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Abstract

In this study, the applicability of a benchtop polar photometer (PP_UniMl) to retrieve multi-wavelength
aerosol absorption coefficient data by off-line measurements of the Multi-Angle Absorption Photometer
(MAAP) sample spots is presented. MAAP is a widespread single wavelength online instrument providing
the aerosol absorption coefficient and the equivalent black carbon concentration. In this work, MAAP
samples collected during four different campaigns were analysed off-line with PP_UniMI.
First of all, data from PP_UniMI and MAAP were compared to investigate contributions to measurement
uncertainties. In particular, the role of the following assumptions performed in the MAAP was investigated:

- reconstructing angular distribution of light scattered by filter samples from measurements at three

fixed angles using analytical functions;

- setting the fraction of the back-scattered radiation by the blank filter (Bwu) at a fixed value By=0.7:

- assuming a fixed value for the asymmetry factor g=0.75.
Samples collected at several sites showed an agreement within 5% when data from the two instruments
were retrieved using the same approximations (i.e. backscattered radiation from the filter matrix By set at
a fixed value, phase functions reconstructed by analytical functions from measurements at 3 angles, same
asymmetry factor) in the data retrieval algorithm. Conversely, larger differences (14% on average) between
off-line measurements and averaged MAAP data were obtained when the high-angular resolved
information available by PP_UniMI was exploited. By analysing the role of MAAP assumptions for o,
retrieval, it resulted that fixing Bm=0.7 was the main responsible for the detected differences. Indeed, high-

angular resolved off-line measurements by PP_UniMI allow to directly measure By, obtaining By=0.88 on
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white spots. It is noteworthy that the observed results were similar at all considered sites, so they proved
to be independent of the aerosol type and can likely be attributed to instrumental effects. Moreover, a
sensitivity test was carried out also to check the impact of the fixed value used for the asymmetry factor
(set at g=0.75 in both instruments). Varying g values within the typical range for ambient aerosol (0.50-
0.75) the estimate of aerosol absorbance ABS (directly obtained from PP_UniMI measurements and linked
to o0.p) was affected by 8% at most, thus being a minor source of uncertainty in the calculation. The effect of
the variability in blank spots used for off-line analyses was also evaluated and resulted in a contribution
smaller than 3% to the uncertainty of the methodology employed.

Finally, the possibility of exploiting multi-wavelength assessment of absorption coefficients is an added
value of PP_UniMI; indeed, it allows to estimate the contribution of different aerosol sources and

components to the absorption coefficient using MAAP tapes used in present or past campaigns.

Keywords

Aerosol absorption coefficient, equivalent black carbon, MAAP, polar photometer, multi-wavelength.

1. Introduction

The study of atmospheric aerosol optical properties (scattering, absorption, extinction) is important to
assess the contribution of aerosol-radiation interactions to the Earth radiation balance (IPCC, 2013).
Aerosol optical properties depend on the aerosol refractive index, size distribution, and mixing state.
Absorbing particles are of particular interest since they have the potential to provide positive contribution
to the Earth radiation balance (see e.g. Ferrero et al., 2018). The main absorbing species among aerosol
components is black carbon (BC), which is currently identified as the third most important individual
climate-warming component (IPCC, 2013). Nevertheless, estimates of the radiative forcing related to BC-
radiation interaction are still affected by uncertainties comparable to the estimated value itself (IPCC, 2013)
due to the lack of an unambiguous BC definition and difficulties in BC quantification (Petzold et al., 2013),
including the evaluation of particle mixing effects on BC absorption properties (Bond et al., 2013; Lack &
Cappa, 2010; Samset et al., 2018) and the current absence of a gold-standard reference absorbing material
(Baumgardner et al., 2012).

Measurements of the aerosol light absorption coefficient (o,p) are often carried out using filter-based on-
line instruments. Indeed, they allow a relatively easy and unattended operation that makes them suitable
for long-term monitoring (Baumgardner et al., 2012). Most on-line filter-based instruments, such as the
Aethalometer (Drinovec et al., 2015; Hansen et al., 1984) or the Particle Soot Absorption Photometer —

PSAP (Bond et al., 1999), are based on continuous measurements of light transmitted through a filter
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during sampling and operate at multiple wavelengths. Measurements carried out by these instruments are
affected by two artefacts (Weingartner et al., 2003): 1) cross-sensitivities to particle-related scattering and
multiple scattering between the aerosol and the substrate; 2) loading effect. Thus, the output of this type
of instrumentation must be properly corrected (Collaud Coen et al., 2010; Drinovec et al., 2015; Ogren,
2010; Virkkula et al., 2005). More refined on-line filter-based measurements of o,, can be obtained by the
Multi-Angle Absorption Photometer — MAAP (Petzold & Schénlinner, 2004). This is a single-wavelength
instrument that measures both transmitted and scattered light and uses a suitable radiative transfer model
to account for multiple scattering effects in order to retrieve the o.,. The output of the MAAP is the
equivalent Black Carbon (eBC) concentration (Petzold & Schonlinner, 2004; Petzold et al., 2013), obtained
by o.p applying a fixed Mass Absorption Cross-section (MAC) of 6.6 m?/g. As the system accounts for
multiple scattering effects and limited loading effect was detected (Petzold et al., 2005), the MAAP has
often been considered as reference methodology among on-line filter-based devices providing eBC
concentration (Ammerlaan et al., 2017; Miller et al., 2011). Despite MAAP advantages, it is worthy to note
that MAAP operates at a single wavelength thus preventing the assessment of aerosol properties and
sources linked to wavelength dependence. In addition, previous works evidenced biases affecting eBC
values especially at high BC accumulation rate (Hyvarinen et al., 2013); moreover, as in any other filter-
based system, the use of a fibre filter might promote sampling artefacts due to the absorption of organics
that can affect the estimate of the correct o, (Vecchi et al., 2014). Besides on-line measurements, also
benchtop laboratory instrumentation has been developed for c., measurements on aerosol collected on
filters during sampling campaigns. As examples, in-house made polar photometers like the Multi-
Wavelength Absorption Analyzer (MWAA) at the University of Genoa (Massabo et al., 2013) and the multi-
wavelength polar photometer PP_UniMI at the University of Milan (Bernardoni et al., 2017; Vecchi et al.,
2014) have been developed. These instruments allow to determine o, at different wavelengths in the
range UV-IR based on measurement principles similar to the one of MAAP although implemented
differently in each of them; they can analyse filters of different type (e.g. fibre filters/membranes of various
size) and also spots (i.e. aerosol deposits) punched from filter tapes.

In this work, the applicability of polar photometers to retrieve multi-wavelength o, data from off-line
analyses of MAAP spots was investigated. This application is very useful to gain a-posteriori information
about the spectral dependence of aerosol light absorption coefficient measured on-line by the single-
wavelength MAAP. Indeed, MAAP has been used by many monitoring networks and deployed in a variety
of measurement campaigns to obtain eBC or 0,,. The possibility to extend MAAP information at other
wavelengths would allow to exploit optical source or component apportionment models such as the
Aethalometer model (Sandradewi et al., 2008) or the MWAA model (Massabo et al., 2015); in addition,
multi-A 04, could be provided and used to test existing correction schemes or retrieve suitable correction

factors to be applied to other on-line instruments such as the Aethalometer. It is also noteworthy that
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retrospective studies based on measurements performed on MAAP filter tapes collected in past years are
also possible. An application of MWAA to obtain multi-wavelength o., from MAAP spots is reported by
Saturno et al. (2017), who used MWAA measures as multi-A reference to test two different Aethalometer
correction schemes in terms of the Absorption Angstrém Exponent (AAE).

To test the robustness of this methodology and application, different contributions to measurement
uncertainties were investigated. Data collected during four sampling campaigns deploying the MAAP were
analysed and off-line data measured by PP_UniMI were compared to average values obtained by the MAAP
for each spot. Results of this inter-comparison, a study of the effect of assumptions in the MAAP retrieval
algorithm, and sensitivity tests to the radiative transfer model input data and parameters are also
presented. Although it is more time-consuming than on-line absorption photometers, the off-line multi-
wavelength analysis of MAAP spots by PP_UniMI provides more robust results as it relies on fewer
assumptions; in addition, it does not need a-posteriori empirical corrections for multiple scattering effect,
which is a critical artefact in photometers based on transmission only as already outlined by many studies
(e.g. Bond et al., 1999; Collaud Coen et al., 2010; Ogren, 2010; Saturno et al., 2017; Virkkula et al., 2005;
Weingartner et al., 2003).

2. Material and Methods
In the following, details about instruments, off-line measurements, sampling sites, and aerosol types are

given.

2.1 The Multi-Angle Absorption Photometer (MAAP)

The Multi Angle Absorption Photometer (MAAP, Thermo Scientific) is an on-line instrument based on
simultaneous measurements of light transmitted and scattered by the aerosol continuously collected on a
glass-fibre filter tape to determine eBC content. In order to avoid issues related to loading effects, the filter
tape is moved whenever light transmittance through the filter is reduced to a fixed percentage of the initial
value (default: 20%). After the measurement, the filter tape with aerosol deposits (hereafter called "spots")
can be removed from the sampler and spots can be punched from the tape. Few literature studies (e.g.
Nordmann et al., 2009; Saturno et al., 2017) report off-line analyses carried out on MAAP spots, but these
measurements are scarce and not routinely performed.

The MAAP (A =637 £ 1 nm, Miiller et al., 2011) measures light transmitted and scattered at three angles
(0°,130°, and 165°) properly selected. These measurements allow the reconstruction of the total light
diffused in the forward and backward hemispheres integrating suitable analytical functions (Petzold &
Schoénlinner, 2004). Such measurements are performed on blank (i.e. before sampling) and loaded (i.e.

while sampling) filters; these data are the input to the radiative transfer model reported by Hanel (1987,
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1994) for membrane filters and extended by Petzold & Schonlinner (2004) to fibre filters. In the algorithm,
fixed values for the fraction of the radiation back-scattered by filter matrix (Bm) and the asymmetry factor
(g) are imposed a-priori. The radiative transfer model provides the aerosol absorbance (ABS) of the sample.
The deposit area and sampling air flow are used to retrieve o,, from ABS. The output of the instrument is
the atmospheric eBC concentration (in pg/m?3), which is obtained from o,, setting a value for the black
carbon Mass Absorption Cross-section (MAC=6.6 m?/g is set by the manufacturer) (Petzold et al., 2002).
Petzold & Schonlinner (2004) reported that sensitivity tests on all these assumptions resulted in an overall
uncertainty of 12% in the MAAP output. In particular, the hypotheses on the angular distribution of
scattered light and the asymmetry factor g produced an uncertainty of 5% each, while the uncertainty
associated to the fixed Bm value was estimated to be 10%. Moreover, a sensitivity test on By showed that a
1% uncertainty on By resulted in an approximately 1% uncertainty on ABS value. Further details on the
performance of the instrument can be found in Miller et al. (2011).

As already mentioned, in the MAAP the filter tape is moved whenever the transmittance measurement is
reduced to a fixed value to limit problems related to filter loading. Nevertheless, Hyvarinen et al. (2013)
pointed to possible issues with measurements - especially at high 0., — likely related to erroneous dark
counts in the photodetector measuring the transmitted light, and an internal averaging procedure of the
photodetector raw signals. The authors developed a correction algorithm to get rid of them. In this work,
no correction was applied to MAAP outputs; however, to avoid biases caused by high BC concentrations, all
data resulting in 0.,> 60 Mm™ were neglected. Indeed, a lack of linearity in the MAAP response was
observed above this threshold: when compared to off-line measurements, MAAP apparently
underestimated higher o, values. Note that, considering the flow rates used for MAAPs employed in the
present study (in the range 0.9-1 m3/h), this is in agreement with the limit reported by Hyvirinen et al.
(2013) above which MAAP is expected to underestimate BC concentrations, corresponding to 55-62 Mm™

depending on the flow rate.

The data presented in this paper are referred to samples collected by three MAAPs, operating at sites with
different characteristics in various campaigns (see Section2.3). At the end of the campaigns, the filter tapes
were removed from the MAAP and spots were punched to 22 mm diameter (fully including the aerosol
spot) for the off-line analysis by PP_UniMI and compared to MAAP results (see Section 2.2). To allow the
comparison with off-line measurements, the average o., for each MAAP spot (hereafter called 6ap_maar) Was
calculated as 0ap_maar=<eBC>:MAC, where <eBC>¢ is the on-line eBC concentration given by the MAAP

averaged over each spot sampling time (t) and the MAC value was the one set by the manufacturer.
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2.2 The polar photometer PP_UniMI

PP_UniMl is a multi-wavelength polar photometer developed at the University of Milan. Details on the
instrument can be found in Bernardoni et al. (2017) and Vecchi et al. (2014), thus only a brief summary of
measurement principles will be given here.

Similarly to the MAAP, PP_UniMl is based on the detection of the amount of light scattered in the forward
and backward hemispheres by blank and loaded filters to assess 6., of aerosol collected on filters. The
instrument currently operates at 405 nm, 448 nm, 532 nm, 635 nm, and 780 nm; measurements at 635 nm
only will be presented in this work, for sake of comparison with the MAAP (operating at 637 nm — see
Section2.1). Note that no wavelength correction was applied to avoid further assumptions; anyway, the 2
nm A discrepancy between MAAP and PP_UniMI would lead to a difference smaller than 1%. The main
difference with the MAAP approach is that high angular resolution measurements are performed by
PP_UniMI. Indeed, PP_UniMI measures the light intensity on the scattering plane from 0° to 173° with
about 0.4° resolution, by an amplified photodetector mounted on a rotating arm. The same analytical
function (i.e. a linear combination of a cosine and a Gaussian) used in the MAAP to represent the angular
distribution of back-scattered light is employed to reconstruct the signal from 173° to 180°; sensitivity tests
on the effect of the function (cosine-Gaussian combination or parabola) chosen for the 173-180° signal
reconstruction resulted in a o, variability within 0.1% at all wavelengths. The sample under analysis
coincides with the rotation centre. The amount of light scattered in the forward and backward hemispheres
is then obtained by solid-angle integration. QA/QC procedures ensure the quality of measurements, i.e.
laser intensity is monitored before and after each measurement session and it is used to normalise
measurements to a reference value.

The total amount of light scattered in the two hemispheres by blank and loaded spots is measured and
used as input to the same two-layer radiative transfer model as the one implemented in the MAAP (Hénel,
1987, 1994; Petzold & Schonlinner, 2004) obtaining ABS for each analysed sample. Estimates for limits of
detection and uncertainties on ABS can be found in Bernardoni et al. (2017).

As already mentioned, polar photometers can be exploited to perform measurements of standard filters
and sample spots produced by commercially available on-line instrumentation, such as MAAP, to gain
additional information and insights into e.g. filter-based photometers correction schemes (Saturno et al.,
2017; Bernardoni et al., 2020). In this work, sample spots punched from the MAAP filter tape were analysed
with PP_UniMI. Furthermore, also blank parts of the filter tape (located just before or immediately after
the part of the tape containing the spots to be analysed) were punched, analysed, and averaged to obtain a
representative blank necessary to run the radiative transfer model.

Once ABS for each spot was retrieved, to calculate o5, for each spot measured by PP_UniMI (hereafter
called ap_pe_unimi), the sampling volume was obtained as V=F-t, where F is the MAAP flow rate and t is the

time-lapse of the sampling for each spot. MAAP spot area (A) was determined by repeated measurements
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of spot diameters and ranged from 2.02 to 2.09 cm? (depending on the MAAP instrument used in the
campaigns); instrument-specific A and F values were used in data analysis. Finally, 0ap_pp_unimi Was calculated
as Oap_pp_unim=ABS-A/V.

In this work, aiming at an application of polar photometry to provide additional information from MAAP
spots, all contributions to measurement uncertainties were evaluated. In particular, the effect of
assumptions made by the MAAP to measure ., was specifically investigated. Indeed, while PP_UniMI
basically measures the full angular distribution of radiation scattered from the filter, MAAP retrieves the
angular distribution of scattered light making use of analytical functions and measurements at three fixed
angles (see Sections 2.1 and 2.2). To analyse PP_UniMI measurements on MAAP spots using the same
assumptions as the MAAP, it is possible to consider values of the signal measured by PP_UniMI photodiode
at the same scattering angles as those set in the MAAP and reconstruct the angular distribution of
scattered light with the same functions; in addition, when applying the radiative transfer algorithm, values
of Bv and g can be set equal to the ones fixed in the MAAP (0.7 and 0.75, respectively — Petzold et al., 2002;
Petzold & Schonlinner, 2004). This data analysis approach will be called “PP_UniMI as MAAP” (PaM) in the
following; the aerosol absorption coefficient calculated with this method will be referred to as 0ap_pam.

To further investigate the impact of the different MAAP hypotheses separately, two additional tests were
performed:

1. angular distributions of scattered light were reconstructed as performed by the MAAP but, instead
of using a fixed By, it was experimentally determined by the integrals of these distributions
(calculated following Petzold & Schonlinner, 2004); the nomenclature for the aerosol absorption
coefficient will be 0ap_pp_fun in this case. Indeed, with this data analysis approach (hereafter called
PP_fun), PP_UniMI data were employed to highlight the effect of using analytical functions to
reconstruct the scattered light angular distribution (see Section 3.2.1);

2. full angular distributions directly measured by PP_UniMI were employed and By was set equal to
0.7 (as in the MAAP); the symbol oap_pe_smrix Will be used. This approach (called PP_BMfix in the
following) was employed to single out the impact of the fixed By value in the MAAP algorithm (see
Section 3.2.2).

A summary of inputs used in each of the tests described above is reported in Table 1.

Note that this investigation of the effect of the MAAP hypotheses on the angular distributions of light
scattered by blank and loaded spots was performed considering the same value for the asymmetry factor
as the one set in the MAAP in all calculations. In order to single out the sensitivity of MAAP radiative
transfer algorithm also to this assumption, tests were carried out to retrieve o, Using different g valuesin a
range found in the literature for ambient aerosol (see Section3.2.3). In this case, both PaM and PP_UniMI

approaches were employed in the analysis.
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Finally, as MAAP blank spots corresponding to each loaded one are no more available after sampling (see
Section 2.1) and other parts of the tape have to be used as representative blank filters (see Section 2.2), the
variability among different blank spots was evaluated and its effect was investigated using PaM and

PP_UniMI approaches.

Table 1 Nomenclature used throughout the paper for the calculation approaches tested to retrieve oasp from PP_UniMI
measurements of MAAP spots.

Approach nomenclature Bm Angular distributions of scattered light
PP_UniMI Experimental Experimental, high angular resolution
PaM Fixed (0.7) Reconstructed from data at 3 angles
PP_fun Experimental Reconstructed from data at 3 angles
PP_BMfix Fixed (0.7) Experimental, high angular resolution

2.3 Sampling sites and campaigns

Figure 1 Location of sampling sites where MAAP samples were collected.

2.3.1 Urban background sites in Milan (Italy)

A sampling campaign was performed in 2016 on a balcony (about 3 m a.g.l.) at the Department of Physics
of the University of Milan (hereafter called “UniMI” site). This can be considered an urban background site

since it is located far from direct emission sources such as vehicular traffic. The PM1g campaign at UniMlI
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was carried out from November 21° to December 23™. Eighty-six MAAP spots among all those collected

during this campaign were analysed by PP_UniMI.

Another sampling campaign was performed on the rooftop (10 m a.g.l.) of the U9 building at the University
of Milano-Bicocca, an urban background station located inside the university campus (it will be referred to
as “UniBIC” in the following). PM,s measurements were performed in the frame of the
EMEP/ACTRIS/COLOSSAL winter campaign in Milan (Bernardoni et al., 2019; Bernardoni et al., 2020;
Ferrero et al., 2019; Ferrero et al., in preparation) from January 17" to 315t 2018. Thirty-eight MAAP spots

among all those collected during this campaign were analysed.

During UniMI and UniBIC campaigns, a MAAP mod. 5012 (A=637+1 nm) operating with a flow rate F=1 m3/h

was employed.

2.3.2 Urban background site in Barcelona (Spain)

The Environmental Geochemistry and Atmospheric Research (EGAR) Group of the Institute of
Environmental Assessment and Water Research (IDAEA-CSIC) measures multiple aerosol properties at an
urban background site located within the grounds of the IDAEA research centre in Barcelona - Spain
(hereafter “BCN”). This site is part of the Catalonian Air Quality Monitoring Network. The filter spots
collected ranged from October 22" 2018 to June 11" 2019. Eighty-five MAAP spots among all those

collected during the campaign were analysed by PP_UniMI.

A MAAP mod. 5012 (A=637+1 nm) was employed to sample PMi, with a flow rate of 1 m3/h during the BCN

campaign.

2.3.3 Regional background site in Montseny (Spain)

Measurements from June 19" to December 29" 2018 were performed at Montseny (“MSY” in the
following) regional background supersite located in a valley in the Pre-Coastal Catalan mountain range, 50
km to the N—-NE of the Barcelona, and 25 km from the Mediterranean coast. This supersite is part of the
Catalonian Air Quality Monitoring Network and are part of ACTRIS and GAW networks. Among all the MAAP

filter tape spots collected, 123 were analysed by PP_UniMI.

At MSY, a MAAP mod. 5012 (A=637+1 nm) operating with a flow rate F=0.9 m3*/h was employed

downstream a drier during a PMjo campaign.
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3. Results and Discussion

3.1 Comparison between spot measurements by PP_UniMI and MAAP outputs

Data from all sampling campaigns considered in this study were aggregated; Gap_pp_unimi aNd Gap_maar
obtained as explained in Section 2.2 were compared as shown in Figure 2. As both PP_UniMI and MAAP
data are affected by non-negligible uncertainties, a Deming regression was performed with the R (R Core
Team, 2020) package “deming” (Linnet, 1990; Ripley & Thompson, 1987) considering measurement
uncertainties on x and y variables, i.e. 12% on both Gap_pp_unimi @aNd Gap_maae in addition to 1 Mm™ to take into
account larger uncertainties at low o, values. Please note that the same approach was considered in all
regression analyses when comparing o,, measured with PP_UniMI on MAAP spots and averaged MAAP

OUtpUt (O'ap_MAAp) .

80 -
m= 0.86  0.01
q=-019+003
r=0.99
7 60- Chir2 = 0.31
= N = 332 s
=
= 40 ) &
:JI .
o campaign
o BCN
B 20- Sy
Q
UniBIC
o UniMi
O -
0 20 40 60 80

Gap_MAAP ( Mm™’ )

Figure 2 Comparison between the aerosol absorption coefficient measured by PP_UniMI on sample spots (Gap_rp_unimi)
and the one obtained from MAAP output (0ap_maar). Data from all sampling campaigns presented in this study are
represented with different point shapes and colours. m and q are the slope and intercept of the regression (+ 1
standard error), respectively; r is the correlation coefficient between x and y variables; Chi*2 is the value of the
reduced Chi squared; N is the number of data points.

The difference between MAAP outputs and PP_UniMI measurements on MAAP spots was 14% considering
the regression slope: this discrepancy slightly exceeded the estimated MAAP overall uncertainty (12% -
Petzold & Schonlinner, 2004), hence it will be investigated further in the next sections. It is noteworthy that
the observed MAAP overestimation was similar if data of the different sampling campaigns and sites were
considered separately, being in the range 13-21%. Indeed, analogous regression analyses performed for
each of the four datasets showed slightly different slopes: 0.87 (UniMl), 0.83 (UniBIC), 0.82 (BCN), and 0.79
(MSY) and intercepts comparable to zero within three standard errors. In all cases, the correlation was

excellent (correlation coefficient r>0.98).
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These results showed that there was neither evidence of effects related to the aerosol type sampled by the
MAAP nor influence of the filter tape in use.

Overestimations of 0., maar coOmpared to 6., measured by other instruments or techniques were already
reported in some literature studies and inter-comparison experiments. For instance, Park et al. (2006)
showed that for ambient aerosol sampled at the Fresno Supersite (U.S.) linear regression analyses between
0ap measured by the MAAP (y) and a photoacoustic analyser (x) had slopes 1.23 and 1.52 (and positive
intercepts) during summer and winter campaigns, respectively. Also Chow et al. (2009) reported an average
51% MAAP overestimation compared to photoacoustic at the same site. More recently, other studied have
evidenced values of 0,,_maapr higher than o, obtained for ambient aerosol by a CAPS PMssa Monitor (15%
overestimation - Modini et al., 2018) and off-line analyses performed with the in-house made photometer
MWAA on filter samples collected in parallel (slope of regression MAAP vs MWAA 1.16 and positive
intercept - Saturno et al., 2017). More variable results were found for laboratory aerosols. Sheridan et al.
(2005) discovered a slight overestimation of oap,_maar compared to a reference in-situ absorption
measurement (Oap_maap=1.04:04p_reference+1.00), Whereas Slowik et al. (2007) showed that MAAP values were
20% higher and 7% lower than those given by a photoacoustic spectrometer for kerosene soot and glassy
carbon spheres, respectively. Weber et al. (2019) highlighted differences in MAAP response compared to
Extinction-minus-Scattering method from -5% (for flame soot) to +20% (for Carbon Black particles). Note
that, especially when ambient aerosol is sampled, a concurrent cause of MAAP overestimation compared
to in-situ data may be the effect of sampling artefacts, that can increase the 0., measured on a fibrous
matrix with respect to the one determined on membrane filters (Vecchi et al., 2014) or by in-situ

techniques.

3.2 Insights into MAAP retrieval algorithm

To investigate the whole effect of assumptions on the angular distributions and the By value implemented
in the MAAP algorithm, spots measured by PP_UniMI were analysed using the PaM approach. The
comparison between aerosol absorption coefficient inferred from this method (Gap_ram) and MAAP outputs
(0ap_manar) is represented in Figure 3. A Deming regression was performed considering measurement

uncertainties on both variables (see Section 3.1).
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Figure 3 Comparison between the aerosol absorption coefficient measured by PP_UniMI on sample spots analysed
using reconstructed angular distributions and Bm=0.7 (0ap_ram) and the one obtained from MAAP output (Gap_maar).
Data from all sampling campaigns presented in this study are represented with different point shapes and colours. m
and g are the slope and intercept of the regression (+ 1 standard error), respectively; r is the correlation coefficient
between x and y variables; Chi*2 is the value of the reduced Chi squared; N is the number of data points.

It can be noted that when using the PaM approach, the difference between MAAP outputs and results of
PP_UniMI analyses on MAAP spots reduced from 14% to 5%, which is largely within instrumental
uncertainties, and the intercepts observed were all comparable to zero within three standard errors.
Considering data from different campaigns separately, slopes of regression analyses were in the range 0.94-
0.96, hence discrepancies in the range 4-6% were found between PaM and MAAP, showing that the effect
of MAAP assumptions was independent of the site, the aerosol type, and the specific filter tape in use.
Additional analyses and sensitivity tests were performed to figure out the effect on the instrument output
in relation to the two main hypotheses in the MAAP algorithm (fixed By and angular distribution

reconstruction) separately as described in Section 2.2. Results are reported in the next paragraphs.

3.2.1 Effect of reconstructing the angular distribution of scattered light

Figure 4 shows an example of the angular distribution of the radiation scattered by a MAAP sample spot as
measured by PP_UniMI with high angular resolution (dotted line) and reconstructed using signals measured
at 0°, 130° and 165° and the analytical functions employed by the MAAP (solid line, PaM approach). Data

were separately normalised to the maximum values in the two hemispheres for sake of clarity of the Figure.
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Figure 4 Angular distribution of light scattered by a MAAP spot measured by PP_UniMI and reconstructed using MAAP
analytical functions from signals at 3 angles (PaM — solid line) and as directly measured by PP_UniMI with high angular
resolution (PP_UniMI — dotted line).

It is noteworthy that measured and reconstructed angular distributions were different, especially in the
forward hemisphere, where the perfectly Lambertian diffusion approximation appeared to be incorrect.
Discrepancies between the two angular distributions were evaluated in terms of integrals of radiation
scattered in the forward (P) and backward (B) hemispheres, i.e. the quantities employed in MAAP radiative
transfer algorithm. Note that these integrals were calculated differently in the PaM and PP_UniMI
approaches: in the former case, equations (4) and (5) from Petzold & Schonlinner (2004) were applied to
the reconstructed data, while in the latter solid-angle integrals of directly measured angular distributions
were calculated. To allow a direct comparison between the two integrals, a normalisation procedure was
applied. The total amount of light scattered (forward+backward hemispheres) (P+B) was calculated using
both PP_UniMI (P+B_PP) and PaM (P+B_PaM) methods; considering PP_UniMI as the reference in this case,
the normalisation factor N=(P+B_PaM)/(P+B_PP) was used to scale light scattered in each hemisphere
computed with the PaM approach for N, thus allowing to evaluate differences between the mentioned
integrals.. All available spots were used for this analysis. For both blank and loaded spots, the largest
relative difference was observed in the forward hemisphere where the scattered radiation calculated from
reconstructed angular distributions was on average 18% and 17% higher than the one obtained exploiting
PP_UniMI high angular resolution for blank and sampled spots, respectively (with a slightly different 95%
confidence interval Cl: 13-26% and 13-21% for blank and loaded spots, respectively). Conversely, the
analogous difference in the backward hemisphere was -2% for both blank and loaded spots, with a
variability smaller than 1%. Finally, it has to be noted that, even though the observed discrepancy was

significant in the forward hemisphere, the MAAP and PP_UniMI radiative transfer scheme takes into



386
387
388
389
390
391
392
393

394
395

396

397

398

399

400
401
402
403
404
405

406

account only the ratios of radiation scattered by loaded to blank spots separately for the two hemispheres,
i.e. Pe/Pe® and Bi/Bf” (where superscript “(0)” indicates the blank filter and subscript “F” denotes the
whole filter — comprising also the layer with particles if loaded) (Hanel, 1987; Petzold & Schonlinner, 2004).
Table 2 reports average values for Pe/P¢? and B¢/B¢® calculated exploiting full PP_UniMI angular resolution
(PP_UniMI) and MAAP angular distributions reconstruction (PaM). These ratios were evaluated considering
P and B for each loaded spot and campaign-averaged P:® and B¢ (as no blank spot corresponding to
each loaded one was available — see also Section 2.2) Note that the large standard deviations reflect the
variability in aerosol loading among all black spots considered in this study.

Table 2 Average (+ 1 standard deviation) of Pr/Pr(® and Br/Bf® calculated for all 332 available spots using the PaM and
PP_UniMI approaches.

PaM PP_UniMI
P:/P? 0.38+0.13 0.38+0.14
Be/B:® 0.53+0.14 0.52+0.14

Differences between P¢/P® and Be/B¢? calculated using PP_UniMI and PaM methodologies were found
out to be negligible (95% Cl: -4% - +5% in the forward hemisphere; -3% - +4% in the backward one).
Therefore, it was expected that the observed discrepancy in angular distributions of scattered light had a
small effect on 0,,_maar retrieved by the MAAP; to investigate this hypothesis, the PP_fun approach was
used (i.e. distribution of scattered light reconstructed using analytical functions, see Section 2.2). Figure 5

shows the comparison between the 0ap_pp_funand Gap_maar.
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Figure 5 Comparison between the aerosol absorption coefficient obtained using the PP_fun approach (cap_rr_fun) and
the one obtained from MAAP output (0ap_maar). Data from all sampling campaigns presented in this study are
represented with different point shapes and colours. m and q are the slope and intercept of the regression (+ 1
standard error), respectively; r is the correlation coefficient between x and y variables; Chi*2 is the value of the
reduced Chi squared; N is the number of data points.

The PP_fun approach gave the same response (within 3%) as the standard PP_UniMI methodology
compared to MAAP outputs (see also Figure 2). Note that, considering the different sampling campaigns
separately, analogous regression analyses showed slopes slightly higher (0.84+0.01) for the urban
background sites in Milan and lower for BCN and MSY sites (0.79 and 0.76, respectively) with intercepts
comparable to zero.

The only difference between the PP_fun and the PP_UniMI approaches was in the retrieval of the angular
distribution of scattered light; even though measured and reconstructed angular distributions were
different (see Figure 4), this did not affect the retrieval of aerosol absorption coefficient for more than 5%,
which is comparable with the unit-to-unit variability among different MAAP instruments estimated in inter-

comparison studies (see e.g. ACTRIS, 2013; Mdiller et al., 2011).

3.2.2 Effect of the fixed By value

Taking into account all 51 blank spots available from the sampling campaigns presented in this paper, Bu
measured by PP_UniMI for the filter tape in use was on average 0.88+0.01, ranging between 0.86 and 0.89,
when full angular resolution was employed; in case the MAAP angular distribution reconstruction was
performed, B»=0.85+0.01 (range 0.84-0.87) was obtained. Thus, the Bu=0.7 fixed in the MAAP did not
appear to be adequate for the filter tape currently employed in the MAAP, and this was valid for all
instruments and filter tapes available in the various campaigns.

As explained in Section 2.2, the PP_BMfix approach was employed to evaluate the effect of the fixed Bu in
the MAAP algorithm. A comparison of aerosol absorption coefficient obtained with the PP_BMfix

methodology and the one inferred from MAAP outputs is shown in Figure 6.
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Figure 6 Comparison between the aerosol absorption coefficient obtained using the PP_BMfix approach (oap_pp_swmfix)
and the one obtained from MAAP output (0ap_maar). Data from all sampling campaigns presented in this study are
represented with different point shapes and colours. m and q are the slope and intercept of the regression (+ 1
standard error), respectively; r is the correlation coefficient between x and y variables; Chi*2 is the value of the
reduced Chi squared; N is the number of data points.

PP_BMfix results were comparable with PaM ones within 1% (see also Figure 3). If the different sampling
campaigns were considered separately, analogous regression analyses exhibited similar slopes: 0.97
(UniMl), 0.93 (UniBIC), 0.97 (BCN), and 0.95 (MSY).

This result suggests that, among the assumptions introduced in the MAAP algorithm to calculate oay, fixing
Bm=0.7 is the hypothesis that contributes at most to the observed discrepancy with results of PP_UniMI
analyses. Indeed, when considering only reconstructed angular distributions of scattered light (i.e. the only
approach that can be implemented in the MAAP due to the limited angular resolution), it should be
observed that the difference between calculating Bv as done in the PP_fun calculation method and fixing
Bm=0.7 as done in the PaM approach plays an important role: 0., values comparable with MAAP outputs
(within 5%) were only obtained when the same MAAP assumption on By was employed in spots data
analysis. To highlight the effect of different By settings, a Deming regression was performed between o,
retrieved with the By (0.85 on average) calculated from reconstructed angular distributions (0ap_pe_fun) and
obtained using Bu=0.7 (0ap_ram); the regression exhibited a slope of 0.88+0.01 and a small intercept (-
0.21+0.01 Mm), indicating that the hypothesis on By currently used in the MAAP can cause an
overestimation of about 12% (ranging between 11% and 19% considering slopes of the same regression for

different campaigns separately) of the 0., (and thus of eBC concentration).
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3.2.3 Sensitivity tests on asymmetry factor assumption

As mentioned in Sections 2.1 and 2.2, in the MAAP retrieval algorithm a fixed value of the asymmetry factor
is set. Indeed, this parameter is the only quantity that has to be assumed in the radiative transfer scheme
implemented in the instrument (Hanel, 1987) and it cannot be obtained as model output. A value of g=0.75
is set in the MAAP as it is considered representative of average ambient urban aerosol, characterised by a
range of asymmetry factors from 0.65 to 0.86 as reported by Petzold & Schonlinner (2004) and references
therein. A recent study (Moosmdiiller & Ogren, 2017) summarised that typical values for ambient aerosol
asymmetry parameter (at 550 nm wavelength) vary from 0.26 to 0.80 based on a review of previous
literature works that made use of multiple approaches to calculate g at several sites. Taking into account
values most frequently found in the literature, a range of g from 0.35 to 0.75 was employed in this study to
test MAAP sensitivity to different g values. Moreover, the g interval 0.50-0.75 was analysed in detail since
this range is in agreement with the variability of asymmetry factor observed across Europe (Pandolfi et al.,
2018) and because values of g larger than 0.50 have often been reported in the literature (see e.g. Andrews
et al., 2006; D'Almeida et al., 1991; Donateo et al., 2018; Formenti et al., 2000; Hartley & Hobbs, 2001;
Horvath et al., 2016; Horvath et al., 2018; Gopal et al., 2014). Data obtained from PP_UniMI measurements
of MAAP sample spots were analysed with both PaM and PP_UniMI methods; in this sensitivity test,
aerosol absorbance ABS was the quantity of interest because it is the one directly obtained from PP_UniMI
measurements and to avoid additional uncertainties related to air flow and spot areas. When comparing
ABS calculated using different input g values, the uncertainties used in Deming regressions were 10% plus a

fixed 0.01 for both x and y variables.

Absorbances calculated with tested g values (hereafter ABS pam ¢x, Where X stays for the tested g) were
compared to those obtained considering the standard g=0.75 (ABS pam). For the PaM approach, Deming
regression parameters of the comparison ABS pam g0.35 (Y) VS ABS pam (X) were m=1.145+0.001 (slope) and
g=-0.016+0.001 (intercept); for the PP_UniMI method, the Deming regression ABS pp unimi_g0.35 (Y) VS
ABS pp unimi (X) parameters were m=1.11910.001 (slope) and g=-0.015£0.001 (intercept); note that the small
intercepts were both lower than PP_UnilMI ABS LOD at 635 nm (0.03 — see Bernardoni et al. (2017)).
Moreover, when using g>0.50, Deming regression parameters of ABS pam go.50 (Y) VS ABS pam (X) were
m=1.082+0.001 (slope) and g=-0.010+0.001 (intercept) and those of the comparison ABS pp_unimi_go.s0 (Y) VS
ABS pp_unimi (x) were m=1.064+0.001 (slope) and q=-0.009+0.001 (intercept).

It is noteworthy that, considering both g=0.35 and g=0.50, PP_UniMI approach response to g variations

compared to g=0.75 was smaller than the one of PaM approach.

These results highlight that the MAAP algorithm appears less sensitive to the asymmetry factor set in the
algorithm than to the fraction of radiation backscattered by the blank filter (Bm — see Section 3.2). Indeed,

using a g value at a reasonable lower limit for ambient aerosol (g=0.50), the radiative transfer scheme
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response varied no more than 8% compared to g=0.75 as set in the instrument (considering the regression
slope); furthermore, ABS change was reduced to 6% if PP_UniMI approach was employed together with

g=0.50.

3.3 Effect of blank filter variability

As explained in Section 2.2, to retrieve ABS of MAAP samples with PP_UniMi some spots were punched
from blank parts of the filter tape; afterwards, they were measured and their scattered light angular
distribution was averaged to obtain representative blank filter input quantities to be included in the
radiative transfer scheme together with those of loaded spots. However, the on-line absorbance obtained
by the MAAP is calculated using as blank filter the one analysed immediately before sampling (i.e. the blank
spot soon after filter tape advance). It is therefore clear that, using an average blank spot, PP_UniMI results
could be biased by the variability in the angular distribution of light scattered by blank filters due to
possible tape inhomogeneities. This point was investigated computing the total (forward+backward
hemispheres) solid-angle integrals of light scattered by all 51 blank spots available from the considered
campaigns. The average variability in total light scattered by blank spots was less than 5% independently of
the use of analytical functions to reconstruct angular distributions or PP_UniMI high-angular resolution

data.

A sensitivity test on ABS response to a similar change in blank spots was performed: for each campaign, the
total solid-angle integral of light scattered by the average blank spot was decreased and increased by 5%
and ABS for each sample spot was re-calculated. These ABS values were then compared to those retrieved
using the original average blank filters parameters and Deming regressions considering measurement
uncertainties (10% plus 0.01) on x and y variables were performed. Both PaM and PP_UniMI approaches
showed similar results: slopes and intercepts of the ABS(blank+5%) vs ABS regressions were
(m=1.026+0.001; g=0.016+0.001) and (m=1.029+0.001; q=0.0154+0.001) for PaM and PP_UniMI approaches,
respectively, while those of the ABS(blank-5%) vs ABS regressions were (m=0.973+0.001; q=-0.016+0.001)
(PaM) and (m=0.970+0.001; q=-0.015+0.001) (PP_UniMI). Therefore, blank filter variability is a small
contribution to the uncertainty of PP_UniMI measurements of MAAP sample spots, affecting results by less

than 3% considering regression slopes.

4. Conclusions
In this study, the applicability of in-house made polar photometers to retrieve off-line multi-A aerosol
absorption coefficient (o.p) from the Multi-Angle Absorption Photometer (MAAP) aerosol deposits (spots)

was investigated. To test the robustness of these measurements, different contributions to 0., uncertainty
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were examined. In particular, the role of the approximations introduced in the algorithm implemented in

the MAAP to obtain ., was investigated. More in detail, the effect of:

- reconstructing the angular distribution of radiation scattered by the sample from measurements of

light intensity at 3 fixed angles using analytical functions;
- fixing the fraction of backscattered light from the blank filter as Bv=0.7;
- setting the asymmetry factor g=0.75
was analysed separately.

Finally, the role of using an average blank spot in the analysis (i.e. the only possibility for off-line

measurements) was explored.

This investigation was performed by means of measurements of the angular distribution of light scattered
by MAAP filter tape spots carried out with high angular resolution by the in-house made polar photometer
PP_UniMI. Comparisons of PP_UniMI results with MAAP outputs evidenced that the hypotheses employed
in the MAAP retrieval algorithm may play an important role. In particular, the study pointed out that,
among the previously mentioned hypotheses, fixing By=0.7 affected 0., obtained from MAAP data most
(on average 14%). Indeed, blank spots measured by PP_UniMI showed Bw=0.88 (0.85 if calculated from
data at MAAP three angles), which is significantly higher than the value commonly employed in the MAAP
(0.7). As already pointed out by Petzold & Schonlinner (2004), a difference in By with respect to the fixed
Bm=0.7 (the value of 0.85 calculated from MAAP reconstructed angular distributions is 21% higher) causes a
bias of a similar magnitude in the aerosol absorbance (ABS). The second major contributor to uncertainties
in PP_UniMI measurements of MAAP spots was the fixed value of the asymmetry factor g=0.75: a
sensitivity test on ABS (the quantity directly obtained from PP_UniMI measurements) calculated with lower
g values, as often reported in the literature, showed that this can be up to 8% higher than the one obtained
with g=0.75 as set in the MAAP. A smaller effect (<3%) on o, retrieved on MAAP spots was due to the
reconstruction of the angular distribution of scattered light using analytical functions instead of exploiting
PP_UniMI high angular resolution. Furthermore, also the role of blank filter variability was investigated and
the resulting contribution was less than 5%, which is comparable to MAAP instrumental unit-to-unit
variability (Muller et al., 2011).

It is noteworthy that the present work took into account data from different sampling campaigns and sites;

the described effects did not appear to depend significantly on the aerosol type.

In this study, only PP_UniMI data at 635 nm were employed to allow a direct comparison with MAAP
(operating at 637 nm only). However, measurements at 5 wavelengths are routinely performed with the in-
house made polar photometers set at the Universities of Milan (PP_UniMI) and Genoa (MWAA). Multi-A

analyses of MAAP spots could provide useful additional information about the spectral behaviour of o, of



557
558
559
560
561

562

563

564
565
566
567
568
569
570

571

572

573
574
575

576
577
578

579
580
581
582

583
584
585
586
587

588
589
590

591
592
593
594

the aerosol sampled by the MAAP. Indeed, these multi-wavelength data can be used in optical source- or
component-apportionment models to estimate different contributions to oap also measured in past
campaigns, thus allowing e.g. a retrospective trend analysis. Moreover, they can serve as reference to
evaluate and optimise correction schemes for on-line instruments measuring light transmission as a proxy

for aerosol absorption.
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