AUTHOR’S RESPONSE TO EDITOR’S REVIEW

Manuscript: ACP-2018-981

Thank you again for commenting and spending time with this manuscript. We first reply on some major
comments you both had and then, we reply to each of the comments separately. The comments by the editor
and the referee are marked with bold font.

1 MAJOR CHANGES

To make to manuscript easier to read, we did rearranging and rewriting, we also removed part of the
study according to your recommendations. All the changes are marked in red and you can find the marked up
manuscript at the end of this document. The green color indicates that the place of the text had changed.

We made some changes to the sections: 1) We separated data processing from data analysis. 2) We
combined the sections about seasonality of AOPs and the differences between the PM1 and PM10 and moved it
as a subsection for the “Characterization of boreal aerosol particles”. 3) We removed the size distribution analysis
from the manuscript.

Now the sections are: 1 Introduction
2 Measurements and methods
2.1 The boreal research station SMEAR |l
2.2 Instrumentation
2.2.1. Measurements of AOPs
2.2.2 Size distribution measurements
2.3 Data processing
2.3.1 Corrections for the integrating nephelometer data
2.3.2 Corrections for the Aethalometer data
2.4 Data analysis
2.4.1 Intensive optical properties
2.4.2 Aerosol radiative forcing efficiency
2.4.3 Properties calculated from particle size distribution
2.4.4 Data coverage and long-term trend analysis
3 Results and discussion
3.1 Characterization of boreal aerosol particles
3.1.1 Seasonality of the AOPs
3.2 Long-term trends of the AOPs
3.3 Seasonality and long-term trend of the radiative forcing efficiency
3.4 Effect of excluding the moist data
4 Summary and conclusions

We emphasized in several parts of the manuscript that the data analysis was conducted for dry data and
that the moist measurements were only taken into account in few special cases. We improved the discussion



about including the moist data in some special cases, which should make the difference between the dry and the
moist data more clear.

2 RESPONSE TO EDITOR’S COMMENTS
2.1 EDITOR

GENERAL REMARKS

From the review by two referees and from my editor’s review, the manuscript is still considered presenting
high-relevance data and analyses of high interest for the research community. The authors have responded to
the concerns raised by both referees, but still in an insufficient manner. | have sent the manuscript for a second
review to one of the referees, who confirmed that many of the technical issues have been answered but the
presentation quality is still considered poor.

Serious objections against publication arise still from the manner, the scientific results are presented. The core
of the manuscript is the analysis of the long-term time series, which is of high relevance. However, there is no
red line to follow in this manuscript. The presentation of results oscillates between different foci, which makes
it hard to follow.

To help making the manuscript acceptable for publication, | suggest the following way forward:

(1) The time-series of PM10 data is well described but the reader has enormous difficulties identifying if the
authors focus on dry or humid conditions. The confusion starts with the description of the sampling conditions
in Section 2.2.1. Instead of combining all relevant information on sampling lines, aerosol drying etc. in this
section the information is distributed among the Sections 2.2 and 2.3. This is in particular true for all topics
related to relative humidity, humidity-driven particle growth and related impacts on aerosol optical
properties.

We have now written all the parts that describe the sampling under section “2.2.1 Measurements of
AOPs”. We also improved the section 2.3.1, where we present the hygroscopic growth correction factor for
scattering. We added there few sentences about the motivation why we use the f(RH) in the special cases.

Here, | suggest combining all information on particle sampling, including references to aerosol sampling at
SMEAR, into Section 1. Already here it should be stated whether the manuscripts is focusing on dry or ambient
aerosol conditions. Having said this, the specific treatment of samples at high RH conditions can be added. But
it should be clear to the reader if the authors generally focus on dry or ambient conditions. The treatment of
humid cases can then be introduced as special cases. Obviously, there have difficulties caused by the failed
humidity control of the sampling during certain period, but the description of the difficulties and the resulting
effects on the data analysis are presented at different positions of the manuscript. This needs to be presented
in one section to allow the reader a clear assessment of the quality of data and deduced results.

Now all the information, which considers the sampling and instrumentation are in Sect. 2.2.1. We
thought that maybe it is better that the introduction (Sect. 1) describes the motivation of the study rather than
the sampling and the site. To underline that the data analysis was conducted for dry data, we added a sentence
in Sect. 1, which states that we present the results for dry aerosol particles if not stated otherwise.



(2) To which conditions (dry, humid) do the reported optical properties refer to? For instance, in Section 2.3,
the authors start directly with the introduction of the humidity growth factor, but it is not explained why.
Here, a much clearer reasoning and description of the approach is needed. Having said this, it will be much
clearer to follow the analyses. In particular, the discussion of the backscatter fraction needs to be removed at
all since this factor was not corrected for humidity effects and thus treated completely different than the other
optical properties. Thus, there is no way of comparing scattering and backscatter properties.

All the optical properties refer to dry conditions if not stated otherwise and we have now described this
better in different sections. We moved the description of hygroscopic growth in to Sect. 2.2.1, which describes
the sampling and explains why measurements of dry aerosol are preferred.

Instead of the parametrization presented by Zieger et al. (2015), we chose to use the parametrization by
Andrews et al. (2006) presented in Sect. 2.3.1. Andrews et al. presented the parameters for backscattering as
well. There was no drastic change in the results due to the different parameters used.

(3) The authors state correctly that trend analyses of time series of less than one decade duration have to be
taken with care; see Section 3.2 on page 14. Why do the authors then present in detail the trend analysis of
the PM1 time series? This is difficult to justify and contradicts with the statement made on trends from time
series of less than 10 years duration. Here, | suggest removing the PM1 data from the trend analysis but
present them as comparison to the PM10 trend results. This would give less weight to the PM1 results in terms
of trends but still allows showing the difference to the PM10 results.

| still kept the results of PM1 trends in the text and in the Table 3 as a comparison, but | decreased their
importance in the text. Their trends have the same sign as PM10 trends so they support the decreasing trend
and show that the trends are not caused by changes in the measurement line (installation of the Nafion dryers
in 2010).

(4) There are intensive properties discussed with respect to trends, but the trends are not significant. These
facts need to be reflected in the description of the results; see Table 3 for quantities Osc.t, Oabs, and refractive
index real and imaginary parts. The interpretation of results needs to be softened since the trends are not
sufficient.

We softened the interpretation of the trends that were not statistically significant.

(5) In the Figures there are clear statements missing to which fraction (PM10, PM1) the plots refer to. If the
authors state at the very beginning on which fraction the manuscript is focusing at, these statements are no
longer necessary.

We added statements of the particle fraction to figures, which were missing it.



(6) In Tables 1 and 2, the authors present statistical analyses of aerosol optical properties. Inspecting the tables
in detail shows that there a large discrepancies between average values and median values. Such discrepancies
are always a clear sign that Gaussian statistics is not applicable. | suggest reducing the statistical analysis to
the robust analysis of median and percentiles. By doing this, any biases caused by extreme values are avoided
and the results are much more stable.

We have corrected this in the text and in figures so that | always refer to the median values (only when
comparing the RFE between different stations, we use the mean, because one of the studies did not report
median values) . However, we prefer to keep the mean values in the table because it shows that the extensive
AOPs do not follow the Gaussian statistics. We also added the following statement in the beginning of Sect. 3.1:
“Tables 1 and 2 show that for most of the variables the mean and the median values were quite different, which
means that the data were not normally distributed. Therefore, we use the medians, which are not as sensitive to
extreme values as the mean, to describe the characteristics of the AOPs.”

I am well aware that this further major revision may cause another large amount of work. On the other hand
the paper has great potential and the trend analysis is of high interest for ACP but the presentation of the
material requires a much clearer discussion of different topics and analysis results to improve overall
readability and the delivery of a clear scientific goal/interest.

In summary, | encourage the authors to undertake this effort and accept the additional burden since the
material is clearly worth it. | ensure further contribution and backing of the process to help publishing the
manuscript. In case of questions or discussion the authors may contact me directly at a.petzold@fz-juelich.de.

Besides these general topics, | strongly encourage the consideration of the specific comments given by one
referee in his 2nd review.

Thank you for the comments. We also took the comments given by the referee into account and the answers to
those comments are presented below.

2.2 REFEREE

Comments of the referee are arranged by the old manuscript sections.

2.2.1 Introduction

The section is incomplete and not well structured.

The importance of AOPs for the estimation of the RF is not mentioned. Thus, the climatic motivations at the
base of this study are unclear. The aerosol-cloud interaction is, presently, not of primary need. The description
of the measurements and site (P2L16-30) is not of necessary, since it can be extensively described in the
method section. Generally, | also find a serious lack of references. An introduction on aerosol trends, such as
previous works, environmental policies, dimming, and brightening might underline the importance of your
work.


mailto:a.petzold@fz-juelich.de

We modified this section by doing some rearranging and by taking these comments into account.
We added a mention of the RF and importance of knowing the AOPs in calculating this parameter. We modified
the emphasis on the part considering the aerosol-cloud interaction, since it was not relevant. We moved the
description of the sampling and part of the description of the station into Sect. 2. | still kept a part about SMEAR
I, since it presents the motivation to study AOPs in a boreal forest. We also added references and text where we
introduce long-term trends.

2.2.2 Measurements and methods

All measurements and data analysis are fully described. However, | would suggest to restructure and
reorganize the different sections, starting from the titles. Try to be a more specific and attract the interest of
the reader avoiding general titles such as “The field site”, which could be changed into a more appealing “The
SMEAR Il boreal research station” (by the way here you have to insert the description given at P2L16-21).

We modified the titles and reorganized the sections (see Sect. 1 in this document). For example, we
divided the data processing and analysis into separate sections.

EFR needs a separate section.
We fixed this.
Sections 2.3.4 and 2.5 can be merged.

We combined these two sections.

2.2.3 Overview of the data

Work on the titles and try to be a bit more original: “Characterisation of the boreal aerosol", or "Scandinavian
background aerosol optical properties"”, etc... . It isimportant to define a target-topic for each section, | hardly
see what you want to show here. The seasonal analysis can be used to describe the impact of different sources
or the role of atmospheric processes on the AOPs.

We changed the title and also worked with the text. We combined here the seasonal variation of PM1/PM10.

2.2.4 Trends

A bit of rework on the red line and additional thinking on the climatic/environmental implications are needed.

We did also some rearranging and rewriting here to make the text more readable.



2.2.5 Aerosol optical properties and size distribution

As already indicated by me and the second reviewer, | do not understand the goal of this section. | would
definitely give more priority to the interpretation of trends rather than to the size distribution. Moreover, too
many variables are discussed making the section quite chaotic. Potentially, a reduced/simplified discussion on
the aerosol size distribution can be introduced in 3.1 as part of the aerosol characterization.

We now removed this section. However, we added a figure about the seasonality of the size distribution,
which shows that the b and as.. depend on the accumulation mode.

2.2.6 Seasonal variation

As said before, | would move and merge it with 3.1

We created a subsection for the 3.1.

2.2.7 Variation between the PM10 and PM1 measurements

As already argued in the first review, this section is of scarce interest. In fact, a good part of the section is used
to justify the differences from previous works (P20L27-P21L7) and the high uncertainty (P21L21-27).

We integrated this section into Sect. 3.1.1.

2.2.8 Radiative forcing efficiency

The section reads nice and might represent the final outcome of the manuscript. However, | have some
suggestions:

a) The title can be improved: “Seasonality and trend of .
We fixed this.
b) The text is very intricated, limiting the understanding.

We have now improved the text and made the differences between the RFEnss, RFEs, and RFES moist more
clear and easier to understand.

c) Figure 7 tells that humidity is very important in summer (hence hygroscopicity is a critical property of the
aerosol in order to asses RF) and that optical properties have a smaller impact of RF compared to
environmental factors. Considering these two messages and the high number of assumptions for the RFE
calculation, Fig. 8 is quite approximative. A full investigation of the impact of AOPs on RF would need a full
separated paper. Thus, | would suggest excluding, this time, Fig. 8 and the subsequent (very short) discussion.

This is true and we removed this figure and discussion from the manuscript.



2.2.9 Summary and conclusions

As a consequence of all the above comments, the conclusion section needs rethinking and rewriting.

We rewrote parts of the conclusion.
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Over a ten-year record of aerosol optical properties at SMEAR 11

Krista Luomal, Aki Virkkulal?, Pasi Aalto!, Tuukka Petaja! and Markku Kulmala®

Ynstitute for Atmospheric and Earth System Research, University of Helsinki, Helsinki, 00014, Finland
2Finnish Meteorological Institute, Helsinki, 00560, Finland

Correspondence to: Krista Luoma (krista.g.luoma@helsinki.fi), Aki Virkkula (aki.virkkula@fmi.fi)

Abstract. The-aAerosol optical properties (AOPs) describe the ability of aerosols to scatter and absorb radiation at different
wavelengths. Since the-aerosol particles interact with the sun’s radiation-from-the-sun, they alse-have-an-impact en-the climate.

Our study focuses on the long-term trends and seasonal variations of different AOPs measured at a rural background
stationboreal forest site in Northern Europe. To explain the observed variations in the AOPs, we also analyzed changes in the
aerosol size distribution. AOPs of particles smaller than 10 um (PM10) and 1 pm (PM1) have been measured at SMEAR I,
in Southern Finland, since 2006 and 2010, respectively. For the-PM10 particles, the median values of the scattering and
absorption coefficients, single-scattering albedo, and backscatter fraction at A = 550 nm were 15:29.8 Mm*, 211.3 Mm, 0.87
88 and 0.14. The median scattering and absorption Angstrém exponents at the wavelength ranges 450—700 nm and 370-950
nm were 1.80-88 and 0.9599, respectively. We found Sstatistically significant trends werefound-for-example-for the PM10
scattering and absorption coefficients, single-scattering albedo, and backscatter fraction, and the slopes of these trends were -

0.32 Mm%, -0.086 Mm%, 2.2:10°3, and 1.3-10°3 per year. The tendency for the extensive AOPs to decrease correlated well with
the decrease in aerosol number and volume concentration. The tendency for the single-seattering-atbede-and-backscattering
fraction_and single-scattering albedo -to increase indicates that the aerosol size distribution consist of less larger particles and

that aerosols absorb relatively less light than before. The trends of the single-scattering albedo and backscattering fraction
influenced the effective-aerosol radiative forcing efficiency, indicating that the aerosol particles are scattering the radiation

more effectively back into space.

1 Introduction

Aerosols affect the radiative balance of the atmosphere both directly by aerosol—radiation interactions (ARI), i.e., by scattering

and absorbing solar radiation and by absorbing and emitting terrestrial infrared radiation, and indirectly by aerosol—cloud

interactions (ACI), i.e., by influencing the properties and processes of clouds (Charlson et al., 1992; Lohmann and Feichter,

2005; Ramanathan et al., 2001; Stocker, 2013){Charlson—et-al—1992;Lehmann-and-Feichter—2005;Ramanathan—et-ak;

2001). Aerosol-particles-directhyaffect-the-climate-by-scattering-and-absorbing-the-shortwaveradiationfrom-the-sun-{ARL
aerosolradiation-interaction)~ The uncertainty of the estimated radiative forcing of climate by ACl is larger than that by ARI
but also the latter is substantial (Stocker, 2013){Stocker2013-#153}{Stocker—2013-#153@@author-year}. Both ARI and

ACI have been shown to be responsible of dimming, the reduction of solar radiation received at the surface of the Earth (Wild,

1
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2009, 2012; Stocker et al., 2013). Dimming and brightening have been shown to be often reconcilable with the trends in

anthropogenic emissions of aerosols and their precursors and atmospheric aerosol loadings (Wild, 2012).

Aerosol optical properties (AOPs) describe the ability of aerosol particles to absorb and scatter radiation at different

wavelengths. Knowing how aerosol particles interact with radiation is essential in determining the direct effect that aerosols

have on the climate.

effectof theclouds—Determining the global radiative forcing (RF) related to the direct effect of aerosol particles has vast
uncertainties (Stocker, 2013){Stocker2013-#153}, which are due to the wide spatial and temporal variations of the number
concentration, chemical composition and size distribution of aerosol particles, so it is challenging to consider them in climate

models.

Making long-term observations of aerosol concentrations and properties at several regionally representative sites is necessary

to understand and quantify the global influence of aerosols (e.g. Laj et al., 2009; WMO/GAW, 2012; Weatherhead et al., 2018;
Andrews et al., 2019). There are several networks of stations where such measurements are conducted, both global and regional
(Pandolfi et al., 2018; WMO/GAW, 2012). The goal of the Global Atmosphere Watch (GAW) is to ensure long-term

measurements of atmospheric variables in order to detect trends and reasons for those trends (WMO/GAW, 2012). This can

be considered as the goal of all long-term aerosol measurements. Trends in AOPs can also be used as indicators of emission

control measures (Pandolfi et al., 2018). Recently Collaud Coen et al. (2013) presented trends of in-situ AOPs at 24 GAW and

2
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IMPROVE stations, Sherman et al. (2015)_presented trends of AOPs at four North American surface monitoring sites,
Lihavainen et al. (2015) _presented trends of AOPs at the Pallas GAW station, and Pandolfi et al. (2018) _presented trends of

scattering coefficients at 28 ACTRIS observatories located mainly in Europe.

Here we present the results of long-term measurements of AOPs at SMEAR 11 (Station for Measuring Ecosystem—Atmosphere

Relations; Hari and Kulmala, 2005). The location represents the typical conditions of a boreal forests (Hari et al., 2013), which

are a source of new aerosol particles formed in gas-to-particle conversions (Kulmala et al., 2004; Kulmala et al., 2013). Boreal

forests (also known as Taiga) cover approximately 30 % of the world's forests and 8 % of the Earth's surface, so they greatly

affect the global radiation budget.

AOPs at SMEAR |1 have previously been discussed by Virkkula et al. (2011), Zieger et al. (2015), and Pandolfi et al. (2018).
Virkkula et al. (2011) presented the scattering and absorption data from a 3-year period (2006-2009), Zieger et al. (2015)

presented the hygroscopic properties of AOPs measured during a campaign in May — Augusts in 2013, and Pandolfi et al.
(2018)_included SMEAR 11 in the paper on aerosol scattering at 28 ACTRIS stations. At SMEAR 11, the study by Pandolfi et
al. (2018)_involved nephelometer data, from 2006 to 2015, but did not include absorption data.

Long time series (2006—2017) of both scattering and absorption together at SMEAR Il have not been presented before. The

aim of this study is to present the characteristics and the temporal variation, especially trends, of AOPs at SMEAR 11 in this

period. We also present the optical properties of particles smaller than 1 um in diameter (PM1) that were presented neither by
Virkkula et al. (2011) nor Pandolfi et al. (2018). To be consistent with the GAW recommendations (WMO/GAW, 2016), we

present the results for dry aerosol particles (RH < 40 %), if not stated otherwise.
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2 Measurements and methods

2.1 The boreal research station field-siteSMEAR 11

The measurements were conducted at SMEAR |1 (Station for Measuring Ecosystem—Atmosphere Relations; Hari and Kulmala,
2005). SMEAR 11 is located in Hyytiald, Southern Finland (61° 51’ N. 24° 17’ E. 181 m above sea level.), in the-middle of a

forest that consists mostly of Scots pine (Pinus sylvestris L.) trees (Hari et al., 2013).- SMEAR 1l is classified as a rural

measurement station and there are no large pollution sources nearby the station. Fhe-measurements—presented-here-were

ond ed-at the SMEAR atiop—in-Hywatiala outharn nland (61° > N A° > 21 m-above-sealeve NMEAR

larger cities, -Tampere (220 000 inhabitants) and Jyvaskyla (140 000 inhabitants), are located about 60 km-and 100 km from
the measurement station. Otherwise, the area is sparsely populated-and-there-are-no-large-poHution-seurces-nearby-the-station.

2.2 Instrumentation

2.2.1 Measurements of aerosel-eptical-propertiesAOPs

The data were measured between 21 June 2006 and 31 December 2017. Measurements of AOPs have-been-measured-at
SMEAR |1 sincestarted in June-2006- for aerosol particles smaller than 10 um in diameter (PM10). The PM10 measurements

are sensitive to coarse particles that are typically primary and originated from natural sources, such as soil dust and sea salt.

To obtain additional information about submicron particles, parallel measurements of AOPs for PM1 were launched in June

2010. Motivation to measure also PM1 particles is that secondary aerosols (both natural and anthropogenic), and anthropogenic

primary aerosols are typically submicron particles. Having measurements for different cut-offs makes the measurements also

more comparable between different stations, since stations might use different cut-off sizes. This is also in line with the GAW
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recommendation that the aerosol supplied to the nephelometer should be size-segregated to determine the total (< 10 pm
diameter) and submicron aerosol light scattering coefficient (WMO/GAW, 2003).

AOPs are often divided into two different categories: extensive and intensive. Extensive AOPs, such as scattering and

absorption coefficients and aerosol optical depth depend on the amount of the particles whereas the intensive AOPs depend on

the nature of the aerosol, such as size, shape and chemical composition. Intensive AOPs describe for instance the fraction of

aerosol light extinction due to scattering (single-scattering albedo), the wavelength dependence of scattering and absorption

(Angstrém exponents), and the angular dependence of scattering (hemispheric backscatter fraction) (Ogren, 1995; Sheridan

and Ogren, 1999). Intensive properties are calculated from the scattering, backscattering and absorption measurements at

different wavelengths. The Angstrém exponent of scattering and backscatter fraction depend on particle size so_by measuring

the AOPs at different wavelengths, we can also obtain indirect information on the size distribution.

~The measurements-of aerosol-scatteringextensive AOPs, which are
scattering, backscattering and absorption coefficients (osca, onsca @nd oans), Were conducted-measured at several wavelengths

using an integrating nephelometer (TSI model 3563) and an aethalometer (Magee Scientific model AE-31), since 2013 also
with a Multi-Angle Absorption Photometer (MAAP, Thermo Scientific model 5012). The_integrating nephelometer measures

scattering_and backscattering at blue, green and red wavelengths (450, 550 and 700 nm) and the aethalometer measures

absorption at seven wavelengths ranging from the ultraviolet to the near-infrared (370, 470, 520, 590, 660, 880 and 950 nm).
Here, absorption data from the AE-31 and scattering data from the TSI3563 were used since they have the longest time series,
and an important part of our discussion is the analysis of trends. We used the MAAP data in determining a multiple scattering

correction factor- for the Aethalometer to get more accurate absorption measurements (see Sect. 2.3.2).

Beoth-sScattering and absorption measurements were recorded atwith a 5--minute_-resolution before June 2010 and after that
with a 10--minute resolution. From June 2006 to June 2010, the measurements were conducted for the PM10 particles only
and since June 2010 also for the PM1 particles. The sample air wais taken through a PM10 inlet (Digitel, Low volume PM10
inlet) and led alternatingly either directly to the instruments or via an impactor that removes particles larger than 1 pm in

diameter. The path of the sample alternated every ten minutes.

The aerosol hygroscopic growth is often significant when relative humidity (RH) increases above ~40 + 5% and therefore the

World Meteorological Organization and Global Atmosphere Watch (WMO and GAW) recommends aerosol monitoring
stations to keep sample air RH lower than that (WMO/GAW, 2016). Until March 2010, the integrating nephelometer and the

aethalometer measured sample air that was not dried with any external driers. The sample air was only dried passively by

letting it warm from the outdoor temperature to the room temperature (about 22 °C). During winter, RH remained below 40

%, since the difference between the outdoor and the room temperatrue was high. In summer, however, the temperature

5
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difference was a lot lower. Therefore, sometimes in summer, RH of the sample exceeded the 40 % limit. If the RH was above

40 %, the data were flagged as invalid and omitted from the data analysis, if not stated otherwise. When we discuss about dry

aerosols, we mean that the measurements were condcucted for sample air that had RH < 40 %.

2.2.2 Size-distribution-measurementsMeasurements of aerosol size distribution

To study the causalities between the AOPs and the aerosol size distribution, we included the measurements of aerosol size

distribution in our study.

distributions were measured with a Twin Differential Mobility Particle Sizer (TDMPS) in the size range 3—1000 nm (Aalto et
al., 2001) and a TSI Aerodynamic Particle Sizer (APS, Model 3321) in the size range 0.53-10 pm. In the overlapping range
of the TDMPS and the APS, we used the number concentrations from the TDMPS-were-used up to 700 nm. The TDMPS and;
APS located in the same building as the; integrating nephelometer and the aethalometer-are-located-in-the-same-measurement
building. The TDMPS and APS haved their own individual measurement lines. In the TDMPS measurement line, there wasis

an inlet removingthatremeves particles larger than 1 um. There wais no active drying system in the TDMPS sample line to
prevent particle losses. However, the sheath flows, which-are-wused in the TDMPS system, weare dried (RH < 40 %) so the
particles are-were sampled in dry conditions. In the APS measurement line there is-was a pre-impactor that removeds particles
larger than 10 um. The APS has-had its own dryer that heateds-up the sample air to 40 °C. This temperature might_have
evaporate some semivolatile compounds, for instance ammonium nitrate but this is mainly an issue of urban sites (e.g. Bergin
etal. 1997), whereas at the forest site in Hyytiéla low-volatile organic compounds are common (Ehn et al., 2014). Nevertheless,
semivolatile aerosol particles are typically secondary particles smaller than 1 um in diameter so evaporation of them does not

have a large effect on the APS measurements.

2.3 Data processing

All the optical data were alse-converted from ambient conditions to the standard temperature and pressure (STP) conditions

(1013 hPa, 0 °C)._ We excluded the data from further analysis if the internal RH in any of the optical instruments exceeded 40

%, if not stated otherwise.




2.3.1 Seattering-dataCorrections for the integrating nephelometer data

Both osa and opsca total-seattering—and-backseattering—coefficients-measured with the nephelometer were corrected for the

truncation error according to Anderson and Ogren (1998). The truncation correction uses the Angstrém exponent (see Sect.

2.43.13) calculated from the uncorrected data.

Sherman et al. (2015) presented a well documented analysis for determining the uncertainty of the different AOPs. They
determined a total fractional uncertainty of 9.2 % and 8.9 % (8.0 % and 8.1 %) for PM10 (PM1) gsca and ousca.

10

15

20

25 Generally, in this study, the results are presented for dry aerosol (RH < 40 %), and therefore the hygroscopic growth had no

notable effect on scattering. However, we had to take the effect of hygroscopic growth on scattering into account in two special

cases: 1) to test if excluding the moist data (RH > 40 %) had a notable effect on the average AOPs and their trends; and 2) to

calculate the aerosol radiative forcing efficiency (see Sect. 2.4.2) for ambient RH conditions.

In these special cases, we used a scattering enhancement factor f(RH) to estimate the effect of RH on scattering. f(RH) describes

30 the increase of o5, With increasing RH

f(RH) =

0sca(RH)

Osca(RH=dry)~ (w
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f(RH) is the ratio of o5 measured at high RH and at dry conditions. The f(RH) can be described by empirical relationship

FRH) =g (1- ), @

" 100%

with a parametrization presented by Andrews et al. (2006). They determined mean values for g and y that were 0.84 + 0.10
and 0.37 + 0.15 for g5 and 0.96 + 0.16 and 0.12 + 0.15 for ousca. Andrews et al. (2006) presented the parameterization at 550

nm so we corrected only the osca and opsca at green wavelength. Andrews et al. (2006) used a four-year-long dataset measured

at the Southern Great Plains near Lamont, in Oklahoma, US. We decided to use this parametrization, since they provided the

parametrization for both o and opsca. Also, the measurements were conducted for continental aerosol, which is closer to

aerosols in a boreal forest than the mixtures of pollution, dust, sea salt, and volcanic aerosol, for which Carrico et al. (2003)

presented the parametrization for both osa and opsca. Zieger et al. (2015) determined scattering enhancement at SMEAR 11 in

summer and obtained somewhat different values: g = 1.01 + 0.05 and y = 0.25 + 0.07. This would have suited our needs very

well, but the g and y were determined only for gsc; and not for owsca, Which is why we did not use this parametrization here.

In testing whether excluding the moist data has an effect on the AOPs, we performed the analysis also to a data set, where we
included the periods of high humidity (RH > 40 %), but estimated the moist data (RH > 40 %) to dry conditions by using the

f(RH). We used the f(RH) also in calculating the aerosol radiative forcing efficiency in ambient conditions, for which the dry

Osca and onsca Were converted to ambient RH.

2.3.2 Abserption-Corrections for the Aethalometerdata data

The reported flow by the aethalometer was corrected by comparing the flow with the weekly flow measurements conducted at
the station. The correction was applied by using a moving average of these measurements (see Sect. S32.1). An average spot
size diameter of 8.3 £ 0.2 mm was measured from the old aethalometer filters by using a loupe measuring scale magnifier

(Eschenbach) with 0.1 mm accuracy and it was used instead of the spot size reported by the aethalometer.

Here-w\We corrected the Aethalometer data by using the correction algorithm described by Collaud Coen et al. (2010)

__ OATN,i—@s,i0sca,s,i
Oabs,i = ] J (3)
Cref LS,L
where
1 ATN;
Lyi=\7—7——-1)- -+ 1, (4)
' 1(1-@g51)+1 50 %
and
— 7d—-1 —-a i(d—1
as,i = (scasi” C- /1 sca,s,i ( ) (5)
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In Egs. 3— and45,; the subscript i indicates the number of the measurement and the subscript s indicates the average properties
of the aerosol particles that are embedded in the filter spot. The parameters with an overover-tined-parametersbar are the mean

values from the start of the filter spot to the ith measurement. In Eqg. 3, the oarn is the attenuation coefficient reported by the

Aethalometer, a is the scattering correction parameter, Crer is the multiple scattering correction factor, and L is the loading
correction function. In Eq. 4, the w, is the single scattering albedo (see Sect. 2.43.13) and the ATN is the light attenuation
through the filter spot in percentages. In Eq. 5 the s is the proportionality constant of the wavelength power law dependence
of osca and asca is the Angstrdm exponent of the osc (See Sect. 2.43.13). For |, d, and ¢ we used values 0.74, 0.564 and 0.329-10"
3 respectively. For scattering correction, we used measured osc, Values that were interpolated and extrapolated to the AE-31
wavelengths. Note that most of the symbols used for the variables are different from Collaud Coen et al. (2010). The reason is

that in the present work the symbols are used for other variables below.

The Cres was determined by comparing the Aethalometer data, that was corrected only for the filter loading artefact, against

the reference absorption coefficient (oapser) measured by the MAAP-

OATN
Crof = ————. 6
ref L-oaps,ref ©)

The resulted median value for Crs was 3.19, with a standard deviation of 0.67.

The uncertainty of the oatn Was determined according to Backman et al. (2017)

2
SOATN — fAZ +f(§ + (5GATN,zeroAtZero) , )

OATN OATNAtavg

where the fa and fg are the fractional uncertainties of the Aethalometer spot size and flow, which we determined to be 4.9 %
and 1.5 % respectively; doatn,zero is the standard deviation of the zero measurements; Atzero iS the averaging time of the zero
measurements; and Atayg iS the averaging time of the measuremetnasmeasurements. For the uncertainty of oaps We took into
account the fractional uncertainty of the Crer-, thatwhich was fc = 21 %

80abs _ \/(M)Z +f2 )

Oabs OATN

At 520 nm, the uncertainty of aans ranges from 22 % to 24 % if the oatn varies from 14.2 Mm™ to 1.3 Mm%, which are the 10"
and 90" percentiles of oatn. In this estimation of uncertainty, we did not take the uncertainty of scattering correction into

account.

In calculating the single-scattering albedo_(see Sect. 2.4.1) and in iterating the complex refractive index_(see Sect. 2.4.3), the
absorption data had to be interpolated to the same wavelength with the scattering measurements. The absorption data were



then interpolated to the blue, green, and red wavelengths (450, 550, and 700 nm), using the Angstrém exponent (o) described
in Egs. 11 and 12.
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2.4 Data analysis

Here we describe the intensive optical properties, the aerosol radiative forcing efficiency, and parameters derived from the size

distribution measurements.

25 2.3:34.1 Intensive optical properties

The extensive AOPs, €

Osca, Obsa, and O'abs)T

. were used to calculate intensive properties presented in detail below.

The single-scattering albedo (wo) describes how much of the total light extinction (sum of osca and oans) caused by the aerosol

30 particles is due to scattering:
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Osca
Wy = ——. 9
0 Oscat Oabs ~ ©

The wo can be linked with the source and chemical composition of the aerosol particles. High values of wo mean that the
aerosol particles are mostly scattering and are light in color. Darker aerosol particles, which have a lower wo, have a relatively

higher mass fraction of absorbing material, such as soot, which -that-is emitted in combustion processes.

The backscatter fraction (b) describes how much aerosol particles scatter radiation in the backward hemisphere compared with

the total scattering

b = Zbsca (10)

Osca
The angular dependency of particle scattering is-dependentdepends mostly on the particle size. The value-efb is smaller for a
size distribution that consists of larger particles, since large particles scatter light heavily in the forward direction and thus b
can be used as an indicator of the shape of the particle size distribution. The b is an especiaty-important preperty-variable for
modeling the direct effect of aerosol particles on the climate, since it is used to describe how much sunlight is scattered upwards

back into space.

The Angstrém exponent («) is used to describe the wavelength (1) dependency of a certain optical property () (Angstrom,
1929)

a = — (11)

After calculating «, the optical property can be extrapolated or interpolated into different wavelengths

0, = 0y (%)_a. 12)

In this study, o values were calculated for osca and oaps t0 obtain osca and ouaps..

ScatteringSinee-tight-scattering- by aerosol particles is-highly-ddependendt on_the relation between the sizes of the particles
and the wavelength of the radiation,-particle-size; therefore also asca is alse-used as an indicator of the particle size distribution.

The asca ane-is larger for the smaller particles, since they have a stronger wavelength dependency. If asc is larger than 2, the
volume distribution is typically dominated by particles smaller than 0.5 um, and if asc is smaller than 1, larger particles
(physical diameter D, > 0.5 um) predominate in the distribution (Schuster et al., 2006). In comparison to b, asc is more

sensitive to the coarse mode particles (e.g. Collaud Coen et al., 2007). However, for multimodal size distributions this

relationship is not quite unambiguous, as discussed by, for example, Schuster et al. (2006) and Virkkula et al. (2011).

11
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The valbe-6f-aas depends also on the chemical composition, coating, and size of the particles, even though the chemical
composition is generally considered to-be-theas a more important factor. The aaps is usually used to identify black carbon (BC)
and brown carbon (BrC) particles. The BC particles are highly-abserbingabsorb radiation effectively aeresolparticlesat all
wavelengths; and-the BrC particles, which are-considered-to-consist of seme-organic carbon compounds, that-absorb light mere

strongly at shorter than-leng-wavelengths, but not at longer wavelengths. If the particles consist purely of BC, the absorption

would have a wavelength dependencey of approximately 4 and aaps Would be equal to unity. However, if the particles also
consist of material that absorbs light only at ultraviolet wavelengths, aans Would be larger than Zone. In ageing processes, the
BC particles may become coated by some purely scattering material, such as sulfuric acid or ammonium sulfate, or by slightly
absorbing organic material (Schnaiter et al., 2005; Zhang et al., 2008). The coating greatly affects the absorption wavelength
dependency, and thus the division into BC and BrC by considering only_the aass is not that simple. If the sizes of the BC
particles and the thickness and complex refractive index (m) of the coating are not known, it is challenging to use aaps to
describe the chemical composition of the particles (Gyawali et al., 2009; Lack and Cappa, 2010). In spite the fact that the czps
depends also on the coating, the absorption wavelength dependency is often used to describe the source of the BC (Sandradewi
et al., 2008; Zotter et al., 2017). The source apportionment assumes that there are BC emissions only from traffic and wood
burning and that the BC from these sources has a specific wavelength dependency.

The estimated uncertainties for the intensive AOPs are presented in Sect. S43 in the supplementary material. The uncertainties

were calculated according to Sherman et al. (2015).

2.4.2 Aerosol radiative forcing efficiency

To investigate how the AOPs at SMEAR Il would affect the climate, the aerosol radiative forcing efficiency (AFJ! or RFE)
was alse-calculated. The RFE is a simplified formula that describes how large a difference the aerosol particles would make
to the radiative forcing (4F or RF) per unit of aerosol optical depth (6) (Sheridan and Ogren, 1999)

T = —DSeThwoB(1 - A | - RY? = (32) (Z--1)] 13)
RFE does not take into account that the properties and amount of aerosol particles vary vertically in the atmospheric column.
In the Eq. 13, D is the fractional day length, So the solar constant, Tx the atmospheric transmission, Ac the fractional cloud
amount, and Rs the surface reflectance for which the following constants were used respectively: D = 0.5, Sp = 1370 Wm?, Ty
=0.76, Ac = 0.6 and Rs = 0.15. The values were according to Haywood and Shine (1995), who used these values independent
of wavelength in calculating the AFRF. Sheridan and Ogren (1999) used these same constants later in calculating the RFE at
550 nm_and- 4in this study we determine the RFE_also at 550 nm. The factor £ is the upscatter fraction and is calculated_by

using_the b (Delene and Ogren, 2002)
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B = 0.0817 + 1.8495b — 2.9682b2. (14)

It must be noted that Eq. 14 does not take into account the variation in the sun’s zenith angle.

As stated by Sherman et al. (2015), the purpose of determining the RFE is to provide a-means for comparing the intrinsic

aerosol forcing efficiency of aerosols measured at different sites. We calculated the RFE by using the same constant values to

have results comparable with other studies in very different types of environments (e.g. Sheridan and Ogren, 1999; Andrews
etal., 2011; Sherman et al., 2015; Shen et al., 2018) and to study how the RFE changes with varying we and b. WHere-we refer
the RFE that was calculated by using the above-mentioned constant values as RFEnes. It must be noted that wo and b used in
Eq. 13 are defined for dried sample air_and therefore ;-thus-RFEnes does not represent ambient airconditions. In the ambient
air, RH is larger and the AOPs change-are different due to hygroscopic growth.

In addition to RFEHss, we calculated a seasonal RFE by allowing the D to vary and by using more realistic seasonal values for
Ac, and Rs. The seasonal variations of these parameters are presented in Fig. S1. Here-w\We refer the seasonal RFE as RFEs.
The effect of ambient RH on wo and b, and hence to RFE, was also studied. The seasonal RFE calculated for ambient RH is
referred as RFEs moist.
S2-

Seasonal Ac was derived by using a-ceilometer data. The ceilometer was deployed at the Halli airport (about 25 km from
SMEAR I1) by Finnish Meteorological Institute (FMI) in 2010. The data were averaged for each month to get a seasonal
variation. The lowest mean Ac was in July (~0.25) and the highest in January (~0.76).

For the seasonal Rs, reflectivity determined by Kuusinen et al. (2012) was used. They determined the Rs in a boreal forest for
different amounts of canopy snow cover. According to the FMI, the average season of snow cover in Hyytiéld is from 16
November to 20 April (FMI: http://ilmatieteenlaitos.fi/lumitilastot, in Finnish only, last accessed: 13 March 2019) and for that

time period we used Rs = 0.314 + 0.14 that Kuusinen et al. (2012) determined as the average albedo for a snow covered canopy.
For snow-free forest we used Rs = 0.126, which is an average of the mean monthly albedos Kuusinen et al. (2012) determined

for snow-free months.

In calculating the wo and b fer-in ambient airconditions, we used the equations {Egs—1-and-2)}-and parametrization presented
in Sect. 2.3.11 to convert the osca and opsca for-10 ambient RH; aaps Was assumed to be constant with increasing RH, as Nessler
et al. (2005) showed that the change in the oans With increasing RH is very small compared to scattering. Fhere-has-not-been
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b-was-then-used-in-caleulating-the f-for-meoist-conditions—The seasonally averaged RH was determined from RH measurements
conducted at the height of 16 m. The lowest mean RH occurred in May (~62 %) and the highest in November (~95 %).

More information about the seasonal D, Ac, Rs, and RH can be found in the supplementary material Sect. S2.

2.4.3 Properties calculated from particle size distributions

With-the-sSize distributions_were used;-it-is-possible to calculate differently weighted mean diameters. In this study, we used
the geometric mean diameter (GMD) and the volume mean diameter (VMD). The GMD is the mean diameter that is weighted

by the number concentration (N)

14
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YN;InD,,;
GMD = exp (22L2224), 15
P o, (15)
while-and the VMD is weighted by the particle volume (V)
Dy Vi N;D};
VMD = Z2pi¥i _ 2N (16)

Veor  ZN; i
Since the_particle number concentration is focused-the highest enfor the nucleation and Aitken mode-sparticles, the GMD

describes the distribution changes in the smallest sizes. The VMD, in contrast, is affected by the changes in the accumulation

and coarse mode, since they contribute the most to the volume size distribution.

The measurements of the AOPs and size distribution can be combined by-determiningto determine the complex refractive
index (m = n + ik) that describes how much the particles scatter and absorb light. The m and-can be used to model osca, Gvsca
and aaps from the size distribution-measurements. tadex-The m consists of the real part (n), which accounts for the scattering,
while the absorption is described by the imaginary part (k). Like wo, m provides information on the darkness and the chemical
composition of the aerosol particles.

In this study, m was iterated from the osca, oans and size distribution measurements in a manner similar to that described by

Virkkula et al. (2011). In the first step of the interpolation oscamie and oabsmie, Which are the modeled scattering and absorption

coefficients, were determined for the measured size distribution by using the Mie-theory with initial m = 1.544 + 0.019i. The

caleulated-oscamie and oans,mie Were then compared with the measured osca and oans. If the calculated and measured values did
not agree, the real part of m was first varied stepwise by 0.001 until the measured and modeled osca agreed. Next, the imaginary
part of m was varied in the same way until the measured and modeled cas agreed. This iteration was continued until the
measured and calculated values agreed within 1 %. The new imaginary part of m also affected osca SO the real part had to be
reiterated. The MATLAB codes developed by (Métzler, 2002) were used to model the Mie scattering and absorption.

2.4.4 Long-term trend analysis

Over the whole measurement period, 81 % of the nephelometer data and 70 % of the aethalometer data were considered valid.

All of the AOPs had some gaps in the data (see Fig. 4). More detailed monthly data coverages of oscs and oaps are presented in
Table S1. Most of the gaps in the time series of the AOPs during the summers of 2006 to 2010 were due to too high RH. If the

moist data was included, the overall data coverage would increase to 89 % and 77 % for scattering and absorption data,

respectively. After the installation of the Nafion-dryers in March 2010, the humidity caused no further problems. The gap in

2010 was due to maintenance and installation of the dryers and the switching inlet system. Some additional opsca data were

missing, due to malfunction of the backscatter shutter of the integrating nephelometer. Dirty optics, malfunctions and

maintenance caused the gaps in the gaps data in 2012 and 2015.
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All the months that had at least 14 days of valid data were included in the long-term trend analysis. The trends and their

significance were determined using the seasonal Kendall test described by Gilbert (1987). This test determines if there is a

similar trend for each season (month) separately. All of the trends were calculated for the monthly medians, and at least 14

days of valid data in a given month were required for this month to be taken into account in the trend analysis.

3 Results and discussion

Below, we first-present the descriptive statistics of the AOPs, their trends—and-seasonal variations_and long-term trends at

SMEAR II. The figures of the AOPs in this section are presented in the green wavelength (550 nm for the scattering and
intensive properties and 520 nm for the absorption measurements). In the figures of asca and aans, Wavelength ranges of 450—

700 nm and 370-950 nm were used. The results are presented for dry aerosols (RH < 40 %), if not stated otherwise.

3.1 Overview-of the-dataCharacterization of boreal aerosol particles

The descriptive statistics of the AOPs of both the PM10 and PM1 particles are shown in Tables 1 and 2;+espectively. The

statistics are calculated from hourly data. Tables 1 and 2 show that for most of the variables the mean and the median values

were quite different, which means that the data were not normally distributed. Therefore, we use the medians, which are not

as sensitive to extreme values as the mean, to describe the characteristics of the AOPs.
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The median PM10 oscs and cans at SMEAR 11 at green wavelength were 9.8 Mm* and 1.4 Mm™. In comparison to similar

studies conducted at other Finnish measurement stations at Pallas in northern Finland (Lihavainen et al., 2015) and at Puijo
tower in Kuopio, eastern Finland (Leskinen et al., 2012), results at SMEAR 1l showed the highest osca and oans Freasured-for
PM10 particles. At SMEAR II, the median osca Was about two times higher and o.ps abett-more than three times higher than at
Pallas, where the median values-of osa = 4.47-9 Mm™* and oaps = 0.47 Mm™ were measured at green wavelength. The Pallas

station is remote, located 170 km north of the Arctic Circle, far from anthropogenic sources, which explains the low

concentrations. At SMEAR 11, osca and oaps Were about 1.43 and 1.12 times higher, than that measured at the Puijo tower, where
the median values-of s = 4:67.2 Mm™ and a5 = 1.06 Mm* were measured at green and red wavelengths, respectively.
Puijo tower is a semi-urban measurement station located only 2 km away from the Kuopio city center. At the Puijo tower, the

measurements were conducted only on particles smaller than 2.5 um, which explains part of the differences, at least for osca.

Even though the osca measured at SMEAR 11 is high compared to other measurements conducted in Finland, the air measured
at SMEAR 11 is still clean when compared to ether-European-stationsEuropean sites. Due to the remote location, Pandolfi et
al. (2018) observed rather-loww osca at SMEAR 11 compared to other European sites. Lower median osca Wereas observed only
in the arctic region, at another Nordic rural station in Birkenes, Norway, and at several high mountain sites. HThe highest

median osea (> 40 Mm™) Pandolfi et al. (2018) observed in_urban and regional sites in central and Eastern Europe.

were-taken-ito-account-the-median-values-of s 6ans o Dtiscarttans—-and-k-would-have-been-9-6-Mm*—1-3-Mm~*-0-89;

014, 1.92,0.97-1.525-and-0:014 {6scar. w07 Btrscar P-and-k-at- 550-nm-caps-at-520-nm)—respectivelyThe-extensive-variables

éﬁsea,—gbsea-&ﬂd‘ﬁabs were-smallerfor the PM1 measurements-since there-waslesspa e volume intera na-with-the radiation-
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From Table 1 we see that the PM10 AOPs differ somewhat from the results of Virkkula et al. (2011) and Pandolfi et al. (2018)

that can be explained by the trends and by differences in the data processing. For example the median Gse (~10 Mm™) at ) =
550 nm in this study was lower than that presented by Virkkula et al. (2011) (~12 Mm) and by Pandolfi et al. (2018) (~11
Mm™), which is probably due to the tendency of o, to decrease (see Sect. 3.2). Another reason is that in the data processing
Virkkula et al. (2011) used the earlier WMO/GAW recommendation (WMO/GAW, 2003) and used data measured at RH <

50% and did not do any RH corrections.

We also determined a strong tendency for gans to decrease as well and the median gaps (~1.3 MmL, interpolated to 550 nm) was

somewhat lower than the median (~1.5 Mm, at 550 nm) in the study by Virkkula et al. (2011). However, the o, between

these two studies are not fully comparable due to the differences in the aethalometer data-processing. Virkkula et al. (2011)

reported no flow or spot size corrections and they used the algorithm of Arnott et al. (2005) and Crr = 3.688 at A = 520 nm.

Naturally, the different methods used in the absorption data processing also affected the optical properties that are dependent

on the gans, SUCh as wg and k. In the correction algorithm by Arnott et al. (2005), the Cyer is wavelength depended, which

increases the aans. Virkkula et al. (2011) reported a median aans = 1.4 that is notably higher than the median oans = 1.0 determined

by our study. The difference in aas is attributed to the correction algorithm since also in the present work and median oaps =
1.34 for the wavelength range 370-950 when the Arnott et al. (2005) algorithm is used. (see Table S2).

The differences between the AOPs of the PM1 and PM10 particles are explained by the differences in concentrations, size

distributions and chemical compositions. If only the PM10 data overlapping with the PM1 measurements were taken into
account, the median PM10 gsca, gabs, @0, D, asca, 0tabs, N, and k would have been 9.6 Mm™, 1.3 Mm, 0.89, 0.14, 1.92, 0.97, 1.525
and 0.014 (osca, w0, b, 0sca, N and k at 550 NM, gaps at 520 nm). For PM1 the medians were 7.1 Mm™, 1.2 Mm™, 0.87, 0.15, 2.41,

1.03,1.487 and 0.021, respectively. The extensive variables (osca, gbsca and oans) Were smaller for the PM1 measurements, since

there was less particle volume interacting with the radiation. The asca and b are related to the sizes of the particles, so they were

naturally different between the PM1 and PM10 particles. For the smaller PM1 particles, the asc; and b were larger than for the

PM10 particles. However, b does not have as large a difference between the PM1 and PM10 particles as asca.

On average submicron particles caused about 75 % of the total scattering of the PM10 particles. This was apparently a lower

fraction than in the previous analysis of SMEAR 11 scattering data. Virkkula et al. (2011) stated that the average contributions

of submicron particles to the total ozs Was in the range of 88-92 %, clearly more than in the present work. However, in that

study the scattering size distribution and the contributions of the various size ranges were calculated from particle number size

18
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distributions with a Mie model and the physical diameters (Dp) were used whereas here the PM1 corresponds to particles

smaller than the aerodynamic diameter D, of 1 um. With particle density of 1.7 g cm™ this corresponds to the physical diameter

D, = (1/1.7)” 1 um ~ 0.77 um. The contribution of particles smaller than 0.77 um is approximately 85 % if it is estimated from

Fig. 11 of Virkkula et al. (2011), still more than the ~75 % contribution of submicron scattering shown here. This may have

resulted from the cutoff diameter of the PM1 impactor is not exactly sharp and also that the particles entering the impactor

may have still been somewhat moist and thus larger than their dry size and were therefore removed from the sample stream.

Further analysis of the difference is omitted here.

The PM1 particles absorbed about 90 % of the total PM10 particle absorption. So for the s there were no large difference in

the gans Of the PM1 and PM10 particles. The coarse mode particles are typically primary and they have a quite high wg so their

absorption is minor compared with the PM1 particles. The soot particles, which account for most of the particulate absorption,

are typically submicron particles. Due to the relative differences in the scattering and absorption, #-the median wo and n were

lower for; the PM1 particles_than PM10 particles.

3.41.1 Seasonality of AOPs-variation

The seasonal variation in the PM10 AOPs was clearly visible in the 11.52-year record shown in Fig. 51. The seasonal variations

in gsca and opsca (Figs. 15a and b) wereas not yet as clear in Virkkula et al. (2011)_as it is now. For the osca and opsca, two local
maxima occurred during late winter (February) and late summer (July). The local minima occurred during spring (April) and
late autumn (October). The gaps showed the highest values during winter (February) and the lowest values during summer

June). Part of this variation is explained by boundary layer dynamics. In summer, the boundary layer is higher and well mixed,

therefore thus-diluting the aerosol concentration and- tin winter the situation is the opposite and the pollution accumulates in

the shallow boundary layer. Also, the sources of aerosol particles vary seasonally, which affects the seasonal concentration.
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For the extensive properties, the highest values occurred at the same time in winter (February) when the wo was also low,
which meansindicates that there were larger amounts of particles from anthropogenic sources than in summer. Hyvérinen et
al. (2011) observed increased equivalent black carbon (eBC, meaning- optically measured BC) concentrations at SMEAR 11
in winter, when the long-range transport brings pollution from the central and easternEastern Europe. However, Hienola et al.
(2013) estimated that about 70 % of the measured eBC at SMEAR 11 is emitted from local or regional sources or transported
from Finnish cities, so also the local and regional emissions have a significant role in the elevated eBC concentrations. Since

February is one of the coldest months in Finland, domestic wood burning in the local and regional area increases the particle
concentration (Karvosenoja et al., 2011). Pollution can also be transported from nearby cities (the largest and closest are

Tampere and Jyvaskyld). Hyvérinen et al. (2011) observed no remarkable changes in the Hyyti&ld eBC concentrations coming

from the Tampere region. However, the largest concentrations they observed came from the direction of Orivesi, a small town

(population about 9 000) 20 km from the measurement station.

he Fhere-isan-anti-correlationbetween the seasonal variations 6f eg-andeans—aans IS typically associated with the source of

the BC and it is often used to quantify whether the BC is traffic or wood burning related (Sandradewi et al., 2008; Zotter et al.,

2017)_so that high aaps is a sign of wood burning. In the source apportionment, aass close to one indicates that the BC is from

traffic-related sources. Since we observed relatively higher aaps in winter, the results are in line with the assumption of domestic

wood burning that takes place during winter. However, in summer, aans Was often < 1, which would yield an unphysical fraction

(over a 100 %) of traffic related BC. Values below one could have been caused by large BC particles (D, > 100 nm) that have

a purely scattering coating (Lack and Cappa, 2010). It must be noted that the aans depends also on the correction algorithm.

For example, if the oans Was corrected with the algorithm proposed by Arnott et al. (2005), the median of aans Would have been

1.34 + 0.51 (see Table S2). Using the aans, Which was determined by using the correction by Arnott et al. (2005), the results

for the source apportionment would be different and they would show higher fraction of BC from wood burning.

The maximum-values 6f aqp IS also used to describe the chemical properties of the particles. {1} oceurin-winterwhich
hat light is-absorbed-more-efficiently at shorter wavelengths than-in-summer-H-A-higher o, may-suggesindicatest that

light is absorbed not only by BC, but also by some light-absorbing organic carbon compounds, i.e. brown carbon (BrC). In

using only aans, it is difficult to determine if the particles consist of BrC, since BC particles with coating can also have an oans
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up to 1.6 (Lack and Cappa, 2010). In Fig. 1g5 we can see that the value of 1.6 is not really reached at SMEAR 1I_if the

correction algorithm by Collaud Coen et al. (2010) was used. Since aays is dependent on the size of the BC core, the thickness
of the coating and the m of the coating, mere-detailed-investigation-would-be-needed-to-determine-why ep.-is-varies-further

investigation of its complex nature is omitted here.

In summer, the wo had its highest values since the osca Was high and the gas Was low. High oscs but low oass SUggests that the

anthropogenic influence was not strong in summer and that there was higher contribution of particles from natural sources

when the vegetation was active and growing. The scattering maximum in summer was probably caused by secondary organic

particles (Tunved et al., 2006).

The seasonal variation in asc, and b depends on the seasonal variation in the size distribution of the particles. Both asc; and b

were maximal in summer and minimal in winter, suggesting that in summer, the particle population consisted of smaller
particles than in winter. A trajectory analysis by Virkkula et al. (2011)_showed that the highest as., Were originated within a

~200 km radius around the station, which means that the smallest particles were rather freshly emitted. This supports the

hypothesis that in summer a high fraction of the aerosols are secondary organic particles.

The impact of smaller particles in summer, indicated by the high as. and b, is seen also in Fig. 2a, which presents the seasonal

variation of the o5ca PM1/PM10 ratio. The ratio describes the fraction of fine particles (PM1) on the PM10 o5, and it shows

that, in addition to summer, the fine particles have a high impact also in winter, which was not seen in as, and b variation.
Closer investigation on the seasonally averaged size distributions, which areis presented in Fig. S63 (and S7), reveals that the
seasonal variations of as and b are more depended on the shifts in the accumulation mode than in the coarse mode. Fig. 3
shows that iin winter, the VMD,q hadwas experieneing-its minimum due to a lack of coarse mede-particles {Sehumacheretal;

2013): This is in contrast with the observation of smaller as., and b, but it supports the maximum we see in the gsca PM1/PM10
ratio. ta-faettThe seasonal variations of as. and b wasere then explained by the seasonal variation of volumetric mean diameter
calculated for particles smaller than 1 um (aceumuiation-mede-and-VMDrine). —WhichVMDrine iS a good indicator for the
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shifting accumulation mode_and it is not affected by the coarse mode. In winter, when the as.. and b were small, the

accumulation mode was shifted towards larger sizes and the median of VMDjine Was about 350 nm. In summer, when the osca
and b had their maxima, the situation was the opposite and VMDsine Was smaller, about 250 nm. Virkketa-et-al—2011)
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The seasonal variation in the size distribution did not affect the gas PM1/PM10 ratio and Ferthe-sans—thethe median of the
PMA/PMIOratio did not greathy-vary seasonally. However : i i

Fh the deviation of the gans PM1/PM10 ratio had a cleardy seasonal varied-seasenallyation. In summer, the variation was

considerably higher than in winter. In the correction algorithm, which was used for the absorption data (Eq. 13), part of the

osca 1S subtracted from oans as an apparent absorption (Muller et al., 2011). Theis subtraction of o causes relatively high

uncertainty when the ans is low and o, is high, like it is in summer. This uncertainty is emphasized for PM10 measurements,

since the oy, is relatively higher than g, if compared to PM1 measurements. The uncertainty in the measurements also
explains why there-were-se-many values were above-1 one-measured in the PM1/PM10 gzps ratio.

3.2 Long-term trends of the AOPsFrends

The about 11.5-year-long time series of the PM10 and-PML-AOPs were used to determine thelong-term trends-trendsfor-the
optical-properties. For a comparison, we also conducted the trend analysis for the PM1 data, which the-PM10-trend-analysis

we-used-datafrom-about-10-5-years-and-for-the PM1-trend-analysis-we-usedhad shorter, about 7.5--year-s-long, time series. It

must be noted that trends for shorter time series are more sensitive to the year-to-year variability and must be interpreted with

caution. The slopes of the trends and the trend statistics are presented in Table 3. The table also presents the trends as
percentages, which were calculated by dividing the slope by the overall median value of the variable. The trends are also
plotted in Fig. 4%, where the monthly medians of the PM10 AOPs at SMEAR |1 used in this analysis are presented. The

monthly medians are included in Fig. 4% only if the month had at least 14 days of valid data.

In_all the extensive properties, the trends were negative. The slopes of the trends for PM10 osca, 0bsca and oans Were -0.32, -
0.038, and -0.086 Mmyr?, respectively. The decrease in the extensive properties were due to decrease in the total particle
number concentration (Ny:) and total volume of the particles (Vi) that can be seen in the combined TDMPS and APS data
presented in Figs. 25a and band-in Table 3. The relative decrease in Vit (-4 %yr?) was rather similar to that of gsca (-3 %yr2).
Also, Pandolfi et al. (2018) showed a statistically significant trend for osa (-0.588 Mm™yr1) measured at SMEAR Il. They

reported negative trends at other European sites as well and they determined that the average decrease was about -35 % for a
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ten-year period, which is a bit larger reduction than that observed at SMEAR 11 (-30 % for a ten-year period). The results are
in line with the decrease in particle number concentration observed in European countries (Asmi et al., 2013). Also the remotely
measured decreasing trend for aerosol optical depth (5) supports the decreasing trends in Europe (Li et al., 2014). Decreasing
trends for asca are not only observed in Europe; Collaud Coen et al. (2013) and Sherman et al. (2015) reported negative trends

for osca in North America as well.

The observed relative decrease in gans (-6 %-yrt) was about twice as large thanas that of osca (-3 %yr?). The differences in the
trends indicates that during the measurement period, the amount of absorbing material, such as BC and BrC, decreased
relatively faster than the amount of scattering material (e.gqg. sulfate). It is also possible that the decrease in non-absorbing

compounds decreased the oans Since a non-absorbing coating around an absorbing particle can act as a lens, which increases

absorption. The study by Collaud Coen et al. (2013), which included also aaps data, observed negative trends for both asca and
oabs at the Bondville measurement station in Illinois, USA, but- Fthere the trends of both osca and oaps Were simbarin-magritude
{about -3 %yr1). Sherman et al. (2015) did not observe this decreasing trend in oass trend-later.

Since the aerosol particles were absorbing less light than before, there was a tendency for the wq to increase. As shown by the
increase in wo and the decrease in the extensive properties, the air measured at SMEAR |1 was less polluted than before. Fhe
hHigher wo indicates that the measurements were less affected by particles produced by traffic emissions or incomplete

combustion. Li et al. (2014) reported mostly positive trends_for wo-tha,t which were determined by remote measurements

conducted in Europe. The decreasing trend for k supports the tendency for wo to increase, since the negative trend for the

imaginary part of m means that particles-particulate matter absorbs less light. The aass_and n,; which areis also related to the

chemical composition of the particles, showed no significant trends-foreitherthe-PM1-orPMI0-particles. Fhe-hegative-trend

TFhe-trends-of the-b-and-ec-were-also-investigated—Theese trend of b and asc: s-describe how the size distribution of the aerosol
particles has changed. For the PM10 b and asca the trends were positive, but for the PM10-asc.a however, the p value was 0.07,
so there was only a weak evidence for the positive trend in PM10-osco.-Forthe-PMd-the trends for both,-b-and-ec.Were-positive
and-statisticalysignificant: Increasing b-and-ese. indicates that the-mean-size-of the size distribution was-mevingmoved towards
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smaller particles._This hypothesis was investigated by conducting the trend analysis for the volumetric and geometric mean

diameters of particles smaller than 10 pum (VMDyot and GMDyot), which were calculated from the size distribution. The results

are presented in Table 3. We did not observe significant trend for the GMD,, which is sensitive to the smallest particles of the

size distribution. However, a statistically significant trend was observed for VMDio (Fig. 5¢), which depends on the

accumulation and coarse mode particles and therefore correlates better with the extensive AOPs than the GMD (Virkkula et
al., 2011). Decreasing VMDy: indicates -Fhea shift ef-in the size distribution towards smaller diameters_-is-alse-observed-in
he-hregative-trend-of-the-volume-rean-diameter OMB . Jpresepted-in-Fig—2e-ane-inTFable-3—supporting the increasinge b

and Osca.

In addition to SMEAR 11, Adse-Pandolfi et al. (2018) observed significant increasing trends for b at SMEAR H-and-etherseveral
European stations. For-the o however-they-observed-both-positive-and-negative-trends-at-di ions:SMEAR Il they
observed significant increasing trend also for asc, Which was determined by using the wavelength range of 550—-700 nm. At

other sites, they observed mostly decreasing trends. -Pandolfi et al. (2018) suspected that the variation was caused by differing

trends of the coarse and accumulation mode particle concentration. Also Li et al. (2014) observed negative trends for the asca

across the Europe and they suggested the trends were caused by a decrease in fine particle emissions.

As a comparison, we also conducted the trend analysis for the PM1 measurements, even though there was only 7.5-years-long

time series available. The trends observed for the PM1 particles were similar to those of PM10: decreasing trends for the

extensive properties and increasing trends for the wo and b. For the PM1, the trends for both, b and asc., Were positive and

statistically significant. This observation suggests that especially the concentration of larger particles in the accumulation mode

was decreasing, since a decrease in coarse particle concentration only could not cause the decreasing trend of PM1 asca nOr b.

A closer look in the size distribution, which is presented in Sect. S6, pointed out that relatively greatest decrease occurred for

accumulation mode particles that were 500-800 nm in diameter. On average, the volume size distribution of accumulation

mode particles peaks around 300 nm (see Fig. 3) so the greatest decrease occurred at the larger sizes of the accumulation mode.

The decrease in the larger side of the accumulation mode might be caused by a decrease in long-range transported pollution.

Aged pollution particles might be grown by other substances, such as SO, in the atmosphere so their sizes are larger than

freshly emitted or formed particles. SO,, emissions have decreased in Europe (Tarseth et al., 2012), which supports this

assumption. A trajectory analysis by Virkkula et al. (2011) showed that ascs Was clearly higher in air masses from continental
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Europe than from the North Atlantic but also that the highest asc values were measured in air masses sources from within

southern Finland, which would suggest that larger particles are not from nearby the station.

The installation of the Nafion-dryers in 2010 could have caused an artificial decrease in esc.-0f-casthe AOPs since the dryers

increase the deposition of the particles and may decrease the sizes of hygroscopic particles. However, the similar trend between

the PM1 and PM10 AOPs does not support this suspicion, since ds-were-similarforthe-PM10-and-PMlparticles—Buring the

PM1 measurements, there were no large changes in the measurement line, so the observed trends were probably not caused by

any technical ehanges-issues in the measurement line.

the PMA10-6:car-oans -e00-and-REE-with- the slopes-of 49y -5 0y 0.2 0y _and 0.5 % yr* respectivelyStillthere-were
decreasing-trendsfor-extensive-properties-and-positive-trendsfor-wmo—However-the-difference-between-the-eca-and-o.s trends

In addition to the general trends, we also investigated how the trends of osca and oans Varied between different-the seasons. In

this analysis, the periods of RH > 40 % were included {ss..-corrected-to-dry-conditions-acecoerding-to-Egs—t-and-2)-in order to

avoid the data gaps in summer and autumn before 2010 and to have time series with equal lengths for each season. The moist

osca Was estimated to dry conditions according to Egs. 1 and 2. —The trends were determined separately for spring (March,

April, May), summer (June, July, August), autumn (September, October, November), and winter (December, January,
February). The trend calculations were conducted by using the monthly medians (see timeseries in Fig. S3)_and t—Fhe results

are presented in Table 4.

Table 4 shows that osca and oans had a decreasing trend for each season, but for-in the autumn the trends were not significant.
Both asca and aans experience the fastest absolute decrease in winter when the energy consumption is the highest and pollution
sources are more pronounced; on the opposite, the trends are-were the least negative in summer_when there is less pollution.
In spring, the absolute trends were less negative than compared to winter.-Heweverforthe-e.ns -We-observed-that-therelative

. . inwinter (-8 %yr-).
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3.36 Seasonality and long-term trend of Rradiative forcing efficiency

To study the climate impact of the aerosol particles, Ferthe aerosol radiative forcing efficiency (RFE) the mean-average values,

trends, and seasonal variations were atse-investigated. We determined three different kind of RFE: 1) RFEnes Was calculated

to dry aerosol particles by using global average values suggested by Haywood and Shine (1995), 2) RFEs was calculated also

to dry aerosols but here we used more realistic environmental parameters (D, Rs, and Ac) at SMEAR 1l and here also the

seasonality of the parameters was taken into account, and 3) RFEsmeist also used the more realistic and seasonally varying

environmental parameters but here we took into account effect of ambient RH on wg and b. The statistics of the RFEnes, RFEs

and RFEs moist are presented in Table 1 and their time series and seasonal variations are presented in Fig. 67.

In general, the aerosols; measured at SMEAR |II; tended to have a cooling effect on the climate (RFE < 0) as seen in Table 1.
By using the global average values suggested by Haywood and Shine (1995), the mean RFEngs was -22 Wm2. This wais about
12 % less negative than the mean RFEn&s (about -25 Wm2) determined by Sherman et al. (2015) for different North American
stations. The difference is explained by higher mean wo (about 0.91) observed by Sherman et al. (2015).; Tthe mean b (about
0.14) was similar if compared to average values observed at SMEAR I1. Also—aA mean RFEpgs -25 Wm2 was determined
also at SORPES station in_Nanjing, China (Shen et al., 2018). Shen et al. (2018) observed a_lower mean b (0.12 at 520 nm),

which would increase the RFEgs. However, they also observed a- notably higher mean weeso (0.93 at 520 nm) at SORPES

and that overcame the effect of lower a-b.wha

32



10

15

20

25

30

Fhis-is-also-observed-at- SMEAR-H-(Fig—S9)--If the seasonal variation of D, Ac, and Rs were taken into account, the RFE

became more negative at SMEAR 11. The medianthe-mean RFEs, which takes the seasonality of the environmental parameters
into account, was {-2634 Wm?, }-was-lower than the median mere-negative-than-RFEnes, which was --23- Wm™. This was

mainly due to the higher D, and lower Rs and Ac in summer. If the ambient RH was taken into account, the median for the r

(-24 Wm) increased a bit compared to RFEs. Taking the ambient RH (that was RH > 40 % every month) into account increases

the wq due to increase in the scattering. At the same time the b decreases since the particles grow in size and scatter relatively

less light backwards (Birmili et al., 2009). These two changes have opposite effects on the RFE: increasing wq decreases the
RFE, and decreasing b increases the RFE. Here the decreasing b overcomes the effect of wg and therefore the median RFEs moist
is higher than that of RFEs.

Beth;The long-term trends of the-wo and b tended to increase, which makes the RFEngs to decrease (i.e., become more

negative). The decreasing RFEnss means that the properties of dry aerosol particles have changed so that they cool the climate
more efficiently. The trends for the RFEnes, RFEs and RFEsmoist are presented in Table 3 as well. Since we used seasonal
averages in calculating the RFEs and RFEs moist, their trends weare also depended only on the changes of the wo and b and thus
their trends are also decreasing and similar in magnitude as the trend for RFEnes. However, in reality the trend of RFEs and

RFEs moist, Which take into account the realistic environmental parameters, does not depend only on the wo and b. For example,

a decrease in the snow cover due to global warming would decrease the Rs and make the decrease of RFEs and RFEs moist RFE

steeper. Here, we omitted further analysis on the effect that the changes of Ac, Rs, Ta and RH have on the RFEs and RFEs moist.

The seasonal variation in the RFEngs followed the seasonal cycles of the wo and b. The RFEngs was minimal in summer and
maximal in winter. Since b was lowest (forward-scattering particles) and the wq is also low (dark particles) in winter, the
particles clearly did not have as strong a cooling effect as in summer when particles are smaller and light colored. If the
seasonal changes of D, Ac, and Rs, were taken into account, the seasonal variability of RFEs is-amplified remarkably eompared
to-RFEnes-as seen in Fig. 7b. In winter, the higher Rs causes the aerosol particles to be less cooling or even warming, but
wintersince the D is lower and the Ac is-higher; (seewhich-are-shown-in Fig. S1), causing-the aerosol particles to have less

effect (RFE closer to zero) than in summer. Buring-winter-the-higherRs-causes-the-aerosolparticlesto-be less-cooling-oreven
warming—We chose to use the Rs determined for a boreal forest according to the surroundings of SMEAR Il. However, the

area around the station consists also of fields and lakes, which in winter; would act as smooth snow fields. Even for snow
containing impurities the Rs is notably higher (> 0.7) than Rs for snow covered boreal forest (Warren and Wiscombe, 1980).

Using Rs = 0.7 for winter time data, would increase the RFEs_and amplify its seasonal variation even more.-

Taking the effect of ambient RH into account decreases the seasonality in RFEs a bit.inereases-the-eg-since-the-aerosolsscatter

relatively-lessHght-backwards— The seasonality of RH is presented in Fig. S1d and on average the RH is higher in winter than
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in summer. Fig. 7b shows that that compared to RFEs, the RFEs moist IS 1€SS negative in summer s-sihee-when

the effect of RH on b overcomes the effect on wo. Also Fierz-Schmidhauser et al. (2010) atse-observed this kind of behavior
at the Jungfraujoch station. In winter, the situation wais actually the opposite and_the RFEs moist Wais more negative than RFEs,
However. However—in-winter—the effectdifference-ef-RH- wais small, partly due to the smal-low D and largehigh Ac. In

general, the ebserved-effect of the RH on_the seasonal variation of -RFE -iwas smaller than the effect of taking the seasonal

variation of D, Ac, and Rs into account.

The RFE (or AF5?) describes only the efficiency of the aerosol particles in cooling or warming the climate per unit of aerosol
optical depth (9).

Even if the RFE was very negative, the influence of aerosol particles on the climate would be small if the 6 was small. Fhe-o

Eg. 13 assumes that the properties of the-aerosol particles are uniform in the atmospheric column that is rarely the case in

reality. In ambient air, we should also take into account the variability in RH as a function of height, since—At at the top of the
boundary layer we typically have RH values close to 100 %. Here, we determined the RFE by using the RH measured near the

ground (16 m). The simplified RFE does not give an absolute value for the aerosol forcing; however, it can still indicate how

the changes in AOPs affect the climate.

3.4 Effect of excluding the moist data

Only about 62 % of AOP data measured before 2010, was marked as valid. A big fraction of the not-valid data was invalidated

due to too high RH. If we took the moist data into account and estimated it to dry conditions, the data coverage from June 2006

to December 2010 increases to 87 %. To test, if excluding large amount of data had a significant difference to the results, we

used Egs. 1 and 2 to estimate the moist (RH > 40 %) osca and opsca to dry conditions and included this data in calculating the

median values and in the trend analysis. Also, moist (RH > 40 %) oans measurements were included here.

If the moist periods of osca and oans Measurements were included in the analysis and the moist scattering data were estimated

to dry conditions by using the parametrization suggested by Andrews et al. (2006), we would get median values of gs.s = 10.4
MM, opsca = 1.5 MM, gans = 1.5 Mm?, wo = 0.88, b = 0.14, qaps = 0.97, and RFEnes = -23 Wm2 for PM10 (gsca, Gbsca, 0, b,

and RFEpes at 550 nm, gaps at 520 nm, aaps at 370 nm/950). Taking the moist samples into account, the osca and gaps inCrease

in summer and autumn (see Fig. S8). We could not determine the asc, Since we only converted the os., at 550 nm to dry
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conditions. If we used the parameters observed by Zieger et al. (2015), the median osca = 10.3 Mm™*, which is very close to the

value obtained by using the parameters suggested by Andrews et al. (2006). For the extensive properties, including also the

moist data increased their median values about 7 % and for the intensive properties there were no notable effect. Omitting the

moist data periods from the data set does not seem have a large effect on the median AOPs in this data set.

Including the originally omitted data in the trend analysis, we observed statistically significant (p-value < 0.05) trends for the

PM10 0sca, Obsca: Tabs, o, and RFE with the slopes of -4 %yr?, -5 %yr?, -5 %yr?, 0.2 %yr?, and 0.6 %yr?, respectively. Still,

there were decreasing trends for extensive properties and positive trends for wo. For b, there was no significant trend anymore

due to. The difference between the o, and oans trends decreased from 3 %yr to 1 %yr?* if compared against the trends that

were determined only for the dry conditions. Including the moist data and acquiring longer data sets in the trend analysis

suggests that the relative difference between the trends of osc. and gans might not be that large. Fhis-is-analyzed-in-further-detail

4 Summary and conclusions

In this study, we presented ever-11.5-year--long time series of AOPs measured at SMEAR 11, a a-station in southern Finland.

measurementsCompared to regional and rural European -sites, the oy, at the boreal SMEAR 11 station was low. However, the

average ogsca and gaps Were higher than those observed at other Finnish measurement stations that were the arctic station in Pallas
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and the semi-urban station in Kuopio, Eastern Finland. Because of the more southern location, the SMEAR Il was probably

more affected by regional emissions and long-transport pollution from Europe than the other Finnish measurement sites, which

would explain the higher concentrations.

There-were clear seasonal-variations-inthe AOPs-The highest gsca and gans Were measured in winter when the boundary layer
is lower and the pollution is not diluted as efficiently as in summer. Transported pollution from the regional area and from

Europe, also increases the concentrations in winter, when the energy consumption is higher. In winter, the wg was low (i.e.

absorption was relatively high compared to scattering), which also indicates that there was a higher fraction of particles from

anthropogenic combustion sources. The gscs had high values also in summer but the gans had its minimum and therefore the wo

reached it maximum in summer. This observation indicates that the particle concentration was high in summer due to active

vegetation.

variations-in-the-extensive properties; g
fromthe anthropegenic sources than-during-summer-the seasonal variations of b and asc Were caused by shifting accumulation

mode and not by concentration of coarse mode particles. In summer, b and asa had their maxima (i.e. there was a higher

fraction of smaller accumulation mode particles); and in winter, they had their minima (i.e. there was a higher fraction of large

accumulation mode particles).

The extensive AOPs, as well as the aerosol number and volume concentration, tended to decrease. Our observations wasere in

line with the other studies conducted in Europe and North America, which-that also observed decreasing trends for the

extensive AOPs (Collaud Coen et al., 2013; Pandolfi et al., 2018; Sherman et al., 2015), number concentration (Asmi et al.,
2013) and aerosol optical depth (Li et al., 2014). This uniform decreasing trend in the amount of aerosol particles suggests that

the anthropogenic emissions hasve been decreasing

in Europe and North America. The observed tendency for b and asc to increase together with the decreasing extensive
properties indicated that the particle size distribution consisted of less larger particles. A more detailed investigation revealed

that the number of larger accumulation mode particles (500-800 nm in diameter) decreased relatively the fastest, which alse

supperts-the-assumedwould indicate a decrease in transported anthropogenic pollution-
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Since the aerosol particles were scattering light more efficiently to backward hemisphereare-smaller and_because they were

less dark than before, their RFE tended to decrease (i.e. became more negative), which means that the ability of aerosols to

cool the climate per unit ¢ increased. However, since the extensive properties and particle number concentration are-were

decreasing, which means that the ¢ decreases-decreased as well, the total aerosol forcing is-was probably also decreasing. e

Here, we only studied the effect of AOPs on the RFE. FStudying and taking also the long-term trends of the environmental

parameters into account would give more realisticprobably-have-atarge-effect-on-the trend foref the RFE.
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Table 11: Average-Descriptive statisticsvatues of the AOPs for the PM10 particles. The average values were
calculated from all valid data.

PM10 7(nm) _ mean £ SD 1%  10% 25% 50% 75% 90%  99%
oxa (M) 450 21.8+233 18 45 76 142 268 485 1141
550 15.2 £ 16.7 1.3 3.4 5.5 9.8 183 334 825
700 9.5+10.5 0.8 23 3.7 6.3 113 203 523
Ghsca (MMTL) 450 25+29 0.2 0.6 1.0 18 3.2 5.3 111
550 20+18 0.2 05 0.8 1.4 25 42 8.8
700 16+15 0.2 0.4 0.7 1.2 2.0 3.4 7.4
Gabs (M) 370 30+36 0.2 0.6 1.0 1.9 36 6.6 18.1
470 25429 0.2 05 0.8 1.6 3.0 5.4 14.3
520 22+24 0.1 0.4 0.7 1.4 2.6 47 12.3
590 19+22 0.1 0.4 0.7 13 2.4 42 10.8
660 1.8+20 0.1 0.3 0.6 1.2 2.2 3.8 9.9
880 13+14 0.1 0.3 0.5 0.9 16 2.9 7.2
950 12+13 0.1 0.3 0.4 0.8 15 2.6 6.5
o 450 0.88%0.07 064 080 085 089 093 095 008
550 0.87 £0.07 062 078 084 08 092 094 0098
700 0.84 1 0.08 055 074 080 08 090 093 097
b 450 0.13%0.03 008 010 011 012 014 016 o021
550 0.14 0.03 009 011 013 014 016 017 021
700 0.19 % 0.07 007 013 015 018 021 025 044
dsca 450/550 1.73 +0.52 023 103 149 182 209 229 258

450/700 1.80 £0.55 0.32 1.00 1.53 1.88 2.17 2.39 2.80
550/700 1.85+0.64 0.23 0.95 1.53 1.95 2.26 2.50 3.15

Qabs 370/520 0.95%0.48 -0.29 0.51 0.76 0.98 1.16 1.32 1.97
370/950 0.95*0.36 -0.16 0.55 0.80 0.99 1.13 1.24 1.69
470/660 0.95%0.49 -0.52 0.52 0.80 1.01 1.15 1.29 2.07
470/950 0.99+0.41 -0.32 0.58 0.86 1.06 1.18 1.28 1.83
660/950 1.02 +0.57 -0.77 0.57 0.90 1.11 1.23 1.34 2.17
n 450 1.541+0.065 1.330 1.478 1.512 1.542 1.572 1.607 1.697
550 1518 £0.067  1.289 1.452 1.490 1.522 1.550 1.581 1.674
700 1.491+£0.091  1.247 1.379 1.454 1.501 1.536 1.574 1.740
k 450 0.021 £0.020  0.002 0.006 0.009 0.016 0.026 0.039 0.097
550 0.020 £0.018  0.002 0.006 0.010 0.016 0.025 0.038 0.089
700 0.022+£0.019  0.003 0.007 0.011 0.018 0.027 0.041 0.092
RFEhgs (Wm?) 550 -22+6 -32 -28 -26 -23 -19 -16 -3
RFEs (Wm?) 550 -35+32 -97 -82 -67 -26 -5 0 12
RFEsmoist (Wm?) 550 3233+ 28 -8588 7274 6062  -24 -5 -2 54
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Table 22: Average-valuesDescriptive statistics of the AOPs for the PM1 particles. The average values were calculated from all valid
data; therefore if compared with the PM10 average values, there is a 4-year shorter dataset.

PM1 Z(hm)  mean £SD 1%  10% 25% 50% 75% 90% 99%
oca (MMY) 450 17.7+192 12 31 5.6 113 223 404 961
550 114 +13.0 0.8 2.1 3.6 7.1 141 261 648
700 6.3+75 0.4 1.2 2.0 3.8 7.6 144 374
obsca (Mm1) 450 21£20 0.2 0.4 0.8 14 2.7 45 9.7
550 16+15 0.1 0.3 0.6 11 2.0 3.4 75
700 12+12 0.1 0.3 05 0.8 15 2.6 5.9
oans (MM 370 24+29 0.1 0.4 0.8 16 2.9 5.2 15.0
470 20+23 0.1 0.4 0.7 13 2.4 4.3 11.7
520 17+19 0.1 0.3 0.6 1.2 2.1 37 10.0
590 16+17 0.1 0.3 0.5 1.0 1.9 33 8.8
660 14+16 0.1 0.3 0.5 010 18 3.1 8.0
880 11+1.1 0.1 0.2 0.4 0.7 1.3 2.3 5.8
950 09+1.0 0.0 0.2 0.3 0.6 1.2 2.0 5.1
@0 450 0.88 £0.08 062 078 084 089 093 09 098
550 0.85+0.08 059 075 081 087 091 094 098
700 0.80 +0.10 048 067 075 081 087 091 096
b 450 0.13 +0.03 007 010 011 013 014 017 023
550 0.15 +0.03 009 012 013 015 017 019  0.24
700 0.23+0.13 006 014 017 021 026 034 078
dsca 450/700 2.22 + 0.44 0.88  1.70  1.99 228 251 266 295

450/550 2.36 £0.55 0.74 1.76 2.09 241 2.66 2.87 3.70
550/700 2.48£0.81 0.25 1.73 2.16 2.52 2.82 3.13 4.69

Qabs 370/520 0.96 £0.61 -0.67 0.47 0.74 0.99 1.20 1.39 2.32
370/950 0.97 £0.44 -0.36 0.52 0.80 1.03 1.19 1.33 1.96
470/660 0.94 +0.66 -0.94 0.46 0.76 1.00 1.17 1.33 2.35
470/950 1.03+0.51 -0.51 0.56 0.87 111 1.25 1.39 2.24
660/950 1.13+0.72 -1.10 0.60 0.97 1.20 1.35 1.54 2.96

n 450 1.509 £0.057  1.348 1.441 1.478 1.513 1.542 1.568 1.634
550 1.484+0.054  1.338 1.422 1.456 1.487 1.516 1.540 1.598
700 1.471+0.074 1.294 1.393 1.435 1.472 1.505 1.537 1.677

k 450 0.025+0.020  0.003 0.008 0.013 0.020 0.031 0.045 0.099
550 0.025+0.018  0.004 0.009 0.014 0.021 0.031 0.044 0.093
700 0.028 £0.019  0.005 0.011 0.017 0.024 0.035 0.049 0.098
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Table 33: Slopes of the trends (in absolute values and in estimated percentages per year) and their statistical significance. The lower
and upper limits in the 95 % confidence interval for different optical properties are also shown. The trend in the percentage was
determined by comparing the slope of the trend with the overall median of the data.

PM10 PM1
2 Trend Lower  Upper Trend Lower Upper
L L L p-value L L ) p-value
(nm) (yr?) wr) Y (yr?) wr) oY

osca (M m‘l) 550 -0.32 -3% -0.52 -0.17 <0.01 -0.30 -4 % -0.55 -0.12 <0.01
obsca (M m'l) 550 -0.038 -3% -0.070 -0.021 <0.01 -0.051 5% -0.087  -0.013 <0.01
Gabs (M m‘l) 520 -0.086 -6 % -0.133 -0.044 <0.01 -0.141  -12% -0.166 -0.098 <0.01
o 550 2.2e-3 0.3% 0.7e-3 3.6e-3 <0.01 55e-3 06%  1.5e-3 10e-3 <0.01
b 550 13e-3 09 % 09-3 1.7e-3 <0.01 1.5e-3 1% 0.7e-3  2.6e-3 <0.01
Osca 450/700  0.012 0.7 % -0.001 0.024 0.07 0.014 0.6% 0.004 0.024 <0.01
Qlabs 370/950  -1.5e-4 0% -3.0e-3  2.9e-5 0.95 -35e-3 -03% -7.9e-3 13e-3 0.34
n 550 -2.0e-3 -0 % -3.8e-3  0.6e-3 0.11 -5.7¢-3 -04% -75e-3 -29-3 <001
k 550 -6.6e-4 -4 % -9.1e-4 -3.8e4 <0.01 -13e-3 6% -2.0e-3  -0.7e-3 <0.01
RFEHe&s

550 -0.30 -1% -0.43 -0.20 <0.01
(Wm?)
RFEs

550 -0.43 -2% -0.64 -0.25 <0.01
(Wm?)
RFES,moist

550 -0.3937 -2% -0.50 -2423 <0.01
(Wm?)
Ntot (cm®) -40 3% -52 -28 <0.01
Vot (Ug cm) -0.093  -4% -0.120  -0.064 <0.01
GMDtot (nm) -0.092 0% -0.531  0.342 0.63
VMDiot (NM) -12 1% -17 7 <0.01

Table 44: Slopes of the seasonal trends and their statistical significance for sca and eabs. The trend in the percentage was determined
by comparing the slope of the trend with the seasonal median of the data.

Osca (M m'l) Gabs (M m'l)
Trend Lower  Upper Trend Lower  Upper
L L . p-value L L L p-value
(yr?) yrd) ) (yr) yr?) )
Spring -0.44 5% -0.84 -0.04 <0.05 -0.12 -9 % -0.20 -0.05 <0.01
Summer -0.38 -3% -0.79 -0.14 <0.01 -0.06 -5% -0.11 -0.03 <0.01
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Autumn -0.12 -1% -0.49 0.17 0.48 -0.04 -3% -0.10 0.03 0.14
Winter -0.85 -1 % -1.60 -0.20 <0.01 -0.17 -8 % -0.31 -0.03 <0.05
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Figure 3: Mean size distribution for winter (December — February), spring (March - May), summer (June — August), and autumn
(September — November). Also, the average asca, b, VMDuot, and VMDsine for the seasons are presented in the figure.
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Figure 4: Time series of the PM10 AOPs. The uniform black line presents the monthly median and the dotted black lines present
the monthly 10th and 90th percentiles. The trends (see Table 3) of the AOPs are shown with orange lines. If the trend was statistically
significant, the line is uniform and if the p value of the trend was > 0.05, the line is dashed.
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Figure 5: Time series and trends of the total particle (Dp < 10 um) a) number concentration (Ntt), b) volume (Vtot) and ¢) VMDtot.
The mean and median values of the variables are also marked in the subfigures and the statistics of their slopes are presented in Table 3. The
explanations for the different lines are the same as in Fig. 5%.
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| Figure 76: Variations in the different radiative forcing efficiencies at SMEAR 11 in 2006 — 2018. a) Time series of the RFEnss, RFEs,
5 and RFEsmoist. The monthly medians are presented if the month had at least 14 days of valid data. b) Seasonal variation of the RFEHes,
RFEs, and RFEs moist as overall monthly medians. RFE was calculated for PM10 particles.
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