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Abstract.

We present a comparison between three absorption photometers that measured the-absorption coefficient (oans) of ambient
aerosol particles in 2012 — 2017 at SMEAR 11, a measurement station located in a boreal forest in southern Finland. The
comparison included an Aethalometer (AE31), a Multi Angle Absorption Photometer (MAAP), and a Particle Soot Absorption
Photometer (PSAP). These opticalinstruments measured particles collected on a filter, which is a source for systematic errors,
since in addition to the particles, also the filter fibers interact with theradiationlight. To overcome this problem, several
algorithms have been suggested to correct thedatameasuredby the AE31 and the-PSAP_measurements. Qur-The aim of this
study wais to researchstudy how the different correction algorithms affected the derived optical properties. We applied_the

different correction algorithms to the AE31 and PSAP data—anddata and compared the results against the reference
measurements conducted by the MAAP. The comparison between the MAAP and AE31 resulted te-in a multiple scattering
correction factor (Crer) that is used in the-AE31 correction algorithms to compensate for the_light scattering by thefilter fibers.
The Crer varies between different environments; and our results are applicable for measurements conductedin—a boreal
environment. We observed a clear seasonal cycle ef-in_Crer, which was probably due to the-variations in aerosol optical
properties, such asthe backscatter fraction and single-scattering albedo,and also due to the-variationsin the relative humidity

(RH).—even-though the RH in the instrumentswere kept below 40%. The results showed that the filter-based -measurement

methodsabsorption photometers seemed to be rather sensitive to the RH even if the RH wais_kept below the recommended

value of 40%. The instruments correlated well (R = 0.98) butthe slopes of the regression lines varied between the instruments
and correction algorithms: compared to the MAAP, the AE31 underestimated the gans only slightly (the slopes varied between
0.963-1.000-97) and the PSAP overestimated the gaps 0nly a bit (the slopes varied between 1.017-1.04 for a recommended

filter transmittance >0.724). The instruments and correction algorithms had a notable influence on the absorption Angstrém

exponent: the median absorption Angstrém exponent varied between 0.93 — 1.54 for the different algorithms and instruments.
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1 Introduction

Atmospheric aerosol particles have a notable effect on the Earth’s radiative balance. The particles affect the Earth’s climate

directly by scattering and absorbing theradiation from the sun, and indirectly through the-aerosol-cloud interactions (Stocker
et al.,, 2013). According to the IPCC report (Stocker et al., 2013), one of the greatest uncertainties in determining the global
radiative forcing is related to the atmospheric aerosol particles. Reasonsforthe large uncertainty are the complex nature of the
aerosol-cloud interactions and also the large-great spatiotemporal variation of aergaselthe particles (Lohmann and Feichter,
2005). Since the number concentration, size distribution, chemical composition and the shape of the particles vary in both
spaceandtime, it is challenging to model and estimate the effect that the aerosol particles have on the-climate on ain global
scale (Stocker etal., 2013).

Generally, the direct effect of the-aerosol particles on climate is cooling, since most of the particles scatter the-lightradiation

from the sun back in to the-space (Stocker et al., 2013). However, if particles that are dark in-color(i.e., highly absorbing) are
located above a lightcoloredbright surface (i.e., highly scattering), the particles have a warmingeffect on theclimate. The sign

(e., negative sign for the cooling effectand positive sign for the warming effect) of the aerosol forcing efficiency dependson

the darkness of the particles, which is described by a single scattering albedo (w), and on the albedo of the ground below the
aerosol layer (Haywood and Shine, 1995). To determine the direct effect of the-aerosol particles, in addition to the information
aboutthe albedo of the surface, we need measurements of aerosol optical properties (AOPs) like scattering, backscatteringand
absorption coefficients (osca, onscaand oans). The osca describes-is a measure oftheabilityof thelight scattering by the particles to
scatterthe light-in all directions, the-the onsca describesis a measure of light scattering the-amountofscattering-only in the
backward direction, and the cans describes-is a measure oftheabilityof theparticulate lightles—to absorpbtionlight. All these

variables are wavelength dependent, which is why the measurements_of AOPs are preferably conducted at multiple

wavelengths,

Measuring the oscaand onsca 0faerosolparticles s ratherstraightforward and the measurementsare typically conducted with an

integrating nephelometer. Correction algorithms and coefficients to_minimize theThe error sources and uncertainties of

integrating nephelometers measurementsare wellknown systemically used (Anderson and Ogren, 1998; Miller et al., 2011b).

However, for the gans measurements there are still large uncertainties and the error sources are not as well defined as for the
oscaand opsca Seatteringmeasurements. The main difference between the oscaand gans measurements isthat the osca measurements
are conducted for particles suspended in air, whereas the oans is typically measured by filter-based techniques, where the aerosol
particles are first-collected on a filter-beforethe-measurements. The problem with_the filter-based measurements is that in

addition to the particles, also the filter fibers interact with the-radiation and thus-which- influences the measurements.
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One of the issues_arising specifically with the opticalfilter-based measurementsisthe-a multiple scattering of light by the filter
fibers. The multiple scattering by-the filter fibers-is takenintoaccountconsidered by the so-called multiple scattering correction
factor (Crer). Even though the Crer should only depend on the properties of the filter-properties, previous studies have shown

that the Crer depends-also_depends on the particulate matter suspended in the filter (Arnott et al., 2005; Collaud Coen et al.,
2010; Weingartner et al., 2003). The Cref hasbeen observed to vary from station to station and therefore, it hasbeen studied in
different typesof-environments. For example, Collaud Coen et al. (2010) studied the Crer at very clean mountain sites, in a
maritime site, and in mere-urbanareas; Schmid et al. (2006) did observationsin Amazonia; Backmanetal. (2017) studied the
Cref in Arctic sites; and Kim et al. (2019) ran measurements in a maritime, high altitude, and Arctic sites. Since there is no

generally accepted method forderiving the Crer values, the methods between different studies vary, which canalso affect the

results. Inthis study. we derived the Crer by comparingtwo opticalfilter-based instrumentswith each other. Ha-owstudy—ene

Another issue with the-optical filter-based measurementsis related to the nonlinear response of the instruments asthe filter is

loaded with particles. When the filter is loaded with absorbing particles, the particle loadingscastaso-called shadowingeffect;
which decreases the response of the instrument. Therefore, the instruments report a lower agans for loaded filters compared to

pristine filter measurements. Severalstudies have developed algorithms and-determined-coefficientsto overcome this problem
thathasbeen observed with different instruments (Arnott et al., 2005; Bond et al., 1999; Collaud Coen et al., 2010; Li et al.,
2020; Miller et al., 2014; Ogren, 2010; Schmid et al., 2006; Weingartner et al., 2003; Virkkula et al., 2005; Virkkula et al.,
2007; Virkkula, 2010).In general, after correcting the data forthe multiple scattering and loading effects, the absorption

instruments agree ratherwell with the reference measurements (Drinovecetal., 2015; Hyvarinen etal.,2013; Park etal., 2010;

Segura etal., 2014). The outcome of the different algorithms, however, variesand they may affect, forexample, the wavelength
dependency of the gans_(Backmanetal., 2014; Collaud Coenet al., 2010).

aourstudyThis study hastwo aims that address the variation in the Crerand the differences between the correction algorithms.

=ene-oftheaims The first aim js to providea Crer valuesthatare suitable fora boreal forest site and to study how the Crefvaries
betweenfor different correction algorithms. The secondAnether aim of-this-study-is to present how the different correction
algorithms of the gans affect the measured epticalpropertiesof the particleand derived AOPS.

The measurements presented in this study, were conducted in 2012 — 2017 at the SMEAR-LL(Station for Measuring Ecosystem-
Atmosphere Relations 1 (SMEAR |1; Hariand Kulmala, 2005), which is located in the middle of a boreal forest in southern
Finland. During this period, the AOPs at SMEAR Il have been measured by several instruments: an integrating nephelometer
and three different absorption photometers (AE31, PSAP, and MAAP), which enabled determining the Cref and an extensive

comparison between the different instrumentsand correction algorithms. AOPs at SMEAR 11 have been extensively discussed
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by Virkkula etal. (2011) and Luoma et al. (2019), however, these studies focused on the temporal variation ofin the AOPs
and they only discussed nephelometerand AE31 data. In this study, we focus on the technical side of the measurements and

instrument comparison.

2 Measurements and methods
2.1 The fieldsite

The measurements took place at the SMEAR |1 station-(Station for Measuring Ecosystem-Atmosphere Relations; Hari and
Kulmala, 2005). The measurement station locates in Hyytidld, Southern Finland (61°51°N, 24°17 E). SMEAR Il is a rural
measurement station and it represents boreal forest environment. The area around the station is mostly forests_that —which

consists mainly of scots pine trees (Hari et al., 2013). The site is classified as rural and there are no significantremarkable

sources of pollution nearby. The area is sparsely populated; in the nearby area there are few smaller towns and some scattered
settlements. The closest bigger cities are Tampere (220 000 inhabitants) and Jyvaskyld (140 000 inhabitants) and they are

located 60 and 100 km away from the station.

2.2 Instrument set-up

The measurements of AOPs for PM10 particles were started already on June 2006 with an integrating nephelometer (TSI
model 3563) and an Aethalometer (Magee Scientific model AE31). Later on there has also been a Particle Soot Absorption
Photometer (PSAP; Radiance Research model3-%; Virkkula et al., 2005); and a Multi-Angle Absorption Photometer (MAAP;

Thermo model 5012; Petzold and Schénlinner, 2004). and-a—Cavity-Attenuated Phase-Shiftextinction—monitor (CARS,

Aerodvine Research-Kebapblanetal- 00 —The AP Mas-geplovedatthe SMEAR o-mea ethee netlion-coe en

The measurement arrangement of the instruments, which measured the AOPs, is presented in Fig 1. The schematic figure

represents the measurement line from a period when all the instruments mentioned before were measuring in parallel, which

was during 2014 —2015. Inthe start of the measurement line, a pre-impactorremoved all the particles that were larger than 10

um in aerodynamic diameter (i.e., PM10 passed the pre-impactor). The air flow through anotherimpactor, which removed all

the particles larger than 1 um (i.e.. PM1 passed the impactor)was controlled by two valves. The valves changed the direction

of the flow in every 10 minutes, so that in a 20-minute measurement cycle the instruments were exposed 10 minutes to the

PM10 and then 10 minutesto the PM1. To hinder the effect of changing inlets, the first minutes of the measurements after the

inlet switch were omitted. For the absorption instruments the first three minutes and forthe integrating nephelometerthe first
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five minutes were omitted. The sample air was dried with Nafion dryers for the PSAP, AE31, and integrating nephelometer
for the whole period and forthe MAAP since March 2017. Also, a Cavity Attenuated Phase Shift extinction monitor (CAPS,

Aerodyne Research; Kebabian et al., 2007) is marked in Fig. 1, since it was part of the measurement line. However, due to

technicalissues CAPS data wasnotapplied in this study.

Even though the measurements of AOPs—-measurements have been conducted at SMEAR 11 already-since 2006, in this study,
we consider only data measured afterJanuary 2012 until December 2017. This period was selected to have allthethreeat least
two absorption instruments running in parallel: the AE31 stopped operating in December 2017, the PSAP operated from
January 2012 to March 2016, and the MAAP started operation in June 2013. Also, during this period there were only few
changesin the measurementline: in March 2017 the MAAP flow was decreased from 18 Ipm to 9 Ipm and Nafion dryers were

installed in frontof MAAP; and in November 2017 one of the two Nafion dryers were removed in front of the nNephelometer.

The instruments measured AOPs at different wavelengths: the integrating nephelometer measured-the ica-and-ensca-at three
wavelengths (450, 550 and 700 nm); the AE31, the PSAP and the MAAP measured thesass-at seven (370, 470, 520,590, 660,
880 and 950 nm), three (467, 530 and 660 nm), and one wavelength (637 nm), respectively. Here, we reported the typically

used AE31 and PSAP wavelengths, which are reported in the AE31 manualand by Virkkula et al. (2005), respectively. These

reported wavelengths deviate slightly from the ones measured and reported by Miiller et al. (2011a)_(see their Table 6). For

the MAAP, we decided to use the wavelength reported by Muller et al. (2011a)since it more commonly used and it clearly

deviated from the wavelength reported by the manual.

The data availability of all the opticalinstrumentsdata forthe studied period sets are reported in Fig. S1. Some of the data were
missing or invalidated due to instrument malfunctions, too high relative humidity (RH), tooloaded filter—or dueto the absence
of the instrument because of workshops or campaigns. If the RH exceeded 40% in an instrument, the data was marked as
invalid_according to recommendations (WMO/GAW, 2016). Before the dryers were installed for the MAAP in March 2017,
some of the MAAP data, especially from the summer, had-to-bewas invalidated due to too high humidityRH. During the cold
season, the indoor temperature at the measurement cottage was higher than outdoors and therefore the RH decreased when the

sample air was warmed up to the indoor temperature (passive drying). However, during-in the summer the RH sometimes

increased above the accepted limit since the passive drying was not enough due to minimal difference between the indoor and

outdoortemperature.
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2.3 Absorption measurements

As mentioned above, the gans 0f aerosol particles at different wavelengths at SMEAR 11 was measured with three different
instruments: AE31, PSAP and MAAP. Each of these instruments measured the gaps by filter-based technique, which means
that the measurements are conducted for aerosol particles that are collected on a filter. AE31 operated on quartz fiber filter
(Pallflex, type Q250F), PSAP on quartz fiber filter (Pall, type E70-2075W), and MAAP on glass fiber filter (Thermo Scientific,

type GF 10).

The AE31 andthe PSAP havea similar measurement principle (Bond etal., 1999). Before the gans can be determined by using
different correction algorithms, the instruments measure the attenuation coefficient (oatn), which describes-is the attenuation

of light through the sample collected on the gquartzfiberfilter. The equation for the oatn is derived from the Beer-Lambert-

Bouguer law
A Is_ar A DATN
= —-— —_——— 1
Oarn = o Iy Q At '’ @

where A is the sample area on the filter, Q is the flow through the filter, and At _is the length of the measurement period. tis

thetime- I,_,, and I, are the measured and normalized light intensities through the filter in the beginning of the measurement

period (t — At) and in the end of the measurement period (t). The intensities are normalized by comparingthem to the intensity

measured through a clean reference spot. Normalizing the intensities accounts for possible drifts and changesin the intensities

of the LEDs. and-AATN is the change in attenuation (ATN), which is calculated from the ratio of light intensity through a clean
filter (lo) and through a loaded filter (lt) as

ATN = — ln(;—:)) -100% . @)
Inaddition to the ATN, the filter loading can also be described by transmittance (Tr)

Tr =1.1,% (3)
which can be also presented as a function of ATN (Tr = exp(ATN/100%)). The ATN and Tr represent essentially the same
concept, but the way of expressing the change of intensity dependson the instrument used: the ATN is traditionally associated

with Aethalometerdata and Trwith PSAP data.
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In Eq. 1, A'is typically a constant value defined by the manufacturerand Q is recorded and reported by the instrument. These
values, however, might deviate notably from the real values, and therefore they should be measured-A-shouldbe and checked

. If these values differ

from the reported ones, the Eq. 1 needs corrections for the A and the Q._At SMEAR 11, the sample flow of each instrument was

reqularly measured with _a gillian_flow meter and the Q reported by the instruments was corrected to match the qillian

measurements. Forthe PSAP and AE31 we used the A valuesof 18.1 and 54.8 mmZ2that deviated from the default ones, which

were 17.8 and 50.0 mm?2, respectively. The A used by defaultin the MAAP matched the measured one and therefore it was not

corrected.

In the-a filter, the light is attenuatedbecause of the absorption and scatteringby the particles, butalso because of the scattering
by the filter fibers, which is called multiple scattering. The scattering by the filter fibers increase the optical path of the light
beam through the filter. Therefore, the probability for the light beam to be absorbed by a particle increases. Because of the
scattering in the filter medium, the oatn is larger than the gans. Not only the filter fibers scatter light, but also the embedded

aerosol particles scatter light affectingthe-absorption-measurements;and causeingthe so-called apparentabsorption, which is
typically takenintoaccountconsidered by subtracting a fraction of scattering from the oatn. -In addition to the scattering by

the fibers and particles, also the increasing number of absorbing particles in the filter affects the instrumental response. The
signal response caused by the particulate absorption decreases with increasing filter loading.As-thefilter gets-moreloadedwith
particlestheresponseof the-instrument gradually changes. Absorbing particles induce a so-called “shadowing_or a loading

effect” introduced by Weingartneretal {2003}, which decreases the change in the intensity (I,_,.I; 1) asthe filter gets more
loaded_(Weingartner et al., 2003). This means that the response-ofthe-instrumental responses is nont--linear with increasing

for different filter loadings. The increasing filter loading has an opposite effect than the scattering of the filter fibers and
particles: the absorbing particles collected on the filter decrease the optical path and therefore the reported oatn for a loaded
filter is lower than fora pristine filter. This non-linearity is takeninto-accountconsidered in the various correction algorithms
presented in Sects. 2.3.1 and 2.3.2.

The measurement principle of the MAAP s different from that ofe the AE31 and PSAP (Petzold and Schénlinner, 2004). In
addition to the light attenuation measurements, the MAAP also measures the backscattered light from the filter in two different
angles. The oans is then obtained by using a radiative transferscheme where the measurements of the backscatteringand light
attenuation are taken into account (Petzold and Schonlinner, 2004). Because of the backscatteringmeasurements, the MAAP
does not sufferas much from the filter artefactsasthe Aethalometerand the PSAP-and-henceit-doesnotneedanycorrection
algorithms. However, in very polluted environments also the MAAP suffers from a measurement artifact that has to be

corrected (Hyvarinenet al., 2013), which at SMEAR 11, however, is not the case.
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At SMEAR 11, the MAAP advanced the filter spot automatically once per day in 24 h intervals. The AE31 also advancedthe

spot automatically when the ATN reached 120 at370 nm wavelength. The PSAP filters were changed manually and the aim

was to be change the filter every second day, but due to weekendsand holidays, the filters were sometimes changed only after

several days.On average the PSAP_filters were changed once per three days.

The reported uncertainties of the MAAP, PSAP and Aethalometerare respectively 12,13, and as large as50 % (Arnott et al.,
2005; Ogren, 2010; Petzold and Schénlinner, 2004). Miller etal. (2011a) reported that the unit-to-unit variability of the PSAP,
Aethalometer AE31 and MAAP were about 8%,20% and 3%. It must be noted that the unit-to-unit variability is a lot smaller,

about 2 % for the new AE33 model (Cuesta-Mosquera et al., 2021). Since the uncertainty and unit-to-unit variability of the

MAAP was a lot smaller than for the PSAP and Aethalometer AE31 andbecausethemeasurementprinciple of the MAAR s

ndependent from the PSAP and AE3 nce—it-uses-the radiative transferscheme—we used the MAAP as the reference

instrument for measuring oabs. However, even though the MAAP was used as the reference here, it must be remembered that

like all the filter-based photometers. also MAAP_suffers from the cross sensitivity to purely scattering aerosoland therefore it

does notthe best reference instrument (Miller et al., 2011a).

Each of the absorption instrumentphotometer used in this study have their strengths and weaknesses that determine which
instrument is the most useful in different situations. According to the uncertainty and unit-to-unit variability, the MAAP is the
most accurate-precise instrument formonitoring gaps and black carbon (BC) concentration, which is typically derived from gaps

measurements. Also, the backscattering measurements from the filter reduce the artefacts caused by the scattering aerosol

particles and the filter loading effect making it a more accurate instrument. The MAAP changes the spot in a filter roll

automatically and therefore it does not require much assistance from the operatorand the instrument canrun at a remote station
aswell. However, it measuresthe oans Only atone wavelengthwavelength, so it is not possible to do the source apportionment
or interpretation on the chemical composition of the absorbing particles, which requires measurements on severalwavelengths
(see Sect. 3.1 and Eq. 16). The AE31 again-has a very wide range of wavelengths, which makes the seven-wavelength
Aethalometers, the AE31 and the new model AE33, functionalandpopularwidely used instruments. Like MAAP, the AE31
also operates the filter roll automatically so the instrument does not need that much assista nce from the operator. -
Unfortunately, the problems with defining the errors caused by the filter materialare not that well defined,and the instrum ent
uncertainty and unit-to-unit variability_of the AE31 is large(Miller—etal—2011la). (Cuesta-Mosgqueraetal—2021)-The
uncertainty and noise of the PSAP is smaller than that of the AE31, which makesthe PSAP a popular especially in areaswith
low concentrations. Even though the wavelength range is notas geed-wide aswith AE31, the PSAP measuresthe oaps at three
wavelengths, allowing the use of applicationsthat need the wavelength dependency of oavs. The problem with PSAP isthatthe
filters haves to be changed manually by the user so the instrument is not the best option to deploy at a remote site, but then

again the leakage through the filter tapeis lesser than forthe MAAP and AE31 .-
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2.3.1 AE31 correction algorithms

To determine the gans from AE31 measurements, the satn needs to be corrected for the multiple scattering by the filter fibers
and for the error caused by the filter loading, and in addition, the scattering of aerosol particles should also be taken into

account

OATN — Qs O
aabs — ¢_ (4)
Cref R(ATN)

The effect of the multiple scattering is corrected with a multiple scattering correction factor (Cref) and it is larger than unity.
For the filter loading correction (R(ATN)) there are different kind of correction algorithms developed for example by
Weingartner et al. (2003), Arnott et al. (2005), Schmid et al. (2006), Virkkula et al. (2007), and Collaud Coen et al. (2010).
The R, which equals unity for unloaded filters is less than unity for loaded filters, depends on the filter loading, i.e., ATN

defined in Eq. (2). The R can also depend on other factors, such asthe w, and some of the algorithms take also other parameters

than ATN into account.

InEq. (4), the scattering by the aerosol particles is taken-intoaccountconsidered by subtractinga fraction (as) of the measured
scattering (osca). However, the algorithms by Weingartner et al. (2003) and Virkkula et al. (2007) ignore the particle scattering
subtraction, which makes it possible to apply the corrections algorithms without any osca measurements. In Weingartner’s
algorithm, however, osca is takeninto-accountconsidered without the subtraction, aswill be shown below. For a comparison,
in this study we also present data, which was corrected only for the multiple scattering and not for the filter loading (i.e., the
R =1) or scattering by the particles. Below we present the different algorithms determined by Weingartner et al. (2003), Arnott
et al. (2005), Virkkula et al. (2007), and Collaud Coen et al. (2010), which were selected to use in this study.

Current recommendation by the WMO and GAW is to assumethe R(ATN) unity for the AE31 and to use a Crer vValue of 3.5,
which was determined by a comparison study of different AE31 instruments (WMO/GAW, 2016). Therefore, we also studied
“not-corrected” AE31 data forwhich we did notapply any R(ATN) correction or particulate scatteringreduction, but only the

multiple scattering correction.

Weingartner et al. (2003)_(hereon referred as W2003 and with a subscript WEI) derived an empirical correction algorithm

based on laboratory measurements of mixed particles (soot, diesel exhaust, organic coating, ammonium sulfate). Hereonwe

refertothe-algorithm-as \W2003-and-with-the subscript WEL-The W2003 correction algorithm interpolates the measurements
athigher ATN values, to a point where ATN was 10%. When ATN is lower than 10%, the R is assumed unity. In W2003, the

loading correction (Rwei) is

) 1n(ATN) -1n(10%)

1
Ry (ATN) = (_ -1 1n(50%) —In(10%)

; ©)
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Weingartner et al. (2003) stated that the R is-depends on the single-scattering albedo (w)-dependent and they found the

following relation for the factorf

f=all —w +1. (6)

In Eq. 6, thefis unity (i.e., R is unity), when the-w is unity (i.e., the aerosol is purely scattering). Weingartner et al. (2003)
determined that the-a in Eq. 6 was 0.87 and 0.85 at 450 and 660 nm, respectively. According to these two values, we

interpolated the-a forall the seven wavelengths by assuming a linear wavelength dependency. Also, the-w was interpolated to

the seven AE31 wavelengths accordingto the mean eaps, oscaand scattering Angstrom exponent (asca) values reported by Luoma
etal. (2019; see their article Table 1) for PM10 particles. Using these values, we estimated thefseparately foreach wavelength
and we used those constant values in the correction values. The resultinged a, w, and f were slightly wavelength dependent

and their values are presented in Table 1.

The correction algorithm does not apply the scattering correction by subtraction, so the aswei = 0 and therefore parallel
scattering measurements are in principle not needed. However, the effect of the particulate scattering is taken—into
accountconsidered inthe f since it dependson the w. If there are no parallel measurements of osca, the w cannot be determined.
If there is no estimation on the w, typically f values for different aerosol types determined by Weingartner et al. (2003) are
used. The f valueswere close to the result Weingartner et al. (2003) acquired from measurements of ambient aerosols in a high
alpine site and in a garage -(f was 1.03 and 1.14 for a “white light” Aethalometer; AE10). For example, Collaud Coen et al.

(2010)estimated an intermediate value f=1.10 for Cabauw measurements site based on the study by Weingartneretal. (2003).

Arnott et al. (2005) suggested a correction algorithm, which is hereon we referred as A2005 and with the subscript ARN,
based on a well-defined theoretical basis. One big difference to the W2003 is thatthere is a factorfor scattering subtraction.
Arnott et al. (2005) determined the scattering subtraction fraction as,arn from laboratory measurements using submicron
ammonium sulfate particles and the values for different wavelengths are presented in Table 1, however, Arnott et al. (2005)

noted that the values of as arn could be different if supermicron aerosol particles are present. The loading correction Rarn Was

defined as:
-1
(5)m oabs i
RapwATMY = | 142220 7
ARN \/ m—vy (7

where the n indicates the nt" measurement aftera filter spot change. The correction takesin to account the cumulative gaps of
the particles collected on the filter material. The zafx(4) is the filter absorption optical depth for the filter fraction x that has
particles embedded. FheTo calculate the zaf(4). we used_the same a power law function zafx(A) = zafs21:(A/521 nm )07 =
0.2338-(A/521 nm)0-754 5 sxas Virkkula et al. (2011) and the resulted valuesare presented in Table 1.-andtheywere calculated

from-apower law function za sl = 7a fu 5214520 ) +4=02338-01/521 nm )4 The exponent -0.754 was obtained from

10
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a power function fitting to zafxvs. 4 (Table 1 of Arnott et al., 2005), similar as in Virkkula et al. (2011). The zafx521=0.2338
is the recommended za i value forambient measurementsat 521 nm (Arnott et al., 2005).

Virkkula et al. (2007) proposed a correction algorithm, which is hereon referred as V2007 and with the subscript VIR, that
utilizes the so-called compensation parameter (k). The k is determined by comparing the last measurements of a loaded filter
to the first measurements conducted with a pristine filter. The compensation parameteris determined for each filter spot (fs)
asfollows:

GATN(tfs+1,first)_UATN (ffs,last)

ke = , 8
fs ATN(tfs,last)UATN(tfs,last)_ATN(tfs+1,first)‘7ATN(tfs+1,first) ( )
where the “first” refers to the mean of three first valuesin a pristine filter (i.c., fS+ 1) and the “last” refers to the mean of three

last valuesin a loaded filter (i.e., fs). The k is then applied in the loading correction Rvir

Ry (ATN) = (1 + ks ATN) ©)

This algorithm does not take into account the scattering correction so the asyvir=0.

Collaud Coenetal. (2010) applied this correction to data from severalstations in Europe and found that it was highly nonstable
andthat it leads to large outliers. They correctly stated that the difficulty of applying this correction is due to the naturalhigh
variability of oatnasa function of time, which is for most of the time greater than the oatn decrease induced by filter changes.
We therefore calculated the running average compensation parameter for all seven wavelengths in order to minimize these
problems. Then we applied this averaged compensation parameterto correct the non-corrected AE31 data. In otherwords, the

AE31 data were not averaged at this stage, just the compensation parameter.

We determined the k as a 14-day running mean (£7 days around the changing time of the filter spot), since without the
averaging the k was very noisy (see time series for the non-averaged and averaged k in Fig. S3). Averaging the k was also
recommended by Virkkula et al. (2007). On average, the 14-day-periods included about nine data points (i.e., the filter spot
changed once per 1.6on-averageaboutonceadays). Virkkula etal. (2015) used a similar approach for AE31 data from Nanjing,
China, and calculated 24-hourrunning averages of the k including on the average six filter spot changes.

Collaud Coen et al. (2010), which is hereon referred as CC2010 and with the subscript COL, correction algorithm was based
on the W2003 algorithm but here the reference ATN for the clean filter is 0 % instead of 10 %. They determined the a used in
Eq. 6 a bit differently and got a mean value of a = 0.74 over different wavelengths and different experiments. The Rcod is

defined as

ReoL(ATN) = (; 1) LY (10)

a(1-@gp)+1 N " 50%
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Here the @, f, , stands for the mean @o, that was calculated for the filter spot from the first measurements to the n®
measurement. The @, ¢, , was determined by using the oatn asthe first estimate of the oaps. CC2010 differs from the W2003
also by takinginto-accountconsideringthe scattering correction. They suggested two different kind of waysto determine ascov.
and here we present the one that was determined in a mannersimilar to A2005. The difference to the as arn is thatthe as co is
determined from the ambient scattering measurementsso it is not constant. The ascov is defined similarly asby Arnott et al.
(20053) (Eq. 8 in their article), but here they used measured scattering properties instead of constant values determined by
laboratory measurements:

as,cor, = BetancA™Tscan(@h), (11)
where d=0.564 and c=0.329- 10-3.In Eq. 11 the over lined variables, ascanand Bscan, stand foraverage properties of aerosols
deposited in the filter i.e., mean values from the beginning of the filter measurementsuntil the nt!" measurement. The ascan is
the scattering Angstrom exponent (see Sect. 3.1 and Eq.16) and the fscais acquired from the power-law fit of the wavelength
dependency of osca:

Osca = Bscad” “52, 12)

where the fit is calculated with A and osca in units nm and Mm-1to acquire unitless j.

2.3.2 PSAP correction algorithms

Since the measurement principles of PSAP and AE31 are basically the same, the PSAP data needssimilar kind of corrections
asthe AE31 data (Eq. 2). Inthis study the PSAP data was corrected with two algorithms: one described by Bond etal. (1999)
and laterspecified by Ogren (2010), which is hereon referred asthe B1999; the other determined by Virkkula etal. (2005) and
later corrected by Virkkula (2010), which is hereon referred asthe V2010. The algorithms of Muiller et al. (2014) and Liet al.
(2020) were not applied.

The B1999 correction algorithm revisited by Oagren et al., 2010 is given by

=3
ca é

Oans = f(TT) 009?8—5% — a0, :
(13)

where-the K1 =002 and Ko=122and

-1
ferrosap = (1.5557 - Tr + 1.0227—22 ),

(14)

Inthe V2010 correction algorithm, the apsap is determined in an iterative manner. The first estimation of absorption coefficient

(oabs 0), which is determined by a5 o = (ko + ky In(T7) )a,ry — soy.,, Where the koand ki are constants presented in Table 1
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in Virkkula (2010). The oans0 is used to calculate the single scattering albedo o (see Sect. 3.1 and Eq. 17), which is then again
used to calculate the oaps again in an iterative manner, but now with a differentkind of an equation

Oaps = (ko + kyh(wy) In(TT)) 0,47y — SO (15)
where the h(w,) = hy, + h, w. The w is then calculated again with Eq. 17. These two stepsare repeated untilthe change in the
oabs IS minor. Here, the iteration was stopped one t\We-agreed-the result when-the change was less than 1%. It must be noted
thatthis correction algorithm is different from the V2007 determined for the Aethalometerdata.

2.3.3 Differences between the algorithms

The W2003 algorithm only depends on the ATN, otherwise it applies constant values and it does not consider the scattering

subtraction. The A2005 is not a function of ATN but it takes the filter loading into account by summing the gaps_of the

accumulated particles on the filter spot. It does not assume a constant for the scattering reduction but determines the fraction

from the wavelength dependency of gsca. The CC2010 algorithm is similar to A2005 in_a sense that it also defines its own

scattering reduction factor and determines the filter loading correction by taking into account the properties of the particles

accumulatedin the filter. The V2007 only dependson the difference between the last and first measurem ents of two filter spots

and it assumesno constant coefficients. The B1999 algorithm relies heavily on constantsthat describe the dependency on the

Tr. whereas the V2010 algorithm is an iterative process that dependsonthe . BothB1999 and V2010 consid er the scattering

reduction with a coefficient.

2.4 Scattering measurements

The osca data is needed in—ordertoto subtracta fraction of particulate scattering from the satn in A2005, CC2010, B1999 and
V2010. Measurements of asca and onsca are also needed in determining the w and the backscatter fraction (b, see Sect. 3.1 and

Eq. 18), which are used to explain the observed variationsin the results. The w is also used in CC2010.

The osca and ovsca Were measured with an integrating nephelometer (TSI model 3565, Anderson et al., 1996). The integrating
nephelometer measured osca and owsca at three wavelengths (450, 550 and 700 nm). Due to instrumental restrictions, the
nephelometercan only measure asca 0n the range of 7° — 170°and obsca ON the range of 90° — 170°, and therefore a truncation
correction is applied to asca and absca measurements (Anderson and Ogren, 1998; Bond et al., 2009). The fractionaluncertainty
of the integrating nephelometer for PM10 has been reported to be below -+ 910 %-(Andersonetal-1996) (Sherman et al.,

2015). Since scattering by aerosol particles is dependssignificantly on their size, the particulate light scattering is sensitive to

hyaroscopic growth. To preventthis, the integrating nephelometer operated with two Nafion-driers asshown in Fig. 1.
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3 Data analysis

All the data were averaged forto 1 h intervals. The PM1 and PM10 measurementswere not separated in the data analysisbut
instead and both-the PM1 and PM10 data were averaged together. Since all the the-instrument measured in-the same sample
alrizerange, mixing-combining the PM1 and PM10 data caused no difference-discrepancies between the instruments._Since

this study discusses filter-based absorption photometers and the ATN in the filters decreases due to the accumulation of both

PM1 and PM10, it would have been difficult to separate the effect of the different size cuts in the data analysisand therefore

the data of different size cuts were combined.{Luoma-etal2019)

3.1 Intensive properties

The intensive properties of aerosol particles are determined from the measurements of the extensive properties, which in our
data are aabs, osca, aNd obsca. IN addition to the chemical properties and size distribution, the extensive properties also depend on
the numberand volume concentration of the-particles. The intensive properties, however, are independent of the amount of the
particles and they depend only on the properties of the particles, such as the shape of the size distribution, chemical composition
and shape of the particles. Therefore, intensive properties are useful parametersasthey indirectly indicate the properties of the
particle population. The intensive properties used in this article are the Angstrém exponent (), single scattering albedo (w),

and backscatterfraction (b) and they are presented below.

The Angstrom exponent, («) describes the wavelength dependency of the optical propertiesand it can be calculated forexample
for oans and asca to acquire the absorption Angstrém exponent (aabs) and scattering Angstrom exponent (asca), respectively. The

a is defined by

a= —é_:f, (16)

where the o1 and o2 are the property for which the a is being calculated at wavelengths 11 and A2, respectively. The a is typically
used to interpolate or extrapolate optical properties to different wavelengths. This is useful for example in cases, when
instruments measure optical properties at different wavelengths and the measurements between different instruments need to
be compared. The wavelength dependency also gives information about the size distribution, chemical composition, and
sources of the particles: ascadependson the size distribution of the particles and aans dependson both the chemical composition
and size distribution. The aabs is typically used in a set of empirical equations, that approximate the source apportionment

modelsof black carbon (BC) (Sandradewi et al., 2008; Zotteret al., 2017).

OnecommonlyusedpropertyistThe single-scattering albedo (w), which describes how big fraction of the total light extinction
(gext = oabs + osca) is due to scattering:

w = Osca (17)

Osca t0abs
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The lower w is, the darker the aerosol particles are, which is typically caused by a higher content of black carbon (BC); w
close to unity indicates that the particles are high in scatteringmateriallike sulfatesor sea salt. Therefore, w is a rough indicator

of the chemical composition of the particles.

The backscatter fraction (b) describes the fraction of backscattering coefficient (onsca; meaning that the light scattersin the
backward hemisphere) of the totalscattering coefficient (osca):
b= O'bsca. (18)

Osca

The bis also size dependent. In molecularsize range it is 0.5, which meansthatthe particles scatter light evenly in the forward

and in the backward direction. For larger particles the b decreases, so the particles scatter light more in the forward direction.

3.2 Multiple scattering correction factor

As stated by Weingartner et al. (2003), the Crer should in principle only depend on the instrument and the filter material used.
The effect caused by differentamounts of particles deposited in the filter materialand their optical properties should be taken
into account by the empiricalfilter loading correction functions R(ATN). However, asshown by previous studies, the Cref varies
both spatially and temporally (Backmanet al., 2017; Collaud Coen et al., 2010) and therefore we determined the Crer also at
SMEAR II.

In this study, the multiple scatteringcorrection factor (Crer) was defined forthe AE31 measurements by usingthe cans measured
by the MAAP asthe reference absorption coefficient (cabs rer). To determine the Cret, the catn measured by the AE31 had to be
corrected for the artefact caused by the increased filter loading and then the measurementscan be compared to the reference

absorption (cabs,ref) measured by the MAAP

_ GATN
Crer = RUATN) 0 aps ref (19)

The Cres was defined separately for data corrected by-using W2003, A2005, V2007, and CC2010 to obtain the Cwel, Carn,
Cvir,and CcoL respectively. The Crerwas also determined fordata, which were not corrected for the filter loading (Cnc, where
subscript NC stands for “not corrected”). Because the MAAP measures the Gabsref ONly on the wavelength 637 nm, the closest
AE31 and nephelometerdata were first interpolated to the same wavelength. The catn, 2Ad-ATN, measured by the AE31 and
the-oscawere interpolated to 637 nm by applying the Angstrém exponent explained in Eq. 16. Also, the wavelength dependent
constantsused in W2003 and A2005 were interpolated to 637 nm. The f used in W2003at637 nm was 1.12 and the as arn and
7afxused in A2005 were 0.0681 and 0.2009 at 637 nm, respectively.
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In the A2005, cumulative optical properties of the particles collected on the filter were needed, and thus the Carn Was
determined by iterating; the Carn was iterated foreach filter spot until the median gabs ref and gabs arn agreed within a 1% limit.
Because of the iteration, there is one Carn value for each filter spot. For other correction algorithms, the Crer value was
determined by two methods: 1) Crer was determined as the slope of a linear fitregression forto-eamfRATNN*vS—ans rer-t0
acgurethe Crovalueforthewhole data the whole data set (linear fit fora loading corrected oatn VS. aref -plot; Eq. 19); and by

2) simply using the Eq. .19 to acquire the Crer value foreach measurement point separately. In the A2005, the Carn depends on

the wavelength. Inthis study the Carn was determined only atthe 637 nm. Since we followed a similar procedure as presented
by Arnott et al. (2005), a fraction of the asca Was first subtracted from the oatn, before determining the Carn, which is different
to Eq. 19.

4 Results and discussion
4.1 Multiple scattering correction for the AE31

The different Cresvalueswere determined by a linear fit forby comparing loading corrected AE31 data vsto the-reference data
from MAAP. Since the Cret is described only by the slope of the fit, the intercept in the y-axis of the fit was forced to be zero.
For the linear fit we used all theavailable parallel data from the AE31 and MAAP. The Cref valueswere 3.00, 3.14, 2.99, and

2.77 for data corrected by W2003, V2007, CC2010, and for data that was not corrected, respectively. The results and their

statistical variability are presented in Table 2. The relatively small standard error (SE) and the range of confidence interval

(Cl) indicate that the difference between the Cret values were statistically significant. However, for example, the difference

between Cweiand Ccor wassmall.

Since the Carnwas determined in aniterative mannerfor each filter spot, the Carn was calculated as the median of allofall

the filter spots and the resulted value was 3.13, which is_also shown in Table 2._This result is not directly comparable to the
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other Crer values that were derived as a linear fit. ~Also, Uunlike the other algorithms, the A2005 assumed a wavelength

dependent Carn. Here,we were only able to determine the Cref at one wavelength by comparing the interpolated AE31 data to
the MAAP measurementsat 637 nmse-we-cowld-notmeasurethe Carn-atdifferentwavelengths. To acquire the Carn atallthe
seven wavelengths of the AE31, we used the power law function Carn(2) = Carn,6370m(4/637 nm)0-181=3.13 - (1/637 nm)0-18L,
where the exponent0.181 wasobtained from a power function fitting to Cref vs. A in Table 1 of Arnott et al. (2005), similar to
Virkkula et al. (2011). Carn,637nm =3.13 is the value determined above at A = 637 nm. The results of the wavelength dependent

CarnVvaluesare presented in Table 32.

According to Collaud Coen et al. (2010), who studied the Cref of different algorithms for ambient measurements in different

kindsofenvironments, the higher Crer values were typically measured in morepolluted areas. Observationsin our study support
this claim. For example, they determined mean Cwe of 2.81, 2.81, 3.05, and 4.09, at Hohenpeissenberg, Jungfraujoch, Mace

Head,and Cabauw, respectively. Sequra et al. (2014) obtained a Cref value of 4.22 measured in Granada, Spainat637 nm for

the correction algorithm by Schmid et al. (2006). Compared to their study the Crer values at the SMEAR 11 were obviously

lower than the mean Crer values at the Cabauw and Granada measurement stations. Cabauw-—which station is located near

populated and industrial areas_and the station in Granada is located close to a highway.; At SMEAR I, the average Cref
valuesand were somewhat higherthan in the clean mountain stations in Hohenpeissenbergand Jungfraujoch. The closest values

were defined for the Mace Head station, which observes mostly marineair._The Crer values by Collaud Coen et al. (2010) and

Segura et al. (2014) were determined similar to our study, so by comparing AE31 measurementsagainst MAAP.

Backmanetal. (2017) determined Cr (Backman et al.. 2017, used the symbol Cr instead of Cref to mark that the comparison

was not conducted with a reference instrument) values for ambient data at several Arctic sites._They also derived the Cs

optically by comparing Aethalometer measurements against MAAP, PSAP and CLAP (Continuous Light Absorption

Photometer; Ogren et al., 2017) . They ranthe comparison for Aethalometerdata that were not corrected for the filter loading

error. The median Csvalues at 637 nm were 1.61, 3.12, 3.42, 4.01, and 4.22 measured at Summit, Barrow, Alert, Tiksi, and

Pallas, respectively. Backmanetal. (2017)did not find any clear explanation forthe very low Csat Summit. At the other sites,
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the Cr values were rather high compared to the Cnc observed at SMEAR 11 (Cnc = 2.77), which is unexpected if we would

assumethatthe Crerwas lower at clean environments, such as Arctic, compared to sites closer to pollution sources.

In laboratory runs, Arnott et al. (2005) determined Cref = 2.076 (at 521 nm) for kerosene soot by comparing AE31 against

photoacoustic instrument and Weingartner et al. (2003) observed Crer = 2.14 (averaged over wavelengths) for not-coated soot

particles_by subtracting scattering from extinction measurements. Compared to the Crer determined in laboratory studies by

Weingartner etal. (2003) and Arnottetal. (2005), theambient measurementsin our study yielded higher values. This was also
observed by Arnott et al. (2005), who suggested Crer = 3.688 (at 521 nm) for ambient measurements, which is closer to our
observations. In addition to not-coated soot, Weingartner et al (2003) determined the Cret for coated particles as well and the
resulted Crer was higher, about 3.6. This is also closer to our observations, which is probablyexplained by the fact that at

SMEAR 11, the observed soot particles are likely aged and coated since there are no significant local emission sources. Inthese

studies, however, the reference instruments were not filter-based photometersand thatcan havean effect on the results. -coated

The report 227 by WMO and GAW (World Meteorological Organization and Global Atmosphere Watch) recommends to

determine the oans from Aethalometer measurements by using Crer value of 3.5 and not applying any filter loading correction
or particle scattering reduction in the data. The Crer wasdetermined asan average over several datasets collected from different
GAW stations. Comparing this value to the Cnc, using the recommended Cref = 3.5 would systematically underestimate the
oas at SMEAR 11 by about~20%. It must be also noted, that due to the lack of R(ATN) correction, the BC concentration or gabs
may differ as much as 50% even if the realtrue gans would stay constant (Arnott et al., 2005). Therefore, in some cases, the
data user may want to take the error caused by the filter loading into account and to use different correction algorithms. For
example, when studying shorter time periods (e.g., few daysof data, which may fit few filter spot changes causing apparent

variation in the measured concentration).

There are both studies where constant Crerhasbeen used and studies where wavelength dependent Cref has been used. Others
observed no significant dependency for the Crer on the wavelength (Backman et al., 2017; Bernardoni et al., 2021; Collaud
Coen et al., 2010; Weingartner et al., 2003; WMO/GAW, 2016) and other studies observed the opposite and showed that the
Cref is wavelength dependent (Arnott et al., 2005; Kim et al., 2019; Schmid et al., 2006). These studies suggested that Crer
increaseds with wavelength (i.e. filter fibers scattered more light at longer wavelengths). Interestingly, even though the
wavelength dependency was not statistically SIGHIfIC&ﬂtI—lS—WOFt—h—pOM—t—IFI-g—OH—t—t—h%—t— -aJsg-Wemganner et al. (2003)_reported
that the Crer presented-slightly wavelength-dependent Crsva

214 s citedInteresting-is—also—that the wavelength-dependency they obtained for internal mixtures of Diesel soot and
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ammonium sulfate and coated Palas soot yielded Cref = 3.9-(A/660 nm)%18 and Crer= 3.66-(A/660 nm)%-23, respectively, as can
be calculated from their Table 3. The exponentsare very close to the value 0.18 obtained from the fittings to the Amott et al.
(2005) Table 1. Kim et al. (2019) found du+i j that Crer depended

onwavelength even more strongly, a fitting to their Table 2 yieldsed Crer=4.48(A/532nm)%48, Because the results between the

different studies vary, it is difficult to conclude whether the Cret is wavelength dependent or not. To study the wavelength

dependency of Crer, it would be ideal to use a photoacoustic or gext-osca -methods as the reference measurements, since they are

independent from the filter artefacts.tnthesethree

in AE33 is Teflon-coated glass filter tape (Pallflex type T60A20). but also the “old” filter tape (Q250F) has been used with

AE33 and the recommended Crervaluesto use with these filters are 1.57 and 2.14, respectively (Drinovec et al.,, 2015).

The different Crer values were not only determined as a linear fit_that considered-averagingover the whole time series. In
addition to the results from linear fits, the Table 2 presents the median, mean,and standard deviation of different Crer values
that were determined separately for each data point according to Eq. 19. Determining the Crer separately for each data point
enabled studyingthe temporalvariation efin Crer; for example, the times series of the different Crervalues are presented in Fig.
S21. The median and mean values differed somewhat from the slopes of the linear fits, which were about 10% lower than the
median values. Comparing the median and mean values shows no large difference, meaning that the Cret values were rather
normally distributed. The variation efin median Cref values between the different correction algorithms was small compared

to therelatively large standard deviation (see Table 2).

The Cref, determined separately for each data point, was not stable over time (see time series presented in Fig. S21) and we

observed seasonalvariation for the Crer, which is presented in Fig. 32 forthe Cncas anexample.- The seasonalvariation was
notobserved only for the Cnc, butalso for the Cwei-Carn; and Ccol, which is presented in Fig. S32. MQM
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Since the Cwei-Carn, and CcoL had a similarseasonalvariation, it is unlikely that the seasonalvariation observed for Cncwas
caused by the lack of filter loading correction. His-actually rathersurprisingthattThere was a seasonalvariation forthe Cwey,

Carnyand-CcoL aswelland —for example, the seasonalvariations between the Cweiand Ccor were rathersimilar, even though

we applied constant fvaluesin W2003. The algorithm by CC2010 considers the wavelength dependency of scattering and the

o oftheaccumulated particles. It is rathersurprising thattakingthese parameters, which have a seasonalvariation at SMEAR
11 (Luoma et al., 2019; Virkkula et al., 2011), did not seem to reduce the seasonality of Crer. A2005-and CC2010-tock-into

Ttheseasonalvariationsforin the Carn and Cvir wereas aittle-less obviousthan ferin Cwel, CcoL,and Cnc.; which-The lesser

seasonal variation for the Carn_Mmight be explained by the subtraction becauseof the scatteringa fraction of-the-esca—was

subtracted-before the loading correction was applied and the Carn was determined. The fact that the Carn hasless data points

than the other the Cres values, might also explain part of the lesser seasonality. -For Cvir. tFhe lack of seasonal variation for
Cwiewais probably caused by the very strong seasonalvariation ef-in the compensation parameter (k; see Fig. 10a) as will be

discussed below_in Sect. 4.4. The algorithm by V2007 does not assume any coefficients but depends only on the difference

between the last and first measurements of the filter spots. Therefore, it seemsto adjust to seasonalchangeswhereasthe other
algorithms apply coefficients. According to our results, H-seems-thatthe V2007 and A2005 is-more-dependentonaccounted
well the variationsin the optical properties of the particles embedded in the filter than-theotheralgorithms-are-andtherefore
the seasonalvariationsin the Cvir and Carn Wereis reduced.Fhek—is—discussed-more-in-Sect4-4-

Theseasonalvariationsofthe Crsvaluesmight he explained by the factthattheAsindicated by the seasonalvariation, the Cref
is-was notnecessarilya constantvalue, butit dependsed on the optical properties of the particles—which-are embedded in the
filter. As stated before, Weingartner et al. (2003)and Arnottet al. (2005) both-observed different Crer values fordifferent types

of aerosols so that the Cref was lower for “pure” soot (no coating)and higher for coated soot or ambient aerosol particles. This
would suggests that the Crer increases with increasing w. This supports our observations, since at SMEAR 11, the w is the
highest in summer and lowest in winter (Luoma et al.,, 2019; Virkkula et al., 2011). However, Collaud Coen et al. (2010)

observed a decreasing trend for Crer With increasing « when they compared the average conditionsat several stations.

The w, however, is not the only optical property of aerosol particles that had a clear seasonal variation (Luoma et al., 2019;
Virkkula et al., 2011). For example, the size dependent b and asca reached their maxima in summer and minima in winter,
which indicatedsthatin summerthe fraction of smaller particles increased-patticle-sizedistribution-hadrelatively more weight
on-smallerpatticles. Luoma et al. (2019) showed that the seasonal variation of-in b and asca is explained especially by the

differences in accumulation mode (particles in the size range of 100 nm — 1 um) particle concentration and size distribution:
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in summer, the volume concentration peaks around 250 nm and in winter around 350 nm. The size distribution affects the
penetration depth of the particles as smaller particles penetrate deeper in the filter (Moteki et al., 2010). Scattering particles
that penetrate deeperin the filter increase the multiple scattering in the filter, and that could be one explanation forhigher Cret

valuesobserved in summer.

The differences in the scattering properties of differently sized particles might also explain the observed seasonalvariation of
in_Crefr. The correction algorithms only takeintoaccountconsiderthe amountof scattering, but not the direction of scattering.
The sSmaller the—particles—arethe scatter relatively more theparticles scatter light in the backward direction, which

increasesing the optical path of the light ray through the filter (i.e. Cref should increase). Therefore, this effect may cause the

observed increase in the multiple scattering correction factor Crer in summer. This could also explain why the Cvir hasd no
seasonal dependency; the compensation parameter seemeds to depend also on the b (see Sect. 4.4) and that would make the
V2007 the only algorithm thattakesthe direction of the particulate scattering into account. Note thatthe V2007 does not ta ke
the b into accountdirectly but it seems to havean-effectoninfluence the calculated compensation parameter (see Sect. 4.4).

However, only very weak correlation was found between the Cncand w (R = 0.17, p-value< 0.05), and Cncandb (R = 0.23,

p-value < 0.05), so the_w and b do not necessary explain the observed seasonalvariationsin the Crer values. For the Cweiand

CcoL, the results were similar, but for Cvir, the R-values were even lower and even insignificant for o. re-were—onlyweak

ofthe Cror

However—w\We observed slightly highermederate correlation (R = 0.30, p-value < 0.05) between the Cncret and relative
humidity (RH)-measuredinthe MAAR, which is presented in Fig. 4forthe-Cne3 (the correlation was similar for Cwer; Sarns
Cuirrand Ccol, but-weaker, about 0.09, forthe Cviraswell). Therefore, one possible reason forthe observed seasonalvariation
ofin the different Crer values could be caused by changesin the instrumental atechnicalissue which-is related to the difference
in-therelative humidity (RH) and the RH differences between the instrumentsMAAP and AE31. The RH presented in Fig. 34
was measured in the MAAP and it varied between 5 — 40% since the periods ¥Wwhen the filter of the MAAP was exposed for

vas were_excluded from this study.; Because the AE31 was equipped with Nafion-
dryers, forthe AE31 _the RH_in the AE31 -varied less and the RH-was in the range of 5-20%.

Eigure 4 shows that the Cnc-was-higher when the sample air was-more-moist—The RH can influence filter-based optical

measurements by affecting to the optical properties of the aerosol particles and the filter fibers as well as by affecting the

penetration depth of particles in the filter medium. The effect of rate of change in RH on the Crefwas also studied, but the rate

of change in RH did notshow any correlation between Cnc.
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to the hyaroscopic growth, the aerosol particles scatter more light in humid conditions compared to dry conditions.F The

enhanced scatteringinduced by higher RH could then increase the scattering and optical path in a particle-laden filter medium.

However, at SMEAR 11, increasing RH should have caused a decrease in Cnc, since hygroscopic growth would have increased

the particulate scattering especially in the reference instrument MAAP. The RH-hygroscopic growth may also affect the

penetration depth of the particles in the filter.—sincethe particles grow due to the wateruptake (Moteki et al., 2010). When
particles are penetrated deeperin the filter, the effect of the multiple scatteringis higher increasing the measured oatn. Because

the RH in the MAAP was higher than in the AE31, the particles directed in the AE31 may have penetrated relatively deeperin
the filter than the particles directed in the MAAP filter—nwinter—whenthe RH was low in-both of the instrumentsthe

penetrationdepthwould be moresimilarforeachinstrumentt, in summer, larger difference in the RH between the instruments

s=However, the hyagroscopic growth

should not be significant in RH conditions below 40%. which is why the effects related to hygroscopic growth seem unlikely

explanations.thepenetrati

Kanaya etal.(2013) compared the MAAP against Continuous Soot Monitoring System (COSMOS; Miyzakietal., 2008) and

actually observed a slight dependency in the gans measured by MAAP so that at low RH (< 40%) the gaps_increased with

increasing RH, which is contrary to our results as we observed that MAAP_ observed relatively lower gaps_at higher RH.

However, they also observed opposite behavior at higher RH (> 50%). They suggested that the RH affected the surface

roughness of the filter, which is used in the radiative transfer scheme (Petzold and Schonlinner, 2004), and therefore could

have affected the Cret.

%. However, the reason for the sensitivity remains unclear and would require_ more

research and measurements and therefore Efurtheranalysisis omitted herefrom the scope of this article.
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4.2 Performance of the correction algorithms

In this section, we included data from June 2013 to February 2016 to have all the three absorption instruments running in

parallel to preventany differences caused by different periods.

Since the aaps derived from AE31 measurements used the Crer values determined here, the gas measurements of AE31 and
MAAP were expected to agree well, which is shown in Fig. 54. The AE31 data in Fig. 54 was produced by applying the Cres
values determined from the linear fits (Table 2 column “fit”). The correlation coefficientsand slopesof the linear fits presented
in Fig. 54 were close to unity. THoweverall-the AE31 correction schemes underestimateded the gaps 0nly slightly a-bit-and
the slopes varied from 0.963to 1.000.97.-The AE31 data corrected with the A2005 and CC2010 underestimated the oabs the

most (slopes of the linear fits were 0.97 and 0.96, respectively3). The reduction of particulate scattering in CC2010 after

applying the multiple scattering correction (i.e., Cref) could explains the_slight underestimation in CC2010 derived data. For

the underestimation in A2005 derived data, the reason is probably the different way of determiningthe Carn compared to other
Cref values. The iterative manner of determining the Carn separately foreach filter spot and then takingthe median from these
valueswas notassuccessfulasthe linear fit —-method, which was used forthe other algorithms. However, the underestimation
for A2005 and CC2010areonly minor.

Surprisingly, the not--corrected_(NC) AE31 data (Fig. 45e) did not seem to have a significant difference in correlation
coefficientcompared to, forexample,to the data corrected with W2003 or CC2010 (Figs. 54a and d, respectively). However,
the relation between the gans,nc and orer seemed-to-depended more on the ATN than forany filter loading corrected data, which

is shown by the color coding (ATN) of the data points.and in Table 3, which presents- the slopes of the linear fits and R? values

for different ATN intervals. If only data from highly loaded filter (ATN > 602at660 nm)were taken into account, the slopes of
the linear fits were 0.972, 1.060, 0.996, 0.950, and 0.9388 for W2003, A2005, V2007, CC2010, and not-corrected (NC),
respectively. The smallest decrease in the slope with increasing ATN determined for the loaded filter was observed for data
that was corrected by V2007. Interestingly, the slopes for the loaded filter actually increasedincreased for data that was

corrected by A2005-meaningthatthe Rapnhadarelatively bigeffectwith-increasing-ATN. This different behavioris probably
caused by the fact that the A2005 algorithm did not consider the loading through ATN but applied a cumulative gabs, Which

apparently at SMEAR |1 seemed to overestimate the loading and loading correction, thus leading to an increasing slope with

the ATN. The biggest decrease in the slope determined for a highly loaded filter was observed for the netcorrectedNC data, as

expected.
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According to the R? values presented in Table 3, the precision of the AE31 decreased with increasing ATN. For example, the
data corrected with the A2005 algorithm, the R? decreased from 0.96 fora clean filter (ATN < 20)to 0.90 for loaded filter (ATN

> 60). However, the decrease in R? was quite minor. Miyakawa et al. (2020)_observed also rather high R? values between

Aethalometer (model AE51) and a reference instrument (single particle soot photometer and COSMOS) when the ATN was
below 70, but when the ATN exceeded 70, the R? decreased more rapidly. Unlike for the AE31, the loading on the filter did

not seem to affect to the precision of the PSAP atall asthe R? valuesdid not decrease with increasing loading.

As presented in Table 3, the linear fits for the AE31 and PSAP data against the reference did not have an intercept of zero.

This could be caused by the scattering artifactand the fact thatthe correction algorithms failed to take the scattering artefact

partly into account. The intercept is the smallest for the B1999-corrected PSAP _data and the largest to AE31 data. A fraction

of osca_is subtracted in the AE31 algorithms by A2005 and CC2010. However, the data corrected with these algorithms still

have a higher or similar intercept as with the not-corrected data and the data corrected by the W2003 and V2007 algorithms.

Considering the intercept, the V2007 -corrected data performsthe best in the AE31 vs. MAAP comparison, which is slightly

surprising, since it does not take the scattering subtraction into account. For the V2010 -corrected PSAP_data, the intercept is

negative suggesting thatthe V2010 algorithm overestimatesthe apparent absorption by scattering particles.

The comparison between the MAAP and the PSAP is presented in Figs. 6aandb and in Table 3 forboth the correction schemes
B1999 and V2010, respectively. FFhefigure_6b shows that V2010 overestimated the oans especially when the loading was high

(Tr was low)._and the-Forthewhole data setthe slopeofthe linear regression was 1.254. Also the B1999 overestimated the
gaps slightly, butin general it performed betterin comparison with MAAP and the slope was 1.07 (Fig. 6a).-Hfwecalculatethe

filter—with 2 limit of Tr > 0.5 (3t 660-nm)the slope-is1-08- The linear fits in Figs. 6aandb include all the data,but Table 3

presents the slopes of the linear fits for data with different Tr limits. It is actually recommended to use PSAP data with Tr >

0.7 and if only this data is taken into account, especially the data corrected with the V2010 algorithm performs much better

and hasa slope of 1.01, butalso the slope for the data derived with the B1999 algorithm yields a smaller slope of 1.04.

If all the data were included in the comparison, as in Figs. 6a andb, the overestimation of gans Would suggest deriving the Cref

valuesalso for the PSAP data.Here, we did not derive the Crefvaluesforthe PSAP since they are nottypically used in a similar

way asfor deriving the gans from the AE31 measurements. In general, the multiple scattering does not cause such a big artefact

in filter materialtypically used in PSAP_compared to the thicker AE31 filters. However, if we considered only the data below
Tr<0.7

the PSAP and MAAP aaree well for both correction algorithms. This result then suggests that there is no need for deriving a

new Cret for PSAP. Svensson et al. (2019)_studied the multiple scattering in quartz filters and they derived the equations that
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canbe used in determining the Cref value for PSAP. Differently to AE31 correction algorithms, the Crefused in PSAP algorithms

is included in the coefficients of Eqs. 13 — 15 and therefore determining the Cres for PSAP is notas straightforward.

The differences between these two correction algorithms are studied in more detail in Fig. 6¢, which shows how the algorithms
perform with different Tr and w values. Fhefigure shows thatAs discussed before, the V2010 produces notably higher cans
values when the filter is highly loaded (Tr < 0.5). However, Tthe difference between the algorithms does not only depend on

the Tr but depends-also on the @ so that at high @ and Tr, oapspsapvirR/oabspsapson < 1 and when o decreases the

gabs PSAP,VIR/ dabsPsap Bon-Tatio grows. The reasonis that the V2010 algorithm is a function of w.

The dependency of the gans_ on the ATN and Tr is presented in supplementary material (Figs. S2 and S3). On average, the

decrease in the gans, Which was not corrected for the filter loading (oahsNnc and gabspsapatn), With the increasing ATN and

decreasing Tr wasnot clear. This effect is betterseen in the results presented in Table 3. However, Fig. S3 shows that especially

for the PSAP, the use of correction algorithms decreased the variation, which is a strong recommendation for using the

correction algorithms. This is also seen in the AE31 data, butthe effect was less notable (Fig. S2).

Because it is impossible to separate the effect of different size cuts from a loaded filter, here the PM1 and PM10 measurements

were combined and averaged together. In general, PM1 accounted forabout 90% of the PM10 gaps; for the gsca_the fraction of

PM1 was about 75% (Luoma etal.,2019). Because absorbingparticles, which is considered to consist mostly of black carbon,

are typically in the fine mode (diameter < 1 um), the gaps_iS not expected to deviate much between the different size cuts.

However, the differing size cuts, which causes more deviation in the osca, could have affected the gans measurements since the

particulate scattering causes apparent absorption andaffect the multiple scattering in the filter. For example, the coarse particles

(diameter > 1 um) do not penetrate asdeep in the filter as the fine mode particles, which could possibly influence on the Cref

values. Inan ideal situation the PM1 and PM10 absorption would have been measured by separate instruments.

Our observationsunderline the need for filter loading correction, especially if one studies shorter time periods. For longer tim e

periods (e.q.. trend analysis or studies of seasonalvariation), the effect of the ATN on the variation smooths out, but forshorter

time periods (e.g., case studies) the changing ATN can have a notable effect on the results if no filter loading correction is

applied. However, not correcting for the filter loading effect, the precision of the instrument and the gans 0r BC concentration

onaverage are reduced, which is why applying a filter loading correction on filter-based photometersisalwaysrecommended.
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4.3 Absorption Angstrom exponent for different correction algorithms

The effect of the correction algorithms on aans Were studied and the average aans fordifferent correction algorithms of the AE31

and PSAP are presented in Fig. 7. This figure includes only parallel data from both AE31 and PSAP in order to avoid any

differences caused by different time periods. For a comparison, the aaps Wasalso determined for the “raw” PSAP data thatwas

not corrected by any algorithms (i.e., oatn, See EqQ. 1). To have comparable aaps from the different instruments, Fig. 7 included
only overlapping AE31 and PSAP data from 2011 — 2015. Since the PSAP operatesatthree wavelengths (467,530, and 660
nm), we determined the AE31-related aabs in Fig. 7 by using only the wavelengths 470,520, 590, and 660 nm of the AE31.
The rest of the AE31 wavelengths were omitted from this comparison to minimize the effect of different wavelength ranges
have on aaps (for example, see Luoma et al. (2019) Table 1). The aans was determined as -1x-slopeofa linear fit over all the
selected wavelengths according to Eq. (16)tedogeass)vslogti)-overtheselected wavelengths. Since Luoma etal. (2019) did

notobserve a big difference between the PM1 and PM10 aabs, We included both measurementsin this comparison.

According to Fig. 7, the median values of aabs varied notably between the different instruments and correction algorithms: the
lowest median value of aans was 0.9385and it was measured by AE31 and corrected by the CC2010; and the highest median
value of aans Was 1.5448 and it was measured by PSAP and corrected by the VV2010. The difference between the highest and
lowest median values of aans was about 1.7-fold. The correction algorithms were applied to each wavelength separately and
therefore the correction algorithms affected the wavelength dependency of the derived cans. The scattering and loading
corrections are different for each wavelength because for example the osca, @, ATN, and Tr, which areused in the algorithms,

are wavelength dependent.

For the AE31, we studied the same five correction algorithms as in Sect. 4.1. The lowest median aaps values were observed
forobserved for the not corrected data (eabs,aenc) and for data that were corrected with the CC2010 and W2003 algorithms

(crabs, AE,coLand aabs, agwer). The median aabs values forthe data corrected with A2005 and 2007 algorithms (cans, AE, ARN &N Gas,

AEVvIR)Were higher, 1.20 and 1.19, respectively.

The A2005 was the only algorithm thatassumed a wavelength dependent Crer. Since the Carn increased with wavelength (i.e.,
bigger correction due to multiple scattering at higher wavelengths), takingthe wavelength dependency of the Crefinto account
increases the aans, AE,ARN COmMpared to otheralgorithms. The correction factor of the V2007 algorithm depended on the difference

between the ATN of loaded and clean filter spots. Most of the time ATN increased faster at short wavelengths than at long
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wavelengths, so the difference between the ATN of the loaded and clean filter spots was higher than for longer wavelengths.
Therefore, the filter loading correction was bigger for shorter wavelengths and afterthe correction the difference between the

oaps at different wavelengths increased, increasing the aans aswell.

For the PSAP data, the aans were generally a bit higher compared to the AE31 derived aabs. The lowest PSAP derived median
value for aabs psap,nc Was 1.01, which resulted from data that was not corrected by any algorithm. B1999 resulted for median
aabs,psap,BoN Value of 1.04, and the V2010 produced the overall the highest aabs psapvir, Which was 1.48. Similar order of the
average aabs from different algorithms was observed by Backman et al. (2014) at an urban station in Elandsfontein, South
Africa. For a dataset measured off the east coast of the United States on a research ship, Backmanetal. (2014) reported also
the highest aabs forthe V2010. These results are consistent with each other. The explanation is thatin V2010 all constantsare

wavelength dependent, contrary to the B1999.

The differences between the correction algorithms could possible be decreased by adding or reducing the wavelength

dependency of the used constant values. Since we did not have reference measurements at several wavelengths, it is impossible

to say which one of the correction algorithms yielded the most truthful value for the aans. This could be done with several

MAAPs operating at different wavelengths, by measuring the particles suspended in the air by photoacoustic method (Kim et

al., 2019), by a polarphotometer (Bernardonietal., 2021), or by a Multi-Wavelength Absorption Analyzer (MWAA: Massabo

etal, 2013). According to the comparison between AE31 and MWAA by Saturno et al. (2017), the best agreement forthe aas

was achieved with uncorrected AE31 data and also the AE31 data corrected by CC2010 agreed well with the reference

measurements.

We also studied if the aans values were affected asthe filter got more loaded with particles. Figure 8 presents the aans derived
from AE31 data corrected with differentalgorithms as a function of ATN and Fig. 9 presents the aans derived from PSAP data
as a function of Tr. The aaps derived from corrected PSAP data (Fig. 9a and b) did not seem to depend on loadingat Tr > 0.4
but for higher filter loadings the aans growed-still increased with decreasing Tr with both B1999 and V2010 corrections. As-aln
comparison, for the not corrected PSAP data (i.e., oatn), the aans decreased with increasing Tr (Fig. 9c¢). The aavs derived from
the AE31 data wasalso studied; the oaps A WEl, Gtabs AE,ARN, Gtabs, AE,coL, aNd aans AE NC Clearly decreased with increasing ATN. If
the ATN increased from 5 to 70, the decreases in aabs, AEWEI, Olabs AEARN, Oabs, AE,COL, and aabs, AE N Were rather linear and the

decreaseswere around-22, -23, -33, and -27%, respectively.

The aabs,AE, VIR, derived from data corrected with V2007, did not seem to depend on the ATN, if not taking into account very
high filter loadings (ATN_at 660 nm > 70; on average the filter changed when the ATN at660 nm =~ 90). In V2007, the k was

determined for each wavelength separately. Inthe next chapter-we showthattThe k is typicallylargestoften larger for the

shorter wavelengths, which meansthat the nonlinearity caused by the increased filter loading s relatively stronger at the shorter

27



10

15

20

|25

30

wavelengths_(Drinovec et al., 2017; Virkkula et al., 2007; Virkkula et al., 2015), which was also observed by this study
(discussed in the next chapter). When-thisis-nottakenintoaccountAccordingto these results, the otheralgorithms but V2007

do not seem to account enough the wavelength dependency of the R(ATN)-¢ans-decreases-with-the increasing-ATN which-is

4.4 Variations ofin the compensation parameter

The variation ofin k at SMEAR I has already been studied by Virkkula et al. (2007) who used AE31 data from December
2004 to September 2006. During this period, the AE31 was operating without any cut-off and there were no scattering
measurementsavailable,and this period was not included in our study. Here, we repeated the analysis for a longer time series

and included the asca measurements, so we could also determine the b and w.

The average values of thek are presented in Table4. The mean valuesof the k varied from 4.6 - 10-3at370nmto 2.0 - 103at
950 nm. The wavelength dependency of kisdescribed by ak, which is the slope of a linear fit of the k over different wavelengths
(k2 = akl + ko, see example in Fig. 10b). Negative ak meansthat on average the filter loading correction was greater atshorter
wavelengths. The light attenuation is stronger at shorter wavelengths due to higher absorption and scattering by the particles
and therefore the shorterwavelengths are prone to bigger error caused by the filter loading. At longer wavelengths, the standard
deviation of the k was higher, meaningthat the k was more sensitive to the particle properties at longer wavelengths. The same

observation was noted by Virkkula et al. (2015) as well.

At SMEAR 11, we observed thatthe k and the ax had a very strong seasonalvariation so thatthe k and ax were the lowest in
summer, which was also noted by Virkkula et al. (2007). The seasonal variation was observed at all wavelengths, but the
variation was more pronounced at longer wavelengths. The seasonally averaged k and ax are presented in Table 4 and an
example of the seasonal variation ef-in k at 880 nm is presented in Fig. 10a. Similar seasonal pattern for the k were also
observed by Virkkula et al. (2007), Wang et al. (2011), and Song et al. (2013). In summer, the mean k values at the longer
wavelengths (660-950 nm) were actuallynegativenegative, meaning that without the correction, the AE31 would actually

overestimate the gans at longer wavelengths.

Previous studies (e.g., Virkkula et al., 2007; Wanget al., 2011; and Song et al., 2013) suggested that the seasonalvariation in
k could be due to variations in w, so that lower « induced higher k. This correlation-behaviour is observed at SMEAR Il as
shown in Figs. 10a andd; the w peaksin summeras the k has its minima and the correlation coefficient between the » and k
is -0.47. The variation of-in_w also explains the observed negative k values. Virkkula et al. (2007) stated that the negative
values are associated with the response of the Aethalometerto scattering aerosols as the negative k are observed when the

is high. The effect of w was taken into account forexample in the AE31 correction algorithms suggested by Weingartner etal.
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(2003), Arnott et al. (2007), and Collaud Coenet al. (2010). Virkkula etal. (2015) presented a theoretical explanation to the o

dependency of k, which our analysissupports.

Also, the effect caused by the sizes of the particles has been suggested. The sizes of the particle-sizes affectstheir scattering
properties of the particles-and also an-effect-on their penetration depth in the filter_that again ~which—could affect the k. The
size distribution of the particle population is described by the b so that higher b indicates smaller particles. Muller et al. (2014),
for example, showed that the effect of asymmetry parameter, which is a function of b (Andrews et al., 2006), had an effect on
the PSAP data.

The dependency of k on both b and o was investigated more closely by Virkkula et al. (2015) at SORPES, an urban station
located in Nanjing, China. The study showed positive correlation between k and b, and negative correlation between k and w.
At SMEAR I1,we also observed negative correlation between k and w (Fig. 10c). However, contrary to the results by Virkkula
etal. (2015), we observed negative correlation between k and b (Fig. 10d). Virkkula etal. (2015) discussed aboutthedifficulties
to show whether the b or the w was the dominant property in determining the k. At SMEAR 11, the w varies in a wider range
compared to the observations at SORPES, which could explain some of the observed differences. The mean and standard
deviation of  at SMEAR |1 were 0.87 £ 0.07 (at550 nm; Luomacetal., 2019)and at SORPES 0.93 £0.03 (at 520 nm; Shen

etal., 2018). However, a clear reason forthe negative correlation between thek and b at SMEAR 11 was not found.

5 Summary and conclusions

In this study, we presented a comparison of three different absorption photometers (AE31, PSAP, and MAAP), which
measured ambientairat SMEAR 11, a rural station located in middle of a boreal forest in southern Finland. We also compared
different correction algorithms thatare used in determiningthe absorption coefficient (cans) from the raw absorption photometer
data. We studied how the algorithms affected the derived parametersand determined multiple scattering correction factor (Crer)
applicableat SMEAR I1.

To get more reliable AE31 measurements, the AE31 data were compared against the MAAP data to acquire the Crer that is

used in the processing of the AE31 data. Previous studies observed thatthe Crervaried between different types of environments

forest. The resulted Crervalueswere 3.00, 3.13,3.14,and 2.99 forthe algorithms suggested by Weingartner et al. (2003), Arnott

et al. (2005), Virkkula et al. (2007), and Collaud Coen et al. (2010), respectively. &

The Crer determined atthe SMEAR 11 can be applied to other boreal forest sites

as well_and- Eeven though the AE31 is the-an older model and no longer in production, the results can be used in post-
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We ebsenved-also observed a clear seasonalcycle associated with Crer, which was probably due to the variations in the optical

properties of the aerosol particles, such asthe b and w. We also observed some correlation between the Crer and RH even
though the RH in the instruments were keptbelow 40%. These results show that the filter measurement methodsseem to be

rathersensitive to the RH even if the RH is below the recommended value of 40%.

The results obtained for data corrected with the algorithm by Virkkula et al. (2007) were in many ways different from those
obtained by Collaud Coen et al. (2010) who applied the Virkkula et al. (2007) correction to data from several stations in
Europe. They found that the compensation parameter (k) used in the algorithm was highly nonstable and thatit led to large
outliers. They correctly stated that the difficulty of applying this correction is due to the naturalhigh variability of catnasa
function of time, which is formost of the time greater than the oan decrease induced by filter changes. We therefore calculated
14-day running average compensation parameters (7 days around each filter spot) in order to minimize these problems. The
approach was obviously successful. It can be recommended that users of this method calculate running averages of k. The

suitable period for the running average at each site depends on the rate of change in the ATN, which determines how often the

filter spots are changed. According to this study and to the study by Virkkula et al. (2015) time period thatincludes about6 —

9 filter spot changes on average seems to vield good results. At SMEAR 11, a relatively clean site, this period was 14 daysand

at SOPRES, a rather polluted site, the period was 24 hours.Howeve

The results showed a great variation between the aans derived from differently corrected gans data and at SMEAR 11 the median

aabs for different algorithms varied in the range of 0.93 — 1.54. We also observed that most of the correction methodsdid not
prevent the change in the wavelength dependency asthe filter got more loaded and therefore the aans decreased notably with
increasing attenuation (ATN). The correction algorithm by Virkkula et al., (2007) was the only AE31 correction algorithm,
which produced a stable aans for the increasing filter loading. For example, the aans derived from Aethalometer measurements
is often used to describe the chemical properties of the particles and to describe the source of black carbon. Not taking the used
correction algorithm and the effect of increasing filter loading into account, could lead to wrong interpretation of the resu Its.
According to our results, applying the Virkkula et al. (2007) correction algorithm could help solving if the changesin aans were

due to real variation or due to increased filter loading.
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In general,_at SMEAR 11, the effect of the filter loading on average did not seem to cause major difference in the measured

aabs. However, a strong effect of increased filter loading was seen in the derived parameter aabs, Which encourages to apply a

filter loading correction to filter-based absorption data. Even though on average, the gaps did not seem to be greatly affected by

the the resy ing-filter

attenuation (ATN), the filter loading effect can have a great effect when studying shorter periods and, for example, different
seasons, which also justifies-and-therefore applying a correction to the data. is-especialy—importantifthe datais-studiedfor
shorterperiods-According to our study the correction algorithms by Virkkula et al. (2007) and Arnottet al., (2005) performed

the best in taking the seasonal variations of the aerosol particles into account. Also, the algorithm by Virkkula et al. (2007)

produced the most stable aans that did not depend on the ATN, which was not the case for the other algorithms.

When applyinga correction algorithm to AE31 data, it is important to report which algorithm, Crefvaluesand other coefficients
were used to acquire the final data product, since the algorithms can have a notable effect on the results, especially on the

absorptionAngstrim-exponentaans. Our results snowed thatin general. it is a good practice to perform the analysis of AE31
data by using few different correction algorithms, to see if the results vary notably fordifferentalgorithms.
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Table 1. All the wavelength dependent coefficients used in the AE31 correction algorithms proposed by Weingartner et al. (2003)
and Arnott et al. (2005). TAlse-the extrapolated values of the multiple scattering correction factor used in the Arnott et al. (2005)

correction algorithm (Carn) at different wavelengths-are-presented-in-the-table.

Coefficients for AE31 correction algorithm by Weingartner et al. (2003)

2 (nm) 370 470 520 590 660 880 950
a 0.88878 0.87868 0.863 0.86857 0.850 0.83829 0.822

® 0.91 0.89 0.89 0.88 0.85 0.83 0.82
f 1.0798 1.09610 1.10095 1.1031 1.128 1.141 1.1485

Coefficients for AE31 correction algorithm by Arnott et al. (2005)

2 (nm) 370 470 520 590 660 880 950
100-as.ArRN 335 457 5.23 6.16 7.13 10.38 11.48
Ta fx 0.3026 0.2527 0.2338 0.2129 0.1956 0.1575 0.1486

CarN 2.70 2.82 2.87 2.94 3.00 3.16 3.20

Table 222. Average values for the multiple scattering correction factor (Crer) for the different correction algorithms. These values
are reported at the-Aethalometerwavelength-637 nm. The slope of thefit, and-the standard error of the fit (SE),and 95 % confidence
interval (C1) were determined by a linear regression applied for the whole data set. The median, mean, ard-starndard deviation
(SD), as well as the 5™ and 95 percentile range were determined from the Cs values that were calculated for each data point

separately.

Sth & 95th
fit SE 95%Cl  median mean SD -

percentiles
Cwel 3.00 0.003 [2.99:3.00 3.34 3.29 057  [2.59:4.26]
CARN 3.13 3.13 045 [249:381]
Cvir 314 0002 [3.13:3.14]1 330 3.28 056 [2.53:4.18]
Cco. 299 0003 [298:299] 328 3.32 057 [255:4.23]
Cne 277 0003 [276:2.77] 3,09 3.06 055  [2.32:3.95]

Table 3. Linear fits between the AE31 vs. reference absorption (cansref measured by MAAP) for different ATN intervals (at 660 nm)

as well as between the PSAP vs. oansref._The value in parenthesis is the coefficient of determination (R2).

ATN 0-20 20 - 40 40 - 60 60 - 80
1.05x + 007 099x+015 0095x+0.15 097x+0.12

W2003 095) 097) 096) 094)

A2005  093x+0.06 093x+0.16 097x+015 1.06x+0.10
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0.96 (0.95) (0.92) (0.90)
2007 1.02x+0.05 0.98x+0.10 0.97x+0.08 0.99-x+0.05
(0.98) (0.98) (0.97) (0.96)
1.01x+0.06 0.95x+0.15 092x+0.16 0.95x+0.13
CC2010
(0.98) (0.97) (0.95) (0.92)
Not 1.12-x+0.07 1.01-x+0.15 0.93x+0.14 093x+0.12
corrected (0.98) (0.97) (0.96) (0.95)
Tr 1-0.7 1-04 04-0.7 0-04
51999 1.04-x +0.01 1.06-x +0.02 1.06-x +0.07 1.11-:x+0.02
(0.97) (0.97) (0.97) (0.98)
1.01-x -0.02 1.12-x -0.07 1.17.x+0.01 1.46-x -0.20
V2010
0.96 0.94 (0.95) 0.96

Table 44. The mean compensation parameters (k) and the wavelength dependency of the-k (ax) for the AE31 correction algorithm
suggested by Virkkula et al. (2007). The average values are calculated over all the seasons, but also separately for each season. The
seasons were classified as: spring (March —May), summer (June — August), autumn (September —November), and winter (December

— February).
Season 370nm 470nm 520 nm 590 nm 660 nm 880 nm 950 nm ak
(10%) (103) (108) (103) (10%) (103) (10%) (108 nm1)

all 46+£7.0 3672 35+£8.0 34+£89 27+£95 21+£106 2.0+108 -4.2
spring 44+£70 35+£65 3476 34+88 28+£09.2 22+105 22+102 -3.5
summer 3.0%£6.7 15+6.3 11+69 05+£9.0 -04+£96 -17+103 -25%+113 -8.8
autumn  46x7.7 36+£91 3.6+97 3.5+10.3 28102 25+109 22+121 -3.6
winter 55+6.3 48+64 48+7.0 48+6.9 43+84 44+99 43+91 -1.7
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Figure 21: Measurement scheme for the instruments that measured the aerosol optical properties at the SMEAR |1 station. This
setup was running during 2014-2015, when all the instruments were operating in parallel.
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Figure 32. The seasonal variation ef-in the multiple scattering correction factor for not corrected data(Cnc). The orange line in the

middle of the box is the median, the black circle is the mean, the edges of the boxes represent the 25" and 75% percentiles, and the

whiskers represent the 10t and 90™ percentiles of the data. The dashed line is the median for all datamedian-Cyc-is-presented-with
5 adashedline.
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Figure 34. The dependency of the multiple scattering correction factor for not corrected data (Cnc) on the instrumental relative
humidity (RH) in the MAAP. The colored grid points represent the number of data points in each grid point. There is 50 grid points
10 in x- and y-directions so in total there are 2500 grid points.
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Figure 45. Comparison of the AE31 and MAAP measurements for all the different AE31 correction algorithms. The corrected AE31
data has been interpolated to the same wavelength with MAAP (637 nm). The data points are colored by the AE31 filter attenuation
(ATN; at 660 nm). The fit to the data is presented with a grey line and the equation and the serrelation—coefficient_of determination

(R?) are shown in the subfigures. One-to-one line is shown with black color.
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Figure 56. The a) and b) subfigures present the comparison of the PSAP and MAAP measurements for both B1999 and V2010
correction algorithms, respectively. The data points are colored bey the PSAP filter transmittance (Tr), thefit to the data is presented
with a grey line, and the equation and the cerrelation—coefficient_of determination (R?) are shown in the subfigures. One-to-one line
is shown with black color. The subfigure c) presents the relation of the PSAP derived absorption coefficients corrected with the
V2010 algorithm (eans,psap,vir) and the B1999 algorithm depends on the Tr and single scattering albedo (). The contour lines show
the theoretically determined 6anspsap vir/aanspsap,son ratio. The w was determined from nephelometer and MAAP measurements at
637 nm.
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Figure 67. The absorption Angstrém exponent (aaps) for all the different AE31 and PSAP correction algorithms. The orange line in
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Figure 940. a) The seasonal variation efin the compensation parameter (k). b) An example of calculating the wavelength dependency
of the k (ax). ¢) The dependency of the k on the backscatter fraction (b). The data points are coloured by ax. d) The dependency of
the k on the single scattering albedo (). The data points are coloured by ax.
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