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Abstract 16 

In this study, the applicability of a benchtop polar photometer (PP_UniMI) to retrieve multi-wavelength 17 

aerosol absorption coefficient data by off-line measurements of the Multi-Angle Absorption Photometer 18 

(MAAP) sample spots is presented. MAAP is a widespread single wavelength online instrument providing 19 

the aerosol absorption coefficient and the equivalent black carbon concentration. In this work, MAAP 20 

samples collected during four different campaigns were analysed off-line with PP_UniMI. 21 

First of all, data from PP_UniMI and MAAP were compared to investigate contributions to measurement 22 

uncertainties. In particular, the role of the following assumptions performed in the MAAP was investigated: 23 

- reconstructing angular distribution of light scattered by filter samples from measurements at three 24 

fixed angles using analytical functions; 25 

- setting the fraction of the back-scattered radiation by the blank filter (BM) at a fixed value BM=0.7: 26 

- assuming a fixed value for the asymmetry factor g=0.75. 27 

Samples collected at several sites showed an agreement within 5% when data from the two instruments 28 

were retrieved using the same approximations (i.e. backscattered radiation from the filter matrix BM set at 29 

a fixed value, phase functions reconstructed by analytical functions from measurements at 3 angles, same 30 

asymmetry factor) in the data retrieval algorithm. Conversely, larger differences (14% on average) between 31 

off-line measurements and averaged MAAP data were obtained when the high-angular resolved 32 

information available by PP_UniMI was exploited. By analysing the role of MAAP assumptions for σap 33 

retrieval, it resulted that fixing BM=0.7 was the main responsible for the detected differences. Indeed, high-34 

angular resolved off-line measurements by PP_UniMI allow to directly measure BM, obtaining BM=0.88 on 35 



white spots. It is noteworthy that the observed results were similar at all considered sites, so they proved 36 

to be independent of the aerosol type and can likely be attributed to instrumental effects. Moreover, a 37 

sensitivity test was carried out also to check the impact of the fixed value used for the asymmetry factor 38 

(set at g=0.75 in both instruments). Varying g values within the typical range for ambient aerosol (0.50-39 

0.75) the estimate of aerosol absorbance ABS (directly obtained from PP_UniMI measurements and linked 40 

to σap) was affected by 8% at most, thus being a minor source of uncertainty in the calculation. The effect of 41 

the variability in blank spots used for off-line analyses was also evaluated and resulted in a contribution 42 

smaller than 3% to the uncertainty of the methodology employed. 43 

Finally, the possibility of exploiting multi-wavelength assessment of absorption coefficients is an added 44 

value of PP_UniMI; indeed, it allows to estimate the contribution of different aerosol sources and 45 

components to the absorption coefficient using MAAP tapes used in present or past campaigns. 46 
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 51 

1. Introduction 52 

The study of atmospheric aerosol optical properties (scattering, absorption, extinction) is important to 53 

assess the contribution of aerosol-radiation interactions to the Earth radiation balance (IPCC, 2013). 54 

Aerosol optical properties depend on the aerosol refractive index, size distribution, and mixing state. 55 

Absorbing particles are of particular interest since they have the potential to provide positive contribution 56 

to the Earth radiation balance (see e.g. Ferrero et al., 2018). The main absorbing species among aerosol 57 

components is black carbon (BC), which is currently identified as the third most important individual 58 

climate-warming component (IPCC, 2013). Nevertheless, estimates of the radiative forcing related to BC-59 

radiation interaction are still affected by uncertainties comparable to the estimated value itself (IPCC, 2013) 60 

due to the lack of an unambiguous BC definition and difficulties in BC quantification (Petzold et al., 2013), 61 

including the evaluation of particle mixing effects on BC absorption properties (Bond et al., 2013; Lack & 62 

Cappa, 2010; Samset et al., 2018) and the current absence of a gold-standard reference absorbing material 63 

(Baumgardner et al., 2012). 64 

Measurements of the aerosol light absorption coefficient (σap) are often carried out using filter-based on-65 

line instruments. Indeed, they allow a relatively easy and unattended operation that makes them suitable 66 

for long-term monitoring (Baumgardner et al., 2012). Most on-line filter-based instruments, such as the 67 

Aethalometer (Drinovec et al., 2015; Hansen et al., 1984) or the Particle Soot Absorption Photometer – 68 

PSAP (Bond et al., 1999), are based on continuous measurements of light transmitted through a filter 69 



during sampling and operate at multiple wavelengths. Measurements carried out by these instruments are 70 

affected by two artefacts (Weingartner et al., 2003): 1) cross-sensitivities to particle-related scattering and 71 

multiple scattering between the aerosol and the substrate; 2) loading effect. Thus, the output of this type 72 

of instrumentation must be properly corrected (Collaud Coen et al., 2010; Drinovec et al., 2015; Ogren, 73 

2010; Virkkula et al., 2005). More refined on-line filter-based measurements of σap can be obtained by the 74 

Multi-Angle Absorption Photometer – MAAP (Petzold & Schönlinner, 2004). This is a single-wavelength 75 

instrument that measures both transmitted and scattered light and uses a suitable radiative transfer model 76 

to account for multiple scattering effects in order to retrieve the σap. The output of the MAAP is the 77 

equivalent Black Carbon (eBC) concentration (Petzold & Schönlinner, 2004; Petzold et al., 2013), obtained 78 

by σap applying a fixed Mass Absorption Cross-section (MAC) of 6.6 m2/g. As the system accounts for 79 

multiple scattering effects and limited loading effect was detected (Petzold et al., 2005), the MAAP has 80 

often been considered as reference methodology among on-line filter-based devices providing eBC 81 

concentration (Ammerlaan et al., 2017; Müller et al., 2011). Despite MAAP advantages, it is worthy to note 82 

that MAAP operates at a single wavelength thus preventing the assessment of aerosol properties and 83 

sources linked to wavelength dependence.  In addition, previous works evidenced biases affecting eBC 84 

values especially at high BC accumulation rate (Hyvärinen et al., 2013); moreover, as in any other filter-85 

based system, the use of a fibre filter might promote sampling artefacts due to the absorption of organics 86 

that can affect the estimate of the correct σap (Vecchi et al., 2014). Besides on-line measurements, also 87 

benchtop laboratory instrumentation has been developed for σap measurements on aerosol collected on 88 

filters during sampling campaigns. As examples, in-house made polar photometers like the Multi-89 

Wavelength Absorption Analyzer (MWAA) at the University of Genoa (Massabò et al., 2013) and the multi-90 

wavelength polar photometer PP_UniMI at the University of Milan (Bernardoni et al., 2017; Vecchi et al., 91 

2014) have been developed. These instruments allow to determine σap at different wavelengths in the 92 

range UV-IR based on measurement principles similar to the one of MAAP although implemented 93 

differently in each of them; they can analyse filters of different type (e.g. fibre filters/membranes of various 94 

size) and also spots (i.e. aerosol deposits) punched from filter tapes.  95 

In this work, the applicability of polar photometers to retrieve multi-wavelength σap data from off-line 96 

analyses of MAAP spots was investigated. This application is very useful to gain a-posteriori information 97 

about the spectral dependence of aerosol light absorption coefficient measured on-line by the single-98 

wavelength MAAP. Indeed, MAAP has been used by many monitoring networks and deployed in a variety 99 

of measurement campaigns to obtain eBC or σap. The possibility to extend MAAP information at other 100 

wavelengths would allow to exploit optical source or component apportionment models such as the 101 

Aethalometer model (Sandradewi et al., 2008) or the MWAA model (Massabò et al., 2015); in addition, 102 

multi-λ σap could be provided and used to test existing correction schemes or retrieve suitable correction 103 

factors to be applied to other on-line instruments such as the Aethalometer. It is also noteworthy that 104 



retrospective studies based on measurements performed on MAAP filter tapes collected in past years are 105 

also possible. An application of MWAA to obtain multi-wavelength σap from MAAP spots is reported by 106 

Saturno et al. (2017), who used MWAA measures as multi-λ reference to test two different Aethalometer 107 

correction schemes in terms of the Absorption Ångström Exponent (AAE).  108 

To test the robustness of this methodology and application, different contributions to measurement 109 

uncertainties were investigated. Data collected during four sampling campaigns deploying the MAAP were 110 

analysed and off-line data measured by PP_UniMI were compared to average values obtained by the MAAP 111 

for each spot. Results of this inter-comparison, a study of the effect of assumptions in the MAAP retrieval 112 

algorithm, and sensitivity tests to the radiative transfer model input data and parameters are also 113 

presented. Although it is more time-consuming than on-line absorption photometers, the off-line multi-114 

wavelength analysis of MAAP spots by PP_UniMI provides more robust results as it relies on fewer 115 

assumptions; in addition, it does not need a-posteriori empirical corrections for multiple scattering effect, 116 

which is a critical artefact in photometers based on transmission only as already outlined by many studies 117 

(e.g. Bond et al., 1999; Collaud Coen et al., 2010; Ogren, 2010; Saturno et al., 2017; Virkkula et al., 2005; 118 

Weingartner et al., 2003). 119 

 120 

2. Material and Methods 121 

In the following, details about instruments, off-line measurements, sampling sites, and aerosol types are 122 

given. 123 

 124 

2.1 The Multi-Angle Absorption Photometer (MAAP) 125 

The Multi Angle Absorption Photometer (MAAP, Thermo Scientific) is an on-line instrument based on 126 

simultaneous measurements of light transmitted and scattered by the aerosol continuously collected on a 127 

glass-fibre filter tape to determine eBC content. In order to avoid issues related to loading effects, the filter 128 

tape is moved whenever light transmittance through the filter is reduced to a fixed percentage of the initial 129 

value (default: 20%). After the measurement, the filter tape with aerosol deposits (hereafter called "spots") 130 

can be removed from the sampler and spots can be punched from the tape. Few literature studies (e.g. 131 

Nordmann et al., 2009; Saturno et al., 2017) report off-line analyses carried out on MAAP spots, but these 132 

measurements are scarce and not routinely performed. 133 

The MAAP (λ = 637 ± 1 nm, Müller et al., 2011) measures light transmitted and scattered at three angles 134 

(0°, 130°, and 165°) properly selected. These measurements allow the reconstruction of the total light 135 

diffused in the forward and backward hemispheres integrating suitable analytical functions (Petzold & 136 

Schönlinner, 2004). Such measurements are performed on blank (i.e. before sampling) and loaded (i.e. 137 

while sampling) filters; these data are the input to the radiative transfer model reported by Hänel (1987, 138 



1994) for membrane filters and extended by Petzold & Schönlinner (2004) to fibre filters. In the algorithm, 139 

fixed values for the fraction of the radiation back-scattered by filter matrix (BM) and the asymmetry factor 140 

(g) are imposed a-priori. The radiative transfer model provides the aerosol absorbance (ABS) of the sample. 141 

The deposit area and sampling air flow are used to retrieve σap from ABS. The output of the instrument is 142 

the atmospheric eBC concentration (in µg/m3), which is obtained from σap setting a value for the black 143 

carbon Mass Absorption Cross-section (MAC=6.6 m2/g is set by the manufacturer) (Petzold et al., 2002). 144 

Petzold & Schönlinner (2004) reported that sensitivity tests on all these assumptions resulted in an overall 145 

uncertainty of 12% in the MAAP output. In particular, the hypotheses on the angular distribution of 146 

scattered light and the asymmetry factor g produced an uncertainty of 5% each, while the uncertainty 147 

associated to the fixed BM value was estimated to be 10%. Moreover, a sensitivity test on BM showed that a 148 

1% uncertainty on BM resulted in an approximately 1% uncertainty on ABS value. Further details on the 149 

performance of the instrument can be found in Müller et al. (2011). 150 

As already mentioned, in the MAAP the filter tape is moved whenever the transmittance measurement is 151 

reduced to a fixed value to limit problems related to filter loading. Nevertheless, Hyvärinen et al. (2013) 152 

pointed to possible issues with measurements - especially at high σap – likely related to erroneous dark 153 

counts in the photodetector measuring the transmitted light, and an internal averaging procedure of the 154 

photodetector raw signals. The authors developed a correction algorithm to get rid of them. In this work, 155 

no correction was applied to MAAP outputs; however, to avoid biases caused by high BC concentrations, all 156 

data resulting in σap > 60 Mm-1 were neglected. Indeed, a lack of linearity in the MAAP response was 157 

observed above this threshold: when compared to off-line measurements, MAAP apparently 158 

underestimated higher σap values. Note that, considering the flow rates used for MAAPs employed in the 159 

present study (in the range 0.9-1 m3/h), this is in agreement with the limit reported by Hyvärinen et al. 160 

(2013) above which MAAP is expected to underestimate BC concentrations, corresponding to 55-62 Mm-1 161 

depending on the flow rate. 162 

The data presented in this paper are referred to samples collected by three MAAPs, operating at sites with 163 

different characteristics in various campaigns (see Section2.3). At the end of the campaigns, the filter tapes 164 

were removed from the MAAP and spots were punched to 22 mm diameter (fully including the aerosol 165 

spot) for the off-line analysis by PP_UniMI and compared to MAAP results (see Section 2.2). To allow the 166 

comparison with off-line measurements, the average σap for each MAAP spot (hereafter called σap_MAAP) was 167 

calculated as σap_MAAP=<eBC>t·MAC, where <eBC>t is the on-line eBC concentration given by the MAAP 168 

averaged over each spot sampling time (t) and the MAC value was the one set by the manufacturer.  169 

  170 



2.2 The polar photometer PP_UniMI 171 

PP_UniMI is a multi-wavelength polar photometer developed at the University of Milan. Details on the 172 

instrument can be found in Bernardoni et al. (2017) and Vecchi et al. (2014), thus only a brief summary of 173 

measurement principles will be given here.  174 

Similarly to the MAAP, PP_UniMI is based on the detection of the amount of light scattered in the forward 175 

and backward hemispheres by blank and loaded filters to assess σap of aerosol collected on filters. The 176 

instrument currently operates at 405 nm, 448 nm, 532 nm, 635 nm, and 780 nm; measurements at 635 nm 177 

only will be presented in this work, for sake of comparison with the MAAP (operating at 637 nm – see 178 

Section2.1). Note that no wavelength correction was applied to avoid further assumptions; anyway, the 2 179 

nm λ discrepancy between MAAP and PP_UniMI would lead to a difference smaller than 1%. The main 180 

difference with the MAAP approach is that high angular resolution measurements are performed by 181 

PP_UniMI. Indeed, PP_UniMI measures the light intensity on the scattering plane from 0° to 173° with 182 

about 0.4° resolution, by an amplified photodetector mounted on a rotating arm. The same analytical 183 

function (i.e. a linear combination of a cosine and a Gaussian) used in the MAAP to represent the angular 184 

distribution of back-scattered light is employed to reconstruct the signal from 173° to 180°; sensitivity tests 185 

on the effect of the function (cosine-Gaussian combination or parabola) chosen for the 173-180° signal 186 

reconstruction resulted in a σap variability within 0.1% at all wavelengths. The sample under analysis 187 

coincides with the rotation centre. The amount of light scattered in the forward and backward hemispheres 188 

is then obtained by solid-angle integration. QA/QC procedures ensure the quality of measurements, i.e. 189 

laser intensity is monitored before and after each measurement session and it is used to normalise 190 

measurements to a reference value.  191 

The total amount of light scattered in the two hemispheres by blank and loaded spots is measured and 192 

used as input to the same two-layer radiative transfer model as the one implemented in the MAAP (Hänel, 193 

1987, 1994; Petzold & Schönlinner, 2004) obtaining ABS for each analysed sample. Estimates for limits of 194 

detection and uncertainties on ABS can be found in Bernardoni et al. (2017).  195 

As already mentioned, polar photometers can be exploited to perform measurements of standard filters 196 

and sample spots produced by commercially available on-line instrumentation, such as MAAP, to gain 197 

additional information and insights into e.g. filter-based photometers correction schemes (Saturno et al., 198 

2017; Bernardoni et al., 2020). In this work, sample spots punched from the MAAP filter tape were analysed 199 

with PP_UniMI. Furthermore, also blank parts of the filter tape (located just before or immediately after 200 

the part of the tape containing the spots to be analysed) were punched, analysed, and averaged to obtain a 201 

representative blank necessary to run the radiative transfer model.  202 

Once ABS for each spot was retrieved, to calculate σap for each spot measured by PP_UniMI (hereafter 203 

called σap_PP_UniMI), the sampling volume was obtained as V=F·t, where F is the MAAP flow rate and t is the 204 

time-lapse of the sampling for each spot. MAAP spot area (A) was determined by repeated measurements 205 



of spot diameters and ranged from 2.02 to 2.09 cm2 (depending on the MAAP instrument used in the 206 

campaigns); instrument-specific A and F values were used in data analysis. Finally, σap_PP_UniMI was calculated 207 

as σap_PP_UniMI=ABS·A/V.  208 

In this work, aiming at an application of polar photometry to provide additional information from MAAP 209 

spots, all contributions to measurement uncertainties were evaluated. In particular, the effect of 210 

assumptions made by the MAAP to measure σap was specifically investigated. Indeed, while PP_UniMI 211 

basically measures the full angular distribution of radiation scattered from the filter, MAAP retrieves the 212 

angular distribution of scattered light making use of analytical functions and measurements at three fixed 213 

angles (see Sections 2.1 and 2.2). To analyse PP_UniMI measurements on MAAP spots using the same 214 

assumptions as the MAAP, it is possible to consider values of the signal measured by PP_UniMI photodiode 215 

at the same scattering angles as those set in the MAAP and reconstruct the angular distribution of 216 

scattered light with the same functions; in addition, when applying the radiative transfer algorithm, values 217 

of BM and g can be set equal to the ones fixed in the MAAP (0.7 and 0.75, respectively – Petzold et al., 2002; 218 

Petzold & Schönlinner, 2004). This data analysis approach will be called “PP_UniMI as MAAP” (PaM) in the 219 

following; the aerosol absorption coefficient calculated with this method will be referred to as σap_PaM. 220 

To further investigate the impact of the different MAAP hypotheses separately, two additional tests were 221 

performed: 222 

1. angular distributions of scattered light were reconstructed as performed by the MAAP but, instead 223 

of using a fixed BM, it was experimentally determined by the integrals of these distributions 224 

(calculated following Petzold & Schönlinner, 2004); the nomenclature for the aerosol absorption 225 

coefficient will be σap_PP_fun in this case. Indeed, with this data analysis approach (hereafter called 226 

PP_fun), PP_UniMI data were employed to highlight the effect of using analytical functions to 227 

reconstruct the scattered light angular distribution (see Section 3.2.1); 228 

2. full angular distributions directly measured by PP_UniMI were employed and BM was set equal to 229 

0.7 (as in the MAAP); the symbol σap_PP_BMfix will be used. This approach (called PP_BMfix in the 230 

following) was employed to single out the impact of the fixed BM value in the MAAP algorithm (see 231 

Section 3.2.2). 232 

A summary of inputs used in each of the tests described above is reported in Table 1. 233 

Note that this investigation of the effect of the MAAP hypotheses on the angular distributions of light 234 

scattered by blank and loaded spots was performed considering the same value for the asymmetry factor 235 

as the one set in the MAAP in all calculations. In order to single out the sensitivity of MAAP radiative 236 

transfer algorithm also to this assumption, tests were carried out to retrieve σap using different g values in a 237 

range found in the literature for ambient aerosol (see Section3.2.3). In this case, both PaM and PP_UniMI 238 

approaches were employed in the analysis. 239 



Finally, as MAAP blank spots corresponding to each loaded one are no more available after sampling (see 240 

Section 2.1) and other parts of the tape have to be used as representative blank filters (see Section 2.2), the 241 

variability among different blank spots was evaluated and its effect was investigated using PaM and 242 

PP_UniMI approaches.   243 

 244 

Table 1 Nomenclature used throughout the paper for the calculation approaches tested to retrieve σap from PP_UniMI 245 
measurements of MAAP spots. 246 

Approach nomenclature BM  Angular distributions of scattered light 247 

PP_UniMI   Experimental Experimental, high angular resolution 248 

PaM    Fixed (0.7) Reconstructed from data at 3 angles 249 

PP_fun    Experimental Reconstructed from data at 3 angles 250 

PP_BMfix   Fixed (0.7) Experimental, high angular resolution 251 

 252 

2.3 Sampling sites and campaigns 253 

 254 

Figure 1 Location of sampling sites where MAAP samples were collected. 255 

 256 

2.3.1 Urban background sites in Milan (Italy) 257 

A sampling campaign was performed in 2016 on a balcony (about 3 m a.g.l.) at the Department of Physics 258 

of the University of Milan (hereafter called “UniMI” site). This can be considered an urban background site 259 

since it is located far from direct emission sources such as vehicular traffic. The PM10 campaign at UniMI 260 



was carried out from November 21st to December 23rd. Eighty-six MAAP spots among all those collected 261 

during this campaign were analysed by PP_UniMI. 262 

Another sampling campaign was performed on the rooftop (10 m a.g.l.) of the U9 building at the University 263 

of Milano-Bicocca, an urban background station located inside the university campus (it will be referred to 264 

as “UniBIC” in the following). PM2.5 measurements were performed in the frame of the 265 

EMEP/ACTRIS/COLOSSAL winter campaign in Milan (Bernardoni et al., 2019; Bernardoni et al., 2020; 266 

Ferrero et al., 2019; Ferrero et al., in preparation) from January 17th to 31st 2018. Thirty-eight MAAP spots 267 

among all those collected during this campaign were analysed. 268 

During UniMI and UniBIC campaigns, a MAAP mod. 5012 (λ=637±1 nm) operating with a flow rate F=1 m3/h 269 

was employed. 270 

2.3.2 Urban background site in Barcelona (Spain) 271 

The Environmental Geochemistry and Atmospheric Research (EGAR) Group of the Institute of 272 

Environmental Assessment and Water Research (IDAEA-CSIC) measures multiple aerosol properties at an 273 

urban background site located within the grounds of the IDAEA research centre in Barcelona - Spain 274 

(hereafter “BCN”). This site is part of the Catalonian Air Quality Monitoring Network. The filter spots 275 

collected ranged from October 22nd 2018 to June 11th 2019. Eighty-five MAAP spots among all those 276 

collected during the campaign were analysed by PP_UniMI. 277 

A MAAP mod. 5012 (λ=637±1 nm) was employed to sample PM10 with a flow rate of 1 m3/h during the BCN 278 

campaign. 279 

2.3.3 Regional background site in Montseny (Spain) 280 

Measurements from June 19th to December 29th 2018  were performed at Montseny (“MSY” in the 281 

following) regional background supersite located in a valley in the Pre-Coastal Catalan mountain range, 50 282 

km to the N–NE of the Barcelona, and 25 km from the Mediterranean coast. This supersite is part of the 283 

Catalonian Air Quality Monitoring Network and are part of ACTRIS and GAW networks. Among all the MAAP 284 

filter tape spots collected, 123 were analysed by PP_UniMI. 285 

At MSY, a MAAP mod. 5012 (λ=637±1 nm) operating with a flow rate F=0.9 m3/h was employed 286 

downstream a drier during a PM10 campaign. 287 

 288 



3. Results and Discussion 289 

3.1 Comparison between spot measurements by PP_UniMI and MAAP outputs 290 

Data from all sampling campaigns considered in this study were aggregated; σap_PP_UniMI and σap_MAAP 291 

obtained as explained in Section 2.2 were compared as shown in Figure 2. As both PP_UniMI and MAAP 292 

data are affected by non-negligible uncertainties, a Deming regression was performed with the R (R Core 293 

Team, 2020) package “deming” (Linnet, 1990; Ripley & Thompson, 1987) considering measurement 294 

uncertainties on x and y variables, i.e. 12% on both σap_PP_UniMI and σap_MAAP in addition to 1 Mm-1 to take into 295 

account larger uncertainties at low σap values. Please note that the same approach was considered in all 296 

regression analyses when comparing σap measured with PP_UniMI on MAAP spots and averaged MAAP 297 

output (σap_MAAP). 298 

 299 
Figure 2 Comparison between the aerosol absorption coefficient measured by PP_UniMI on sample spots (σap_PP_UniMI) 300 
and the one obtained from MAAP output (σap_MAAP). Data from all sampling campaigns presented in this study are 301 
represented with different point shapes and colours. m and q are the slope and intercept of the regression (± 1 302 
standard error), respectively; r is the correlation coefficient between x and y variables; Chi^2 is the value of the 303 
reduced Chi squared; N is the number of data points. 304 

The difference between MAAP outputs and PP_UniMI measurements on MAAP spots was 14% considering 305 

the regression slope: this discrepancy slightly exceeded the estimated MAAP overall uncertainty (12% - 306 

Petzold & Schönlinner, 2004), hence it will be investigated further in the next sections. It is noteworthy that 307 

the observed MAAP overestimation was similar if data of the different sampling campaigns and sites were 308 

considered separately, being in the range 13-21%. Indeed, analogous regression analyses performed for 309 

each of the four datasets showed slightly different slopes: 0.87 (UniMI), 0.83 (UniBIC), 0.82 (BCN), and 0.79 310 

(MSY) and intercepts comparable to zero within three standard errors. In all cases, the correlation was 311 

excellent (correlation coefficient r>0.98). 312 



These results showed that there was neither evidence of effects related to the aerosol type sampled by the 313 

MAAP nor influence of the filter tape in use. 314 

Overestimations of σap_MAAP compared to σap measured by other instruments or techniques were already 315 

reported in some literature studies and inter-comparison experiments. For instance, Park et al. (2006) 316 

showed that for ambient aerosol sampled at the Fresno Supersite (U.S.) linear regression analyses between 317 

σap measured by the MAAP (y) and a photoacoustic analyser (x) had slopes 1.23 and 1.52 (and positive 318 

intercepts) during summer and winter campaigns, respectively. Also Chow et al. (2009) reported an average 319 

51% MAAP overestimation compared to photoacoustic at the same site. More recently, other studied have 320 

evidenced values of σap_MAAP higher than σap obtained for ambient aerosol by a CAPS PMssa Monitor (15% 321 

overestimation - Modini et al., 2018) and off-line analyses performed with the in-house made photometer 322 

MWAA on filter samples collected in parallel (slope of regression MAAP vs MWAA 1.16 and positive 323 

intercept - Saturno et al., 2017). More variable results were found for laboratory aerosols. Sheridan et al. 324 

(2005) discovered a slight overestimation of σap_MAAP compared to a reference in-situ absorption 325 

measurement (σap_MAAP=1.04·σap_reference+1.00), whereas Slowik et al. (2007) showed that MAAP values were 326 

20% higher and 7% lower than those given by a photoacoustic spectrometer for kerosene soot and glassy 327 

carbon spheres, respectively. Weber et al. (2019) highlighted differences in MAAP response compared to 328 

Extinction-minus-Scattering method from -5% (for flame soot) to +20% (for Carbon Black particles). Note 329 

that, especially when ambient aerosol is sampled, a concurrent cause of MAAP overestimation compared 330 

to in-situ data may be the effect of sampling artefacts, that can increase the σap measured on a fibrous 331 

matrix with respect to the one determined on membrane filters (Vecchi et al., 2014) or by in-situ 332 

techniques. 333 

 334 

3.2 Insights into MAAP retrieval algorithm 335 

To investigate the whole effect of assumptions on the angular distributions and the BM value implemented 336 

in the MAAP algorithm, spots measured by PP_UniMI were analysed using the PaM approach. The 337 

comparison between aerosol absorption coefficient inferred from this method (σap_PaM) and MAAP outputs 338 

(σap_MAAP) is represented in Figure 3. A Deming regression was performed considering measurement 339 

uncertainties on both variables (see Section 3.1). 340 



  341 
Figure 3 Comparison between the aerosol absorption coefficient measured by PP_UniMI on sample spots analysed 342 
using reconstructed angular distributions and BM=0.7 (σap_PaM) and the one obtained from MAAP output (σap_MAAP). 343 
Data from all sampling campaigns presented in this study are represented with different point shapes and colours. m 344 
and q are the slope and intercept of the regression (± 1 standard error), respectively; r is the correlation coefficient 345 
between x and y variables; Chi^2 is the value of the reduced Chi squared; N is the number of data points. 346 

 347 

It can be noted that when using the PaM approach, the difference between MAAP outputs and results of 348 

PP_UniMI analyses on MAAP spots reduced from 14% to 5%, which is largely within instrumental 349 

uncertainties, and the intercepts observed were all comparable to zero within three standard errors. 350 

Considering data from different campaigns separately, slopes of regression analyses were in the range 0.94-351 

0.96, hence discrepancies in the range 4-6% were found between PaM and MAAP, showing that the effect 352 

of MAAP assumptions was independent of the site, the aerosol type, and the specific filter tape in use. 353 

Additional analyses and sensitivity tests were performed to figure out the effect on the instrument output 354 

in relation to the two main hypotheses in the MAAP algorithm (fixed BM and angular distribution 355 

reconstruction) separately as described in Section 2.2. Results are reported in the next paragraphs. 356 

3.2.1 Effect of reconstructing the angular distribution of scattered light 357 

Figure 4 shows an example of the angular distribution of the radiation scattered by a MAAP sample spot as 358 

measured by PP_UniMI with high angular resolution (dotted line) and reconstructed using signals measured 359 

at 0°, 130° and 165° and the analytical functions employed by the MAAP (solid line, PaM approach). Data 360 

were separately normalised to the maximum values in the two hemispheres for sake of clarity of the Figure. 361 



  362 

Figure 4 Angular distribution of light scattered by a MAAP spot measured by PP_UniMI and reconstructed using MAAP 363 
analytical functions from signals at 3 angles (PaM – solid line) and as directly measured by PP_UniMI with high angular 364 
resolution (PP_UniMI – dotted line). 365 

It is noteworthy that measured and reconstructed angular distributions were different, especially in the 366 

forward hemisphere, where the perfectly Lambertian diffusion approximation appeared to be incorrect. 367 

Discrepancies between the two angular distributions were evaluated in terms of integrals of radiation 368 

scattered in the forward (P) and backward (B) hemispheres, i.e. the quantities employed in MAAP radiative 369 

transfer algorithm. Note that these integrals were calculated differently in the PaM and PP_UniMI 370 

approaches: in the former case, equations (4) and (5) from Petzold & Schönlinner (2004) were applied to 371 

the reconstructed data, while in the latter solid-angle integrals of directly measured angular distributions 372 

were calculated. To allow a direct comparison between the two integrals, a normalisation procedure was 373 

applied. The total amount of light scattered (forward+backward hemispheres) (P+B) was calculated using 374 

both PP_UniMI (P+B_PP) and PaM (P+B_PaM) methods; considering PP_UniMI as the reference in this case, 375 

the normalisation factor N=(P+B_PaM)/(P+B_PP) was used to scale light scattered in each hemisphere 376 

computed with the PaM approach for N, thus allowing to evaluate differences between the mentioned 377 

integrals.. All available spots were used for this analysis. For both blank and loaded spots, the largest 378 

relative difference was observed in the forward hemisphere where the scattered radiation calculated from 379 

reconstructed angular distributions was on average 18% and 17% higher than the one obtained exploiting 380 

PP_UniMI high angular resolution for blank and sampled spots, respectively (with a slightly different 95% 381 

confidence interval CI: 13-26% and 13-21% for blank and loaded spots, respectively). Conversely, the 382 

analogous difference in the backward hemisphere was -2% for both blank and loaded spots, with a 383 

variability smaller than 1%. Finally, it has to be noted that, even though the observed discrepancy was 384 

significant in the forward hemisphere, the MAAP and PP_UniMI radiative transfer scheme takes into 385 



account only the ratios of radiation scattered by loaded to blank spots separately for the two hemispheres, 386 

i.e. PF/PF
(0) and BF/BF

(0) (where superscript “(0)” indicates the blank filter and subscript “F” denotes the 387 

whole filter – comprising also the layer with particles if loaded) (Hänel, 1987; Petzold & Schönlinner, 2004). 388 

Table 2 reports average values for PF/PF
(0) and BF/BF

(0) calculated exploiting full PP_UniMI angular resolution 389 

(PP_UniMI) and MAAP angular distributions reconstruction (PaM). These ratios were evaluated considering 390 

PF and BF for each loaded spot and campaign-averaged PF
(0) and BF

(0) (as no blank spot corresponding to 391 

each loaded one was available – see also Section 2.2) Note that the large standard deviations reflect the 392 

variability in aerosol loading among all black spots considered in this study.  393 

Table 2 Average (± 1 standard deviation) of PF/PF(0) and BF/BF(0) calculated for all 332 available spots using the PaM and 394 
PP_UniMI approaches. 395 

PaM  PP_UniMI 396 

PF/PF
(0)  0.38±0.13 0.38±0.14 397 

BF/BF
(0)  0.53±0.14 0.52±0.14 398 

 399 

Differences between PF/PF
(0) and BF/BF

(0) calculated using PP_UniMI and PaM methodologies were found 400 

out to be negligible (95% CI: -4% - +5% in the forward hemisphere; -3% - +4% in the backward one). 401 

Therefore, it was expected that the observed discrepancy in angular distributions of scattered light had a 402 

small effect on σap_MAAP retrieved by the MAAP; to investigate this hypothesis, the PP_fun approach was 403 

used (i.e. distribution of scattered light reconstructed using analytical functions, see Section 2.2). Figure 5 404 

shows the comparison between the σap_PP_fun and σap_MAAP. 405 

 406 



Figure 5 Comparison between the aerosol absorption coefficient obtained using the PP_fun approach (σap_PP_fun) and 407 
the one obtained from MAAP output (σap_MAAP). Data from all sampling campaigns presented in this study are 408 
represented with different point shapes and colours. m and q are the slope and intercept of the regression (± 1 409 
standard error), respectively; r is the correlation coefficient between x and y variables; Chi^2 is the value of the 410 
reduced Chi squared; N is the number of data points. 411 

 412 

The PP_fun approach gave the same response (within 3%) as the standard PP_UniMI methodology 413 

compared to MAAP outputs (see also Figure 2). Note that, considering the different sampling campaigns 414 

separately, analogous regression analyses showed slopes slightly higher (0.84±0.01) for the urban 415 

background sites in Milan and lower for BCN and MSY sites (0.79 and 0.76, respectively) with intercepts 416 

comparable to zero. 417 

The only difference between the PP_fun and the PP_UniMI approaches was in the retrieval of the angular 418 

distribution of scattered light; even though measured and reconstructed angular distributions were 419 

different (see Figure 4), this did not affect the retrieval of aerosol absorption coefficient for more than 5%, 420 

which is comparable with the unit-to-unit variability among different MAAP instruments estimated in inter-421 

comparison studies (see e.g. ACTRIS, 2013; Müller et al., 2011).  422 

3.2.2 Effect of the fixed BM value 423 

Taking into account all 51 blank spots available from the sampling campaigns presented in this paper, BM 424 

measured by PP_UniMI for the filter tape in use was on average 0.88±0.01, ranging between 0.86 and 0.89, 425 

when full angular resolution was employed; in case the MAAP angular distribution reconstruction was 426 

performed, BM=0.85±0.01 (range 0.84-0.87) was obtained. Thus, the BM=0.7 fixed in the MAAP did not 427 

appear to be adequate for the filter tape currently employed in the MAAP, and this was valid for all 428 

instruments and filter tapes available in the various campaigns. 429 

As explained in Section 2.2, the PP_BMfix approach was employed to evaluate the effect of the fixed BM in 430 

the MAAP algorithm. A comparison of aerosol absorption coefficient obtained with the PP_BMfix 431 

methodology and the one inferred from MAAP outputs is shown in Figure 6. 432 



  433 

Figure 6 Comparison between the aerosol absorption coefficient obtained using the PP_BMfix approach (σap_PP_BMfix) 434 
and the one obtained from MAAP output (σap_MAAP). Data from all sampling campaigns presented in this study are 435 
represented with different point shapes and colours. m and q are the slope and intercept of the regression (± 1 436 
standard error), respectively; r is the correlation coefficient between x and y variables; Chi^2 is the value of the 437 
reduced Chi squared; N is the number of data points. 438 

 439 

PP_BMfix results were comparable with PaM ones within 1% (see also Figure 3). If the different sampling 440 

campaigns were considered separately, analogous regression analyses exhibited similar slopes: 0.97 441 

(UniMI), 0.93 (UniBIC), 0.97 (BCN), and 0.95 (MSY).  442 

This result suggests that, among the assumptions introduced in the MAAP algorithm to calculate σap, fixing 443 

BM=0.7 is the hypothesis that contributes at most to the observed discrepancy with results of PP_UniMI 444 

analyses. Indeed, when considering only reconstructed angular distributions of scattered light (i.e. the only 445 

approach that can be implemented in the MAAP due to the limited angular resolution), it should be 446 

observed that the difference between calculating BM as done in the PP_fun calculation method and fixing 447 

BM=0.7 as done in the PaM approach plays an important role: σap values comparable with MAAP outputs 448 

(within 5%) were only obtained when the same MAAP assumption on BM was employed in spots data 449 

analysis. To highlight the effect of different BM settings, a Deming regression was performed between σap 450 

retrieved with the BM (0.85 on average) calculated from reconstructed angular distributions (σap_PP_fun) and 451 

obtained using BM=0.7 (σap_PaM); the regression exhibited a slope of 0.88±0.01 and a small intercept (-452 

0.21±0.01 Mm-1), indicating that the hypothesis on BM currently used in the MAAP can cause an 453 

overestimation of about 12% (ranging between 11% and 19% considering slopes of the same regression for 454 

different campaigns separately) of the σap (and thus of eBC concentration). 455 

 456 



3.2.3 Sensitivity tests on asymmetry factor assumption 457 

As mentioned in Sections 2.1 and 2.2, in the MAAP retrieval algorithm a fixed value of the asymmetry factor 458 

is set. Indeed, this parameter is the only quantity that has to be assumed in the radiative transfer scheme 459 

implemented in the instrument (Hänel, 1987) and it cannot be obtained as model output. A value of g=0.75 460 

is set in the MAAP as it is considered representative of average ambient urban aerosol, characterised by a 461 

range of asymmetry factors from 0.65 to 0.86 as reported by Petzold & Schönlinner (2004) and references 462 

therein. A recent study (Moosmüller & Ogren, 2017) summarised that typical values for ambient aerosol 463 

asymmetry parameter (at 550 nm wavelength) vary from 0.26 to 0.80 based on a review of previous 464 

literature works that made use of multiple approaches to calculate g at several sites. Taking into account 465 

values most frequently found in the literature, a range of g from 0.35 to 0.75 was employed in this study to 466 

test MAAP sensitivity to different g values. Moreover, the g interval 0.50-0.75 was analysed in detail since 467 

this range is in agreement with the variability of asymmetry factor observed across Europe (Pandolfi et al., 468 

2018) and because values of g larger than 0.50 have often been reported in the literature (see e.g. Andrews 469 

et al., 2006; D'Almeida et al., 1991; Donateo et al., 2018; Formenti et al., 2000; Hartley & Hobbs, 2001; 470 

Horvath et al., 2016; Horvath et al., 2018; Gopal et al., 2014). Data obtained from PP_UniMI measurements 471 

of MAAP sample spots were analysed with both PaM and PP_UniMI methods; in this sensitivity test, 472 

aerosol absorbance ABS was the quantity of interest because it is the one directly obtained from PP_UniMI 473 

measurements and to avoid additional uncertainties related to air flow and spot areas. When comparing 474 

ABS calculated using different input g values, the uncertainties used in Deming regressions were 10% plus a 475 

fixed 0.01 for both x and y variables. 476 

Absorbances calculated with tested g values (hereafter ABS_PaM_gX, where X stays for the tested g) were 477 

compared to those obtained considering the standard g=0.75 (ABS_PaM). For the PaM approach, Deming 478 

regression parameters of the comparison ABS_PaM_g0.35 (y) vs ABS_PaM (x) were m=1.145±0.001 (slope) and 479 

q=-0.016±0.001 (intercept); for the PP_UniMI method, the Deming regression ABS_PP_UniMI_g0.35 (y) vs 480 

ABS_PP_UniMI (x) parameters were m=1.119±0.001 (slope) and q=-0.015±0.001 (intercept); note that the small 481 

intercepts were both lower than PP_UniIMI ABS LOD at 635 nm (0.03 – see Bernardoni et al. (2017)). 482 

Moreover, when using g>0.50, Deming regression parameters of ABS_PaM_g0.50 (y) vs ABS_PaM (x) were 483 

m=1.082±0.001 (slope) and q=-0.010±0.001 (intercept) and those of the comparison ABS_PP_UniMI_g0.50 (y) vs 484 

ABS_PP_UniMI (x) were m=1.064±0.001 (slope) and q=-0.009±0.001 (intercept).  485 

It is noteworthy that, considering both g=0.35 and g=0.50, PP_UniMI approach response to g variations 486 

compared to g=0.75 was smaller than the one of PaM approach. 487 

These results highlight that the MAAP algorithm appears less sensitive to the asymmetry factor set in the 488 

algorithm than to the fraction of radiation backscattered by the blank filter (BM – see Section 3.2). Indeed, 489 

using a g value at a reasonable lower limit for ambient aerosol (g=0.50), the radiative transfer scheme 490 



response varied no more than 8% compared to g=0.75 as set in the instrument (considering the regression 491 

slope); furthermore, ABS change was reduced to 6% if PP_UniMI approach was employed together with 492 

g=0.50. 493 

 494 

3.3 Effect of blank filter variability 495 

As explained in Section 2.2, to retrieve ABS of MAAP samples with PP_UniMi some spots were punched 496 

from blank parts of the filter tape; afterwards, they were measured and their scattered light angular 497 

distribution was averaged to obtain representative blank filter input quantities to be included in the 498 

radiative transfer scheme together with those of loaded spots. However, the on-line absorbance obtained 499 

by the MAAP is calculated using as blank filter the one analysed immediately before sampling (i.e. the blank 500 

spot soon after filter tape advance). It is therefore clear that, using an average blank spot, PP_UniMI results 501 

could be biased by the variability in the angular distribution of light scattered by blank filters due to 502 

possible tape inhomogeneities. This point was investigated computing the total (forward+backward 503 

hemispheres) solid-angle integrals of light scattered by all 51 blank spots available from the considered 504 

campaigns. The average variability in total light scattered by blank spots was less than 5% independently of 505 

the use of analytical functions to reconstruct angular distributions or PP_UniMI high-angular resolution 506 

data.  507 

A sensitivity test on ABS response to a similar change in blank spots was performed: for each campaign, the 508 

total solid-angle integral of light scattered by the average blank spot was decreased and increased by 5% 509 

and ABS for each sample spot was re-calculated. These ABS values were then compared to those retrieved 510 

using the original average blank filters parameters and Deming regressions considering measurement 511 

uncertainties (10% plus 0.01) on x and y variables were performed. Both PaM and PP_UniMI approaches 512 

showed similar results: slopes and intercepts of the ABS(blank+5%) vs ABS regressions were 513 

(m=1.026±0.001; q=0.016±0.001) and (m=1.029±0.001; q=0.015±0.001) for PaM and PP_UniMI approaches, 514 

respectively, while those of the ABS(blank-5%) vs ABS regressions were (m=0.973±0.001; q=-0.016±0.001) 515 

(PaM) and (m=0.970±0.001; q=-0.015±0.001) (PP_UniMI). Therefore, blank filter variability is a small 516 

contribution to the uncertainty of PP_UniMI measurements of MAAP sample spots, affecting results by less 517 

than 3% considering regression slopes. 518 

 519 

4. Conclusions 520 

In this study, the applicability of in-house made polar photometers to retrieve off-line multi-λ aerosol 521 

absorption coefficient (σap) from the Multi-Angle Absorption Photometer (MAAP) aerosol deposits (spots) 522 

was investigated. To test the robustness of these measurements, different contributions to σap uncertainty 523 



were examined. In particular, the role of the approximations introduced in the algorithm implemented in 524 

the MAAP to obtain σap was investigated. More in detail, the effect of: 525 

- reconstructing the angular distribution of radiation scattered by the sample from measurements of 526 

light intensity at 3 fixed angles using analytical functions; 527 

- fixing the fraction of backscattered light from the blank filter as BM=0.7; 528 

- setting the asymmetry factor g=0.75 529 

was analysed separately. 530 

Finally, the role of using an average blank spot in the analysis (i.e. the only possibility for off-line 531 

measurements) was explored.  532 

This investigation was performed by means of measurements of the angular distribution of light scattered 533 

by MAAP filter tape spots carried out with high angular resolution by the in-house made polar photometer 534 

PP_UniMI. Comparisons of PP_UniMI results with MAAP outputs evidenced that the hypotheses employed 535 

in the MAAP retrieval algorithm may play an important role. In particular, the study pointed out that, 536 

among the previously mentioned hypotheses, fixing BM=0.7 affected σap obtained from MAAP data most 537 

(on average 14%). Indeed, blank spots measured by PP_UniMI showed BM=0.88 (0.85 if calculated from 538 

data at MAAP three angles), which is significantly higher than the value commonly employed in the MAAP 539 

(0.7). As already pointed out by Petzold & Schönlinner (2004), a difference in BM with respect to the fixed 540 

BM=0.7 (the value of 0.85 calculated from MAAP reconstructed angular distributions is 21% higher) causes a 541 

bias of a similar magnitude in the aerosol absorbance (ABS). The second major contributor to uncertainties 542 

in PP_UniMI measurements of MAAP spots was the fixed value of the asymmetry factor g=0.75: a 543 

sensitivity test on ABS (the quantity directly obtained from PP_UniMI measurements) calculated with lower 544 

g values, as often reported in the literature, showed that this can be up to 8% higher than the one obtained 545 

with g=0.75 as set in the MAAP. A smaller effect (<3%) on σap retrieved on MAAP spots was due to the 546 

reconstruction of the angular distribution of scattered light using analytical functions instead of exploiting 547 

PP_UniMI high angular resolution. Furthermore, also the role of blank filter variability was investigated and 548 

the resulting contribution was less than 5%, which is comparable to MAAP instrumental unit-to-unit 549 

variability (Müller et al., 2011). 550 

It is noteworthy that the present work took into account data from different sampling campaigns and sites; 551 

the described effects did not appear to depend significantly on the aerosol type. 552 

In this study, only PP_UniMI data at 635 nm were employed to allow a direct comparison with MAAP 553 

(operating at 637 nm only). However, measurements at 5 wavelengths are routinely performed with the in-554 

house made polar photometers set at the Universities of Milan (PP_UniMI) and Genoa (MWAA). Multi-λ 555 

analyses of MAAP spots could provide useful additional information about the spectral behaviour of σap of 556 



the aerosol sampled by the MAAP. Indeed, these multi-wavelength data can be used in optical source- or 557 

component-apportionment models to estimate different contributions to σap also measured in past 558 

campaigns, thus allowing e.g. a retrospective trend analysis. Moreover, they can serve as reference to 559 

evaluate and optimise correction schemes for on-line instruments measuring light transmission as a proxy 560 

for aerosol absorption. 561 
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