10

15

20

25

30

Determination of Aethalometer multiple-scattering ehancement
parameters and impact on source apportionment durig the winter
2017-2018 EMEP/ACTRIS/COLOSSAL campaign in Milan.

Vera Bernardori’, Luca Ferrer§ Ezio Bolzacchirfi Alice Corina Forellg, Asta Gregot®# Dario
Massabd, Grisa Ma&nik*®, Paolo Pratj Martin Riglef, Luca Santagostifji Francesca Soldaf) Sara
Valentinit, Gianluigi Vallit, Roberta Vecchi

Dipartimento di Fisica “A. Pontremoli”, Universitiegli Studi di Milano & INFN-Milan, 20133 Milanotaly
2GEMMA and POLARIS Centre, Universita degli StudiMilano-Bicocca, 20126 Milano, Italy

3Aerosol d.o.o., KamniSka 39A, SI-1000 Ljubljanap\&inia

4Center for Atmospheric Research, University of N@arica, Vipavska 11c, SI-5270 Ajdaisa, Slovenia
5Dip. di Fisica Universita di Genova & INFN SeziotieGenova, Via Dodecaneso 33, 16146 Genova, Italy
6 Department of Condensed Matter Physics, Jozea®teftitute, Jamova 39, SI-1000 Ljubljana, Sloaeni
*now at: Ricerca sul Sistema Energetico - RSE S, 22134 Milan, Italy

Correspondence to: Vera Bernardoni (vera.bernardoni@unimi.it)

Abstract. In the frame of the EMEP/ACTRIS/COLOSSAL campaigrMilan during winter 2018, equivalent black carbon
measurements using the Aethalometer 31 (AE31)A#tkalometer 33 (AE33), and the Multi-Angle Absaéopt Photometer
(MAAP) were carried out together with levoglucosaralyses on 12-h resolved PdMsamples collected in parallel.

From AE31 and AE33 data, the loading-correcteds@rattenuation coefficients{fn) were calculated at 7 wavelengths,(
where) = 370, 470, 520, 590, 660, 880, 950 nm). Aerobgbeption coefficient at 637 nm a9 maap Was determined by
MAAP measurements. Furthermorgydwas also measured at 4 wavelengths (405, 532, #&&nm) on the 12-h resolved
PM; s samples by a polar photometer (PP_UniMI).

After comparing PP_UniMI and MAAP results, we exf#d PP_UniMI data to evaluate the filter multigleattering
enhancement parameter at different wavelengthé&f#1 and AE33. We obtained instrument- and wavdtedgpendent
multiple-scattering parameters by linear regressibthe Aethalometer &y against the &s measured by PP_UniMIl. We
found significant dependence of the multiple-scatteenhancement parameter on filter material, Bemt the instrument,
with the difference up to 30% between the AE31 #tnedAE33 tapes. The wavelength dependence andigat/irariations
were small — the difference between the smalledtiagest value was up to 6%.

Data from the different instruments were used patito the so-called “Aethalometer model” for optisource apportionment
and instrument-dependence of the results was iigatst. Inconsistencies among the source apporgabwere found fixing
the AE31 and AE33 multiple-scattering enhancemardmeters to their usual values. Opposite, optihiseltiple-scattering

enhancement parameters led to 5% agreement amemgphoaches.
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Also, the component-apportionment “MWAA model” wagplied to the dataset. It resulted less sensitive instrument
and the number of wavelengths, whereas signifidéferences in the determination of the absorpfmgstrém exponent for

brown carbon were found (up to 22%).

1. Introduction

Light absorbing aerosols are of great interestHeir effects: they provide a positive radiativecfag at global scale (IPCC,
2013) and can affect visibility at local scale (seg Valentini et al. (2018) for estimates in Mijla

Black carbon (BC) and brown carbon (BrC) are mégitt absorbing aerosol species. They differ batlthie extent of light
absorption per mass and its wavelength-depend@wad (et al., 2013; Laskin et al., 2013). FurtherndC is a primary
component and it is emitted in every incomplete loogtion process. An important primary source of Br@ood burning
(e.g., Lack et al., 2013; Lu et al., 2015; Salehlgt2014; Washenfelder et al, 2015); recentlyo ather possible sources of
BrC have been reported, e.g., BrC formation by sdary processes (Liu et al., 2015; Kumar et al1,820Mineral dust is
another light absorber. At mid latitudes, its cdmition is generally episodic and related to dedast transport episodes (e.g.
Fialho et al., 2005).

Thus, aerosol absorption properties at differentelengths are of interest not only to better chiarége the interaction with
solar radiation, but also as inputs to models fiical source apportionment using the Aethalometedel (Sandradewi et al,
2008) and for the identification of BC and BrC atimition to the absorption coefficient (componeppartionment) using
e.g. the Multi-Wavelength Absorption Analyzer mod®WAA model, Massabo et al., 2015). Neverthelessnust be
recalled that particle absorption properties depengarticle size, composition, and mixing statés hoteworthy that neither
reference instruments (Bond et al., 2013; Moosmeéllal., 2009; Petzold et al., 2013) nor refereme¢erials (Baumgardner
et al., 2012) exist for the measurement of thesrabsorption coefficient {g). Thus, hsmeasurement and apportionment
are still burning open issues in aerosol science.

Among the approaches fogspdetermination, filter-based measurements are widekd: indeed, filter-based automatic
instruments (able to operate for months with nadnefemaintenance) providedsinformation with high temporal resolution
with the advantage to obtain long-term data serids,s Besides on-line devices, two off-line multi-wasedjth instruments
based on polar photometry were also developedeifast decade: the polar photometer PP_UniMI (Beord et al., 2017a;
Vecchi et al, 2014) and the Multi-Wavelength Abganp Analyzer MWAA (Massabo et al., 2013; Massabale 2015). All
filter-based measurements are affected by muldptering effects as the aerosol is collectedloe filters, and by loading
effects — i.e. non-linearities in light attenuatidaring filter loading (Liousse et al., 1993; Pddzet al., 1997; Bond et al.,
1999; Moosmiiller et al., 2009). Different approachee used for the correction of loading and mightgeattering effects in
filter-based instruments (e.g. Drinovec et al. 20@6tzold and Schonlinner, 2004; Virkkula et alp20Virkkula, 2010;
Weingartner et al., 2003), and the details for ¢hosnsidered in this work will be explained in gme2.2. Notwithstanding

such corrections, inter-comparability of differémstruments for the determination of the aerossbaition properties is still
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an open methodological issue especially for aml@entsol measurements. Among filter-based instrisnéme Multi-Angle
Absorption Photometer (MAAP) is generally considkas a reference (Ammerlaan et al., 2017; Milled.e2011) and off-
line measurements carried out with analogous piaavill be used in this work to provide contribarito the debate on the
treatment of multiple-scattering effects for Aetirabters (Backman et al., 2017; Collaud-Coen eR@lLQ; Di Biagio et al.,
2017; Kim et al., 2019; Laing et al., 2020; Mil&gral., 2011; Saturno et al., 2017; Schmid et2806; Segura et al., 2014;
Valentini et al., 2020; Weingartner et al., 2008a8 et al., 2020).

As previously mentioned, despite the problems carieg hws measurements harmonisation, these data are ussglasgor
optical source apportionment and component apportamt models. The most widespread among these mdsléhe
Aethalometer model (Sandradewi et al., 2008), whiaohs to apportion fossil fuel combustion (FF) avabd burning (WB)
contributions to ks For both sources, representative absorption Aiigsexponentder and aws, respectively) are free
parameters of the model and have to be choseroa. ifienty of literature was spent on difficultiedated to the choice of
these parameters (e.g. Harrison et al., 2013, Fedlal., 2014; Helin et al., 2018, Martinssonlet2017, Zotter et al., 2017).
On the contrary, much less attention was dedic@ateke role of the instrument providing the inpatalon the output of the
Aethalometer model. Similarly, no investigation the role of the instrument providing input datatie MWAA model for
component apportionment is present in the liteeatur

This work tries to expand these fields and will\shtbe results of the winter EMEP/ACTRIS/COLOSSAIngzrign carried
out in Milan in January and February 2018. Diffarditter-based on-line instruments were deployedA@P and
Aethalometers mod. AE31 and mod. AE33), and samphias carried out in parallel with 12-h resolutimm quartz-fibre
filters for the analysis by PP_UniMI. The work wshow results about:

- The assessment of multiple-scattering enhancenagateters at different wavelengths for AE31 and 2AB3
comparison with off-line measurements by PP_Unikitluding possible wavelength-dependence and dayisn
night-time differences.

- The role of input data provided by different instrents in the output of the Aethalometer model antiAA

model.

2. Methods
2.1 Sampling campaign

The sampling campaign was carried out at an urlzakdyound station in Milan, on the roof of the UGilthing of the
University of Milan-Bicocca (45°30'38"N, 9°12’42"ELO0 m a.qg.l.) in the frame of the EMEP/ACTRIS/COL®XS. winter
campaign. All the instruments/samplers were equippith PM ssize-selective inlets. Aethalometers mod. AE31 iauad.
AE33 (in the following named AE31 and AE33, respatdy, Magee Scientific, Aerosol) sampled continsiyufrom 16
January to 20 February 2018 with 5-minute and luteitemporal resolution, respectively. In additivom 17 January to 16
February, a Multi-Angle Absorption Photometer (MAAFhermo-Fischer) was operated in parallel with iute temporal
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resolution. Moreover, fifty-seven 12-h resolved PM2amples (h. 6-18, 18-6, LST local standard tiwmete collected using
a sequential low-volume sampler (TCR-TECORA, Itay)Ln¥/h on pre-fired (700°C, 1h) 47-mm quartz fibreditt (QAO-

UP, Pall) for absorption coefficient off-line ansés.

2.2 Optical measurements
2.2.1. Aethalometers AE31 and AE33

The Aethalometers AE31 and AE33 perform on-linatligansmission measurements through a filter tpewavelengths
(370, 470, 520, 590, 660, 880 and 950 nm). Theututp both instruments at each wavelength i6 expressed as the
concentration of equivalent black carbon (eBEL(Hansen et al., 1982; Petzold et al., 2013){ ssconsidered as the only
absorber. Among these data, the information on €80 nm) is generally considered for black carboartification. Being
based on light transmission measurements onlymniliéple-scattering effect (optical path enhancenieduced by both the
filter and the sample, making complicated accognfor both) and filter loading effects (non-linegptical path reduction
induced by absorbing particles accumulating orfittex) (Weingartner et al., 2003; Arnott et al., 2005; |&ad-Coen et al.,
2010) have to be accounted for to retrieve inforomadn aerosol light absorption.

For both AE31 and AE33, linear relationship as @ @) is assumed between the loading-correcteshadtion coefficient

batn and the absorption coefficiendsbat a considered wavelength is assumed in the form:

batn = C- Dabs 1)

where C is named multiple-scattering enhancemeranpeter (see sections 2.2.1.1 and 2.2.1.2). Thewfolg paragraphs
provide details of the operation principles of bAtE31 and AE33.

2.2.1.1 Aethalometer AE3L.
The Aethalometer AE31 collects ambient aerosol @pat on a quartz filter tape (Pall Q250 quartz) ameasures the

attenuation (ATN) at all available wavelengths:

ATN()) =-100In(I(A)/1o(A)) )

where in Eq. (2)dis the intensity of light transmitted through thlank filter spot and | is the intensity measured apecific
moment through the sampled spot.

To avoid the measurement of heavily loaded spettahbe moves automatically to a fresh spot when (878ihm)=120.

For AE31, the loading effect can be compensatediffgrent off-line algorithms, as proposed in therhture (see e.g. Arnott
et al., 2005; Collaud Coen et al., 2010; Schmidl.e2006; Virkkula et al., 2007; Weingartner et 2003). In this work, the



130

135

140

145

150

155

160

loading effect was corrected by applying the Weitrgex et al. (2003) procedure. Therefore, usingnieasurements of the
eBC provided by the AE31 at different wavelengtBae31(A)) and considering the defaukdependent mass attenuation

cross sections in use for the AE2hds1(1)), the loading-corrected attenuation coefficidmt{_aesi(A)) was obtained as:

(RN _AE31()\) = R(ATN Ag3;) [BBC pg31(A) [0 pe35 (M) (3

where the loading term R(ATdNz1) in EqQ. (3) was dynamically determined followidgetWeingartner et al. (2003) algorithm
as implemented in Sandradewi et al. (2008b) , &nredidly used in previous heating-rate studies asdinge site (Ferrero et al.,
2018).

As for the multiple-scattering enhancement paramigteEq. (1), for AE31 Ges1 o = 2.14 was originally proposed by
Weingartner et al., (2003). This value was alreadgenced to be underestimated by comparison@fdzs1 with different
reference instruments (e.g. MAAP, photoacousticpmeters, extinction-minus-scattering techniguepending on the
sampling site and methodology, values in the r&§ewere reported (e.g. Backman et al., 2017; @dH&oen, 2010; Di
Biagio et al., 2017; Kim et al., 2019; Muller et,&011; Saturno et al., 2017; Segura et al., 20Bd3ed on the previous
literature, possible wavelength-dependence of thadtipte-scattering enhancement parameters is anadipen issue.
Currently, guidelines from the Global AtmospheretegtidProgramme suggest the use gfs=3.5(1 £ 0.25) (GAW, 2016).
For these reasons, one the objective of this werksi experimental assessment exploiting PP_UniMhsarements as
explained in section 2.5. Considering that @Bg\) concentration is reported by the instrumentatdard volumetric flow
(20°C and 1013hPa). To allow comparison with PPMJnilata (reported at ambient conditions and 12-$oldion),

eBGaes1(A) was firstly recalculated to the ambient flow citinehs and then used to retriever agsi(A).

2.2.1.2 Aethalometer AE33

AES33 is the latest version of the Aethalometecoltects ambient aerosol in parallel on two filtepe spots of the same area
at different flowrates on a filter-tape. Similatly AE31, the tape is automatically moved to thelirarea of the tape to avoid
heavily loaded spots. Highly time-resolved inforiroaton the light transmitted through the two spats7 different
wavelengths is used to determine the loading-ctadeattenuation coefficient {bn_aes3(A)) in real-time using the “dual spot”
algorithm described in Drinovec et al. (2015).Histwork, the TFE-coated glass fibre filter tap®AR0 was used: it was the
tape in use when AE33 was initially described (bviec et al., 2015). Due to discontinued productind supply of this filter
tape, it should have been replaced by M8060. Neelrss, there was considerable variation of th@timto of the last tape
(M8060) by Aethalometer users, as seen from thteuments involved in the COST-COLOSSAL/ACTRIS intarmparison
campaign (Cuesta-Mosquera et al., 2020). To eremurerate approach on the aerosol absorption measaote and reliable
historical trend of such data, the filter tape eotaristics need to be carefully investigated fbused filter tapes. While the
filter tape used in the Aethalometer model AE3tvédl characterised in the scientific literaturegrth is a lack of published

research for the T60A20 filter tape. It is notethigrthat in a very recent paper on the analysidatd collected at the Global
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Atmosphere Watch (GAW) near-surface observatoA&833 data were not analysed due to the lack ofiquenvalue for
converting the measured attenuation coefficiergadicle light absorption coefficient (Laj et &020). Thus, investigation
on the T60A20 filter tape will ensure continuitymards a better harmonisation in the timeseries edisuarements by AE33.
Furthermore, the methodology presented in this papéch can be similarly applied to any other datasd thus can give an
important contribution to the currently open sciéntlebate on the determination of aerosol absongroperties.
Also for AE33, the output of the instrument is eqlént black carbon concentration at different iengths (eBG&ess())),
but in this case two steps are needed to reconstr@ieneasuredabn_aess()). Indeed:

- the instrument implements wavelength-dependent naaserption cross sections (MAG) which relate the

eBGCaess(M) to the aerosol absorption coefficientbaesf)) as in Eq. (4):

Dabs_ae3fA) = eBGaeas(h) - MAC(A) (4)

- bans_aesf}) is related to brn_aess(A) as in Eq. (1), where A&g33 =1.57 was suggested by manufacturer for the filter
tape in use for harmonisation to AE31 data.
As eBGiess(A) data are reported by the instrument at standalhmetric flow (21.1 °C and 1013.25 hPajsb aez3(A) were
referred to ambient pressure and temperature @&hage) to allow comparison with PP_UniMI data.
As done for AE31, experimental investigation on shéability of Giess owas performed as explained in section 2.5. Indeed,
literature works point to ££33 =1.57 as underestimated. As examples, Valentiali ¢2020) identified @e33=2.66 as suitable
in Rome by comparison ofatn_aesz VS. hwsmaar @and Laing et al., 2020 reporta&3:=4.37 by comparison with suitably

corrected tri-colour absorption photometer (TAR) lnpmeasurements.

2.2.2 MAAP

The MAAP (637 nm, Muller et al., 2011) collects@ssl on a spot on a filter-tape and, as for thénAleimeters, the filter tape
is suitably moved to avoid heavy loading when traittsince reaches a value that can be set by thieinghis work, default
value (20%) was used. MAAP measures the light traitesd and scattered at fixed angles. Optimisedy#inal functions are
used to retrieve the total light in the front aratk hemispheres by solid-angle integration (Petaold Schénlinner, 2004).
The MAAP algorithm implements a suitable radiatirensfer model accounting for particle-filter matimteractions (Hanel,
1987; Hanel, 1994). Results obtained using thishwowetirectly correct for multiple-scattering effeeind are no issue related
to filter loading was observed (Petzold et al.,%00
As reported in Petzold and Schénlinner (2004),npet to this model are:

- the ratios between the loaded and the blank spaytical function integrals determined for therfr@and

backward hemispheres, separately;
- backward-to-total light integral ratio for the blafilter matrix By = 0.7

- asymmetry parameter g = 0.75.
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The raw outputs of the model are the optical dépttand the single scattering albedg ©f the filter layer containing the
particles. The aerosol absorption coefficient,{lexpressed in M in atmosphere during the sampling is determined

considering the deposit area (A in9drand the sampled volume (V irfras in Eq.(5):
A
b,,s =100 - (o)rv (5)

Overall, a 12% uncertainty was reported (Petzotti &chonlinner, 2004). Assuming a constant massrptiso cross section
(6.6 nt/g), the output of the MAAP is the equivalent blagkbon concentration in air (eBfxr), expressed ing/m?®. Further

details on the instrument are reported in Millealef2011).

2.2.3 PP_UniMI analyses

The aerosol absorption coefficient at 4 wavelen@@0% nm, 532 nm, 635 nm, 780 nm) was determinetti@collected Pis
samples using the polar photometer PP_UniMI atthiversity of Milan (Vecchi et al., 2014, Bernardaetial., 2017a). In
PP_UniMI, the chosen laser beam hits the filteth@iblank or loaded) perpendicularly. The filtemsmits and scatters light
in the front and back hemispheres. A photodiodenteslion a rotating arm scans the scattering p@wi&8° with about 0.4°
resolution) allowing the determination of the taatount of light diffused in the two hemispheressbiid angle integration.
In usual PP_UniMI operation - hereinafter named &@pproach” (PP) - the same radiative transfer madehe one used in
the MAAP is applied, but the following differenciesinput data evaluation have to be highlighted:

- front and backward hemisphere integrals are detexthby solid angle integration of the high-angular

resolution phase function measurements and nonalytcal function integrals;

- no assumption onyBis done, as it is directly obtained by the measems of the blank filter.
As well as for the MAAP, the outputs of the modalew andt. The minimum detection limits on the absorbancB$A(1-
»)'1) of the particle-containing layer of the samples & the range 0.03-0.07 depending on the wavétergis also
noteworthy that samples with ABS>0.9 were excludgdtii® database to avoid possible non-linearities tusample
overloading. Uncertainties were estimated in £0d?JABS<0.1 and 10% for ABS0.1 (Bernardoni et al., 2017a)
It is noteworthy that exploiting information at table angles, the same approximations used in th&R/calculation can be
implemented, i.e. total amount of light in the tlhemispheres by analytical functions can be obtaiaad Bs=0.7 can be
imposed, for the sake of comparison. This appragithbe in the following referred to as “PP_UniMs aMAAP” (PaM)
approach.
In both approaches (PP and PaM), the aerosol amoqoefficient at all PP_UniMI measurement wawglihs (k,s,p¢A) and
babs paMA) for PP and PaM, respectively) can be obtaineeh frooandt, considering the deposit area A=11.9°@nd the total
sampled volume using Eq. (5). The comparison betibe two approaches will be carried out throughmidg linear

regressions, as explained in section 2.8.
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2.3 Levoglucosan measurements

After being analysed by PP_UniMl, one punch (1.8)aheach 12-h sample was devoted to the measuterfil@voglucosan
concentration. Each punch was extracted by sooitdfi-h) using 5 mL ultrapure (Milli-Q) water. Tla@alysis was carried
out by High-Performance Anion Liquid Chromatograioyipled with Pulsed Amperometric Detection (HPAEB&D) at the
University of Genoa following the procedure desedlin Piazzalunga et al. (2010). Minimum detecliiit for levoglucosan

is about 2 ng/ml (i.e. 6.6 ngfraonsidering the filter area and sampling volunr&) ancertainties are ~11%.

2.4 Experimental absorption Angstrém exponent

The experimental absorption Angstrém exponegkywas determined for each 12-h time slot fromradtiuments fitting the

parameters Kpandoexp in EQ. (6):

Bans) = Kgyph (6)

It is noteworthy that light absorbing componentg (8C vs. BrC) have differeitdependences and they both contribute to
aexp Thus, it is not expected that Eqg. (6) representsctly the wavelength-dependence of the measutentie®. oexp IS
expected - and renown - to be dependent on theerahgiavelengths considered in the calculation)yway, it is a good
approximation and it can be exploited to gain infation at wavelengths different from the measuregsdsee e.g. application

in section 2.5).

2.5 Optimisation of multiple-scattering enhancemenparameters

Optimised multiple-scattering enhancement pararaeded different wavelengths for AE31 and AE33&4d)), Caess(A),
respectively) were retrieved by comparing loadiogrected attenuation coefficientsath aezs(A) with the absorption
coefficient measured by PP_UniMI, with both PP &aM approaches (section 2.2), through a Demingiimegression
analysis explained in section 2.8. When the inf@roéthe regression was comparable to zero, tygeshf the regression line
directly represented the best estimate for theesponding multiple-scattering enhancement parameter

To allow such comparison, PP_UniMI data were intkafed/extrapolated to Aethalometer wavelengthslo#pg oexp

calculated as explained in section 2.4 througtdhewing relationships:

babd{470nM)=h{405nmM)(470/405}
band520nm)=hpd532nm)(520/532)
band{ 660NM)=h{635nM)(660/635} e

bans(880NM)=hip{ 780nm)(880/780ex?
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It was already demonstrated for Aethalometer deaexploiting information at 370 nm or 470 nm floe evaluation of the
absorption Angstrém exponent has important impadhe result whereas information at longer wavetenglays a minor
role (Zotter et al., 2017). For these reasons, ximapolation of PP_UniMI| data at wavelengths shotten 405 nm was
performed; opposite, extrapolation was attemptddeat at the nearer longer Aethalometer wavele(igth880 nm), as on
that side the curve is less steep and possibledbm@m® expected to be smaller.

To ensure consistent comparison of the result#ffareht wavelengths, only samples for which PP_Nninformation was

available at all wavelengths were considered gamples in which measurements at all wavelengthe higher than LOD
and with ABS<90).

2.6 Aethalometer model

The Aethalometer model was introduced by Sandradeati (2008). Generally, the model is used taatpym the contribution
of fossil fuel combustion (FF) and wood burning (\MB both the aerosol absorption coefficient,dband carbonaceous
fractions. In this work, we will focus on theysbsource apportionment only. Please note that ;nghragraph we will used
with no explicit reference to the instrument usedits determination as it does not affect the axption of the Aethalometer
model itself.

The Aethalometer model exploitsiZbass measurements as input data and it is based doltbeing assumptions:

- at both wavelengths, FF and WB are the only sowoagibuting to the measured,p as expressed in Eq.

(7):
DabdA) = Babsrr(R) + Dabs,we(A) )

- for fossil fuel combustion, it holds Eqg. (8):

D apser (A1) _ (ﬁj_u# (8)
Dansr(A2) (A

where ), indicates a short wavelengthy a long wavelength, ander is a parameter assumed a-priori,
representing the absorption Angstrém exponentferfassil fuel combustion source.

- for wood burning it similarly holds Eq. (9):

babsWB ()‘1) - ( )\1 J_GWB

" 9)

I:)abSWB ()‘2)
whereaws is another parameter assumed a-priori represetitengbsorption Angstréom exponent for wood

burning.
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The identification of suitablerr and awe for the considered campaign/sampling site is reseghas the critical step in the
modelling procedure and different approaches wespgsed (e.g. Harrison et al., 2013, Fuller et2dl14; Helin et al., 2018,
Martinsson et al., 2017, Zotter et al., 2017, Horet al., 2019, Forello et al., 2020); opposiéssl attention was posed to the
role of using data from different instruments gauitto the model.
However, oncé., L2, arr, ows are chosen, thedgsource apportionment & andi; is carried out combining Eq. (7) Jatand
A2, EQ. (8), and Eq. (9). Traditionally, the Aethaleter model is applied just considering the 470-880wavelength pair.
However, due to the purpose of the present work:
- for AE33 and AE31, the following wavelength pairsre considered: 470-880 nm, 370-950 nm, 370-880
nm, 470-950 nm;
- for PP_UniMI (with both PP and PaM approaches)y amle test was performed using extreme values: 405
nm-780 nm.
It is noteworthy that AE31 and AE33 provide\iaformation, but the Aethalometer model represgéite Eq. (7), Eq. (8),
and Eq. (9) exploits information only at 2 chogen(from now on named “2-approach”). In this work, to exploit all the

information provided by AE31 and AE33, we also e an alternative approach, in the following natimedlti- fit". The

multi-A fit (regardless of the instrument) is based on(#}and keeps tha ®~ and A"°%e dependences reported in Eq.(8)
and Eqg.(9) for fossil fuel combustion and wood lgrcontributions, but these dependences are extktodall wavelengths,

thus considering Eq. (10):

Daps(A) = AN + BIA e (10)

Multi-wavelength fit of equation (10) is performtmretrieve the coefficients A’ and B’ for each sae) provided that values

for arr andows are defined a-priori. So, once A’ and B’ are detesd for each sample and wavelengti\ ® represents

the contribution of FF combustion tawifA) and B'A "2 the WB one.

Of course, the available wavelengths depend orctimsidered instrument, and it is also possible tfestmethod using
wavelength subsets. In this work, the whole avildataset (i.e. 4: 405, 532, 635, 780 nm) was used as input for PV
(both in PP and PaM approaches), whereas for ttigafemeters both the use of all the 7 availablealengths and of the 4
wavelengths for which multiple-scattering enhanceihparameters were determined (i.e. 470, 520,880 nm) were tested,
to analyse the role of extreme wavelengths. ltoeworthy that using our mulli-fit approach, it is possible to obtain the
apportionment also at wavelengths different from dimes used as input (e.g. apportionment at Aetietlr wavelengths
using as input the data by PP_UniMI) thus allowtmmparison among results by instruments operatindiféerent

wavelengths.

10
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Focusing on Aethalometers, for all thé 2nd multia fit approaches tested, inpuk,bwere obtained from Eq. (1) both using
instrument-dependent@nd optimised multiple-scattering enhancementrpaters presented in section 3.3 and obtained as
reported in section 2.5.

A summary of all the performed tests, for eachrimaent and ks measurement methodology, in terms of input waghen
and of the wavelengths of analysed output datédtin 22 and multia fit Aethalometer model approaches can be found in
Table 1In all tests, besides relativeylfi) source apportionment between FF and WB, coroalaif bys wswith levoglucosan

(in terms of the Pearson correlation coefficiept)rwas tested. Since no tracer in atmospheric akfosdossil fuel
combustion was available, data on carbon monox@@)( nitrogen oxides (N£) and benzene concentrations from the
Regional Environmental Protection agency database tested as possible tracers for traffic emissishich dominate fossil
fuel has contribution in Milan (Forello et al., 2019). Datgere available at a traffic monitoring statioreadistance about 2
km from our sampling site. Results of tests poiritethe benzene measurements at the traffic siteedsest tracer for traffic,
as it showed the highest correlation withslpr calculated for all instruments and calculation rapghes (in terms of the
Pearson correlation coefficiert). Thus, correlation between benzene amddbwill be shown. It is noteworthy that, thanks

to the features of the model-and s do not depend on the choice of the consid&red baps rFrand ks werespectively.

2.7 MWAA model

The MWAA model (Massabo et al., 2015; Bernardoralgt2017b) allows to assess the contributionrB®fand BrC to the
total measuredJb{1) (component apportionment), and to provide infdiaraon the absorption Angstrém exponent for BrC

(aerc) exploiting Eg. (11):

b,pdA) = AN ec + B\ e (11)

The coefficients A, B andgc in equation (11) are obtained by multfit of bapd{A) for each sample, provided that a value for
ascis assumed a-priori. In this casge=1 was chosen as already performed in previouscgioins (Bernardoni et al., 2017b,
Massabo et al., 2015).

Mathematically, at least #-measurements are needed to fit 3 parameters. tReless, tests showed issues with numerical
calculation when using only ¥information (i.e. lack of convergence and/or irpmeter instability) and a minimum oS-

is necessary to ensure model stability (Bernarébmil., 2017b). Thus, in this work the MWAA modehsvrun only using
Aethalometer data as input (PP_UniMI is a #hstrument). The fit of Eq. (11) was performed sidering both the whole
datasets (%) and excluding extreme values (i..:5470, 520, 590, 660, 880 nm) to gain insight throle of the information

at extreme wavelengths on the results. Fixed nel8pattering enhancement parameters were condidesehe optimised

ones were determined at 4-wavelengths only.
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In section 3.3, the relative apportionment of thetdbutions from BC and BrC ta,l(A) was shown. As the main contributor
to BrC is expected to be wood burning, the Peacsorelation coefficient @ic) between the apportioned absorption coefficient
for BrC (has,erg and levoglucosan was also calculated. It is notdwy that, asiec is different for each samples« depends
on the considered wavelength. As BrC is expectqutdgide higher relative contribution at decreasivayelength, gic was

presented at the shortest wavelength availablé iast— i.e. s 5:d470 nm) was used im& evaluation.

2.8 Deming regression

In the results and discussion section (sectiofir®ar correlation between the data considerethéndifferent comparisons
were evaluated through the correlation coefficient

Linear regressions were performed using Demingession (Deming, 1943; Ripley and Thompson, 198fi)s @pproach is
suitable when both data series are affected byagligible uncertainties (i.e. none of the seris loe assumed as error-free).
The uncertainties associated to the data in ttierdiit cases will be described for each comparison.

The output of the Deming regression analysis véllrepresented in terms of slope, intercept, anid skendard errors (SE).
When the intercept of the Deming regression line w@amparable to zero within 3-times the standardr€B SE), it was
forced through zero: in the text it will be repattihe intercept was comparable to zero” and ohéyglope of the intercept-
forced regression will be presented. In the text eaptions, “y vs. X’ convention will be used (¢:BP vs. MAAP” means

that in the regression PP_UniMI data obtained withPP approach were displayed on y axis and MA&R dn x axis).

3. Results and discussion
3.1 Comparison between MAAP and PP_UniMI results

The radiative transfer model used to account fatipie-scattering in the filter used fordadetermination by PP_UniMI (see
section 2.2.3) was run using as input both PP @i &pproaches. It is noteworthy that, while PP apph fully exploits
highly angular-resolved measurements, PaM calaudatitroduces the same approximations as the @weabio the MAAP —
i.e. reconstruction by analytical functions fromaserements at 3 angles and the fixed value betivaekward and total
diffused radiation for blank filter B=0.7 (section 2.2.2).

For each 12-h sampleabpk635 nm) and fspra635nm) were compared to the average 12nkhMase (Figure 1). In both
cases, high correlation is found (r > 0.991), amanihg regressions were performed with variance ratl (i.e. orthogonal
regression) as data had comparable uncertaingesséctions 2.2.2 and 2.2.3).

When exploiting all the available angular resoligfdrmation in the PP approach, the intercept watscomparable to zero
(-2.07 £ 0.47) and the slope was 0.928 + 0.021. Neekyss, comparing.i pa{635 nm) to the 12-h averageghdmaar the
intercept was comparable to zero and the slopelvid@$ + 0.011. The latter result confirms that PRIMIJ is equivalent to

the MAAP when the same approximations were appliezhlculation as performed in the PaM approachtize 2.2.3).
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The previous comparisons also evidenced that theogjmations implemented by the MAAP have a notligdge impact
on the measuredufy maar. The individual role of the phase function recomstion and imposition of B= 0.7 is beyond the
380 aim of the present work and it will be reportedeelbere (Valentini et al., in press), but first lesindicate that the assumption
on B is the main responsible for the discrepanciesfoAthe presence of the intercept, this needs tiutiieer investigated:
scattering (Muller et al., 2011) or different paagéibn of the absorbers in the filter have beenalgstrated to produce spurious

absorption signals (Arnott et al., 2005) at leastAethalometers.

3.2 Comparison between PP and PaM approaches at alhvelengths

385 At wavelengths other than 635 nm, no comparisoh WIAAP is possible, thus only the comparison betwt® by p))
and hipspaM)r) Was performed. At all wavelengths, the resulttaimied were highly correlated (correlation coeéfitir >
0.993), but significant deviation from 1:1 relatiaras found, with PP results generally lower thaMRmes. Focusing on
Deming regression line parameters (with variand® ra 1), negative intercept was always found, vehabsolute value
reduced with increasing wavelengths (see Tablm2ll cases, slope is not comparable to 1 with8E3

390

3.3 Evaluation of multiple-scattering enhancement arameters for AE33 and AE31 during the campaign

PP_UniMI data were reported to Aethalometer wagtlenand used to gain information on multiple-srat enhancement
parameters for AE33 and AE31 at different waveleadCiess(A), Caesi()), respectively) as explained in section 2.5. ka th
following, results will be presented by compariogding-corrected 12-h averageg(}) from each Aethalometer to both

395 baps,p)) and BpspaMh). This was done because PP results are obtainbdegs assumptions than those required by PaM
approach. Nevertheless, PaM results were alreatpustrated to be comparable to MAAP ones (sectib)) thus C-values
obtained with this approach are more directly comlpl@ to data commonly obtained by research graumking with
Aethalometers and MAAP in parallel for ambient mgaments at urban or background stations. Theteegitbw both results
highlights the importance of identifying a suitabdéerence material and reference instrumentation.

400 Very high correlation (r>0.98) was found at all wwbangths between Aethalometegsioand both ks prand hpspam Deming
regression was performed considering the followimgertainties: a constant 1 Mmincertainty was considered for all
instruments, summed to 10% uncertainty for PP_Urakid increased to 15% for Aethalometers (as thecetif variable
aerosol scattering coefficient on the measurenismist considered).

In Fig. 2, scatterplots of the AE33 data againsh B (left panels) and PaM (right panels) appresetere shown at the four

405 wavelengths considered for comparison. In eachiesphtt, lighter dots refer to daytime data, whertékee darker dots refer to
night-time data. Deming regression line on the whddtaset (day and night data) was also shownrchypeof the regression
line was comparable to 0 at all wavelengths whdoutated using the PaM approach data. In this cédmeslope of the
regression line represented an average valuesag Gamand resulted in the range 2<ess paM1)<2.93. These values are
about 10% higher thanags:=2.66 reported for Rome by Valentini et al. (20B§)comparison between AE33 and MAAP
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(with no wavelength adjustment). Considering thecRRulation approach, the intercept was not coatgarto zero at 470
nm and 880 nm. Thus, we could provides4s p{A) from the regression slope only at 520 nm and 860 we found
Caesz,p{520 nm) = 3.53 £ 0.04 andaEss p{660 NM) = 3.37 + 0.05. The intercepts at 470 noch &80 nm can be related to
different effects (or combination of them). It Hasde considered that few Mimepresent the limit of detection for PP_UniM,
thus it may have a role on the intercept. Furtheengalentini et al., (in press) performed sengititests about the role of
asymmetry parameter on results by PP and PaM agipgeaThese tests showed few percent variatiomeimesults moving
from g = 0.50 to g = 0.75 and intercepts about @01001 in units of absorbance-()-t. Finally, the approach presented in
Eq. (1) neglects a possible additive contributitonf scattering (i.e. is best at low single scattprdlbedo - SSA). Bias of
such an approximation — possibly depending on tireslength — can contribute to the observed intéscep

Deming regression results were presented sepafateffaytime and night-time data in Table 3 for SE8or these data, the
intercept of the regression line was comparab#eto. Exceptions were PP night-time results at#@@nd 880 nm for which
the intercept exceededSE for less than 10% and they were forced the sBragtime Gess()) values were higher than the
corresponding night-time ones, even if they wemagarable within SE for both PP and PaM calculatipproaches. More in
detail, multiple-scattering enhancement parame@ilated with PP approach were in the range 8 @dess pp,da()) < 3.57
for daytime dataset and 3.31Caes3pp.dafA) < 3.50 for night-time dataset; calculations with #eM approach gave 2.729
Caezs,pamdafh) < 2.95 for daytime dataset and 23 TCagaspam,dafr) < 2.91 for the night-time dataset. It is noteworthgt
values at 470 nm and 520 nm were comparable wkirand the same occurs for the values at 660 nn3&hadm for both
PP and PaM approaches pointing to a weak wavelatgplendence. Nevertheless, iEB is considered for statistically
significant differences, all the values were corapé, and no wavelength-dependence can be claimed.

Figure 3 provides the same representation alregalgieed in Fig. 2, considering in this case the3AEataset. All intercepts
of the Deming regression carried out on the wholE3A data were comparable to zero. In this casessitlted 3.4
Caesz1_raMM) < 3.58 and these values were fully comparable tstiggested value of 3(% + 0.25) (GAW, 2016). Considering
the PP approach, 4.22Caez1_p)) < 4.33 was found. It is noteworthy that for botke€&z pdA) and Gesz_paM}), the values at
different wavelengths were comparable within SEstho statistically significarit-dependence was observed.

Focusing on daytime and night-time datasets, seggraalso for AE31 daytime Aesi1(A) values were higher than the
corresponding night-time ones even if they were garable within SE, considering both PP and PaMutation approaches
(see Table 4). More in detail, multiple-scatterempancement parameters calculated with PP appvearehin the range 4.34
< Caess,pr.dafh) < 4.44 for daytime dataset and 44 Zaess pp nigith) < 4.25 for night-time dataset; calculations with Eesv
approach gave 3.55Cagsspam,dafr) < 3.65 for daytime dataset and 383&ae3s pam,nigth) < 3.53 for the night-time dataset.
For AE31, values at the different wavelengths wadteomparable within SE for each approach, evidenoegligiblei-
dependence.

Possible reasons for higher daytime values comparedht-time ones could be differences in pagtiS5A. Also, different
size-distribution can play a role. As an exampldéijgher fraction of bigger particles — e.g. relatedresuspension — can

enhance forward scattering, thus increasing thetifna of light impinging on the filter. Neverthekesthe first hypothesis
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would have required parallel scattering measurestenbe supported and the second should give tineitiect related to the
size-cut (PM2.5) used in this campaign. AnywaytHer experimental information should be collectadfuture similar
campaigns to clarify this aspect.

It is noteworthy that all the £g31(\) values found comparing AE31 data with resultsobth PP and PaM approaches were
higher than the corresponding values for AE33. T¥as expected, due to the different tape in usElr€aes1 =2.14 and
Caess =1.57 for the tapes in use).

Furthermore, multiple-scattering enhancement patenmecalculated usingakrg)) as reference measurement for the
absorption coefficient were always higher than ¢hoistained usingabs paA) as reference. This is due to the differenceén th
results by the two approaches evidenced in se8tiyrelated to the approximations performed byMAAP in the evaluation

of the input to the radiative transfer model (segtions 2.2.2 and 2.2.3).

Last, it is noteworthy that both for AE33 data iable 3 and AE31 data in Table 4, PaM values ar&8P3-lower than the
corresponding PP values. This seems higher thasldpe reported in Table 2 (about 0.87-0.88), uttanegligible negative

intercept is also present, thus the global diffeeclbetween the approaches is indeed higher tharathe given by the slope.

3.4 Insights into aexp

For each 12-h time slot, Eq. (6) was exploitedalzulatenex, using as inputfa{A) at all available wavelengths from AE31,
AE33, and PP_UniMI with both PP and PaM approacltmeBig. 4, frequency distribution of the calculhte,,considering
wavelength-independent C valueséé: =2.14 and Gess =1.57 for AE31 and AE33, respectively), to obtaisdh) from
batn(X) using Eg. (1). This figure should be consideredederence for the results obtained by a routivadyais.

Figure 4 showed thai.x, frequency distribution was narrower for Aethaloerstdatasets (1.u5,<1.8) than for PP_UniMI
datasets in both PP and PaM approaches ¢g48®). Focusing on Aethalometers, AE31 distributismiore skewed towards
lower values (with a sharp maximum bin in the 1.8+hnge) than AE33 distribution which is more sygtiic.

It is also of interest to gain insights into théeef of applying different multiple-scattering emcement parameters to the data
from AE31 and AE33 on the measureg, It should be recalled that in section 3.3 optedisultiple-scattering enhancement
parameters were obtained at 470, 520, 660, 88@niy,So0ex, from AE31 and AE33 data were re-calculated aftaieating
ban{A) from Eq. (1) only at 470, 520, 660, 880 nm, wille following choices for the multiple-scatteringhancement
parameters:

1) at all wavelengths €aez=2.14, G ae3=1.57 were considered;

2) day-time and night-time wavelength-dependent mieltgtattering enhancement parameters C, reportédbte 3
for AE33 and in Table 4 for AE31 were used. Both &Rl PaM-derived multiple-scattering enhancemardmeters
were considered. These values will be in the folhmwvnamed “optimised multiple-scattering enhancemen
parameters”.

Results of theiex, frequency distributions obtained from these testee shown in Fig. 5.
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It is noteworthy that Fig. 5a and Fig. 4c as wsllRég. 5b and Fig. 4d differed only for the numbéwavelengths used for
aexp Calculation. The comparison confirmed the roléhef chosen wavelengths agy, calculation, as already mentioned in
section 2.4. More in detail, considering a narrove@ge of wavelengthey, distributions were narrower and peaked at lower
values.

480 The comparison of Fig. 5¢c and 5d to Fig. 4a as a&lFig. 5e and 5f to Fig. 4b, showed that theofisgtimised multiple-
scattering enhancement parameters was not enoulgartmonise the results aty, from different instruments. There are
different reasons for this. First of all, the measliabsorption coefficients are the sum of (att)ems contributions (traffic,
biomass burning) featuring different absorption Amgm exponents, thus the analytical dependendbedf sum is not
expected to be exactly exponential. Second, creissitivity to scattering is expected to be an adelierm, which is neglected

485 in the approach presented in Eq. (1), which appnaieés the relationship between absorption and @idimby the use of a
single multiplicative factor. Third, we are congidg average factors and applying them to all theaset, whereas sample-
by-sample differences are expected, e.g. in théestay properties of the particles. Finally, itositd be recalled that
PP_UniMI wavelengths were 405, 532, 635 and 780 wihereas the wavelengths considered for Aethalamete
calculations were 470, 520, 660, and 880 nm

490 3.5 Aethalometer model results

As mentioned in section 2.6, multi-wavelength imfiation on the aerosol absorption coefficient camided as input to the
Aethalometer model for source apportionment. SacB@d showed differences in thedependences of data from different
instruments, as well as the impact of considerirgdf or optimised multiple-scattering enhancemeamiameters. These
observations point to the need of investigating ible of such differences on source apportionmestlts. So, in this
495 paragraph it will be investigated:
- the role of performing the Aethalometer model usiaga from different instruments
- the impact of applying wavelength-dependent mudtgtattering enhancement parameters on the
Aethalometer model source apportionment results.
In this work, the Aethalometer model was run apmyir=1 andaws=2. These values were previously used in Bernareioni
500 al. (2017b) for the Milan area during an applicatto a dataset with available wavelength informmatiothe range 375-850
nm.
In the following, we will show results of the Aetbmeter model run using as input datgsbg\), babs,parh), and ks aez{A)
and hps ae3f)) obtained using both fixed multiple-scattering @méement parameters and the optimised ones prdsente
section 3.3. Both the 2-and the multix fit approaches (with all the possible combinatiexplained in section 2.6) were
505 tested. A summary of the average apportionmentetadion coefficients between the apportioned wbothing bpsweand
levoglucosan measurements,d), and correlation coefficients between the appogd fossil fuel combustionad rrand
benzene measurements(ilobtained with all the approaches was reportethinle 5.

From Table 5 and considering fixed multiple-scatigienhancement parameters for Aethalometerspibeanoted that:
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Average apportionment percentage for AE31 and A&@%ed within 7%, provided that the same short
wavelength was used as reference (either 370 rif@inm), regardless of the data processing approach
Considering the same instrument, an average apporént difference up to 12% was found at 470 nm for
AE33 using 7x approach compared t0}2470/950 nm. In any case\fapportionment is never in the range
of variability found considering 470 nm as lowesdwslengths, still evidencing the impact of near-UV
measurements on the source apportionment results.

Average PP_UniMI apportionment was within 6% coasitg all approaches, and within 3% considering
results from 4x fit. Thus, it should be mentioned that — even & avidenced significant differences in
absolute values for PP and PaM measurements iios&® — such differences do not impact signiftban
PP_UniMI relative source apportionment.

Correlation coefficientsys between ks wesand levoglucosan showed high correlatia$0.92) for AE33
and AE31 results, independently of the approacimosipe, lower correlation was found with all the
PP_UniMI approaches\g<0.83). Further investigation is needed to undecstae reasons for this. This
effect was possibly related to the widey, frequency distribution found in section 3.4 for RmRiMI data.
Indeed, due to the fewer assumptionsanetrieval, PP_UniMI seems more sensitive than Aletineters

to sample-by-sample variability. Consequently, dpproach of the Aethalometer model based on fixing
unique values odirr andaws for the whole dataset can make it less suitabtedapplication to such data.
Nevertheless, this needs further investigation esing multi-wavelength Nephelometers in paraltel t
Aethalometers to perform more accurate correctadmsethalometer data. It should also be evidenbed t
role of a single point affecting the correlationdbes not result as an outlier looking at wavellergys
distribution, but its removal from the populatiorcieasesws to 0.85-0.86, depending on the considered
approach.

Correlation coefficientssg between ks rrand benzene are in the range 0.87-0.92 (beinigtistigigher for

Aethalometers), showing lower dependence on theuim&nt and/or approach thagsr

Table 5 also allowed to perform comparison betwsethalometer apportionment obtained using fixedmiimised multiple-

scattering enhancement parameters. As an exangpisidering input data in the range 470-880 nm, AB3d AE33 Bus e

relative contributions at 470 nm were in the raB§e5% considering fixed multiple-scattering enteament parameters and

67-70% in the case of optimised ones; similarlgpaonsidering other wavelengths for comparisanrdinges do not overlap.

Thus, even if wavelength variabilities of multigdeattering enhancement parameters were mostlyna#thj they resulted in

a significant impact on the average source appuortent results. Furthermore, PP_UniMI apportionmshtsved higher FF

contributions than those obtained by AE31 and A&S8g fixed multiple-scattering enhancement paramgtp to 7% when

considering 470 nm as lowest wavelength for Aetim@liers and up to 17% when comparingfit-on AE33, again evidencing

the important impact of the shortest wavelengtlthensource apportionment); opposite, relative a@gponent agreed within

5% at most (and, more in detail, PP_UniMI sourgecgfionments results were always within the valigbof Aethalometers
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results by different approaches) when optimised tipiatscattering enhancement parameters were oenesidfor
Aethalometers.

This is an interesting result. Indeed, sectionshdwed that the application of optimised multiptettering coefficient did
not lead to fully harmonised:, frequency distributions. Nevertheless, here wenglibthat the use of optimised multiple-

scattering parameters can lead to the harmonisatitmast of the average relative source apportarim

3.6 MWAA model results

As explained in section 2.7, the MWAA model for quanent apportionment was run using as input bdthtare 53 AE31
and AE33 data. In Table 6, relative contributiohB@ and BrC to k4{)) obtained from the different tests was shown, ttogye
with agrc (average * standard deviation) as@.rOnly Aethalometer wavelengths present also ind &lwere reported.
Table 6 showed that the component apportionmerfibimeed by the MWAA model is less sensitive to exteewavelengths
than the source apportionment performed by the dletheter model. Indeed, highest discrepancy of B%omponent
apportionment ands>0.91 were found at 470 nm in all cases. This wabainly related to the ability of the model to self-
evaluate the most suitable value é@fc as a function of input data. This was supportedhegyinvestigation of the role of
different input data (in terms of instrument andselangth range) on the computesgc. In Fig. 6, frequency distributions of
agrc Obtained in the different tests were shown: narradigributions were obtained for AE33 than for AEThis observation
held both for distributions obtained af.q¥ig. 6a and 6b) and at’5¢Fig. 6¢ and 6d) and was confirmed considering tha
standard deviations okc values (Table 6) are 1.4 and 1.8 times higheAf881 than for AE33. As for averagec values,
the role of the considered instrument or number®felengths is unclear. Indeed, average obtained by AE33 data was
13% higher and 14% lower than those obtained bylA&#isidering 7 and 52, respectively. Furthermoreg.c computed
at 72 was 18% lower and 7% higher than the one compatt&e. for AE31 and AE33, respectively.

Conclusions

In this work, results from the EMEP/ACTRIS/COLOSSAampaign carried out in Milan in winter 2018 wpresented. The
work explored some open issues in the measureroktits aerosol absorption coefficient by filter-edsnstrumentation and
their impact on source (fossil fuel combustion/wdarning) and component (BC/BrC) apportionment.

Thanks to the comparison with off-line measuremeatsied out by the polar photometer PP_UniMI whiehiforms high
angular-resolved measurement of the sample phas&duo (PP approach), we showed that the approiomattroduced by
the MAAP in the calculation can have a not-neglgibnpact on the results. Nevertheless, PP_UniMivigied results
comparable to the MAAP when PP_UniMI was used d@pplthe same approximations as the MAAP ones (Papicach).
Furthermore, we exploited 4-wavelength{) measurements carried out off-line by PP_UniMId&termine optimised

multiple-scattering enhancement parameters atrdiffewavelengths for Aethalometers AE31 and AE33aes1(X) and
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Caess()), respectively - by comparison with loading-cotegt hvrnaezi(h) and Brnaess(h). Caesi(h) and Gess(A) were

575 calculated using PP_UniMI data obtained by consgideboth the whole high-angular resolved informatiohws p€A), and
using the approximations set in the MAAP asshanA). We provided both results as the MAAP is ofteaduas a reference
instrument, and multiple-scattering enhancemerdmaters obtained exploitingshrar)) can be directly compared to others
present in the literature. Nevertheless, PP_Unidtfggms a more detailed analysis by measuring iase function in the in
the scattering plane, in principle improving thewacy of the measurements.

580 Considering all AE31 samples compared to the Paptageh, Gesi,paM)) results were in the range 3.47-3.58 and were
comparable to the values prescribed by WMO/GAW §8Z5%). As for AE33, 2.78 CaesspaM)) < 2.93 depending on the
wavelength was found from the PaM approach. Neekdis, PP approach indicated that higher values tgup
Caes1,p{470nm)=4.33 and £233,,{520nmM)=3.53) can be more suitable, highlightirgnble of MAAP approximations on the
measured s but intercepts not comparable to zero were fanriew cases, preventing the determination of araye value

585 at 405 nm and 780 nm for AE33. This problem was@w®e considering daytime and night-time data s#pbr. In this case,
daytime values of optimised multiple-scattering amtement parameters were slightly higher than igfe ones, but within
the standard error, for both AE31 and AE33 as a&llising PP and PaM approach. Furthermore, alsiderimg separately
daytime and night-time data, values at differenvelengths were within SE for the same calculatippraach. Separated
daytime/night-time optimised multiple-scatterindhancement parameters were used for further in\agiigy

590 Comparing Gesi()) at different wavelengths with all approachesdfaytime and night-time data, they were all withtemslard
error (SE) for AE31 and no statistically signifitamavelength-dependence was found in our work AE83, results at 470
and 520 nm are not comparable to those obtain@8Caind 880 nm within SE: this suggests a weak l@agéh-dependence.
Nevertheless, if BE is considered as limit for statistically sigodfint differences, then also for AE33 no statidtycsignificant
wavelength-dependence can be claimed.

595 The analysis of the experimental absorption Angstexponentsoex,) evidenced that significantly different values wer
obtained depending both on the instrument and erctiosen wavelength-ranges from the same instreméfdavelength-
dependent multiple-scattering enhancement paramdtgermined in this work were also applied to dedgen AE31 and
AE33, but they were not enough to harmonisg frequency distributions from different instruments
This work investigated the role of such differenoesthe results of source apportionment by the &letheter model (by

600 fixing a value ofarr=1 andows=2 already used in previous works in the area) anth@fcomponent apportionment by the
MWAA model (fixing asc=1). The Aethalometer model was applied using pstitus,sdata determined by PP_UniMI, AE31
and AE33. As for AE31 and AE33,4\) obtained both using fixed and optimised multiptattering enhancement
parameters were used as input. The role of diffarkaices for the considered wavelength was algesitigated, as well as
different calculations approaches. Inconsistengieselative source apportionment were found alsns@ering a single

605 instrument, evidencing not only the role of the s#vo wavelength range (already found in the liteggtbut also that small
differences (within uncertainties) in the waveldndependencies of multiple-scattering enhancemaranpeters affect

significantly the output of the Aethalometer mo@&gnificant differences were found between theoafipnment results from
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PP_UniMI data and those obtained by AE31 and AEBB fixed values for the multiple-scattering enhament parameters.
However, relative apportionment agreed within 5%naist (and, more in detail, PP_UniMI source appartients results
were always within the variability of Aethalometewsults by different approaches) when optimisedtipte-scattering
enhancement parameters were considered for Aetetdosn It is noteworthy that the application ofimpged multiple-
scattering enhancement parameters did not harmagis&equency distributions among different instrumemtt it led to
consistent source apportionment results.

Focusing on the MWAA model, due to the featurethefmodel our tests were limited to the assessofehe role of extreme
wavelengths on the model results for AE31 and AH3@ average apportionment of the relative contidims of BC and BrC
from AE31 and AE33 showed little influence on tlensidered wavelength range (5% maximum, to be cospi®m 11%
limiting Aethalometer model analysis to the tesimparable to those performed by the MWAA model)véitheless, open
issues remain concerning the estimategsf whose average value was in the range 2.99-3.6hdegeon the instrument

and the wavelength range considered as input.
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Figure 1. Scatterplot of PP_UniMI data obtained usig PP and PaM approach vs. MAAP.
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AE33 vs. PP (470 nm)

AE33 vs. PaM (470 nm)
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Figure 2. Scatterplot of bxtn_aess()) vs. buns pHA) (left charts) and has_paM(A) (right charts) at 470 nm, 520 nm, 660 nm, and 8&@m
925 (from top to bottom).
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Figure 3. Scatterplot of Intn_aes1(A) VvS. bas_pH(2) (left charts) and vs. labs_pam(2) (right charts) at 470 nm, 520 nm, 660 nm, and 880
nm (from top to bottom).
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INPUT DATA OUTPUT DATA USED FOR COMPARISON
Instrument and | Sandradewi (2-A) (Eq. 7, 8, 9). Used As This work (multi-A fit) (Eq. 10) sandradewi (2-1) This work (multi-A fit) (Eq. 10)
approach are reported as A,/A, 7-A fit 4-A fit 7-Afit 4-A fit
AE31, C,_AE31 370/950, 470/950, 370/880, 470/880 370, 470, 520, 590 660, 880,950 470, 520, 660, 880 370, 405, 470, 780, 880,950 470, 780, 880
AE33, C,_AE33 370/950, 470/950, 370/880, 470/880 370, 470, 520, 590 660, 880,950 470, 520, 660, 880 370, 405, 470, 780, 880,950 470, 780, 880
AE31, C(A) 470/880 N.A. 470, 520, 660, 880 . N.A. 470, 780, 880
Same as input data
AE33, C(A) 470/880 N.A. 470, 520, 660, 880 N.A. 470, 780, 880
PP_UniMI (PaM) 405/780 N.A. 405, 532, 635, 780 N.A. 405, 470, 780, 880
PP_UniMI (PP) 405/780 N.A. 405, 532, 635, 780 N.A. 405, 470, 780, 880

Table 1. Summary of the tests available for Aethaloeter model. For each instrument and approach to reteve bass, and for each
950 approach to the Aethalometer model, wavelengths (imm ) in input to model and reference wavelengthsir( nm) for source
apportionment used as output are reported.

955
960
Wavelength Slope SEslope | Intercept SE Intercept
405 nm 0.877 0.008 -1.787 0.400
532 nm 0.878 0.006 -1.284 0.190
635 nm 0.875 0.006 -1.041 0.184
780 nm 0.874 0.011 -0.924 0.225
Table 2. Deming regression parameters of PP vs. Paddlculations at different wavelengths.
965
Wavelength | Caess,pp,day(A)  SE | Caess,pp,night(A) SE Caeszpamday(N)  SE | Caeszpamnignt()  SE
470 nm 3.56 0.06 3.49 (*) 0.05 2.93 0.04 2.90 0.04
520 nm 3.57 0.07 3.50 0.05 2.95 0.05 291 0.03
660 nm 3.43 0.08 3.31 0.06 2.82 0.05 2.75 0.03
880 nm 3.41 0.09 3.36 (**) 0.07 2.79 0.06 2.77 0.04
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Table 3: Multiple-scattering enhancement parameter ad standard error (SE) for AE33 at different wavelengh calculated

separately on the day and night datasets using PRCAgss_pp_day and Caess_pp_nighy respectively) and PaM (Gess_pam_day and

Cag33_raMm_night, respectively) approaches. (*) original regressiofine intercept was 6.62 + 2.15; (**) original regession line intercept
970 was 4.48 +1.40.

Wavelength | Caesipp,day(A)  SE | Caess,pp,night(A) SE Caestpamday(A)  SE | Caesspamnignt(A)  SE
470 nm 4.42 0.10 4.25 0.08 3.65 0.07 3.53 0.06
520 nm 4.38 0.10 4.18 0.08 3.61 0.06 3.48 0.05
660 nm 4.44 0.11 4.18 0.08 3.65 0.07 3.48 0.05
880 nm 4.34 0.13 4.12 0.09 3.55 0.08 3.39 0.06

975 Table 4: Multiple-scattering enhancement parameter ad standard error (SE) for AE31 at different wavelengh calculated
separately on the day and night datasets using PRCAgs1_pp_day and Caesi_pp_nighy respectively) and PaM (Ges1_pam_day and
CaEes1_raM_night, respectively) approaches.

Relative b,,s(A) source apportionment
370 nm 405 nm 470 nm 780 nm 880 nm 950 nm

Input data FF WB FF WB FF WB FF WB FF WB FF WB | rws Trr

AE33 7A—fit 49% 51% | 51% = 49% | 54% = 46% | 66% 34% | 68% 32% | 70% 30% | 0.94 | 0.88

§ - AE31 7A-fit 48%  52% | 51%  49% | 54% = 46% | 65% 35% | 68%  32% | 70%  30% | 0.93 | 0.88

8wy AE33 370/950 56% = 44% 76%  24% | 0.94 | 0.92

S = g9 AE31 370/950 51%  49% 72% @ 28% | 0.94 | 0.91
2 83

S 9 g AE33 370/880 50%  50% 70%  30% 0.94 | 0.91

228§ AE31 370/880 52%  48% 71% @ 29% 0.94 | 0.91

E g I AE33 470/950 68% = 32% 80% 20% | 0.94 | 0.91

<3 5% AE31 470/950 60% = 40% 75%  25% | 0.95 | 0.91

8 X § g AE33 470/880 61% = 39% 74% | 26% 0.95 | 0.91
|

< g’g S AE31 470/880 63% = 37% 76% | 24% 0.94 | 0.91

3 £

g 3 AE33 4A—fit Cq agas 59% | 41% | 70% @ 30% | 72% @ 28% 0.94 | 0.89

AE31 4A—fit Co aea 65% 35% | 75% @ 25% | 77% @ 23% 0.93 | 0.91

-3 o AE33 4\=fit Cagazpp 68%  32% | 78% 22% | 80% = 20% 0.93 | 0.90

? E o b AE31 4A—fit Cagarpp 68% 32% | 78% 22% | 80% = 20% 0.94 | 0.91

é 2% % AE33 4\ ~fit Cpgas pam 70% | 30% | 79% @ 21% | 81% @ 19% 0.93 | 0.91

2 §§ 2 AE31 4\ ~fit Cagaspam 69% | 31% | 78% @ 22% | 80% = 20% 0.94 | 0.90
S o

5§42 ) g AE33 470/880 Cpggs pp 68% = 32% 79% | 21% 0.92 | 0.90

< § =3 AE31 470/880 Cpgsy pp 67% = 33% 79% | 21% 0.94 | 0.91
c

3 8 E 8 | AE33470/880 Cpesspan 69% = 31% 80% = 20% 0.93 | 0.91

© 8 § | AE31470/880 Caes1pam 69%  31% 80%  20% 0.94 | 0.91

PP 405/780 65%  35% 77%  23% 0.83 | 0.89

PP 4A—fit (*) 62% @ 38% | 65% 35% | 75% @ 25% | 76% @ 24% 0.81 | 0.87

PaM 405/780 68% = 32% 80% = 20% 0.82 | 0.90

PaM 4A-fit (*) 65% 35% | 68% @ 32% | 77% @ 23% | 79% @ 21% 0.81 | 0.88
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980 Table 5. Absorption coefficient relative source apptionment using the Aethalometer model fixingarr=1 and aws=2. The model
was applied to all available data using different dta processing as presented in section 2.6. Valus380nm for PP and PaM results

were extrapolated. (*) 44 fit for PP and PaM data considersh=405, 532, 635, 780 nm.

985

Relative component apportionment (%)

370 nm 470 nm 880 nm 950 nm
BC BrC BC BrC BC BrC BC BrC Ogc ferc
AE33 7A-fit | 68%  32% | 79% @ 21% | 94% 6% 95% 5% |3.38£0.40| 0.94
AE31 7A-fit | 65% 35% | 75% 25% | 91% 9% 92% 8% [2.99+0.56]| 0.91
AE33 5\ —fit 75% @ 25% | 91% 9% 3.16+£0.55| 0.92
AE31 5\ —fit 80%  20% | 95% 5% 3.66+0.97| 0.94

Table 6. Absorption coefficient relative component pportionment using the Aethalometer model fixingeBC=1. The model was
990 applied to AE31 and AE33 data using different data pocessing as presented in section 2.7. The presenteg refers to 470 nm in

all cases.
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