the organic fraction of biomass burning aerosol becomes more hygroscopic with
atmospheric aging. Overall, organic aerosol associated with biomass burning (freshly
emitted and processed) can account for almost 10 % of the total aerosol hygroscopic-
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ity (2.2 and 7.6 %, respectively). Taking into account the fact that organic aerosol may
have important contribution to the fine-particle water (Guo et al., 2015), it is estimated
that the liquid water content contribution of BBOA and OOA-BB is of the order of 1.2
and 32.6 % of the total organic water of the aerosol. This has important implications to
aerosol chemistry, as aerosol water can provide the medium for heterogeneous reac-5

tions, but also can contribute to the aerosol direct and indirect radiative effect.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-21539-2015-supplement.
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Table 1. Calculated chemical dispersion in terms of σ(κ)/κ for the four studied fire events and
all measured particle sizes.

60 nm 80 nm 100 nm 120 nm

Chios 0.85±0.14 0.73±0.14 0.60±0.20 0.41±0.16
Croatia 0.77±0.18 0.68±0.19 0.44±0.12 0.41±0.10
Euboea 0.70±0.20 0.49±0.10 0.32±0.08 0.29±0.06
Andros 0.71±0.10 0.52±0.13 0.34±0.10 0.30±0.06
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Table 2. Average CFSTGC-derived κCCN values and HTDMA-derived κHTDMA values for the
selected particles sizes.

κHTDMA κCCN

60 nm 0.23±0.07 0.22±0.05
80 nm 0.28±0.1 0.39±0.1
100 nm 0.3±0.1 0.44±0.1
120 nm 0.33±0.11 0.49±0.13
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Table 3. Percentage of externally mixed samples (Bf ), the hygroscopic parameter of the less
and more hygroscopic mode (κ1,κ2), respectively, and the number fraction of particles residing
in the less hygroscopic mode (Nf1) during the Chios event (20–21 August 2012).

dp(nm) Bf (%) κ1 Nf1 κ2

60 6.9 0.05±0.021 0.172±0.063 0.182±0.013
80 20.0 0.048±0.021 0.33±0.143 0.185±0.032
100 23.0 0.058±0.025 0.428±0.236 0.21±0.04
120 30.4 0.049±0.025 0.465±0.19 0.197±0.04
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Table 4. Same as Table 3, during the Euboea event (3–5 September 2012).

dp(nm) Bf (%) κ1 Nf1 κ2

60 5.3 0.086±0.071 0.372±0.336 0.314±0.192
80 15.2 0.061±0.036 0.312±0.174 0.197±0.028
100 26.5 0.048±0.026 0.387±0.186 0.195±0.033
120 28.2 0.047±0.026 0.404±0.191 0.191±0.027
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Figure 1. Schematic of the setup used for the CCN and mixing state measurements.
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Figure 2. (a) Satellite composite view from MODIS of the fire plume emerging from the island of
Chios on 18 August 2012 (courtesy on NASA). The blue and red lines delineate the two ground
tracks of the CALIPSO satellite during its overpass over Crete on 19 August 2012 between
00:27–00:40 and 11:34–11:47 UTC, (b) Vertical profiles of the aerosol backscatter coefficient
(in km−1 sr−1) at 532 and 1064 nm (left) and linear particle depolarization ratio at 532 nm (right)
measured by CALIPSO and (c) Vertical profiles of the aerosol subtypes captured by CALIPSO
during its overpass over Crete; the marked area is located just at the NW of Finokalia station
(00:27–00:40 UTC).
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Figure 3. Time series concentrations of major PM1 species that contribute in the identification
of the BB events. The shaded areas represent the four considered fire events.
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Figure 4. CCN concentrations for the selected particle sizes during the arrival of the smoke
plumes for (a) Chios, (b) Croatia, (c) Euboea and (d) Andros. The black solid line represents
the biomass burning component of the organic aerosol at the given time.
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Figure 5. Activation fractions for the selected particle sizes during the arrival of the smoke
plumes for (a) Chios, (b) Croatia, (c) Euboea and (d) Andros. The brown solid line represents
the processed biomass burning component of the organic aerosol.
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Figure 6. Characteristic hygroscopicity parameters of the selected particle sizes for (a) Chios,
(b) Croatia, (c) Euboea and (d) Andros. The solid line represents the biomass burning com-
ponent of the organic aerosol at the given time and circles represent the smoke plume arrival
time. The shaded areas represent the smoke plume influence period.
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Figure 7. Cumulative growth factors from the HTDM (a) and (c) and number size distributions
from the SMPS (b) and (d) for the Chios and Euboea fire events, respectively. The shaded
areas represent the smoke plume influence period.
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Figure 8. Average diurnal contribution of each organic aerosol factor to the κorg computed by
multiplying the mass fraction by the corresponding inferred hygroscopicity parameter and the
predicted diurnal profile of the total κorg in the ambient aerosol.
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