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ABSTRACT 
 

Chemical characterization of non-refractory submicron particles (NR-PM1) and source apportionment of organic 
aerosols (OA) were carried out at four different sites in the Helsinki metropolitan area, Finland, using an Aerodyne 
Aerosol Chemical Speciation Monitor (ACSM). Two of the sites represented suburban residential areas, whereas the other 
two were traffic sites, one in a curbside in downtown and the other one in a suburban highway edge. The residential and 
the curbside measurements were conducted during the winter, but the highway campaign was carried out in the autumn. 
NR-PM1 were composed mainly of organics (40–68% in the different sites), followed by sulphate (11–34%), nitrate (12–
16%), ammonium (7.8–8.5%) and chloride (0.24–1.3%). The mean concentrations of NR-PM1 were quite similar during 
the winter campaigns (10.1–12.5 µg/m3), but NR-PM1 was clearly lower during the autumn campaign at the highway site 
(6.0 µg/m3) due to the meteorology (favourable mixing conditions), small concentrations of long-range transported 
particles and non-intensive heating period locally and regionally. Using a multilinear engine algorithm (ME-2) and the 
custom software tool Source Finder (SoFI), the organic fraction was divided into two or three types of OA representing 
hydrocarbon-like organic aerosol (HOA), oxygenated organic aerosol (OOA), and in three sites, biomass burning organic 
aerosol (BBOA). At the downtown traffic site (Curbside), BBOA could not be found, probably because most of the local 
wood burning occurs in the suburban areas of the Helsinki region. OOA had the largest contribution to OA at all the sites 
(50–67%). The contribution of HOA was higher at the traffic sites (25–32%) than at the residential sites (15–18%). At the 
suburban residential and highway sites, the contribution of BBOA was high (25–30%). Especially during cold periods, 
very high BBOA contributions (~50%) were observed at the residential sites. 
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INTRODUCTION 
 

Atmospheric aerosols play a key role in climate change. 
Particles scatter and absorb light, and they serve condensation 
surfaces for water vapour, affecting cloud formation, 
precipitation rates and indirect climatic effects due to clouds 
(IPCC, 2013). Some of the particles are semi-volatile, and 
they can modify the trace gas composition and impact gas-
phase reaction pathways through heterogeneous reaction in 
the atmosphere. Aerosols also have adverse effects on human 
health, as fine aerosols can penetrate deep into the lungs. 
Even a short-term exposure to outdoor fine particulate matter 
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is associated with increased risk of death and emergency 
admission to the hospital (e.g., Atkinson et al., 2014). A 10 
µg/m3 increment in particulate matter < 2.5 µm (PM2.5) has 
been associated with an increase in the risk of death, but 
the mass concentration alone is not sufficient to evaluate the 
health effects of particles, as certain chemical components 
and sources are more harmful than others (Zanobetti et al., 
2014). Specific sources like traffic, coal, oil and biomass 
combustion, soil or road dust have shown positive correlation 
with mortality or to adverse health effects (Ostro et al., 2011; 
Dai et al., 2014; Uski et al., 2014; Zanobetti et al., 2014). 

Chemical composition of fine particles in urban areas 
has been studied extensively all over the world. The main 
contributors to PM are organic materials followed by 
sulphate, nitrate, ammonium and black carbon (e.g., Putaud 
et al., 2004; Zhang et al., 2007; Chan and Yao, 2008 and 
references therein), but the sources for the chemical 
components may differ depending on local and regional 
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emissions and how the air masses are drifting. One major 
source of fine particles in many urban environments is the 
transportation sector (e.g., Zhang et al., 2005). Biomass 
burning in fireplaces and stoves is often another significant 
particulate matter source, especially during winter in 
residential areas (Glasius et al., 2006; Szidat et al., 2007), 
whereas the prescribed burning may have a significant role 
in agricultural areas also effecting urban areas (Jimenez et 
al., 2006). Other sources of particulate matter are industry, 
cooking, power generation, biogenic hydrocarbon emissions 
and the secondary material formed through chemical 
reactions (Zhang et al., 2007; Mohr, et al., 2012). 

In the Helsinki metropolitan area, vehicular traffic is the 
most significant local particle source affecting urban air 
quality (Pirjola et al., 2012; Soares et al., 2014). Also, the 
effects of wood combustion on local air quality can be 
considerable, especially during periods of low vertical mixing 
due to stagnant weather conditions, as the release height of 
the emissions is typically low and the combustion in domestic 
heating appliances is incomplete (Saarikoski et al., 2008; 
Saarnio et al., 2012). Wood combustion is widely used as a 
supplementary source of heating at detached-housing areas 
in winter in the Helsinki area. Additionally, a large portion 
of fine particles originates from long-range transport (LRT) 
in the Helsinki metropolitan area. The concentrations of 
LRT particles are highest when aerosols are transported 
from the polluted areas of Eastern Europe, whereas the 
lowest LRT levels are observed when air masses originate 
from the Atlantic Ocean (Niemi et al., 2004, 2005; Saarikoski 
et al., 2007; Saarnio et al., 2010a).  

The objective of this study was to characterize the 
chemical composition and sources of submicron particulate 
matter (PM1) in the Helsinki metropolitan area, Finland, by 
deploying a relatively new monitoring technique based on 
aerosol mass spectrometry (Aerodyne Aerosol Chemical 
Speciation Monitor, ACSM). This study was conducted 
during the years 2010–2012 at four different sites, including 
two suburban detached-housing areas (Residential I and 
Residential II), a curbside site in downtown (Curbside) and 
a suburban highway edge (Highway). Organic aerosol (OA) 
data was analysed in detail by applying a multilinear engine 
algorithm (ME-2, Canonaco et al., 2013) for organic mass 
spectra in order to explain the main sources of OA in the 
Helsinki area. So far, the combination of ACSM or AMS 
(aerosol mass spectrometer) and ME-2 with Source Finder 
(SoFi) has been used only in few studies (e.g., Canonaco et 
al., 2013; Crippa et al., 2014). 
  
METHODS 
 
Description of the Sites 

The measurements were conducted at four different sites 
around the Helsinki metropolitan area (Fig. 1). The population 
of the Helsinki metropolitan area is about 1 million. The 
Residential I site was situated approximately 20 km northeast 
from downtown Helsinki. The site was surrounded by 
detached houses. It is quite typical to use wood burning as 
a supplementary heating source in Finnish detached housing 
areas, and most of the houses have their own fireplaces.  

 
Fig. 1. Map of the sampling sites and major roads in the 
Helsinki metropolitan area. The Curbside was situated in 
the downtown area of Helsinki. 

 

There were no main roads through the area, but the nearest 
motorway was approximately 1.2 km east of the site. 
Measurements at the Residential I site were conducted 
from 17 February to 16 March 2011. 

The Residential II site was situated in a low-lying area of 
detached housing approximately 20 km west from Helsinki 
downtown. There were no main roads through the area. 
The closest highway was situated approximately 3 km south 
of the site. Measurements at the Residential II site were 
performed from 12 January to 28 February 2012. 

The Curbside site was situated in downtown Helsinki 
beside a quite heavily trafficked road (23000 vehicles/ 
working day). A lot of the vehicles in downtown are related 
to transportation and work-related drives throughout the 
day. There were constant rows of buildings on both sides 
of the road affecting the dispersion of aerosols, although 
there was one big crossing close to the site. Measurements 
at Curbside were carried out from 1 December 2010 to 7 
January 2011. 

The Highway site was situated near a heavily trafficked 
highway (5 m from the edge of the first lane), which is the 
inner ring road around Helsinki, approximately 10 km from 
Helsinki downtown. The traffic density was approximately 
69 000 vehicles/working day. Measurements at the Highway 
site were conducted from 18 October to 5 November 2012. 
 
Instrumentation 
Aerosol Chemical Speciation Monitor 

The aerosol chemical speciation monitor (Aerodyne 
Research Inc., Ng et al., 2011a) is able to routinely 
characterise non-refractory sub-micron aerosol species (NR-
PM1: sum of organics, nitrate, sulphate, ammonium and 
chloride). The instrument consists of a particle sampling 
inlet, three vacuum chambers and a residual gas analyser 
mass spectrometer. In the particle sampling inlet, particles 
are focussed into a narrow particle beam by using an 
aerodynamic lens system. After being transmitted through 
chambers, the beam is directed into a hot tungsten oven 
(~600°C) where particles are flash- vaporised, ionised with 
a 70 eV electron impact ioniser and detected with a 
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quadrupole mass spectrometer. ACSM can measure with a 
time resolution from 15 minutes upward, and in this study, 
a time resolution of approximately 30 min was used. The 
comparison of ACSM to different instruments has been 
widely studied in the paper of Budisulitiorini et al. (2014). 
In order to account for the particle losses in the vaporizer, 
a collection efficiency (CE) of 0.5 has been widely used in 
aerosol mass spectrometry techniques (Canagaratna et al., 
2007). A CE = 0.5 was also used in this study, but it was 
calculated also based on the Middlebrook et al. (2011). 
There were some occasions, when high aerosol acidity was 
achieved. However, most of the time the calculated CE 
was 0.5. Additionally, there were some uncertainties in the 
calculation of the acidity of the aerosols. At the time of the 
measurements campaigns the ACSM was not calibrated for 
sulfate, only for ammonium and nitrate, and therefore the 
relative ionization efficiency (RIE) for sulfate was not 
measured. In this study, the RIE value of 1.2 was used for 
sulfate that seems to be at the high end, as RIE values of 
1–1.2 for sulfate were measured since spring 2013. 
Uncertainties of the calculations of sulfate concentrations 
have been presented by Budisulistiorini et al. (2014). There 
are also other factors like high ammonium nitrate molar 
fraction or high relative humidity that affects the CE, but 
in this study they were not present.  

 
Multi-Angle Absorption Photometer 

The black carbon (BC) concentration was measured using 
a multi-angle absorption photometer (MAAP, Thermo 
Electron Corporation, Model 5012). The MAAP determines 
the absorption coefficient (σAP) of the particles deposited 
on a filter by a simultaneous measurement of transmitted 
and backscattered light. The σAP is converted to BC mass 
concentrations by the instrument firmware using the mass 
absorption cross section of 6.6 m2/g (Petzold and Schönlinner, 
2004). The inlet cut point for the MAAP was 1 µm (PM1). 
BC concentrations were measured at every site, but due to 
the poor data coverage caused by technical problems, the 
data from the Residential I site are not presented here.  
 
Other Air Quality and Meteorological Data 

PM2.5 concentrations were measured with monitors based 
on β-attenuation (FH 62 I-R, Residential I and Curbside 
sites), combination of light-scattering and β-attenuation 
(SHARP 5030, Residential II site) or with a tapered element 
oscillating microbalance technique (TEOM 1400 AB, 
Highway site). The PM2.5 monitoring data of different 
instruments was corrected using calibration equations to 
ensure equivalent results according to European standards 
(Waldén et al., 2010). NO and NO2 concentrations were 
measured with a chemiluminescence analyser (Horiba 
APNA360/370). 24-h filter samples (PM10) were collected 
at the Residential I site every third day (n = 4) and 
levoglucosan (1,6-anhydro-β-D-glucopyranose), selected 
ions and benzo(a)pyrene (BaP) were analysed by using a 
high performance anion-exchange chromatograph coupled 
with mass spectrometer, an ion chromatograph and a gas 
chromatograph coupled with mass spectrometer, respectively 
(Saarnio et al., 2010b; Vestenius et al., 2011; Teinilä et al., 

2014). Local meteorological data was recorded at an urban 
background site (SMEAR III) 5 km northeast from downtown 
Helsinki.  
 
ACSM Data Analysis 

The organic aerosol fraction was investigated by using ME-
2 and the custom software tool SoFi version 4.6 (Canonaco et 
al., 2013). ME-2 allows exploring the solution place much 
more widely than positive matrix factorization (PMF). 
Especially the solutions in ME-2 can be rotated in directions 
that make sense and not arbitrarily as done with fpeak in 
PMF. By using the source apportionment method, organic 
aerosols can be divided into factors representing different 
particle sources like traffic, biomass burning and cooking, or 
into factors that represent components with similar chemical 
characters, such as low-volatility (LV) and semi-volatile 
(SV) oxygenated organic aerosol (OOA).  

The number of factors in the dataset is unknown, and the 
final number of factors in the ME-2 is defined by the user. 
The number of factors was selected based on the unexplained 
variation, changes in the Q-value (the total sum of the squares 
of the scaled residuals), the comparison of mass spectra 
with the AMS mass spectra database (Ng et al., 2011b) 
and/or by using auxiliary species such as BC, inorganic 
ions, NOx and meteorological information. 

In ME-2, the user can constrain factor profiles and/or 
time series to a chosen extent. According to the guidelines 
of source apportionment by ME-2, a reference hydrocarbon 
like organic aerosol (HOA) mass spectrum should be 
constrained first if the constraint is needed (Crippa et al., 
2014). Because primary organic aerosol components (HOA 
and biomass burning organic aerosol BBOA) were not 
separated clearly with unconstrained ME-2 analyses in the 
residential sites, the constrained factor profile of HOA was 
used.  

In the paper of Crippa et al. (2014), reference spectra for 
constraining were taken from the measurements done in 
Paris, where HOA and organic aerosol from cooking (COA) 
were nicely separated (Crippa et al., 2013). As the COA 
factor has not been identified in Helsinki in earlier studies 
(Timonen et al., 2013; Carbone et al., 2014), the reference 
HOA mass spectrum was deployed from the measurement 
done by Carbone et al. (2014) at an urban background site 
in Helsinki instead of the reference HOA spectrum from 
Crippa et al. (2013). In the study of Carbone et al. (2014), 
high resolution data was presented, but unit mass resolution 
mass spectrum of HOA was calculated for the purpose of 
this study. HOA mass spectrum was used as an input data 
with an a-value of 0.1. The a-value determines the extent 
to which the output is allowed to vary from the input, i.e. 
an a-value of 0.1 means that the contributions of the mass 
spectral ions concentrations are allowed to vary only up to 
10%. Different a-values were tested (0.05–0.3) to find the 
most reasonable one (not shown).  

In the Residential I campaign, some periods with very 
low concentrations (approximately 30% of the data points) 
were excluded from the factor analyses, as the explained 
variation over the period with low concentrations was below 
the reasonable value (< 75%, Canonaco et al., 2013). 
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RESULTS AND DISCUSSION 
 
Mass Concentrations and Chemical Composition of Fine 
Particles 

The mean concentrations of NR-PM1, calculated by 
summing up all chemical species measured by the ACSM 
(organics, nitrate, sulphate, ammonium, chloride), were 
quite similar during the wintertime campaigns (Residential 
I, Residential II and Curbside), whereas the mean NR-PM1 
concentration was clearly lower during the autumn campaign 
conducted at the Highway site (Table 1; Fig. 2). The low 
NR-PM1 concentrations during the Highway campaign were 
mainly caused by the very low level of LRT background 
aerosol (the small concentrations of typical secondary LRT 
components such as sulphate, ammonium and nitrate are 
also visible in Fig. 2). In general, fine particle concentrations 
during these four campaigns were quite low compared to 
concentrations measured in large cities like Beijing (Sun et 
al., 2012, NR-PM1: 50 µg/m3) or Santiago de Chile (Carbone 
et al., 2013, NR-PM1: 30 µg/m3) but comparable to the 
measurements done e.g. at the urban background sites in 
Helsinki (Carbone et al., 2014, NR-PM1: 7 µg/m3), Atlanta 
(Budisulistiorini et al., 2014, NR-PM1: 14–17 µg/m3) or 
Grenoble (Lanz et al., 2010, NR-PM1: 15 µg/m3). 

On the basis of the campaign averages, organic material 
made up from 50 to 67% of total mass measured with the 
ACSM, followed either by sulphate (winter campaigns) or 
nitrate (autumn campaign), ammonium and chloride (Fig. 2). 
Organics had the largest contribution during the autumn 
campaign, and the contribution of sulphate was the smallest. 
In the Helsinki metropolitan area, sulphate is typically 
long-range transported and at the beginning of the autumn 
campaign, air masses came to the Helsinki metropolitan 
area from Scandinavian countries and the Arctic Ocean 
(HYSPLIT model: Draxler and Rolph, Rolph, not shown), 
where anthropogenic SO2 emissions are low.  

NR-PM1 measured by the ACSM comprised roughly 
from 50 to 80% of the PM2.5, which is consistent with the 
other observations (e.g., Sun et al., 2012). Different chemical 
species may have slightly different distribution in PM1 and 
PM2.5 depending on the locations and seasons. For example 
PM1/PM2.5 –ratio for organic matter (or organic carbon), 
sulphate, nitrate and ammonium typically ranges from 0.5 to 
0.8 (Liu et al., 2012; Perrone et al., 2014 and reference herein). 
However, in the measurements done by Budisulistiorini et al. 

(2014), the mass concentrations of NR-PM1 (ACSM) were 
50–110% higher than PM2.5, and it was speculated that in 
addition to known evaporative losses of the semi-volatile 
components in filter-based methods, ACSM has deficits in 
calibrating procedures. The smallest contribution of NR-PM1 
to PM2.5 was obtained at the Residential I site. The reason for 
the small contribution could be large BC concentrations at 
that site due to local wood-burning emissions. Unfortunately, 
that cannot be confirmed, as the BC data was available only 
for a short period of the campaign (not shown in Fig. 2). 
At the other residential site, the ratio of BBOA to BC was 
on average 0.8, indicating that BC concentrations at 
Residential I site may be as high as or even higher than 
BBOA concentrations. A similar value (0.8) has been 
presented also in the paper Crippa et al. (2013). The source 
apportionment analysis will be discussed later. The 
contribution of BC to PM2.5 was 10, 16 and 17% at the 
Residential II, Curbside and Highway sites, respectively. 
By summing NR-PM1 and BC-PM1, the contribution of 
measured chemical species increased up to 86–99% 
(excluding Residential I –site). Other components that were 
not measured by ACSM and can have a minor contribution 
to the PM2.5 mass were potassium and calcium, which can 
be associated with smoke aerosols (Li et al., 2003), sodium 
and chloride, that are present in sea salt, as well as 
aluminosilicates (e.g., Si, Al and Fe oxides) that are typical 
components of street dust particles. However, the difference 
between the measured chemical species and PM2.5 was 
likely to be mostly due to the difference in the size ranges 
(PM1 vs. PM2.5), the uncertainty in the collection efficiency 
and the RIE values for chemical species.  

The Pearson correlation coefficient, r, between NR-PM1 
and PM2.5 was high during the winter campaigns (0.87–
0.90) and moderate in the autumn campaign conducted at 
the Highway site (0.80). At the Highway site, BC had quite 
a high contribution to the PM2.5 (17%); therefore, the 
correlation between chemical species and PM2.5 improved 
when BC was included in chemical components (r: 0.90). 
Similar or even higher correlations have been found between 
ACSM and filter-based method of PM2.5 and PM1 in 
Atlanta (Budisulistiorini et al., 2014). 
 
Source Apportionment of Organic Aerosols 

The ME-2 algorithm and SoFi-tool were used to explore 
the sources and origins of organic aerosol. A three-factor

 

Table 1. The concentrations (mean ± stdev) in µg/m3 during the campaigns. 

 Residential I Residential II Curbside Highway 
PM2.5 19.3 ± 18.1 14.6 ± 9.9 14.5 ± 9.7 9.19 ± 6.83 

NR-PM1
a 10.1 ± 9.5 11.2 ± 8.1 12.5 ± 7.6 5.96 ± 3.97 

BC - 1.55 ± 1.80 1.84 ± 1.65 1.97 ± 2.16 
organics 5.25 ± 5.88 5.33 ± 4.22 6.37 ± 3.92 4.01 ± 2.98 
sulfate 1.87 ± 1.67 2.37 ± 1.61 2.94 ± 2.14 0.57 ± 0.37 
nitrate 1.54 ± 1.57 1.90 ± 1.93 2.01 ± 1.53 0.84 ± 0.82 

ammonium 0.77 ± 0.64 1.10 ± 0.81 0.99 ± 0.67 0.49 ± 0.42 
chloride 0.08 ± 0.15 0.05 ± 0.06 0.18 ± 0.65 0.05 ± 0.07 

NOx 37.3 ± 41.1 33.5 ± 48.3 98.7 ± 95.2 81.2 ± 85.4 
a sum of organics, sulfate, nitrate, ammonium and chloride measured with the ACSM. 
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Fig. 2. The time series of submicron aerosol components and PM2.5 at two residential and two traffic sites in the Helsinki 
metropolitan area, Finland.  

 

solution was found to represent most reliably the sources 
of organic aerosol at both the residential sites and at the 
Highway site. The four-factor solution resulted in split 
factors, without identifying a unique factor profile. The 
time series were similar between the two split factors. 
Factors were identified as OOA, BBOA and HOA based 
on the reference mass spectra presented in literature (e.g., 
Ng et al., 2011b). In the Curbside campaign, only HOA 
and OOA were found, as BBOA could not be extracted 
from the data. The signal at m/z 60, which is related to 
biomass combustion, was very noisy without any reasonable 
time series or diurnal cycle; therefore, constraint of BBOA 
was not attempted. The average fraction of m/z 60 to organics 
(f60) was very close to the estimated background level of 
f60 (0.3%, Cubison et al., 2011) even in higher organic 
loadings. The reason BBOA was not seen in the Curbside 
campaign remained unclear. Most of the local wood 

burning occurs in the suburban areas of the Helsinki region 
further away from downtown, but it was still expected to 
extract the BBOA factor in the Curbside campaign. 

OOA is generally dominated by secondary organic aerosols 
(SOA) formed in the atmosphere from gas-to-particle 
conversion. OOA factor could not be further separated to 
distinct factors in any of the campaigns due to fact that the 
measurements were done in winter and autumn when 
ambient temperature and light intensity are low. Typically, 
more than one OOA component has been found for the 
datasets collected in summer because of more intense 
photochemistry, higher ambient temperatures, and larger 
temperature changes in summer than in winter promote 
separation (Lanz et al., 2010). The OOA factor at all the 
sites had very high contributions of m/z 44, which is mainly 
the CO2

+ fragment typically from thermal decarboxylation 
of organic acid groups (Alfarra et al., 2004), and m/z 18, a 
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fragment of H2O
+ implying the thermal breakdown of the 

carboxylic acid on the vaporizer, indicating highly oxidised 
organic aerosol that is considered a low-volatility oxidised 
organic aerosol (Fig. 3). 

The mass spectra of individual factors were very similar 
between the sites, and they correlated well (Pearson 
correlation r = 0.92–0.98). Also, the mass spectra of OOA 
and HOA were very similar to the reference mass spectra 
of LV-OOA and HOA presented by Ng et al. (2011b), 
respectively (Table 2). The BBOA mass spectra had a 
much higher contribution of m/z 18 and m/z 44 than the 
mean BBOA mass spectrum in Ng et al. (2011b).  

One method to assess the oxidation state of organic 
aerosol is to plot the fraction of m/z 43 to organics (f43) 
versus the fraction of m/z 44 to organics (f44, respectively; 
Ng et al., 2010; Fig. 4). It can be seen from the figure that, 
in general, OA has larger f44, and therefore is more 
oxidised, at the Residential I site than at the Highway and 
Curbside sites. At the Residential II site, on the other hand, 
OA varied least, especially for f43. By looking at the 
individual ME-2 SoFi factors, it can be seen that OOA had 
the largest f44 (0.21–0.30) and corresponding O:C ratios 
(0.87–1.2, Ng et al., 2010), with the highest values observed 
for the residential sites. All OOAs are located in the highly 
oxidised LV-OOA region in the tringle plot where, e.g., 
fulvic and humic acids are also found. All these f44 and 

O:C ratios for OOA were higher than in multiple field 
studies (Ng et al., 2010) or even at a very similar site in 
Helsinki (Timonen et al., 2013; Carbone et al., 2014). The 
higher ratios may be due to different instruments, as the 
previous measurements in Helsinki were performed using 
the high-resolution AMS with time-of-flight detector 
(ToF). The quadrupole detector used in the ACSM is much 
less sensitive than the ToF detector in the AMS. However, 
f44 at the Curbside site (0.21) was quite similar to that 
measured in New York with the ACSM (0.19; Ng et al., 
2011a). BBOA had slightly larger f43 values than OOA 
but much smaller f44 values. The observed O:C ratios for 
BBOA (0.4–0.5) were also slightly higher than presented 
in the literature (e.g., 0.21–0.32; Saarikoski et al., 2012; 
Timonen et al., 2013; Carbone et al., 2014). It is possible 
that the BBOA is LRT BBOA (Timonen et al., 2013), a 
mixture of BBOA and OOA or can be partly processed 
BBOA (Crippa et al., 2013), as the BBOA factors in all 
three sites had quite large f44 and f18, although elevated 
f44 has also been observed for primary wood combustion 
sources (Alfarra et al., 2007). HOA presented the lowest 
O:C ratios at all the sites. 
 
Residential Areas  

OOA constituted more than half of organic aerosols at 
both the residential sites (Residential I 55 ± 22% and
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Fig. 3. Mass spectra of two residential and two traffic sites in the Helsinki metropolitan area in Finland. The reference 
mass spectrum for HOA was taken from the earlier study carried out in Helsinki and it was used for the constrained factor 
analysis at the Residential I and II sites.  
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Table 2. Comparison of factors and auxiliary data calculated as Pearson correlation coefficient r. Means of the factors (*) 
presented by Ng et al. (2011b). The term “sec ions” is the sum of main inorganic ions (sulfate, nitrate and ammonium) as a 
unit of an equivalent concentration. Coefficients with values over 0.70 have been bolded.  

 
Residential I Residential II Curbside Highway 

HOA BBOA OOA HOA BBOA OOA HOA OOA HOA BBOA OOA 
NO 0.76 0.66 –0.09 0.78 0.58 0.17 0.75 0.29 0.83 0.28 –0.05
NO2 0.75 0.64 0.00 0.78 0.61 0.29 0.64 0.11 0.79 0.31 –0.06
NOx 0.82 0.70 –0.06 0.84 0.64 0.23 0.74 0.24 0.84 0.30 –0.05
PM2.5 0.77 0.79 0.24 0.71 0.63 0.77 0.53 0.82 0.72 0.59 0.24 
BC    0.92 0.83 0.37 0.82 0.44 0.85 0.60 0.01 

sulpahte 0.71 0.67 0.44 0.36 0.39 0.75 0.30 0.76 –0.03 0.06 0.74 
nitrate 0.29 0.23 0.62 0.76 0.62 0.56 0.62 0.74 0.33 0.40 0.61 

ammonium 0.31 0.24 0.77 0.72 0.53 0.74 0.59 0.83 0.12 0.08 0.71 
chloride 0.71 0.76 0.14 0.74 0.71 0.38 0.38 0.20 0.30 0.26 0.25 
sec ions 0.53 0.47 0.72 0.66 0.57 0.83 0.51 0.86 0.21 0.26 0.72 

LV-OOA* 0.23 0.90 0.94 0.24 0.69 0.96 0.22 0.98 0.14 0.90 0.98 
HOA* 0.99 0.26 0.08 0.99 0.33 0.13 0.98 0.15 0.96 0.37 0.20 

BBOA* 0.70 0.76 0.36 0.72 0.85 0.42 0.76 0.76 0.63 0.81 0.50 

 

 
Fig. 4. f43 versus f44 triangle plots for different sites and 
for the identified ME-2 factors (▲, ● and ■). The dotted 
lines define the triangular space where ambient OA usually 
falls. The triangle plot is described detail in Ng et al. (2010). 

 

Residential II 55 ± 19%, Fig. 5). Also, the diurnal patterns 
of OOA were very similar at both the sites, without any 
significant trend over the day (Fig. 6). The OOA component 
has been shown to be a good surrogate of SOA in multiple 
studies, correlating well with secondary species (e.g., Zhang 
et al., 2005). In this study, OOA correlated with ammonium 
at both the residential sites (Fig. 7 and Table 2) and with 
sulphate at the Residential II site (Table 2). The precursor 
gas, ammonia, is emitted from agricultural and some natural 
sources. In Finland, those sources are quite limited in 
winter; therefore, ammonium can be considered mainly as 
long-range transported. The good correlation between OOA 
and ammonium indicates that also OOA originates mostly 
from LRT. Although the correlation between sulphate and 
OOA were poor at the Residential I site, it is very likely 
that part of the sulphate is long-range transported together 
with ammonia. During the cold period, there was an excess 

of sulphate up to 70% compared to ammonium, and the 
inorganic aerosol was acidic (main anion sulphate), referring 
to some local or regional sulphur dioxide (precursor sulphate) 
sources. Aerosol at the Residential II site was quite neutral 
despite the ambient temperature.  

The contributions and concentrations of constrained HOA 
factor were rather similar at both the residential sites: 15 ± 
7% of OA and 1.2 ± 1.3 µg/m3 at the Residential I site and 
18 ± 9% and 0.92 ± 0.89 µg/m3 at the Residential II site 
(Fig. 5). The contribution of HOA was very similar to the 
campaign carried out in January/March 2009 in Helsinki 
(Carbone et al., 2014), whereas it was higher than during 
the campaigns done in non-urban environments (Crippa et 
al., 2014). The ambient temperature did not seem to have 
any influence on the concentration or contribution of HOA 
at the Residential II site, whereas at the Residential I site 
the highest HOA concentrations were detected together 
with low ambient temperatures (Figs. 5 and 7).  

The HOA factor correlated well with nitrate at the 
Residential II site and NOx (NO + NO2) at both the sites, 
which is quite typical, as HOA and NOx usually have a 
common source, traffic (Fig. 7 and Table 2). However, 
NOx also correlated slightly with BBOA at the Residential 
I site (Table 2), and similar diurnal trends were detected 
for HOA, BBOA and NOx at the Residential I site, with 
pronounced peaks in the morning and evening (Fig. 6). 
Similar time series of HOA and BBOA and pronounced 
morning and evening peaks for BBOA have also been 
detected during winter inversions in Zürich (Lanz et al., 
2008). For HOA and BBOA, the evening peak was clearly 
higher than the morning peak, whereas NOx had a larger 
peak in the morning. NOx also has sources other than traffic, 
like heating plans and energy production, which, however, 
were not located in the vicinity. The diurnal profile of HOA at 
the Residential II site was rather flat, ranging from an early 
morning value of 0.7 µg/m3 to an evening value of 1.2 µg/m3 
at 8 p.m. (Fig. 6). The broad “morning and evening peaks” (7 
a.m.–1 p.m. and 3–9 p.m.) were probably a consequence of 
the combination of rush hours and stable meteorological 
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Fig. 5. Concentrations (averages) and contributions (averages and time series) of ME-2 factors (OOA, HOA and BBOA) at 
Curbside, Residential I, Residential II and Highway sites in the Helsinki metropolitan area, Finland. Black line is to 
ambient temperature.  

 

 
Fig. 6. Diurnal profiles of ME-2 factors and some auxiliary components in four different sites. 

 

conditions with low air temperatures, which hamper the 
dispersion of pollutants.  

The mean contributions of BBOA to OA were quite 
similar at both the residential sites (Residential I 30 ± 18% 
and Residential II 27 ± 17%), but the mean concentration 
at the Residential I (2.8 ± 4.25 µg/m3) site was almost 
double that of the Residential II site (1.6 ± 2.2 µg/m3). 
Some data was excluded from the Residential I site, as the 

factor analyses could not be performed reliably if all the 
data were included. Those excluded periods had low mass 
concentrations and therefore would have decreased the 
mean BBOA concentration if included in the analysis. Clearly 
lower contributions of BBOA were achieved in wintertime 
in Paris, Helsinki (urban background) and Manchester (12–
18%; Allan et al., 2010; Crippa et al., 2013; Carbone et al., 
2014) than in this study for residential areas.  
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Fig. 7. Time series of -ME-2 factors (solid areas) and some auxiliary components (lines) at Curbside, Residential I, 
Residential II and Highway sites in the Helsinki metropolitan area, Finland. Units are in µg/m3. 

 

Temperature had a clear effect on the concentration and 
the contribution of BBOA at the Residential I site, whereas 
that kind of behaviour was not seen at the Residential II 
site. At the beginning of the Residential I campaign, cold 
and stagnant weather conditions occurred and temperature 
decreased below –20°C during the nights and stayed below 
–10°C during the daytime (Fig. 5). The temperature profile 
for the Residential II site was very different. During the 
Residential II campaign, the weather was quite mild and 
rainy (sleeting and snowing), although in the middle of the 
campaign there were a few days with very low temperatures. 
The highest BBOA concentrations were measured during 
those cold days at the Residential II site (Figs. 5 and 7). 
Chloride correlated with BBOA at the Residential I site 
(Fig. 7 and Table 2). It has been noticed earlier that there is 
potassium chloride (KCl) in young smoke, whereas aged 
smoke contains more potassium nitrate (KNO3) and 
potassium sulphate (K2SO4) (Liu et al., 2000; Li et al., 2003). 
This conversion has been presented to be quite fast (Li et 
al., 2003). The sources for biomass burning smoke were 
very close to the Residential I site, as there were several 
residential houses in the vicinity of the site and smoke from 
chimneys was regularly seen during the campaign. The clear 
indication of biomass burning smoke was also seen in the 
concentrations of levoglucosan, potassium and BaP (Fig. 

8). The typical biomass burning tracer, levoglucosan, had 
higher concentrations during the cold period than right 
after it when temperature increased. Also, the concentrations 
of potassium and BaP were elevated at the same time. The 
correlation between BaP and levoglucosan has been shown 
to be very strong in small-house areas in Finland (Kousa et 
al., EAC, 2012). 

Sulphate correlated with BBOA at the Residential I site 
(Table 2). The ratio of BBOA to sulphate increased as the 
concentration of BBOA increased (not shown), which 
indicated that BBOA increased relatively more than 
sulphate, and the main origin of sulphate was probably 
other than BBOA. The origin of sulphate may be from 
other heating systems like district heat produced by coal or 
heavy oil in power plants. The heavy oil is used as an 
additional heating source during cold weather periods, at 
least in the Helsinki metropolitan area. Furthermore, 
sulphate and BBOA are also present in LRT aerosols 
which are mixed with pollutants from local sources.  
 
Traffic Sites 

Similar to the residential sites, OOA had the highest 
contribution to OA at the traffic sites, (Curbside 67 ± 14% 
and Highway 50 ± 19%; Fig. 5). The diurnal pattern of OOA 
was relatively independent of the time of the day (Fig. 6). 
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Fig. 8. Daily concentrations of benzo(a)pyrene (BaP), levoglucosan and potassium (K) from PM10 filter measurements and 
biomass burning organic aerosol analyzed by ACSM and ME-2. 

 

The time series of the OOA correlated with ammonium 
and sulphate at both the traffic sites and with nitrate at the 
Curbside site (Fig. 7 and Table 2). The ion balance was 
quite neutral at the Highway site, whereas it was mainly 
acidic at the Curbside site. There were no local emissions 
that would have explained the differences observed in 
acidity at the different sites, but meteorology and variation in 
emissions of precursor gases likely affected the concentrations 
of secondary inorganic ions and thus to the ion balance.  

The contribution of HOA to OA was 33 ± 14% at the 
Curbside site and 25 ± 17% at the Highway site, with no 
correlation between ambient temperature and the 
concentrations or contributions of HOA. The diurnal 
trends of HOA, BC and NOx and their time series were 
similar, indicating common emission sources (Figs. 6 and 
7). NOx is strongly associated with vehicle exhaust, and 
the diurnal pattern at the Highway site was quite typical 
for other traffic sites (Sun et al., 2011). During the rush 
hours, the HOA concentrations were elevated, and the 
morning peak was more pronounced than the evening 
peak. The morning and afternoon rush hour peaks were not 
seen at the Curbside site, maybe because the traffic flow 
near the Curbside site is quite constant throughout the day 
and/or the dispersion of aerosols was poor. 

The mean contribution of BBOA to OA was 25 ± 15% at 
the Highway site and slightly smaller than at the Residential 
sites. Highest BBOA concentrations and contributions were 
measured with low ambient temperature, but such a clear 
trend as at the Residential I site was not seen (Fig. 5). In 
general, the weather was quite mild (temperature between 
–7 and 13°C) during the campaign. Two clear BBOA 
episodes were detected at the Highway site during the 
night of October 25–26 and on the evening of October 27 
when temperature decreased below 0°C (Figs. 5 and 7). 
During those periods, the contribution of BBOA to OA 
was between 60 and 78%. BBOA seemed to be quite fresh 
during those days, as the concentrations of chloride were 
elevated together with BBOA. From the Curbside data, 
BBOA could not be extracted, probably because domestic 
wood burning is limited in downtown Helsinki and other 
sources dominate the composition of OA. 
 
SUMMARY AND CONCLUSIONS 
 

The chemistry of non-refractory submicron particles (NR-

PM1) was investigated in four measurement campaigns at 
different environments in the Helsinki metropolitan area, 
Finland. Two of the campaigns were conducted in the 
suburban residential areas (Residential I and II sites), one 
in downtown (Curbside site) and one beside the suburban 
highway (Highway site). Campaigns were conducted either 
in winter (Residential I & II and Curbside) or in autumn 
(Highway). The detailed aerosol chemistry was characterised 
with approximately 30 min time resolution by using the 
Aerodyne Aerosol Chemical Speciation Monitor. The sources 
of organics were further examined by the multilinear engine 
algorithm (ME-2) and the custom software tool Source Finder 
(SoFi). Auxiliary aerosol chemical components (inorganics, 
black carbon) and NOx concentrations were used to interpret 
the sources and origins of different factors produced by 
ME-2. 

The mean concentrations of NR-PM1, i.e., the sum of 
components deployed from the ACSM, were quite similar for 
the campaigns carried out in wintertime (10.1–12.5 µg/m3), 
whereas the concentration was 40–50% lower during the 
autumn campaign (6.0 µg/m3) conducted at the Highway 
site due to the low background concentration levels. The 
low background levels were likely caused by meteorology, 
origin of air masses and non-intensive heating period locally 
and regionally. On the basis of the whole study, organics had 
the highest contribution to NR-PM1 (54 ± 14%), followed by 
sulphate (21 ± 11%), nitrate (15 ± 8%), ammonium (9 ± 
5%) and chloride (1.0 ± 2.2%). The contribution of black 
carbon to PM2.5 was 13% on average, having the highest 
concentrations and contributions at the traffic sites. The 
sum of NR-PM1 and BC accounted for almost all of PM2.5. 

Organic fractions at four sites were divided into two or 
three distinct types of organic aerosol, representing HOA 
that was likely to be related to fresh vehicle exhaust, 
BBOA that mostly originated from local residential wood 
burning and OOA. The mass spectra of individual factors 
were very similar between the sites, although different 
approaches to the ME-2 tool were used: HOA was either 
constrained (residential sites) or not constrained (traffic sites). 
It seems that constraining was needed in the environments 
that were less affected by traffic. BBOA was not constrained, 
as it was separated without constraining at the Residential 
and the Highway sites, whereas at the Curbside site the 
biomass tracer (m/z 60) was not resolved from the 
background signal. 
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OOA had the largest contribution to organic aerosol at 
all the sites (50–67%) correlating with all or some of the 
secondary inorganic components, which indicates that OOA 
was mostly regionally distributed and long-range transported. 
The contributions of HOA were higher at the traffic sites 
(25–32%) than at the residential sites (15–18%). The time 
series and diurnal trends of HOA followed those of NOx 
and BC. The concentration of BBOA was clearly highest 
at the Residential I site (2.8 µg/m3) due to local wood 
burning emissions and cold weather. The detection of 
chloride together with BBOA supported the hypothesis 
that a significant fraction of BBOA was likely to be fresh 
and from local sources. BBOA had clear dependency on 
temperature. The contribution of BBOA was almost half of 
OA when temperature was low (below –15°C) at the 
Residential I site and as large as 60–78% during the cold 
autumn nights (below 0°C) at the Highway site. At the 
downtown traffic site (Curbside), BBOA could not be found, 
probably because most of the local wood burning occurs in 
the suburban small-house areas of the Helsinki region. 

This study displayed an extensive chemical 
characterization of submicron aerosol particles at residential 
and traffic-related environments. It presented that online 
monitoring of PM1 chemical composition with ACSM 
provides new quantitative information on the sources of 
aerosol. That data is valuable for local authorities dealing 
with the air quality issues in urban areas. However, this 
study also showed that in a rather clean urban 
environment, like in the Helsinki metropolitan area, long-
range transported or regionally distributed pollutants often 
dominate the concentration and the composition of PM, 
even though the measurements are carried out next to well-
known particle sources (traffic, residential wood burning), 
resulting in relatively similar chemical composition and 
source apportionment for PM regardless of the location of 
the measurement site. In those cases, the measurement 
period needs to be long enough (probably at least several 
months) to obtain a sufficient amount of data with varying 
source contributions in order to achieve reliable source 
apportionment analysis. That can be accomplished by novel, 
low-maintenance monitoring instruments like the ACSM. 
 
ACKNOWLEDGEMENTS 
 

TEKES via the CLEEN MMEA programme for financial 
support and the NOAA Air Resources Laboratory (ARL) 
for the provision of the HYSPLIT transport and dispersion 
model and READY website (http://www.ready.noaa.gov) 
used in this publication are gratefully acknowledged. Sanna 
Saarikoski was supported by the Academy of Finland 
(grant No. 259016). 
 
REFERENCES 
 
Alfarra, M.R., Coe, H., Allan, J.D., Bower, K.N., Boudries, 

H., Canagaratna, M.R., Jimenez, J.L., Jayne, J.T., Garforth, 
A., Li, S.M. and Worsnop, D.R. (2004). Characterization 
of Urban and Rural Organic Particulate in the Lower 
Fraser Valley Using two Aerodyne Aerosol Mass 

Spectrometers. Atmos. Environ. 38: 5745–5758. 
Alfarra, M.R., Prevot, A., Szidat, S., Sandradewi, J., Weimer, 

S., Lanz, V., Schreiber, D., Mohr, M. and Balternsperger 
U. (2007). Identification of the Mass Spectral Signature 
of Organic Aerosols from Wood Burning Emissions. 
Environ. Sci. Technol. 41: 5770–5777. 

Allan, J.D., Williams, P.I., Morgan, W.T., Martin, C.L., 
Flynn, M.J., Lee, J., Nemitz, E., Phillips, G.J., Gallagher, 
M.W. and Coe, H. (2010). Contributions from Transport, 
Solid Fuel Burning and Cooking to Primary Organic 
Aerosols in Two UK Cities. Atmos. Chem. Phys. 10: 
647–668. 

Atkinson, R.W., Kang, S, Anderson, H.R., Mills, I.C. and 
Walton, H.A. (2014). Epidemiological Time Series Studies 
of PM2.5 and Daily Mortality and Hospital Admissions: 
A Systematic Review and Meta-analysis. Thorax 69: 
660–665, doi: 10.1136/thoraxjnl-2013–204492. 

Budisulistiorini, S.H., Canagaratna, M.R.Croteau, P.L., 
Baumann, K., Edgerton, E.S., Kollman, M.S., Ng, N.L., 
Verma, V., Shaw, S.L., Knipping, E.M., Worsnop, D.R., 
Jayne, J.T., Weber, R.J. and Surratt, J.D. (2014). 
Intercomparison of an Aerosol Chemical Speciation 
Monitor (ACSM) with Ambient Fine Aerosol 
Measurements in Downtown Atlanta, Georgia. Atmos. 
Meas. Tech. 7: 1929–1941, doi: 10.5194/amt-7-1929-2014. 

Canagaratna, M.R., Jayne, J.T., Jimenez, J.L., Allan, J.D., 
Alfarra, M.R., Zhang, Q., Onasch, T.B., Drewnick, F., 
Coe, H., Middlebrook, A., Delia, A., Williams, L.R., 
Trimborn, A.M., Northway, M.J., DeCarlo, P.F., Kolb, 
C.E., Davidovits, P. and Worsnop, D.R. (2007). Chemical 
and Microphysical Characterization of Ambient Aerosols 
with the Aerodyne Aerosol Mass Spectrometer. Mass 
Spectrom. Rev. 26: 185–222. 

Canonaco, F., Crippa, M., Slowik, J.G., Baltensperger, U. 
and Prévôt, A.S.H. (2013). SoFi, an IGOR-based Interface 
for the Efficient Use of the Generalized Multilinear Engine 
(ME-2) for the Source Apportionment: ME-2 Application 
to Aerosol Mass Spectrometer Data. Atmos. Meas. Tech. 
6: 3649–3661. 

Carbone, S., Saarikoski, S., Frey, A., Reyes, F., Reyes, P., 
Castillo, M., Gramsch, E., Oyola, P., Jayne, J., Worsnop, 
D. and Hillamo, R. (2013). Chemical Characterization 
of Submicron Aerosol Particles in Santiago de Chile. 
Aerosol Air Qual. Res. 13: 462–473. 

Carbone, S., Aurela M., Saarnio, K., Saarikoski, S., 
Timonen, H., Frey, A., Sueper, D., Ulbrich, I., Jimenez, 
J., Kulmala, M., Worsnop, D. and Hillamo, R. (2014). 
Wintertime Aerosol Chemistry in Sub-Arctic Urban Air. 
Aerosol Sci. Technol. 48: 313–323. 

Chan, C.K. and Yao X. (2008). Air Pollution in Mega 
Cities in China. Atmos. Environ. 42: 1–42. 

Crippa, M., DeCarlo, P.F., Slowik, J.G., Mohr, C., Hering, 
M.F., Chirico, R., Poulain, L., Freutel, F., Sciare, J., 
Cozic, J., Di Marco, C. F., Elsasser, M., Nicolas, J. B., 
Marchand, N., Abidi, E., Wiedensohler, A., Drewnick, 
F., Schneider, J., Borrmann, S., Nemitz, E., Zimmermann, 
R., Jaffrezo, J.L., Prevot, A.S.H. and Baltensperger, U. 
(2013). Wintertime Aerosol Chemical Composition and 
Source Apportionment of the Organic Fraction in the 



 
 
 

Aurela et al., Aerosol and Air Quality Research, 15: 1213–1226, 2015 1224

Metropolitan Area of Paris. Atmos. Chem. Phys. 13: 961–
981, doi: 10.5194/acp-13-961-2013. 

Crippa, M., Canonaco, F., Lanz, V.A., Äijälä, M., Allan, 
J.D., Carbone, S., Capes, G., Dall’Osto, M., Day, D.A., 
DeCarlo, P.F., Di Marco, C.F., Ehn, M., Eriksson, A., 
Freney, E., Hildebrandt Ruiz, L., Hillamo, R., Jimenez, 
J.L., Junninen, H., Kiendler-Scharr, A., Kortelainen, 
A.M., Kulmala, M., Mensah, A.A., Mohr, C., Nemitz, E., 
O’Dowd, C., Ovadnevaite, J., Pandis, S.N., Petäjä, T., 
Poulain, L., Saarikoski, S., Sellegri, K., Swietlicki, E., 
Tiitta, P., Worsnop, D.R., Baltensperger, U. and Prévôt, 
A.S.H. (2014). Organic Aerosol Components Derived 
from 25 AMS Datasets across Europe Using a Newly 
Developed ME-2 Based Source Apportionment Strategy. 
Atmos. Chem. Phys. 14: 6159–6176, doi: 10.5194/acp-14-
9061-2014. 

Cubison, M.J., Ortega, A.M., Hayes, P.L., Farmer, D.K., 
Day, D., Lechner, M.J., Brune, W.H., Apel, E., Diskin, 
G.S., Fisher, J.A., Fuelberg, H.E., Hecobian, A., Knapp, 
D.J., Mikoviny, T., Riemer, D., Sachse, G.W., Sessions, 
W., Weber, R.J., Weinheimer, A.J., Wisthaler, A. and 
Jimenez, J.L. (2011). Effects of Aging on Organic 
Aerosol from Open Biomass Burning Smoke in Aircraft 
and Laboratory Studies. Atmos. Chem. Phys. 11: 12049–
12064, doi: 10.5194/acp-11-12049-2011. 

Dai, L., Zanobetti, A., Koutrakis, P. and Schwartz, J.D. 
(2014). Associations of Fine Particulate Matter Species 
with Mortality in the United States: A Multicity Time-
Series Analysis. Environ. Health Perspect. 122: 837–842, 
doi: 10.1289/ehp.1307568. 

Draxler, R.R. and Rolph, G.D. HYSPLIT (HYbrid Single-
Particle Lagrangian Integrated Trajectory) Model access 
via NOAA ARL READY. NOAA Air Resources 
Laboratory, College Park, MD. Website 
(http://www.arl.noaa.gov/HYSPLIT.php).  

Glasius, M., Ketzel, M., Wåhlin, P., Jensen, B., Mønster, 
J., Berkowicz, R. and Palmgren, F. (2006). Impact of 
Wood Combustion on Particle Levels in a Residential 
Area in Denmark. Atmos. Environ. 40: 7115–7124. 

IPCC: Summary for Policymakers, In Climate Change 
2013: The Physical Science Basis, Contribution of 
Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change, Cambridge 
University Press, Cambridge, United Kingdom and New 
York, NY, USA, 2013. 

Jimenez, J., Wub, C.F., Claiborn, C., Gould, T., Simpson, 
C., Larson, T. and Liu, L.J. (2006). Agricultural Burning 
Smoke in Eastern Washington—Part I: Atmospheric 
Characterization. Atmos. Environ. 40: 639–650. 

Kousa, A., Niemi, J., Svens, A., Teinilä, K., Hillamo, R. 
and Koskentalo, T. (2012).The Effect of Local Wood 
Combustion on Fine Particles in Suburban Small House 
Areas in the Helsinki Metropolitan Area. European 
Aerosol Conference 2012 Granada, Spain.  

Lanz, V., Alfarra, R., Baltensperger, U., Buchmann, B., 
Hueglin, C., Szidat, S., Wehrli, M., Wacker, L.,Weimer S., 
Caseiro A., Puxbaum H. and Prevot A. (2008). Source 
Attribution of Submicron Organic Aerosols during 
Wintertime Inversions by Advanced Factor Analysis of 

Aerosol Mass Spectra Environ. Sci. Technol. 42: 214–220. 
Lanz, V.A., Prévôt, A.S.H., Alfarra, M.R., Weimer, S., 

Mohr, C., DeCarlo, P.F., Gianini, M.F.D., Hueglin, C. 
Schneider, J., Favez, O., D’Anna, B., George, C. and 
Baltensperger U. (2010). Characterization of Aerosol 
Chemical Composition with Aerosol Mass Spectrometry 
in Central Europe: An Overview. Atmos. Chem. Phys. 
10: 10453–10471, doi: 10.5194/acp-10-10453-2010. 

Li, J., Pósfai, M., Hobbs, P. and Buseck, P. (2003). 
Individual Aerosol Particles from Biomass Burning in 
Southern Africa: 2. Compositions and Aging of Inorganic 
Particles. J. Geophys. Res. 108: 8484, doi: 10.1029/2002 
JD002310. 

Liu, X., van Espen, P., Adams, F., Cafmeyer, J. and 
Maenhaut, W. (2000). Biomass Burning in Southern 
Africa: Individual Particle Characterization of Atmospheric 
Aerosols and Savanna Fire Samples. J. Atmos. Chem. 
36: 135–155. 

Liu, S., Ahlm, L., Day, D., Russell, L., Zhao, Y., Gentner, 
D., Weber, R., Goldstein, A., Jaoui, M., Offenberg, J., 
Kleindienst, T., Rubitschun, C., Surratt, J., Sheesley, R. and 
Scheller S. (2012). Secondary Organic Aerosol Formation 
from Fossil Fuel Sources Contribute Majority of 
Summertime Organic Mass at Bakersfield. J. Geophys. 
Res. 117: D00V26, doi: 10.1029/2012JD018170, 2012. 

Mohr, C., DeCarlo, P.F., Heringa, M.F., Chirico, R., Slowik, 
J.G., Richter, R., Reche, C., Alastuey, A., Querol, X., Seco, 
R., Peňuelas, J., Jiménez, J.L., Crippa, M., Zimmermann, 
R., Baltensperger, U. and Prévôt, A.S.H. (2012). 
Identification and Quantification of Organic Aerosol from 
Cooking and Other Sources in Barcelona Using Aerosol 
Mass Spectrometer Data. Atmos. Chem. Phys. 12: 1649–
1665. 

Ng, N.L., Canagaratna, M.R., Zhang, Q., Jimenez, J.L., Tian, 
J., Ulbrich, I.M., Kroll, J.H., Docherty, K.S., Chhabra, 
P.S., Bahreini, R., Murphy, S.M., Seinfeld, J.H., Donahue, 
N.M., Hildebrandt, L., Decarlo, P.F., Lanz, V.A., Prevot, 
A.S.H., Dinar, E., Rudich, Y. and Worsnop, D.R. (2010). 
Organic Aerosol Components Observed in Worldwide 
Datasets from Aerosol Mass Spectrometry. Atmos. Chem. 
Phys. 10:4625–4641. 

Ng, N.L., Herndon, S.C., Trimborn, A., Canagaratna, M.R., 
Croteau, P.L., Onasch, T.B., Sueper, D., Worsnop, D.R., 
Zhang, Q., Sun, Y.L. and Jayne, J.T. (2011a). An Aerosol 
Chemical Speciation Monitor (ACSM) for Routine 
Monitoring of the Composition and Mass Concentrations 
of Ambient Aerosol. Aerosol Sci. Technol. 45: 770–784. 

Ng, S.L., Canagaratna, M.R., Jimenez, J.L., Zhang, Q., 
Ulbrich, I.M. and Worsnop, D.R. (2011b). Real-Time 
Methods for Estimating Organic Component Mass 
Concentrations from Aerosol Mass Spectrometer Data 
Environ. Sci. Technol. 45: 910–916. 

Niemi, J.V., Tervahattu, H., Vehkamäki, H., Kulmala, M., 
Koskentalo, T., Sillanpää, M. and Rantamäki, M. (2004). 
Characterization and Source Identification of a Fine 
Particle Episode in Finland. Atmos. Environ. 38: 5003–
5012. 

Niemi, J.V., Tervahattu, H., Vehkamäki, H., Martikainen, 
J., Laakso, L., Kulmala, M., Aarnio, P., Koskentalo, T., 



 
 
 

Aurela et al., Aerosol and Air Quality Research, 15: 1213–1226, 2015 1225

Sillanpää, M. and Makkonen U. (2005). Characterization 
of Aerosol Particle Episodes Caused by Wildfires in 
Eastern Europe. Atmos. Chem. Phys. 5: 2299–2310. 

Ostro, B., Tobias, A., Querol, X., Alastuey, A., Amato, F., 
Pey, J., Pérez, N. and Sunyer, J. (2011). The Effects of 
Particulate Matter Sources on Daily Mortality: A Case-
Crossover Study of Barcelona, Spain. Environ. Health 
Perspect. 119: 121781–1787. 

Perrone, M., Dinoi, A., Becagli, S. and Udisti, R. (2014). 
Chemical Composition of PM1 and PM2.5 at a Suburban 
Site in Southern Italy. Int. J. Environ. Anal. Chem. 94: 
127–150, doi: 10.1080/03067319.2013.791978. 

Petzold, A. and Schönlinner, M. (2004). Multi-angle 
Absorption Photometry—A New Method for the 
Measurement of Aerosol Light Absorption and 
Atmospheric Black Carbon. J. Aerosol Sci. 35: 421–441. 

Pirjola, L., Lähde, T., Niemi, J.V., Kousa, A., Rönkkö, T., 
Karjalainen, P., Keskinen, J., Frey, A. and Hillamo, R. 
(2012). Spatial and Temporal Characterization of Traffic 
Emissions in Urban Microenvironments with a Mobile 
Laboratory. Atmos. Environ. 63:156–167. 

Putaud, J.P., Raes, F., Van Dingenen, R., Brüggemann, E., 
Facchini M.C., Decesari, S, Fuzzi, S., Gehrig, R., Hüglin, 
C., Laj, P., Lorbeer, G., Maenhaut, W., Mihalopoulos, 
N., Müller, K., Querol, X., Rodriguez, S., Schneider, J., 
Spindler, G., ten Brink, H., Tørseth, K. and Wiedensohler, 
A. (2004). A European Aerosol Phenomenology—2: 
Chemical Characteristics of Particulate Matter at Kerbside, 
Urban, Rural and Background Sites in Europe. Atmos. 
Environ. 38: 2579–2595. 

Rolph, G.D. Real-time Environmental Applications and 
Display sYstem (READY) Website (http://www.ready.
noaa.gov). NOAA Air Resources Laboratory, College 
Park, MD. 

Saarikoski, S., Sillanpää, M., Sofiev, M., Timonen, H., 
Saarnio, K., Teinilä, K., Karppinen, A., Kukkonen, J. and 
Hillamo, R. (2007). Chemical Composition of Aerosols 
during a Major Biomass Episode over Northern Europe in 
Spring 2006: Experimental and Modelling Assessments. 
Atmos. Environ. 41: 3577–3589. 

Saarikoski, S., Timonen, H., Saarnio, K., Aurela, M., Järvi, 
L., Keronen, P., Kerminen, V.M. and Hillamo, R. (2008). 
Sources of Organic Carbon in PM1 in Helsinki Urban 
Air. Atmos. Chem. Phys. 8: 6281–6295. 

Saarikoski, S., Carbone, S., Decesari, S., Giulianelli, L., 
Angelini, F., Canagaratna, M., Ng, S.L., Trimborn, A., 
Facchini, M.C., Fuzzi, S., Hillamo, R. and Worsnop, D. 
(2012). Chemical Characterization of Springtime 
Submicron Aerosol in Po Valley, Italy. Atmos. Chem. 
Phys. 12: 8401–8421. 

Saarnio, K., Aurela, M., Timonen, H., Saarikoski, S., 
Teinilä, K., Mäkelä, T., Sofiev, M., Koskinen, J., Aalto, 
P., Kulmala, M., Kukkonen, J. and Hillamo, R. (2010a). 
Chemical Composition of Fine Particles in Fresh Smoke 
Plumes from Boreal Wild-land Fires in Europe. Sci. Total 
Environ. 408: 2527–2542, doi: 10.1016/j.scitotenv.2010. 
03.010. 

Saarnio, K., Teinilä, K., Aurela, M., Timonen, H. and 
Hillamo, R. (2010b). High-performance Anion-exchange 

Chromatography–Mass Spectrometry Method for 
Determination of Levoglucosan, Mannosan, and Galactosan 
in Atmospheric Fine Particulate Matter. Anal. Bioanal. 
Chem. 398: 2253–2264, doi: 10.1007/s00216-010-4151-4. 

Saarnio, K., Niemi, J.V., Saarikoski, S., Aurela, M., Timonen, 
H., Teinilä, K., Myllynen, M., Frey, A., Lamberg, H., 
Jokiniemi, J. and Hillamo, R. (2012). Using 
Monosaccharide Anhydrides to Estimate the Impact of 
Wood Combustion on Fine Particles in the Helsinki 
Metropolitan Area. Boreal Environ. Res. 17: 163–183. 

Soares, J., Kousa, A., Kukkonen, J., Matilainen, L., Kangas, 
L., Kauhaniemi, M., Riikonen, K., Jalkanen, J.P., Rasila, 
T., Hänninen, O., Koskentalo, T., Aarnio, M., Hendriks, 
C. and Karppinen, A. (2014). Refinement of a Model for 
Evaluating the Population Exposure in an Urban Area. 
Geosci. Model Dev. 7: 1885–1872, doi: 10.5194/gmd-7-
1855-2014.  

Szidat, S., Prevot, A.S.H., Sandradewi, J., Alfarra, M.R., 
Synal, H.A., Wacker, L. and Baltensperger, U. (2007). 
Dominant Impact of Residential Wood Burning on 
Particulate Matter in Alpine Valleys during Winter. 
Geophys. Res. Lett. 34: L05820, doi: 10.1029/2006GL0 
28325. 

Sun, Y., Zhang, Q., Schwa, J.J., Demerjian, K.L., Chen, 
W.N., Bae, M.S., Hung, H.M., Hogrefe, O., Frank, B., 
Rattigan, O.V. and Lin, Y.C. (2011). Characterization of 
the Sources and Processes of Organic and Inorganic 
Aerosols in New York City with a High-resolution 
Time-of-flight Aerosol Mass Spectrometer. Atmos. Chem. 
Phys. 11: 1581–1602, doi: 10.5194/acp-11-1581-2011. 

Sun, Y., Wang, Z., Dong, H., Yang, T., Li, J., Pan, X., Chen, 
P. and Jayne, J. (2012). Characterization of Summer 
Organic and Inorganic Aerosols in Beijing, China with 
an Aerosol Chemical Speciation Monitor. Atmos. Environ. 
51: 250–259. 

Teinilä, K., Frey, A., Hillamo, R., Tülp, H.C. and Weller, 
R. (2014). A Study of the Sea-salt Chemistry Using Size-
segregated Aerosol Measurements at Coastal Antarctic 
Station Neumayer. Atmos. Environ. 96: 11–19, doi: 
10.1016/j.atmosenv.2014.07.025. 

Timonen, H., Carbone, S., Aurela, M., Saarnio, S., Saarikoski, 
S., Ng, S.L., Canagaratna, M.R., Kulmala, M., 
Kerminen, V.M., Worsnop, D.R. and Hillamo, R. 
(2013). Characteristics, Sources and Water-solubility of 
Ambient Submicron Aerosol in Springtime in Helsinki, 
Finland. J. Aerosol Sci. 56: 61–77. 

Uski, O., Jalava, P.I., Happo, M.S., Leskinen, J., Sippula, 
O., Tissari, J., Mäki-Paakkanen, J., Jokiniemi, J. And 
Hirvonen, M.R. (2014). Different Toxic Mechanisms are 
Activated by Emission PM Depending on Combustion 
Efficiency. Atmos. Environ. 89: 623–632 

Vestenius, M., Leppänen, S., Anttila, P., Kyllönen, K., 
Hatakka, J., Hellén, H., Hyvärinen, A.P. and Hakola, H. 
(2011). Background Concentrations and Source 
Apportionment of Polycyclic Aromatic Hydrocarbons in 
South-eastern Finland. Atmos. Environ. 45: 3391–3399. 

Zanobetti, A., Austin, E., Coull, B.A., Schwartz, J. and 
Koutrakis, P. (2014). Health Effects of Multi-pollutant 
Profiles. Environ. Int. 71: 13–19, doi: 10.1016/j.envint. 



 
 
 

Aurela et al., Aerosol and Air Quality Research, 15: 1213–1226, 2015 1226

2014.05.023. 
Zhang, Q., Worsnop, D.R., Canagaratna, M.R. and Jimenez, 

J.L. (2005). Hydrocarbon-like and Oxygenated Organic 
Aerosols in Pittsburgh: Insights into Sources and Processes 
of Organic Aerosols. Atmos. Chem. Phys. 5: 3289–3311. 

Zhang, Q., Jimenez, J.L., Canagaratna, M.R., Allan, J.D., 
Coe, H., Ulbrich, I., Alfarra, M.R., Takami, A., 
Middlebrook, A.M., Sun, Y.L., Dzepina, K., Dunlea, E., 
Docherty, K., De-Carlo, P.F., Salcedo, D., Onasch, T., 
Jayne, J.T., Miyoshi, T., Shimono, A., Hatakeyama, S., 
Takegawa, N., Kondo, Y., Schneider, J., Drewnick, F., 
Borrmann, S., Weimer, S., Demerjian, K., Williams, P., 
Bower, K., Bahreini, R., Cottrell, L., Griffin, R.J., 
Rautiainen, J., Sun, J.Y., Zhang, Y.M. and Worsnop, D.R. 

(2007). Ubiquity and Dominance of Oxygenated Species 
in Organic Aerosols in Anthropogenically-influenced 
Northern Hemisphere Midlatitudes. Geophys. Res. Lett. 
34: L13801, doi: 10.1029/2007GL029979. 

Waldén, J., Hillamo, R., Aurela, M., Mäkelä, T. and Laurila, 
S. (2010). Demonstration of the Equivalence of PM2.5 and 
PM10 Measurement Methods in Helsinki 2007–2008. 
Studies No. 3. Finnish Meteorological Institute, Helsinki, 
103 p. 

 
 

Received for review, November 11, 2014 
Revised, February 10, 2015 

Accepted, March 14, 2015
 


