10

15

20

25

30

Author’s response to review
Manuscript: acp-2020-201

Big thanks to the reviewers whose comments and suggestions improved the manuscript. We took the comments into account
and did some changes in the manuscript. See below my point-by-point reply to the comments. The marked-up version of the
manuscript, which is attached at the end of this document, shows all the changed made in the manuscript with red color. In
addition to referee comments, we also did some improvements to the language and shortened the manuscript a bit by modifying
the Sect. 2.1 and moving some parts to the supplementary material (this was recommended in the pre-review already). We also

included one more co-author, Leena Kangas, as she provided data and helped us with answering to one of the referee comments.

Best,

Krista Luoma

Comments by the Referee #2:

Equivalent BC: Is there a different conversion for optical to mass concentration of BC from vehicle emissions vs. wood
combustion?

There was no different conversion factor (mass absorption or attenuation cross section) used at different sites. We added
discussion about using the same constant MAC value at all the sites:

As mentioned in the Sect. 2.2, we applied constant mass absorption cross section (MAC) values to convert the optically
measured absorption data to eBC concentration. However, the MAC may vary depending on the chemical composition, shape
and the mixing state of the PM. The MAC increases for aged BC particles, as the BC particles get coated with a scattering or
slightly absorbing coating, which act as a lens increasing the absorption of the BC core (Lack and Cappa, 2010; Yuan et al.,
2020). At TR sites, the freshly emitted BC particles from local traffic probably have no coating on the particles, but at the
remote sites, however, particles are carried over longer distances and the observed BC at these sites is more aged and likely
more coated. Therefore, it is probable that the real MAC at the background sites was higher compared to TR sites. If the
differences in the MAC values were taken into account, it could possibly increase the difference between the traffic and
background sites. The source of the BC may also have an effect on the MAC, but for example Yuan et al. (2020) and Zotter et
al. (2017) did not observe notable difference between the MAC for particles originating from traffic or wood combustion. In
addition to spatial variation, the MAC can also vary temporally, which could affect the observed seasonal and diurnal

variations and trends (presented in Sect. 3.3) as well. However, determining the variations of MAC would require extensive
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long-term measurements of chemical composition of the BC particles in different environments and therefore further analysis
of the effect of MAC is omitted here.

Conclusions: Can you make any projections for the future of vehicle related BC emissions considering future changes
in regulation, changes in traffic patterns, and changes in vehicle fleet type, either through better combustion, emission
control orchanging energy sources, e.g. electric?

A paragraph discussing the future changes in the air quality was added in the conclusions:

This study suggests that the development in vehicle exhaust particle mitigation has been successful, at least from the viewpoint
of BC and NOx emissions. With the current development, the pollution concentrations are expected to decrease in the next
years as well. In general, the vehicle fleet is renewing, electric and hybrid cars are gaining popularity, and vehicles that run
with biofuels or gas are becoming more common. The operator of public traffic in the HMA (HSL) aims to cut more than 90
% of their bus emissions (NOx, PM, CO2) by the year 2025 compared to the year 2010, which will improve the air quality

especially at the main roads in the HMA, where several bus lines operate.

The abstract could be shortened and streamlined, see supplemental pdf file suggestions.
Thank you for the suggestions, the abstract was improved according to the supplement.

In presenting ranges throughout the MS, e.g. page 13 line 18, use that format consistently to avoid confusion between
minus sign and dash, “The trends at traffic sites varied from -0.31 to -0.15 uyg m-3 yr-1 and ... ¢
This issue was fixed and now the ranges of concentrations or trends are consisted (we used the “from ... to ...” format).

Page 13, line 15 at a curbside station. A trend study based only in London

This issue was fixed.

Page 17 line 2 concentration has two positive effects: 1) improved air quality and 2) decreased warming effect on the
global climate by light absorbing
This issue was fixed.

Page 17 Line 6 relative trends of NOx concentration, which varied between -19.7 — -4.0 % yr-1. However, the relative
trends of PM2.5 were did not decrease as rapidly as for eBC and NOx and the relative trends of PM2.5 varied between
-3.9--2.7% yr-1.

This issue was fixed.

Fig. 5 Annual trends for the hourly data ...
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This issue was fixed.

Fig. S6 Add R value of linear fit. Add confidence limits, of slope, ie., is it significantly different than 1.0? The “trouble”
with having so many data points is that one can see only the outline and not the distribution in the densest regions. To
help the visual effect, plot the points in a lighter grey with the fits and limits in more intense, overlying colors.

This figure was changed so that the surface of the figure shows the number of data points in each grid point. The R? of the fit

is presented in the figure and the standard errors of the fit are given in the caption.

Fig. S7 Add R value and statistics.
The R values are now presented in the caption.

Fig. S9 Notably R value seem to be much less than for S6 and S7 by my ocular analysis.
I rechecked the calculations of the correlation parameter R, but the values were still the same.

Comments by the referee #3:

The article presents a long-term field study of BC, NOx and PM2.5 at different locations in Finland. Measurements at
4 locations allow for statistical evaluation of long-term trends, which show statistically significant reduction in BC and
NOx. The study concludes that the new vehicle emission standards are responsible for the reduction of traffic emissions.

The article is well written and can be published in ACP with minor revisions (see below).

1. As noted by the authors, the pollutant concentrations depend both on emission rates and atmospheric dilution. To
support the author claims it is critical to quantitatively assess the long-term meteorological trends, especially for wind
speed (during winter) and nocturnal mixing height (during summer). The sensitivity of pollutant concentration to the
meteorological parameters can be studied using a ""BC versus wind speed plot™ and ""BC versus mixing height plot"
(the same for NOx and PM2.5).

We applied the trend analysis to the WS, T and MH, which were shown to be the most important meteorological parameters
that affected the PM; and BC concentration (Teinilé et al., 2019; Jarvi et al., 2008). We added time series and the diurnal
variation of the MH (Fig. S1 and S2) in the supplementary material. However, we did not include plot of BC vs. meteorological
parameters, since we referred to the work by Teinil4 et al. (2019) and Jérvi et al. (2008), who already studied the sensitivity of
the pollutants to different meteorological parameters in the HMA.

The trend analysis of the meteorological parameters did not show any statistically significant changes during the measurement
period and therefore we concluded that the variations in meteorology were not the probable cause for the decreasing trends of
the pollutants. We omitted the trend analysis of nocturnal MH during summer, since the MH data represented southern Finland

and not the city of Helsinki. Therefore, the MH data can not be used to study if, for example, the heat island effect of the

3
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growing urban area affected the long-term trends. We added a paragraph in the manuscript explaining the trend analysis of the
meteorological parameters:

One possible cause for the decreased pollution concentrations could have been the changes in the meteorological parameters
that affect the dilution. Teinila et al. (2019) reported that in HMA the two most important meteorological parameter that
affected the PM1 concentrations were wind speed (WS) and temperature (T); Jarvi et al. (2008) observed that of the
meteorological parameters the WS and mixing height (MH) affected the BC concentration the most. The highest concentrations
were observed at low WS and MH conditions and when the T was either very high in summer or very low in winter, which
indicates stable and stagnant meteorological conditions. Also, a temperature decrease during colder periods could increase
the emissions from residential wood combustion. Therefore, in addition to BC, we ran the trend analysis for the time series of
WS, T, and MH (time series in Fig. S1). However, we did not observe statistically significant trends for any of these parameters.
We also studied the trends for the different seasons separately to see, for example, if the temperatures had increased in the
summer months or decreased in winter months, but this analysis did not yield statistically significant trends either. Therefore,

it is likely that the decreasing trends of the eBC concentration were not be explained by the meteorological factors.

2. Authors claim that the detached housing areas are influenced by local wood-burning emissions, the assessment being
supported by lower NOx/BC ratio at DH sites compared to TR sites. For the sites where Aethalometer was used (DH4
and DH5) the source contributions should be quantitatively assessed using wavelength dependence of the aerosol
absorption (Sandradewi et al., 2008).

We added a citation to Helin et al. (2018), who applied the model by Sandradewi et al. (2008) to AE33 data measured at DH3
and DH4 (note that the stations are named differently at our study than at the study by Helin et al., 2018). We added a paragraph,
which discusses the results by Helin et al. (2018):

The effect of wood combustion at DH sites was studied by Helin et al. (2018) who applied AE33 data measured at TR2, DH3,
and DH4 in a source apportionment model suggested by Sandradewi et al. (2008). They reported that on average about 41
and 46 % of the eBC observed at the DH4 and DHS5, respectively, originated from wood combustion. The fractions were
notably higher than observed at the TR2 (about 15 %). They also observed higher eBC fractions from wood combustion in the
cool season: for example, eBC fractions from wood combustion were 46 and 35 % at DH3 in winter and summer, respectively.
The effect of wood combustion in evenings was also evident in the data by Helin et al. (2018), who observed that both eBC
from traffic and wood combustion increased towards the evening at the DH3. A comparison between weekdays and weekends
at DH3 showed similar eBC concentrations originating from traffic, but slightly increased eBC concentrations from wood

combustion during the weekend.

3. When comparing BC concentrations measured by MAAP at 637 nm and Aethalometer at 880 nm the wavelength

dependence of the aerosol absorption should be taken into account (alternatively all measurements can be reported at
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the same wavelength). For the reader’s convenience, please specify the measurement wavelength of the MAAP on Page
6 Line 12.

The MAAP wavelength was added in the paragraph about MAAP measurements. As the Aethalometer was compared against
the MAAP at 880 nm, we decided to stay with that wavelength. However, we added some discussion about the possible effects
of the different wavelengths used. Discussion was added in the end of Sect. 3.1:

At DH4, DH5, and RB2 at least part of the measurements were conducted by an Aethalometer, which measured the eBC at
880 nm, which is longer wavelength than on what MAAP operates at (637 nm). This could have caused some difference in the
measured eBC concentration in the presence of so-called brown carbon. Brown carbon is organic material, which absorbs
light especially at low wavelengths (Andreae and Gelencsér, 2006). However, since the organic carbon absorbs light mainly
at wavelengths below 600 nm (Kirchstetter et al., 2004) the difference between the MAAP and Aethalometer wavelengths

should not cause a notable effect on the observed eBC concentration.
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Spatiotemporal variation and trends of equivalent black carbon in the
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Correspondence to: Krista Luoma (krista.g.luoma@helsinki.fi)

Abstract: In this study, we present results ef-from 12 years of black carbon (BC) measurements at 14 different-measurement
sites around the-Helsinki metropolitan area (HMA) and at one background site outside the HMA. The main local sources of
BC in the HMA are traffic; and residential wood combustion in fireplaces and sauna stoves. All the BC measurements were
conducted optically and therefore we refer to the measured BC as equivalent BC (eBC). Measurement stations were located at
in different types-ef-environments that represented traffic environment-{six-sites}, detached housing area-(five-sites}, urban
background-{twe-sites}, and regional background.-{twe-sites). The measurements of eBC were conducted during-from 2007 —
through 2018; however, the times-period and the lengths of the time series varied frem-at each site-to-site. As-expectedtThe
largest annual mean eBC concentrations were measured at the traffic sites (from 0.67 —to 2.64 pug m®) and the lowest at the

regional background sites (from 0.16 —to 0.29 pug m3). The annual mean eBC concentrations at the detached housing.and urban
background sites varied from in-therange—o0f-0.64 —to 0.80 pug m™ and the-annual-mean-eBGC-concentrations-at-the-urban

background-sites-varied-in-the range-of-from 0.42 —to 0.68 ug m3, respectively.- The clearest seasonal variation was observed
at the detached housing sites, where the-residential wood combustion increased the eBC concentrations during the cold season.

DFrafficrates-and-wood-burning-influenced-the-diurnal and-weekhy-variations of eBC concentration in different types—of

environments_depended clearly on the local traffic and residential wood combustion. The dependency was not se-as clear for

the other air pollutants, which were here-NOy and mass_concentration of particles smaller than 2.5 pm (PM2s). At four sites,
which had at least four-year-long time series available,—we-ebserved-that- the eBC concentrations had statistically significant
decreasing trends_that -~which-varied fromin-the-range-of -10.4 to— -5.9 % yrt. Compared to-the trends determined at the-urban
and regional background sites, the absolute trends decreased the-fastest at the-traffic sites,-and especially during the morning
rush hour. FherRelative long-term trends of eBC and NOy were similar-te-each-other, and their concentrations decreased more
rapidly than thatthe-coneentration of PM.s. The results indicated that especially the-emissions from traffic have decreased in
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the HMA during the last decade. This shows that air pollution control, new emission standards and_a newer fleet of vehicles
reathy-havehad an effect in-theon air quality.

1 Introduction

Air pollution is one of the biggest environmental health risks in the world. Air pollution consists of both gaseous components
and particulate matter (PM). Lelieveld et al. (2015) estimated that particles smaller than 2.5 um in diameter (PM2s) and ozone
(Os) together caused about 3.3 million premature deaths globally in 2010. Majority of these premature deaths were due to
PMa2s (approximately 1.9 million). More than 65 % of the premature deaths caused by PM, s were related to cardiovascular
diseases, the second largest cause for the PM.s-related premature deaths were lung and respiratory diseases, and a small
fraction ef-the-premature-deaths-were due to lung cancer (Lelieveld et al., 2015). The causes for the adverse health effects of
PM are the PM induced inflammation and toxic materials, which are transported in the respiratory system by the particles.

WHO reported that PM emitted from combustion sources, especially from traffic, is more harmful for health than PM from
other sources (Krzyzanowski et al., 2005). Typical combustion sources, which are also discussed in this study, are traffic and
domestic wood burning. Traffic emits a complex mixture of gaseous and fine particulate compounds (R6nkkoé and Timonen,
2019). Domestic wood burning also emits fine particles including toxic compounds, such as benzo(a)pyrene (Hellén et al.,
2017). Black carbon (BC), which is defined as black carbonaceous particulate matter, is a good indicator of pollution from
combustion because it is a side product of incomplete combustion. Therefore, it is useful to measure BC alongside with the
other air quality parameters since BC concentration can give additional information about the health effects of aerosol particles
than just PM, which does not only originate from combustion seurces-(Janssen et al., 2011). BC is not just an indicator on bad
air quality, but the BC particles themselves also have adverse health effects. BC particles, which are around the size range of
~100 nm, can penetrate deep in the respiratory system and all the way in the alveolar region, from where the particles can be

transported in the blood circulation system and further on in the organs.

Due to its black appearance, BC absorbs solar radiation and decreases the albedo of reflecting surfaces (i.e., snow and ice
sheets). BC has been estimated to be one of the largest warming agents in the climate change (Stocker et al., 2013). Since BC
is emitted in the air as particles, its lifetime in the atmosphere is relatively short (few weeks) compared to greenhouse gases
(tens of years). Therefore, in addition to improving air quality, cutting down the BC emissions would have rather fast effects
in the radiative forcing slowing down the rate of global warming. In order to reduce BC emissions there has been, for example,

a suggestion of implementing a BC footprint similar to the CO, footprint -(Timonen et al., 2019).

Several recent studies have reported decreasing long-term trends of BC concentration in different types of environments
including urban areas (e.g., Sun et al., 2020; Kutzner et al., 2018; Singh et al., 2018; Font and Fuller, 2016). In Finland, the
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concentration of BC and its trends has been studied especially in background sites (Hienola et al., 2013; Hyvérinen et al.,
2011), but not that much in urban areas. The previous studies about BC concentration in the Helsinki Mmetropolitan Aarea
(HMA) are mainly from shorter campaigns (Aurela et al., 2015; Dos Santos-Juusela et al., 2013; Helin et al., 2018; Jérvi et al.,
2008; Pakkanen et al., 2000; Pirjola et al., 2017).

The objective of this study is to investigate the spatio-temporal variability of BC in different types of environments in the
HMA. Our objective is also to clarify how the proximity of combustion sources, which in HMA are mainly traffic and domestic
residential wood burring-combustion (Helin et al., 2018; Savolahti et al., 2016), affected the BC concentrations. In this study,
we utilize BC data measured at various different locations in the HMA and at one site outside the HMA. The measurements
were conducted during 2007—2018. To study how the variability of BC differeds from the variability of the monitored and
regulated air quality parameters, we also included parallel measurements of PM2s and NOy in this study. Measuring-BC-in
add-l-t—l-@ﬂ—tG—P—MQ_E, a hetter view on-the effe of local nolution-sources-and - more hazardous-airpollutants-Unde anding

2 Measurements and methods

2.1 The field sites

The HMA consists of four different cities (Helsinki, Espoo, Vantaa, and Kauniainen) and it is the most densely populated area
in Finland. FIn 2020, the total population in the HMA wais about 1.42 million. Helsinki is the capital of Finland and it is
located in the southern coast of the country (60°10°N, 24°56°E). The HMA locates on the seaside of the Gulf of Finland and

therefore the climate in the area is a transition zone between oceanic and continental climate and typically defined as humic
continental climate. On average, the Fhe-coldest monthhy-mean-temperature-(-5-°C) during the measurement period (2009—
2018) oceurred-was in-February (-5 °C) and the warmest month_ly-mean-temperature{19°C)-inwas July (19 °C). The mean

wind speed over the whole measurement period was about 4 m s. For more detailed information about the meteorological

parameters, see Fig. S1.

The measurements of BC concentration were conducted at 15 sites. We classified the stations into four categories: traffic
environment (TR), detached housing area (DH), urban background (UB), and regional background (RB). The locations of the
measurement sites are presented in_-Fig. 1; the_exact coordinates and aerial photos of the stations are provided in Sect. S2.
Fourteen of the measurements sites were located in the HMA and one of the RB sites was located circa 200 km north of the
HMA in Hyytidld.

ala—At some of the stations,

the measurements have been repeated or conducted on a long-term basis and at some of the stations, the measurements lasted

8
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Six traffic stations, {TR1 — TR6), located close to a busy street or road (Fig-—S3Sect. S2.1);were-categorized-as traffic stations).

At these sites, traffic was the dominating source of pollution. Detailed information, such as traffic counts (TC), fraction of

heavy-duty (HD; i.e., trucks and buses), and the distance of the station to the closest traffic lines are presented in Table 2.

Detached housing sStations, DH1-DH2-DH3 DH4_and — -DH5, were-located in residential areas that consisted of separate
one-family houses, small streets, and some forests and parks (Sect. S2.2). VartiokyldRuskeasanta—|Lintuvaara—Rekola—and

=l Iresopethe s S secoresdont ol orenscons ciod e Sonninin on0 s s horene g OO RESa s

forests-and-parks-—The traffic rates at these areas were smal-streets-nextto-these stations-were-low;—F for example, the traffic
rates on the streets next to DH1 and DH5 were estimated-te-be-about 2 600 vehicles per day, which was -which-is-netablyway

less than elosetoat the TR sites (Table 2). According to a survey study, up to 90 % of the one-family households burned wood
to warm up houses and/or saunas, but less than 2 % of the households used wood combustion as the main heating source

Background sites were categorized as urban and regional background sites. Urban background stations, UB1 and UB2, located

close to the central area but not in vicinity of busy roads (Sect. S2.3). UB2 is also known as SMEAR 111 (Station for Measuring

Ecosystem-Atmosphere Relations; Jarvi et al., 2009). Regional background stations, RB1 and RB2, located in rural areas,

about 20 and 200 km away from Helsinki, respectively (Sect. S2.3). RB sites represented the concentration levels outside the

urban area without local pollution sources. RB2 is also part of the SMEAR network, better known as SMEAR Il (Hari and

Kulmala, 2005).
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2.2 Measurements of equivalent black carbon

Moeostof the stationswere operated-by theThe Helsinki Region Environmental Services Authority (HSY), which is the authority
monitoring the air quality in the HMA - HS¥Y-arranged the measurements at 13 of the sites.; University-of Helsinkilnstitute for
atmospheric and Earth system research (INAR) cenducted—arranged the measurements at the RB2, and the Finnish
Meteorological Institute (FMI) together with the-University-of HelsinkiINAR conducted the measurements at the UB2.

All the BC measurements were conducted optically, meaning that and-the BC concentration was derived from the light
absorption of the particles and hence we refer to the measured BC as equivalent black carbon (eBC; Petzold et al., 2013). At
11 of the stations, the measurements of eBC were conducted by using only a Multi-angle absorption photometer (MAAP;
Thermo Fisher Scientific, model 5012), and at feurthree of the stations (DH4, DH5, and RB2) all or at least part of the

measurements were conducted by using an Aethalometer (Magee Scientific, models AE31 and AE33). The instruments used

at different sites are listed in Table S1.

At all of the measurement-stations, the head of the sampling line was located 4 m above the ground. The concentration of eBC
was measured for particles smaller than 1 um (PM1). However, at DH1 the eBC concentration was measured for PM s for first

half of the year, but since most of the eBC mass concentration falls in the PM; (Vallius et al., 2000), the cut-off size should

11
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not_have caused big difference in the results. Sample air was dried with an external dryer or by warming up the sample to 40
°C at most of the stations, but at TR1, UB2, DH5 and DH4 (only the first half of year) the sample air was not dried. Even if

there was no drier, the sample air warmed up to the room temperature, which decreaseds the RH, when the outdoor temperature

wais lower than the indoor temperature (i.e., the sample air wais dried passively during the cold period, however, in summer,
when the temperature difference wais smaller, the RH dees—did not necessarily decrease). Al—ofthe—stations—the

The MAAP determines the absorption coefficient of aerosol particles by collecting the particles on a filter medium and by
measuring the intensity of light penetrating the filter and the intensity of light that is scattered from the filter in two different
angles (Petzold and Schonlinner, 2004). The absorption coefficient is determined from these measurements by using a radiative
transfer scheme. The eBC concentration is obtained from the absorption coefficient by using a mass absorption cross-section
(MAC) value of 6.60 m?g* (Petzold and Schénlinner, 2004). The MAAP operates only at one wavelength, which is 637 nm.

The Aethalometer measures the eBC concentration at seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). Here we
chose to use the 880 nm channel, since it is the recommended and most commonly used wavelength to report the eBC measured
by an Aethalometer.-and-in-this-study-the-wavelength-880-nm-was-used- Similarly to MAAP, tFhe Aethalometer collects the
sample aerosol particles on the filter material-simiarhy-te-the-MAAPR, but unlike the MAAP, the Aethalometer only measures
the attenuation of light through the filter. Therefore, the Aethalometer is prone to error caused by the increasing filter loading.

In the newer model, AE33, this is automatically taken into account in real time as the instrument applies the so-called “dual-
spot correction” to the data (Drinovec et al., 2015). For AE33, the recommended MAC value of 7.77 m? gt at 880 nm is
recommendedwas used in this study (Drinovec et al., 2015). For the older model, AE31, a correction algorithm needs to be

applied by the user (e.g., Collaud Coen et al., 2010). AE31 determines the BC concentration from the so-called attenuation

coefficient and it uses mass attenuation cross-section value of 16.62 m? g at 880 nm.

At DH4, model AE33 Aethalometer was used for the first half of the measurement period (1 January 2017 — 5 May 2017) and
at DH5, the whole data set was measured with an AE33. At these two stations, HSY corrected the eBC concentration by
multiplying the concentration by 0.75, according to a comparison with MAAP. At RB2, an older model AE31 was used. The
AE31 was first corrected for the filter loading error by using the correction algorithm suggested by Virkkula et al. (2007).
After the filter loading correction, a comparison with MAAP showed that the AE31 data had to be multiplied by 1.08 to acquire

similar concentrations (Sect. S3).

12
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2.3 Measurements of NOx and PM25s

NO; and the mass of particles smaller than 2.5 um (PMs) are regulated pollutants based on the Air Quality Directive

(2008/50/EC) and therefore they are always measured at the air quality stations. In this study, we used NOy (NO + NO,) data

instead of the requlated NO,, since NOy describes better the primary traffic emissions. Even though there was much more NOx
{NO-+NO.}and PM, s data available compared to eBC data, in-this-study-we used only NOx and PM s data that was measured
during-the-same-period-asparallel to eBC was-measured-in order to make the comparison and trend analysis systematic.

The PM2s concentration was measured with various different instruments, which are listed for each station in Table S1. The
instruments were based on four different methods: 1) attenuation of B-radiation (Thermo model FH 62 I-R); 2) tapered element
oscillating microbalance (TEOM; Thermo different models); 3) optical detection (Grimm 180); and 4) collecting the particles
in a cascade impactor and manually weighting the collected particles. The instruments, which use the methods 1 — 3, measure
the concentration continuously. At RB2, where the PM2s concentration was measured by collecting the particles in a cascade
impactor and weighting the collected particles about three times a week so the time interval of these measurements varied from
two to three days. To compare the PM.s measurements to BC concentration at RB2, the PM. s concentration was interpolated
to match_the timestamps of the eBC timestampsmeasurements.

NOy mass concentration [NOyx] was derived from the measurements of NO and NO; so that
[NO,] = 1.533 - [NO] + [NO,]. (@)
The mass concentration of NO and NO were measured by instruments, which are based on the chemiluminescence method.

The instruments used at each station are listed in Table S1.

2.4 Meteorological measurements

The meteorological station measuring wind direction (WD), wind speed (WS), temperature (T), pressure (p), relative humidity

(RH), and precipitation, was located in a rooftop (78 m a.s.l) close to central Helsinki (Fig. 1). In this study, we used the

measurements of meteorological parameters conducted at the rooftop station to represent the meteorological conditions of all

the stations located in the HMA. We also included data of the mixing height (MH) for southern Finland. The MH was calculated

by MPP-EMI, a meteorological pre-processing model developed by the FMI (Karppinen et al., 2000).

2.4-5 Data processing

The data quality were assured by the data producer and invalid data were omitted from further analysis. At TR, -aH-the PM. 5

conditioning-The concentrations were converted to ambient outdoor temperature and to normal atmospheric pressure (1013.25

13
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hPa). In this study, we used one-hour averages for all the variables (only exception is the PM, s data at RB2). The hourly mean
values were calculated if the hour had at least 75 % of valid data. The hour of day always refers to the local time_(note that

winter and summer times are used in Finland) and the time stamp of the measurements are reported in the middle of the

averaging period.

2.45.1 Trend analysis

We used seasonal Mann-Kendall test and Sen’s slope estimator (Gilbert, 1987) in determining the statistical significances and
the slopes of the long-term trends. Mann-Kendall test and Sen’s slope estimator are non-parametric statistical methods, which
allow missing data points. The method determines the trends for each season (here we used months) separately and tests if the
trends for different seasons are homogeneous. We used monthly median values in the trend analysis and we required at least
14 days of valid data for each month, otherwise the month was not taken into account in the trend analysis. Similar analysis
has been used in various trend studies (e.g., Collaud Coen et al., 2007; Collaud Coen et al., 2013; Li et al., 2014; Zhao et al.,
2017).

3 Results and discussion
3.1 Spatial variation

The statistics of eBC, PM25, and NOy concentrations from each site are presented in_Fig. 2-Figure-2. The figure includes all
the data and the statistics were determined by using the 1 h mean values. Figure 2 shows that the arithmetic mean values
differed from the median values, which means that the data of the air pollutants wais not normally distributed at any station
and that the data wais skewed to the right (i.e., small concentrations occurred more often and therefore the median_values

wisere smaller than the means).

As expected, the highest mean eBC concentrations were observed at the TR sites, where the mean eBC concentration varied
from 0.77 to 2.08 pug m (measured-at the-TR6 and TR3, respectively). At the DH sites, the mean eBC concentration varied
from 0.64 to 0.80 pug m3, which were rather similar mean values as observed at the TR1, TR5, and TR6 (0.84, 0.83, and 0.77
ug m3, respectively). At the UB sites, the mean eBC concentrations were around 0.52 pg m3, which were-was clearly lower
than at the TR and DH sites. The lowest mean eBC concentrations, which were ¢0.28 pg m=,) were observed-as-expected; at

the RB sites that had no local BC sources in vicinity.

Previous studies have shown that in addition to the traffic count, the BC concentration near traffic lines depends on various
factors: the distance to the traffic lines (Enroth et al., 2016; Massoli et al., 2012; Zhu et al., 2002); the speed limit (Lefebvre et
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al., 2011); and the fraction of heavy-duty vehicles (Clougherty et al., 2013; Weichenthal et al., 2014). The surrounding
buildings, vegetation and the wind conditions affect the dilution and therefore the BC concentrations as well (Abhijith et al.,
2017; Brantley et al., 2014; Pirjola et al., 2012). Also, close by intersections may affect the BC concentrations if they induce
traffic build-ups; BC emissions from vehicles that accelerate are higher than the emissions from a steadily moving vehicle
(Imhof et al., 2005).

The abovementioned factors are probably the reason for the relatively big differences between the different TR stations and
explain, for example, why the eBC concentration at TR3 was notably higher than at the other TR sites. TR3 was located in a
street canyon right next to a very busy traffic line..-which-alse-has-arather-high-fraction-of-heavy-duty-vehieles: According to
Table 2, the traffic count on the closest street next to TR3 was around 44 400 vehicles per weekday and the fraction of heavy-
duty vehicles was 14 %. The traffic count and fraction of heavy-duty vehicles wais higher than for example on the street next
to TR1 or at the street next to TR2. The area around TR3 consisteds also of a few busy intersections and the statien-is

loeatedlocation in a street canyon_—whieh-probably increased the eBC concentrations even further.

The effects of total traffic count and traffic count of heavy-duty vehicles (HD) on the eBC concentration were studied in more
detail in the supplementary material (Fig. S9), where the annual mean eBC concentrations were compared against the estimated
weekday traffic counts of all vehicles and of heawy-dutyHD vehicles in the nearest street or road. The annual means of eBC
concentration correlated better with the number of heawy-dutyHD vehicles passing the station ina-day (R = 0.82) than with
the total traffic count during-the-day-(R = 0.71). In general, the number of heavy-dutyHD vehicles passing the TR1, TR5, and
TR6 per day was low compared to TR2, TR3, and TR4, and this was also seen in the mean concentration of eBC, which was
the highest for the TR2 — TR4. This resulte-effect-of-heawy-duty-vehicles was expected, since the BC emissions from heawy-
dutyHD vehicles are higher compared to light-duty vehicles (Imhof et al., 2005).

Ht-must-be-neted—that-tThe distance from the stations to the_edge of nearest street variesvaried, which has an aeffects_on the
measured eBC concentration (Massoli et al., 2012; Zhu et al., 2002). A study by Enroth et al. (2016) estimated that eBC
concentration decreases-decreased by te-a-half50 % at 33 m distance from the road. TR2 and TR3, where we observed rather
high concentrations, were located right next to the street (in a 0.5 m distance), whereas the other stations had a longer distance
to the nearest street (3 — 20 m). Previous studies have also shown that tall trees in street canyons may deteriorate the air quality
by preventing dispersion (Abhijith et al., 2017) and this may also have affected the higher measured concentrations at TR2

and TR3,; since-iln Makel&nkatu street, which is next to TR2, there are two lines of trees framing the tram lines in middle the

street (see-Fig. S2bS3b) and in Mannerheimintie street, which is next to TR3, there are trees planted between the traffic lines

and pavements (see-Fig. S2eS3c).
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Compared to the HMA, Hhigher concentrations of eBC than-ebserved-at-this-study-have been reported at other urban areas in
Europe. For example, +eported-mean-eBCvaluesof 3.7 pg-m3-at-a-traffic site-and-2.33-pg-m-at-an-urban-background-site
measured-in-Madrid-in-2015-Sun et al. (2019) reported median values of 2.0, 0.9, and 0.4 ug m™ at several German TR, UB
and RB sites, respectively, measured during 2009-2018. Singh et al. (2018) reported on average eBC concentrations of 1.83
and 1.34 pug m™ measured at several urban center and wrban-backgroundUB sites in the United Kingdom during 2009-2011.
Krecl et al. (2017) observed mean eBC concentration of 2.1 ug m= at a street canyon site in Stockholm during weekdays in

spring 2013. Becerril-Valle et al. (2017) reported mean eBC values of 3.7 ug m= at a TR site and 2.33 pg m™ at an UB site

measured in Madrid in 2015. The BC concentrations reported by other studies at different environments are higher than the

eBC concentrations measured at corresponding environments areune-in the HMA. Already the concentrations at the RB sites

are lower than those measured at other European sites. Generally, the air quality in the HMA _and in southern Finland wais

good. Finland is isolated from the more populated continental Europe by the Baltic sea and therefore long-range pollution from

the more polluted continental area affects southern Finland less. -dDue to its coastal location, the HMA affected by the sea
breeze and is therefore well diluted. which-enhances-the-dHution,—andCompared to other European metropolitan areas, the
HMA relativelyis small size;-sineeand the area is not as densely populated thar-as many other European capital areass.

In addition to eBC, we also studied the variations of NOs-and-PM2s and NO, presented in Figs. 2b and 2c, respectively;-which
were-measured-at-all-of the-stations. The spatial variation of NOx was partly similar to that of eBC; the highest concentrations
were measured at the TR sites and the lowest at the RB sites. At the TR sites, the mean concentrations varied between from
44 —t0 147 ug m (lowest-concentration-at -TR5 and highest-at- TR3, respectively) and the variation between the stations was
rather similar to the variation of eBC. Like BC, NOy is highly dependent on the traffic related parameters such as the traffic

count, the fraction of heavy traffic, the speed limit etc., which explain the similar variation observed. For the RB sites, however,
the mean NOx (2 ug m?) was relatively low compared to eBC at RB sites. Another difference to eBC was that, the NOy
concentration at the DH sites was relatively lower, which was expected, since the NOy emissions from residential wood
combustion are low. The correlation between eBC and NO, concentrations at each station are presented in Fig. S#aS8a. As the
likeness in the spatial variability already suggested, the eBC and NOx had rather similar sources and therefore they were
expected to correlate. The correlation coefficient (R) between these variables was the highest at the TR stations (0.80 <R <
0.90) and lower at the DH stations (0.63 <R < 0.73). At the background sites, the correlation coefficient varied more (0.55 <
R <0.83).

For the-PM. 5, there were not as clear patterns between different station categories as there were for eBC and NOy. At the
traffic TR sites, the mean PM,.s concentration varied from 5.6 to 11.3 pgm- (at TR6 and TR3, respectively) and at the detached
heusingDH sites, the variation was rather similar: from 5.6 to 11.3 ugm (at DH4 and DH2, respectively). FerPM.s—tThe
mean concentration of PM s at the background sites wereas not as clearly lower as it was for eBC and NOx. These results show

that PM2 s did not depend on local primary pollution sources as much as eBC or NOx did. PM2 s includes all different kind of
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aerosol particles, especially secondary aerosol, which may be anthropogenic or biogenic_in origin. In this size range, non-
anthropogenic particles (e.g., secondary particles of biogenic origin; Dal Maso et al., 2005) are also contributing. The
differences in the sources of eBC and PM.s concentrations were also seen in the correlation between these two variables; the
R between these two variables at different stations were notably lower (0.36 < R < 0.67) than the R between eBC and NO

concentrations (Fig. S7b).

The fraction of eBC in the PM2s is shown in Fig. 3-and-it-represent-how-big-fraction-of PM, s-consists-ofeBC. eBC was
measured mostly in PM,_but since most of the BC particles are smaller than 1 um in diameter, the difference between the cut

off diameters should not have a big effect on the results- (e.g., Enroth et al., 2016). Higher eBC/PMs ratio indicateds that

there wais a larger fraction of PM related to combustion sources. The highest median eBC/PM s ratio were observed at the
TR sites where the ratie-fraction of eBC varied from 10 to 15 %. The second highest median ratios were observed at the DH
sites and at UB1 where the ratios varied from 5 to 9 %. At the RB sites, the median fractions were the smallest: less than 5 %.

The results of the spatial variation showed that eBC concentration and eBC/PM s ratio depended greatly on the distance to the
pollution sources, which arewere, in this case, traffic and wood burringcombustion. The NOx wais very dependent on the

distance to the traffic sources only, since NOx concentration wais not significantly affected by residential wood

burningcombustion. Since the PMas has many-various sources and generally high background levels, it wais the least

dependent component on the contribution of the local sources.

Figures 2 and 3 included all the data that was collected from 2009 to 2018 and that the sizes of the data sets at each station

differed. Therefore, the year-to-year variation caused by the meteorological conditions and changes in the emission rates might

have affected the results of spatial variability especially at sites that contained only one year of data (all DH sites and TR4).

At DH4, DH5, and RB2, at least part of the measurements were conducted by an Aethalometer. The Aethalometer measured

the eBC at 880 nm, which is a longer wavelength than on what MAAP operated at (637 nm). This could have caused some

difference in the measured eBC concentration in the presence of so-called brown carbon. Brown carbon is organic material,

which absorbs light especially at short wavelengths (Andreae and Gelencsér, 2006). However, since the organic carbon absorbs

light mainly at wavelengths below 600 nm (Kirchstetter et al., 2004)_the difference between the MAAP and Aethalometer

wavelengths should not cause a notable effect on the observed eBC concentration.

As mentioned in the Sect. 2.2, we applied constant mass absorption cross section (MAC) values to convert the optically

measured absorption data to eBC concentration. However, the MAC may vary depending on the chemical composition, shape

and the mixing state of the PM. The MAC increases for aged BC particles, as the BC particles get coated with a scattering or

slightly absorbing coating, which act as a lens increasing the absorption of the BC core (Lack and Cappa, 2010; Yuan et al.,
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2020). At TR sites, the freshly emitted BC particles from local traffic probably have no coating on the particles, but at the

remote sites, however, particles are carried over longer distances and the observed BC at these sites is more aged and likely

more coated. Therefore, it is probable that the real MAC at the background sites was higher compared to TR sites. If the

differences in the MAC values were taken into account, it could possibly increase the difference between the traffic and

background sites. The source of the BC may also have an effect on the MAC, but for example Yuan et al. (2020)_and Zotter et

al. (2017) did not observe notable difference between the MAC for particles originating from traffic or wood combustion{¥uan

etal—2020; Zotteret-al—2017). (Schwarzetal—2008) In addition to spatial variation, the MAC can also vary temporally,

which could affect the observed seasonal and diurnal variations and trends (presented in Sect. 3.2) as well. However,

determining the variations of MAC would require extensive long-term measurements of chemical composition of the BC

particles
in different environments and therefore further analysis of the effect of MAC is omitted here.

3.3-2 Temporal variation

3.32.1 Long-term trends

A quick look in Table 1 already showed that the annual eBC mean values had seemingly decreased. To see if the decreasing
eBC trend had a statistical significance, we applied the seasonal Kendal test (see Sect. 2.4.1) to the data sets that were at least
four-year-long (TR1, TR2, RB2, and UB1). Even though there was four-years of measurements at the UB2, it-the station was

omitted from thise trend analysis, since the data availability at UB2 in 2016—2017 was not good enough. The seasonal Kendal

test was applied to monthly medians values, which are presented in Fig. 4 for the eBC concentration at TR1, TR2, UB1, and
RB2. We could not apply the trend analysis to any of the DH stations, since none of the DH stations had more than one year

of eBC measurements.

A statistically significant (p-value < 0.05) decreasing trend was observed for all of the stations_included in the trend analysis;

which-had-at-leastfouryears-of data- (TR1, TR2, UBL, and RB2) as shown in Fig. 4 and in Table 3. The smallest absolute

decrease was observed at the background stations UB1 and RB2, where the slopes of the trends were -0.02 and -0.01 pg m

yr!, respectively. At TR1 the concentration decreased more rapidly by -0.04 pug m3 yr; and at TR2 of the decrease was even
greater: -0.09 ug m* yr. In addition to the absolute trend, we also determined the relative trends by dividing the absolute
slope of the trend by the overall median concentration. At TR1, UB1, and RB2, the relative trends were rather similar: -6.4, -

5.9, and -7.8 % yr?, respectively. At TR2, the decrease was relatively fastersteeper: -10.4 % yr,
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One possible cause for the decreased pollution concentrations could have been the changes in the meteorological parameters

that affect the dilution. Teinild et al. (2019) reported that in HMA the two most important meteorological parameter that

affected the PM; concentrations were wind speed (WS) and temperature (T); Jérvi et al. (2008)_observed that of the

meteorological parameters the WS and mixing height (MH) affected the BC concentration the most. The highest concentrations

were observed at low WS and MH conditions and when the T was either very high in summer or very low in winter, which

indicates stable and stagnant meteorological conditions. Also, a temperature decrease during colder periods could increase the

emissions from residential wood combustion. Therefore, in addition to BC, we ran the trend analysis for the time series of WS,

T, and MH (time series in Fig. S1). However, we did not observe statistically significant trends for any of these parameters.

We also studied the trends for the different seasons separately to see, for example, if the temperatures had increased in the

summer months or decreased in winter months, but this analysis did not vield statistically significant trends either. Therefore,

it is likely that the decreasing trends of the eBC concentration were not be explained by the meteorological factors.

To see how the decrease in eBC concentrations compareds to the trends of other air pollutants, we conducted the trend analysis
also for the PM.5 and NOx data. The resulted trends are also presented in Table 3. The only parameter for which we did not
observe a statistically significant decreasing trend was PM2s at TR2 (p-value = 0.05). The relative trends varied from station
to station, but a common trait was that the concentrations of eBC and NOy decreased relatively faster than the concentration
of PM_s. The trends of NOx concentration varied from -19.7 % yr? (TR3) to -4.0 % yr' (RB2) and the trends of PMs
concentration varied from -3.9 % yr* (UB1) to -2.7 % yr! (RB2). Since there was a notable decrease in the eBC concentration
at TR3 between the years 2010 and 2015 (Table 1), the trend at TR3 was also studied, which is presented in Sect. S5. The
analysis showed that the concentrations of eBC, NOy, and PM, s decreased about -12.2, -8.2, and -5.6 % yr, respectively. So

also at the TR3, the PM25 concentration decreased relatively the slowest.

Compared to PM,s, tFhe concentrations of eBC and NOy weare more sensitive to the changes in the traffic, since they are

more dependent on the local sources than PM; s as discussed in the Sect. 3.21. Therefore, the bigger decrease in eBC and NOx

concentrations indicated that especially the emissions from traffic have decreased. Since PMys is not Hmited-as sensitiveenly

to changes in primary traffic related emissions, it explains why the slope of the trend for PM. s was relatively smaller than that
of eBC and NOx. In other words, since the pollutant emissions from traffic sources have generally decreased, it clearly affecteds
the trends of eBC and NOy, which are originating from local traffic sources, but to a lesser extent the trend of PM,s. Even

though the decrease in local traffic emissions was the probable explanation for the decreasing trends especially at the TR and

UB sites, changes in the long-range transported pollution likely affected the trends as well. Statistically significant trends were

observed also at RB2 indicating that the long-range transported pollution and the emissions in the regional area have also

decreased.
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For eBC and NOy it is difficult to say which one of the pollutants decreased at faster rate. Their relative decreases were rather
similar at TR1 and atUB1. At RB2, the decrease in eBC concentration was a more notable if compared to the decrease in NOy
concentration. However, at RB2, there were no local sources so the situation iwas probably rather complicated and dependsed
on the atmospheric chemistry and aging of the pollutants. At TR2, there was a large difference and NOy seemed to decrease at
double rate compared to eBC, which could be caused, for example, by the fast renewal of the city bus fleet. According to the
Helsinki Regional Transport Authority (HSL), in 2015 17 % of the HSL buses were Euro VI or Euro VI energy efficient and
in 2018 the fraction had increased to 48 %. A study by Jarvinen et al. (2019) showed that moving to Euro VI buses from
enhanced environmentally friendly vehicles (EEV) efficiently decreases the NOx emissions. However, it-must-be-neted-that

hereat TR2, the short time series cause uncertainty to the trends and for example, the year-to-year variability caused by the

meteorological conditions could cause apparent decrease in pollutant concentrations.

The trends at TR1 and UB1 were investigated in more detail, since these stations had the longest time series and they were
located closer to local sources in the HMA. To see if the traffic related emissions affected the trends, the trend analysis was
conducted separately for each hour so that the monthly median was determined for each hour of the day. Only the data from
weekdays was included in the analysis. This trend analysis revealed that there were clear decreases in the eBC and NOy

concentrations around the morning rush hour as shown in Figs. 5a and 5c¢. The trend of the eBC concentration had a distinctive

diurnal cycle in general so that the decrease was more prominent during morning and day and actually there was no statistically

significant trend during night time (22 p.m. — 3 a.m.). Similar diurnal pattern was observed for the PM. s as well, however, the

pattern was not as well defined as for the eBC. At TR1, the PM,s data between 8 — 9 a.m. and 9 — 10 p.m. were not included

in the trend analysis due to technical issues caused by a disturbance of the air conditioning. In principle, the diurnal trendsis

indicateds that the primary eBC-and-NO,-emissions from traffic seurces-have decreased most prominently, i.e., changes in

traffic regulations and technological advancements have decreased especially the eBC and NOx emissions.-Oppesitehy-the
. . . ) iroct] i . : ons.

According to the report about traffic in Helsinki, the traffic volume in Helsinki increased a bit, by 0.4 % yr* during the period
2006-2016 (Helsinki, 2017; in Finnish only)-. However, in general, the number of vehicles entering and exiting the city center
(including-represented by TR1) decreased by 1.5 % yr* and the number of vehicles entering and exiting the central urban area
(including-represented by TR2, TR3, and UB1) decreased by 0.8 % yr* during the same period, which obviously decreases
the emissions from traffic. The decreases in traffic rates were especially observed in the North-West part of the central urban
area (e.g., Fig. S10c), which probably affected the trends observed at TR3. However, at Mékelédnkatu, which is the main street

next to TR2 where decreasing trends were also observed, there was no clear decrease in the traffic rate (Fig. S10f).

Since the traffic rates did not decrease at all of the stations, it can be concluded that the decreasing trends were due to the

renewal of vehicle and bus fleet as well as cleaner renewable fuels, which have been shown to decrease both BC and NOy
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emissions (Jarvinen et al., 2019; Pirjola et al., 2019; Timonen et al., 2017). The exhaust particle number of demission-reduction
of-traffictaken-place-mosthy-due-to-the-efficient regulation-ef-diesel and gasoline vehiclesearexhaust-particle-number have

been requlated efficiently in order to reduce the traffic emissions. Theis regulations haves enforced the use of diesel particulate

filters (DPFs) in new diesel passenger cars and heavy-duty diesel vehicles, reducing their BC and PM emissions even more
than 90 % up to 99 % if compared to the diesel vehicles without DPF (Bergmann et al., 2009; Preble et al., 2015). AHewever;
also, the increased use of biofuels and gas as vehicle fuels, increased share of electric vehicles, and-as-well-as improvements
of fuel economy in internal combustion engines affected the observed trends. E.g., the increase of fuel injection pressure in
diesel combustion can improve the fuel economy of engines and simultaneously decrease the BC emissions of engines (Léhde
et al., 2011)._ i

Decreases in the eBC concentration (or absorption coefficient) have also been observed in the Finnish arctic (Dutkiewicz et
al., 2014; Lihavainen et al., 2015). In general declining trends in atmospheric aerosol particle number concentration and
particulate material has been observed in various different types of environments in Europe (Asmi et al., 2013). Similar results
for the trend of eBC concentration have been reported at several cities and countries in Europe. In Stockholm, Sweden, Krecl
et al. (2017), reported about 60 % reduction in eBC concentration in a busy street canyon between the years 2006 and 2013
(i.e., -7.5 % yr1). Singh et al. (2018) observed a statistically significant decreasing trend in eBC concentration at five
measurements stations, which operated during 2009-2016 and were located in different types of environments in the United
Kingdom. The trends varied from -0.09 pg m yr* (-4.7 % yr?) at an urban-backgroundUB site to -0.80 ug m3yr* (-8.0 % yr-
1) at a eurbside-TR station. A trend study based only in London reported on average -0.59 pg m yr (-11 % yr™) decrease in
eBC concentration at three roadside-TR sites for the period 2010-2014 (Font and Fuller, 2016). Kutzner et al. (2018) observed
statistically significant decreasing BC (both eBC and elemental carbon) trends for the period of 2005-2014 at several sites in
Germany. The trends at traffic-TR sites varied from -0.31 to -0.15 pug m? yr? and the trends at urban-backgroundUB sites
varied from -0.03 to -0.02 pug m= yr. Also, a more recent study by Sun et al. (2020)_reported decreasing relative trends of
eBC in Germany for the period of 2009-2018: from -0.19 to -0.08 pg m3 yr* (-11.3 to -5.0 % yr), from -0.08 to -0.03 pg m-
Syr!(-8.1t0-2.3 % yr), and from -0.03 to 0.00 pug m3 yr* (-7.8 to -3.2 % yr') at TR, UB, and RB sites, respectively.

These studies reported higher absolute trends compared to the absolute trends observed at our study, which wais probably due
to higherlower eBC concentrations in southern Finlandat-these-sites. However, the relative trends were rather similar. Similarly
to this study, ©other studies also observed steeper absolute trends at TR and UBurban sites compared-tothan at RBbackground
sites._Sun et al. (2020) observed similar diurnal eBC trends at TR and UB site as we did so that the decreasing trends were the

highest during the morning rush hour. In addition to eBC, Krecl et al. (2017) studied also the trend of NOy, and Font and Fuller

(2016) studied the trend of PM,s. Contradictory to our study, Krecl et al. (2017) did not observe a decreasing trend for NOx
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and- Font and Fuller (2016) reported decreasing trends for PM2 s concentration, which were relatively similar to the trends of

eBC concentration.

The abovementioned studies, which were conducted in urban environments, alse-suggested that the dominant reason for
thelinked-the decreased in-BC concentrations were-te traffic regulations. Fer-example:-Krecl et al. (2017) drew a connection

between the decreasing eBC concentration and the renewal of the vehicle_ fleet.; Sun et al. (2020), -Singh et al. (2018), and
Kutzner et al. (2018) proposed that the reductions in eBC were linked to the local and national air quality policies;. and-Font

and Fuller (2016) suspected that the eBC concentration decreased due to effective filters in diesel vehicles.

3.32.2 Seasonal, weekly and diurnal variation of BC

The diurnal variation of eBC was investigated separately for the cold and the warm seasons. According to Fig. S1, the coldest
5 months typically extended from November to March and the warmest 5 months from May to September. April and October
were omitted from this analysis as transition months. The seasonal dependencies for each station separately are presented in
Figs. S11 and S12.

The seasonal and diurnal variations of eBC were rather similar between the stations that belong in the same category (Fig.
S13). Instead of studying the variation at each station separately, we determined a mean diurnal variation for different station
categories to study the variation more generally. The figures were plotted by calculating the mean concentration each hour of
each day of the week for the cold and the warm seasons separately. All the available data were taken into account when the

diurnal variation from different stations were averaged together.

The mean seasonal, weekly and diurnal variation of eBC for different station categories are presented in Fig. 6. At the TR1,
TR2, TR3, and TR4 (i.e., TR1—4) the seasonal and diurnal variation was different from TR5 and TR6 (i.e., TR5—6) and
therefore the mean diurnal variations for these sets of stations were plotted separately in Figs. 6a and 6b. Fig. 6¢ presents the
mean diurnal variation averaged over all the DH sites. Since UB1 had a notably longer time series compared to UB2, these
two time series were not combined and only the diurnal variation from UBL1 is used in Fig. 6d. The diurnal variation at RB1

was also presented without combining it with RB2 data in Fig. 6e.

Fig. 6 shows two common traits observed at all of the TR, DH, and UB sites during both seasons: 1) eBC concentration peak
appeared each weekday morning around 8 a.m. because of the morning rush hour; and 2) the lowest eBC concentrations were
measured each day during the night around 3 a.m. when there were not much anthropogenic activities. In addition to these

common trends, each station category had their own traits in the seasonal, weekly, and diurnal variation. We also did a similar
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variation analysis for the eBC/PM s ratio presented in Fig. S14. In general the eBC/PM; s ratio seemeds to follow the variation

of eBC (i.e., the eBC varies relatively more than PM;s).

At the TR1—-4, the seasonal variation of eBC was not strong and in Fig. 6a the lines for the cold and the warm season follow
each other. The lack of seasonal variation in traffic environment was also observed previously in the HMA (Helin et al., 2018;
Teinild et al., 2019) and elsewhere (Kutzner et al., 2018; Reche et al., 2011). During weekdays, the morning concentration
peak of eBC occurred around 8 a.m. and the afternoon peak around 4 p.m. The variation of eBC concentration correlated with
the diurnal variation of the traffic counts (see-examples of traffic rates from Mannerheimintie and Mékelankatu in Fig. S10).
eBC concentration was notably lower during weekend, when the traffic rates were also lower. Jarvi et al. (2008)_also reported

that the close by traffic rates are the most important factors explaining the variation in eBC concentration at a TR site.

During the warm season at TR1—4 sites, the morning eBC concentration peak was netabhy-higher than-during the cold season.

Since seasonal variation in the traffic rates were not expected, the observation iwas probably explained by the variation in WS
and MH. When the MH and WS are higher\WS-, the concentrations of air pollutants decrease J}sreneuef—thamst—impenam

due to more effective dilution (J&rvi et al., 2008; Teinild et al., 2019). A-study-by Feinté-etal{(2019)-showed-that-the-divrnal
variation-of WS depended-on-the-season—in-summer-Fig. S2 shows that the MH and WS in the morning (before 9 a.m.) during

the cool season were lower than in the warm season. WS and MH had a clear diurnal cycle in the warm season, but had-is

=in winter-the cool season

the WS or MH had no variation whatsoever. &m&%mm&wmwm@%a%mme lower
WSMH and WS in the-morning during the warm season i

the-differences-in-the-WS-and-the-dilution could explain why the eBC concentrations peak during the warm season mornings.

The seasonal variation of eBC was the most pronounced at the DH sites, where the lowest concentrations occurred in June and
July and the highest concentrations in December and January (Figs. S:tgS12g—k), which is prebabhy-likely explained by the

residential wood combustion during the cold season. At the DH sites, the highest concentrations were measured during the

evening (Fig. 6¢), when people returned back home and started to warm up their houses and saunas.-after-the-werkday- This
was different to other station categories, where the morning concentration peak was higher or similar compared to the afternoon
peak. Domestic wood combustion also increased the concentrations during the weekend and unlike at the TR and UB sites, the

eBC concentration at the DH sites were rather similar compared to the weekdays.

The effect of wood combustion at DH sites was studied by Helin et al. (2018), who applied AE33 data measured at TR2, DH3,

and DH4 (note different names of the sites between our study and the study by Helin et al., 2018) in a source apportionment

model suggested by Sandradewi et al. (2008). They reported that on average about 41 and 46 % of the eBC observed at the
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DH4 and DH5, respectively, originated from wood combustion. The fractions were notably higher than observed at the TR2

(about 15 %). They also observed higher eBC fractions from wood combustion in the cool season: for example, eBC fractions

from wood combustion were 46 and 35 % at DH3 in winter and summer, respectively. The effect of wood combustion in

evenings was also evident in the data by Helin et al. (2018), who observed that eBC from wood combustion increased towards

the evening at the DH3 and DH4. A comparison between weekdays and weekends at DH3 showed similar eBC concentrations

originating from traffic, but slightly increased eBC concentrations from wood combustion in the weekend.

The effect of residential wood combustion on the diurnal variation was also observed at TR5—6 (Fig. 6b), which were closer
to the detached housing areas than the other TR sites (see Fig. 1). The temporal variation at TR5—6 was a mix between the
variation observed at the other traffic sites (TR1—4) and at the DH sites. At TR5—6, the concentration of eBC was notably
higher in the evenings during the cold season compared to the warm season, which is similar to the DH stations. Alseln
addition, the maximum of the afternoon concentration peak occurred around the same time as at the DH sites. However, the
effect of traffic is seen in the afternoon peaks, since the peaks grew more rapidly around the afternoon rush hour. The traffic
also affected the morning concentration peak, which is similar to the afternoon concentration peak, whereas at the DH sites,
the morning peak was notably lower. At TR5—6, the eBC concentration during weekend was lower than in weekdays, which
was observed at the other TR sites as well. However, the difference was not as pronounced, which is again due to the effect of

wood combustion (e.g., increased eBC concentration during Saturday evening).

In the cold season, the diurnal variation of eBC at the UB1 was rather similar to the diurnal variation at the TR1—4, with the
rush hour peaks occurring in the morning and afternoon (Fig. 6d). During the warm season, however, the afternoon rush hour
peak was missing. Also in weekends, the concentrations during the warm season were considerably lower. Since the UB1 was

not in vicinity to pollution sources, the effect of dilution, which is governed by meteorological parameters, the-meteerologicat

parameters-became more important. In the daytime during the warm season, the pollutants were diluted in the convective and
more windy (Fig. S2) boundary layer mere-effectively, whereas during the cold season the pollutants accumulated in the

boundary layer, if it is shallower and does not grow -during the day as much as in the warm season (Pohjola et al., 2004). Also

the transported wood combustion emissions from the DH areas can slightly increase the concentrations during the cool season

even closer to the city center (Helin et al., 2018).

At the RB sites, there was a notable seasonal variation as the eBC concentrations are higher during the cold season (Fig. S13n—

-0), since regional and-leng-range-transperted-wood combustion emissions_and long-range transported pollutants also elevates

eBC concentrations at background sites in winter (Luoma et al., 2019). The diurnal and weekly variation, however, were not

as clear (e.g., Fig. 6e) as there were no anthropogenic activities nearby. Diurnal variation was mainly caused by the variation

in the convective boundary layer height that caused mixing and dilution and not by local anthropogenic sources, which is

expected for a regional background station.
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It is important to note that the measured variation in the eoncentration-ef-eBC_concentration wais affected by both: the BC
emissions, and the atmospheric processes determining the dilution of the BC. For instance, the diurnal variation of the eBC
concentration at a traffic site is affected by traffic rate at the nearby streets, roads and highways, but it is affected also by
changes of local weather conditions possibly having a diurnal variation. Such atmospheric parameters are e.g., ambient
temperature, prevailing wind direction, wind speed, and height of the boundary layer. Furthermore, especially the ambient
temperature can directly affect the emissions also; e.g., slightly higher wintertime morning concentrations in detached housing

areas can be due to the effects of ambient temperature to the cold start emissions of passenger cars.

Conclusions

This study analyzed the time series of atmospheric eBC concentrations in traffic, detached house, urban background and
regional background environments measured in years 2007—2018 in the Helsinki metropolitan area (HMA) and at one

background site outside the HMA. The overall mean eBC concentration varied in the range of-from 0.77 —to 2.08 ug m2 at TR

stations, from 0.64 —to 0.80 pg m= at DH stations, and_from 0.51 —to 0.53 pg m at UB stations. At the RB sites the mean
eBC concentrations were the lowest, about 0.28 pug m3.

The study highlightss the importance of local sources in respect of urban air quality; it shows that the local traffic and loeal

residential wood combustionburning-_in residential areas formeds the main sources of atmospheric eBC in_the urban area

studied here. The influence of traffic was clearly seen at the traffic stations (TR) and the effect of domestic wood combustion
at the detached housing sites (DH). At the TR sites, which located closer to residential areas (TR5—6), the diurnal variation
showed signs that the air quality in the area was heavily affected both by traffic and domestic wood burning emissions. The
concentrations at the TR sites reached their peak in the weekday mornings and stayed elevated until the afternoon rush hour
hads passed. In the evening, after the workday, the eBC concentrations reached their maxima at the DH sites, where the
residents started-to-warmed up their houses partly bywith wood combustion. At the DH sites, the eBC concentrations did not
decrease during the weekend like_at the concentration-decreased-atthe- TR sites.

The trend analysis conducted in this study showed very-statistically significantelearhy- decreasing trends for atmospheric BC.

Decreasing eBC concentration has two positive effects: 1) improved air quality and 2) decreased warming effect on the_global
climate by light absorbing aerosols. The absolute trends of eBC concentration were most notable at the traffic TR sites, where
the trends varied from -0.04 to -0.09 pug m3yrl. At an UB station and at an RB station, the absolute trends were -0.02 and -
0.01 pug m23 yr, respectively. The relative trends of eBC concentration varied between-from -10.6 —to -5.7 % yr*, which was
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rather similar to the relative trends of NOy concentration, which varied between-from -19.7 —to -4.0 % yr!. HowevertThe

relative trends of PMys, which varied from -3.9 to -2.7 % yr?, did not decrease as rapidly as the trends of eBC and NOy-were

did-not-decrease-as-rapidly-as-for eBG-and-NO,-and-the-relative trends-of PM. s varied-between-3.9—-2.7 % yr*. For the eBC

and NOy the most notable decrease was observed for the hours of morning rush hour, when traffic has the biggest effect on the

air quality. The difference between the relative trends of eBC, NO, and PM, 5 concentrations, and the most notable decrease

of eBC and NOy concentrations during the morning rush hour indicated that especially the emissions from traffic have

decreased.

of BC-and-NO,emissions-This study suggests that the development in vehicle exhaust particle mitigation has been successful,

at least from the viewpoint of BC and NOy emissions. With the current development, the pollution concentrations are expected

to decrease in the next years as well. In general, the vehicle fleet is renewing, electric and hybrid cars are gaining popularity,

and vehicles that run with biofuels or gas are becoming more common. The operator of public traffic in the HMA (HSL) aims

to cut more than 90 % of their bus emissions (NOx, PM, CO») by the year 2025 compared to the year 2010, which will improve

the air quality especially at the main roads in the HMA, where several bus lines operate.

-Simultaneoushy;-thisThis study elearhy-also shows the need for regulation and mitigation of emissions from residential wood
combustion, which is, according to the emission inventories, actually the most significant BC source in Finland (Rautalahti
and Kupiainen, 2016). The research material of this study did not allow the assessment of long-term trends in DH areas bult,

in principle, any similar technology changes have not been observed in wood combustion than has been in vehicles.
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Table 1: Annual mean values of eBC concentration for each station in units of pg m. Color-coding indicates the magnitude of the
mean concentration; darker color refers to higher concentration. The annual means at UB2 in 2016—2017 are bracketed, since there
was less than 50 % of valid data.

Station 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

TR1 1.27 090 081 072 080 068 0.73
TR2 135 124 108 099
TR3 264 155

TR4 1.58

TR5 0.91 0.76 0.83
TR6 0.88 0.67

DH1 0.80

DH2 0.80

DH3 0.65

DH4 0.64

DH5 0.74
UBL 068 059 053 052 050 042 0.49
UB2 054 (0.56) (0.44) 0.50
RB1 0.26 0.29
RB2 032 041 037 043 037 021 025 021 019 016 0.9
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Table 2: The traffic counts_for working days at the nearest streets to the TR stationssites. The traffic counts and the fraction of the
heavy-duty are from from-the yearly Helsinki traffic reports. Fhe-trafficrates-aregivenforwerking-days-enhy-The streets and roads

mentioned here are marked in the-Figs. S3.

Heavy- Distance to
Station Street name Traffic count duty street edge Reference year
(vehicles/weekday) (%) (m)
TR1 Mannerheimintie 15 800 11 3 2017
Kaivokatu 20100 8 40 2017
TR2 Makelankatu 28 100 11 0.5 2017
TR3 Mannerheimintie 44 400 14 0.5 2010
Reijolankatu 19 400 - 25 2010
TR4 Keha | 69 200 8 5 2012
Tattariharjuntie 13 700 13 120 2012
TR5 Tikkurilantie 9500 - 7 2016
TR6 Turuntie 29 300 4 20 2017
Lintuvaarantie 15 400 5 30 2017
Keha | 68 900 4 250 2017
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Table 3: Results of the trend analysis of the eBC, PM2s, and NOx concentrations. The values without brackets are the absolute trends
in units of ug_m2 yrt, the values in the square brackets are the 5™ and 95™ uncertainty limits of the trend in units of ug m=yr?, and
the bracketed values are the relative trends in units of % yr-. The values for PM2s at TR2 are italicized, since they were statistically

not significant (p-value = 0.05).

) eBC PMzs NOx Measurement
Station
(mgm3yrt)  (ugmiyrt)  (ugmiyr?) years
-0.04 -0.24 -3.11
2011,
TR1 [-0.06;-0.02]  [-0.38;-0.01]  [-4.18;-1.87]
2013—2018
(-6.5 % yr) (-3.7 % yr) (-7.1 % yr)
-0.09 -0.46 -11.00
TR2 [-0.11;-0.05]  [-0.71;0.02] [-12.47;-8.70]  2015—2018
(-106%yrY)  (-7.1%yrY)  (-19.7 % yrY)
-0.02 -0.20 -0.80
UB1 [-0.03;-0.01]  [-0.34;-0.05]  [-1.08;-0.50]  2012—2018
(-5.7 % yrt) (-3.9 % yr) (-5.0 % yr?)
-0.01 -0.10 -0.05
RB2 [-0.02;-001]  [-0.20;-0.03]  [-0.08;-0.03]  2006—2018

(-7.6 % yr)

(-2.7 % yr)

(-4.0 % yrt)
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. TR (traffic)
. DH (detached housing)

Modified map from:
®© Helsingin kaupunkimittausosasto, alueen kunnat ja HSY, 2014
© Maanmittauslaitos 2014 © HSY 2016

= . UB (urban background)
O RB (regional background)
~ Weather observation site
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Number of detached houses
km ina 100 x 100 m gridpoint
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B 6-10
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Figure 1: The locations of the stations and the density of the detached houses. Differently colored markers indicate different station
categories. The central urban area is marked to the map with an orange circle.
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Figure 2: The statistics of the a) eBC, b) PM2s, and ¢) NOx concentrations at each station. The boxplots are presented for 1 h mean
values. The orange line in the middle of each box represents the median, the edges of the boxes represent the 251" and 75™ percentiles,
and the whiskers represent the 5™ and 95™ percentiles. The black cross is the arithmetic mean, and its numerical value is reported

5 above or below each box. The background color represents the station type: gray for traffic sites_(TR), purple for the detached
housing sites_(DH), and blue for the background sites_(UB for urban and RB for regional background). The 75 percentiles of eBC
and NOx concentration at TR3, which are not visible at the figure, were 6.7 and 440 pug m3, respectively.
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Figure 5: Annual tFrends for the hourly data. Here, only data from weekdays were used. None of the pollutants had a positive trend
for any time of the day.
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Figure 6: Diurnal variation of eBC for different station categories: a) traffic sites that weare not influenced by wood burning (TR1
—TFR4), b) traffic sites that awere influenced by wood burning (TR5—FR®6), c) detached housing sites (DH1—BH5), d) urban
background (UB1), and e) regional background (RB1). The diurnal variation is determined separately for the cold (from November

5 to March) and warm (from May to September) periods.
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