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Abstract. Aerosol light absorption was measured during one month field campaign in June—July 2019 at the Pallas Global
Atmospheric Watch (GAW) station in northern Finland. Very low aerosol concentrations prevailed during the campaign which
imposed a challenge for the instruments detection capabilities. The campaign provided a real-world test for different absorption
measurement techniques supporting the goals of the EMPIR BC metrology project in developing aerosol absorption standard
and reference methods. In this study we compare the results from five filter-based absorption techniques: Aethalometer models
AE31 and AE33, Particle Soot Absorption Photometer (PSAP), Multi Angle Absorption Photometer (MAAP) and Continuous
Soot Monitoring System (COSMOS), and from one indirect technique called Extinction Minus Scattering (EMS). The ability
of the filter-based techniques was shown to be adequate to measure aerosol light absorption coefficients down to around 0.01
Mm~! levels when data was averaged to 1-2 hours. The hourly-averaged atmospheric absorption measured by the reference
MAAP was 0.09 Mm~! (at wavelength of 637 nm). When data was averaged for >1 hours, the filter-based methods agreed
to around 15-20%. COSMOS measured systematically the lowest absorption coefficient values, which was expected due to
the sample pre-treatment in COSMOS inlet. PSAP showed the best linear correlation with MAAP (slope = 0.95, R? = (.78),
followed by AE31 (slope=0.93). Scattering correction applied to PSAP data improved the data accuracy but also generated a
higher noise and led to an under-estimation of the absorption at very high scattering values. The AE31 data had the highest
noise and the correlation with MAAP was the lowest (R? = 0.65). Statistically the best correlations with MAAP were obtained
for AE33 and COSMOS, but biases at around the zero values led to slopes clearly below one. In COSMOS, also the sample
pre-treatment could affect on the correlation slope. In contrast to the filter-based techniques, the sensitivity of the indirect EMS
method to measure aerosol absorption was not adequate at such low concentrations levels for such highly scattering aerosol.
An absorption coefficient on the order of >0.1 Mm~! was estimated as the lowest limit, to reliably distinguish the EMS signal
from the noise at 1-2 hours averaging times. The mass absorption cross-section (MAC) value for the measured absorption

coefficient range 0 — 0.3 Mm~! was calculated based on MAAP and SP2 as a reference instrument, leading to a MAC value of
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16.0 m? g~!. Overall, our results demonstrate the challenges encountered in the aerosol absorption measurements in pristine

environments and provide some useful guidelines for instruments selection and measurement practices.

1 Introduction

The development of a filter-based absorption measurement method began with an experiment by Rosen et al. (1978). The
Raman spectral measurements confirmed that the light attenuation is proportional to the graphitic soot content on a filter. After
this discovery the development continued by Hansen et al. (1982, 1984), and today, the various filter-based techniques are
commonly used in aerosol absorption measurements (Tgrseth et al., 2019). The filter-based methods are sensitive, simple and
robust, and therefore widely applicable.

Meanwhile, it has become evident that the filter-based methods are prone to several filter artifacts. These include the de-
pendence of light attenuation on the filter tape loading and the interference of aerosol light scattering with the absorption
measurement (Miiller et al., 2011). Aerosol size affects the penetration depth in a filter adding another size dependent mea-
surement artifact (Kondo et al., 2009; Nakayama et al., 2010). Additional sources of uncertainties are the variations in filter
spot size and the non-idealities of light source (Bond et al., 1999). Various algorithms to correct for these artifacts have been
developed (Bond et al., 1999; Weingartner et al., 2003; Arnott et al., 2005; Schmid et al., 2006; Virkkula et al., 2007; Nakayama
et al., 2010; Ogren , 2010; Virkkula , 2010; Collaud Coen et al., 2010). The diverse use of these algorithms complicates a direct
comparison of aerosol absorption values from different studies. The measured aerosol light absorption is frequently reported
as equivalent black carbon (eBC) mass [in units: ng m~3] which relies on a specific wavelength dependent mass absorption
cross section (MAC) coefficient (Bond and Bergstrom , 2006; Petzold et al., 2013).

Alternative absorption measurement methods exist. They are less prone to measurement artifacts and have been used for
development of algorithms to remedy the uncertainties associated with the filter-based techniques. Photoacoustic techniques
have the advantage to measure particle absorption in their natural atmospheric state suspended in air (Arnott et al., 1999).
However, they suffer from artifacts related to the gas composition and are less robust and sensitive than the filter-based tech-
niques. An individual particle analysis with a laser-induced incandescence (LII) technique is to date the most accurate and
sensitive method to measure the absorbing mass content, the so called refractory black carbon (rBC) mass, of the aerosol. The
existing LII techniques are expensive and complex, and converting the rBC signal to atmospheric absorption is not straightfor-
ward (Schulz et al., 2006; Schwarz et al., 2006). A simultaneous measurement of the aerosol extinction and scattering is yet
another alternative that allows to derive the aerosol absorption indirectly (Strawa et al., 2003; Virkkula et al., 2005). A review
of methods with their common pros and cons is provided by Moosmuller et al. (2009).

The different methods to measure aerosol light absorption have been compared and verified in previous laboratory (Saathoff
et al., 2003; Slowik et al., 2007; Miiller et al., 2011) and field (Reid et al., 1998; Schmid et al., 2006; Kanaya et al., 2008;
Kondo et al., 2011; Backman et al., 2017; Laing et al., 2020) campaigns. The campaigns have focused on characterizing
uncertainties of the different absorption techniques and examined their response to varying absorbing aerosol sources. Reid

et al. (1998) measured Brasilian biomass burning aerosol using six different techniques, concluding about 20% convergence
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between them. Kanaya et al. (2008) found an overall good agreement between the results of different instruments, but the
discrepancies increased at high Organic Carbon (OC) content. Schmid et al. (2006) measured the Amazon biomass burning
aerosol using various methods and estimated 15% and 20% accuracy, for PSAP and Aethalometer measurement, respectively.
Better agreement, in terms of eBC mass, can be expected when solely non-volatile absorbing particle is analyzed avoiding any
artifacts from volatile light scattering particles (Kondo et al., 2011).

Accuracy of the aerosol absorption measurement methods needs to be improved to reduce the uncertainties associated with
their climate impacts. Absorbing aerosol has an accelerating impact on the global temperature rise, which is further intensified
over the Polar Regions due to the regional strong climate feedbacks. The aerosol light absorption, and its spatial and temporal
variability, are therefore of specific concern in the Arctic. Absorption measurements in the Arctic require sensitive and robust
techniques. Previous work have presented data analysis techniques aimed to improve the detection capabilities of the absorption
instruments (Springston et al., 2007; Hagler et al., 2011; Backman et al., 2017), yet the instruments inter-comparisons are
view. The co-located PSAP and CLAP instruments showed a good agreement in a real-world Arctic inter-comparison (Ogren
et al., 2017), but the study did not include Aethalometer or MAAP instruments, which are slightly different techniques. The co-
located aethalometers in the Arctic showed relatively more discrepancies, which were discussed by Molders and Edwin (2018).
However, to the best of our knowledge, comprehensive studies of co-located parallel filter-based instruments inter-comparisons
in pristine field environments are lacking and that is one reason for the poorly quantified Arctic absorption baseline. Recently,
Backman et al. (2017); Schmeisser et al. (2018) found significant spatial differences in aerosol light absorption seasonal
characteristics in the Arctic. All long-term aerosol absorption data series from the Arctic are measured using filter-based
methods. Backman et al. (2017) used the co-located measurements to construct a homogeneous dataset for multiple Arctic
sites, but the instruments were never applied all in parallel. Such a parallel comparison in the Arctic would assist to estimate
the uncertainties associated to these measurements.

The EMPIR BC project develops metrology for light absorption by atmospheric aerosols. It aims at finding standard ref-
erence materials that mimic the atmospheric absorbing aerosol and a traceable, primary method to determine the aerosol
absorption coefficients. An additional goal of the EMPIR BC project is to develop a validated transfer standard for field cal-
ibrations. The Pallas campaign was the first field campaign in the project. The goal was to test the stability, accuracy and
detection capabilities of the commonly available absorption measurement methods focusing on the filter-based techniques, and
to conclude on their applicability in pristine environments. To our knowledge, this is the most comprehensive absorption and

BC mass measurement instrument parallel field comparison done in the Arctic.

2 Methodology
2.1 The Pallas site description

The Pallas atmosphere ecosystem supersite is located in the northern Finland inside the Arctic. It is part of the Pallas-Sodankyld
Global Atmospheric Watch (GAW) station and contributes to various national and international networks and programmes. Im-

portant in this context is the Aerosols, Clouds, and Trace gases Research InfraStructure (ACTRIS) to which Pallas provides
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quality controlled and continuous data on aerosol number, size and optical properties. The main station for aerosol measure-
ments at Pallas is on top of the Sammaltunturi fell (67° 58 N’, 24° 07’ E, 560 m a.g.l.) where also the EMPIR BC field
campaign was organized. A detailed description of the site, its surroundings and on-going measurement programmes were
published earlier by Hatakka et al. (2003); Lohila et al. (2015).

The EMPIR BC field campaign took place during the Nordic summer, between 19.6 — 17.7.2019. A summary of the in-
strumentation used with corresponding settings during the campaign are presented in Table 1. Each instruments operational

principle and respective data corrections are presented in detail below.
2.2 Aerosol optical properties

Table Al summarizes the quantities that frequently appear in this manuscript text. All the filter-based instruments target to
achieve aerosol light absorption coefficients o 4 p  at instrument specific wavelengths A, which are acquired from the measured
light attenuation using signal post-processing. o 4 p,» is a measure of the absolute magnitude of atmospheric absorption, or the
cross-section of light-absorbing material (BC) available in a volume of air in which this material exists. This cross-section can
be normalized to particle mass by a simple factor called mass absorption cross-section (MAC) (Bond and Bergstrom , 2006).
Some applications, such as atmospheric modeling, favor the use of BC mass over the absorption coefficient, for which the
value of MAC needs to be known.

Here, when referring to a corrected absorption coefficient measured using a particular technique, a notation onsT, ), Where
INST is an abbreviation of the technique, is used. When referring to an aerosol light absorption coefficient value directly
reported by the instrument, o _» is used instead.

A typical measure of aerosol "brightness" is the ratio of aerosol scattering ogp, ) to aerosol extinction o p, », a parameter

called single-scattering albedo

OSPA TSP
o = ZSBA 7 ()
OEPX OSPXTOTAPA

which is of great significance when assessing the radiative forcing of the aerosols. The scattering wavelength dependence is

described as

O5P A [0SPA: = (A1/A2) 4972, 2)

where agp,y is called the Angstrém exponent of scattering and is related with the aerosol optical size. A similar wavelength
dependent parameter, a4 p,y, can be defined for aerosol absorption.

Interpolation of ogp, to any wavelength A was done by applying the calculated Angstrém exponent at the nearest available
wavelengths (Anderson and Ogren, 1998). Interpolation of o 4p ) to a wavelength A was done by assuming a simple relation

between the wavelengths and variation in c4 p,» was not accounted for due to high noise in data.
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2.3 Instruments

Data from five filter-based absorption photometers, two instruments that measure aerosol scattering, two instruments that
measure aerosol extinction and one instrument that measure refractory BC are used in this paper. The data were corrected with
the best practices considered for each particular instrument independently, following the global guidelines, literature citations
and earlier work done at the station.

The flow rate of each instrument was measured at the beginning and at the end of the campaign with a Gilian flow calibrator
(volumetric flow rate), and converted to standard (STP) conditions (0°C, 1013hPa) after which the flow correction based on

the equation 5 in Bond et al. (1999) was applied. Instrument flow rates are shown in Table 1.
2.3.1 AE31

Aecthalometer model AE31 (Magee Scientific Inc.) is part of the permanent installation at Pallas site since year 2005 (Li-
havainen et al., 2015). It measures the aerosol absorption coefficient at seven wavelengths: 370 nm, 470 nm, 520 nm, 590 nm,
660 nm, 880 nm and 950 nm. The measurement principle is based on the observed light attenuation caused by the particles that
are continuously collected on a filter tape (Hansen et al., 1982, 1984). The aerosol attenuation coefficient is then calculated as

_ A AATN
T Qx100 At

3)

go,x

where A is the filter spot size, Q is the flow rate and AATN is the measured change in the attenuation during the time interval
At (e.g. Backman et al. (2017) Eq. (1)). AE31 changed the filter spot automatically when a pre-set limit value of ATN = 60 was
reached. The instrument reports data in eBC mass concentration which is simply the measured aerosol absorption coefficient
corrected with a wavelength dependent specific attenuation.

The AE31 data measured at Pallas was corrected for the multiple scattering of light by filter fibers by dividing o » with
a multiple scattering enhancement factor, Cy = 3.5, which is selected according to the global recommendation of the Global
Atmospheric Watch’s World Calibrations Centre for Aerosol Physics (GAWReport No. 227; http://wmo-gaw-wcc-aerosol-
physics.org/wmo-gaw-reports.html), and is also very close to the Cy factor for the Arctic given by Backman et al. (2017). The
filter loading artifact was corrected using the method by Virkkula et al. (2007, 2015), and the Pallas station specific correction
factor £ = 0.0038 (Backman et al., 2017). Note that this correction is a loading correction only, unlike the algorithms of Arnott

et al. (2005) and Collaud Coen et al. (2010) in which a fraction of scattering coefficient is subtracted from oy ».
2.3.2 AE33

An updated version of the AE31 is the dual-spot acthalometer model AE33 (Drinovec et al., 2015). The instrument reports an
aerosol light absorption coefficient based on the measured attenuation on two parallel filter spots with different particle load-
ings. It applies a real-time loading effect compensation algorithm that is essentially based on the work by Virkkula et al. (2007).
The Pallas AE33 uses an internal multiple scattering correction factor Cy = 1.39 (Drinovec et al., 2015). This was corrected

to a value Cy = 3.5 in order to comply with the global recommendation (GAWReport No. 227; http://wmo-gaw-wcc-aerosol-
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physics.org/wmo-gaw-reports.html). No clear consensus or published recommendation for the AE33 specific global scattering
correction factor Cy yet exist, although it is clear that the correction by the manufacturer is too low for most atmospheric

aerosols (Laing et al., 2020). The AE33 at Pallas was programmed to change the filter spot automatically every 24h.
2.3.3 MAAP

The Multi Angle Absorption Photometer (MAAP) model 5012 (Thermo Scientific) has been frequently used as an absorption
reference for the filter-based absorption instrument techniques (Miiller et al., 2011). It internally corrects for the scattering
artifact by using a simultaneous back-scattering measurement of the filter tape at multiple angles. In general, the data need
very little post-processing. MAAP measures absorption at a wavelength of 637 nm. A wavelength shift from the nominal
value was reported by Miiller et al. (2011), and requires a correction with a multiplier 1.05. This correction was applied also
here. Pallas MAAP was set to report eBC directly at STP conditions and no further corrections were thus applied. In polluted
environments the MAAP internal data averaging procedure can lead to an artifact that needs to be corrected as suggested by

Hyvirinen et al. (2013).
2.3.4 PSAP

The Particle Soot Absorption Photometer (PSAP; Radiance Research) measures aerosol light attenuation at wavelengths 467,
530, and 660 nm (Bond et al., 1999). The PSAP, in contrast to the other filter-based techniques used, requires a manual filter
spot change. This was done when the transmittance reported by the instrument decreased from the initial value of 1.0 to a range
of 0.8-0.7. The flow rate of PSAP was set at | LPM.

PSAP records the signal, reference and dark count data at 4s time resolution, which was hourly averaged to calculate the
absorption coefficients. The data were corrected with the measured filter spot size and flow rate as suggested by Bond et al.
(1999); Ogren (2010). An average of five spot sizes was determined to be A = 18.63 mm?. The volumetric flow rate was
measured at 15 different adjusted flow rate settings at the beginning and at the end of the campaign. The results were converted
to standard flow rate and a linear fit was made to the data, resulting in a flow correction factor of 1.12.

The obtained aerosol absorption coefficient was corrected for the filter-tape loading and scattering artifacts using the correc-

tion scheme by Virkkula (2010)
OPSAP,\ = (k:O + kl(hO + hl* wo,A)ln(Tr)\))ogA —S*0g5p), 4)

where kO, k1, hO, hl and s are wavelength dependent constants given by Virkkula (2010). Tr) is the transmittance measured
by PSAP at a wavelength X and ogp  are the corresponding scattering coefficients. The scattering coefficients were measured
with a nephelometer (TSI Inc. model 3563) and interpolated to the three PSAP wavelengths using the calculated Angstrém
exponent values a,sp x. The single scattering albedo wy, » in Equation 4 was iterated until no significant change in opsap,) was
observed. At large values of wq » such as here, this correction scheme approaches the widely applied Bond-Ogren correction

scheme (Bond et al., 1999; Ogren , 2010). However, it should be noted that at high wy » values the corrected a4 p x becomes
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uncertain and should be interpreted with caution, as shown in Backman et al. (2014) Figure 7: inter-comparison of correction

algorithms.
23.5 COSMOS

The continuous soot monitoring system (COSMOS) measures light attenuation at a wavelength of 565 nm. The measurement
principle is similar to the other filter-based absorption photometers but differs in a sample pre-treatment (Miyazaki et al.,
2008; Kondo et al., 2009). In the COSMOS inlet the volatile non-refractory aerosol components are removed by heating
the sample to 300°C (Kondo et al., 2009). The COSMOS mechanical and optical design with the determined instrument
detection limit and measurement uncertainties are presented by Miyazaki et al. (2008). Due to efficient elimination of the
aerosol scattering related artifacts this method is typically found in good agreement with the thermal-optical and the laser-
induced incandescence techniques (Kondo et al., 2009, 2011), and not directly comparable to other filter-based absorption
measurements. Each COSMOS is calibrated against a standard COSMOS instrument using ambient absorbing aerosol within
an accuracy of about 5%. The standard COSMOS, in turn, is calibrated by SP2 using ambient absorbing aerosol and applying an
aerosol specific MAC. At Pallas, we applied a MAC of 8.73 m? g~ 'to calculate the absorption coefficient from the COSMOS
data (Sinha et al., 2017). Detailed comparison of COSMOS and SP2 measurements at several sites in Asia and the Arctic have
demonstrated that the overall accuracy in the absorbing aerosol mass concentration measurement is about 10% (Sinha et al.,
2017; Ohata et al., 2019, 2020). The stability of MAC is explained by the elimination of the artifacts from aerosol scattering.
At Pallas, COSMOS was operated at 0.7 LPM flow rate (STD) and the data was saved every 1-min.

2.3.6 SP2

The single particle soot photometer (SP2, Droplet Measurement Technologies Inc.) measures refractory black carbon (rBC)
mass in particles >70 nm in diameter (Schwarz et al., 2006). The measurement principle is based on a laser-induced incandes-
cence where the particle is heated up to the point of incandescence which is picked up by the instruments detectors (Stephens
et al., 2003). The incandescence signal is proportional to the mass of the refractory black carbon which is calculated particle-
by-particle to obtain the rBC mass concentration (Laborde et al., 2012). This technique is both sensitive and accurate and is

here used as a reference for the rBC mass concentration in the field.
2.3.7 CAPS

The cavity attenuated phase shift light extinction monitor (CAPS PMex, Aerodyne Research Inc.) instrument measures total
light extinction by aerosol particles (o g p,») utilizing a cavity attenuated phase shift principle (Kebabian et al., 2007; Massoli
et al., 2010; Petzold et al., 2013; Perim de Faria et al. , 2017). An updated model of CAPSex is the CAPS PMssa (CAPSssa,
Aerodyne Research Inc.). CAPSssa additionally measures the aerosol light scattering allowing the single scattering albedo
to be determined with a single instrument (Onasch et al., 2015; Modini et al., 2021). The scattering measurement technique

is similar to an integrating nephelometer, and utilizes a Lambertian integrating sphere in the sample cell. The aerosol light
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scattering measurement by CAPSssa is affected by background, truncation and light-source related uncertainties for which
calibration is needed.

Aerosol extinction measurement with CAPS is nearly a calibration free technique as long as frequent baseline measurements
are performed. A potential source of systematic bias is the geometry correction factor. This is generally a stable constant but
has been shown to vary between instruments of even the same model (Petzold et al., 2013; Onasch et al., 2015). An accurate
aerosol extinction measurement thus requires calibration against a calibrated scattering instrument, generally a nephelometer.

CAPSex and CAPSssa that were operated at Pallas both measure at a wavelength of 630 nm. They were calibrated in the

beginning, middle and end of the campaign using ammonium sulfate aerosol generated with an atomizer.
2.3.8 Nephelometer

Aerosol light scattering is continuously monitored at Pallas Sammaltunturi site with an integrating nephelometer (TSI3; TSI,
model 3563) (Anderson and Ogren, 1998; Heintzenberg et al., 2006). It measures aerosol total scattering and back-scattering
fraction at three wavelengths: 450 nm, 550 nm and 700 nm. Nephelometer data were corrected for truncation as suggested by
Anderson and Ogren (1998) and converted to standard atmospheric conditions (STP).

During the EMPIR campaign the aerosol light scattering was also measured with an Aurora integrating polar nephelometer
(AURA4; Ecotech, model 4000) at two angles: 90 and 180. In this setup, the Aurora nephelometer measures the total scattering
(180) and back-scattering (90) of the aerosol in similar manner as the TSI nephelometer. The Aurora 4000 measures scattering
at wavelengths of 450 nm, 525 nm, and 635 nm. Data were corrected for truncation based on Miiller et al. (2011) and converted
to STP.

A zero check was performed daily for both nephelometers and they were calibrated with CO, gas in the beginning and in

the end of the campaign.
2.3.9 Extinction Minus Scattering (EMS)

An indirect technique to determine the aerosol light absorption is based on separately measured aerosol extinction and aerosol
scattering (Strawa et al., 2003; Virkkula et al., 2005; Modini et al., 2021). This extinction minus scattering (EMS) -method
relies on those aerosol optical properties that can be accurately determined using existing techniques. It is also traceable to SI
units. The EMS method avoids the artifacts encountered with filter-based techniques.

In Pallas the aerosol light scattering was measured with two integrating nephelometers and the extinction with CAPSex and
CAPSssa instruments. Two instrument "pairs" were formed: (1) Aurora 4000 polar nephelometer and CAPSssa (both were part
of campaign instrumentation) and (2) CAPSex and the TSI nephelometer (permanent instrumentation at site). These methods
here are referred to as EMS; and EMSs, respectively. The CAPSssa scattering and extinction measurement alone was also used
to determine aerosol absorption, which is here referred to as method EMS3.

In the beginning, middle and end of the campaign the CAPS instruments data were calibrated against the nephelometers.
Purely scattering ammonium sulphate aerosol was produced with an atomizer (TOPAS, model ATM230). The aerosol losses

in the sampling lines and in the instruments are size dependent and the augp, ) reflects the optical size of the aerosol. In Pallas
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summer atmosphere a typical value of agp » = 1.5 — 1.7 (Lihavainen et al., 2015). The ammonium sulphate calibrations were
performed at this cvgp yrange so that the calibrations will be valid for the ambient aerosol as well. A summary of the three
calibrations proposed multipliers of 1.21 (EMS;) and 1.04 (EMS5) for CAPS data (Figure S1). These correction factors were
applied to all CAPS data in this manuscript. The different correction factors for the CAPSex and CAPSssa could be explained
by the different individual geometry correction factors. The two CAPS were having identical flow rates and inlet settings,
and the two nephelometers (reference points) had a small difference in flow rates and in inlet tubing sizes which could to a
minor part also explain the differences in correction factors. However, the discrepancies in nephelometers were very minor in

comparison to those in CAPS.
2.4 Sampling

The bulk of the instruments were connected to a common inlet which was equipped with a Particulate Matter (PM) 10 ym
cut-size aerosol inlet head and a nafion permapure model MD-700-48 aerosol drier. The relative humidity (RH) of the sample
in the entrance of the inlet was monitored to remain <40% throughout the campaign. The total flow of 18.3 LPM was divided
for the instruments via a self-made flow-divider that consisted of six cylinder symmetric exit tubes. One of the exits was further
divided using a TSI laminar flow-divider into two flows, one for each extinction monitor (CAPSex and CAPSssa, see Table 1).
In addition, two instruments (SP2 and AE31, see Table 1) were connected to a slightly heated, total aerosol inlet about 3 m
apart from the PM10 line. The AE31 is measuring in this inlet year-round and the SP2 has a limited measurement size range

for which the inlet cut-size does not affect the result in cloud-free conditions.

3 Results
3.1 Allan variance analysis on absorption methods stability and detection limits

Detection limits and optimal averaging times for the absorption measurement instruments were defined using Allan variance
analysis. Allan variances describe the time-averaged stability of a series of consecutive measurements and can be used to
estimate noise processes (Allan, 1966; Werle et al., 1993). They determine the data variability by analyzing the sum of the
squared differences between the measurements subsets in such a way that if N is the number of subsets of y; measurements,

the Allan variance for a time period t is defined as

1 N-1
oy (t) = AN=1D) (yi+1 —u;)*- )

1

<

The Allan variances can be used to find the optimal averaging time that minimizes the noise without sacrificing the signal. For
a white noise dominated system the square root of the variance, called Allan deviation, is equal to the standard deviation of the
mean and gives directly the 1o detection limit (Werle et al., 1993).

Noise in the measured absorption signal was determined during a 6 hours period of clean, particle-free measurements. Allan

deviation for the different absorption methods in this study was calculated for data averaging times from 1 minute to 6 hours
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(Figure 1). The lowest Allan deviation minimum was measured by PSAP, and followed by AE33, COSMOS, MAAP and
AE31, in the order from lowest to highest (Figure 1a). The absorption coefficients measured by the three EMS methods were
about an order of magnitude higher in Allan deviation when compared to the values determined for the filter-based methods
(Figure 1b). The minimum Allan deviation in PSAP data was obtained with an averaging time of about an hour, after which
a strong increase (1/t -dependence) in noise occurred. Deviation from the typical behavior of a white noise dominated system
(i.e. 1/y/t -dependence) can be expected for PSAP as was shown by Springston et al. (2007). The increasing Allan deviation
of the absorption at the averaging times of >1 hour that was observed in PSAP indicates system drifts. A similar drift-effect
could be interpreted to take place in AE33 and COSMOS instruments at >2.5 hours data averaging times. The EMS methods
showed a constant decrease of a white noise signal from 10 minutes to longer averaging times. Out of the three EMS methods
used, the EMS3 that measured both extinction and scattering with a single instrument, here presented the lowest noise. While
it is known that the EMS method is very sensitive to error amplification, the accuracy of this result can still be compromised
(Modini et al., 2021).

The 1o detection limits of different o 4 p 637n,» measurement methods were calculated as an average of the Allan deviation
between 1-2 hours averaging times and are presented in Table 2. The lowest detection limit of 0.002 Mm ™~ was calculated for
PSAP, while it was 0.01 Mm~! for MAAP, 0.1 Mm~! for EMS3 and 0.8 Mm~! for EMS2. Qualitatively and in comparison to
each others, the instruments detection limits followed those provided by the instrument manufacturers, although the determined
1o absolute values were all slightly lower than predetermined (Table 1).

The above stability analysis is used to justify our choice to use hourly-averaged absorption data in the further analysis of

this work.
3.2 Aerosol absorption coefficient values measured in Arctic air masses

The absorption instruments were used in parallel to measure atmospheric aerosol in Pallas campaign. Arctic air masses pre-
vailed during all the campaign and correspondingly very low aerosol concentrations were measured (Figure 2). The aerosol
was highly scattering, with an average single-scattering albedo of 0.97. These conditions challenged the detection capabilities
of the absorption measurement methods used. The aerosol absorption coefficient o 4 p 630nm measured with filter-based instru-
ments varied between 0 and 0.3 Mm~! (Figure 2a). The variability of o 4 P,630nm With time measured by the EMS methods
differed 10-fold in absolute numbers giving a range between 0 and 3 Mm™~! (Figure 2b). In qualitative terms they assembled
the extinction and scattering time series (Figure 2c). A plausible explanation for this clear over-estimation of absorption by the
EMS method is that it is calculated by taking the difference of two large and noisy numbers.

Both absorption and scattering increased slightly on a second half of the campaign from July 7 onwards (Figure 2c). The
maximum o g x 630nm Of around 25 Mm~! were observed on July 8 and on July 16. During these high-concentration episodes
PSAP seemed to under-estimate the absorption, when compared to the other filter-based instruments and especially the refer-
ence MAAP. Particularly high wg of >0.99 was measured on both these cases. The wavelength dependent scattering correction
function that was applied to PSAP data could thus overestimate the correction when extremely high scattering values are mea-

sured and in particular at the higher wavelengths. Essentially an opposite behavior was observed on July 14 when PSAP and

10
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MAAP coincided in absorption while the other filter-based instruments under-estimated the absorption. In this case the wy was
in range 0.85 — 0.95, which is rather low for Pallas.

The median aerosol absorption coefficients o 4 p,635n,m» measured by the five filter-based methods during the campaign were
within the limits from 0.07 to 0.09 Mm ™! (Table 3). The overall median using data from all instruments was 0.08 Mm™~! and
the 25th and the 75th percentiles were 0.06 and 0.10 Mm ™! (Figure 3). The measured atmospheric absorption coefficient values
with their standard deviation range exceeded the instruments detection limits for all the five filter-based methods (Table 2). The
lowest average o 4p,x was measured with COSMOS instrument along with the lowest standard deviation of data(Figure 3).
This is expected since the sample pre-treatment in the COSMOS heated inlet effectively removes the particle light scattering
coating thereby eliminating the related artifacts. Heating also decreases fluctuations caused by possible sample RH variations.
However, the sample modification also changes the aerosol interaction with light which then no longer corresponds to its dry
atmospheric state. Therefore, this method is primarily used to determine the mass of the absorbing refractory particles, rather
than the aerosol light absorption in the atmosphere. A low standard deviation around the average was also measured by the
AE33. The highest average o 4 p » was measured by the AE31 instrument. This could be explained by this methods’ sensitivity
to various artifacts and thus, a significant dependence on the aerosol characteristics.

The EMS methods systematically overestimated the aerosol absorption coefficient, giving a campaign-average medium of
0.59 Mm~! and the 25th and the 75th percentiles of 0.44 and 0.74 Mm~! when considering all EMS data (Figure 3). The
absorption values measured at Pallas are clearly below the detection capabilities of the EMS methods, as already suggested
by the results from the previous section. The baseline drift and the error amplification are known to affect the EMS methods
detection limits (Modini et al., 2021). The calculated standard deviation around the average o 4 p,» Was more significant than

the signal height in all three EMS methods (Table 3).
3.3 Representativeness of the measured absorption values

The measured absorption coefficient values are in the lower end of that typically observed at Pallas site. Lihavainen et al. (2015)
long-term analysis showed that the o 4 p 505, in Pallas during summer ranges between 0.05-1 Mm ™! (10 — 90 percentile range),
where the lowest values correspond to the clean Arctic air flows. Summer is also the season of the highest wy in all the year,
with values ranging from 0.90 to 0.98 (Lihavainen et al., 2015). Both the Arctic marine and the continental air masses are
observed during summer season, and typically with similar probability of occurrence. Thus, having our campaign-time air
masses 100% from the Arctic was rather unexpected and focuses our conclusions to pristine environments.

Indeed, the o 4 p, values measured during the Pallas campaign are well representative of those observed at around the Arctic
during summer (Schmeisser et al., 2018). In a majority of the Arctic region, a minimum in absorption is observed during
summer and early autumn when the monthly median o 4 p 5505, Temains below 0.1 Mm~! for 4-5 months (Schmeisser et al.,
2018). Quantification of this Arctic absorption concentration baseline thus requires well calibrated, accurate techniques. An
additional measurement challenge is that the Arctic aerosol is particularly bright with wy typically exceeding 0.95 (Schmeisser
et al., 2018). The filter-based techniques and correction schemes are known to be particularly sensitive and noisy at high values
of wp(Backman et al., 2014; Ogren et al., 2017).
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3.4 Accuracy of the measured absorption

The accuracy of the filter-based methods was further investigated by comparing them between each others using MAAP as a
main campaign-time reference. MAAP is known to be essentially an artifact-free technique to measure aerosol absorption on
a filter and has been widely utilized as a practical field reference method also in the past.

345 Linear correlation between the absorption coefficients measured with different techniques was calculated using the Williamson-
York bivariate fitting method provided by Cantrell (2008). This method is less sensitive to outliers than the standard least-
squares method, and considers that uncertainties can exist in both fitting variables which here is the case. The correlation
statistics (R?, slope and intercept with their corresponding standard errors) for the filter-based techniques are presented in
Table 4. All correlations were statistically highly significant.

350 The best correlation was obtained with oag33,x and onmaap,z, followed by ocosmos,x and omaap, A (R? =0.87 and 0.85,
respectively). Correlation between oagsi,» and onvaap,n Was noisy and resulted in the lowest R? = 0.65. Both AE31 and
PSAP compared to MAAP showed nearly a linear correlation of o 4p,», with a slope of 0.95 and 0.93, respectively, and an
offset of 0.01. The scattering correction that was done for PSAP data is a plausible explanation for the lower R? = 0.78. The
AE33 appeared to overestimate the o4p  at the lowest measured absorption values, while it slightly underestimated at the

355 other end of the scale. This led to a correlation slope significantly below one, as compared to MAAP. Both COSMOS and
AE33 correlations were low, 0.68 and 0.62, respectively, but in COSMOS this is explained by the sample pre-treatment in inlet
which modifies the sample composition. The low correlation slope of AE33 seems to be rather explained by the deviation of
data near the zero values. Overestimation of o 4 p » at values close to zero as compared to MAAP was notable in all instruments
data, except in AE31 (Figure 4).

360 Figure 4 additionally shows that aerosol absorption increases with decreasing single scattering albedo wy. This can be a real
effect but can also partly relate with the decreasing accuracy in o 4p, ) result at the edge of the instruments detection limits,
affecting the scattering to absorption ratio. In case of PSAP this is in agreement with the discrepancies observed in time series
analysis at high wq values.

Given that the measured absorption coefficients are close to the detection limits of the instruments the obtained correlations

365 are reasonably good. Slopes and intercepts could be modified with a different selection of data outliers which at such low
concentrations can be a sensitive choice. Comparison of o 4p » measured with EMS methods to the hourly-averaged values

from MAAP did not lead to statistically highly significant correlations.
3.5 Mass absorption cross-section of Arctic aerosol

The absorbing particle mass based on the measured absorption coefficient can be calculated with a suitable selection of the mass
370 absorption cross-section (MAC). We defined the average MAC during our campaign by comparing the measured absorption by
MAAP with the measured rBC mass by SP2, extending the range from zero to 18 ng m—2 (Figure 2d). This analysis resulted
in a MAC value of 16.0 m? g~! (Figure 5). The default MAC in MAAP is 6.6 m? g—!, which gives a ratio of 2.4 between the

black carbon mass equivalent and the refractory black carbon mass.
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The MAC is not a constant value and can depend on various factors such as the absorbing aerosol source and the aerosol
mixing state that is subject to its atmospheric aging (Jacobson , 2001; Slowik et al., 2007; Petzold et al., 2013; Ohata et al.,
2020). Recently, a comprehensive characterization of the Arctic MAC values was published by Ohata et al. (2020). Their results
were calculated for a dataset covering a broad range of absorption values measured around the Arctic using COSMOS as a

1

reference mass monitor. The overall average MAC in their study was 14.0 m? g~!, and thus on the same order of magnitude

as obtained here for Pallas site when comparing MAAP directly with the SP2.

4 Discussion and conclusions

Absorbing aerosol characteristics were measured by various methods and instruments in an EMPIR BC month long measure-
ment campaign at remote Pallas station in northern Finland. Arctic air masses prevailed and consequently very clean and highly
scattering aerosol persisted throughout the campaign. This was a challenge for the absorption instrumentation in terms of their
accuracy and detection limits.

We determined the 1o -detection limits of o 4 p,637,m for five filter-based absorption monitors: MAAP, AE31, AE33, PSAP,
COSMOS, and for the extinction minus scattering (EMS) method with three different instrument pairs using Allan variance
analysis by data averaging at 1-2 hours interval. The detection limits of filter-based instruments were in range 0.002 Mm ™!
—0.014 Mm~!. The lowest detection limit was calculated for PSAP and the highest for AE31. The detection limits of EMS
methods were an order of magnitude higher, ranging from 0.38 to 0.11 Mm~!. As a general rule our results suggest that the
filter-based absorption instruments can be applied down to o 4p, ) = 0.01 Mm ™! and the EMS methods are not applicable at
oapx <0.1 Mm~!, at least in these high wy values as in this study.

The aerosol absorption coefficient measured at Pallas ranged from 0.06 to 0.10 Mm ™! (representing the 25th to 75th per-
centiles) and the different filter-based instruments agreed approximately within 15-20%. This was at a lower edge of the
absorption coefficients typically measured at the site, but is well representative for Arctic summer conditions. AE33 showed
the best linear correlation with MAAP ((R? = 0.87), followed by COSMOS (R? = 0.85) and PSAP (R? = 0.78). The scattering
correction that was applied to PSAP data at the measured low absorption values improved the correlation with MAAP at low wyg
values but led to an under-estimation and increased noise at extremely high wq values >0.99. The noisy data of AE31 resulted
in a slightly lower, yet a highly significant, correlation (R% = 0.65). A positive bias at low o 4p ) values near zero levels was
observed in AE33, PSAP and COSMOS. The correlation slope with MAAP was close to one in PSAP and AE31, but clearly
below one in COSMOS and AE33. It has to be kept in mind that these results were calculated for a very clean environment
and at a relatively narrow o 4 p,» range from 0 to 0.3 Mm™!. Thus the biases observed at around zero concentrations can affect
significantly the correlation slopes.

Finally, we determined the aerosol MAC value during the campaign using SP2 as a mass reference and MAAP as an
absorption reference. The MAC, determined as a slope of the correlation between those two, was 16.0 m? g~! and is thus in

good agreement with previous similar Arctic MAC studies.
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Overall, the filter-based absorption instruments are shown to be a robust and sensitive method to measure absorption in
pristine environments, such as the Arctic. A sufficient averaging of data to reach at least the minimum of instruments detection
limit and an utilization of co-located instruments as transfer standards to better estimate data precision are recommended.
Co-located scattering measurements for data post-correction was shown to be beneficial. Special caution in data analysis when
highly scattering aerosol is present is required. In addition, our results suggest that modernization of instrumentation can
provide clear benefits in data quality. Future studies should focus on providing the means for field instruments reference and

calibration methods to further improve the accuracy of the filter-based methods.
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Norwegian Institute for Air Research (NILU) (http://ebas.nilu.no). These data are available at no cost and can be used in agreement with
the ACTRIS Data Policy statement. The specific data measured during EMPIR BC campaign are available for scientific use upon request.
Aurora 4000 data are available at TROPOS, CAPSssa data at DEMOKRITOS and all other data at FMI by contacting the corresponding data
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Figure 1. Allan deviation of aerosol absorption o 4 p,637nm measured with a) the filter-based instruments and with b) the EMS technique.
Averaging times between 1min and 6h are shown in x-axis. The black lines with slope -0.5 in a) and b) demonstrate white noise and in a)
noise with slope -1.0 is added to guide the eye due to better fit with some instruments. Averaging times until 1h (marked with black dash

line) improve signal-to-noise in all instruments but averaging 2h or more (marked with the second black dashed line) does not always lead to

improvement.
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Figure 2. The 1h-averaged absorption coefficients at A=630 nm during the whole campaign period measured with a) the filter-based instru-
ments and b) the EMS-technique. To guide the eye, in b) are also depicted the lower and upper limits of panel a) with dash black lines.
Simultaneously measured extinction and scattering coefficients and the residual-BC concentration are presented in lower panels ¢) and d).

The extinction and scattering presented were measured with AUR4 and CAPSssa instruments, and the rBC was measured with SP2.
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labeled in the x-axis. The red lines show the medians and the blue boxes the 25th and 75th percentiles. The horizontal dotted black lines

present the overall medians & 25%.
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Figure 4. Bi-variate correlation of the 1h-averaged absorption coefficient measured by MAAP (x-axis) and by a) AE31, b) AE33, c) PSAP,

and d) COSMOS at 637 nm. For each data value also 1h-averaged wo,635nm is presented as color. The corresponding correlation coefficients,

their standard errors and the R?-statistics are presented in Table 4.
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slope provides the corresponding mass absorption cross-section (MAC = 16.0 m? g~') value for MAAP and the lower panel presents the
residuals of the correlation.
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Table 1. The campaign instrumentation presented in columns: (1) instrument abbreviation, (2) variable measured (scattering = sca; extinction

= ext; refractory Black Carbon = rBC; equivalent Black Carbon = eBC; particle number concentration = PN), (3) measurement time resolu-

tion, (4) flow rate, (5) instrument inlet (cut-size 10 pm = PM10 or Total inlet = TOT), and (6) lower detection limit based on manufacturer

info.

Instrument Variable Timeres [s]  Volumetric Flow [LPM] Inlet  Lower det limit [Mm™?]
AE31 eBC 300 4.5 TOT <222
AE33 eBC 60 5.8 PM10 <0.05 (1h)
MAAP eBC 60 8.0 PM10 <0.13 (30-min)
PSAP eBC 1 1.0 PM10 <0.1 (1-min)
COSMOS rBC 60 0.7 PM10

SP2 BC 1 0.1 TOT

CAPSex ext 5 0.8 PM10 <0.5 (1-min)
CAPSssa ext 1 0.9 PM10 <0.5 (1-min)
NEPH AUR4 sca 10 5.8 (via AE33) PM10 <0.3 (1-min)
NEPH TSI3563 sca 300 8.0 (via MAAP) PM10 <0.1 (30s)
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Table 2. The Allan deviation o of absorption coefficient o 4 p,637nm measured with different methods between 1-2hs averaging time (average

=+ standard deviation).

Method o ave + std [Mm] !

AE31 0.014 £ 0.004
AE33 0.003 £ 0.001
MAAP 0.012 £ 0.003
PSAP 0.002 +£ 0.000
COSMOS 0.005 +£ 0.002
EMS: 0.379 £ 0.104
EMS, 0.806 £ 1.100
EMS3 0.107 £ 0.030
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Table 3. Average + standard deviation and median absorption coefficient o 4 p,635nm measured with different methods.

Method 0AP635nm ave & std [Mm] ™' o4 p 635nm median [Mm] "
AE3] 0.101 = 0.082 0.091
AE33 0.090 £ 0.050 0.080
MAAP 0.085 & 0.074 0.076
PSAP 0.088 & 0.074 0.073
COSMOS 0.073 & 0.054 0.067
EMS; 0.709 + 1.312 0.507
EMS, 0.952 + 1.303 0.654
EMS; 0.785 & 1.015 0.570
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Table 4. Linear regression statistics (correlation coefficients and standard error, SE) and R2-values for Ih-average absorption coefficient
measured with filter-based instruments y=m+bx, where x=MAAP and y=AE31, AE33, PSAP or COSMOS. All presented correlations are
statistically highly significant (p<0.001) and calculated at A = 637nm.

Instrument | slope =m (SE) offset =b (SE) R2

AE31 0.93 (0.035) 0.01 (0.004)  0.65
AE33 0.62 (0.014) 0.04 (0.002)  0.87
PSAP 0.95 (0.027) 0.01 (0.003)  0.78

COSMOS 0.68 (0.016) 0.02 (0.002) 0.85
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Appendix A: Symbols and abbreviations

Table A1. Summary of symbols and abbreviations frequently used in the manuscript text.

Symbol Explanation

A Wavelength of light.

OSPA Scattering coefficient at wavelength .

OAPN Absorption coefficient at wavelength .

OEPA Extinction coefficient at wavelength A.

00, Absorption coefficient at wavelength A as directly reported by instrument.
ornsT,x | Absorption coefficient at wavelength X after corrections measured with INST.
INST Abbreviation of the absorption measurement instrument (see section 2 Methodology for a complete list of instruments used).
wo,x Single-scattering albedo at wavelength \.

aspx Angstrdm exponent of scattering at wavelength A.

QAP Angstr(’jm exponent of absorption at wavelength \.

EMS,, Extinction minus scattering technique to measure absorption, where n =1, 2 or 3,

referring to a pair of instruments used (see section 2 Methodology for details).
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