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Answers to RC1: 'general comments', Anonymous Referee #2  

  

We strongly acknowledge the Referee for the valuable and precious comments and suggestions. In 

the following, a point-by-point reply to all the comments is given.  

The aim of the paper should be better stressed in the abstract. Furthermore from the abstract it is 

not clear why the authors decided to use a different laser radiation. It has to be specified.   

Following the Referee’s advice we added in the abstract few sentences to better stress the aim of the 

paper and why we decided to use a different laser wavelength.  

The text could be simplified in many points. For example at line 64: aerosol samples collected on filters 

made of refractory material (i.e. quartz fibre filters), should be: … made of quartz fibre filters (in fact 

there aren’t other possibility).  

Done  

From line 69 to line 72 the text could be simplified since how TOT method operates is well known.   

In our opinion, this very short paragraph could be useful to a reader not familiar with TOT 

measurements. So we prefer to keep it in the text.  

At line 85 of the introduction it should be mentioned that biomass burning contribution to PM could 

be also estimated by other methods such as AMS (aerosol mass spectrometry) which starting from 

mass spectral data is suitable for identification of biomass burning source. At this purpose I suggest to 

include the following reference:  

Daellenbach, K.R., Bozzetti, C., Křepelová, A., Canonaco, F., Wolf, R., Zotter, P., Fermo, P., Crippa, M., 

Slowik, J.G., Sosedova, Y., Zhang, Y., Huang, R.-J., Poulain, L., Szidat, S., Baltensperger, U., El Haddad, 

I., Prévôt, A.S.H. Characterization and source apportionment of organic aerosol using offline aerosol 

mass spectrometry (2016) Atmospheric Measurement Techniques, 9 (1), pp. 23-39.  

A short statement and the suggested reference have been added in the text  

Somewhere in the introduction, it should be mentioned that levoglucosan is the marker for BB. At 

this purpose together with the reference Piazzalunga 2010, I suggest to include for example the 

following reference:  

Vassura, I., Venturini, E., Marchetti, S., Piazzalunga, A., Bernardi, E., Fermo, P., Passarini, F. Markers 

and influence of open biomass burning on atmospheric particulate size and composition during a 

major bonfire event (2014) Atmospheric Environment, 82, pp. 218-225.  

A short statement and the suggested reference have been added in the last part of section  3.2 
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Review for amt-2019-5 “Two-wavelength thermo-optical determination of Light 
Absorbing Carbon in atmospheric aerosols” by Massabò et. al. 
 

Answers to RC2 Anonymous Referee #3  

   

We strongly acknowledge the Referee for the valuable and precious comments and suggestions.  

The manuscript reported a modified carbon analyzer with dual-wavelength configuration for the 

determination of Brown Carbon. Multiwavelength thermal-optical analysis had been reported using 

the DRI carbon analyzer (Chen et al., 2015; Chow et al., 2015; Chow et al., 2018), but multiwavelength 

applications on the Sunset analyzer remain limited (Hadley et al., 2008). In that sense, this study has 

the merit from the instrumental perspective. However, part of the data analysis suffered from 

overinterpretation, thus, revisions are needed.  

In the following, a point-by-point reply to all the comments is given.  

General comments:    

1) How this study can be beneficial to the carbonaceous aerosol research community?  

From the instrumental perspective, there is already a multiwavelength carbon analyzer that 

is commercially available (DRI2015), as noted by the authors. The modification described in 

this study might not be easy to be adopted and implemented by other research groups. The 

authors need to elaborate how this setup can be implemented by other researchers.  

  

The Referee is right, since a multi-wavelength carbon analyzer is commercially available, but, 

at least at the moment, it is not so widespread. Especially in Europe, the one wavelength 

Sunset EC/OC analyzer unit is by far the most common instrument for this kind of 

quantification. We think that the possibility to upgrade these “old” units to make possible 2-

 measurements is a good chance to have more information on EC/OC separation and to 

study the effect of BrC (but not only) on TOT analysis. Moreover, the upgrade is easy and cheap 

since just a blue LED and a photodiode/bandpass filter system are needed. The basic 

information to implement this upgrade are detailed in the paper; for sure we are available to 

help anybody to carry out this operation but more technical issues should be given outside the 

present paper.  

  

2) Introduction. Beside primary BrC from biomass burning, the secondarily formed BrC 

should be mentioned.  

  

The Referee is right, we forgot to mention the secondary formation of BrC. It has been inserted 

in the text.  

  

3) The current modification only allows one laser to be used at each time, that means 

all samples need to be analyzed twice. As noted by the authors, the change of laser and PD 

require alignment to optimize the laser signal. Since laser and PD change would introduce 

further uncertainties into the OC/EC analysis, this point should be mentioned. Did the authors 

quantify the uncertainties in OC and EC determination that introduced by the change of laser 
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and PD? For example, what’s the standard deviations of OC and EC from multiple analysis for 

the same sample (identical laser and PD with mount-unmount cycles scenario vs. no laser and  

PD change scenario)? The authors are encouraged to provide a estimation of uncertainty 

introduced.  

  

We have conducted several repetitions in order to evaluate uncertainties coming from the 

laser switching procedure. Uncertainties turned out to be of the same order of magnitude of 

the typical value characteristic of TOT measurements, i.e. about ± 10%, so we did not discuss 

uncertainties in the text. Anyway, the Referee is right since the procedure is simple but in 

principle effects due to different laser alignments cannot be excluded. For this reason, we do 

not change the lasers filter by filter, but we first perform the analysis of the whole samples 

batch with the red laser and then we repeat the analysis with the blue diode. In this way, we 

have only two alignments for each dataset. Anyway, we remind that, as reported in the text, 

we check the alignment at each laser change by maximizing its transmittance signal.  

  

4) The MACBrC reported in this study (9.8 m2g-1 @635 nm and 23 m2g-1 @405 nm) seems 

to be one magnitude higher than the literatures values. An example is shown below. The 

following table was adopted from (Updyke et al., 2012). The author argued the difference is 

due to the operative defined BrC mass used in this study. It should be noted that literature 

studies applied different technical approaches for MACBrC determination as well, but most 

studies reported a MACBrC<1 m2g-1. The author should explain why their results are 

significantly different from previous studies.  

 

All MAC values in the table refer the optical “effect” of BrC compared to the OC from wood 

burning. In this sense, they are not considering the BrC molecules only but their optical 

response normalized to all the OCWB mass. Also in our case, if we plot babs(BrC) vs. the whole 

OCWB, we get MAC(OCWB) ≈ (0.4 ± 0.1) m2 g-1 for the red and ≈ (2.3 ± 0.2) m2 g-1 for the blue 

(see also the last part of the §5 of the Massabò et al 2016 paper).  

  

5) Line 277. Regarding the BrC mass determination using the method reported in 

Massabò et al. (2016), did the author considered laser-temperature correction (Jung et al., 

2011)? Seen from Fig 5 in Massabò et al. (2016), the laser signal keep increasing during the 

CH4 stage, implying that laser-temperature correction was likely not performed. If that’s case, 

the BrC mass should be re-calculated.  
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We thank the Referee for the suggestion. However, we are aware of the reported issue and 

we actually applied an operative correction similar to what proposed in the quoted paper.  So, 

we think that no further corrections are needed in our dataset. Anyway, the Referee is rising 

an important issue often neglected in TOT/TOR analysis (the effect of temperature on 

transmittance signal affecting EC/OC separation).  

  

6) In addition, even if the laser-temperature correction is accounted, the laser 

uncertainty is simply too high for BrC mass determination. Please specify the limit of 

quantification (LOQ) for OC in the OC/EC analysis. The reviewer feels that LOQOC would be 

likely very close to the level of BrC reported in this study (0.005 – 0.14 μgC m-3). If so, BrC 

reported using this approach is overinterpretation of the data.  

  

The limit of quantification of OC (LOQ) is 0.1 μgC cm-2 that corresponds, in our sampling 

conditions, to about 0.009 μgC m-3. So, except for few points, most of the BrC levels reported 

in the paper are well over this LOQ.   

  

7) The BrC determination approach described in Massabò et al. (2016) lacks physical 

meanings. The OC/EC split by the laser signal in the thermal optical analysis depends on two 

assumptions: (i) pyrolyzed organic carbon evolved before native EC during the oxygen stage. 

(ii) pyrolyzed organic carbon and native EC have the same MAC. However, both of these 

assumptions had been proved invalid (Yang and Yu, 2002; Yu et al., 2002; Subramanian et al., 

2006). The approach that author used is a paradox: On one hand the authors report a MACBrC 

that is larger than MACEC. On the other hand, the laser correction process itself is based on 

the assumption that MACBrC=MACEC=MACPOC. In that sense, the carbon fraction corresponding 

to the different laser split time cannot be considered as BrC mass.  

  

The paper Massabò et al. 2016 has been already evaluated and revised in a full peer-review 

process. Even if we think that the revision should be limited to this paper and not to others in 

the literature, we appreciate the interest of the Referee and we would like to reply at his/her 

specific comments. Furthermore, the referee’s criticism directly address the basic assumptions 

of the TOT analysis since the first papers by Birch and Cary, 1996. We have to note however, 

that assumption (ii) makes not necessary the (i) one. From his point of view just the 

MACEC=MACPOC assumption is part of the game.  

A considerable amount of works in the literature deals about the assumptions at the basis of 

the TOT/TOR technique, mostly pointing out that often they are critical or unacceptable (and 

we were aware of them, see §6 of that paper). But, in the absence of a definitive solution of 

these criticisms, these assumptions are necessary to separate EC from OC, or we simply have 

to forget this analytical technique.  

The previous paper (Massabò, 2016) started from these (questionable, we agree) 

assumptions, trying to gather information on BrC, and actually we don’t see any paradox. 

About the reported MACBrC, this value turned out from the comparison of: 1) difference in mass 

between uncorrected/corrected EC values and 2) absorption coefficients apportioned with the 

MWAA model to BrC. About the “other hand assumption”, we did not write in that text the 

statement MACBrC=MACEC=MACPOC, and this assumption is never considered in that proposed 

methodology. Anyway, we underline that we defined the retrieved BrC mass as “operative BrC 

mass”, precisely to highlight its dependence on the specific methodology adopted and, from 
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this quantity, we calculated the MACBrC (without the cited assumption 

MACBrC=MACEC=MACPOC).  

  

8)  The authors are encouraged to check the babs,BCff vs. levo scatter plot. If the R2(babs,BCff vs. 

levo) is significantly lower than the R2(babs,BrC vs. levo), that would be a useful evidence to 

confirm a successful split of babs into BrC, BCWB and BCff.  

  

As suggested, we checked the babs,BCff vs. levo scatter plot and, as expected, there is no 

correlation between the two parameters. In the following, we report the two scatter plots.  

  

 

Technical comments:   

1) The figure quality needs to be improved. For example, for comparison of the same 

quantity/parameter, the X and Y range should be the same and the aspect ratio of the plot 

should be 1:1.  

In the final version of the paper, a full (graphical) revision of the figures will be given. 2) 

Figure 1. Please label the laser wavelength on the photo directly for easy reference.   

Done  

3) Figure 2-7. The font size is too small for the text in these figures. Please adjust 

accordingly.  Done  
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4) Figure 5 caption. “WW and FF stand for Fossil Fuel and Wood Burning, respectively.” 

Should be “FF and WB stand for Fossil Fuel and Wood Burning, respectively”  Done  

5) Line 245. “and biomass burning (WB)” should be wood burning?   Done  
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Review report AMT 2019-5 manuscript version 1   

Answers to RC3 Anonymous Referee #1  

We strongly acknowledge the Referee for the valuable and precious comments and suggestions.  

The paper describes the application of a modified Sunset Lab Inc. EC/OC analyzer with a two 
wavelength set-up for analysis of ambient aerosol samples. It strongly relates to earlier work of 
the author which is described detailed in previous publications, nevertheless it extends to 
additional findings. The results derived from the comparison of two temperature protocols, 
NIOSH5040 and EUSAAR2, for the 405 nm wavelength as well as the reported MAC values are a 
valuable addition to the literature. However, the paper lacks in structure and suffers in use of 
proper scientific English which limits its potential. It is recommended that the text is reviewed 
with focus on syntax and vocabulary. Particular attention should be given in the first paragraph of 
the abstract and the first two paragraphs of the introduction. Further:    

We tried to improve English for both syntax and vocabulary. In the following, a point-by-point reply 

to all the comments is given.  

Sentence starting in line 115: “The hypothesis under such choice…” should be rephrased.  

Done  

The terms “real samples”, “real-world samples” and “real-world aerosol samples” are used 
throughout the text. The use of one term is recommended.  

We changed using the form “real-world aerosol samples throughout the text.  

“λ=” , “@λ”  and “@λ=” are used to state wavelengths. Please consider using one form (λ=) for 

consistency. Done  

Sentence starting in line 59 should be revised. “Standarized” should be replaced by standardized. 
Since 2017, when EN16909 was published, there is uniformity in OC/EC analysis methodology, at 
least for EU. Done  

Paragraph starting in line 157: Any specific reason why this subset was analyzed with EUSAAR2 
only?  

After the first positive results with pure Aquadag samples and considering the slope close to one, 
we preferred to make a “reproducibility study” (i.e. we used 2 punches for each laser in each 
sample) by EUSAAR_2 protocol. We got a very good agreement and final results only have been 
reported in the text. We’ll make clear this point in the revised text.  
Paragraph starting in line 165: PM10 samples are known to add complexity in OC/EC analysis due 
to minerals, refractory material and oxides present in coarse fraction. Did you consider 
sampling/analysis of PM2.5 samples and have you noticed any of the above interferences?  

This point is very interesting, we thank the Referee for this valuable suggestion. Unfortunately, we 

had not the possibility to apply our methodology on PM2.5 samples but for sure we will try in the 

next future.  

Line 174: It sounds like two different subsets were created, one for analysis with EUSAAR2 and 
one for NIOSH5040. If that is the case, why was that choice made instead of all samples being 
analyzed with both protocols?  
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As explained above, we preferred to have a reproducibility check by measuring 2 punches for each 

laser in each sample.  

Line 193: It is not clear to me why the discrepancy between EUSAAR2 and NIOSH5040 is mainly 
driven by charring. In a sense more pyrolytic carbon would result in a later split point and less EC 
reported. Further, since the blue laser diode resulted in later split points for EUSAAR2, wouldn’t 
that rate it as less sensitive to charring instead of more, as mentioned in the text?  

Actually, as shown in the example below (please note that the red and blue transmittance are 

normalized at the same initial value), in the EUSAAR_2 thermograms we observe a steeper 

decrease of the “blue” transmittance in the first phases (low temperatures). This corresponds to a 

higher sensitivity to pyrolytic formation when we use the blue laser diode.  
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NIOSH5040  

Is it possible to include a figure and/or representative thermograms that illustrate the consistent 
40% discrepancy between EUSAAAR2 and NIOSH5040?  

As reported in the text we unfortunately had not the possibility to repeat the NIOSH and EUSAAR_2  

protocols at the two different wavelengths on the same filters. This is why we based our discussion 

on the analysis of literature and previous results. We anyway include here two typical 

thermograms, NIOSH and EUSAAR_2, of the same urban samples batch and showing the typical 

transmittance trend linked to the quoted discrepancy.  
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Eusaar2, split point ≈ 950 s  

 

Niosh5040, split point ≈ 480 s Line 267 and elsewhere in the text: The term “Sunset set-ups” could 
be altered to a more descriptive term.  

Done  

Line 289: What would be the value of 1σ? It seems that the difference between the two MAC 
values reported is substantially greater than the reported uncertainty.  
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The Referee is right, we did a material mistake in the text: the one sigma uncertainty is 0.4 m2 g-1 

(and this is right) but the discrepancy between the MAC values calculated in 2016 and the present 

work is slightly above 3 sigma (we change the text accordingly).  

Line 316: “Brow carbon”  

Done  

Line 338: This sentence could be rephrased for easier comprehension.  

We rephrased the sentence in this way: “We retrieved Brown Carbon concentration values directly 

from the Sunset thermograms following Massabò et al., 2016.  Exploiting the synergic information 

provided by the Multi Wavelength Absorbance Analyzer, MWAA (Massabò et al., 2015) we could 

obtain the MAC(BrC) at the two wavelengths”.  

Line 348: Same stands for this sentence.  

We rephrased the sentences in this way: “In our findings, the ratio between BrC and Levo 

concentration values depends on the wavelength of the transmittance signal adopted during the 

thermo-optical analysis. This behavior could be due to 1) a better accuracy of the results in blue-

light, more sensitive to BrC, or 2) the definition of BrC itself, which has to be considered 

wavelengthdependent. The present results do not allow any conclusive statement on this issue: 

actually, the label “Brown Carbon”, as well as the widely used “Organic and Elemental Carbon”, 

comes from an operative definition not without ambiguity.  

Figure 4: It is not clear which relationship applies to which trendline.  

Figure 4 has been amended.   

Figure 6: It seems that 2 separate subgroups are formed, one equal and above the trendline and 
one below the trendline. Are those related to the specific sampling strategy or to any other 
parameter?  

We noted this strange behavior with the formation of two separate subgroups. It doesn’t depend 

on different sampling strategy neither other evident parameter. Unfortunately, we didn’t find a 

reasonable explanation for this.  
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Abstract 9 

 10 

Thermo-optical analysis is widely adopted for the quantitative determination of Total, TC, 11 

Organic, OC, and Elemental, EC, Carbon in atmospheric aerosol sampled by suitable filters. 12 

Nevertheless, the methodology suffers of several uncertainties and artefacts as the well-known 13 

issue of charring affecting the OC-EC separation. In the standard approach, the effect of the 14 

possible presence of Brown Carbon, BrC, in the sample is neglected. BrC is a fraction of OC, 15 

usually produced by biomass burning with a thermic behaviour intermediate between OC and 16 

EC. BrC is optically active: it shows an increasing absorbance when the wavelength moves to 17 

the blue/UV region of the electromagnetic spectrum. Definitively, the thermo-optical 18 

characterization of carbonaceous aerosol should be reconsidered to address the possible BrC 19 

content in the sample under analysis. 20 

We introduce here a modified Sunset Lab Inc. EC/OC Analyzer. Starting from a standard 21 

commercial instrument, the unit has been modified at the Physics Department of the University 22 

of Genoa (IT), making possible the alternative use of the standard laser diode at λ = 635 nm 23 

and of a new laser diode at λ = 405 nm. In this way, the optical transmittance through the 24 

sample can be monitored at both the wavelengths. Since at shorter wavelengths the BrC 25 

absorbance is higher, a better sensitivity to this species is gained. The modified instrument also 26 

gives the possibility to quantify the BrC concentration in the sample at both the wavelengths. 27 

The new unit has been thoroughly tested, with both artificial and real-world aerosol samples: 28 

the first experiment, in conjunction with the Multi Wavelength Absorbance Analyzer (MWAA, 29 

Massabò et al., 2013 and 2015), resulted in the first direct determination of the BrC Mass 30 

Absorption Coefficient (MAC) at λ = 405 nm: MAC = 23 ± 1 m2 g-1. 31 

 32 

Keywords: carbonaceous aerosol, brown carbon, thermo-optical analysis, mass absorption 33 

coefficient 34 

 35 
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1. Introduction 37 

 38 

Light absorbing carbon (LAC) is the fraction of carbonaceous aerosol, which can absorb 39 

electromagnetic radiation in the visible or near-visible range (Pöschl, 2003; Bond and 40 

Bergstrom, 2006; Moosmüller et al., 2009; Ferrero et al., 2018). A wide literature investigates 41 

and characterizes the optical properties of the inorganic-refractory LAC fraction, usually 42 

referred as Black Carbon, BC, (e.g. Bond et al., 2013; and reference therein) which is strongly 43 

absorbing from UV to IR, with a weak dependence on wavelength (Bond and Bergstrom, 2006; 44 

Moosmüller et al., 2009). Much less studied and understood is the organic LAC, often labelled 45 

as Brown Carbon, which appears to be optically active at wavelengths shorter than 650 nm and 46 

with an increasing absorbance moving to the blue and ultraviolet (UV) range (Pöschl, 2003; 47 

Andreae and Gelencsér, 2006; Moosmüller et al., 2011; Laskin et al., 2015; Olson et al., 2015). 48 

BrC can therefore be considered as the “optically active” part of the OC dispersed in the 49 

atmosphere. When considered from a thermo-chemical point of view, BrC also shows a 50 

refractory behaviour since, in an inert atmosphere, it volatizes at temperatures greater than 400 51 

°C only (Chow et al., 2015). A discussion on the primary and secondary sources of atmospheric 52 

LAC is outside the scope of the present work; we simply remind that primary BrC is produced 53 

mainly by biomass burning even if, in some cases, also incomplete combustion of fossil fuels 54 

used in transport activities (i.e. terrestrial vehicles, ships and aircrafts) can generate this kind 55 

of compounds (Corbin et al, 2018). It is also worth to underline that carbonaceous aerosols 56 

impact on human health (Pope and Dockery, 2006; Chow et al., 2006; Mauderly and Chow, 57 

2008), as well as on climate and environment (Bond and Sun, 2005; Highwood and Kinnersley, 58 

2006; Chow et. al., 2010). 59 

 In the wider landscape of atmospheric carbonaceous aerosol, despite a worldwide diffused 60 

effort, the situation is not satisfactory and a standardized and conclusive approach is still 61 

missing. The quantitative determination of TC, OC and EC is often performed by a thermo-62 

optical analysis (Birch and Cary, 1996; Watson et al., 2005; Hitzenberger et al., 2006) of 63 

aerosol samples collected on quartz fibre filters. However, thermo-optical analyses are affected 64 

by several issues and artefacts (Yang and Yu, 2002; Chow et al., 2004) and different 65 

laboratories/agencies adopt protocols which systematically result in discrepancies, particularly 66 

large in the EC quantification (Birch and Cary, 1996; Chow et al., 2007; Cavalli et al., 2010). 67 

A further issue arises when the effects of the possible presence of BrC in the sample are taken 68 

into account. So far, the monitoring of the sample transmittance during the thermal cycle, has 69 

been introduced to correct for the well know charring effect and the formation of pyrolytic 70 
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carbon (Birch and Cary, 1996). This implies that BC is the sole absorbing compound at the 71 

wavelength implemented in the thermo-optical analyser (for instance at  = 635 nm, the 72 

wavelength of the laser diode mounted in the extremely diffused Sunset Lab. Inc. EC/OC 73 

analyzer). Basically, with a sizeable concentration of BrC in the sample, one of the key 74 

assumptions of the thermo-optical methods fails and the EC/OC separation is even more 75 

unstable (to not say that, by design, the BrC quantification is not possible). This issue was 76 

preliminarily addressed by (Chen et al., 2015) by a multi-wavelength TOT/TOR instrument 77 

(Thermal Spectral Analysis – TSA) and further investigated in (Massabò et al., 2016). In the 78 

latter work, a method to correct the results of a standard Sunset analyzer and to retrieve the 79 

BrC concentration in the sample was introduced. The achievement was possible thanks to a 80 

synergy with the information provided by the Multi Wavelength Absorbance Analyzer, 81 

MWAA, (Massabò et al., 2015) developed in the same laboratory. A further step towards BrC 82 

quantification through the utilization of TSA was discussed in (Chow et al., 2018), where it 83 

was proved that the use of 7-wavelengths in thermal/optical carbon analysis allows 84 

contributions from biomass burning and secondary organic aerosols to be estimated. It is 85 

worthy to note that the biomass burning contribution to PM concentration can be also estimated 86 

by other methods such as Aerosol Mass Spectrometry, AMS (Daellenbach et al., 2016). 87 

The MWAA approach allows the determination of the spectral dependence of the aerosol 88 

absorption coefficient (babs) which can be generally described by the power-law relationship 89 

babs (λ) ~ λ-AAE, where the AAE is the Ångström Absorption Exponent. Several works reported 90 

AAE values which depend on the aerosol chemical composition (Kirchstetter et al., 2004; Utry 91 

et al., 2013) as well as its size and morphology (Lewis et al., 2008; Lack et al., 2012; Lack and 92 

Langridge, 2013; Filep et al., 2013; Utry et al., 2014). Furthermore, the spectral dependence of 93 

the aerosol has been exploited to identify different sources of carbonaceous aerosol (e.g. 94 

Sandradewi et al., 2008; Favez et al., 2010; Lack and Langridge, 2013; Massabò et al., 2013 95 

and 2015). In general, AAE values close to 1.0 have been found to be related to urban PM 96 

where fossil fuels combustion is dominant, while higher AAE values, up to 2.5, have been 97 

linked to carbonaceous aerosols produced by wood burning (Harrison et al., 2013; and 98 

references therein) and therefore to the presence of BrC. 99 

In the previous work by (Massabò et al., 2016) the effect of the BrC possibly contained in 100 

the sample on the thermo-optical analysis was quantified and exploited to retrieve the BrC 101 

concentration from the raw data provided by a standard Sunset Lab. Analyzer. This first step, 102 

suggested to modify/upgrade a Sunset unit adding the possibility to use a second laser diode in 103 
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the blue range. This improves the sensitivity to the BrC and allows to check whether the BrC 104 

quantification depends on the adopted wavelength. We finally followed this route and we here 105 

introduce our modified Sunset Analyzer unit, the validation tests and the results of the first 106 

campaign in which the new unit was deployed. 107 

 108 

2.  Materials and Methods 109 

 110 

2.1 The 2-lambda SUNSET analyzer 111 

We have modified a commercial Thermal Optical Transmittance (TOT) instrument (Sunset 112 

Lab Inc.). This equipment had been originally designed (Birch and Cary, 1996) with a red laser 113 

diode ( = 635 nm) to have the possibility to monitor and correct the well know problem of 114 

the formation of pyrolytic carbon by charring (Birch and Cary, 1996; Bond and Bergstrom, 115 

2006; Chow et al., 2007; Cavalli et al., 2010). The assumption that OC is optically inactive at 116 

wavelengths greater than 600 nm is at the basis of the technique; therefore the laser beam 117 

attenuation is only due to the EC originally present or formed by charring in the sample under 118 

analysis. Actually, even at this wavelength, BrC can affect the reliability of the OC/EC 119 

separation and the standard methodology can be modified to quantify the BrC concentration 120 

(Massabò et al., 2016). Nevertheless, at  = 635 nm the BrC Mass Absorption Coefficient, 121 

MAC(BrC), remains much smaller of the corresponding MAC(BC) and the modified 122 

procedure could/should be implemented at shorter wavelengths to gain in sensitivity. 123 

We have modified our SUNSET unit making possible the alternative use of the standard 124 

laser diode at  = 635 nm or of a World Star Technologies, 100 mW, laser diode at  = 405 125 

nm. This second laser diode can be mounted on the top of the SUNSET furnace by a homemade 126 

adapter (see Figure 1) and easily exchanged with the native red diode. With the new laser 127 

diode, the light detector placed at the bottom of the SUNSET furnace has to be changed too 128 

and we selected a photodiode (PD) THORLABS FDS1010 coupled with a bandpass filter 129 

THORLABS FBH405-10. The responsivity of the PD FDS1010 around  = 400 nm is quite 130 

low (about 50 mA W-1) but the high power delivered by the laser diode results in signals with 131 

an amplitude comparable to the values measured with the original SUNSET set-up (i.e. laser 132 

diode and PD). Furthermore, the FBH405-10 filter cuts all the light background produced by 133 

the high temperature of the SUNSET furnace, thus preserving the signal-to-noise ratio. Both 134 

laser and PD can be exchanged in about 10 min and no particular attention is requested but the 135 

proper alignment to maximize the PD output signal (i.e. the transmittance value displayed by 136 
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the SUNSET control software). We have to note that the original configuration of the SUNSET 137 

instrument adopts a lock-in amplifier to improve the signal-to-noise ratio of the PD: we did not 138 

have the possibility to manipulate the parameters of the lock-in amplifier and to tune it to the 139 

new configuration. 140 

 141 

2.2 Test of the new configuration 142 

The new blue-light set-up of the Sunset Analyzer was tested using both synthetic and real-143 

world aerosol samples, collected on quartz fibre filters. Synthetic samples were prepared 144 

starting with a 5% (volume) solution of Aquadag, then nebulised by a Blaustein Atomizer 145 

(BLAM) and collected on quartz fibre filters. Aquadag is the trade name of a water-based 146 

colloidal graphite coating (particle diameters between 50 and 100 nm): these samples can 147 

therefore be considered to be composed by EC/BC only. The samples were first sent to an 148 

optical characterization by the MWAA instrument (Multi Wavelength Absorbance Analyzer, 149 

Massabò et al., 2015) which demonstrated that the optical absorption of Aquadag is 150 

independent on the wavelength. Actually, Aquadag particles tend to form conglomerates on 151 

the filter surface, with dimension about double of the longer wavelength implemented in the 152 

MWAA (i.e. the 850 nm of the infrared laser diode; Massabò et al., 2015). So, the comparison 153 

between the two Sunset set-ups was made with samples having the same absorption properties. 154 

EC and TC quantifications obtained at λ = 635 nm and λ = 405 nm resulted compatible adopting 155 

both the NIOSH5040 and EUSAAR_2 protocol (Cavalli et al., 2010), as shown in Figure 2 for 156 

the whole set of synthetic samples. 157 

A second set of synthetic samples was prepared to mimic the behaviour of real-world aerosol 158 

samples: a 3% (weight) solution of ammonium sulphate (NH4)2SO4 in Aquadag was prepared 159 

and nebulized with the BLAM. This way, a scattering compound is mixed to the absorbing 160 

Aquadag spherules. The optical absorption measured with MWAA resulted independent on 161 

wavelength with this second set of samples too. The results of the Sunset analysis with both 162 

the red and blue laser set-up are shown in Figure 3. This second set of samples was analysed 163 

through the EUSAAR_2 protocol only: we used two punches for each laser in each sample to 164 

have a reproducibility check. A strong correlation between the TC and EC values measured in 165 

red and blue light was obtained again with a slope close to unity.  166 

A third and final test was performed using a set of daily PM10 samples collected by a low-167 

volume sampler (TCR - Tecora, Italy) on quartz fibre filters (Pall-2500 QAO-UP, 47 mm 168 

diameter) in spring 2016 in the urban area of the city of Genoa (IT). A previous and long set 169 

of similar campaigns addressed to PM10 characterization (e.g. Bove et al., 2014 and references 170 
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therein) in the same urban area could not identify sizeable contributes of biomass burning to 171 

PM composition, in particular during spring and summer. Such situation was confirmed by the 172 

determination of the Ångström exponent in the present samples by the MWAA. Actually, in 173 

the set of twenty PM10 samples, the values of the Ångström exponent ranged between 0.9 and 174 

1.2, this confirming that Black Carbon is the sole or totally dominant light absorbing 175 

component in the local PM10 (Sandradewi et al., 2008; Harrison et al., 2013). Half of the 176 

samples was then sent to the Sunset analysis by the NIOSH5040 protocol while the 177 

EUSAAR_2 protocol was adopted for the remaining subset. The results are shown in Figure 4. 178 

The EC concentration values measured with the standard and modified Sunset analyzer are 179 

fully compatible when the NIOSH5040 protocol is adopted (basically, the split point position 180 

in the Sunset thermogram does not change with the two laser diodes). Instead, EC values 181 

determined by the EUSAAR_2 protocol resulted lower by about 30% when the blue laser diode 182 

was mounted. This corresponds to a shift of the split point position, which moves rightward 183 

and thus increases the amount of carbonaceous aerosol counted in the OC fraction. This effect 184 

is linked to the well-known issue of the formation of pyrolytic carbon during the thermal cycle 185 

in the inert atmosphere (i.e. in He). Several literature studies (e.g.: Cavalli et al., 2010; 186 

Panteliadis et al., 2015) indicated that the charring is smaller at the higher temperatures reached 187 

during the NIOSH thermal protocol. On the other way, standard thermo-optical analyses of 188 

urban PM samples often give higher EC values (up to 50%) when performed following the 189 

EUSAAR_2 instead of higher-temperature protocols (Subramanian et al., 2006; Zhi et al., 190 

2008; Piazzalunga et al., 2011; Karanasiou et al., 2015; Panteliadis et al., 2015). Furthermore, 191 

as by-product of previous PM10 studies in the urban area of Genoa by a standard Sunset unit, 192 

we could observe a systematic and very reproducible 40% discrepancy between EC values 193 

determined in the same samples by EUSAAR_2 and NIOSH5040 protocols (with 194 

EC:EUSAAR > EC:NIOSH). Therefore, the thermo-optical analysis in blue light seems to be 195 

more sensitive to the charring formation during the EUSAAR_2 protocol and thus possibly 196 

more reliable in the EC/OC separation. 197 

 198 

3. First field campaign and results 199 

 200 

The modified Sunset instrument was used for the first time, in conjunction with the MWAA 201 

instrument and apportionment methodology (Massabò et al., 2015), to retrieve the MAC (Mass 202 

Absorption Coefficient) of Brown Carbon at the two wavelengths of λ = 635 nm and λ = 405 203 

nm, in a set of samples collected wintertime in a mountain site. 204 
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 205 

3.1 Samples collection 206 

Aerosol samples were collected in a small village (Propata, 44°33’52.93’’N, 9°11’05.57’’E, 207 

970 m a.s.l.) situated in the Ligurian Apennines, Italy. Three different sets of PM10 aerosol 208 

samples were collected by a low-volume sampler (38.3 l min-1 by TCR Tecora): the first and 209 

the third sets had filter change set every 24h while the second set was sampled on a 48h-basis. 210 

In total, 41 (14+13+14) PM10 samples were collected on quartz-fibre filters (Pall, 2500QAO-211 

UP, 47 mm diameter), between February 2nd and April 19th, 2018. Before the sampling, the 212 

filters were baked at T = 700°C for 2 hours to remove possible internal contamination. Field 213 

blank filters were used to monitor possible contaminations during the sampling phase. Wood 214 

burning is one of the PM sources around the sampling site, especially during the cold season, 215 

as it is used for both domestic heating and cooking purposes. 216 

 217 

3.2 Laboratory analyses 218 

All the samples were weighed before and after sampling in an air-conditioned room (T = 20 219 

± 1 °C; R.H. = 50 % ± 5%), after 48h conditioning. The gravimetric determination of the PM 220 

mass was performed using an analytical microbalance (precision: 1 g) which was operated 221 

inside the conditioned room; electrostatic effects were avoided by the use of a de-ionizing gun. 222 

After weighing, samples were first optically analyzed by MWAA to retrieve the absorption 223 

coefficient (babs) of PM at five different wavelengths. The EC and OC determination was 224 

performed adopting the EUSAAR_2 protocol (Cavalli et al., 2010) with both laser diodes at λ 225 

= 635 nm and at λ = 405 nm (two different punches were extracted from each filter sample).  226 

Finally, the remaining portion of the same quartz-fibre filters underwent a chemical 227 

determination of the Levoglucosan (1,6-Anhydro-beta-glucopyranose) concentration by High 228 

Performance Anion Exchange Chromatography coupled with Pulsed Amperometric Detection 229 

(Piazzalunga et al., 2010). As well known in literature, this sugar is one of the typical marker 230 

of biomass burning (Vassura et al., 2014). 231 

 232 

3.3 Optical apportionment 233 

 The MWAA analysis provided the raw data to measure the spectral dependence of the 234 

aerosol absorption coefficient (babs) which can be generally described by the power-law 235 

relationship babs (λ) ~ λ-AAE where AAE is the Ångström Absorption Exponent. 236 
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 The time series of the resulting AAE values is shown in Figure 5: they range between 237 

1.05 and 1.96 with a mean value of 1.55 ± 0.21. This figure indicates a substantial presence of 238 

wood burning in the sampling area. In (Massabò et al., 2015 and Bernardoni et al, 2017), an 239 

optical apportionment model (the “MWAA model”) based on the measurement of babs at five 240 

wavelengths had been introduced to obtain directly the BrC AAE (αBrC) and the BrC absorption 241 

coefficient (babs
BrC) at each measured wavelength. It is worthy to note that, at the basis of the 242 

MWAA model, there is the assumption that BrC is produced by wood combustion only (see 243 

§4 in Massabò et al., 2015; Zheng et al., 2013). In Figure 5, we report the optical apportionment 244 

at λ = 635 nm and at λ = 405 nm i.e. at the wavelength of the two laser diodes used in our 245 

modified Sunset instrument. At  = 635 nm, light absorption resulted mainly due to BC from 246 

both fossil fuel (FF) and wood burning (WB) and the babs
BrC average value is 15% of total babs, 247 

with the notable exception of some days in which it reached values of ~ 30%, in 248 

correspondence of AAE > 1.9. Instead, at  = 405 nm, the BrC contribute to light absorption 249 

rises up to 33% (average percentage of total babs), with a maximum value of 51%, again when 250 

AAEexp > 1.9. The time series of babs
BrC values at both the wavelengths turned out to be well 251 

correlated (R2 = 0.71) with the Levoglucosan (Levo, in the following) concentration values, as 252 

reported in Figure 6. The slope of the correlation curve increases by a factor 5.8 when moving 253 

from the red to the blue light. 254 

 The average BrC value turned out to be BrC = 3.9 ± 0.1, in very good agreement with a 255 

previous value (BrC = 3.8 ± 0.2) obtained in the same site and with the same approach 256 

(Massabò et al., 2016). The result is also in agreement with other literature works (Yang et al., 257 

2009; Massabò et al., 2015; Chen et al., 2015). 258 

 259 

3.4 Brown Carbon MAC 260 

The methodology to extract the MAC value for BrC by the coupled used of MWAA and 261 

Thermo-Optical Analysis has been introduced in a previous work (Massabò et al., 2016). In 262 

that case, a standard (i.e.: with a red laser diode only) Sunset unit was used. The entire 263 

procedure is described in details in (Massabò et al., 2016), here we briefly summarize the main 264 

steps: 265 

a) The fraction of light attenuation due to the BrC is first calculated in each sample with 266 

the MWAA raw data. 267 

b) The empirical relationship between the light attenuation through the sample, observed 268 

in the MWAA and in the Sunset and at both wavelengths, is then determined. We remind 269 
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that in the Sunset measurement, the light attenuation is continuously recorded during 270 

the analysis; the value characteristic of each blank filter can be retrieved when all the 271 

light absorbing PM has been volatized (i.e. at the end of the thermal protocol). 272 

c) The fraction of light attenuation due to the BrC in the sample is therefore calculated for 273 

the Sunset analysis and the initial transmittance value is corrected to estimate the 274 

attenuation value that it would have been found if BrC were not present in the filter 275 

sample. 276 

d) A new split-point position is then determined taking into account the corrected value of 277 

the initial transmittance. 278 

e) The OC and EC values determined with the standard and corrected split-point positions 279 

are then compared and the difference (OCcor – OCstd = ECstd – ECcor) is operatively 280 

assumed to be equal to the BrC in the sample. The corresponding BrC atmospheric 281 

concentration is finally calculated. 282 

f) The correlation between the values of babs
BrC, provided by the MWAA analysis (see 283 

section 3.3) and BrC concentration, is studied to determine the MAC value. 284 

 285 

In the present experiment, the procedure was adopted to analyse the thermograms produced 286 

with both the red and the blue laser diode mounted in the Sunset unit: the results are 287 

summarized in Figure 7. Despite a rather high noise in the data, the MAC(BrC) value at the 288 

two wavelengths can be determined and it turns out to be MAC(BrC) = 9.8 ± 0.4 m2 g-1 and 23 289 

± 1 m2 g-1, respectively at  = 635 and 405 nm. This result deserves some comments: 290 

• The MAC value at  = 635 nm differs for about 3 from the result reported in (Massabò 291 

et al., 2016) and obtained in the same site and in a similar season (i.e. November 2015 292 

to January 2016; MAC = 7.0 ± 0.4 m2 g-1). Since differences in the type of wood burnt 293 

in the past and present campaign cannot be excluded, the two values can be considered 294 

to be in fair agreement. 295 

• No comparison with previous or other literature values is possible for the MAC value 296 

at  = 405 nm, given the substantial differences in adopted definitions and 297 

methodologies (Yang et al., 2009; Feng et al., 2013; Chen and Bond, 2010). However, 298 

the increase by a factor 2.3 with respect to the MAC at  = 635 nm follows the expected 299 

behaviour. 300 

• Under the assumption that the sole source of BrC is biomass burning, the MAC values 301 

can be referred to the total concentration of organic carbon (i.e. including the part not 302 
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optically active) produced by biomass burning. Adopting with the present data set the 303 

optical OC apportionment methodology reported in (Massabò et al., 2015), the BrC 304 

values determined at λ = 635 nm turn out to be about 4% of the OC produced by wood 305 

combustion, OCWB, and consequently MAC(OCWB, λ = 635nm) = 0.39 ± 0.06 m2 g-1. 306 

When the analysis is performed at λ = 405 nm, BrC results to be about 10% of OCWB 307 

and MAC(OCWB, λ = 405nm) = 2.3 ± 0.2 m2 g-1. Previous literature works (Feng et al., 308 

2013; Laskin et al., 2015; and references therein) report MAC values of BrC and/or 309 

related OC ranging in a quite large interval.  310 

• The ratio between BrC and Levo concentration values results to be BrC:Levo = 0.19 ± 311 

0.02 and 0.42 ± 0.06, respectively when considering the BrC concentration determined 312 

by MWAA + Sunset at  = 635 and 405 nm. In other words, the operative procedure, 313 

introduced in (Massabò et al., 2016), results in different BrC concentration values 314 

according to the considered/used wavelength. This fact can be interpreted in different 315 

ways: while the analytical sensitivity is higher at  = 405 nm and the corresponding 316 

BrC values could be considered to be more firm, the category of compounds collected 317 

under the label “Brown Carbon” could be itself “wavelength dependent”. The latter 318 

would imply that the BrC concentration cannot be defined separately from the 319 

wavelength and that its meaning is even more “operative” of the more widespread OC 320 

and EC fractions. As a matter of fact, while the babs
BrC values discussed in section 3.3, 321 

increase by a factor 5.8 moving from  = 635 nm to  = 405 nm, the corresponding 322 

variation of the MAC(BrC) values is by a factor 2.3 only. This is because the BrC 323 

concentration determined at  = 405 nm doubles the value measured at   = 635 nm. 324 

The purposes and the limits of the present study prevent any firm conclusion on the 325 

alternative explanation: BrC definition is wavelength dependent or the analysis in red 326 

light is not sensitive enough.  327 

• When considering the OCWB:Levo concentration ratio, the MWAA analysis at  = 635 328 

and  = 405 nm give well compatible results, with a mean value of OCWB:Levo = 4.5 329 

± 0.5. 330 

 331 

4.  Conclusions 332 

 333 

We introduced a modified version of a commercial Sunset Lab. Inc. OC/EC Analyzer. We 334 

upgraded the standard instrument unit making possible the alternative use of a red ( = 635 335 
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nm) or blue (= 405 nm) laser diode to monitor the light transmittance through the sample 336 

during the thermal cycle. The analytical performance of the new set-up has been tested both 337 

with artificial and real-world aerosol samples. 338 

The new Sunset set-up was used to analyze a set of samples collected mostly wintertime in 339 

a mountain site of the Italian Apennines. We retrieved Brown Carbon concentration values 340 

directly from the Sunset thermograms following Massabò et al., 2016.  Exploiting the synergic 341 

information provided by the Multi Wavelength Absorbance Analyzer, MWAA (Massabò et al., 342 

2015) we could obtain the MAC(BrC) at the two wavelengths. The result at  = 635 nm (MAC 343 

= 9.8 ± 0.4 m2 g-1) is in fair agreement with a previous study performed in the same site in 344 

winter 2015-2016. At our knowledge, the result at  = 405 nm, MAC = 23 ± 1 m2 g-1 is the sole 345 

direct observation at this wavelength. 346 

In our findings, the ratio between BrC and Levo concentration values depends on the 347 

wavelength of the transmittance signal adopted during the thermo-optical analysis. This 348 

behaviour could be due to 1) a better accuracy of the results in blue-light, more sensitive to 349 

BrC, or 2) the definition of BrC itself, which has to be considered wavelength-dependent. The 350 

present results do not allow any conclusive statement on this issue: actually, the label “Brown 351 

Carbon”, as well as the widely used “Organic and Elemental Carbon”, comes from an operative 352 

definition not without ambiguity. 353 
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FIGURE CAPTIONS 537 

 538 

Figure 1: The new  = 405 nm laser diode mounted by a steel adapter on the SUNSET furnace 539 

(top) and the comparison with the standard  = 635 nm laser diode implemented by the 540 

manufacturer (bottom). 541 

 542 

Figure 2: Quantification of TC (primary axis) and EC (secondary axis) at λ = 635 nm (red) and 543 

λ = 405 nm (blue) for the set of synthetic Aquadag samples. Top: NIOSH5040 protocol, 544 

bottom: EUSAAR_2 protocol. 545 

 546 

Figure 3: Quantification of TC (primary axis) and EC (secondary axis) at λ = 635 nm (red) and 547 

λ = 405 nm (blue) for the set of synthetic Aquadag + Ammonium Sulphate samples by the 548 

EUSAAR_2 protocol. 549 

Figure 4: EC concentration measured in two sub-sets of PM10 samples collected in 550 

consecutive days in the urban area of Genoa in late spring 2016. Values determined with the 551 

Sunset analyzer equipped with blue and red laser diodes, are compared. 552 

 553 

Figure 5: Primary axis: Optical apportionment of the aerosol absorption coefficient (babs) at λ 554 

= 635 nm (top) and λ = 405 nm (bottom). Secondary axis: experimental AAE values obtained 555 

by fitting the measured babs values with a power-law relationship babs (λ) ~ λ-AAE. FF and WB 556 

stand for Fossil Fuel and Wood Burning, respectively. 557 

 558 

Figure 6: Aerosol absorption coefficient apportioned to Brown Carbon (babs
BrC) at λ = 635 nm 559 

(top) and at λ = 405 nm (bottom) vs. levoglucosan concentration. 560 

 561 

Figure 7: Comparison between the aerosol absorption coefficient apportioned to Brown 562 

Carbon vs. the resulting operative BrC concentration values at λ = 635 nm (top) and at λ = 405 563 

nm (bottom). 564 

 565 
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Figure 3 581 
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Figure 4 583 
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Figure 5 587 
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Figure 6 592 
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Figure 7 596 
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