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Abstract

The performance of the miniature Versatile Aerosol Concentration Enrichment Sys-
tem (m-VACES, Geller et al., 2005) was investigated in laboratory and field studies
using on-line instruments. Laboratory tests focused on the behavior of monodisperse
ammonium sulfate (AS) or dioctyl sebacate (DOS) particles in the m-VACES mea-5

sured with the Aerodynamic Particle Sizer (APS) and Scanning Mobility Particle Sizer
(SMPS). The ambient measurements were conducted at an urban site in Helsinki, Fin-
land, where the operation of the m-VACES was explored in conjunction with a Soot
Particle Aerosol Mass Spectrometer (SP-AMS) in addition to the SMPS. In laboratory
tests, the growth of particles in water vapor produced a stable droplet size distribution10

independent of the original particle size. However, when the droplets were dried with
the goal of measuring the original size distribution, a shift to larger particles was ob-
served for small particle sizes (up to ∼ 200 nm in mobility diameter). That growth was
probably caused by water-soluble organic compounds absorbed on the water droplets
from the gas phase, but not evaporated in the drying phase. In ambient measurements,15

similar enrichment factors (EFs) were observed for nitrate, sulfate, organics and refrac-
tory black carbon. Size-dependent EFs showed a small shift in the accumulation mode
peak size after the m-VACES. The presence of acidic ambient particles affected the
enrichment of ammonium and chloride. Gaseous ammonia was observed to be ab-
sorbed on acidic particles in the m-VACES, neutralizing the aerosol. As a result the20

contribution of ammonium to particle mass increased from 6 % for ambient to 9 % for
concentrated aerosol. The opposite trend was observed for chloride, since a fraction
of chloride evaporated from acidic particles upon neutralization. Organic artifacts were
quite small but a small positive artifact for hydrocarbons and nitrogen-containing or-
ganic compounds was observed. However, the oxidation state of organics remained25

nearly the same before and after the m-VACES. Ambient and concentrated OA was
analyzed further with Positive Matrix Factorization (PMF). A three-factor solution was
chosen for both of the data sets but the factors were slightly different for the ambient
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and concentrated OA. That could reflect the sensitivity of PMF to minor changes in OA
composition; however, the data set used for the PMF analysis was limited in size and
therefore had substantial uncertainty. Eight trace elements (Al, V, Fe, Zn, Rb, Sr, Zr and
Cd) were detected with the SP-AMS of which three (Sr, Zr and Cd) were observed only
with the m-VACES. Trace elements seemed to be enriched in the m-VACES similar to5

major inorganic and organic species. Overall, the operation of the m-VACES was not
found to lead to any severe sampling artifacts. The effect of acidity could be an issue
in locations where the aerosol is acidic, however, in those cases the use of a denuder
(which was not used in this study) is recommended.

1 Introduction10

Atmospheric aerosols have significant impacts on human health as they are deposited
within the respiratory system (e.g. Dockery et al., 1993), and on climate by scatter-
ing and absorbing solar radiation (Charlson et al., 1992) or changing Earth’s surface
albedo after deposition on snow (Ramanathan and Carmichael, 2008). Quantifying the
climate and health effects of atmospheric aerosols needs rapid and detailed informa-15

tion of the aerosol chemical composition as a function of particle size. Advanced on-line
measurements developed over the last decade, such as the Aerosol Mass Spectrom-
eter (AMS; Canagaratna et al., 2007) enable almost real-time extraction of aerosol
chemical composition. Their fast response has allowed a more precise characteriza-
tion of aerosol sources and processes. The performance of on-line methods, such as20

the AMS, can be extended to lower concentrations, higher time or mass resolution, or to
soft-ionization if the typical atmospheric aerosol concentrations are increased by using
a particle concentrator upstream of these spectrometers. In general, particle concen-
trators improve on-line instrument performance in two basic ways: they enable shorter
integration times (Dreyfus et al., 2008; Sun et al., 2009), and/or new compounds may25

become detectable when the particulate mass available for analysis increases (Sal-
cedo et al., 2010, 2012).
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In the past, particle concentrators were used mainly for health exposure studies in or-
der to collect a large amount of particulate matter on filters for laboratory assays (e.g.
Cho et al., 2005) or for direct inhalation exposure studies (e.g. Sioutas et al., 1997;
Gupta et al., 2004). Additionally, it has been suggested that the use of particle concen-
trators can improve the operation of particle samplers by reducing evaporative losses5

from particles collected on either impactor substrates or filters (Chang et al., 2000).
Many designs of particle concentrators are based on virtual impaction (VI; Willeke and
Baron, 1993), in which the particles larger than a certain size are concentrated by using
inertial separation (e.g. Sioutas et al., 1997; Demokritou et al., 2003). However, in tra-
ditional concentrators, enrichment of particles with diameters less than a few hundred10

nanometers is very difficult to achieve due to the high pressure drop needed across the
VI. The use of a virtual impactor with moderate pressure drop is possible by growing
particles prior to VI by condensation of water vapor. In this approach, submicron par-
ticles grown to 2–4 µm droplets are separated from the sample flow by using a virtual
impactor, excess water from the droplets is removed e.g. by a drier, and ideally each15

particle returns to its original size. This technique has been used e.g. in the Versatile
Aerosol Concentration Enrichment System (VACES; Kim et al., 2001a, b), miniature-
VACES (m-VACES; Geller et al., 2005) and in the Harvard Ultrafine Concentrated Am-
bient Particle System (HUCAPS; Gupta et al., 2004).

A critical requirement for an operational aerosol-concentrating system is the homo-20

geneous enrichment of each particle size and chemical species of the aerosol distribu-
tion. In condensational growth concentrators, like VACES and HUCAPS, the conden-
sation of water and the changes in air temperature could alter the chemical composi-
tion of particles and the size distribution due to condensation of species that remain
in the particles after water evaporation, and/or coagulation of particles and/or water25

droplets. Multiple studies are available in the literature where the concentrator systems
are tested for such artifacts. Typically, the particle size is unaffected for larger particles
but a shift of small particles to larger sizes has been observed. Such a size shift has
been observed e.g. for the HUCAPS (Su et al., 2006; Rastogi et al., 2012), however,
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for the m-VACES only a minimal distortion of the size distribution was detected (Ning
et al., 2006) and for the VACES there was no indication of a shift in the size distributions
(Jung et al., 2005; Freney et al., 2006).

Regarding the chemistry of particles, both inorganic and organic artifacts have been
associated with concentrators. For the VACES, Khlystov et al. (2005) found that there5

was a positive artifact for nitrate during polluted days whereas for sulfate and organics
the artifact was very minor. A thermodynamic model predicted that the formation of
nitrate in the VACES depended on ammonia concentrations; the artifact should be
more pronounced in ammonia-limited conditions and nearly undetectable in ammonia-
rich conditions. In several other studies using the VACES, there were no detectable10

changes in the chemical composition of particles during the concentrating process
(Kim et al., 2001a, b; Zhao et al., 2005; Freney et al., 2006). Similarly to the VACES, no
major artifacts in chemistry have been observed for the m-VACES (Ning et al., 2006).

Jung et al. (2010) investigated gas phase artifacts in the VACES by studying highly
soluble vapors, hydrogen peroxide, ammonia and nitric acid. Their results indicated15

that there were two processes associated with the gases in the VACES; gases can be
absorbed into the particles as they grow with the condensation of water or they can
be lost to condensed water mostly in the saturator. Nitric acid and hydrogen peroxide
were found to be lost in the saturator water whereas ammonia was absorbed into par-
ticles, the relative importance of these processes following the order of Henry’s law20

solubilities.
Compared to the VACES and m-VACES, HUCAPS appears to have more artifacts

associated with the concentrating process. Su et al. (2006) noticed that in the HU-
CAPS elemental carbon particles were coated by water-soluble organics that had been
originally in the ultrafine range. Furthermore, aromatic and polycyclic aromatic hydro-25

carbons (PAHs) were enriched in the ultrafine region (50–100 nm) but amines were
decreased downstream of the HUCAPS, possibly due to volatilization losses during
the drying process. In contrast to the HUCAPS, in the VACES an increase of amine
type particles was observed in fine particles (100–300 nm) but there was no significant
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change in PAHs (Su et al., 2006). Also McWhinney et al. (2012) reported a significant
organics artifact in the HUCAPS, and they speculated that nitrate may also be lost
in the HUCAPS system. Artifacts associated with the operation of particle concentra-
tors need to be evaluated carefully regardless of whether the concentrator is used for
toxicological studies, source apportionment, identification of new compounds or some5

other purposes in which the chemical and physical properties of concentrated aerosol
affect the outcome of the study.

This study expands on previously published evaluations of the performance of the
m-VACES in laboratory and field measurements. The present paper complements
the laboratory studies of Geller et al. (2005), and the field evaluation studies of Ning10

et al. (2006) by using a Soot Particle Aerosol Mass Spectrometer (SP-AMS) capable
of measuring the aerosol size distribution and detailed chemical composition in a time
resolution of few minutes. The aim of this study was to investigate: (1) the enrichment
efficiency of particulate chemical species in the m-VACES, and the factors affecting the
enrichment efficiency, (2) the change in the original aerosol chemical properties during15

the concentrating process, (3) possible artifacts associated with the operation of the
m-VACES, and (4) new species that are undetectable without the concentrator system.

2 Experimental methods

2.1 Miniature-VACES (m-VACES)

The miniature VACES used in this study was similar to that presented in Geller20

et al. (2005). The design and operation of m-VACES is described here only shortly
as it is explained in detail in previous publications. m-VACES is a miniature version of
original VACES design, with lower “intake” and “minor” flow rates (30 and 1–1.5 Lpm,
respectively) than the original VACES. The humidification of the air stream is achieved
with a saturator consisting of a heated and wetted commercially available cellulose25

sponge surrounding the intake flow. Cooling the aerosol flow, in order to reach water
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supersaturation state and thus strong particle growth, is accomplished using a com-
mercially available, solid-state, thermo-electric chiller. Cooling temperature is lower in
the m-VACES (−1 ◦C) than in the original VACES (−6 to −8 ◦C) eliminating the build-up
of ice on the inner walls of the condenser tube. After growing to larger sizes, the aerosol
is concentrated using a small virtual impactor and then dried to the original size using5

a diffusion dryer filled with silica gel.
In this study, the m-VACES was used in the laboratory and in the field. Opera-

tional parameters used in the m-VACES were quite similar to those employed in Geller
et al. (2005) and Ning et al. (2006). Inlet flow for the m-VACES was 30–31 Lpm and the
minor flow 1–1.1 Lpm. Temperature downstream from the saturator was 35–37 ◦C in10

the laboratory measurements and 30 ◦C in ambient measurements, which was slightly
higher than suggested in Ning et al. (2006) (∼ 4–7 ◦C above ambient temperature). At
lower saturator temperatures there was no enrichment of particles, which could have
been due to the very low relative humidity of the sample air (especially in the lab-
oratory). It has been reported earlier that if ambient conditions are relatively warm,15

dry and/or clean, the saturator temperature needs to be increased (Ning et al., 2005).
Chiller temperature was set at −3 to −2 ◦C, which was 1–2 ◦C lower than suggested in
Geller et al. (2005). Silica gel in the dryer was changed every few days based on the
change in the color of the gel. Enrichment factor (EF) in the m-VACES was calculated
as the ratio of aerosol number/mass concentration after the m-VACES to that without20

the m-VACES.

2.2 Laboratory setup

Laboratory experiments were carried out at the Finnish Meteorological Institute in
Helsinki, Finland in February 2010. m-VACES was tested with a Water Condensation
Particle Counter (W-CPC; TSI, Model 3785), Electrostatic classifier (TSI, model 3080)25

with Differential Mobility Analyzer (DMA, TSI, Model 3081), and Aerodynamic Particle
Sizer (APS; TSI Model 3320).
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For laboratory experiments submicrometer particles (0.01–1 µm) were generated
with a Constant Output Atomizer (TSI, model 3076) from dioctyl sebacate (DOS) in
2-propanol and from ammonium sulfate (AS) in deionized water. Generated particles
were dried with a silica gel dryer and the desired monodisperse particle size fraction
was selected by using the DMA.5

Droplet size distributions downstream of the m-VACES without the dryer were mea-
sured with the APS from ∼ 0.5 to 20 µm (aerodynamic diameter) with a time averaging
of one minute. After employing a silica gel dryer, the particle number size distribution
before and after the m-VACES was obtained by using a Scanning mobility particle sizer
(SMPS) which consisted of an electrostatic classifier with DMA and W-CPC. SMPS10

measured with a time resolution of three minutes scanning from 15 to 420 nm (mobility
diameter).

2.3 Ambient measurements

2.3.1 Measurement site

Ambient measurements were carried out at the Station for Measuring forest15

Ecosystem–Atmosphere Relations (SMEAR) III in Helsinki, Finland (Järvi et al., 2009)
in five days from 9 to 14 April 2010. SMEAR III is located at the University of Helsinki
campus area about 5 km northeast from the city center of Helsinki. Buildings of the
Finnish Meteorological Institute and University of Helsinki are located next to the sta-
tion. About 200 m east from the station, there is a major road with heavy traffic,20

with a small forested area between the road and the station. In addition to traffic,
also biomass combustion for residential heating is a source of submicron particles at
SMEAR III (Saarikoski et al., 2008). It is also possible that there was a small fraction of
crustal material in the particles, even though only submicron sizes were investigated,
as the measurements were carried out in springtime when road dust is typically resus-25

pended.
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The performance of the m-VACES was studied by using a SP-AMS for aerosol chem-
ical species and SMPS for particle number and volume distributions. There were two
sampling lines, one for the m-VACES and a second one for the bypass flow, that were
switched every 30 min with solenoid valves. Both sampling lines used the same PM10
inlet on the roof of the measurement station.5

2.3.2 SP-AMS

The Soot Particle Aerosol Mass Spectrometer (Aerodyne Research Inc., USA; Onasch
et al., 2012) is a combination of two well-characterized instruments: the Aerodyne High
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, DeCarlo et al.,
2006) and the Single Particle Soot Photometer (SP2; Droplet Measurement Technolo-10

gies, CO, USA). In the SP-AMS, an intracavity Nd:YAG laser vaporizer (1064 nm),
based on the design used in the SP2 instrument, is incorporated into the HR-ToF-
AMS. The addition of the laser enables the vaporization of refractory particles, specifi-
cally laser-light absorbing refractory black carbon (r-BC) and some metal particles that
are not detected in the standard AMS. The laser vaporizer does not interfere with the15

standard tungsten vaporizer used in the HR-ToF-AMS instrument or generate any ions
as the photon energy is much below species ionization potentials. Therefore, the SP-
AMS instrument can be operated with the laser vaporizer alone, with both the laser
and tungsten vaporizers, or just with the tungsten vaporizer. If the SP-AMS has both
the tungsten and laser vaporizers it measures refractory black carbon and associated20

non-refractory particulate material in addition to the non-refractory species measured
by the standard AMS (sulfate, nitrate, ammonium, chloride, organics). In this study, the
SP-AMS operated with tungsten and laser vaporization on from 9 to 11 April 2010 after
which the laser was turned off due to technical issues and the instrument operated only
with the tungsten vaporizer.25

The time resolution of the SP-AMS was set to five minutes. One third of the time
the AMS measured in the Particle Time-of-Flight mode (PToF, reporting chemically-
resolved size distributions) and the other two thirds in mass spectrum mode (MS, mass
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concentrations without particle size information). Mass spectra were measured with
V- and W-modes but only V-mode data was analyzed further as with this vaporizer
configuration the resolution of W-mode was not better than that of V-mode but the
sensitivity of W-mode was lower.

SP-AMS data was analyzed using a standard AMS data analysis software (SQUIR-5

REL v1.49 and PIKA v.1.08B) within Igor Pro 6 (Wavemetrics, Lake Oswego, OR). High
resolution (HR) data was used for mass spectral analysis but for the size distributions
only unit mass resolution (UMR) data was available. Black carbon was calculated fol-
lowing Onasch et al. (2012). All the SP-AMS species were calculated with a collection
efficiency (CE) of 1. The estimation of CE is more complex for the SP-AMS than for10

the HR-ToF-AMS as there are two vaporizers that have different factors affecting the
CE (Onasch et al., 2012). As the focus of this study was in the efficiency of the m-
VACES, not in the exact mass concentrations, CE= 1 was used for all the SP-AMS
species regardless of the vaporizer configuration. This could affect the results some-
what, especially for the laser vaporizer if particle size or shape changes through the15

concentrator as the lens focusing depends on both size and shape (Huffman et al.,
2005).

Positive matrix factorization (PMF, Paatero and Tapper, 1994; Lanz et al., 2007; Ul-
brich et al., 2009) was conducted on the mass spectra of ambient and concentrated
organic aerosol (OA) separately. Only the data without the laser (11–14 April 2010)20

was selected for the PMF analysis in order to avoid the vaporization technique to in-
fluence on the solution. Before conducting the PMF analysis the data was averaged to
30 min giving only one data point for each ambient/concentrated period. The averaging
was performed in order to ensure that the variation in the concentrating process did
not affect the results of PMF. The APES (Analytic Procedure for Elemental Separation;25

Aiken et al., 2007, 2008) was used for the elemental analysis of the SP-AMS data.
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2.3.3 Other measurements

The SMPS system used at SMEAR III was similar to that used in the laboratory tests,
with the SPMS measuring particles from 15 to 420 nm (mobility diameter) with a time
resolution of three minutes. Particle mass size distribution was calculated with the
SMPS software by using the density of 1.48 gcm−3 obtained earlier for particles mea-5

sured in Helsinki (Saarnio et al., 2010).
Data from gaseous species was recorded by monitors at the SMEAR III. Ozone (O3)

was measured with an API 400 analyser (Teledyne Instruments, Advanced Pollution
Instrumentation, USA), sulfur dioxide (SO2) with a TEI 43iTL (Thermo Fisher Scientific,
USA) analyser, and nitrogen oxides (NOx) with an API 200AU (Teledyne Instruments)10

analyser. For the measurement of NOx the instrument converts nitrogen dioxide (NO2)
to nitrogen monoxide (NO) with a molybdenum converter. Carbon monoxide (CO) was
measured with Horiba APMA 370 (Horiba Europe GmbH, Germany). Weather parame-
ters were measured with a Vaisala weather station. Average meteorological parameters
and gas concentrations during the m-VACES measurements at SMEAR III are shown15

in Table 1.

3 Results and discussion

3.1 Performance of m-VACES for monodisperse particles in the laboratory

3.1.1 Droplet size

Droplet sizes downstream of the m-VACES were tested by using monodisperse am-20

monium sulfate aerosol. AS particles were generated with the atomizer and the size
was selected with the DMA of the SMPS. Monodisperse AS particles were directed to
the saturator, chiller and VI, and they were measured with the APS without drying. Six
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different particle sizes were selected from the DMA: 70, 100, 150, 250, 350 and 450 nm
(mobility diameter).

The original size of ammonium sulfate particle did not affect the obtained droplet
size distribution (Fig. 1). For each tested size, the maximum of the droplet size was
at 4.7 µm, however, the shape of the size distributions varied slightly for different AS5

sizes. For 150 and 350 nm particles, there were more droplets below 2.5 µm than for
the other sizes, and there was also a separate, smaller mode for 350 nm AS particles
at 0.7 µm and for 450 nm particles at 0.9 µm. Differences in the size distributions were
caused by varying temperature in the saturator. The heating in the saturator was main-
tained as constant as possible, but there was a small fluctuation in temperature (∼ 2 ◦C)10

in the course of droplet size measurements, which was directly related to the fraction
of droplets below 2.5 µm. The dependence of droplet size on saturator temperature
was described earlier by Geller et al. (2005). The exact size distribution of droplets
does not affect the performance of the m-VACES as long as the droplets are above
2.5 µm in aerodynamic size, which is the cut-off of the virtual impactor. In this study15

the percentage of droplets below 2.5 µm varied from 6.2 % (70 nm) to 24 % (150 nm),
which can cause a somewhat lower enrichment ratios in the m-VACES than theoreti-
cally calculated. More accurate and automated temperature control of the saturator is
recommended for future studies to reduce such losses.

3.1.2 Enrichment ratio20

The enrichment of monodisperse particles in the m-VACES was measured by adding
a dryer to the measurement set-up and replacing the APS by the W-CPC. The size of
AS particles did not have an impact on the enrichment factor in the m-VACES. EF was
calculated as the ratio of aerosol number/mass concentration after the m-VACES to that
without the m-VACES. A consistent enrichment factor of 20–23 was obtained for 70–25

450 nm monodisperse AS particles (Fig. 2). That was lower than the theoretical EF of
30 likely due to particle losses in saturator, condenser, droplet separation and diffusion
dryer. Such losses do not appear to depend on the size of the original particles, and
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thus losses of droplets smaller than the impactor cutpoint of 2.5 µm appear a likely
cause.

3.1.3 Particle size

The influence of m-VACES on particle size was studied by substituting the W-CPC with
the SMPS in order to measure the size distributions upstream and downstream of the5

m-VACES. Five sizes of monodisperse AS particles were measured with the SMPS.
For 300 nm particles the size distribution was preserved after the m-VACES but for
the smaller sizes, especially for 50 and 70 nm, a shift to larger sizes was observed
(Fig. 3a; Table S1). The shift of the peak maximum varied between 4 nm for 100 nm
particles and 10 nm for 50 nm AS particles. Particle concentration did not affect the10

shift, which rules out particle coagulation as a potential cause of the shift. However,
the size shift increased when the temperature in the saturator was higher. Dry AS
particles are approximately but not perfectly spherical (Huffman et al., 2005), in order
to completely rule out an effect of particle shape on the DMA measurements and on
the shift, AS particles were replaced by DOS particles that are liquid and spherical. For15

50 nm DOS particles the shift was slightly smaller than for AS particles but for all other
sizes the shift was similar (Fig. 3b; Table S1), which confirmed that the shift was not
due to a change in particle shape through the concentrator, and that it did not depend
on particle composition.

The size shift for small particle sizes has been observed earlier also for other con-20

centrator designs (Su et al., 2006; Rastogi et al., 2012). Rastogi et al. (2012) sug-
gested various explanations for the shift: (1) inefficient growth of very small particles
with subsequent loss to major airstream within virtual impactors, (2) inefficient water
removal during the drying process and/or (3) condensation of organic compounds on
the droplets that did not volatilize in the drying process causing irreversible growth. In25

this study, the third explanation seems to be the most plausible reason for the size shift
and most likely caused by the gas-particle partitioning of water-soluble semi-volatile or-
ganic compounds (SVOCs). SVOCs can be present in ambient air but it is also possible
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that the material condensing on the particles originates from the cellulose sponge ma-
terial used in the saturator as the increasing temperature in the saturator releases more
material from the sponges. For hypothesis (1) particle number concentration was mea-
sured also in the major flow in the laboratory (not shown), but there were no particle
losses that could explain the shift, consistent with the lack of dependence of the con-5

centration factor on particle size discussed earlier. For hypothesis (2), remnant water,
the drying process was tested by using two diffusion dryers in row but the size shift did
not change (not shown). In ambient measurements (reported in Sect. 3.2.2) it will be
shown that the additional mass is likely to be made of organics, mostly hydrocarbons.

3.2 Performance of m-VACES in ambient atmosphere10

m-VACES was used to concentrate ambient aerosol in Helsinki, Finland in April 2010.
The performance of the m-VACES in the field was assessed by investigating the effect
of concentrating process on particle number and mass measured with the SMPS, and
chemical species determined by the SP-AMS.

3.2.1 Particle mass and number concentrations15

In general, the enrichment factor was smaller for particle mass than for particle number
(Table 2). That can be explained by high EF for small particles, seen when EF is pre-
sented as a function of particle size (Fig. 4a). For 20 nm particles EF was around half
of the theoretical value of 30, after which it started to increase towards the maximum at
30–40 nm. The maximum value of EF was ∼ 40 that is larger than the theoretically pos-20

sible value of ∼ 30 likely due to the size shift of smaller particles found in the laboratory
tests. After the peak value EF began to decrease again and had a plateau for larger
sizes (EF ∼ 22). Inefficient enrichment of particles< 20 nm was similarly reported in
Ning et al. (2006) for the m-VACES.

Average number and mass size distributions for concentrated and ambient aerosol25

are presented in Fig. 4b and c and the time evolution of size distributions in Fig. S1.
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Concentrated aerosols had fewer particles below ∼ 25 nm (mobility diameter) than am-
bient but there were more particles from 25 to 100 nm in concentrated than in ambient
number size distribution (Fig. 4b). During some periods, particles may be present be-
low the cutpoint of the SMPS, as the size distributions are not going to zero at small
sizes. Those particles may also be growing into the SMPS size range in the concentra-5

tor resulting in an apparently larger enrichment at the smallest detectable sizes. For the
mass size distributions, there was no significant difference between the ambient and
concentrated distributions (Fig. 4c). That is because the majority of mass is in the size
range where EF was quite constant and close to the average (or ideal) value. EF for
particle number concentrations varied in time more than those for mass (Fig. 5a). This10

may be due to the changes in the shape of number size distribution and intermittent
presence of new particle formation, and the strong dependence of EF on particle size.
However, EF neither for number or mass correlated with ambient temperature or hu-
midity, ambient mass/number concentration or any gas-phase species measured (O3,
NO, NO2, SO2 or CO).15

3.2.2 Particle chemical composition

The average chemical composition of particles was very similar for ambient and con-
centrated aerosols (Fig. 6). The fractional contribution of organics and nitrate was equal
for ambient and concentrated aerosols, whereas for sulfate it was slightly smaller, and
for r-BC it was slightly larger for concentrated than for ambient particles. Overall these20

differences were quite small. The largest difference was observed for ammonium. Am-
monium had 50 % larger contribution in concentrated than in ambient aerosols. Chlo-
ride vanished almost totally from the concentrated particles. The behavior of chemical
species in the m-VACES is discussed in more detail in next sections.

2752

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/2737/2014/amtd-7-2737-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/2737/2014/amtd-7-2737-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 2737–2781, 2014

Evaluation of the
performance of a

particle concentrator

S. Saarikoski et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.2.3 Inorganic species

Sulfate and nitrate had similar enrichment factors averaged over the whole measure-
ment period (Table 2; Fig. 5). EFs for sulfate and nitrate were slightly larger than that for
particle mass but smaller than for particle number. Similar to particle number and mass,
ambient relative humidity, temperature, measured gases, or aerosol species ambient5

concentrations did not correlate with EFs for nitrate or sulfate. Regarding the diurnal
patterns (Fig. 5b), there was a minor diurnal trend for sulfate with slightly smaller EF in
the afternoon than in the night and morning, however, there were only five days of data
thus the uncertainty in diurnal trends is large.

The size distributions of sulfate and nitrate changed slightly during the concentrat-10

ing process in the m-VACES (Fig. 7a). On average, nitrate peaked at a smaller size
than sulfate the accumulation mode shifting from 430 nm in ambient aerosol to 480 nm
in concentrated aerosol whereas for sulfate the shift was from 480 to 540 nm. Size-
dependent EFs for nitrate and sulfate both had a maximum at 530 nm (Fig. 7b).

Enrichment of ammonium and chloride deviated clearly from that of sulfate and ni-15

trate. Average EF for chloride was much lower (EF ∼ 13) and for ammonium clearly
larger (EF ∼ 40) than for the other species (Table 2) or the theoretical value of 30. High
enrichment of ammonium in the m-VACES was associated with periods of high acidity
of ambient aerosols. The time series for the acidity of ambient particles, expressed here
as the ratio of cations to anions measured by the SP-AMS, is shown in Fig. 8a. It can20

be seen from the time series that the particles were relatively acidic (small ratio of SP-
AMS cations to anions) from the beginning of the measurement period until the midday
of 10 April and from the midnight to the evening on 12 April 2010. At the same time with
the increasing acidity, EF for ammonium increased. In general, there was a clear corre-
lation between EF for ammonium and the ratio of SP-AMS cations to anions (Fig. 8b).25

This finding suggested that gaseous ammonia neutralized acidic ambient aerosol, as
evidenced by the neutralized aerosol after the m-VACES (Fig. 8a; Table 3). However,
it is still unclear why the aerosol was not neutralized by the ammonia already present
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in ambient air. It is possible that ammonia accumulated in the sponges of the saturator
of the m-VACES previously and was released when acidic aerosol was present. This
phenomenon has been observed for ammonium emissions from soil; acidic aerosol
induced emission rates of ammonia from the land surface (Ellis et al., 2011). The ad-
sorption of gaseous ammonia was not seen in the size distributions of ammonium if5

the particles were not acidic. The size distributions during the enhanced ammonium
period (12 April) and the following day, when the ambient aerosol was almost neutral
(13 April, from 06:00 LT to midnight), were alike (Fig. S2), likely as the condensation of
ammonia was driven by the size distribution of the anions. On average, ammonium had
somewhat wider accumulation mode for concentrated than for ambient aerosol, with10

a size-dependent EF peaking at 530 nm (Fig. 7) similar to sulfate and nitrate. A slight
enrichment for ammonium has been noticed earlier in the laboratory and ambient tests
in the VACES (Jung et al., 2010).

A low enrichment of chloride in the m-VACES was also likely to be associated with
the acidity of ambient aerosol. However, in the case of chloride the trend was just15

the opposite to that of ammonium. EF for chloride increased as the acidity of aerosol
decreased (Fig. 8b). If chloride detected by the SP-AMS was present as NH4Cl, as it
is often the case (e.g. Salcedo et al., 2006), the trend with apparent acidity could be
caused by the evaporation of HCl from acidic droplets in the m-VACES. Unfortunately,
the size distributions of chloride could not be used to investigate this hypothesis, as20

they could not be obtained for different acidity levels due to their low signal to noise
ratio (SNR). On average for the whole measurement period, the size segregated EF
for chloride showed a low enrichment in the accumulation mode range (150–500 nm;
Fig. 7b). In fact, accumulation mode particles were slightly more acidic between 100–
700 nm than at larger or smaller sizes (Fig. S3), however, the change in chloride EF25

was sharper than that for the acidity of ambient particles.
Aerosol acidity has been reported to affect the enrichment of nitrate in the VACES

in Pittsburg (Khlystov et al., 2005). The reason for the formation of the extra nitrate in
the concentrator in that study was attributed to the transfer of nitric acid from the gas to
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the aerosol phase. The nitrate artifact was observed on days when the ammonium was
in deficit to fully neutralize the measured sulfate and nitrate, but on a clean day, when
ambient aerosol was neutralized, no discernible artifact was observed. Extra nitrate
was mostly found at small sizes forming an additional mode in the size range of 100–
200 nm.5

3.2.4 OA and r-BC

Enrichment factors were slightly larger for OA and r-BC than for nitrate and sulfate (Ta-
ble 2). Similar to sulfate, also for OA there was a minor diurnal pattern with smaller EF in
the afternoon than in the night and morning (Fig. 5b). Regarding the size-distributions,
the location of the accumulation mode shifted more for organics than for inorganics in10

the m-VACES (Fig. 7). That was probably due to the fact that the maximum of organics
was located at smaller sizes than that of inorganics. OA peaks at 340 nm in ambi-
ent aerosol, whereas the peak of the mode was at 430 nm in concentrated aerosol.
The size-dependent EF for OA was quite stable until 350 nm after which it increased
slightly reaching a maximum at 530 nm (Fig. 7b). The smaller accumulation mode peak15

for organics vs. inorganics was likely due to local sources for OA, such as traffic and
residential heating with the wood, whereas sulfate and nitrate originated mostly from
long-range transport (Timonen et al., 2008).

For r-BC, the size-dependent EF could not be calculated but, similar to Massoli
et al. (2012), m/z 36 was used as a surrogate for r-BC as it was the strongest carbon20

cluster signal. For m/z 36 the size distribution for ambient and concentrated aerosol
agreed well (Fig. 7). Similar to other species, ambient relative humidity, temperature,
gases, or species ambient concentrations did not affect EFs for organics or r-BC.

The properties of organic aerosol appeared to change only slightly during the con-
centration process. Mass fragments of concentrated OA and r-BC were plotted against25

those of ambient OA and r-BC classified according to their elemental composition
(Fig. S4). Relative concentrations of ambient and concentrated hydrocarbon-like ions
(CxH+

y ) correlated strongly but C3H+
7 (m/z 43) had double the relative concentration
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in concentrated OA compared to that in ambient OA. That could be due to the fact
that the concentrator made the small particles that are normally outside of the AMS
transmission curves grow so that they were detected much more efficiently after the
concentrator, or due to the organic impurities in the sponges. For oxidized organic
compounds (CxHyO+ and CxHyO+

z , z > 1) most of the ions had similar relative concen-5

trations in ambient and concentrated OA, however, CO+
2 fragment was 25 % lower for

concentrated than for ambient OA.
Some mass fragments of OA contained also nitrogen atoms. Of nitrogen-containing

fragments the highest signals were observed for CH4N+ (m/z 30.034), followed by
C2H4N+ (m/z 42.034) and C3H6N+ (m/z 56.050). For the CxHyN+ ions the relative10

concentrations were significantly and consistently higher in concentrated than in am-
bient aerosol. For CH4N+, C2H4N+ and C3H6N+ the relative concentrations in the m-
VACES were 2.0, 2.4 and 1.8 times to those in ambient aerosol, respectively. This
would suggest neutralization of acidic aerosols by amines (e.g. Smith et al., 2010),
similar to the higher enhancement of ammonium observed above. The time series of15

CH4N+, C2H4N+ and C3H6N+ correlated with that of ammonium for the concentrated
aerosol (R2 0.72, 0.69 and 0.62, respectively; Fig. S5), however, there were no corre-
lations for ambient aerosol or for EFs. Su et al. (2006) have investigated the concen-
tration enrichment of amines with various particle concentrators. They found that the
ion signals from amines were reduced after the HUCAPS, possibly due to volatilization20

losses during the thermal drying process, whereas amines increased in the fine parti-
cles (100–300 nm) in the VACES. The presence of more acidic aerosols in this study
may have caused the different behavior observed here.

Average ratios of organic matter to organic carbon (OM : OC) and oxygen to car-
bon (O : C) were similar for ambient and concentrated OA (Table 3). Regarding diurnal25

trends, OM : OC and O : C were slightly larger in the afternoon and evening than in the
night and morning (Fig. S6). Higher OM : OC and O : C indicated more oxidized OA and
the formation of secondary organic aerosol (SOA), however the amount of SOA for-
mation was rather small due to the limited amount of solar radiation in Finland in early
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April. Hydrogen to carbon ratio (H : C) was slightly larger for concentrated OA than for
ambient OA that agrees with the higher relative concentration of C3H+

7 mentioned ear-
lier. Nitrogen to carbon ratio (N : C) for concentrated OA was almost twice of that for
ambient OA, consistent with the elevated nitrogen-containing ions discussed above.

3.2.5 Source apportionment for OA5

Positive matrix factorization was conducted on the mass spectra of OA measured with
and without the m-VACES. For both ambient and concentrated data, three-factor so-
lutions were selected for further investigation. Factors were identified as hydrocarbon-
like OA (HOA) and two factors for oxygenated OAs (OOA; denoted here as OOA-1 and
OOA-2). HOA had a characteristic hydrocarbon pattern in mass spectrum whereas10

OOAs had a high signal for CO+
2 (Fig. 9a). OOA-1 and OO-2 had quite similar mass

spectra, however, there were some minor differences between OOAs, for e.g. C2H3O+

(m/z 43.018) had much lower fraction in OOA-1 than in OOA-2 and the biomass burn-
ing marker C2H4O+

2 (m/z 60.021; Lee et al., 2010) had higher fraction in OOA-1 than in
OOA-2 (Fig. 9a). OOA-1 also correlated with sulfate, nitrate and gaseous CO whereas15

OOA-2 did not correlate with any of the chemical species measured. We hypothesize
that OOA-1 was mostly a mixture of emissions from Eastern/Central Europe trans-
ported to Finland whereas OOA-2 originated mainly from local sources.

The concentrating process changed the PMF factors to some extent. The time series
and mass spectra of ambient and concentrated OOA-1 were well correlated (R2 = 0.9020

and 0.89, respectively, Fig. S7), however, the average fraction of OOA-1 was much
larger in concentrated than in ambient OA (Fig. 9b). In case of OOA-2, the mass spectra
of ambient and concentrated OA correlated well (R2 = 0.91) with only CHO+ deviating
from the pattern, but the time series of OOA-2 had some dissimilarities in ambient and
concentrated data sets (R2 = 0.56). The average fraction of OOA-2 in OA was almost25

equal for ambient and concentrated data. In general, both OOA-1 and OOA-2 were
slightly less oxidized after the m-VACES and their O : C’s moved closer to each other
(Fig. 10). HOA had the largest difference between the ambient and concentrated data.
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The time series of ambient and concentrated HOA had a low correlation (R2 0.39) and
regarding the mass spectra, HOA had much higher fraction of CxH+

y ions, e.g. C3H+
3 ,

C2H+
5 and C3H+

7 , in concentrated than in ambient HOA shown as a larger H : C for
concentrated than for ambient HOA (Fig. 10). There could have been some mixing
between HOA and OOAs in the PMF solution process, however, the average H : C was5

larger for concentrated OA than for ambient OA probably due to the condensation of
material originating in the sponges or the growth of the small particles in the m-VACES,
as discussed earlier.

The stability of the PMF solutions was tested by changing the fPEAK values in or-
der to explore the possibility of local minima in the Q-space. The fPEAK values of10

zero were chosen for both ambient and concentrated PMF solutions, being the min-
ima in Q/Qexpected plots (Fig. S8). For ambient PMF solution Q/Qexpected increased
significantly as fPEAK was smaller or larger than zero, but for the PMF solution of
concentrated OA Q/Qexpected was almost flat from fPEAK of −2 to 0.8. The influence
of fPEAK value (−0.4–1.6) on the time series and mass spectra of PMF factors is pre-15

sented in Fig. S9. Time series and mass spectra of the PMF factors varied substantially
with fPEAK. Both OOAs had large fluctuation, whereas the solution for HOA was more
stable, especially for concentrated OA. Therefore, the difference in the PMF factors for
ambient and concentrated OA could be caused mostly by the uncertainty in the PMF
solution. It should be remembered here that the data set for the PMF analysis was very20

limited (less than three days), which could have affected the uncertainty in the PMF
solutions.

3.2.6 Trace elements

HR-AMS can detect several trace elements with lower melting and boiling points in near
real-time (Salcedo et al., 2012), and furthermore, the SP-AMS can detect some addi-25

tional metals and trace elements due to the laser vaporizer (Onasch et al., 2012). How-
ever, the concentrations of trace metals are typically very low in ambient air, especially
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in Finland, and therefore their real-time detection is challenging. Thus the use of a con-
centrator may allow the real-time detection of elements that otherwise could not be
observed.

Five trace elements were detected in ambient air without the m-VACES; aluminum,
vanadium, iron, zinc and rubidium. Except zinc, all of the elements were most likely5

associated with the laser vaporization as there was a steep drop in the recorded con-
centrations when the laser vaporizer was switched off. Rubidium can undergo surface
ionization with a tungsten vaporizer making its quantification difficult (Drewnick et al.,
2006), similar to sodium and potassium. In this study surface ionization in tungsten
vaporizer was not likely to be a confounding issue, as rubidium seemed to be totally10

vaporized by the laser and not hit the tungsten vaporizer, however, surface ionization
can also take place on the hot surface of the r-BC particles discussed more in Car-
bone et al. (2014). Slow evaporation is another issue related to the detection of semi-
refractory elements with the AMS, requiring special data analysis procedures (Salcedo
et al., 2012). Zinc signals were consistent with slow evaporation at tungsten vaporizer15

the ratio of closed to open being around 0.70 and 0.25 for ambient and concentrated
aerosol, respectively (Fig. S10). However, a part of the difference could be due to the
uncertainty in the detection of low signal for Zn.

Trace elements gave rather similar EFs to the other species measured, however, the
standard deviations for EFs were large probably due to the high uncertainty associ-20

ated with the determination of their low ambient concentrations (Table 2). Of all the
elements, rubidium had the smallest enrichment factor and aluminum the highest. EFs
were calculated for the most abundant isotopes (m/z 26.982 for Al, m/z 50.944 for
V, m/z 55.935 for Fe, m/z 84.912 for Rb), except for zinc that was detected at the
isotope 68Zn (m/z 67.925). All the other isotopes of V, Fe and Zn could not be resolved25

from the neighboring peaks or were below their detection limits. The isotopic ratio of
85Rb and 87Rb is shown in Fig. S11 for open and closed modes. The isotopic ratio of
87Rb to 85Rb was near the natural isotopic ratio of 0.386 for both the modes. Unfortu-
nately, it was not possible to investigate size-dependent EFs for trace elements as they

2759

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/2737/2014/amtd-7-2737-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/2737/2014/amtd-7-2737-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 2737–2781, 2014

Evaluation of the
performance of a

particle concentrator

S. Saarikoski et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

composed only a minor fraction of the total signal at each unit mass. Additionally, due
to the limited data coverage from the laser vaporizer, diurnal patters for the EF could
not be calculated.

Aluminum, iron and rubidium correlated with r-BC. This suggests that they have sim-
ilar combustion-related origins in Helsinki, mostly in the form of traffic sources, either5

from exhaust or non-exhaust (e.g. road dust) emissions. Zinc has been shown to be as-
sociated with regional or long-range transported air masses in Helsinki whereas vana-
dium has more local sources like heavy oil combustion (Pakkanen et al., 2001).

Besides those five trace elements that were detected in ambient air without the con-
centrator, three additional elements were detected only with the m-VACES. These el-10

ements were strontium, zirconium and cadmium (Fig. S12) and they were identified
based on their exact m/z. Strontium was detected at m/z 87.906 and zirconium at
m/z 89.905 that were their most abundant isotopes. Cadmium was observed at m/z
111.903. Unfortunately, any other isotopes of these elements could not be detected,
and therefore their existence could not be verified by the isotopic ratios. Of those three,15

only strontium seemed to be associated with r-BC and vaporized with the laser. How-
ever, because zirconium in its elemental form requires about 4400 ◦C to be vaporized,
one possibility is that this trace element was associated with other elements forming
for example salts or oxides that could be vaporized with lower temperatures. Neither
zirconium nor cadmium showed evidence of slow evaporation in tungsten vaporizer20

indicated by a signal in the closed mode.
Strontium and zirconium did not have any clear correlation with the other species

measured whereas cadmium correlated with organics and r-BC. That was unexpected
as cadmium did not seem to be in the same particles with r-BC (detected also with-
out laser). Previously cadmium has been related to several sources in Helsinki and it25

was found to be mostly regional or long-range transported (Pakkanen et al., 2001).
Strontium, on the other hand, has been associated with traffic-related components
from vehicle motor oil but it can also originate from crustal material. Zirconium has
not been reported in Helsinki urban air before but in US it has been reported e.g. from
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the emission of the coal-fired boilers and in samples of geological material (Watson
et al., 1995).

4 Summary and conclusions

The performance of the m-VACES was investigated in laboratory and ambient atmo-
sphere in Helsinki, Finland. The results of this study indicate that the m-VACES can5

be used together with advanced on-line instruments, such as the Soot Particle Aerosol
Mass Spectrometer, showing only minor artifacts associated with the particle size and
chemical composition. The operation of the m-VACES was rather stable and repro-
ducible, the enrichment process independent of the chemical nature of the particles.
Commonly monitored inorganic gases (O3, NO, NO2, SO2 and CO), ambient tempera-10

ture or relative humidity did not correlate with any small fluctuations in the enrichment
process and the enrichment efficiency was independent of species concentration lev-
els. The small changes observed in the enrichment ratios seemed to be related to the
variation of instrumental parameters in the m-VACES (e.g. saturator temperature).

The most significant artifact related to the operation of the m-VACES was the neutral-15

ization of acidic particles with gaseous ammonia and likely amines. One possibility to
improve the performance of the m-VACES is to add denuders upstream of the concen-
trator, as suggested already for the VACES by Khlystov et al. (2005). The implementa-
tion of denuders could be easier for the m-VACES than for the VACES as the flow rate
of the m-VACES is significantly lower. Also the enrichment efficiency of chloride was20

affected by the acidity of particles. The trend for chloride was anti-correlated with that
of ammonium with more evaporation of chloride from acidic particles. However, the ar-
tifact associated with chloride is small in terms of perturbing the total mass measured
as the concentration of chloride was only 8 % of that of ammonium in ambient particles.

In contrast to several other concentrator studies, there was no large artifact for OA in25

the m-VACES. The organic fraction showed similar enrichment efficiency with sulfate
and nitrate, indicating artifacts only for hydrocarbons and nitrogen containing organic
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components. Hydrocarbon fragments showed enhanced enrichment in the m-VACES,
however, the amount of the hydrocarbon artifact was minor. Nitrogen containing or-
ganics, most likely amines, induced much larger relative artifact, but in their case, the
contribution to the total organic mass was small (3 % in the concentrated organics), so
this artifact only represents a small perturbation of the overall properties of the aerosol5

like the oxidation state. This is important when the chemical processing of aerosol is
studied, e.g the aging process. Even though the properties of OA did not change sub-
stantially in the concentrating process, statistical analysis showed slightly different fac-
tors for ambient and concentrated OA. This may reflect the sensitivity of PMF to minor
changes in the composition of OA, however, due to the small size of the data set used10

for the PMF analysis, the difference in the PMF factors for ambient and concentrated
OA could also be caused by the uncertainty in the PMF solution.

The m-VACES together with the SP-AMS enabled the investigation of trace ele-
ments. Aluminum, vanadium, iron, zinc and rubidium showed only slightly lower en-
richment factors than the other species measured, however, that can be assumed to15

be caused by larger uncertainties in the results due to the signal close to the detection
limit. The use of the m-VACES also allowed the detection of additional trace elements,
strontium, zirconium and cadmium that could not be observed without the concentrator.

The m-VACES is more suitable for the instruments that measure mass than for num-
ber based on-line instruments. There is a shift in the size distribution for the small20

particles up to sizes ∼ 200 nm (mobility diameter) that has much larger effect on par-
ticle number than on particle mass as the maximum in the number size distribution is
at smaller size than in the mass size distribution. For example for the SP-AMS, that
measures mass, the shift in the size distribution only represented a small perturbation
of the ambient aerosol.25

Possible artifacts associated with the particle concentrators should always be stud-
ied carefully, as they may depend on the operational conditions and the ambient con-
ditions and local properties of particles and gases (e.g. NH3), as observed here for
acidic particles. Therefore, it should be noted that some of the results from the ambient
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measurements presented in this study may apply to the areas with conditions similar
to those in Helsinki.

Supplementary material related to this article is available online at
http://www.atmos-meas-tech-discuss.net/7/2737/2014/
amtd-7-2737-2014-supplement.pdf.5
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Table 1. Ambient temperature, relative humidity and the concentrations of gases during the
field measurements at SMEAR III.

Measurement average ± stdev

Ambient temperature 5.5±2.3 ◦C
Ambient relative humidity 74±9.9 %
O3 28.6±6.98 ppb
NO 2.69±3.60 ppb
NO2 14.2±8.76 ppb
SO2 0.81±0.57 ppb
CO 276±37.5 ppb
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Table 2. Concentrations and EFs (average ± stdev) of particle number and mass, SP-AMS
species and total mass from the SP-AMS measured for ambient and concentrated aerosol.
SP-AMS species are calculated with the collection efficiency of 1.

Species Ambient concentration Concentrated concentration Enrichment factor

Particle number (# cm−3) (SMPS) 4.58±2.10×103 1.25±0.483×105 27.9±4.92
Particle massa (µgm−3) (SMPS) 8.00±6.02 1.80±0.962×102 23.0±2.31
Organics (µgm−3) 2.10±1.01 58.1±28.2 27.1±3.81
Nitrate (µgm−3) 0.259±0.233 6.76±6.40 24.3±3.53
Sulfate (µgm−3) 0.753±0.311 19.1±8.58 24.6±3.80
Ammonium (µgm−3) 0.284±0.164 9.90±4.60 39.5±12.0
Chloride (µgm−3) 2.00±0.970×10−2 0.291±0.202 13.1±4.62
r-BCb (µgm−3) 0.203±0.132 6.07±3.87 27.6±4.19
Aluminum (Hz) 0.220±0.566 5.03±3.27 25.5±11.5
Vanadiumb (Hz) 0.446±0.580 8.50±6.28 21.1±8.85
Ironb (Hz) 0.613±1.02 9.00±5.89 19.1±11.3
Zincb 0.271±0.325 5.38±4.55 19.7±9.43
Rubidiumb (Hz) 1.66±1.19 28.8±15.3 15.0±5.14
Total massb (µgm−3) (SP-AMS) 3.81±1.60 1.07±0.453×102 27.6±4.40

a density of 1.48 gcm−3, b only with the laser on.
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Table 3. Ratio of SP-AMS cations to anions and elemental ratios for organics. Ambient and
concentrated aerosol (average ± stdev).

Ratio ambient concentrated

cation to anion 0.703±0.158 1.053±0.053
OM : OC 1.61±0.08 1.61±0.07
O : C 0.36±0.06 0.35±0.05
H : C 1.42±0.11 1.61±0.06
N : C 8.24±23.8×10−3 15.1±4.60×10−3
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Fig. 1. Droplet size for monodisperse AS particles. Concentrations (y axis) were normalized
by dividing the concentrations by the total particle concentrations upstream of the m-VACES
(13–35 # cm−3).
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Fig. 2. Enrichment factor for monodisperse AS particles measured with the CPC. Theoretical
enrichment factor was 30.
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Fig. 3.  Fig. 3. Number size-distributions for monodisperse AS (a) and DOS (b). Results have been
scaled according to the total number concentrations.
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Fig. 4.  

Fig. 4. Size distributions for enrichment factor (a), ambient and concentrated particle number
(b) and mass (c) measured with the SMPS. Particle mass was calculated by using the density
of 1.48 gcm−3.
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Fig. 5. Time series for EFs (dots) and ambient concentrations (lines) (a) and diurnal trends for
EFs, ambient temperature and relative humidity (b). Particle number and mass were measured
with the SMPS and organics, nitrate and sulfate and r-BC with the SP-AMS. Particle mass was
calculated by using the density of 1.48 gcm−3. Diurnal trend for EF of r-BC is not shown as it
was calculated only when the laser was on (two days). Chloride is not shown due to low SNR
and ammonium is shown separately in Fig. 8.
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Fig. 6. Average chemical composition of ambient and concentrated particles measured with
the SP-AMS laser on.
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Fig. 7.  
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Fig. 7. Average mass size distributions for organics, nitrate, sulfate, ammonium, chloride and
m/z 36 (surrogate for r-BC) for ambient and concentrated aerosol (a) and the corresponding
EFs (b). m/z 36 was measured only with the laser on. Clear outliers were excluded from (b)
and ammonium, chloride and m/z 36 were smoothed by 1 point due to low SNR for ambient
size distributions. Dashed lines in (b) represent the average EF for the SP-AMS (26.7).
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Fig. 8.  
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Fig. 8. The ratio of SP-AMS cations to anions for ambient and concentrated aerosol and the
enrichment ratio for ammonium (a), and the correlation between EF and the ratio of SP-AMS
cations to anions for ammonium and chloride (b).
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Fig. 9.  
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Fig. 9. PMF factors for ambient and concentrated OA. Mass spectra (a), and time series and
average contributions to OA (b).
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Fig. 10.  

Fig. 10. Location of the PMF factors at O : C, H : C space. Black circles are for ambient and red
circles for concentrated OA.
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