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H I G H L I G H T S  

• Events with a dominant particle source were identified systematically from ambient data. 
• Particle sources were traffic, biomass combustion, biogenic and long-range transport. 
• Number size distributions from different sources had different shapes. 
• Traffic produced significantly smaller particles compared to wood combustion. 
• Particle number size distribution from wood-burning showed large variability. 

A B S T R A C T   

Particle size distribution is a major factor in the health and climate effects of ambient aerosols, and it shows a large variation depending on the prevailing atmo-
spheric emission sources. In this work, the particle number size distributions of ambient air were investigated at a suburban detached housing area in northern 
Helsinki, Finland, during a half-year period from winter to summer of 2020. The measurements were conducted with a scanning mobility particle sizer (SMPS) with a 
particle size range of 16–698 nm (mobility diameter), and the events with a dominant particle source were identified systematically from the data based on the time 
of the day and different particle physical and chemical properties. During the measurement period, four different types of events with a dominant contribution from 
either wood-burning (WB), traffic (TRA), secondary biogenic (BIO), or long-range transported (LRT) aerosol were observed. The particle size was the largest for the 
LRT events followed by BIO, WB, and TRA events with the geometric mean diameters of 72, 62, 57, and 41 nm, respectively. BIO and LRT produced the largest 
particle mode sizes followed by WB, and TRA with the modes of 69, 69, 46, and 25 nm, respectively. Each event type had also a noticeably different shape of the 
average number size distribution (NSD). In addition to the evaluation of NSDs representing different particle sources, also the effects of COVID-19 lockdown on 
specific aerosol properties were studied as during the measurement period the COVID-19 restrictions took place greatly reducing the traffic volumes in the Helsinki 
area in the spring of 2020. These restrictions had a significant contribution to reducing the concentrations of NOx and black carbon originating from fossil fuel 
combustion concentration, but insignificant effects on other studied variables such as number concentration and size distribution or particle mass concentrations 
(PM1, PM2.5, or PM10).   

1. Introduction 

Particle size distribution is a key factor in the health and climate 
effects of ambient aerosols. For instance, the deposition of particles of 
inhaled air in the human respiratory tract depends strongly on the 
particle size, e.g. the ultrafine particles (diameter <100 nm) deposit 
efficiently deep in the lungs, into the vulnerable alveolar area (ICRP, 
1994; Heyder, 2004). In addition, ambient aerosols affect the climate by 

cooling or warming it, depending on particle concentration, composi-
tion, and size that affect how aerosol particles scatter or absorb light 
(Pósfai and Buseck, 2010). When the particle size is large enough, they 
can affect indirectly the climate by acting as cloud condensation nuclei, 
with larger aerosol particle number concentrations leading to a higher 
number of smaller droplets increasing cloud albedo and cooling the 
climate (Twomey, 1977). The importance of particle size is also reflected 
in the latest WHO global air quality guideline (WHO, 2021) that 
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recommends measuring concentrations of ultrafine particles, as well as 
size segregated particle number concentrations in their new good 
practice statement. Furthermore, if standards for ambient particle 
number concentration measurements in the future are implemented, 
there is a need for a better understanding of particle number size dis-
tributions (NSDs) originating from different sources (Hopke et al., 
2022). 

Particle size depends strongly on the origin of particles. Sources of 
fine particles (<2.5 μm in diameter) in ambient air are typically highly 
heterogeneous but the main sources in urban areas are typically traffic, 
small-scale combustion in households, and secondary aerosol formation 
from biogenic and anthropogenic gases originating either from local, 
regional, or remote sources (Hovorka et al., 2015; Vargas et al., 2012; 
Saarikoski et al., 2008). 

Traffic increases ambient particle concentrations in a wide particle 
size range, but especially in nanocluster, nucleation mode, and Aitken 
mode particle sizes (Birmili et al., 2009; Rönkkö et al., 2017; Hietikko 
et al., 2018; Enroth et al., 2016). In ambient air, the NSDs of traffic 
emissions consist typically of two or more particle modes (see e.g. 
Enroth et al., 2016; Pirjola et al., 2017). This is caused by different 
emissions of individual cars but also by various formation mechanisms 
of fresh exhaust particles. Engine exhaust particles are formed during 
the combustion of fuel and engine oil compounds, resulting in solid soot 
and ash particles, and, additionally, particles can be formed during the 
exhaust cooling and dilution processes in the atmosphere, resulting in a 
significant increase in fresh exhaust particle number; e.g. Kittelson et al. 
(2006) reported bimodal distribution for heavy-duty diesel engines with 
nucleation mode at 6–11 nm and accumulation mode at 52–62 nm in 
cruise and acceleration conditions on the highway. Karjalainen et al. 
(2014) made similar observations that a gasoline vehicle emitted 
nonvolatile exhaust particles consisting of two distinct modes, one at 10 
nm and the other around 70 nm during acceleration and steady-state 
conditions using the New European Driving Cycle (NEDC), also 
several studies other have reported the mode of particles in sub 10 nm 
particle sizes (Rönkkö et al., 2007; De Filippo and Maricq, 2008; Sgro 
et al., 2008, 2012; Heikkilä et al., 2009; Kuuluvainen et al., 2020). 
Nuclei mode formation is strongly linked with the cooling dilution of 
exhaust and it is more often visible in the measurements made on road 
than in the laboratory measurements which are not always designed to 
mimic real-world semivolatile particle emission (Kittelson et al., 2006). 

Another significant local pollution source in urban areas is biomass 
burning. Particularly in residential areas, wood-burning is used as a 
complementary heating method, heating sauna stoves, and decorative 
burning. Wood-burning has been shown to produce varying size distri-
butions depending on the phase of the combustion efficient combustion 
and even the between different measurements from the same combus-
tion phase. For example for efficient combustion multiple different 
particle sizes have been reported: Most particles being around 30–40 nm 
(Wardayo et al., 2006), geometric mean diameters (GMD) varying be-
tween 56 and 65 nm (Tissari et al., 2008), and mean particle size being 
150 nm (Timonen et al., 2021). Similarly, varying particle sizes have 
been reported for smoldering conditions: 50–76 nm (Wardayo et al., 
2006) and 2–2.5 GMDs compared to normal burning conditions (at 
56–65 nm) (Tissari et al., 2008). Also, the number of modes varies be-
tween different studies. The NSDs can be either unimodal, (Wardayo 
et al., 2006), bimodal (Mustafa et al., 2017), or polydisperse (Tiwari 
et al., 2014). 

Besides being emitted as primary particles, a substantial fraction of 
aerosols in urban areas originate from secondary particle formation, in 
which biogenic or anthropogenic vapors either condense on existing 
particles or form new particles (Kulmala, 2003; Rönkkö and Timonen, 
2019; Petäjä et al., 2022). The formation of secondary organic aerosol is 
caused by the oxidation of volatile organic compounds (VOCs) in the 
atmosphere (Mahilang et al., 2021) while inorganic species sulfate, ni-
trate, and ammonium are mostly formed from inorganic precursor gases 
SO2, NOx, and ammonia. In highly polluted areas with high NOx, particle 

number, and amine concentration, H2SO4-based nucleation is the pri-
mary form of new particle formation, while in less polluted suburban 
areas the contribution of organics is expected to be larger (Xiao et al., 
2021). 

The number of studies investigating particle NSDs originating from 
biogenic emissions is rather low. Using positive matrix factorization, 
Rivas et al. (2020) have found count median diameter (CMD) of 106.1 
and 74.7 nm and modes of 100 and 99.9 nm for the biogenic particles in 
urban background and street canyon in Helsinki, respectively. Artaxo 
and Hansson (1995) have reported that biogenic emissions are the most 
important factor influencing the ambient particle concentrations under 
0.25 μm particles in diameter, whereas larger particle sizes were 
dominated by mineral dust at the Amazon forest background station. 

In addition to local sources, a significant fraction of particles in urban 
areas originates from particles transported from other areas. Hussein 
et al. (2014) have reported that Aitken (diameter 25–100 nm) and 
accumulation (0.1–1 μm) mode particles dominate long-range transport 
(LRT) and short-range transport (SRT) particle concentrations in the 
Helsinki area. Pirjola et al. (2017) detected a mode of number size dis-
tribution at 300 nm during a LRT event in Helsinki. Additionally, 
wildfires occasionally cause episodes in Finland increasing particle 
concentrations and particle size (60–250% compared to non-event days) 
(Saarikoski et al., 2007). 

This study aims to systematically characterize NSDs during different 
prevailing sources in a Pirkkola suburban residential area, in Helsinki, 
Finland. Identified particle sources were residential wood-burning 
(WB), traffic (TRA), secondary biogenic (BIO), and long-range trans-
port (LRT) aerosol. The sources were identified based on the particle 
chemical composition, time of day, temperature, and NOx and PM2.5 
concentrations. In addition to NSDs related to the sources, the effects of 
COVID-19 lockdown on specific aerosol properties were studied, as, 
during the measurement period in spring 2020, the COVID-19 re-
strictions took place in the Helsinki area. Understanding the differences 
in the number size distributions related to various particle sources is 
crucial when the health and climate effects of particles need to be 
reduced. The contribution of different particle sources in ambient air has 
been changing in recent years and will be changed further in the future 
due to the regulations as well as citizen behavior. 

2. Experimental 

2.1. Measurement site 

The measurements were conducted at the Pirkkola measurement site 
(60.234211N, 24.922591E) in Helsinki, Finland between 11.12.2019 
and 12.06.2020. The measurement site resides in a suburban detached 
housing area, nearby a small lightly trafficked road. The distance to the 
closest main street is ~600 m from the measurement location, and the 
distance to other major roads is 1 km in the directions of West, North, 
and East (Teinilä et al., 2022). Most of the nearby houses use 
wood-burning in fireplaces for additional heating and sauna stoves, both 
of them typical habits for northern countries (Kukkonen et al., 2020). 
The measurement site is described in detail in Kuula et al. (2020) and 
Saarikoski et al. (2021). The largest single source of PM2.5 and black 
carbon (BC) in Finland has been shown to be residential wood-burning 
contributing 37% and 55% of total emissions of these pollutants, 
respectively (Savolahti et al., 2016). In Helsinki, residential 
wood-burning has been estimated to contribute from 18 to 29% to PM2.5 
in urban and 31–66% in suburban areas, during the cold period (Saarnio 
et al., 2012). However, air quality in Finland is typically relatively good 
because of the rather low local emissions and regional urban back-
ground concentrations. That enabled us to investigate the impact and 
characteristics of individual sources in detail in this study. 

S.D. Harni et al.                                                                                                                                                                                                                                 



Atmospheric Environment 293 (2023) 119419

3

2.2. Instruments 

The sampling of ambient aerosol for the instruments was done at a 
height of 4 m from the ground without a size cut in the inlet. The air 
sample was drawn inside the measurement cabin with a fan, and the 
separate airflows for the individual instruments were taken from the 
main airflow. The NSDs were measured using a scanning mobility par-
ticle sizer (SMPS, TSI. Inc., USA) with a measurement size range of 
15–698 nm and a time resolution of 3 min. The SMPS consisted of a 
differential mobility analyzer (DMA, model 3080, TSI Inc., USA) with a 
KR-85 neutralizer and a condensation particle counter (CPC, model 
3775, TSI Inc., USA). The operation principle and response functions of 
the DMA are presented in Hoppel (1978). The SMPS operated with 1.5 L 
min− 1 airflow. During the data analysis, the SMPS was found to measure 
particles in the three smallest particle size classes (14.6, 15.1, and 15.7 
nm) inaccurately, and therefore, the size range of the SMPS was limited 
to start from 16.3 nm in this study. From the size distribution data 
measured with SMPS, also the total particle number concentrations for 
the measured size range were calculated. Additionally, total particle 
number concentrations were measured with a water-CPC (wCPC, Model 
3789, TSI. Inc., USA) with a measurement range of 2–1000 nm. 

BC concentrations were measured with an aethalometer (model 
AE33, Aerosol d.o.o, Slovenia; Drinovec et al., 2015). AE33 operated 
with a flow rate of 5 L min− 1 and a time resolution of 1 min. The size cut 
of 1 μm for the AE33 was set by using a sharp cut cyclone (Model 
SCC1.197, BGI Inc., Butler, NJ, USA) in its inlet. Multiple scattering 
enhancement factor (C) of 1.57 was utilized (Drinovec et al., 2015) and 
default mass absorption coefficient values were used. BC was divided 
into BC originated from fossil fuel combustion (BCff) and wood-burning 
(BCwb) by using the Aethalometer model (Sandradewi et al., 2008). The 
used Ångström exponents values for fossil fuel and wood-burning were 
0.9 and 1.68, respectively (Zotter et al., 2017). The chemical composi-
tion (total organics (Org), sulfate (SO4), nitrate (NO3), ammonium 
(NH4), chloride (Chl)) of PM1 was measured with a Time-of-Flight 
Aerosol Chemical Speciation Monitor (ToF-ACSM, Aerodyne Research 
Inc., USA; Fröhlich et al., 2013). The time resolution of the measure-
ments was approximately 11.5 min. Nitrogen oxides (NOx) were 
measured with a Horiba APNA 370 (Kyoto, Japan), and particle mass 
concentration was measured with a GRIMM Aerosol Spectrometer 
(model 1.80, 31 channels, 0.25–32 μm) with a time resolution of 1 min 
using factory settings. The measured results from GRIMM were cor-
rected to correspond to the EU-reference method using correction 
equations (Walden et al., 2017). 

2.3. Meteorology 

The meteorological data used in this study was attained from the 
Kumpula weather station, situated approx. 4 km southeast of the Pirk-
kola measurement site. The ambient temperature during the whole 
measurement period is presented in Fig. 1. During the measurement 
period, the average temperature was 4.8 ◦C, with the monthly average 
temperature varying between 0.9 ◦C (February) and 15 ◦C (June). It 
should be noted here that winter 2019–2020 was exceptionally warm in 
Helsinki with thermic winter lasting only 5 days between 25 and 29.2., 
and a 10-day moving average temperature remained during those days 
most of the time between 0 and 5 ◦C. The 10-day moving average 
temperature rose above 5 ◦C in 16.4., and remained there for the rest of 
the measurement period. Therefore, the measurement period naturally 
split into two different temperature periods: the cold period 
(11.12.2019–16.4.2020) and the warm period (17.4.2020–12.6.2020). 
The cold period was divided further into two periods, before and after 
COVID-19 restrictions, to evaluate the effects of the restriction period; 
without COVID-19 restrictions (w/o CR) (11.12.2019–15.3.2020) and 
the time of COVID-19 restrictions (CR) (16.3.2020–16.4.2020) (Fig. 1). 
The COVID-19 restrictions included e.g. closing schools and other public 
places, restricting recreational activities, strongly promoting remote 
working, and avoidance of crowded places. An important thing to note is 
that all the COVID-19 restrictions did not end by the start of the warm 
period but partly continued over the rest of the measurements. There-
fore, the whole warm period was affected by the partial COVID-19 re-
strictions. Traffic volumes during workdays decreased in Uusimaa (a 
region in south Finland) by 38% due to the COVID-19 restriction 
compared to the last week before the implication of the restrictions 
(Finnish Trasport Infrastructure Agency). 

2.4. Data analysis 

Using source-specific selection criteria, four different types of events 
affecting the ambient aerosol at the measurement site were identified 
from the measurement data. These events are called in this study wood- 
burning (WB), traffic (TRA), secondary biogenic (BIO), and long-range 
transported (LRT) aerosol events. The events were extracted from 1-h 
average data based on the time of day, NOx concentrations, and PM1 
(particles with diameter <1 μm) chemical composition. It should be 
noted that the criteria for the event identification were set so that only 
the events with a clear primary contribution from a single source were 
extracted but there was no exact limit for the contribution of the 
particular source to ambient concentrations. Therefore, the events only 
highlight the typical NSDs for different particle sources detected in 
urban areas with small contributions from other sources. The exact limit 

Fig. 1. Ambient temperature during the measure-
ment period 11.12.2019–12.6.2020 (10-min resolu-
tion in blue and 10-day moving average value with an 
orange line). The division between cold and warm 
periods has been marked with a vertical black line. 
The cold period has been split into two parts before 
and after COVID-19 restrictions to evaluate their ef-
fect. The start of the COVID-19 restrictions is marked 
with a vertical red line. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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values for the selection of events are described shortly below and also 
listed in the supplemental material (Table 1). 

WB events were extracted from the data by using biomass burning 
fraction of BC (BB%) calculated by the Aethalometer model, and the 
fraction of m/z 60 in total organics (f60) in the ToF-ACSM data. The m/z 
60 is an organic ion fragment that originates from levoglucosan which is 
emitted in large quantities in biomass burning and can therefore be used 
as a fresh biomass burning indicator (Simoneit et al., 1999; Saarnio 
et al., 2012). The criteria for WB was that BB%, f60, and total BC and 
organics needed to exceed the 80th percentile values observed during 
the measurement period. WB events were only searched within a time 
window of 18.00–03.00. This time window was selected based on the 
diurnal variation of BB% presented in the supplement (Fig. S1), and 
previous publications that have indicated that the emissions from the 
fireplaces and saunas are largest during the evening hours (Helin et al., 
2018; Saarikoski et al., 2021). 

For TRA events, the ion fragment of m/z 57 was selected as the 
marker for traffic as alkyl (CnH+

2n+1) and alkene (CnH+
2n-1) fragments 

have been related to vehicle exhaust in previous studies (Zheng et al., 
2020). For TRA events, ambient NOx concentration and the fraction of 
m/z 57 in total organics (f57) were required to exceed 80th percentile 
values and BB% could not exceed the 20th percentile value during the 
measurement period. BC and organics were not likely to be strongly 
elevated during the TRA events as the measurement site resides rela-
tively far from the busy roads and the highest concentrations of organics 
and BC are likely to be related to WB, but these values are still expected 
to be at least slightly increased. Therefore, to ensure the reliability of BB 
% and f57 fractions, the total BC and organics were required to exceed 
50th percentile values. TRA events were only searched between morning 
rush hours of 06.00–10.00 when traffic flows are high. Also, the diurnal 
variation of NOx (Fig. S2) was taken into account for choosing this time 
range. 

The main criteria for the BIO events were that the hourly average 
temperature needed to exceed 15 ◦C. The temperature has been shown 
to impact the release of biogenic volatile compounds (BVOC) precursors 
such as isoprene that impacts the formation of biogenic secondary 
organic aerosol (BSOA) (Zhu et al., 2018). To ensure that other sources 
had only a minor influence on the particle properties during the BIO 
events, sulfate (mostly from LRT, see below), total BC, and NOx were 
required to be below the 50th percentile. 

Sulfate and PM2.5 were selected as indicators for the LRT events as 

sulfate is typically a long-range transported species in the Helsinki area 
(Timonen et al., 2008; Aurela et al., 2015), and during the long-range 
transportation events, the PM2.5 is also typically elevated (Niemi 
et al., 2009). Moving 24-h averages of both sulfate and PM2.5 were 
required to exceed 80th percentile values of the measurement period 
during the LRT events. All LRTs that were shorter than 24 h were also 
removed to ensure that the high sulfate and PM2.5 concentrations were 
not from the local sources. 

The average size distributions were calculated only for the events 
that included full coverage of the SMPS data. Also, the chemical com-
positions of PM1 were analyzed during these events to study the dif-
ferences between the particle chemical composition for different 
sources. The observed number of events with the full coverage of the 
SMPS data were 24, 10, 12, and 3, and the total duration of 42, 15, 39, 
and 116 h for WB, TRA, BIO, and LRT events, respectively. For the 
statistical analysis of the size distributions, the GMD was calculated. 
Additionally, mode referring to the bin with the highest concentration of 
particles is used in this article to describe the NSD. 

Three-day backward trajectories at 500 m arrival height (AGL) were 
calculated during the selected LRT events using the HYSPLIT back tra-
jectory model (Stein et al., 2015) to identify the main source of aerosol. 
These trajectories are presented in the supplement (Figs. S3–5). 

As the event identification is based on percentiles of different com-
pounds it would be in principle possible to have a significant back-
ground from one single source during all the times that would dominate 
also the NSDs from other sources. However, the source apportionment 
has been studied earlier in a number of studies in Helsinki (e.g. Saar-
ikoski et al., 2008; Timonen et al., 2008 and Chen et al., 2022) and the 
air in the Helsinki area is fairly clean making this kind of scenario of a 
constant background source unlikely especially during longer periods. 

3. Results and discussions 

3.1. General description of concentrations during the measurement period 

The hourly average values of the total particle number concentration 
measured with SMPS (16–698 nm) and wCPC (2–1000 nm), PM10, 
PM2.5, PM1 components, NOx, BC, BCff, and BCwb were divided into cold, 
warm, w/o CR, and CR periods. Average values for these periods are 
listed in Table 1. The total particle number concentration was larger 
during the warm period than during the cold period, the difference being 
more significant to 16–698 nm particles measured with the SPMS than to 
2–1000 nm particles measured with the wCPC. In general, the PN con-
centrations measured with the wCPC in the residential area were 
significantly higher (~39%) than the concentrations measured with the 
SMPS indicating that a significant portion of the particles was in the size 
range of 2–16 nm at the residential site. This is important considering 
the GMDs reported for different event types in chapter 3.3, as now the 
GMDs might significantly be larger than they would be if particle sizes 
starting from 2 nm would be included. However, the modes of different 
NSDs should not be affected unless the mode is the 16 nm limit. 

In terms of chemical species, most of the species had larger mass 
concentrations during the cold period than during the warm period, 
except organics and sulfate which had 53 and 13% larger concentrations 
in the warm period compared to those in the cold period, respectively. 
PM1 chemical composition in the cold period was relatively similar to 
the winter and warm period to summer in the Helsinki street canyon 
reported by Barreira et al. (2021). The most significant difference was 
the larger fraction of black carbon during wintertime (25% of PM1 in this 
study) compared to the street canyon site (18% in Barreira et al., 2021). 
At the residential site in Pirkkola, the fraction of BC originated from 
biomass burning was roughly 50% whereas at the street canyon site it 
was much smaller, roughly 20% (Barreira et al., 2021). Regarding 
concentrations, slightly higher BCff concentrations have been reported 
for the other residential house areas in Helsinki on weekdays (0.49 ±
0.75 μg m− 3) and weekends (0.45 ± 0.72 μg m− 3), and BCwb of 0.35 ±

Table 1 
Detection criteria for different event types (WB, TRA, BIO and LRT). Pctl =
percentile, d = day, any means that parameter was not included in selection 
criteria.   

WB TRA BIO LRT 

Total BC (μg 
m¡3) 

>0.636 
(80th pctl.) 

>0.270 
(50th pctl.) 

<0.270 
(50th pctl.) 

any 

BB (%) >55.0 (80th 
pctl.) 

<34.0 
(20th pctl.) 

any any 

f60 >0.0063 
(80th pctl.) 

any any any 

f57 any >0.0244 
(80th pctl.) 

any any 

Temperature any any >15◦ any 
Duration (d) any any any >1 
NOx (μg m¡3) any >14.6 

(80th pctl.) 
<6.26 
(50th pctl.) 

any 

SO4 (μg m¡3) any any <0.152 
(50th pctl.) 

1d sliding 
average > 0.410 
(80th pctl.) 

PM2.5 (μg 
m¡3) 

any any any 1d sliding 
average > 5.93 
(80th pctl.) 

Total Org (μg 
m¡3) 

>1.79 (80th 
pctl.) 

>0.677 
(50th pctl.) 

any any 

Time of day 18–03 06–10 any any  
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0.68 μg m− 3 for weekdays and 0.44 ± 0.90 μg m− 3 for weekends (Helin 
et al., 2018) when compared to the Pirkkola residential site; BCff values 
of 0.33 ± 0.50 and 0.19 ± 0.21 and BCwb values of 0.28 ± 0.48 and 0.15 
± 0.17 μg m− 3 for cold and warm periods respectively. Overall, BC 
concentrations from 0.67 to 2.64 μg m− 3 have been measured at traffic 
sites, 0.16 to 0.48 μg m− 3 at the regional background sites, 0.64–0.80 μg 
m− 3 in detached housing areas, and 0.42–0.68 μg m− 3 at urban back-
ground stations in the Helsinki area (Luoma et al., 2021). Lower BC 
concentrations in Pirkkola can be largely a result of the combined effects 
of restrictions related to COVID-19 and the unusually warm winter of 
2020 (Table 1). However, the contribution of BC in PM1 (25 and 14% for 
cold and warm periods, respectively) was significantly higher when 
compared to Asia or South America where BC contribution in urban 
areas is typically well below 10% of fine PM (Gani et al., 2019; Reyes 
et al., 2021). The effect of COVID-19 on air quality parameters is pre-
sented later. 

The average PM10 and PM2.5 concentrations were significantly lower 
in Pirkkola during both the cold and warm periods (PM10: 10.3 ±
11.0–8.7 ± 4.5 μg m− 3 and PM2.5 4.9 ± 3.9–3.6 ± 1.9 μg m− 3, Table 1) 
compared to the values of 16 and 9.1 μg m− 3 measured for PM10 and 
PM2.5, respectively, in the Helsinki city center between 2013 and 2015 
(Teinilä et al., 2019) or PM2.5 (7.2 μg m− 3) measured at the street 
canyon site in Helsinki in 2015–2019 (Barreira et al., 2021). NOx con-
centrations in Pirkkola (12.7 ± 20.6 and 7.3 ± 8.1 μg m− 3 for cold and 
warm periods respectively, Table 1) were also relatively low compared 
to the hourly-averaged value of 76 μg m− 3 for the traffic site in the 
Helsinki city center (Teinilä et al., 2019). Observed NOx concentrations 
at Pirkkola compare better to the concentration of 8.5 μg m− 3 measured 
at the Luukki rural site in the Helsinki Metropolitan area (64◦53′N, 
25◦50′E) (Teinilä et al., 2019). This underlines that the Pirkkola is pri-
marily a residential area and only secondarily under the influence of 
traffic emissions. 

To study the effects of the COVID-19 restrictions on ambient con-
centration, the w/o CR and CR periods were compared. It was noticed 
that the concentrations of NOx, BC, and especially BCff decreased during 
the COVID-19 restrictions with a reduction of 36, 19, and 24%, 
respectively (Table 2). In contrast, PM10, PM2.5, and total number con-
centrations increased slightly during the CR period. Globally, NO2 
concentrations were reduced by 34% which is higher than the reduction 
of 23% measured at Pirkkola (Torkmahalleh et al., 2021). Torkmahalleh 
et al. (2021) also reported a reduction of 15% for PM2.5 during 
COVID-19 restrictions while in Pirkkola PM2.5 concentrations increased. 
Notably, some of the differences in results might be the result of different 
analysis methods as in this study the COVID-19 restriction period was 
compared to the time period just before when for example Sokhi et al. 
(2021) compared the COVID-19 restriction period to the same time 
period of the previous years. Overall, the effects of the COVID-19 re-
strictions were found to be relatively small with respect to other com-
ponents than NOx as some of the decreasing BC concentrations could 
also be related to decreasing amount of wood-burning as the ambient 
temperature was slightly warmer during the COVID-19 restrictions 
compared to the w/o CR period. It should be noted that the comparison 
did not take into account any differences in meteorology (e.g. temper-
ature, air mass origins) between the periods, or if the differences were 
caused by normal temporal variation outside the COVID-19 restrictions. 
Also, the concentrations of NOx are generally low in Pirkkola and the 
NOx and BC concentrations have been declining in the Helsinki area in 
recent years (Luoma et al., 2021). The reduction of ambient NOx con-
centrations due to the COVID-19 restrictions has been reported e.g. by 
Liu et al. (2021), Bar et al. (2021), and Torkmahalleh et al. (2021). 

3.2. Diurnal variation of particle number concentrations 

Diurnal variations of particle number concentrations were investi-
gated in respect of number size distributions. Fig. 2 shows the average 
particle number concentrations in terms of GMDs of NSDs (marked with 

colors) calculated for cold, warm, w/o CR, and CR periods with work-
days and weekends separated. During the cold period, particle concen-
tration peaked in the morning and late evening hours on workdays. The 
GMD of particles was smaller and the number concentration was higher 
in the morning peak compared to the evening peak. This can be related 
to the morning rush hour producing a significant amount of small par-
ticles. In the evening, the rise of particle concentrations was likely to be 
caused by residential wood-burning in the area. Similar higher particle 
number concentrations during the evening because of residential wood- 
burning have been reported in Northern Sweden by Krecl et al. (2008). 
The higher contribution of wood-burning can be seen in the diurnal 
trend of BC related to fossil fuel and biomass burning presented in the 
supplemental material (Fig. S6). Similar trends for particle number 
concentrations have been observed also in Fresno, California, in an area 
that is influenced by traffic, heating, cooking, and agriculture. They 
observed in wintertime, that particle number concentrations peaked 
during morning hours (6 a.m.–9 a.m.) and evening hours (5 p.m.–11 p. 
m.) with the highest GMDs between 6 p.m. and 5 a.m. (Watson et al., 
2006). In this study, during the weekends, the morning traffic peak was 
still visible, but significantly smaller, whereas the evening peak likely 
caused by biomass combustion was significantly larger and entailed 
larger particles. The larger particle size was likely to be a result of the 
smaller contribution of traffic to the particle number concentrations. 
Overall the particles were larger at weekends compared to workdays 
during the cold period with an average hourly GMD of 57.4 nm and 52.7 
nm at weekends and workdays, respectively. Similar observations on 
larger particle size during weekend evenings caused likely by residential 
wood-burning, have been made e.g. by Krecl et al. (2008). 

Table 2 
Average PM10, PM2.5, NOx, NO, NO2, BC, BCff, BCwb, and particle number (PN) 
concentrations and standard deviation for the different periods; Cold 
(11.12.2019–16.4.2020), Warm (17.4–12.6.2020), without COVID-19 re-
strictions (w/o CR) (11.12.2019–15.3.2020), and during COVID-19 restrictions 
(CR) (16.3–16.4.2020). Values measured from PM1 are marked with “*” as BC 
and other components with PM1 were measured with different instruments and 
they had slightly different data coverages. Therefore, the total analyzed PM1 and 
Org/BC have been calculated only for the periods during which both instruments 
were measuring, and individual components had been averaged over all the 
available data to get the best representatives of the period.  

Component Cold Warm w/o CR CR 

PN (16–698 nm) (cm¡3) 
SMPS 

2900 ±
2400 

3600 ±
1800 

2700 ±
2600 

3300 ±
1900 

PN (2–1000 nm) (cm¡3) 
wCPC 

5400 ±
4200 

6100 ±
4100 

5300 ±
4400 

5600 ±
3700 

PM10 (μg m¡3) 10.3 ±
11.0 

8.7 ± 4.5 9.6 ± 11.0 12.2 ±
10.7 

PM2.5 (μg m¡3) 4.9 ± 3.9 3.6 ± 1.9 4.9 ± 3.8 5.1 ± 4.3 
NOx (μg m¡3) 12.7 ±

20.6 
7.3 ± 8.1 14.0 ±

21.9 
9.0 ± 15.2 

NO (μg m¡3) 1.7 ± 9.1 0.2 ± 1.5 2.1 ± 9.7 0.50 ± 6.7 
NO2 (μg m¡3) 10.1 ± 9.3 6.9 ± 6.7 10.7 ± 9.9 8.2 ± 7.3 
PM1 Composition 
Total analyzed PM1 2.4 ± 2.7* 2.4 ± 1.6* 2.4 ± 2.6* 2.5 ± 2.9* 
BC (μg m¡3) 0.59 ±

0.93* 
0.34 ±
0.37* 

0.62 ±
1.01* 

0.50 ±
0.64* 

BCff (μg m¡3) 0.31 ±
0.50* 

0.19 ±
0.21* 

0.33 ±
0.55* 

0.25 ±
0.31* 

BCwb (μg m¡3) 0.28 ±
0.48* 

0.15 ±
0.17* 

0.29 ±
0.51* 

0.25 ±
0.36* 

NH4 (μg m¡3) 0.19 ±
0.27* 

0.14 ±
0.11* 

0.18 ±
0.24* 

0.20 ±
0.35* 

Chl (μg m¡3) 0.03 ±
0.03* 

0.01 ±
0.01 

0.03 ±
0.03* 

0.03 ±
0.03* 

NO3 (μg m¡3) 0.39 ±
0.60* 

0.15 ±
0.15* 

0.36 ±
0.45* 

0.44 ±
0.87* 

Org (μg m¡3) 0.98 ±
1.17* 

1.5 ± 1.2* 0.92 ±
1.08* 

1.1 ± 1.4* 

SO4 (μg m¡3) 0.24 ±
0.27* 

0.27 ±
0.21* 

0.25 ±
0.29* 

0.19 ±
0.19* 

Org/BC 2.2 ± 1.4* 5.3 ± 3.6* 2.0 ± 1.2* 2.8 ± 1.7*  
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During the workdays of the warm period, the diurnal pattern of 
particle number concentrations (PNC) was quite similar to the cold 
period. However, the rush hour peak in the morning was less pro-
nounced, and the particle sizes were generally larger during the day 
although the particle number concentrations were alike. Quite surpris-
ingly, the largest particle number concentrations were measured in the 
evening and night in the warm period. The larger particle sizes and the 
less pronounced morning peak can be related to the lower contribution 
of traffic to the total particle concentrations as the whole warm period 
was influenced to some degree by the COVID-19 restrictions that 
reduced traffic volumes even 38.4% (Finnish Transport Infrastructure 
Agency). The effects of the reduction in traffic volume are also supported 
by the reduction in ambient NOx concentrations (Fig. S7). During 
weekends, the concentration peak during the morning rush hour or the 
evening hours was not visible. Notable from Fig. 2 is also that the largest 
particles were observed in the early morning around 5 o’clock during 
both cold and warm periods. This can be related to a lower amount of 
particle emissions during early morning hours and therefore larger 
contribution of aged background and LRT aerosols. 

The diurnal patterns during workdays were similar both for w/o CR 
and CR periods, with w/o CR having slightly lower concentrations and 
smaller particle sizes. During weekends, the shapes of the diurnal pat-
terns were very similar with a small morning peak likely related to 
traffic and a significantly larger evening peak related to residential 
combustion. However, the particle sizes were significantly larger during 
w/o CR, but these results might be affected by the relatively short 
duration of the CR period (4 weeks). 

3.3. Number size distributions of different event types 

Four different major sources of submicron particles (WB, TRA, BIO, 
LRT) were identified from the data and were selected for a closer ex-
amination. A total of 24 WB events were detected in Pirkkola lasting for 
a total of 43 h and covering 1.34% of the measurement period. WB 
events had a broad average NSD with a GMD of 57 nm, geometric 
standard deviation (GSD) of 2.0, and peak particle size (mode) at 46 nm 
(Fig. 3a). A large portion of these particles were likely soot particles in 
particle sizes smaller than approximately 50 nm. WB event particle size 
distributions showed a large variety of concentrations, especially in the 
particle sizes around 40 nm. The reason for the large variation might be 
an indication of poorly controlled combustion processes and varying 
combusted materials leading to more varying emission profiles for the 
WB events in comparison to other more tightly regulated combustion 
sources, such as engine emissions (see TRA events). Another factor 
causing variation is local meteorology affecting how the flue gas plumes 
reached the measurement site. GMD of the WB events was similar to 
those reported earlier for the conventional masonry heaters with GMD of 
63 and 56 nm for firing and combustion phases in normal conditions, 
respectively, in laboratory measurements (Tissari et al., 2008). A 
significantly larger GMD of 123 nm for the firewood-burning emissions 
has been reported by Tiwari et al., (2014). Also, Tissari et al. (2008) 
have reported a significantly larger GMD of 230 nm for the combustion 
of wood in smoldering conditions. Hosseini et al. (2010) reported mode 
particle sizes of 29–52 nm for the cycle-averaged distributions of 
biomass burning particles. In atmospheric measurements, a modal size 
of 67 nm for aerosols related to wood-burning emissions has been 

Fig. 2. Diurnal patterns of ambient air particle number concentrations (PNC) (16–698 nm) divided into workdays and weekends for cold, warm, and without COVID- 
19 restrictions (w/o CR) and COVID-19 restrictions (CR) periods. The geometric mean diameter (GMD) of particles is indicated with the color scale. The results are 
shown as 1 h averages. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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reported by Krecl et al. (2008), and the dominant evening mode with a 
peak particle size of 80 nm has been suggested as being from a 
non-traffic source likely residential wood-burning in Hering et al. 
(2007). 

A total of 10 TRA events fulfilling the selection criteria and lasting for 
a total of 15h (0.47% of the measured data) were identified based on the 
selection criteria. The low number of traffic events is likely a result of the 
location of the measurement station in a residential area with the 
nearest heavily trafficked roads being situated some distance away. The 
average NSD of the TRA events is presented in Fig. 3b. The particle size 
during the TRA events was significantly smaller (particle GMD 41 nm 
with GSD of 1.9 and mode at 25 nm) compared to the WB events 
(Fig. 3b). NSD of the TRA events had also only one clear peak around the 
mode particle size with a long tail towards the larger particle sizes with 
very few particles larger than 200 nm (2.3% of particles at sizes 
201.7–685.4 nm). NSD of the TRA events had the largest ultrafine par-
ticle fraction (<100 nm) at the measured size range (89.1%), compared 
to the fractions of 78.5, 76.6, and 64.0% for WB, BIO, and LRT, 
respectively (Fig. 3b). This might be because of the larger contribution 
of soot mode particles to the total NSD causing the highest concentration 
of small particles. The strong contribution of traffic emissions to ultra-
fine particle concentrations has been observed in several studies 
(Rönkkö and Timonen, 2019). Zhu et al. (2002) have reported a mode 
particle size of 38.8 nm 300 m downwind from the freeway, and slightly 
smaller particle sizes have been reported for traffic in the urban back-
ground with 22.9 nm in GMD and a mode particle size of 22.4 nm (Rivas 
et al., 2020). 

EU legislation on vehicle particle number emissions controls solid 
particles with diameters larger than 23 nm (Euro 5b and 6 for diesel 
vehicles and Euro 6 for gasoline vehicles). However, a large fraction of 
particles observed during the TRAs were smaller than 23 nm as the mode 
particle size was as small as 24 nm, and the ten smallest particle size bins 
ranging between 16.3 and 22.5 nm included 21.1% of the particles. Also, 
the difference between the concentrations measured with wCPC and 

SMPS indicates that there was a significant number of particles in the 
particle sizes smaller than 16 nm during the whole measurement period 
as the hourly averaged total number concentrations measured with the 
wCPC were 39.2 ± 24.5% higher than the concentrations measured with 
the SMPS. Traffic has also been related to significant nanocluster aerosol 
emissions (<3 nm) (Hietikko et al., 2018; Rönkkö et al., 2017). Also, the 
contribution of semivolatile compounds may lead to the concentration 
near the detection limit to be a lower estimation. The figure showing the 
correlation between the wCPC and SMPS measurements is shown in the 
supplemental material (Fig. S8). 

Overall 12 BIO events with the full SMPS data coverage lasting for a 
total of 39 h (1.21% of the available data) were identified from the data. 
For the BIO events, the average GMD was 62 nm (Fig. 3c) with a GSD of 
1.9 and mode of 69 nm. Notable is a sharp peak in the particle size 
distribution around the mode particle size at 69 nm. The statistical 
values for the BIO events were smaller compared to the ones calculated 
at the Helsinki street canyon (74.7 nm (GDM) and 99.9 nm (mode)) and 
urban background (106.7 nm (GMD) and 100 nm (mode)) using a pos-
itive matrix factorization (Rivas et al., 2020). The measured GMDs were 
larger for the BIO events than for the WB and TRA events. Virtanen et al. 
(2010) have reported OH-initiated products of pine emissions with a 
peak particle concentration at 100 nm while O3-initiated oxidation 
produced particles with a peak particle size of 28 nm. 

A total of 3 long-range transport events lasting a total of 116h (3.60% 
of the available data) were extracted from the data. Notable is that, even 
though the number of events was small, these events lasted 116 h in 
total. The average GMD of LRT events was 72 nm with a GSD of 2.2 and 
mode at 69 nm (Fig. 3c). LRT had the highest GMD of the event types but 
the mode is at the same particle size as for the BIO events. This is likely 
to be caused by the relatively high contribution of particles from other 
sources that are mixed with the LRT particles. Therefore, defining the 
pure shape of the LRT events using this method is difficult. This is true 
also for the other event types but to less of an extent. In general, rela-
tively large mode sizes of 90–120 nm have been associated with aged 

Fig. 3. Ambient air particle number size distributions for wood-burning (WB) (a), traffic (TRA) (b), secondary biogenic (BIO) (c), and long-range transport (LRT) (d) 
events. Average size distributions have been marked with bold lines and light-colored areas display standard deviations. 
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polluted air masses in the earlier publications (Birmili and Harrison, 
2008). The particle sizes in the accumulation mode (100–1000 nm) have 
the longest lifetimes in the atmosphere because of the least effective 
removal mechanism (Kwon et al., 2020). Therefore the mode particle 
size and GMD of LRT particles would have been expected to be in the 
larger particle sizes. In our study, the LRT also had the widest NSD, 
which is seen as the highest GSD. A significant difference between the 
LRT and other event types was also the relatively high number of par-
ticles in the size range of 201.7–685.4 nm, the contribution being 11.5, 
2.3 4.8, and 3.2% for LRT, TRA, WB, and BIO, respectively. Notable is 
also a very small standard deviation of the NSD in particle sizes larger 
than 200 nm indicating that the concentrations and shapes of the dis-
tributions in particle sizes larger than 200 nm are very similar between 
different LRT events, which suggests that the particles larger than 200 
nm were mostly from the LRT source or regional background with a 
minimal contribution from the local sources. 

The ambient number size distributions have been studied in the 
Helsinki area e.g. by Rivas et al. (2020) and Pirjola et al., (2017). Rivas 
et al. (2020) studied number size distributions from two measurement 
sites, One traffic, and one urban background measurement site, and the 
source apportioned the data using positive matrix factorization (PMF). 
Pirjola et al., (2017) conducted a mobile lab with Sniffer van measure-
ments during the winter of 2012 while driving around Helsinki metro-
politan area. In contrast, in this study, the stationary measurements 
were performed in a detached housing area over a half-year measure-
ment period and the events were detected based on the novel criteria. 
Also, the reported types of aerosol are different because of the 

measurement locations and methods. Pirjola et al. (2017) characterize 
size distributions for aerosol citya, highway, residential combustion, and 
background aerosol, and Rivas et al., (2020) report NSDs for photo-
nucleation, traffic nucleation, fresh traffic, urban biogenic, and sec-
ondary aerosols. 

3.4. Chemical composition of particles during different event types 

The chemistry of PM1 was investigated to elucidate further the 
characteristics of particles detected from different event types. During 
the WB events, PM1 consisted of organic compounds (54%) and BC 
(34%) with other components having smaller contributions (Fig. 4). The 
fraction of BC was three times higher during the WB events than the 
average BC fraction measured at the Helsinki city center (Teinilä et al., 
2019). However, the high mass concentration of BC, and especially 
BCwb, were expected as they were used as criteria for the WB events. The 
ratio of organics to BC was 1.6 for an average event. This ratio has been 
shown to depend e.g. on the burning phase and aging varying between 
0.27 and 4.48 with the ratio generally being higher for the aged aerosol 
(Timonen et al., 2021). Overall the high BC concentration in the WB 
events indicates a strong presence of soot mode in the WB size distri-
bution which is also seen in Fig. 3a. 

During the TRA events, the contributions of organics (39%) and BC 
(33%) to PM1 (Fig. 4) were at a similar level. This is somewhat in 
agreement with Charron et al. (2019) who measured elemental carbon 
(EC) and organic carbon (OC) to have the same levels of concentrations 
of PM10 at a traffic measurement site. The ratio of organics to BC has 

Fig. 4. Average PM1 composition during the different event types: wood-burning(WB), traffic (TRA), secondary biogenic (BIO), and long-range transport (LRT). 
Organics (Org), sulfate (SO4), ammonium (NH4), nitrate (NO3), and chloride (Chl) were measured with the ToF-ACSM and BC originated from fossil fuel combustion 
(BCff) and wood-burning (BCwb) with the AE33. 
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been measured to be roughly 0.58–1.34 on highways in Helsinki (Enroth 
et al., 2016). The relatively high BC mass fraction of PM1 with the high 
amount of BCff was expected as these are used as detection criteria for 
the TRA events. In addition, nitrate was elevated in PM1 which has been 
also related to traffic emissions (Kim, 2019). Traffic has a significant BC 
fraction that is likely to cause the significant soot mode in the TRA NSD 
seen in Fig. 3b. 

During the BIO events, 81% of the particulate matter consisted of 
organic compounds (Fig. 4) with only minor contributions from the 
other analyzed components. This supports the assumption of a biogenic 
source for these events. The average PM1 concentration for the observed 
BIO events was 2.2 ± 1.3 μg m− 3 with 1.8 ± 1.2 μg m− 3 organics which 
was at a similar level as exceptionally high biogenic concentrations of 
1.7 μg m− 3 observed in Hyytiälä boreal research station in submicron 
particles (Corrigan et al., 2013). The chosen events mainly originated 
from biogenic sources as seen in the low contribution of inorganic 
components and BC, but we note that ambient aerosol always contains a 
variable fraction of particles from different sources. 

During the LRT events, the mass fractions of inorganic species, sul-
fate, nitrate, and ammonium were the largest of all event types (Fig. 4). 
However, the fraction of sulfate (10%) was in general slightly lower 
compared to the previous measurements in the Helsinki area (12–13%, 
Teinilä et al., 2019; Barreira et al., 2021). Higher contribution of sulfate 
(16–33%) during LRT episodes has been presented in the observations 
conducted in the years 1999–2007 (Niemi et al., 2009), which may 
indicate the reduction of SO2 emissions in recent years (EEA, 2021) 
and/or that the origins of the air masses were different. The most 
striking difference between the values presented by Niemi et al. (2009) 
and the values measured in this study was the fraction of nitrate which 
was 17–29 times larger in the study by Niemi et al., (2009) than in this 
work. In Niemi et al., (2009) during LRT events the concentration of 
nitrate was 1.71 ± 0.60 μg m− 3 which is over 4 times the average con-
centration during the cold period (0.39 ± 0.60 μg m− 3) and over 11 
times the average during the warm period (0.15 ± 0.15 μg m− 3) 
(Table 1). As already mentioned, nitrate was also slightly elevated in 
PM1 in the TRA events. The event-type averaged concentrations for the 
chemical species are presented in the supplement (Table S2). 

The air mass back trajectories for the LRT events were studied using 
NOAA hysplit air mass back trajectories. The trajectories are presented 
in the supplemental material (Figs. S3–S5). The 72 h back trajectories 
showed that during the LRT events, the air masses came from central and 
eastern Europe or the Baltics. These are typical source regions for LRT in 
southern Finland (Niemi et al., 2009). Sometimes the air masses came 
over the Baltic Sea spending a significant amount of time on the northern 
Baltic, especially in the case of the last event when the fraction of nitrate 
was the highest (30%). At the Baltic Sea, there is a significant amount of 
ship traffic that contributes to atmospheric concentrations of particles 
(Seppälä et al., 2021) and NOx (Jonson et al., 2019; Stipa et al., 2009). 
NO2 is converted to nitric acid at a rate of 5% per hour and therefore has 
a lifetime of approximately 24 h (Geels et al., 2012). The aged exhaust 
from ship traffic could explain part of the high nitrate fraction in 
measured particulate matter in these events. The rest of the particulate 
nitrate is likely to be caused by land-based emissions, such as traffic, 
energy production, and industry. The fraction of BC in PM1 was slightly 
higher compared to BC fractions during the LRT events presented in 
other studies, 9% (Aurela et al., 2015) and 4.1–6.3% (Niemi et al., 2009) 
for the aged aerosol (LRT) at the residential site. However, the contri-
bution of land-based traffic may have been lower than usual because of 
the COVID-19 restrictions. 

3.5. Number size distributions of fresh and aged wood-burning events 

The WB events likely contain influences from different types of 
wood-burning emissions as the standard deviation of observed NSDs was 
large (Fig. 3a). Therefore, individual WB events were analyzed in more 
detail to investigate if they were related to fresh or aged wood-burning 

emissions. The organics to BC -ratio (Org/BC -ratio) can be used to es-
timate the relative age of emissions as BC is emitted directly from the 
source (primary emission) as a result of incomplete combustion, 
whereas organic matter is also formed via secondary aerosol formation 
in the atmosphere. In the atmospheric studies, the highest OC/EC -ratios 
(up to 25–35) have been typically seen for aged particles, whereas the 
lowest ratios (approx. 1) have been observed for fresh emissions (Aurela 
et al., 2011; Timonen et al., 2014; Querol et al., 2013; Karanasiou et al., 
2020). In Fig. 5 the WB events have been separated into two categories 
based on Org/BC -ratios to differentiate between fresh and aged 
wood-burning emissions. The division point between fresh and aged (or 
insufficient and efficient burning) was set to the average Org/BC -ratio 
of 2.2. For the average of all WB event data, the Org/BC -ratio was 1.6, 
but when the ratio was calculated separately for each event, the ratio 
was 2.2. This indicates that the ratio was significantly larger for the 
events with higher concentrations that dominate the averaging. Here-
after, events with an Org/BC -ratio above and below 2.2 are referred to 
as aged WB and fresh WB events, respectively. 

The NSDs of fresh and aged WB events were found to be different 
(Fig. 5). While the fresh and aged WB events had similar GMD and GSD 
values (56 nm and 2.0, and 55 nm and 2.0, respectively), the modes were 
slightly different being 40 nm for fresh and 46 nm for aged WB. How-
ever, the aged WB also had another local mode at 23 nm, therefore being 
strongly bimodal. The GMD of the NSDs remained similar even as the 
mode changed because in the case of aged WB there were elevated 
concentrations at the lowest particle sizes. This might be related directly 
to wood-burning or it may be related to homogenous particle nucleation 
in aging WB aerosol. In general, particle concentrations during aged WB 
events were lower and showed less variation in all particle sizes. This 
was likely because of the higher dilution ratio caused by the higher age 
of the emissions (Fig. 5). The larger particle size of the aged emissions is 
expected due to atmospheric processes (such as coagulation, conden-
sation, and secondary aerosol formation processes) that increase the 
particle size gradually during atmospheric aging. The shape of fresh 
wood-burning size distribution is very similar to the size distribution 
observed for birch burning on a stove by Hedberg et al. (2002). 

In Fig. 5 the difference in NSDs of fresh and aged WB events was 
likely a result of both the aging of wood-burning emissions and the stage 
of the combustion during which the particles were formed. For example, 
the smoldering conditions (insufficient burning) have been reported to 
produce larger particles in wood-burning (Ordou and Agranovski, 2019; 

Fig. 5. The average number size distributions (NSD) of fresh (12 events) and 
aged (8 events) WB events. Average size distributions have been marked with 
bold lines and light-colored areas display standard deviations. 

S.D. Harni et al.                                                                                                                                                                                                                                 



Atmospheric Environment 293 (2023) 119419

10

Tissari et al., 2008). Note that the phase of combustion may also have a 
large effect on Org/BC -ratio that was used here to separate fresh and 
aged WB. More BC is formed in efficient flaming burning, whereas in 
insufficient burning or smoldering a wide range of organic compounds 
are emitted into the atmosphere. Hence Org/BC -ratio in efficient 
burning is lower and the ratio in insufficient burning is higher (Khalil 
and Rasmussen, 2003; Saarnio et al., 2010). 

4. Summary and conclusions 

This study investigated particle number size distributions for four 
different prevailing particle sources in the suburban detached housing 
area. The studied aerosol types were wood-burning, traffic, secondary 
biogenic, and long-range transport aerosol. 

Particle size distributions from studied sources showed noticeable 
differences. The largest particle GMD was measured for LRT (69 nm) 
followed by BIO (62 nm), WB (56 nm), and TRA (41 nm), with the modes 
of 69, 69, 43, and 25 nm, respectively. The observed larger size of LRT 
and BIO particles was likely due to particle growth during the aging in 
the atmosphere. Regarding the local primary particle sources, WB had a 
larger particle size than TRA. WB particles were also showing the largest 
variability in the NSD. Therefore, the WB events were further separated 
into two categories, aged and fresh WB events, based on the organics to 
BC ratio. In addition to the age of the emissions, also the burning con-
ditions (efficient or insufficient burning) and fuel were likely to 
contribute to the large variability of the WB event NSD. 

PM1 concentration and chemical composition varied between the 
event types. WB consisted mostly of organics (55%) and BC (34%), 
whereas TRA was composed of 39% organics, 33% BC, and 16% of ni-
trate with minor contributions from other sources. BIO was dominated 
by organics (81%) while LRT had significant contributions of both in-
organics (26% nitrate, 12% ammonium, and 10% sulfate) and organics 
(38%). 

Number size distributions investigated systematically for particles 
associated with different sources in ambient air are scarce in scientific 
literature. Therefore, increasing the knowledge of source-specific size 
distributions combined with composition data is needed to better un-
derstand the health and climate effects of particles from various sources. 
Currently, the world is going through climate change and the war in 
Ukraine has caused fossil fuel prices to reach record highs. These two 
factors have caused an imminent crisis for energy production that is 
likely to accelerate changes away from fossil fuels. Additionally to reach 
the climate goals of societies, in many scenarios the use of fossil fuel 
combustion is expected to decrease and the use of biomass fuels to in-
crease in the future (Rogelj et al., 2018). The emissions from vehicular 
traffic (e.g BC) have already been noticed to decrease due to techno-
logical advancements and emission legislation (Luoma et al., 2021; 
Pirjola et al., 2016). However, the regulation of residential combustion 
emissions is still in its infancy in many European countries (Klimont 
et al., 2017; Kukkonen et al., 2020). 

In this study, the particle size distributions were found to be 
dependent on the prevailing source possessing different shapes and 
modal structures, and therefore likely having varying effects on the 
environment and human health. For example, 5 nm primary particles 
are shown to translocate from the lungs ending up in urine more effi-
ciently compared to 30 nm particles (Miller et al., 2017), and therefore 
smaller particles might have more pronounced health effects. Traffic 
was observed to produce the highest fraction of small particles. In 
contrast, particles under 40 nm need unrealistically high supersatura-
tions in the atmosphere to act as cloud condensation nuclei and there-
fore do not contribute to cloud condensation, whereas particles above 
120 nm are activated in a wide range of supersaturations (Dusek et al., 
2006). In this regard, the effects of fresh traffic emissions on cloud 
condensation are limited, but as the aerosol ages e.g. during long-range 
or regional transport (LRT and BIO), the particle size shifts to larger 
particle sizes and starts to contribute to cloud condensation. In terms of 

wood-burning, the shape and concentration of wood-burning particles 
vary significantly between different fuels, burning stages, and device 
types, and therefore the health and climate effects might vary signifi-
cantly depending on the site. This variation may also be due to a lack of 
regulations and after-treatment devices for wood-burning devices. 

In addition, the timing of the measurement period allowed us to 
investigate the effects of the COVID-19 restrictions on the atmospheric 
particle and gas concentrations. By comparing the period of COVID-19 
restrictions to the period before restrictions, the most notable effect 
was a reduction of NOx concentrations due to the decrease in traffic 
volumes during workdays in spring 2020 due to the COVID-19 
restrictions. 
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(liikennevirasto): liikennemääräkartat, 1st Dec 2020. https://julkinen.vayla.fi/webg 
is-sovellukset/webgis/template.html?config=liikenne. 
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Olin, M., Niemi, S., Keskinen, J., Rönkkö, T., 2020. Nonvolatile ultrafine particles 
observed to form trimodal size distributions in non-road diesel engine exhaust. 
Aerosol Sci. Technol. 54, 1345–1358. https://doi.org/10.1080/ 
02786826.2020.1783432. 

S.D. Harni et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.atmosenv.2010.12.039
https://doi.org/10.1016/j.atmosenv.2010.12.039
https://doi.org/10.4209/aaqr.2014.11.0279
https://doi.org/10.1016/j.cities.2021.103308
https://doi.org/10.1016/j.cities.2021.103308
https://doi.org/10.5194/acp-21-6297
https://doi.org/10.5194/acp-21-6297
https://doi.org/10.5194/acp-9-2355-2009
https://doi.org/10.1029/2007JD008562
https://doi.org/10.1029/2007JD008562
https://doi.org/10.5194/acp-19-5187-2019
https://doi.org/10.1016/j.envint.2022.107325
https://doi.org/10.1016/j.envint.2022.107325
https://doi.org/10.5194/acp-13-12233-2013
https://doi.org/10.5194/acp-13-12233-2013
http://refhub.elsevier.com/S1352-2310(22)00484-8/sref10
http://refhub.elsevier.com/S1352-2310(22)00484-8/sref10
http://10.5194/amt-8-1965-2015
https://doi.org/10.1126/science.1125261
https://www.eea.europa.eu/publications/air-quality-in-europe-2021/sources-and-emissions-of-air
https://www.eea.europa.eu/publications/air-quality-in-europe-2021/sources-and-emissions-of-air
https://doi.org/10.5194/acp-16-5497.2016
https://doi.org/10.5194/acp-16-5497.2016
https://julkinen.vayla.fi/webgis-sovellukset/webgis/template.html?config=liikenne
https://julkinen.vayla.fi/webgis-sovellukset/webgis/template.html?config=liikenne
https://doi.org/10.5194/amt-6-3225-2013
https://doi.org/10.5194/amt-6-3225-2013
https://doi.org/10.5194/acp-19-6843-2019
https://doi.org/10.5194/acp-12-2615-2012
https://doi.org/10.1016/S1352-2310(02)00417-x
https://doi.org/10.1021/es9013807
https://doi.org/10.1016/j.atmosenv.2018.07.022
https://doi.org/10.1080/02786820601113290
https://doi.org/10.1080/02786820601113290
https://doi.org/10.1513/pats.200409-046TA
https://doi.org/10.1016/j.atmosenv.2018.06.031
https://doi.org/10.1016/j.atmosenv.2018.06.031
https://doi.org/10.1016/j.scitotenv.2022.153104
https://doi.org/10.1016/j.scitotenv.2022.153104
https://doi.org/10.1016/0021-8502(78)90062-9
https://doi.org/10.1016/0021-8502(78)90062-9
http://10.5194/acp-10-8065-2010
https://doi.org/10.1016/j.atmosenv.2015.04.068
http://hdl.handle.net/10138/165162
http://hdl.handle.net/10138/165162
http://refhub.elsevier.com/S1352-2310(22)00484-8/sref31
http://refhub.elsevier.com/S1352-2310(22)00484-8/sref31
https://doi.org/10.5194/acp-19-13469-2019
https://doi.org/10.5194/acp-19-13469-2019
https://doi.org/10.1016/j.scitotenv.2020.141266
https://doi.org/10.1016/j.atmosenv.2014.08.025
https://doi.org/10.1016/j.atmosenv.2014.08.025
https://doi.org/10.1016/S1352-2310(02)01014-2
http://10.3390/atmos10040212
https://doi.org/10.1016/j.jaerosci.2005.08.005
https://doi.org/10.5194/acp-17-8681-2017
https://doi.org/10.5194/acp-17-8681-2017
https://doi.org/10.1016/j.atmosenv.2008.01.026
https://doi.org/10.5194/acp-20-4333-2020
https://doi.org/10.1126/science.1090848
https://doi.org/10.1016/j.jaerosci.2020.105671
https://doi.org/10.1080/02786826.2020.1783432
https://doi.org/10.1080/02786826.2020.1783432


Atmospheric Environment 293 (2023) 119419

12

Kwon, Hyouk-Soo, Ryu, Min Hyung, Carlsten, Christopher, 2020. Ultrafine particles: 
unique physicochemical properties relevant to health and disease. Experim. Molecul. 
Med. 52, 318–320. https://doi.org/10.1038/s12276-020-0405-1. 

Liu, Q., Malarvizhi, A.S., Liu, W., Xu, H., Harris, J.T., Yang, J., Duffy, D.Q., Little, M.M., 
Sha, D., Hai, L., Yang, Y., 2021. Spatiotemporal changes in global nitrogen dioxide 
emission due to COVID-19 mitigation policies. Sci. Total Environ. 776, 146027 
https://doi.org/10.1016/j.scitotenv.2021.146027. 

Luoma, K., Niemi, J.V., Aurela, M., Fung, P.L., Helin, A., Hussein, T., Kangas, L., 
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Herod, D., Hõrrak, U., Hussein, T., Ibarra, S., Jaimes, M., Kaasik, M., Khaiwal, R., 
Kim, J., Kousa, A., Kukkonen, J., Kulmala, M., Kuula, J., La Violette, N., Lanzani, G., 
Liu, X., MacDougall, S., Manseau, P.M., Marchegiani, G., McDonald, B., Mishra, S.V., 
Molina, L.T., Mooibroek, D., Mor, S., Moussiopoulos, N., Murena, F., Niemi, J.V., 
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J., Tomé, A., Vazquez-Pufleau, M., Wagner, A.C., Wagner, r., Wang, Y., Weitz, L., 
Wimmer, D., Wu, Y., Yan, C., Ye, P., Ye, Q., Zha, Q., Zhou, X., Amorim, A., 
Carslaw, K., Curtius, J., Hansel, A., Volkamer, R., Winkler, P.M., Flagan, R.C., 
Kulmala, M., Worsnop, D.R., Kirkby, J., Donahue, N.M., Baltensperger, U., 
Haddad, I.E., Dommen, J., 2021. The drivïng factors of new particle formation and 
growth in the polluted boundary layer. Atmos. Chem. Phys. 21, 14275–14291. 
https://doi.org/10.5194/acp-21-14275-2021. 

Zheng, Y., Cheng, X., Liao, K., Li, Y., Li, Y.J., Huang, R.-J., Hu, W., Liu, Y., Zhu, t., 
Chen, S., Zeng, L., Worsnop, D.R., Cheng, Q., 2020. Characterization of 
anthropogenic organic aerosols by TOF-ACSM with the new capture vaporizer. 
Atmos. Meas. Tech. 13, 2457–2472. https://doi.org/10.5194/amt-13-2457-2020. 

Zhu, Y., Hinds, W.C., Kim, S., Sioutas, C., 2002. Concentration and size distribution of 
ultrafine particles near a major highway. J. Air Waste Manag. Assoc. 52, 1032–1042. 
https://doi.org/10.1080/10473289.2002.10470842. 

Zhu, W., Luo, L., Cheng, Z., Yan, N., Lou, S., Ma, Y., 2018. Characteristics and 
contributions of biogenic secondary organic aerosol tracers to PM2.5 in Shanghai, 
China. Atmos. Pollut. Res. 9, 179–188. https://doi.org/10.1016/j.apr.2017.09.001. 

Zotter, B., Herich, H., Gysel, M., El-Haddad, I., Zhang, Y., Močnik, G., Hüglin, C., 
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