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Abstract. Aerosol optical properties (AOPs) describe the
ability of aerosols to scatter and absorb radiation at differ-
ent wavelengths. Since aerosol particles interact with the
sun’s radiation, they impact the climate. Our study focuses
on the long-term trends and seasonal variations of differ-
ent AOPs measured at a rural boreal forest site in north-
ern Europe. To explain the observed variations in the AOPs,
we also analyzed changes in the aerosol size distribution.
AOPs of particles smaller than 10 µm (PM10) and 1 µm
(PM1) have been measured at SMEAR II, in southern Fin-
land, since 2006 and 2010, respectively. For PM10 particles,
the median values of the scattering and absorption coeffi-
cients, single-scattering albedo, and backscatter fraction at
λ= 550 nm were 9.8 Mm−1, 1.3 Mm−1, 0.88, and 0.14. The
median values of scattering and absorption Ångström ex-
ponents at the wavelength ranges 450–700 and 370–950 nm
were 1.88 and 0.99, respectively. We found statistically sig-
nificant trends for the PM10 scattering and absorption coeffi-
cients, single-scattering albedo, and backscatter fraction, and
the slopes of these trends were−0.32 Mm−1,−0.086 Mm−1,
2.2×10−3, and 1.3×10−3 per year. The tendency for the ex-
tensive AOPs to decrease correlated well with the decrease
in aerosol number and volume concentrations. The tendency
for the backscattering fraction and single-scattering albedo
to increase indicates that the aerosol size distribution con-
sists of fewer larger particles and that aerosols absorb less
light than at the beginning of the measurements. The trends
of the single-scattering albedo and backscattering fraction in-
fluenced the aerosol radiative forcing efficiency, indicating
that the aerosol particles are scattering the radiation more ef-
fectively back into space.

1 Introduction

Aerosols affect the radiative balance of the atmosphere both
directly by aerosol–radiation interactions (ARIs), i.e., by
scattering and absorbing solar radiation and by absorbing
and emitting terrestrial infrared radiation, and indirectly by
aerosol–cloud interactions (ACIs), i.e., by influencing the
properties and processes of clouds (Charlson et al., 1992;
Lohmann and Feichter, 2005; Ramanathan et al., 2001;
Stocker et al., 2013). The uncertainty of the estimated radia-
tive forcing of climate by ACI is larger than that by ARI but
the latter is also substantial (Stocker et al., 2013). Both ARI
and ACI have been shown to be responsible for dimming,
the reduction of solar radiation received at the surface of the
Earth (Wild, 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. The direct effect of aerosol can
be either warming or cooling, depending on the AOPs and the
properties of the surface below the aerosol layer (Haywood
and Shine, 1995). Determining the global radiative forcing
(RF) related to the direct effect of aerosol particles has vast
uncertainties (Stocker et al., 2013), which are due to the wide
spatial and temporal variations in the number concentration,
chemical composition, and size distribution of aerosol parti-
cles, 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

Published by Copernicus Publications on behalf of the European Geosciences Union.



11364 K. Luoma et al.: Over a 10-year record of aerosol optical properties at SMEAR II

aerosols (e.g., Laj et al., 2009; WMO/GAW, 2012; Weath-
erhead et al., 2018; Andrews et al., 2019). There are sev-
eral networks of stations where such measurements are con-
ducted, 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 at-
mospheric variables in order to detect trends and reasons for
those trends (WMO/GAW, 2012). This can be considered 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 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 sta-
tion, 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 II (Station for Measuring Ecosystem–
Atmosphere Relations; Hari and Kulmala, 2005). The loca-
tion represents the typical conditions of a boreal forest (Hari
et al., 2013), which are a source of new aerosol particles
formed by gas-to-particle conversion (Kulmala et al., 2004,
2013). Boreal forests (also known as taiga) cover approxi-
mately 30 % of the world’s forests and 8 % of the Earth’s
surface, so they greatly affect the global radiation budget.

AOPs at SMEAR II 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–August in 2013, and
Pandolfi et al. (2018) included SMEAR II in the paper on
aerosol scattering at 28 ACTRIS stations. At SMEAR II, 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 ab-
sorption coefficients together at SMEAR II have not been
presented before. The aim of this study is to present the char-
acteristics and the temporal variation, especially trends, of
AOPs at SMEAR II in this period. We also present the optical
properties of particles smaller than 1 µm in diameter (PM1)
that were not presented by either Virkkula et al. (2011) or
Pandolfi et al. (2018). To be consistent with the GAW rec-
ommendations (WMO/GAW, 2016), we present the results
for dry aerosol particles (RH < 40 %), if not stated otherwise.

2 Measurements and methods

2.1 The boreal research station SMEAR II

The measurements were conducted at SMEAR II (Station
for Measuring Ecosystem–Atmosphere Relations; Hari and

Kulmala, 2005). SMEAR II is located in Hyytiälä, 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 II is classi-
fied as a rural measurement station and there are no large
pollution sources near the station. The nearest larger cities,
Tampere (220 000 inhabitants) and Jyväskylä (140 000 in-
habitants), are located about 60 and 100 km from the mea-
surement station. Otherwise, the area is sparsely populated.

2.2 Instrumentation

2.2.1 Measurements of AOPs

The data were measured between 21 June 2006 and 31 De-
cember 2017. Measurements of AOPs at SMEAR II started
in 2006 for aerosol particles smaller than 10 µm in diame-
ter (PM10). The PM10 measurements are sensitive to coarse
particles that are typically primary and originated from nat-
ural sources, such as soil dust and sea salt. To obtain addi-
tional information about submicron particles, parallel mea-
surements of AOPs for PM1 were launched in June 2010.
Motivation to also measure PM1 particles is that secondary
aerosols (both natural and anthropogenic) and anthropogenic
primary aerosols are typically submicron particles. Having
measurements for different cutoffs also makes the measure-
ments more comparable between different stations since sta-
tions might use different cutoff sizes. This is also in line with
the GAW recommendation that the aerosol supplied to the
nephelometer should be size-segregated to determine the to-
tal (< 10 µm diameter) and submicron aerosol light-scattering
coefficient (WMO/GAW, 2003).

AOPs are often divided into two different categories: ex-
tensive and intensive. Extensive AOPs, such as scattering
and absorption coefficients and aerosol optical depth, de-
pend on the number and total volume of 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 extinc-
tion due to scattering (single-scattering albedo), the wave-
length dependence of scattering and absorption (Ångström
exponents), and the angular dependence of scattering (hemi-
spheric backscatter fraction) (Ogren, 1995; Sheridan and
Ogren, 1999). Intensive properties are calculated from the
scattering, backscattering, and absorption measurements at
different wavelengths. The backscatter fraction (b) and the
Ångström exponent of scattering (αsca) depend on particle
size so by measuring the AOPs at different wavelengths we
can also obtain indirect information on the size distribution.

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). In addi-
tion to Aethalometer measurements, parallel measurements
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of σabs with a multi-angle absorption photometer (MAAP,
Thermo Scientific model 5012) were started in 2013. 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 obtain
more accurate absorption measurements (see Sect. 2.3.2).

Scattering and absorption measurements were recorded at
a 5 min resolution before June 2010 and after that with a
10 min resolution. From June 2006 to June 2010, the mea-
surements were conducted for the PM10 particles only and
since June 2010 also for the PM1 particles. The sample air
was 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 µm in
diameter. The path of the sample alternated every 10 min.

The aerosol hygroscopic growth is often significant when
relative humidity (RH) increases above∼ 40±5 % and there-
fore the World Meteorological Organization and Global At-
mosphere 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 tem-
perature to the room temperature (about 22 ◦C). During win-
ter, RH remained below 40 % since the difference between
the outdoor and the room temperature was high. In sum-
mer, however, the temperature 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 dry aerosols, we mean
that the measurements were conducted for sample air that
had RH < 40 %.

2.2.2 Measurements 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. The size 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 µm. In the overlapping range of the
TDMPS and the APS, we used the number concentrations
from the TDMPS up to 700 nm. The TDMPS and APS are
located in the same building as the integrating nephelome-
ter and the Aethalometer. The TDMPS and APS had their
own individual measurement lines. In the TDMPS measure-
ment line, there was an inlet removing particles larger than
1 µm. There was no active drying system in the TDMPS sam-
ple line to prevent particle losses. However, the sheath flows,
used in the TDMPS system, were dried (RH < 40 %) so the

particles were sampled in dry conditions. In the APS mea-
surement line there was a pre-impactor that removed parti-
cles larger than 10 µm. The APS had its own dryer that heated
the sample air to 40 ◦C. This temperature might have evap-
orated some semivolatile compounds, for instance ammo-
nium nitrate, but this is mainly an issue of urban sites (e.g.,
Bergin et al., 1997), whereas at the forest site in Hyytiälä
low-volatility organic compounds are common (Ehn et al.,
2014). Nevertheless, semivolatile aerosol particles are typi-
cally secondary particles smaller than 1 µm 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 quality assured manually and aver-
aged for 1 h. All the optical data were converted from am-
bient 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 opti-
cal instruments exceeded 40 %, if not stated otherwise.

2.3.1 Corrections for the integrating nephelometer
data

Both σsca and σbsca measured with the nephelometer were
corrected for the truncation error according to Anderson and
Ogren (1998). The truncation correction uses the Ångström
exponent (see Sect. 2.4.1) calculated from the uncorrected
data.

Sherman et al. (2015) presented a well-documented anal-
ysis 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) σsca and σbsca.

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 forc-
ing efficiency (see Sect. 2.4.2) for ambient RH conditions. In
these special cases, we used a scattering enhancement fac-
tor f (RH) to estimate the effect of RH on scattering. f (RH)
describes the increase in σsca with increasing RH

f (RH)=
σsca(RH)

σsca(RH= dry)
. (1)

f (RH) is the ratio of σsca measured at high RH and at dry
conditions. The f (RH) can be described by the empirical re-
lationship

f (RH)= q
(

1−
RH

100%

)−γ
, (2)

with a parametrization presented by Andrews et al. (2006).
They determined mean values for q and γ that were 0.84±
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0.10 and 0.37±0.15 for σsca and 0.96±0.16 and 0.12±0.15
for σbsca. Andrews et al. (2006) presented the parameteriza-
tion at 550 nm so we corrected only the σsca and σbsca at the
green wavelength. Andrews et al. (2006) used a 4-year-long
data set measured at the southern Great Plains near Lam-
ont, in Oklahoma, US. We decided to use this parametriza-
tion since they provided the parametrization for both σsca
and σbsca. Also, the measurements were conducted for con-
tinental aerosol, which is closer to aerosols in a boreal for-
est than the mixtures of pollution, dust, sea salt, and vol-
canic aerosol, for which Carrico et al. (2003) presented the
parametrization for both σsca and σbsca. Zieger et al. (2015)
determined scattering enhancement at SMEAR II in summer
and obtained somewhat different values: q = 1.01±0.05 and
γ = 0.25±0.07. This would have suited our needs very well,
but the q and γ were determined only for σsca and not for
σbsca, which is why we did not use this parametrization here.

In testing whether excluding the moist data had an effect
on the AOPs, we also performed the analysis 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 also used the f (RH) in calculating the
aerosol radiative forcing efficiency in ambient conditions, for
which the dry σsca and σbsca were converted to ambient RH.

2.3.2 Corrections for the Aethalometer data

The reported flow by the Aethalometer was corrected by
comparing the flow with the weekly flow measurements con-
ducted at the station. The correction was applied by using a
moving average of these measurements (see Sect. S3.1). 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 Aethalome-
ter.

We corrected the Aethalometer data by using the correc-
tion algorithm described by Collaud Coen et al. (2010)

σabs,i =
σATN,i − as,iσ sca,s,i

CrefLs,i
, (3)

where

Ls,i =

(
1

l
(
1−ω0,s,i

)
+ 1
− 1

)
·

ATNi
50%

+ 1, (4)

and

as,i = ζ
d−1
sca,s,i · c · λ

−αsca,s,i ·(d−1). (5)

In Eqs. (3)–(5), the subscript i indicates the number of the
measurement and the subscript s indicates the average prop-
erties of the aerosol particles that are embedded in the filter
spot. The parameters with an overbar are the mean values
from the start of the filter spot to the ith measurement. In

Eq. (3), the σATN is the attenuation coefficient reported by the
Aethalometer, a is the scattering correction parameter, Cref is
the multiple scattering correction factor, and L is the loading
correction function. In Eq. (4), the ωo is the single-scattering
albedo (see Sect. 2.4.1) and the ATN is the light attenuation
through the filter spot in percentages. In Eq. (5) the ζsca is the
proportionality constant of the wavelength power-law depen-
dence of σsca, and αsca is the Ångström exponent of the σsca
(see Sect. 2.4.1). For l, d , and c we used values 0.74, 0.564,
and 0.329×10−3, respectively. For scattering correction, we
used measured σsca values that were interpolated and extrap-
olated to the AE-31 wavelengths. Note that most of the sym-
bols used for the variables are different from those of Collaud
Coen et al. (2010). The reason is that in the present work the
symbols are used for other variables below.

The Cref was determined by comparing the Aethalome-
ter data, which were corrected only for the filter loading ar-
tifact, against the reference absorption coefficient (σabs,ref)
measured by the MAAP:

Cref =
σATN

L · σabs,ref
. (6)

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

The uncertainty of the σATN was determined according to
Backman et al. (2017)

δσATN

σATN
=

√
f 2

A+ f
2
Q+

(
δσATN,zero1tzero

σATN1tavg

)2

, (7)

where the fA and fQ are the fractional uncertainties of the
Aethalometer spot size and flow, which we determined to
be 4.9 % and 1.5 %, respectively; δσATN,zero is the standard
deviation of the zero measurements; 1tzero is the averaging
time of the zero measurements; and 1tavg is the averaging
time of the measurements. For the uncertainty of σabs we took
into account the fractional uncertainty of the Cref, which was
fC = 21 %:

δσabs

σabs
=

√(
δσATN

σATN

)2

+ f 2
C . (8)

At 520 nm, the uncertainty of σabs ranges from 22 % to 24 %
if the value of σATN varies from 14.2 to 1.3 Mm−1, which
are the 10th and 90th percentiles of σATN. 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 wave-
length with the scattering measurements. The absorption data
were then interpolated to the blue, green, and red wave-
lengths (450, 550, and 700 nm), using the Ångström expo-
nent (α) described in Eqs. (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.

2.4.1 Intensive optical properties

The extensive AOPs, σsca, σbsa, and σabs, were used to calcu-
late intensive properties presented in detail below.

The single-scattering albedo (ω0) describes how much of
the total light extinction (sum of σsca and σabs) caused by the
aerosol particles is due to scattering:

ω0 =
σsca

σsca+ σabs
. (9)

The ω0 can be linked to the source and chemical composi-
tion of the aerosol particles. High values of ω0 mean that the
aerosol particles are mostly scattering. Particles that have a
lower ω0 have a relatively higher mass fraction of absorbing
material, such as soot, which is emitted in combustion pro-
cesses.

The backscatter fraction (b) describes how much aerosol
particles scatter radiation in the backward hemisphere com-
pared with the total scattering:

b =
σbsca

σsca
. (10)

The angular dependency of particle scattering depends
mostly on the particle size. The b is smaller for a size dis-
tribution 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 distribu-
tion. The b is an important 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 Ångström exponent (α) is used to describe the wave-
length (λ) dependency of a certain optical property (σ )
(Ångström, 1929):

α =−
ln σ1
σ2

ln λ1
λ2

. (11)

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

σ1 = σ2

(
λ1

λ2

)−α
. (12)

In this study, α values were calculated for σsca and σabs to
obtain αsca and αabs.

Scattering by aerosol particles depends on the relation be-
tween the sizes of the particles and the wavelength of the
radiation. Therefore αsca is also used as an indicator of the

particle size distribution. The αsca is larger for the smaller
particles since they have a stronger wavelength dependency.
If the value of αsca is larger than 2, the volume distribution
is typically dominated by particles smaller than 0.5 µm. If
the parameter αsca is smaller than 1, larger particles (phys-
ical diameter Dp > 0.5 µm) predominate in the distribution
(Schuster et al., 2006). In comparison to b, αsca is more sen-
sitive to the coarse-mode particles (e.g., Collaud Coen et al.,
2007). However, for multimodal size distributions this rela-
tionship is not quite unambiguous, as discussed by, for ex-
ample, Schuster et al. (2006) and Virkkula et al. (2011).

The αabs also depends on the chemical composition, coat-
ing, and size of the particles, even though the chemical com-
position is generally considered to be a more important fac-
tor. The αabs is usually used to identify black carbon (BC)
and brown carbon (BrC) particles. The BC particles ab-
sorb radiation effectively at all wavelengths; the BrC par-
ticles, which consist of organic carbon compounds, absorb
light strongly at shorter wavelengths, but not at longer wave-
lengths. If the particles consist purely of BC, the absorption
would have a wavelength dependency of approximately λ−1,
and αabs would be equal to unity. However, if the particles
also consist of material that absorbs light only at ultraviolet
wavelengths, αabs would be larger than 1. In aging processes,
the BC particles may become coated by some purely scat-
tering 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 ab-
sorption wavelength dependency, and thus the division into
BC and BrC by considering only the αabs 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 chal-
lenging to use αabs to describe the chemical composition of
the particles (Gyawali et al., 2009; Lack and Cappa, 2010).
In spite of the fact that αabs also depends 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 pre-
sented in Sect. S4 in the Supplement. The uncertainties were
calculated according to Sherman et al. (2015).

2.4.2 Aerosol radiative forcing efficiency

To investigate how the AOPs at SMEAR II would affect the
climate, the aerosol radiative forcing efficiency (1Fδ−1 or
RFE) was calculated. The RFE is a simplified formula that
describes how large a difference the aerosol particles would
make to the radiative forcing (1F or RF) per unit of aerosol
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optical depth (δ) (Sheridan and Ogren, 1999):

1F

δ
=−DS0T

2
atω0β (1−Ac)[

(1−Rs)
2
−

(
2Rs

β

)(
1
ω0
− 1

)]
. (13)

RFE does not take into account that the properties and num-
ber of aerosol particles vary vertically in the atmospheric col-
umn. In Eq. (13), D is the fractional day length, S0 the so-
lar constant, Tat the atmospheric transmission, AC the frac-
tional cloud amount, andRS the surface reflectance for which
the following global average values were used, respectively:
D = 0.5, S0 = 1370 W m−2, Tat = 0.76,AC = 0.6, and RS =

0.15. The global averages do not represent the conditions
at SMEAR II and the RFE calculated by using these con-
stants is probably not realistic for the regional area. How-
ever, using the global averages makes it possible to com-
pare the reported aerosol properties between different sta-
tions around the world. The values were chosen according
to Haywood and Shine (1995), who used these values inde-
pendently of wavelength in calculating the RF. Sheridan and
Ogren (1999) used these same constants later in calculating
the RFE at 550 nm and in this study we also determine the
RFE at 550 nm. The factor β is the upscatter fraction and is
calculated by using the b (Delene and Ogren, 2002):

β = 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 deter-
mining the RFE is to provide means for comparing the intrin-
sic aerosol forcing efficiency of aerosols measured at differ-
ent 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 et al., 2011; Sherman et al., 2015; Shen et
al., 2018) and to study how the RFE changes with varying
ω0 and b. We refer to the RFE that was calculated by using
the abovementioned constant values as RFEH&S. It must be
noted that ω0 and b used in Eq. (13) are defined for dried
sample air and therefore RFEH&S does not represent ambient
conditions. In the ambient air, RH is larger and the AOPs are
different due to hygroscopic growth.

In addition to RFEH&S, 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 in these pa-
rameters are presented in Fig. S1. We refer to the seasonal
RFE as RFES. The effect of ambient RH on ω0 and b, and
hence on RFE, was also studied. The seasonal RFE calcu-
lated for ambient RH is referred to as RFES,moist.

Seasonal AC was derived by using ceilometer data. The
ceilometer was deployed at the Halli airport (about 25 km
from SMEAR II) by the Finnish Meteorological Institute
(FMI) in 2010. The data were averaged for each month to

obtain a seasonal variation. The lowest mean of AC occurred
in July (∼ 0.25) and the highest mean occurred 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 Hyytiälä is
from 16 November to 20 April (FMI: http://ilmatieteenlaitos.
fi/lumitilastot, in Finnish only, last access: 13 March 2019)
and for that time period we used RS = 0.314±0.14 that Ku-
usinen 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 Ku-
usinen et al. (2012) determined for snow-free months.

In calculating the ω0 and b in ambient conditions, we used
the equations and parametrization presented in Sect. 2.3.1 to
convert the σsca and σbsca to ambient RH; σabs was assumed
to be constant with increasing RH, as Nessler et al. (2005)
showed that the change in the σabs with increasing RH is
very small compared to scattering. 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 Supplement Sect. S2.

2.4.3 Properties calculated from particle size
distribution

Size distributions were used 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 )

GMD= exp
(∑

Ni lnDp,i∑
Ni

)
, (15)

and the VMD is weighted by the particle volume (V )

VMD=
∑
Dp,iVi

Vtot
=

∑
NiD

4
p,i∑

NiD
3
p,i
. (16)

Since the particle number concentrations are the highest for
the nucleation and Aitken modes, the GMD describes the dis-
tribution 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 dis-
tribution.

The measurements of the AOPs and size distribution can
be combined to determine the complex refractive index (m=
n+ ik) that describes how much the particles scatter and ab-
sorb light. The m can be used to model σsca, σbsca, and σabs
from the size distribution. Them consists of the real part (n),
which accounts for the scattering, while the absorption is de-
scribed by the imaginary part (k). Like ω0, m provides infor-
mation on the chemical composition of the aerosol particles.
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In this study, m was iterated from the σsca, σabs, and size
distribution measurements in a manner similar to that de-
scribed by Virkkula et al. (2011). In the first step of the in-
terpolation σsca,Mie and σabs,Mie, which are the modeled scat-
tering and absorption coefficients, were determined for the
measured size distribution by using the Mie theory with ini-
tial m= 1.544+ 0.019i. The σsca,Mie and σabs,Mie were then
compared with the measured σsca and σabs. 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 mod-
eled σsca agreed. Next, the imaginary part of m was varied in
the same way until the measured and modeled σabs agreed.
This iteration was continued until the measured and calcu-
lated values agreed within 1 %. The new imaginary part of
m also affected σsca so the real part had to be reiterated. The
MATLAB codes developed by Mätzler (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 nephelome-
ter 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 σsca and σabs are
presented in Table S1 of the Supplement. 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 were in-
cluded, 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 hu-
midity caused no further problems. The gap in 2010 was due
to maintenance and installation of the dryers and the switch-
ing inlet system. Some additional σbsca data were missing,
due to malfunction of the backscatter shutter of the integrat-
ing nephelometer. Dirty optics, malfunctions, and mainte-
nance caused the gaps in the σabs data in 2012 and 2015.

All the months that had at least 14 d 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 d 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 present the descriptive statistics of the AOPs, their
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 prop-
erties and 520 nm for the absorption measurements). In the
figures of αsca and αabs, wavelength ranges of 450–700 and

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

3.1 Characterization of boreal aerosol particles

The descriptive statistics of the AOPs of both the PM10 and
PM1 particles are shown in Tables 1 and 2. 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 char-
acteristics of the AOPs.

The median values of PM10 σsca and σabs at SMEAR II
at the green wavelength were 9.8 and 1.4 Mm−1. In compar-
ison to similar studies conducted at other Finnish measure-
ment stations at Pallas in northern Finland (Lihavainen et al.,
2015) and at Puijo tower in Kuopio, eastern Finland (Lesk-
inen et al., 2012), results at SMEAR II showed the highest
σsca and σabs for PM10 particles. At SMEAR II, the me-
dian value of σsca was about 2 times higher and the value
of σabs more than 3 times higher than at Pallas, where the
median σsca = 4.4 and σabs = 0.4 Mm−1 were measured at
the 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
II, parameters σsca and σabs were about 1.4 and 1.1 times
higher than that measured at the Puijo tower, where the me-
dian values of σsca = 7.2 and σabs = 1.0 Mm−1 were mea-
sured at the 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 µm, which explains part of the differences, at least
for σsca.

Even though the σsca measured at SMEAR II is high com-
pared to other measurements conducted in Finland, the air
measured at SMEAR II is still clean when compared to Euro-
pean sites. Due to the remote location, Pandolfi et al. (2018)
observed low σsca at SMEAR II compared to other Euro-
pean sites. Lower median σsca values were observed only in
the arctic region, at another Nordic rural station in Birkenes,
Norway, and at several high mountain sites. The highest me-
dian σsca (> 40 Mm−1) was observed by Pandolfi et al. (2018)
at urban and regional sites in central and eastern Europe.

From Table 1 we see that the PM10 AOPs differ some-
what from the results of Virkkula et al. (2011) and Pan-
dolfi et al. (2018), which can be explained by the trends
and by differences in the data processing. For example the
median value of σsca (∼ 10 Mm−1) at λ= 550 nm in this
study was lower than that presented by Virkkula et al. (2011)
(∼ 12 Mm−1) and by Pandolfi et al. (2018) (∼ 11 Mm−1),
which is probably due to the tendency of σsca to decrease
(see Sect. 3.2). Another reason is that in the data processing
Virkkula et al. (2011) used the earlier WMO and GAW rec-
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Table 1. Descriptive statistics of the AOPs for the PM10 particles. The average values were calculated from all valid data.

PM10 λ (nm) Mean ± SD 1 % 10 % 25 % 50 % 75 % 90 % 99 %

σsca (Mm−1) 450 21.8± 23.3 1.8 4.5 7.6 14.2 26.8 48.5 114.1
550 15.2± 16.7 1.3 3.4 5.5 9.8 18.3 33.4 82.5
700 9.5± 10.5 0.8 2.3 3.7 6.3 11.3 20.3 52.3

σbsca (Mm−1) 450 2.5± 2.9 0.2 0.6 1.0 1.8 3.2 5.3 11.1
550 2.0± 1.8 0.2 0.5 0.8 1.4 2.5 4.2 8.8
700 1.6± 1.5 0.2 0.4 0.7 1.2 2.0 3.4 7.4

σabs (Mm−1) 370 3.0± 3.6 0.2 0.6 1.0 1.9 3.6 6.6 18.1
470 2.5± 2.9 0.2 0.5 0.8 1.6 3.0 5.4 14.3
520 2.2± 2.4 0.1 0.4 0.7 1.4 2.6 4.7 12.3
590 1.9± 2.2 0.1 0.4 0.7 1.3 2.4 4.2 10.8
660 1.8± 2.0 0.1 0.3 0.6 1.2 2.2 3.8 9.9
880 1.3± 1.4 0.1 0.3 0.5 0.9 1.6 2.9 7.2
950 1.2± 1.3 0.1 0.3 0.4 0.8 1.5 2.6 6.5

ω0 450 0.88± 0.07 0.64 0.80 0.85 0.89 0.93 0.95 0.98
550 0.87± 0.07 0.62 0.78 0.84 0.88 0.92 0.94 0.98
700 0.84± 0.08 0.55 0.74 0.80 0.85 0.90 0.93 0.97

b 450 0.13± 0.03 0.08 0.10 0.11 0.12 0.14 0.16 0.21
550 0.14± 0.03 0.09 0.11 0.13 0.14 0.16 0.17 0.21
700 0.19± 0.07 0.07 0.13 0.15 0.18 0.21 0.25 0.44

αsca 450/550 1.73± 0.52 0.23 1.03 1.49 1.82 2.09 2.29 2.58
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

αabs 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 1.518± 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

RFEH&S (W m−2) 550 −22± 6 −32 −28 −26 −23 −19 −16 −3

RFES (W m−2) 550 −35± 32 −97 −82 −67 −26 −5 0 12

RFES,moist (W m−2) 550 −33± 28 −88 −74 −62 −24 −5 −2 4

ommendation (WMO/GAW, 2003) and used data measured
at RH < 50 % and did not perform any RH corrections.

We also determined a strong tendency for σabs to de-
crease as well, and the median value of σabs (∼ 1.3 Mm−1,
interpolated to 550 nm) was somewhat lower than the me-
dian (∼ 1.5 Mm−1, at 550 nm) in the study by Virkkula et
al. (2011). However, the observed σabs values between these
two studies are not fully comparable due to the differences in
the Aethalometer data processing. Virkkula et al. (2011) re-
ported no flow or spot size corrections and they used the algo-

rithm of Arnott et al. (2005) and Cref = 3.688 at λ= 520 nm.
Naturally, the different methods used in the absorption data
processing also affected the optical properties that are de-
pendent on the σabs, such as ω0 and k. In the correction al-
gorithm by Arnott et al. (2005), the Cref is wavelength de-
pendent, which increases the αabs. Virkkula et al. (2011) re-
ported a median value of αabs = 1.4 that is notably higher
than the median value of αabs = 1.0 determined by our study.
The difference in parameter αabs is attributed to the correc-
tion algorithm since in the present work the median value

Atmos. Chem. Phys., 19, 11363–11382, 2019 www.atmos-chem-phys.net/19/11363/2019/



K. Luoma et al.: Over a 10-year record of aerosol optical properties at SMEAR II 11371

Table 2. Descriptive 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 data set.

PM1 λ (nm) Mean±SD 1 % 10 % 25 % 50 % 75 % 90 % 99 %

σsca (Mm−1) 450 17.7± 19.2 1.2 3.1 5.6 11.3 22.3 40.4 96.1
550 11.4± 13.0 0.8 2.1 3.6 7.1 14.1 26.1 64.8
700 6.3± 7.5 0.4 1.2 2.0 3.8 7.6 14.4 37.4

σbsca (Mm−1) 450 2.1± 2.0 0.2 0.4 0.8 1.4 2.7 4.5 9.7
550 1.6± 1.5 0.1 0.3 0.6 1.1 2.0 3.4 7.5
700 1.2± 1.2 0.1 0.3 0.5 0.8 1.5 2.6 5.9

σabs (Mm−1) 370 2.4± 2.9 0.1 0.4 0.8 1.6 2.9 5.2 15.0
470 2.0± 2.3 0.1 0.4 0.7 1.3 2.4 4.3 11.7
520 1.7± 1.9 0.1 0.3 0.6 1.2 2.1 3.7 10.0
590 1.6± 1.7 0.1 0.3 0.5 1.0 1.9 3.3 8.8
660 1.4± 1.6 0.1 0.3 0.5 01.0 1.8 3.1 8.0
880 1.1± 1.1 0.1 0.2 0.4 0.7 1.3 2.3 5.8
950 0.9± 1.0 0.0 0.2 0.3 0.6 1.2 2.0 5.1

ω0 450 0.88± 0.08 0.62 0.78 0.84 0.89 0.93 0.96 0.98
550 0.85± 0.08 0.59 0.75 0.81 0.87 0.91 0.94 0.98
700 0.80± 0.10 0.48 0.67 0.75 0.81 0.87 0.91 0.96

b 450 0.13± 0.03 0.07 0.10 0.11 0.13 0.14 0.17 0.23
550 0.15± 0.03 0.09 0.12 0.13 0.15 0.17 0.19 0.24
700 0.23± 0.13 −0.06 0.14 0.17 0.21 0.26 0.34 0.78

αsca 450/700 2.22± 0.44 0.88 1.70 1.99 2.28 2.51 2.66 2.95
450/550 2.36± 0.55 0.74 1.76 2.09 2.41 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

αabs 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 1.11 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

of αabs = 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 values of PM10 σsca, σabs, ω0,
b, αsca, αabs, n, and k would have been 9.6 Mm−1, 1.3 Mm−1,
0.89, 0.14, 1.92, 0.97, 1.525, and 0.014 (σsca, ω0, b, αsca, n,
and k at 550 nm, σabs at 520 nm). For PM1 the median val-
ues were 7.1 Mm−1, 1.2 Mm−1, 0.87, 0.15, 2.41, 1.03, 1.487,
and 0.021. The extensive variables (σsca, σbsca, and σabs) were
smaller for the PM1 measurements since there was less parti-

cle volume interacting with the radiation. The αsca and b are
related to the sizes of the particles, so they were naturally dif-
ferent between the PM1 and PM10 particles. For the smaller
PM1 particles, the αsca and b were larger than for the PM10
particles. However, b does not have as large a difference be-
tween the PM1 and PM10 particles as αsca.

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
II scattering data. Virkkula et al. (2011) stated that the av-
erage contributions of submicron particles to the total σsca
was in the range of 88 %–92 %, clearly more than in the
present work. However, in that study the scattering size dis-
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tribution and the contributions of the various size ranges
were calculated from particle number size distributions with
a Mie model and the physical diameters (Dp) were used,
whereas here the PM1 corresponds to particles smaller than
the aerodynamic diameter Da of 1 µm. With a particle den-
sity of 1.7 g cm−3 this corresponds to the physical diameter
Dp = (1/1.7)1/2 1 µm ≈ 0.77 µm. The contribution of parti-
cles smaller than 0.77 µm is approximately 85 % if it is esti-
mated 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 not being exactly sharp and also because the par-
ticles 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 dif-
ference is omitted here.

The PM1 particles absorbed about 90 % of the total PM10
particle absorption. So for the σabs there were no large differ-
ences in the σabs of the PM1 and PM10 particles. The coarse-
mode particles are typically primary and they have a quite
high ω0 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 ω0 and nwere lower for the PM1 particles than PM10
particles.

3.1.1 Seasonality of AOPs

The seasonal variation in the PM10 AOPs was clearly visible
in the 11.5-year record shown in Fig. 1. The seasonal varia-
tions in σsca and σbsca (Fig. 1a and b) were not yet as clear in
Virkkula et al. (2011) as they are now. For the σsca and σbsca,
two local maxima occurred during late winter (February) and
late summer (July). The local minima occurred during spring
(April) and late autumn (October). The σabs showed the high-
est 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 diluting the aerosol concen-
tration, and in winter the situation is the opposite and the pol-
lution accumulates in the shallow boundary layer. Also, the
sources of aerosol particles vary seasonally, which affects the
seasonal concentrations.

For the extensive properties, the highest values occurred at
the same time in winter (February) when the ω0 was also low,
which indicates that there were larger numbers of particles
from anthropogenic sources than in summer. Hyvärinen et
al. (2011) observed increased equivalent black carbon (eBC,
meaning optically measured BC) concentration at SMEAR
II in winter, when the long-range transport brings pollu-
tion from central and eastern Europe. However, Hienola et
al. (2013) estimated that about 70 % of the measured eBC at
SMEAR II is emitted from local or regional sources or trans-
ported from Finnish cities, so the local and regional emis-

Figure 1. Seasonal variation in the aerosol optical properties for
PM10 particles. The boxes represent the 25th and 75th percentiles
and the whiskers the 10th and 90th percentiles of the data. The or-
ange line is the median and the mean is presented with a black cir-
cle.

sions also have a significant role in the elevated eBC concen-
tration. Since February is one of the coldest months in Fin-
land, domestic wood burning in local and regional areas in-
creases the particle concentration (Karvosenoja et al., 2011).
Pollution can also be transported from nearby cities (the
largest and closest are Tampere and Jyväskylä). Hyvärinen
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et al. (2011) observed no remarkable changes in the Hyytiälä
eBC concentration coming from the Tampere region. How-
ever, the largest concentrations they observed came from the
direction of Orivesi, a small town (population about 9000)
20 km from the measurement station.

The αabs 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 αabs is a sign of wood burning. In the
source apportionment, αabs close to 1 indicates that the BC
is from traffic-related sources. Since we observed relatively
higher αabs in winter, the results are in line with the assump-
tion of domestic wood burning that takes place during win-
ter. However, in summer, αabs was often < 1, which would
yield an unphysical fraction (over 100 %) of traffic-related
BC. Values below 1 could have been caused by large BC
particles (Dp > 100 nm) that have a purely scattering coat-
ing (Lack and Cappa, 2010). It must be noted that the αabs
also depends on the correction algorithm. For example, if the
σabs were corrected with the algorithm proposed by Arnott
et al. (2005), the median value of αabs would have been
1.34± 0.51 (see Table S2). Using the αabs, which was de-
termined by using the correction by Arnott et al. (2005), the
results for the source apportionment would be different and
they would show a higher fraction of BC from wood burning.

The αabs is also used to describe the chemical properties of
the particles. Higher αabs indicates 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 αabs, it is
difficult to determine if the particles consist of BrC since BC
particles with a coating can also reach αabs values up to 1.6
(Lack and Cappa, 2010). In Fig. 1g we can see that the value
of 1.6 is not really reached at SMEAR II if the correction
algorithm by Collaud Coen et al. (2010) was used. Since αabs
is dependent on the size of the BC core, the thickness of the
coating and the m of the coating, further investigation of its
complex nature is omitted here.

In summer, the ω0 had its highest values since the param-
eter σsca was high and the parameter σabs was low. High σsca
but low σabs 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 αsca and b depends on the sea-
sonal variation in the size distribution of the particles. Both
αsca 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 αsca 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.

Figure 2. Seasonal variation in the PM1 /PM10 ratio for (a) σsca
and (b) σabs. The explanation for the boxplots are the same as in
Fig. 1.

The impact of smaller particles in summer, indicated by
the high αsca and b, is also seen in Fig. 2a, which presents the
seasonal variation in the σsca PM1 /PM10 ratio. The ratio de-
scribes the fraction of fine particles (PM1) on the PM10 σsca
and it shows that, in addition to summer, the fine particles
also have a high impact in winter, which was not seen in αsca
and b variation. Closer investigation on the seasonally aver-
aged size distributions, which are presented in Fig. 3 (and
S5), reveal that the seasonal variations in αsca and b are more
dependent on the shifts in the accumulation mode than in
the coarse mode. Figure 3 shows that in winter, the VMDtot
had its minimum due to a lack of coarse particles. This is
in contrast with the observation of smaller αsca and b, but it
supports the maximum we see in the σsca PM1 /PM10 ratio.
The seasonal variations in αsca and b were then explained
by the seasonal variation in volumetric mean diameter calcu-
lated for particles smaller than 1 µm (VMDfine). VMDfine is
a good indicator for the shifting accumulation mode and it is
not affected by the coarse mode. In winter, when the αsca and
b were small, the accumulation mode was shifted towards
larger sizes and the median of VMDfine was about 350 nm. In
summer, when the αsca and b had their maxima, the situation
was the opposite and VMDfine was smaller, about 250 nm.

The seasonal variation in the size distribution did not affect
the σabs PM1 /PM10 ratio and the median of the ratio did not
vary seasonally, which is shown in Fig. 2b. However, the de-
viation of the σabs PM1 /PM10 ratio had a clear seasonal vari-
ation. In summer, the variation was considerably higher than
in winter. In the correction algorithm, which was used for the
absorption data (Eq. 3), part of the σsca is subtracted from
σabs as an apparent absorption (Müller et al., 2011). The sub-
traction of σsca causes relatively high uncertainty when the
σabs is low and σsca is high, like it is in summer. This uncer-
tainty is emphasized for PM10 measurements since the σsca
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Figure 3. Mean size distribution for winter (December–
February), spring (March–May), summer (June–August), and au-
tumn (September–November). Also, the average αsca, b, VMDtot,
and VMDfine for the seasons are presented in the figure. VMDtot
and VMDfine are reported in nm.

is relatively higher than σabs, if compared to PM1 measure-
ments. The uncertainty in the measurements also explains
why many values were above 1 in the PM1 /PM10 σabs ra-
tio.

3.2 Long-term trends of the AOPs

The about 11.5-year-long time series of the PM10 AOPs were
used to determine long-term trends. For a comparison, we
also conducted the trend analysis for the PM1 data, which
had shorter, about 7.5-year-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 II used in this analysis are presented. The monthly
medians are included in Fig. 4 only if the month had at least
14 d of valid data.

In all the extensive properties, the trends were negative.
The slopes of the trends for PM10 σsca, σbsca, and σabs were
−0.32, −0.038, and −0.086 Mm−1 yr−1, respectively. The
decrease in the extensive properties was due to a decrease in
the total particle number concentration (Ntot) and total vol-
ume of the particles (Vtot), the time series of which are pre-
sented in Fig. 5a and b. The trend statistics for Ntot and Vtot
are presented in Table 3. The Ntot and Vtot were determined
by using the combined TDMPS and APS data for particles
smaller than 10 µm in diameter. The relative decrease in Vtot
(−4 % yr−1) was rather similar to that of σsca (−3 % yr−1).
Also, Pandolfi et al. (2018) showed a statistically significant
trend for σsca (−0.588 Mm−1 yr−1) measured at SMEAR II.
They reported negative trends at other European sites as well

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.

and they determined that the average decrease was about
−35 % for a 10-year period, which is a bit larger reduc-
tion than that observed at SMEAR II (−30 % for a 10-year
period). The results are in line with the decrease in parti-
cle number concentrations observed in European countries
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Table 3. 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

λ (nm) Trend (yr−1) Lower (yr−1) Upper (yr−1) p value Trend (yr−1) Lower (yr−1) Upper (yr−1) p value

σsca (Mm−1) 550 −0.32 −3 % −0.52 −0.17 < 0.01 −0.30 −4 % −0.55 −0.12 < 0.01
σbsca (Mm−1) 550 −0.038 −3 % −0.070 −0.021 < 0.01 −0.051 −5 % −0.087 −0.013 < 0.01
σabs (Mm−1) 520 −0.086 −6 % −0.133 −0.044 < 0.01 −0.141 −12 % −0.166 −0.098 < 0.01
ω0 550 2.2e−3 0.3 % 0.7e−3 3.6e−3 < 0.01 5.5e−3 0.6 % 1.5e−3 10e−3 < 0.01
b 550 1.3e−3 0.9 % 0.9e−3 1.7e−3 < 0.01 1.5e−3 1 % 0.7e−3 2.6e−3 < 0.01
αsca 450/700 0.012 0.7 % −0.001 0.024 0.07 0.014 0.6 % 0.004 0.024 < 0.01
αabs 370/950 −1.5e−4 0 % −3.0e−3 2.9e−5 0.95 −3.5e−3 −0.3 % −7.9e−3 13e−3 0.34
n 550 −2.0e−3 −0 % −3.8e−3 0.6e−3 0.11 −5.7e−3 −0.4 % −7.5e−3 −2.9e−3 < 0.01
k 550 −6.6e−4 −4 % −9.1e−4 −3.8e−4 < 0.01 −1.3e−3 −6 % −2.0e−3 −0.7e−3 < 0.01
RFEH&S (W m−2) 550 −0.30 −1 % −0.43 −0.20 < 0.01
RFES (W m−2) 550 −0.43 −2 % −0.64 −0.25 < 0.01
RFES,moist (W m−2) 550 −0.37 −2 % −0.50 −23 < 0.01
Ntot (cm−3) −40 −3 % −52 −28 < 0.01
Vtot (µg cm−3) −0.093 −4 % −0.120 −0.064 < 0.01
GMDtot (nm) −0.092 −0 % −0.531 0.342 0.63
VMDtot (nm) −12 −1 % −17 −7 < 0.01

Figure 5. Time series and trends of the total particle (Dp < 10 µm)
(a) number concentration (Ntot), (b) volume (Vtot), and (c) 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.

(Asmi et al., 2013). Also, the remotely measured decreasing
trend for aerosol optical depth (δ) supports the decreasing
trends in Europe (Li et al., 2014). Decreasing trends for σsca
are not only observed in Europe; Collaud Coen et al. (2013)
and Sherman et al. (2015) reported negative trends for σsca in
North America as well.

The observed relative decrease in σabs (−6 % yr−1) was
about twice as large as that of σsca (−3 % yr−1). The differ-

ences in the trends indicate that during the measurement pe-
riod, the amount of absorbing material, such as BC and BrC,
decreased relatively faster than the amount of scattering ma-
terial (e.g., sulfate). It is also possible that the decrease in
non-absorbing compounds decreased the σabs 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 also included σabs data, observed nega-
tive trends for both σsca and σabs at the Bondville measure-
ment station in Illinois, USA, but there the trends of both
σsca and σabs were about −3 % yr−1. Sherman et al. (2015)
did not observe this decreasing trend in σabs later.

Since the aerosol particles were absorbing less light than
in the beginning of the measurements, there was a tendency
for the ω0 to increase. As shown by the increase in ω0 and
the decrease in the extensive properties, the air measured at
SMEAR II was less polluted than before. Higher ω0 indi-
cates that the measurements were less affected by particles
produced by traffic emissions or incomplete combustion. Li
et al. (2014) reported mostly positive trends for ω0, which
were determined by remote measurements conducted in Eu-
rope. The decreasing trend for k supports the tendency for ω0
to increase since the negative trend for the imaginary part of
m means that particulate matter absorbs less light. The αabs
and n, which are also related to the chemical composition of
the particles, showed no significant trends.

The trends of b and αsca describe how the size distribu-
tion of the aerosol particles has changed. For the PM10 b and
αsca, the trends were positive, but for the αsca however, the
p value was 0.07, so there was only weak evidence for the
positive trend in αsca. Increasing b indicates that the size dis-
tribution moved towards smaller particles. This hypothesis
was investigated by conducting the trend analysis for the vol-
umetric and geometric mean diameters of particles smaller
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than 10 µm (VMDtot and GMDtot), which were calculated
from the size distribution. The results are presented in Ta-
ble 3. We did not observe a significant trend for the GMDtot,
which is sensitive to the smallest particles of the size distribu-
tion. However, a statistically significant trend was observed
for VMDtot, the time series of which are shown in Fig. 5c.
The VMDtot trend statistics are presented in Table 3. The
trend for VMDtot depends on the accumulation and coarse-
mode particles and therefore correlates better with the exten-
sive AOPs than the GMD (Virkkula et al., 2011). Decreas-
ing VMDtot indicates a shift in the size distribution towards
smaller diameters supporting the increasing b and αsca.

In addition to SMEAR II, Pandolfi et al. (2018) observed
significant increasing trends for b at several European sta-
tions. At SMEAR II they also observed a significant in-
creasing trend for αsca, which was determined by using the
wavelength range of 550–700 nm. At other sites, they ob-
served mostly decreasing trends. Pandolfi et al. (2018) sus-
pected that the variation was caused by differing trends of
the coarse- and accumulation-mode particle concentrations.
Also, Li et al. (2014) observed negative trends for the αsca
across 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 were only
7.5-year-long time series available. The trends observed for
the PM1 particles were similar to those of PM10: decreas-
ing trends for the extensive properties and increasing trends
for the ω0 and b. For the PM1, the trends for both, b and
αsca, were positive and statistically significant. This observa-
tion suggests that the concentration of larger particles in the
accumulation mode in particular was decreasing since a de-
crease in coarse particle concentration only could not cause
the decreasing trend of PM1 αsca or b. A closer look at 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 aver-
age, the volume size distribution of accumulation-mode par-
ticles peaks around 300 nm (see Fig. 3) so the greatest de-
crease occurred at the larger sizes of the accumulation mode.

The decrease in the larger size of the accumulation mode
might be caused by a decrease in long-range-transported pol-
lution. Aged pollution particles might be grown by other sub-
stances, such as SO2 in the atmosphere, so their sizes are
larger than freshly emitted or formed particles. SO2 emis-
sions have decreased in Europe (Tørseth et al., 2012), which
supports this assumption. A trajectory analysis by Virkkula
et al. (2011) showed that αsca was clearly higher in air masses
from continental Europe than from the North Atlantic but
also that the highest αsca values were measured in air mass
sources from within southern Finland, which would suggest
that larger particles are not from near the station.

The installation of the Nafion dryers in 2010 could have
caused an artificial decrease in the AOPs since the dryers in-
crease the deposition of the particles and may decrease the

sizes of hygroscopic particles. However, the similar trend be-
tween the PM1 and PM10 AOPs does not support this suspi-
cion since during the PM1 measurements, there were no large
changes in the measurement line, so the observed trends were
probably not caused by any technical issues in the measure-
ment line.

In addition to the general trends, we also investigated how
the trends of σsca and σabs varied between the seasons. In this
analysis, the periods of RH > 40 % were included 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 σsca was estimated to dry conditions according
to Eqs. (1) and (2). The trends were determined separately
for spring (March, April, May), summer (June, July, Au-
gust), autumn (September, October, November), and winter
(December, January, February). The trend calculations were
conducted by using the monthly medians (see time series in
Fig. S3) and the results are presented in Table 4.

Table 4 shows that σsca and σabs had a decreasing trend for
each season, but in the autumn the trends were not signifi-
cant. Both σsca and σabs experience the fastest absolute de-
crease in winter when the energy consumption is the highest
and pollution sources are more pronounced; conversely, the
trends were the least negative in summer when there is less
pollution. In spring, the absolute trends were less negative
than compared to winter.

3.3 Seasonality and long-term trend of radiative
forcing efficiency

To study the climate impact of the aerosol particles, the
aerosol radiative forcing efficiency (RFE) and the average
values, trends, and seasonal variations were investigated. We
determined three different kind of RFE: (1) RFEH&S was cal-
culated to dry aerosol particles by using global average val-
ues suggested by Haywood and Shine (1995), (2) RFES was
also calculated to dry aerosols but here we used more real-
istic environmental parameters (D, RS, and AC) at SMEAR
II and here the seasonality of the parameters was also taken
into account, and (3) RFES,moist also used the more realis-
tic and seasonally varying environmental parameters but here
we took into account the effect of ambient RH on ω0 and b.
The statistics of the RFEH&S, RFES, and RFES,moist are pre-
sented in Table 1 and their time series and seasonal variations
are presented in Fig. 6.

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 value of RFEH&S
was −22 W m−2. This was about 12 % less negative than
the mean value of RFEH&S (about −25 W m−2) determined
by Sherman et al. (2015) for different North American sta-
tions. The difference is explained by a higher mean value
of ω0 (about 0.91) observed by Sherman et al. (2015). The
mean value of b (about 0.14) was similar if compared to
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Table 4. Slopes of the seasonal trends and their statistical significance for σsca and σabs. The trend in the percentage was determined by
comparing the slope of the trend with the seasonal median of the data.

σsca (Mm−1) σabs (Mm−1)

Trend (yr−1) Lower (yr−1) Upper (yr−1) p value Trend (yr−1) Lower (yr−1) Upper (yr−1) p value

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
Autumn −0.12 −1 % −0.49 0.17 0.48 −0.04 −3 % −0.10 0.03 0.14
Winter −0.85 −7 % −1.60 −0.20 < 0.01 −0.17 −8 % −0.31 −0.03 < 0.05

Figure 6. Variations in the different radiative forcing efficiencies at
SMEAR II in 2006–2018. (a) Time series of the RFEH&S, RFES,
and RFES,moist. The monthly medians are presented if the month
had at least 14 d of valid data. (b) Seasonal variation in the RFEH&S,
RFES, and RFES,moist as overall monthly medians. RFE was calcu-
lated for PM10 particles.

average values observed at SMEAR II. A mean value of
RFEH&S− 25 W m−2 was also determined at SORPES sta-
tion in Nanjing, China (Shen et al., 2018). Shen et al. (2018)
observed a lower mean value of b (0.12 at 520 nm), which
would increase the RFEH&S. However, they also observed a
notably higher mean value of ω0 (0.93 at 520 nm) at SOR-
PES and that overcame the effect of the lower parameter b.

If the seasonal variation in D, AC, and RS were taken into
account, the RFE became more negative at SMEAR II. The
median value of RFES, which takes the seasonality of the en-
vironmental parameters into account, was−26 W m−2, lower
than the median value of RFEH&S, which was −23 W m−2.
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 value for the RFES,moist (−24 W m−2) increased a
bit compared to RFES. Taking the ambient RH (that was
RH > 40 % every month) into account increases the ω0 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 ω0 decreases
the RFE, and decreasing b increases the RFE. Here the de-
creasing b overcomes the effect of ω0 and therefore the me-
dian RFES,moist is higher than that of RFES.

The long-term trends of ω0 and b tended to increase,
which makes the RFEH&S decrease (i.e., become more neg-
ative). The decreasing RFEH&S means that the properties of
dry aerosol particles have changed so that they cool the cli-
mate more efficiently. The trends for the RFEH&S, RFES, and
RFES,moist are presented in Table 3 as well. Since we used
seasonal averages in calculating the RFES and RFES,moist,
their trends were also dependent only on the changes of
the ω0 and b and thus their trends of RFES and RFES,moist
also decrease and are similar in magnitude to the trend
for RFEH&S. However, in reality the trend of RFES and
RFES,moist, which take into account the realistic environmen-
tal parameters, do not depend only on the ω0 and b. For ex-
ample, a decrease in the snow cover due to global warming
would decrease the RS and make the decrease in RFES and
RFES,moist steeper. Here, we omitted further analysis on the
effect that the changes of AC, RS, Tat, and RH have on the
RFES and RFES,moist.

The seasonal variation in the RFEH&S followed the sea-
sonal cycles of the ω0 and b. The RFEH&S was minimal in
summer and maximal in winter. Since b was lowest (forward-
scattering particles) and the ω0 is also low (absorbing parti-
cles) in winter, the particles clearly did not have as strong
a cooling effect as in summer when particles were smaller
and highly scattering. If the seasonal changes of D, AC, and
RS were taken into account, the seasonal variability of RFES
was amplified remarkably as seen in Fig. 6b. In winter, the
higher RS causes the aerosol particles to be less cooling or
even warming, but since the D is low and the AC high (see
Fig. S1), the aerosol particles have less of an effect (RFE
closer to zero) than in summer. We chose to use the RS de-
termined for a boreal forest according to the surroundings of
SMEAR II. However, the area around the station also con-
sists 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) thanRS for snow-covered boreal forest
(Warren and Wiscombe, 1980). Using RS = 0.7 for winter-
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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. The seasonality of RH is pre-
sented in Fig. S1d and on average the RH is higher in winter
than in summer. Figure 6b shows that compared to RFES, the
RFES,moist is less negative in summer when the effect of RH
on b overcomes the effect on ω0. Also, Fierz-Schmidhauser
et al. (2010) observed this kind of behavior at the Jungfrau-
joch station. In winter, the situation was actually the opposite
and the RFES,moist was more negative than RFES. However
the difference were small, partly due to the low D and high
AC. In general, the effect of the RH on the seasonal variation
in RFE was smaller than the effect of taking the seasonal
variation in D, AC, and RS into account.

The RFE (or 1Fδ−1) describes only the efficiency of the
aerosol particles in cooling or warming the climate per unit
of aerosol optical depth (δ). Even if the RFE was very neg-
ative, the influence of aerosol particles on the climate would
be small if the δ was small. Equation (13) assumes that the
properties of aerosol particles are uniform in the atmospheric
column, which is rarely the case in reality. In ambient air, we
should also take into account the variability in RH as a func-
tion of height, since at the top of the boundary layer we typ-
ically 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 were
marked as valid. A big fraction of the not-valid data were in-
validated due to too high RH. If we take the moist data into
account and estimated it to dry conditions, the data cover-
age from June 2006 to December 2010 increases to 87 %. To
test, if excluding large numbers of data that had a significant
difference to the results, we used Eqs. (1) and (2) to estimate
the moist (RH > 40 %) σsca and σbsca to dry conditions and in-
cluded these data in calculating the median values and in the
trend analysis. Also, moist (RH > 40 %) σabs measurements
were included here.

If the moist periods of σsca and σabs measurements
were included in the analysis and the moist scattering data
were estimated to dry conditions by using the parametriza-
tion suggested by Andrews et al. (2006), we would get
median values of σsca = 10.4 Mm−1, σbsca = 1.5 Mm−1,
σabs = 1.5 Mm−1, ω0 = 0.88, b = 0.14, αabs = 0.97, and
RFEH&S =−23 W m−2 for PM10 (σsca, σbsca, ω0, b, and
RFEH&S at 550 nm, σabs at 520 nm, αabs at 370 nm/950).
Taking the moist samples into account, the σsca and σabs in-
creased in summer and autumn (see Fig. S6). We could not
determine the αsca since we only converted the σsca at 550 nm
to dry conditions. If we used the parameters observed by

Zieger et al. (2015), the median σsca = 10.3 Mm−1, which is
very close to the value obtained by using the parameters sug-
gested by Andrews et al. (2006). For the extensive properties,
also including the moist data increased their median values
by about 7 % and for the intensive properties there was no
notable effect. Omitting the moist data periods from the data
set does not seem to have a large effect on the median AOPs
in this data set.

Including the originally omitted data in the trend anal-
ysis, we observed statistically significant (p value < 0.05)
trends for the PM10 σsca, σbsca, σabs, ω0, and RFE with the
slopes of−4 % yr−1,−5 % yr−1,−5 % yr−1, 0.2 % yr−1, and
0.6 % yr−1, respectively. Still, there were decreasing trends
for extensive properties and positive trends for ω0. For b,
there was no significant trend anymore due to the difference
between the σsca and σbsca trends decreasing from 3 % yr−1

to 1 % yr−1 if compared against the trends that were deter-
mined 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 σsca and σabs
might not be that large.

4 Summary and conclusions

In this study, we presented 11.5-year-long time series of
AOPs measured at SMEAR II, a station in southern Finland.
Compared to regional and rural European sites, the σsca at
the boreal SMEAR II station was low. However, the aver-
age σsca and σabs were higher than those observed at other
Finnish measurement stations that were the arctic station in
Pallas and the semi-urban station in Kuopio, eastern Finland.
Because of the more southern location, SMEAR II was prob-
ably more affected by regional emissions and long-transport
pollution from Europe than the other Finnish measurement
sites, which would explain the higher concentrations.

The highest σsca and σabs 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 concentra-
tion in winter, when the energy consumption is higher. In
winter, the ω0 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 σsca also had high values in summer but the σabs
had its minimum and therefore the ω0 reached it maximum
in summer. This observation indicates that the particle con-
centration was high in summer due to active vegetation.

Closer investigation on the size distribution revealed that
the seasonal variations in b and αsca were caused by shifting
accumulation mode and not by changes in the coarse-mode
particle concentration. In summer, b and αsca had their max-
ima (i.e., there was a higher fraction of smaller accumulation-
mode particles) and in winter they had their minima (i.e.,
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there was a higher fraction of large accumulation-mode par-
ticles).

The extensive AOPs, as well as the aerosol number and
volume concentrations, tended to decrease. Our observations
were in line with other studies conducted in Europe and
North America, which 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 number of aerosol particles
suggests that the anthropogenic emissions have been decreas-
ing in Europe and North America. The observed tendency
for b and αsca to increase together with the decreasing ex-
tensive properties indicated that the particle size distribution
consisted of fewer larger particles. A more detailed investi-
gation revealed that the number of larger accumulation-mode
particles (500–800 nm in diameter) decreased relatively the
fastest, which would indicate a decrease in transported an-
thropogenic pollution

Since the aerosol particles were scattering light more ef-
ficiently back to the hemisphere and because they absorbed
less light than in the beginning of the measurements, their
RFE tended to decrease (i.e., became more negative), which
means that the ability of aerosols to cool the climate per unit
δ increased. However, since the extensive properties and par-
ticle number concentration were decreasing, which means
that the δ decreased as well, the total aerosol forcing was
probably also decreasing. Here, we only studied the effect of
AOPs on the RFE. Studying and also taking the long-term
trends of the environmental parameters into account would
give a more realistic trend for the RFE.
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