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Abstract. The volatility of submicron atmospheric aerosol may be very low-volatile organics, possibly organonitrates,
particles was investigated at a boreal forest site in Hygti  in the non-volatile (at 280C) fraction of aerosol mass.
Finland from January 2008 to May 2010. These long-term
observations allowed for studying the seasonal behavior of

aerosol evaporation with a special focus on compounds that

remained in the aerosol phase at 280 The temperature- 1 Introduction

response of evaporation was also studied by heating the

aerosol sample step-wise to six temperatures ranging fronf\erosol particles, i.e. liquid or solid airborne particles, are
80°C to 280°C. The mass fraction remaining after heat- ubiquitous in the earth’s atmosphere. These particles affect
ing (MFR) was determined from the measured particle num-our lives by reducing visibility (Cabada et al., 2004), causing
ber size distributions before and after heating assuming &dverse health effects (Davidson et al., 2005; Nel, 2005) and
constant partic]e density (16gcﬁ) On average 19% of affecting the climate (Lohmann and Feichter, 2005; IPCC,
the total aerosol mass remained in the particulate phase &007). Aerosol particles reflect and absorb incoming solar
280°C. The particles evaporated less at low ambient tempertadiation (Bohren and Huffman, 1983) and affect water cir-
atures during winter as Compared with the warmer months_CUlation, prECipitation and the earth’s radiative balance via
Black carbon (BC) fraction of aerosol mass correlated pos.C'OUd formation (Ramanathan et al., 2001; Rosenfeld et al.,
itively with the MFR at 280°C, but could not explain it 2008; Spracklen et al., 2008). Aerosol particles are either di-
Comp]ete]y: most of the time a notable fraction of this non- reCtIy emitted into the atmosphere in the condensed or solid
volatile residual was something other than BC. Using addi-Phase, for example pollen from vegetation or soot from com-
tional information on ambient meteorological conditions and bustion, or formed in the atmosphere from ambient vapors
results from an Aerodyne aerosol mass spectrometer (AMS)(Kulmala et al., 2004).

the chemical composition of MFR at 280 and its seasonal ~ Volatility, i.e. the tendency of a molecule to evaporate
behavior was further examined. Correlation analysis withfrom the aerosol phase, as compared with its flux to the par-
ambient temperature and mass fractions of polycyclic aroficles, is among the most important factors determining if
matic hydrocarbons (PAHSs) indicated that MFR at 280s  the molecule partitions into the aerosol phase. Atmospheric
probably affected by anthropogenic emissions. On the otheferosols are typically complex mixtures of inorganic and or-

hand, results from the AMS analysis suggested that ther@anic compounds. The identities and thermodynamic proper-
ties of inorganic aerosols are relatively well-known — at least
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compared with the organic fraction of atmospheric aerosolat a fixed residence time, the evaporation inside a ther-
Ambient air contains thousands of organic compounds thamodenuder typically happens around a specific temperature,
have complex structures and formation mechanisms (Goldwhile for complex atmospheric mixtures the temperature-
stein and Galbally, 2007). A large number of these com-dependence of the aerosol remaining after heating is
pounds still remain unidentified. Depending on the locationsmoother (e.g. Riipinen et al., 2010). A large fraction of at-
and season, 20—90 % of the aerosol mass consists of organiasospheric organics and many inorganic aerosol compounds
(Kanakidou et al., 2005; Zhang et al., 2007; Jimenez et al.evaporate at temperatures below 3G0(Turpin et al., 2000;
2009). A large fraction of the organics found in aerosol parti- Raatikainen et al., 2010), for example ammonium sulfate at
cles are semi-volatile under atmospheric conditions (Robin-around 200C and ammonium nitrate at around 6075
son et al., 2007), meaning that they can be present in botleven with residence times less than a second (Johnson et al.,
gaseous and particulate phases. In order to yield reliable est2004; Philippin et al., 2004; Villani et al., 2007). However,
mates for the total aerosol budget and to understand how theome compounds, such as black carbon (BC), sea salt and
semi-volatile compounds affect the formation and fate of at-crustal material, are not volatilized even at 3@0
mospheric aerosols, the volatility of the aerosol constituents Almost all the volatility observations of submicron aerosol
needs to be known. Information on the aerosol volatility alsoparticles, even of nucleated particles around 3—60 nm in di-
gives indirect indications of the aerosol composition. ameter, to date have found a non-volatile residual in the par-
The volatility of atmospherically relevant aerosol particles ticles that does not evaporate at temperatures around 280—
has recently been investigated extensively both in the labora300°C in similar setups as the one used in this study (Wehner
tory (An et al., 2007; Faulhaber et al., 2009; Cappa and Wil-et al., 2005; Ehn et al., 2007; Birmili et al., 2010). In this
son, 2011; Saleh et al., 2011) and in the field. Field measurestudy the term “non-volatile” refers to material not evapo-
ments have been performed in various environments: in ruratated at 280C. In polluted areas, the observed non-volatile
and urban background areas (O’Dowd et al., 2000; Wehnererosol material has been found to have a clear correlation
et al., 2005; Ehn et al., 2007; Backman et al., 2010; Lee ewith light-absorbing aerosol (Birmili et al., 2010). Kalberer
al., 2010) as well as in polluted cities and roadsides (Wehneet al. (2004) show that given enough time atmospheric
et al., 2004; Huffman et al., 2009; Birmili et al., 2010; Tiitta organic compounds may form low-volatile polymers. Re-
et al., 2010). In these studies, the general principle for meaeently Smith et al. (2010) reported that aminium salt forma-
suring aerosol volatility has been similar: aerosol sampledion takes place in atmospheric nanoparticles and that these
have been heated in a thermodenuder and the size (diaméw-volatile salts contribute significantly to the growth of
ter, volume or mass) of aerosol particles determined befora@anoparticles in various environments, also in boreal forests.
and after heating. Thermodenuders (TD) come in differentBarsanti et al. (2009) suggested that amines may have a no-
designs, and the detected volatility depends on the tempeticeable role in the formation of organic salts. All of the
ature, residence time and total aerosol loadings in the TDaforementioned processes may be linked to the observations
(Cappa et al., 2010; Riipinen et al., 2010; Saleh et al., 2011pf low-volatility material in the small atmospheric particles.
Fuentes et al., 2012) — making direct quantitative compari- The evaporation properties of atmospheric submicron
son of different volatility measurements challenging. One ofaerosol particles were investigated in this study by examining
the challenging aspects of the interpretation of TD data isthe mass reduction of aerosols due to evaporation at six tem-
the fact that time that it takes for the aerosol to reach equiperatures ranging from 8€ to 280°C. Measurements were
librium in a TD depends on the aerosol properties (Cappa eperformed continuously during a period of two and a half
al., 2010; Riipinen et al., 2010; Saleh et al., 2011; Fuentes/ears (January 2008 to May 2010) at the boreal forest site of
et al., 2012). This means that the ambient/laboratory generHyytiala, Finland. Compared to previous studies performed
ated aerosol does not necessarily achieve equilibrium in thén Hyytiala (e.g. Ehn et al., 2007; Raatikainen et al., 2010),
currently available TDs — depending on the aerosol residencéhis study is the first one focusing on long-term variation of
time inthe TD (An et al., 2007; Riipinen et al., 2010; Saleh et aerosol evaporation. The volatility data was compared to BC
al., 2011). Commercially available thermodenuders (TOPASmeasurements, meteorological data and trajectory analysis as
GmbH by TSI Inc, MN; Dekati TD by Dekati Ltd, Tampere, well as to aerosol composition data from filter analysis and
Finland) and the ones developed by Burtscher et al. (2001aerosol mass spectrometer (AMS). Our main aims were to
and Wehner et al. (2002) have residence times of a few sed1) study the temperature dependence of aerosol volatility in
onds. For measurements of semi-volatile organics TDs withHyytiala, (2) investigate the seasonality of aerosol volatility
longer residence times have been developed recently (An ednd its connection to other atmospheric variables, and (3) ex-
al., 2007; Huffman et al., 2008). The TD used in this study isamine the chemical composition of the non-volatile fraction
the same as described in Ehn et al. (2007) with a maximun(not evaporating at 280C) of atmospheric sub-micron parti-
heating temperature of 28C and a residence time around a cles, particularly to answer the question of how large fraction
second. of this very low-volatility material was BC vs. other com-
Atmospheric aerosols are typically a mixture of com- pounds.
pounds with different volatilities. For individual compounds

Atmos. Chem. Phys., 12, 107710786 2012 www.atmos-chem-phys.net/12/10771/2012/



S. A. K. Hakkinen et al.: Long-term volatility measurements of submicron atmospheric aerosol 10773

2 Materials and methods 1000 nm in diameter. A TSI model 3010 CPC was used for
_ particle counting. The thermodenuder was a 50 cm long tube
2.1 Measurement site fabricated from stainless steel with outer radius of 10 mm.

) The average residence time, i.e. the time the aerosol sample

Measurements for this study were performed at a ruralgpengs in the oven, was 1.2 s leading into a minimum resi-
background measurement station SMEAR Il (Station for gence time of 0.6's at the centerline. The time resolution of
Measuring Ecosystem-Atmosphere Relations 1) located inhe \\DMPS was 10 min. No absorptive material was used in
Hyytiala (6°51'N, 24°17'E, 181 ma.s.l.), in Southern Fin-  {he thermodenuder.
land (Vesala et al., 1998; Kulmala gt al_., 2001; Hari and The VDMPS and DMPS systems were located in the same
Kulmala, 2005). The SMEAR Il station is surrounded by measurement cottage and they used the same total aerosol in-
48 year old boreal conifer forest that covers an area spangt. No PMo cyclone was used in front of the VDMPS, so
ning tens o'f.k|lometers to North and North-East. The near-ihe VDMPS was occasionally affected by evaporated coarse
est large cities are Tampere (around 60 km to South-Westyode particles$ 1pum) not detected by the DMPS system.
213000 inhabitants) and Jgskyh (around 100 kmto North-  These particles were detected in VDMPS after heating to
East, 131000 inhabitants). Ambient meteorological condi-pigh temperatures and caused noise in the VDMPS data at
tions such as temperature, relative humidity, solar radiationyne |arger end of particle sizes. In order to remove this noise,
wind speed and direction as well as concentrations of severghe sjze range of 20-500 nm was selected for further analysis.
trace gases, such as carbon dioxide £®@arbon monox- The VDMPS was temperature-scanning from 1 January
ide (CO), sulfur dioxide (Sg) and nitrogen oxides (NO, 2008 to 27 April 2009. The TD heated the aerosol sample
are measured continuously at the station. Also the fluxes of; gix temperatures, 8, 120°C, 160°C, 200°C, 240°C
compounds such as water, ozone and several volatile organy,q 283 C with a time resolution of about one hour. From
ics are measured. In addition, measurements of aerosol ProRyly 2009 onwards the aerosol sample was heated to a con-
erties such as aerosol particle number size distributions havggnt temperature, 28C (Fig. 1) to obtain a complete time
been ongoing at the station continuously since 1998K8R  geries of evaporation at a single temperature. Total data cov-
etal., 1997). erage for the measurement period (1 January 2008 to 24 May
2010) was about 75 %.

The major loss processes in the heating tube are caused
by thermophoresis and Brownian diffusion of small parti-
cles (Wehner et al., 2002). Due to these losses, VDMPS raw

The ambient aerosol number size distribution was measurefata underestimates the number concentration of submicron
from 1 January 2008 to 24 May 2010 (see Fig. 1) with a twin- particles._Errors in_particle numper conc_entrations were cor-
DMPS (Differential Mobility Particle Sizer, Hoppel, 1978; rected using experimentally derived particle Iosse_s presented
Aalto et al., 2001) consisting of two separate DMPSs oper-by Ehn_ et al. (2007). The losses for aerosol particles above
ated in parallel. The first DMPS determines the size distri-15Nm in diameter were observed to be around 20 % of the
bution of small particles, 3-50 nm in diameter, and the otherfOtal particle number concentration when heated t0°Z80
measures larger particles, 15 nm—1 pm in size. Together the&'}he same correction fit for partlclg penetration through the
cover the size range of 3-1000 nm. Both DMPSs sheath flow&Ven was used for all the six heating temperatures. The er-
are maintained using closed loop circulation (Jokinen and©r resulting from this has been estimated to be only a few
Makek, 1997) and at a relative humidity below 20 %. Con- Percent (Wehner et al., 2002).

densation particle counters (CPC, Stolzenburg and McMurry,

1991) used for particle counting are TSI-3025 and TSI-30102-2-3 Aethalometer

(TSI Inc.), respectively. The time resolution of the combined
system is 10 min.

2.2 Instrumentation

2.2.1 DMPS

An aethalometer (Hansen et al., 1984) was used to measure
the mass concentration of BC after a Pivinlet. In the data
222 VDMPS inversion it is assumed that the BC mass concentration and
light attenuation are linearly related, and BC mass is calcu-
The evaporation of submicron aerosol particles was invesfated from the rate of change of light transmission through a
tigated using a volatility differential mobility particle sizer filter at seven wavelengths. However, the presence of other
(VDMPS), which consists of two separate parts, a thermoddight-scattering and absorbing particles, such as sulfate or
enuder (TD, Ehn et al., 2007) and a DMPS. The thermod-brown carbon, on the filter can cause non-linearities in the re-
enuder heats up the sample air, after which the remainindationship between the light transmission and the BC concen-
aerosol material is directed to the DMPS system. The heattration (Reid et al., 1998; Bond et al., 1999). The aethalome-
ing temperature can be either held constant or scanned ovéer signal needs to be corrected for these effects (e.g. Wein-
several temperatures. The VDMPS used in this study meagartner et al., 2003; Arnott et al., 2005; Andreae and Ge-
sured the number size distribution of heated particles of 20d4encsr, 2006; Virkkula et al., 2007). The errors caused by
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Fig. 1. Instruments used in this study and their functioning times from January 2008 to May 2010.

brown carbon can be reduced by using longer wavelengthsSpectrometer (C-ToF AMS, Aerodyne Research Inc., Biller-
most preferably 880 nm (Weingartner et al., 2003). ica, US), which measures the chemical composition of sub-
Aethalometer data was corrected using the approach intromicron particles € 600 nm) and has a 50 % detection effi-
duced by Weingartner et al. (2003), the resulting BC concen-<iency cutoff at 600 nm (Jayne et al., 2000; Drewnick et al.,
trations (Mpc) being defined as 2005; Liu et al., 2007).
Mac ransabs dA) The Q-ToF AMS featyres an aerodynamic Iens.for con-
: . , Q) centrating the particles into a narrow beam, a particle time-
absA)C (1) R(ATN) of-flight (PToF) chamber for particle size distribution mea-
where Mpcraw is the BC concentration measured with surement, thermal vaporization of the sample particles in a
an aethalometer (non-correctedhpsois the wavelength-  600°C tungsten oven, 70 eV electron impact ionization (EI)
dependent absorption mass cross-section used by the maaf the produced vapor, and a compact ion-time-of-fight mass
ufacturer of the aethalometergps is the absorption mass spectrometer (C-ToF MS) to obtain a mass spectrum of the
cross-section calculated using the absorption mass cros$ens. The “hard” El ionization method provides quantitative,
section of MAAP (Multiangle Absorption Photometry, Pet- yet highly fragmented ion spectra from the parent molecules.

Mpc =

zold and Schnlinner, 2004) as a reference point (6.5gn* The mass spectra of ions is interpreted, using knowledge
at 637 nm), andC and R(ATN) are the calibration parame- of EI molecular fragmentation patterns, to assign the aerosol
ters. The calibration factdR(ATN) can be written as total mass loading into subgroups of different chemical com-

position: sulfates, organics, nitrates, ammonium and chlo-
1 - In(ATN) — In(10% +1 (2 rides. The individual mass-per-charge signals and their rela-
a(l—wo) +1 In(50%) —In(10%) tive ratios can be used to further characterize the composition
whereaq is 0.85 at 660 nm (Weingartner et al., 2003), ATN of the sample aerosol. The final data is scaled with a collec-
is light attenuation through the filter andy is a single-  tion efficiency factor (CE) to compensate for losses inside the
scattering albedo which can be derived from particle absorpAMS.
tion and scattering measurements. Aerosol light scattering Because of the thermal vaporization method, the AMS
measurement data from a nephelometer (Anderson et aljoes not quantitatively see “refractory compounds”, i.e.
1996) was available for the period of interest. Values forthose that are not vaporized below 6@ such as sea salt
absorption mass cross-sections andactors are presented and BC. Particulate water is also not quantitatively measured
in Table Al in Appendix A. TheC factors were calculated and is notincluded in the AMS-measured total aerosol mass.
by using the averag€ value determined from Hohenpeis-  Data used in this study was collected during two month-
senberg MAAP-data by Collaud-Coen et al. (2010). Wave-long AMS-campaigns: one in late spring 2008 and one in
length dependence of ti@factor was obtained from Arnott  early fall 2008 (Fig. 1).
et al. (2005). Corrected BC data at 880 nm wavelength with
a time resolution of five minutes was used in the analysis. 2-2.5 Meteorological parameters and PAH-data

R(ATN) = (

224 AMS Meteorological parameters as well as mass concentrations
of polycyclic aromatic hydrocarbons (PAH) were also mea-

The Aerosol Mass Spectrometer (AMS) used in this studysured at SMEAR II. Ambient temperature and solar radiation

was an Aerodyne Compact Time-of-Flight Aerosol Mass were continuously recorded at a 72-m-tall mast at different
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Fig. 2. Correlation between the VFR (DMPS and VDMRSL000 nm) at 280C and the VFR (DMPS and VDMPS 500 nm) at 280C.
Correlation coefficientr) and p-value describing the significance of the correlation are provided in the figure.

heights. In this study the radiation data was acquired from We assumed a constant particle density of 1.6g¢tm
the height of 18 m whereas the ambient temperatures weréhroughout the aerosol size distribution based on the work of
measured at a lower measurement stage (4.2 m). The met&annosto et al. (2008), who report a range of 1.1-2 gtm
orological data was averaged over 30 min. Mass concentrafor accumulation mode particle densities in H@éi. The
tions of PAHs were analyzed from filter samples (RMn mass fraction remaining after heating (MFR) was thus as-
Hyytiala during 2009 (see Vestenius et al., 2011) (Fig. 1). sumed to be equivalent to VFR in terms of density. The as-
sumption of constant particle density naturally leads to un-
certainties in the MFR if the particle density is in fact chang-
ing with size. This uncertainty is likely higher at the higher
heating temperatures, because of the bigger change in the
particle chemical composition due to evaporation. If the par-

The evaporation of submicron particles was studied by com/icles are denser after the heating than before, the real MFR
paring the ambient and heated particle number and volum&@lues are higher valu_es tha_n presented in this study and vice
size distributions measured by the DMPS and VDMPS. Theversa. If the non-volatile residual at 280 would consist of
particle volume size distribution was calculated from the BC only (density of 1.8gcm?, McMeeking et al., 2010),
number size distribution data assuming spherical particlesth® MFR at 280C would be biased high, with around 13 %
The volume fraction of aerosol particles remaining after heat-2S compared with the reported values. Similarly, if the parti-
ing was then defined by comparing the total volume of heated!€ density after the heating would be smaller than assumed,
aerosol Yo vomps) to the total volume of ambient aerosol €:9: 1gcm?, there would be a 38 % low bias in the MFR at
(Viot, pmPs). Volume fraction remaining (VFR) can be writ- 280°C.

ten as

3 Data analysis

3.1 Volume fraction remaining

3.2 Black carbon fraction
Viot,vDMPS 3)

VFR = .
Viot,DMPS

The maximum fraction of BC in the aerosol mass (BCF) was

As mentioned above (see Sect. 2.2.2), the size range Oqeflned as

20-500nm was used for both instruments due to occa, ..  Mac
sional noise in the VDMPS data at larger particle sizes. " Mot DMPS
Figure 2 illustrates the correlation between VFR (DMPS ) ,
and VDMPS < 1000 nm) at 2806C and VFR (DMPS and where Mgc is the mass concentratlon. of BC from the
VDMPS < 500 nm) at 280C. The correlation is clear =  a€thalometer data (see Eq. 1) @gh pupsis the total mass
0.80) and therefore confirms that the size range of 20-500 nnfncentration of ambient 20-500 nm aerosol as determined
is representative of the total aerosol evaporation behaviorl’oM the DMPS data. To investigate the maximum contribu-
Absolute minimum estimates for the VFRs in different tem- ion of BC to the MFR at 280C, all BC mass was removed
peratures can be calculated selecting different size ranges fdfom the observed MFR. Mass fraction remaining at 280

the calculations (VDMPS< 500 nm and DMPS< 1000 nm), without the effect of BC is then defined as follows

resulting in VFR values around 20 % smaller than presented M M
here. g P MFRqon.8c= MFR — BCF = tot, V\DMPS BC

(4)

®)

Miot,DMPS

www.atmos-chem-phys.net/12/10771/2012/ Atmos. Chem. Phys., 12, 1070%86 2012



10776 S. A. K. Hakkinen et al.: Long-term volatility measurements of submicron atmospheric aerosol

WINTER SPRING

10°,.| ——DMPS S . 10° i e

—— VDMP$ » S . /f\ =

& :
S . / '
= :
[=]
3
g
g 101 -9 e T £ 101 -9 e £l
T 10 10 10 10 10 10 10
5
g SUMMER FALL
8 T s
& 10t 10’
£
-
{=
2
(%]
= 2 2
S 1% 10

10’ 10"

5

10 10°

Particle diameter (m)

Fig. 3. Median particle number size distributions from DMPS and VDMPS at°Z8 different seasons.

It is now important to note that the aethalometer determined4 Results and discussion

the BC mass concentration of BM particles. The BCF,

however, was calculated assuming that all the BC mass ig.1 Ambient and non-volatile number and volume size
distributed to particles smaller than 500 nm. Hitzenberger distributions

and Tohno (2001) estimate that close to urban areas approx-

imately 15-20% of the BC mass is in particles larger tha”Figure 3 shows the median ambient and heated {230
500 nm. If the same is true also in Hygf the error intro-  hymper size distributions for winter (December—February),
duced to the MFRyn-gc at 280°C would increase the value spring (March-May), summer (June-August) and fall
of MFRnon-sc with a factor of 1.3 at maximum. (September—November). The median ambient number size
distributions were bi- or trimodal with Aitken and accumu-
lation modes. The highest number concentrations were ob-

To investigate the relationship between atmospheric aeroscﬁerved in the A|tken'mode, and during summer and spring
volatility and air mass properties, the air mass origin wasmonths the total particle number concentration was the high-

determined with trajectory analysis. Back trajectories of airst— in agreement With previous observations (Dal Maso et
masses arriving at Hyyila were modeled with HYSPLIT al., 2005). Also nucleation mode (3—25 nm) particles are fre-

(HYbrid Single-Particle Lagrangian Integrated Trajectory quently Ot?serYed in Hyyala. This mode cgnnot b_e clearly )
model, Draxler and Hess, 1997), which runs via internetobserved in Fig. 3 because of the averaging, as it has a dis-

(Draxler and Rolph, 2011). We used hourly air mass trajec_tinctdiurnal pattern. However, when examining aerosol num-
ber size distributions for days and nights separately, the nu-

tories at a 100 m arrival height above ground level. The tra- et q isible in dav fi ber size distrib
jectories were calculated 96 h backwards in time. In addition® eation mode was visible in day time number size distribu-

to the trajectories, HYSPLIT estimates the height of the mix-t'onﬁ' espe(;:_iallyr:juring spring and f%“ molnthsa_ ibuti
ing (boundary) layer. The average direction of the arriving air The median heated (28C) number size distributions

mass was determined using the trajectories that were beloW/©"® monomodal (Fig. 3,)' In general, the particle ”?Odes
twofold the mixing layer height. moved towards smaller sizes when heated, and the bimodal

structure disappeared. Aerosol total number concentration
after heating was noticeably lower than in the ambient air.
There are at least two possible reasons for this, after the
temperature-dependent losses are accounted for. First, a large
fraction of the smallest aerosols can evaporate below the
detection limit of the VDMPS system (20 nm). Second, if
the aerosol is an external mixture of more and less volatile
components, some particles can evaporate completely while

3.3 Air mass trajectories

Atmos. Chem. Phys., 12, 107710786 2012 www.atmos-chem-phys.net/12/10771/2012/
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Fig. 4. Seasonal median volume size distributions from DMPS and VDMPS &t@80

others remain close to their original size. We expect the for-Table 1. Median total particle volume concentrations measured by
mer effect to be more important, in accordance with earlierthe DMPS and VDMPS in different seasons as well as the VFR
findings where all nucleation mode particles were found to(MFR) of 20-500 nm particles at 28C.

contain material that did not evaporate at temperatures of

280°C (Ehn et al., 2007). Season Instrument Total particle volume  VFR
Figure 4 illustrates the median volume size distributions concentration (urhem—3)
of particles in ambient conditions and after heating to 280 Winter DMPS 172 025
during different seasons. While the ambient and heated num- VDMPS 0.38
ber and volume size distributions for the winter, spring and -
fall look relatively similar, the corresponding distributions Spring DMPS 175 0.7
. . VDMPS 0.25
for summer differ from the other seasons. During the sum-
mer the distinction between the ambient Aitken and accu- Summer DMPS 1.99 0.09
mulation modes is less clear and the average diameter of the VDMPS 0.18
heated aerosol smaller than during the other seasons. Fall DMPS 1.00 0.20
VDMPS 0.18

4.2 Temperature-dependence of MFR

Figure 5 shows the time series of the MFR at different TD

temperatures. The aerosol particles were more volatile durin Hyytiala. They noted an anticorrelation between the MFR
ing summer, whereas the highest values of the MFR ocvalues between 50-15C and 150-280C, and concluded
curred during winter months (Table 1). On average 19 % ofthat the material volatilizing around 18C was mainly or-

the aerosol mass was left after heating the aerosol t6@280 ganic, while the mass remaining at the higher temperatures
In general the temporal variation of the MFR values wasconsisted of a mixture of organic and inorganic compounds.
relatively similar, independent on the TD temperature (seeThe MFR at 280C was generally slightly higher at night
Fig. 5). During the spring (especially in April/May 2008 and (0.21) as compared to daytime values (0.19).

in March 2009), however, the MFRs below 20D seemed Figure 6 shows the temperature dependence of the MFR
to show an increasing trend while the MFRs at higher tem-of this study and a selection of other relevant studies. Our
peratures were decreasing. This indicates an increase in thresults are in a qualitative agreement with the earlier re-
relative fraction of aerosol components that volatilize aroundsearch. However, it should be noted that residence times and
200°C during the spring, as compared with the other months.aerosol type varied from study to study. These parameters
These observations are in line with the results reported byaffect strongly the evaporation of aerosol particles. Ehn et
Raatikainen et al. (2010), who studied the connection beal. (2007) and Wehner et al. (2005) investigated the volatil-
tween aerosol composition and volatility during spring 2005ity of nucleation mode patrticles in remote background sites
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Fig. 5. Aerosol mass fraction remaining (MFR) after heating to six temperatures frét@ 89 280°C is presented (colored lines). The
black line describes the maximum mass fraction of BC (BCF) in aerosol particles. Thicker lines show the monthly pattern of the parameters
presented.
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Fig. 6. Comparison of thermograms between this study (the boxplot) and previous volatility studies. Coloring describes the residence times
used (red< 2 s, grey: 10-16 s, blue: 100 s). SOAR-1 and MILAGRO campaign results are adapted from Huffman et al. (2009). Lee et

al. (2010) investigated the volatility of aged organic aerosol during FAME-2008 campaign in Finokalia and volatility measurements of urban
background aerosol were performed by Birmili et al. (2010) in Germany. Ehn et al. (2007) and Wehner et al. (2005) measured the volatility
of nucleation mode particles in Hyg@ia and in Melpitz, respectively. Measurement results of laboratory generated secondary organic aerosol
from An et al. (2007) are also presented.

by examining the change in aerosol mean diameter wheiity thermogram. The studies by Birmili et al. (2010), Ehn et
heated. Other studies, including our study, determined thel. (2007) and Wehner et al. (2005) used similar VDMPS sys-
volume/mass decrease of particles. tems with< 2 s residence time as the one used in this study
In general the aerosol volatility measured in this study to investigate the volatility of atmospheric aerosol size distri-
seems to fall close to the lower end of the literature values -butions around 280-30€. Our results fall in between these
although the different residence times and total aerosol loadstudies, indicating slightly a higher volatility than the urban
ings make the direct comparison challenging. More aerosoktudy by Birmili et al. (2010), but lower than those of Ehn
material is expected to evaporate when longer residencet al. (2007) and Wehner et al. (2007). It should be borne in
times are used. This can be observed when aerosol is heatedind though that Ehn et al. (2007) and Wehner et al. (2007)
with varying residence times e.g. in An et al. (2007) and both concentrated on the volatility of the nucleation mode
Lee et al. (2010). During the SOAR-1 and MILAGRO cam- instead of the total aerosol mass.
paigns in polluted urban areas in California and Mexico City, During recent years, a number of studies have pointed out
volatility of organic aerosol (OA) was investigated at several challenges in quantitative interpretation of TD or VDMPS
temperatures up to 23@ (Huffman et al., 2009). Slopes of data (Cappa et al., 2010; Riipinen et al., 2010; Saleh et al.,
these thermograms are very similar to the slope of our volatil-2011; Pierce et al., 2011) for compounds — in particular
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Fig. 7. Mass fraction remaining (MFR) at 28C as a function of BC mass fraction during different seasons. A clear correlation is observed
during winter, spring and fall months (p-valkel0~2). The black line describes the situation where the entire non-volatile aerosol mass (at
280°C in 1.2 s) may be due to BC. The existence of measurement points below this line most likely arise from the attribution g§all PM
BC to sub-500 nm aerosol.

mixtures —whose properties are not well-known. Taking intomum BC fraction in aerosol particles (see Eq. 4) is presented
account these uncertainties in the analysis of the VDMPSn Fig. 5. The BCF was the highest during winter and fall,
data, we do not intend to give a quantitative answer on thearound 13-15%. In summer and spring months around 8—
variation of the thermodynamic properties of the aerosol in10 % of the total aerosol mass consisted of BC.

Hyytiala based on the calculated MFR values. However, even The positive correlation observed between the BCF and
accounting for the uncertainties it can be concluded thatMFR at 28C°C (Fig. 7) supports the assumption that BC
the material that does not evaporate at temperatures highé connected to the least-volatile fraction of atmospheric
than 28C°C has likely a very low saturation vapor pres- aerosol. A similar observation was made by Birmili et
sure. As an example, using the approach presented by Ral. (2010) in an urban environment. Even though the BCF
ipinen et al. (2010), a two-component system consisting of avas the highest during winter and fall (see also Hienola et
non-volatile fraction (BC) and a semi-volatile organic frac- al., 2012), the best correlation (Pearson correlation) between
tion (accommodation coefficients of unity, particle diameter the BCF and the MFR at 28@ was observed during spring
100 nm and mass concentration of 3.0 pgfirwould require  (r = 0.69, p-value< 10-°). However, during winter and fall

an organic vaporization enthalpy of 64 kJmbland satura-  also the MFR at 280C was the highest, which may have af-
tion vapor pressure of 1§ Pa (saturation concentration of fected the observed correlations. In general the correlation in
0.15 ug n3 or 6 x 108 cm~3 assuming vapor molecule mass summer was the lowest & 0.34, p-value 10%), although

150 amu) or lower to reproduce the temperature-dependencgpecifically in summer the BC concentrations were often of
of the VDMPS data (see Fig. 6) and to not fully evaporate similar magnitude than the concentrations of the material that
at 280°C over the time of a second (see also Pierce et al.remained non-volatile at 28C. This suggests that in the
2011). The obtained vaporization enthalpy value is too low tosummer a relatively larger fraction of the BC is in particles
represent a realistic single-component organic aerosol. Howtarger than 500 nm in diameter as compared with the cold
ever, previous studies have shown that multicomponent ormonths. This is reasonable, since in the winter there are more
ganic aerosols (such as probably present in our study) oftefocal sources of BC producing relatively smaller particles
show a much shallower temperature-dependence than can blean in the summer when most of the BC is likely due to long-
represented with a single-component vaporization enthalpyange transport. Depending on season BC explained 55-87 %
and saturation vapor pressure (e.g. Riipinen et al., 2010). It igmedian values) of the non-volatile residual. The lowest con-
also possible that particles react in the heated tube and forriribution of BC was observed during winter and the highest
compounds with lower volatilities. In any case, the observedduring summer. In most cases the non-volatile aerosol mass
non-volatile residual at 280C gives indirect information on  at 280°C could not be explained by BC only. A similar find-
the chemical composition of the very low-volatile material in ing was reported by Backman et al. (2010) who investigated

aerosol particles. the behavior of particle single-scattering albedo after heat-
ing in an urban background area in Helsinki, Finland. They
4.3 Contribution of BC to MFR concluded that BC alone could not explain the concentra-

tions of material remaining non-volatile at 28D. Neither
Although located in a rural remote area, polluted air massegrustal material nor sea salt is a significant contributor to
transport BC to Hyy#la. Seasonal behavior of the maxi-
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submicron aerosol composition in Hygth area (Saarikoski tions. The correlation coefficient between the MgRsc at

et al., 2005). To get additional information on the chemical 280°C and the sum of PAH-fractions was as high as 0.79
composition of the least-volatile aerosol fraction, MiRsc with a p-value of 0.002 (Fig. 8). The mass concentrations of
at 280°C was correlated with atmospheric parameters as welPAHs are so low that their contribution, if there is some, to
as with aerosol chemical composition data obtained from fil-the MFRyon-sc at 280°C is minuscule. However, the results

ter analysis and from the AMS. indicate that aerosol volatility is connected to anthropogenic

influence over the whole measurement period. It was also ob-

4.4 Dependence of MFRon-gc On environmental served that the BCF correlated positively with the PAH mass
variables and PAHs fraction with a correlation coefficient of 0.64 and a p-value

of 0.03. This result suggests that motor vehicle emissions or

Over the whole measurement period the MERsc at  other anthropogenic emissions, e.g. from residential heating,
280°C was higher at lower ambient temperatures-(—0.46 are the main source of BC in Hy¢ia area.
with p-value of< 107°). Solar radiation did not affect the
MFRnon-scat 280°C as strongly as the ambient temperature 4,5 Indications of the chemical composition of
(r = —0.27 with p-value of< 10~°). This also indicates that MFR non-BC
the effect of the height of the boundary layer is not as signifi-
cant as the ambient temperature. In cold conditions the ambiAMS data were available for two month-long campaigns: one
ent aerosol mixture is different compared to warm air massesn May—June and one in September—October 2008 (Fig. 1).
due to different vapor and particle sources. The need for e.gThe aerosol chemical composition as determined from the
residential heating during winter is high which indicates that AMS is presented in Fig. 9 (upper panel). The MbRsc
there are more very low-volatile anthropogenic compoundsat 280°C was compared to these data (Fig. 9, lower panel).
in the atmosphere. The SMEAR Il sampling lines are at roomlt was assumed that the MRR-sc at 280°C is compara-
temperature and aerosol spends more than 5s in these linéde with the AMS compounds evaporating at 6@ During
before arriving at the TD. This should be sufficient for the the spring campaign the MRR,.sc at 280°C did not have a
sample to reach room temperature before being heated to th&gnificant correlation with the mass fractions of any of the
TD temperature. In addition, the temperature of the aerosoAMS-compounds (Fig. 9, lower panel). AMS measurements
flow inside the TD was measured at the centerline. This sugduring fall gave more insight to the chemical composition of
gests that the dependence of the MERscat 280°C onthe  the non-volatile (at 280C) residual. Although the median
ambient temperature is not likely to be due to e.g. residencéiFRnon-sc at 280°C was small (Fig. 5), the maximum value
time related artifacts in the aerosol sampling. for the MFRyon-ac at 280°C was as high as 0.25. In the fol-

The correlation between atmospheric polycyclic aro- lowing we will concentrate on the comparisons between the
matic hydrocarbons (PAHSs), emitted from combustion pro-VDMPS data and the AMS data from the fall campaign.
cesses (Anttila et al., 2005; Rissanen et al., 2006), and the The VDMPS was temperature-scanning during the AMS
MFRnhon-sc at 280°C was investigated. The monthly me- campaigns. This made it possible to study the correlation be-
dian values of MFRyn-gc at 280°C in sub-500 nm particles tween the aerosol chemical composition and the WJrRc
as a function of the maximum mass fraction of PAHs areat six different temperatures (see Fig. 10 for results from the
presented in Fig. 8. It can be clearly seen that the particlegall campaign). Ammonia and sulfates correlated positively
were relatively more non-volatile with high PAH mass frac- with the MFR,on-gc at 280°C only at temperatures below
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160°C. This is in line with previous studies reporting evap- spring campaign the ammonium-sulfate behavior was similar

oration of ammonium sulfate at approximately 2@ Ni- to the fall campaign, whereas with organics and nitrates no
trates and organics, however, had a statistically significantlear correlation was found.
positive linear correlation with the MRR,-sc at 280°C. The relative importance of inorganic vs. organic nitrate

Also, a positive correlation between ME&R-sc and AMS was estimated by dividing the available ammonium to sulfate
chloride was observed at high heating temperatures. Howand the residual ammonium to nitrate. The remaining nitrate
ever, the mass loadings of chloride observed by the AMSwas assumed to be organic. All the nitrate was not bound
suggest the amount of chloride compounds is almost neglito ammonium and thus, a notable amount of organic nitrate
observed are most likely insufficient to have any effect on theMFRpon-c at 280°C and the mass fractions of ammonium

MFRnhon-scWithin the measurement inaccuracies. During the nitrate and organic nitrate are illustrated in Fig. 10. It can be
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observed that the MRRBn-sc at 280°C correlated positively 86 % of total aerosol mass remained after heating, whereas
with the mass fraction of organic nitrate at high heating tem-the mass fraction remaining (MFR) was 19 % at 280
peratures whereas the correlation behavior of ammonium ni- It was found that the MFR varied with season. During win-
trate was similar to ammonium and sulfate. While the corre-ter months the MFR was the highest at all heating tempera-
lations between the AMS mass fractions and the MirRc tures. In order to explain the existence of the MFR even at
at 280°C were clear, it should be borne in mind that our temperatures as high as 28D as well as its seasonal behav-
analysis has been restricted to the total aerosol mass (20er, additional measurements, such as BC data, were included
500 nm), as no size-dependent AMS data was available. lin the analysis. The maximum possible fraction of MFR at
is therefore not possible to say how the composition of the280°C explained by BC was dependent on the season: it was
very low-volatile material is likely to depend on particle size 55 % in the winter (median over December—February), 57 %
or whether its composition is rather uniform throughout thein the spring (median over March—May), 87 % in the summer
size distribution. (median over June—August) and 75 % in the fall (median over
In the fall 2008 particles arriving at Hyy@ia from the  September—November). Even though the aerosol BC fraction
clean sector (i.e. from the forest, Tunved et al., 2006) hadBCF) was the highest during winter and fall months, during
relatively more organic nitrates and very low-volatile mate- summer on some days all the non-volatile mass (at°230
rial in them (Fig. A2, lower panel) as compared with other could have, in principle, been explained by BC. However, the
air mass directions. During spring such a correlation was notorrelation between the BCF and the MFR at 280vas the
observed (Fig. A2, upper panel). Our results therefore sugpoorest during summer months — this could be partly due to
gest that the MFRyh-scat 280°C is connected to organic ni- small amount of data from summer months, but also proba-
trates in the fall period with clean air masses. This conclusiorbly linked to the contribution of other factors in defining the
is, however, speculative and additional studies are needed teolatility of the aerosol in the summer as well.
verify the presence of very low-volatile organonitrates. Crustal material and sea salt are minor contributors to the
Raatikainen et al. (2010) observed that aerosol nitratestotal submicron aerosol mass in Hyaifi, and the observed
sulfates and ammonium correlated notably with low-volatile BC alone could not explain the existence of the material that
oxidized organic aerosol (LV-OOA) during spring 2005. LV- did not volatilize even at 280C. Thus, roughly half of the
OOA was characterized as highly aged organic aerosol wittaerosol non-volatile mass is explained by other compounds
an anthropogenic origin. It is possible that some of these LV-than BC, sea salt or crustal material. The properties of these
OOA compounds may not evaporate at 280due to e.g. non-BC compounds (forming the MRR-sc at 280°C)
organic polymerization (Kalberer et al., 2004) or salt forma- were investigated further by correlating the MgRsc at
tion (Smith et al., 2010). However, the existence of very low- 280°C with meteorological data and aerosol mass spectrom-
volatile LV-OOA was not clearly indicated by their results. eter data from spring and fall 2008. However, no single factor
It should be noted, however, that Raatikainen et al. (2010)xplaining the MFRo-sc at 280°C was found.
investigated aerosol volatility in Hyy#la over a shorter time Ambient temperature had a marked negative correlation
period and with different instruments than in this study. with the MFR,on-gcat 280°C. It was also observed that high
Our results, together with the findings of Raatikainen etPAH aerosol mass fractions corresponded to high values of
al. (2010) clearly indicate that the processes controlling thehe MFR,on-gcat 280°C. These results suggest that the non-
composition of the remaining material in Hygth vary de-  volatile aerosol fraction at 28@ may contain also other
pending on the season and probably no single explanatiocompounds from anthropogenic sources in addition to BC.
for the non-volatile residual at 28C@ can be found. Positive correlations between the estimated organic nitrate
and organic aerosol mass fractions from the AMS and the
MFRnpon-c at 280°C were observed in fall 2008. These re-
sults suggest that very low-volatile organic compounds, e.qg.
5 Summary and conclusions polymerized organics or organonitrates, might exist in the
least-volatile fraction of atmospheric aerosols not evaporat-
Evaporation of 20-500 nm aerosol particles was investigatedng at 28C°C.
in a boreal forest site in Hyydia at the SMEAR 1l station Our results indicate aerosol evaporation at 28qwith a
during a two and a half year period from January 2008 toresidence time of 1.2 s) in a boreal forest environment cannot
May 2010. The long-term measurements of aerosol volatilitybe explained with any single parameter — but rather is depen-
as well as additional data from the SMEAR Il station made dent on several environmental factors, varies with season and
it possible to examine the seasonal behavior of the aerosak affected by both anthropogenic and biogenic factors.
when heated, as well as to compare the data set with atmo-
spheric parameters and with direct aerosol composition mea-
surements. The higher the heating temperature was the more
aerosol material evaporated, the temperature response of the
evaporation being similar as in previous studies. Af80
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Fig. Al. Median aerosol chemical composition during AMS measurement campaigns in spring and fall 2008. Ammonium has been divided
to sulfate and nitrate to form ammonium sulfate (AS) and ammonium nitrate (AN). Nitrate that is not neutralized by ammonium is assumed
to be organic nitrate.
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MFRnon-Bc at 280°C were correlating.

Table Al. Absorption mass cross-sectioagps o(from the manufacturer) angyps(calculated based on Petzold and &aimner, 2004), and
C parameters for correcting the BC concentrations measured with an aethal@miatetors given are determined from Hohenpeissenberg
data (Collaud-Coen et al., 2010) but because of the similar forest environment, these factors were assumed to descrilédatherldgpti

alike.

Wavelengthh
(nm)

Oabs,0 Oabs

mgH (m?gh

C

370
470
521
590
660
880
950

39.53 11.36
31.12 8.95
28.07 8.07
24.79 7.13
22.16 6.37
16.62 4.78
15.39 4.43

2.64
2.75
2.81
2.87
2.93
3.09
3.13
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