Responses to the comments of Referee #1

We thank Referee #1 for the valuable comments, which have greatly helped us to improve the
manuscript. Please find below our point-by-point responses (in blue normal font) to the comments of
Referee #1 (in black italic). The changes in the revised manuscript are in green.

This manuscript concerns the optical properties of black carbon (BC) and brown carbon (BrC):
significant (if not major) contributor to light-absorption by aerosols. The climate effects of these
components are highly uncertain, while the optical properties are an important contributor to these
uncertainties. As such, this manuscript addresses a topical subject.

The authors use a number of different, complementary techniques suitable for the purpose, and arrive
at important conclusions for the field. However, the presentation of these should be condensed,
emphasized and clarified.

The data is a few years old — but this is of little concern here. | like the comparison between an urban
and rural location. However, | would like to see a stronger emphasis of site-specifics when comparing
to other sites around the world. Further, | think a deepened discussion regarding an underlying
assumption of this work: that composite aerosol absorption by different components is additive —
comments below.

Below 1 list a number of major and minor comments. If carefully addressed | think this contribution
should be suitable for publication in ACP.

We thank the referee for the constructive comments, which we have addressed below.

With regard to the comment that the data are a few years old, these sites were chosen because of the
available detailed chemical and source apportionment information. We have analyzed two sites that
cover the major and most common aerosol sources found in Europe: primary biomass burning,
secondary anthropogenic and biogenic organic aerosols, traffic emissions, and secondary inorganic
components. Please find our replies to the specific comments below.

Major comments:

An underlying assumption in this, and also several similar other studies (including citations in the
manuscript) is that the absorption by, e.g., different BrC components, or BrC/BC mixtures is additive.
Example: isolated BC abs + isolated BrC abs = abs of mixture. This might be a fair first order
approximation for many applications. Not only considering particle level effects (including scattering
effects, e.g., lensing), but also properties at a molecular level. However, a complication with, e.g., BrC,
may be illustrated by the almost universally observed power-law like spectrum (as for BC), which
suggests that the underlying absorption mechanism is not simply the addition of a large number of
different chromophores (which would produce a multi-peak spectrum), but that the absorption is also
modulated by interactions of the chromophores with other components; extending to the limit of the
graphene-like structure of BC (Andersson, 2017). Empirical evidence shows that this is the case:
interactions of BrC chromophores with other components may significantly enhance absorption, e.g.,
through charge transfer complexes (Phillips and Smith, 2014a,b). Or in other words: the absorption of
the mixture is more than the sum of the parts, also at a molecular level. This argument is further, at
least to some extent, supported by the observation that absorbing BrC molecules in solutions are much
larger (>1000 Da; e.g., increase of molecular size during transport in biomass plumes, associated with
loss of absorption by smaller molecules, Di Lorenzo and Young, 2016; Di Lorenzo et al., 2017) than
often explored (in laboratory and ambient studies) single-molecule chromophores such as PAHS; nitro-
aromatics and similar. Along these lines, the nature of these larger molecular units (large molecules or
aggregates?) suggests structural settings by which individual chromophores are likely to interact with
surroundings, differently then, e.g., through free translational diffusion. Furthermore, it is not too far-
fetched to consider interactions (e.g., charge transfer) between BC and BrC in mixture.



For the purpose of this paper | think the first order approximation of additive absorption is ok. However,
I would like to see a discussion about potential limitations of these assumptions -ranging from source
apportionment techniques to differentiation of BrC and BC in mixtures - including above references.

In this comment, the reviewer refers to the effect of chemical interactions on the absorption of brown
carbon and how this potentially affects the comparison between absorption measurements in diluted
solutions and actual absorption in concentrated bulk aerosols. We agree with the reviewer that such
effects may affect our results, and provide below a comprehensive argumentation regarding the level
of confidence for the occurrence of such effects in our samples considering also previous relevant
studies.

The importance of charge transfer complexes on the optical absorption properties of dissolved organic
matter is still debated in literature, with some studies showing an important effect (e.g., Phillips and
Smith, 2014) and others not (McKay et al., 2017; Trofimova et al., 2019). In our work, we have
extensively assessed the solvent effect on attenuation measurements. First, we have extracted the filter
samples in multiple solvents covering an extremely wide range of polarities (Fig. S3), but did not
observe a clear effect on the OA attenuation. If the charge transfer between BrC molecules and the
solvent played a considerable role for their absorption, the change in solvent polarity would alter the
attenuation measurement; however, this was not observed. Second, we compared the absorbance of
samples extracted in water and then diluted in methanol or in water in a 10:90 ratio, in order to decouple
between the solvent effect on OA attenuation and solubility (Sect. 2.1.4). We have not identified a
substantial water/methanol solvent effect on the attenuation, consistent with previous literature
assessments (Trofimova et al., 2019; Mo et al. 2017; Chen and Bond 2010). Third, we show that the
absorbance of the extracts scaled linearly with concentration over a wide range. The lack of/little solvent
and concentration effects are an indication that the interactions of the brown carbon molecules with
their matrix have little effect on their absorbance. Nevertheless, we cannot rule out potential chemical
interactions between airborne BrC molecules in their concentrated media or with BC. This has received
far less attention in literature and may contribute to unquantifiable experimental uncertainties relating
to the delineation of BC and BrC contributions to mixtures (Andersson, 2017). We have now discussed
these effects in Sect. 2.1.4 and Appendix C (non-quantifiable uncertainties).

The following has been added in Sect. 2.1.4:

“The results from (i) the comparison between different solvents, (ii) the dilution series of the MeOH
extracts at various concentrations and (iii) the assessment of the water/MeOH solvent effect, indicate
that the interactions of the BrC molecules with their matrix have little effect on their absorbance. This is
in line with recent findings (McKay et al., 2017; Trofimova et al., 2019).”

The following has been added in Appendix C:

“- Uncertainties related to potential chemical interactions between airborne BrC molecules in their
concentrated media or with BC, and their effect on the BC/BrC contributions to the mixture absorption
(Andersson, 2017).”

Overall the paper is a bit hard to read: many numbers, abbreviations and technical details. | count 135
references, suggesting a thorough literature review, but at the same time indicating a potentially too
broad scope for a single paper (more like a review) — with the purpose of clarity and transparence as
guiding principles. Perhaps splitting into separate BrC and BC papers would be a possibility. However,
this is not a ‘reviewer’ recommendation, but a thought. In the meantime, | think the authors should revise
the text with the goal of a more accessible presentation. Squeeze out the essence (conclusions and
interpretations, rather than numerics and technical details) and put the rest into the SI.

We acknowledge that the paper is lengthy. We have first considered splitting the paper in half. However,
we felt that all pieces of information are needed to assess the effect of different aerosol components on
the aerosol absolute absorption and absorption profile. We consider it necessary to present all the
experimental results together with a description of the associated methodological steps to arrive to the
conclusions presented in our study. We believe that the paper follows a logical thread and is balanced
between the different inter-linked topics addressed. Each subsection has a title that helps the reader to
quickly assess whether there is any take-home message in the content to spend time reading it. We



make use of the Appendix for technical details, abbreviations and symbol/equation definitions.
Therefore, we would like to keep the manuscript overall in its current form, but at the same time we
have simplified the abstract, text and figures whenever possible based on the reviewer comments (see
below). We have also reduced the number of the preprint references from 135 to 99 (by 27 %; see list
of removed citations in the end of this response).

Minor comments:

Abstract:

Along with the R&D 1 find this too long, with too many numbers. | think the reason why, e.g., many high
impact journals (e.g., Science or Nature) promotes short abstracts is valid in general: effective and clear
communication. | suggest to cut to half its length.

The paper contains multiple R&D sub-sections presenting results of equal value for the interpretations
and conclusions. The abstract presents concisely these results together with the final conclusions.
While we have retained all the elements of the abstract, we have followed the reviewers’ suggestion
and simplified the result presentation in the abstract, especially those related to the lensing suppression.
The new abstract reads as follows:

Understanding the sources of light-absorbing organic (brown) carbon (BrC) and its interaction with black
carbon (BC) and other non-refractory particulate matter (NR-PM) fractions is important for reducing
uncertainties in the aerosol direct radiative forcing. In this study, we combine multiple filter-based
techniques to achieve long-term, spectrally-resolved, source- and species-specific atmospheric
absorption closure. We determine the mass absorption efficiency (MAE) in dilute bulk solutions at 370
nm to be equal to 1.4 m2 g for fresh biomass smoke, 0.7 m2 g for winter-oxygenated OA, and 0.13
m2 g1 for other less absorbing OA. We apply Mie calculations to estimate the contributions of these
fractions to total aerosol absorption. While enhanced absorption in the near-UV has been traditionally
attributed to primary biomass smoke, here we show that anthropogenic oxygenated OA may be equally
important for BrC absorption during winter, especially at an urban background site. We demonstrate
that insoluble tar-balls are negligible in residential biomass burning atmospheric samples of this study,
and thus could attribute the totality of the NR-PM absorption at shorter wavelengths to methanol-
extractable BrC. As for BC, we show that the mass absorption cross-section (MAC) of this fraction is
independent of its source, while we observe evidence for a lensing effect associated with the presence
of NR-PM components. We find that bare BC has a MAC of 6.3 m?g?® at 660 nm and an absorption
Angstrém exponent (AAE) of 0.93 + 0.16, while in the presence of coatings its absorption is enhanced
by a factor of ~1.4. Based on Mie-calculations of closure between observed and predicted total light
absorption, we provide an indication for a suppression of the lensing effect by BrC. The total absorption
reduction remains modest, ~10-20 % at 370 nm, and is restricted to shorter wavelengths where BrC
absorption is significant. Overall, our results allow an assessment of the relative importance of the
different aerosol fractions to the total absorption, for aerosols from a wide range of sources and
atmospheric ages. When integrated with the solar spectrum at 300-900 nm, bare BC is found to
contribute around two thirds of the solar radiation absorption by total carbonaceous aerosols, amplified
by the lensing effect (with an interquartile range, IQR, of 8-27 %), while the IQR of the contributions by
particulate BrC is 6-13 % (13-20 % at the rural site during winter). Future studies that will directly benefit
from these results include: (a) Optical modelling aiming at understanding the absorption profiles of a
complex aerosol composed of BrC, BC and lensing-inducing coatings; (b) Source apportionment aiming
at understanding the sources of BC and BrC from the aerosol absorption profiles; (c) Global modelling
aiming at quantifying the most important aerosol absorbers.

Itis not clear to me why the authors focus on the imaginary refractive index as a measure for absorption,
when most other studies on BC and BrC report mass absorption cross-section (MAC) or mass
absorption efficiency (MAE; different names — same thing). It is clear that the imaginary index goes into
the Mie Calculations, but I think it would be much preferred to report MACs etc, especially in Abstract
to allow direct comparison with existing literature.

We agree with the reviewer that the MAC or MAE are both popular parameters to quantify absorption.
However, the imaginary part of the refractive index is also popular (e.g. Lu et al., 2015) and is closest
to the physical quantity which we measured in our UV-Vis samples. Moreover, the prediction of MAC



from k requires the assumption of particle size. Nevertheless, in our submitted Fig. S10 we did provide
MAEs (assuming Rayleigh regime optics) for our data. In our submitted abstract we did report MAEs at
370 nm.

Tar balls appears important in certain regions, while then appears absent here. Is this a key result for
the abstract? Further (R&D): what is the significance of this, besides an empirical finding? Does this
change the spectral properties in any way? Why are they absent? — sources?

We agree that the significance and relevance of this finding should be more clearly presented. We have
modified the Abstract and Sect. 3.4, to provide a clearer picture of the implications for this study,
focusing on the fact that insoluble tar carbon could not be identified in this work:

The following has been modified in the Abstract:

“‘We demonstrate that insoluble tar-balls are negligible in residential biomass burning atmospheric
samples of this study, and thus could attribute the totality of the NR-PM absorption at shorter
wavelengths to methanol-extractable BrC.”

The following have been modified in Sect. 3.4:

“We have conducted (sequential) extractions and MWAA measurements to determine the AAE of
uncoated, pure BC and to examine the potential presence of (insoluble) tar carbon. The latter has been
observed in atmospheric samples rich in fresh biomass burning/wildfire smoke (China et al., 2013), and
exhibits distinct absorption properties than those of BC and conventional BrC (Corbin et al., 2019).

“The absence of tar-balls in our study may be related to the specific source of biomass-burning organics
in our region, i.e., wood burning for residential heating in high-efficiency stoves rather than in low-
efficiency wildfires, although more measurements of direct emissions would be needed to confirm this.”

M&M:

Line 50: the absorption of BC is not wavelength-independent. That would suggest constant absorption
over all wavelengths, meanwhile it is typically described by a power law, with a variable exponent.
Remove.

We thank the reviewer for pointing out this language error. We intended to refer to the refractive index
of BC. A wavelength-independent refractive index results in a power law absorption with an exponent
close to 1.0, which is the case for externally-mixed mature BC. Variation in this exponent is typically
minor or due to changes in maturity or BrC content. The relevant sentence now reads as follows, for
clarity:

Black carbon (BC) is a strong broadband absorber with a nearly wavelength-independent refractive
index and negligible solubility in common solvents (Bond and Bergstrom, 2006; Moosmdiller et al., 2009;
Petzold et al., 2013; Samset et al., 2018b; Corbin et al., 2019).

Line 57: I think the mixing state for BrC (lensing etc) may be equally important for BrC.
We have rephrased the sentence according to the reviewer’s comment:

Accounting for the optical absorption properties of BrC, its interaction with BC, and their mixing state
with other particulate species are important for reducing the large uncertainty in the aerosol direct
radiative forcing (Laskin et al., 2015; Gustafsson and Ramanathan, 2016; Samset et al., 2018b; Saleh,
2020).

Line 63: ‘Certain studies suggest that aging leads to bleaching, whereas others suggest formation of
secondary BrC’. There is no fundamental reason as to why both cannot happen, and do happen, to
different extents, in different environments. | think rephrase to remove possibility of misinterpretation:
there is no implicit contradiction in these results.



We agree that this sentence could be misinterpreted. We have rephrased the sentence according to
the reviewer’'s comment:

A growing body of evidence suggests that aerosol aging may be associated with both bleaching and/or
formation of secondary BrC (Saleh et al., 2013; Zhong and Jang, 2014; Zhao et al., 2014; Kumar et al.,
2018; Dasari et al., 2019). However, the net effect of these processes on the atmospheric BrC
absorption remains elusive.

Line 74: What do you mean by the ‘aethalometer model’ here? | assume it is not the actual instrument
model, but some kind of source apportionment approach. Rephrase.

The reviewer is correct, “Aethalometer model” is not the actual instrument model, but the name of the
approach used to apportion equivalent black carbon (eBC) to sources. We have rephrased the sentence
for clarity:

An Aethalometer-based source apportionment (SA) model (Sandradewi et al., 2008), hereafter denoted
“the Aethalometer SA model”, has been proposed to separate the contributions of wood burning and
traffic emissions to equivalent BC, eBC (Petzold et al., 2013). The Aethalometer SA model is based on
differences in the spectral profiles between the two aerosol sources, with biomass burning emissions
characterized by enhanced absorption at shorter wavelengths, or high absorption Angstrém exponents
(AAE).

Line 80: 1 would expect that it is quite unclear how it responds to photo-chemical aging as well (e.g., the
cited Dasari et al., 2019).

We have rephrased the sentence according to the reviewer’s suggestion:

However, it is unclear how this model responds to photochemical aging, SOA formation and lensing
(Martinsson et al., 2015; Garg et al., 2016; Dasari et al., 2019).

Line 84: ‘The first consists of a direct estimation of total BrC absorption online by subtraction.’ This
sentence is unclear: subtraction of what from what? From what data? Etc.

We have rephrased the sentence for clarity:

Two main approaches exist to estimate the absorption by individual aerosol components in
heterogeneous atmospheric particle ensembles (Moffet et al., 2010). The first approach is based on
online measurements and consists of a direct estimation of BrC absorption at shorter wavelengths by
subtracting the estimated total BC absorption (assuming an AAE for bulk BC) from the total aerosol
absorption. This rather convenient approach might lead to biased estimates (see Sect. 4), if the
decoupling from potentially variable optical properties of pure BC and its absorption enhancement due
to coating acquisition is not ensured.

Line 91: What other non-refractory material is intended here?
We have complemented this sentence:
With aging, BC from both sources may be further coated with non-refractory particulate matter species

(BrC, non-absorbing OA, inorganics).

Line 129: | am not familiar with the MWAA instrument. From the S| appears that this instrument is a
filter-based instrument — like the aethalometer. Although probably an improved technology, being filter-
based it has the same principal disadvantages regarding measurements of absorption as the
aethalometer. Since the MWAA is used for calibration (of the multiple scattering parameter, C) of the



aethalometer, | wonder — how is the MWAA calibrated towards non-filter-based methods, e.g., photo-
acoustics? Why is this a reliable reference? | am sure this is outlined in the original reference, but it is
of importance here and should be clarified.

The reviewer is correct, both MWAA and AE33 are filter-based approaches. However, while AE33 only
measures light transmission, the MWAA measures the transmission and backward scattering at two
fixed angles, which takes into account the attenuation due to the multiple scattering by the filter material.
The MWAA is therefore comparable to the MAAP (e.g., see Valentini et al., 2021; Bernardoni et al.,
2021; Saturno et al., 2017), and not the AE33, but at five different wavelengths instead of one for the
MAAP. The comparison between MWAA and AE33 measurements allows calibrating for the multiple
scattering parameter, C. We have modified Sect. 2.1.3 by adding the following:

For a selected set of 27 offline samples, we used the multi-wavelength absorption analyzer (MWAA;
Massabo et al.,, 2013) to determine the total aerosol absorption at five wavelengths. The MWAA
measures the transmission and backward scattering at two fixed angles, which takes into account the
scattering contributions to attenuation. The filter absorbance measured by MWAA has been
successfully validated against both a polar photometer and a multi-angle absorption photometer/MAAP
(Massabo et al., 2013) which, in turn, has been validated against numerous in situ methods.

Section 2.2:
| think this section reads much more technical than what it actually is. Aim to make clearer.

Please see replies to next comments.

Line 182: The word matrix is mentioned three times in one sentence. But what is this matrix? Do you
mean the absorption spectra (dimension 1: wavelength; dimension 2: data point)? Be more concrete.

We have modified the sentence as follows:

Briefly, the model minimizes the residual difference between the observed Aj(A) (model input, in Mm-1)
and a reconstructed Aj(A). The latter is the product of the mass concentration time series (M) of each
AMS/PMF OA factor (model constraints; in ug m-3) and a matrix containing the factor-specific absorption
efficiency spectra, MAE(A) (model output; in m? g1).

Line 186: What is meant by: ‘This approach provides MAE specific to an OA factor in hypothetical pure
form.’?

We have modified the sentence as follows:

This approach provides MAE specific to an OA factor in hypothetical pure form, i.e., extracted in a
solvent and externally mixed from other aerosol components. This approach may facilitate optical (e.g.,
radiative forcing) calculations starting from fundamental, intensive material properties.

Line 198: | suppose the MIE calculations are based on size distributions from DMPS? Clarify.

We have extended the discussion to clarify that SMPS measurements were considered for optical
calculations. The overall passage now reads as follows:

We used Mie calculations (Bohren and Huffman, 1998) to estimate the BrC absorption, babs,src-miej(A),
at four AE33 wavelengths (370 nm, 470 nm, 520 nm, and 590 nm) with Mie code programmed in the
software package Igor Pro (WaveMetrics). The main inputs required for Mie calculations of light
absorption coefficients are the particle size distribution (partially constrained here from SMPS
measurements; Sect. 2.1.2) and the refractive index of the aerosol material in question. [...]

Section 2.3.



| wonder about the fundamental assumption here: that the absorbing species are equally distributed
through the particle sizes: this topic was discussed in detail in the cited, Liu et al., 2013. | would like to
see a slightly expanded discussion on this compared to the different scenarios explored for different
size regimes.

We do not have a handle on the distribution of BrC matter on the different particles. Therefore, we have
tested two extreme cases of “small particles” (~120 nm) and “large particles” (200-400 nm) in our BrC
modelling, as detailed in Sect 2.3 and Text S5.

R&D:

Section 3.1.

To provide context, | suppose it would be good to start out with a brief presentation of the study sites,
prevailing meteorology (precipitation? Air mass origins? Seasonality? etc), topography or other relevant
conditions. | find that — in general - comparisons in the BC/BrC literature tend to aim for general
conclusions, while site-specific variability may play a very large role. For instance, comment on line 63.

Based on the reviewer comment, we have added the following sentence in Sect. 2.1.1 in Materials and
Methods, in addition to information already provided in Text S1:

Magadino is a rural background site affected in winter by intense wood burning activity for residential
heating, whereas Zurich is an urban background site affected by regional transport of anthropogenic-
dominated pollution in winter and spring. Both sites are affected by biogenic secondary emissions in
summer (see Text S1; Fig. S2).

Further, start out with discussing concentration data, rather than ratios. Even though | am familiar with
BrC literature, these ratios mean little to me a priori. This also goes for Figure 1.

See the reply below on the comment about Fig. 1.

Line 232: The means for the winter is indeed lower compared to summer. Meanwhile, the numerical
ranges are strongly overlapping. Are these differences statistically significant?

We revised the text throughout and now focus on commenting on systematic differences in the ratios
(i.e., seasonal averages), of which the standard error is significantly lower (due to the large number of
samples) compared to the day-to-day variability.

Line 250: PMF provides ‘principal components’ — which are mathematical deconvolutions. However,
these then need to be interpreted in terms of different sources somehow. How was this done? How are
HOA, fOOA, SOOA etc attributed to these?

We have added the following sentence in the beginning of this sub-section for clarification:

We have applied UV/Vis-PMF (Sect. 2.2) to infer the absorption properties of methanol-soluble OA
factors previously identified from offline AMS/PMF analyses (Fig. S2; Daellenbach et al., 2017; Vlachou
et al., 2018).

Line 317: The significance of tar balls in this context is unclear.

We have modified the associated text to provide a clearer context for referring to tar BrC, with regard
to the wavelength-dependence of its absorption:

The resulting AAE is consistent with that of pure BC across all wavelengths, indicating that the
absorption at shorter wavelengths is not dominated by insoluble biomass burning tar carbon in this
study, but by MeOH-soluble BrC. Previous laboratory work using the same technique observed that



insoluble tar-balls, with AAE values comparable to those of soluble BrC, can dominate the BrC
absorption from residual fuel combustion in marine ship engines (Corbin et al., 2019).

Lines 355 and forward: Comparisons of MAC are tricky. Different methods and different
parametrizations are often used: please discuss these features, and how they relate to the present
methodology.

We have discussed the features suggested by the referee, as follows:

The value of MACharesc ssonm iS consistent with that reported in a laboratory study of externally-mixed
BrC/BC emissions from residential wood-burning (4.7 £ 0.3 m? g%; Kumar et al., 2018), calculated as
the slope of a linear fit between MWAA-calibrated Aethalometer attenuation values vs. the Sunset-EC
mass. Also, a review of ten recent direct measurements of absorption and mass with different in-situ
instruments (Liu et al., 2020) concluded that uncoated (freshly-emitted) BC has a typical MAC of 6.6
0.6 m? g1 at 660 nm (extrapolated from 8.0 + 0.7 m2 g* at 550 nm using AAEbaresc = 1.0), which is
within one standard deviation of the value recommended earlier (Bond and Bergstrom, 2006).

Lines 378-384: | think these important comparisons are glanced over too quickly here. Please see
comments on Figure 5 and elaborate.

We have provided a reply below with the comment on Fig. 5.

Summary:
Line 480: If using the word holistic, | would say this study attempts, rather than provides.

We have rephrased the sentence as follows:

“This study attempted to provide a holistic approach to understand...”

The emphasis on biomass influence here, and elsewhere, is not clear to me: do the authors believe this
is a central motivation for conducting this study? Or should one interpret this as one of the central
findings? The later interpretation precludes the following sentences.

We agree with the referee that the biomass influence is not a central motivation of this study, so the
emphasis has been removed from the conclusions. The modified text reads as follows:

This study attempted to provide a holistic approach to understand the spectrally-resolved absorption by
atmospheric BrC and BC, using long time series of daily samples from filter-based measurements.

Figure 1.
As a first figure | would like to see the ‘raw data’ time-series data (absorption coefficients; WSOC
concentrations etc), before moving into more convoluted forms, e.g., ratios.

The raw data for WSOA had been shown in Moschos et al. (2018), while the total OA factor mass time
series were provided in Daellenbach et al. (2017) (also in Fig. S2 of this manuscript). Therefore, we
have chosen not to show the raw data once again in the main figures of this manuscript. However, we
have followed the reviewer recommendation and now discuss in the text raw mass data before
discussing ratios in Fig. 1. We also consider the Mie-predicted BrC absorption coefficients, discussed
in Sect. 3.3 and presented Fig. 3, more pertinent for this study than solution-phase absorbance raw
data. The following was added in Sect. 3.1:

The WSOA (total OA) average concentration is 3.7 (5.4) and 6.0 (9.4) ug m= in summer and winter
respectively, accounting for ~66 % of the total OA.



Figure 2.
Overall a good figure, but a bit cluttered. Are you sure all of these data points are essential, or could
parts of this figure be presented in the SI?

We have updated the figure upon removal of certain literature data points, by retaining the balance
between laboratory and field studies and sufficient number of studies that are comparable to each
UV/Vis-PMF spectrum.
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Figure 2: Spectrally-resolved median k values (MAE in Fig. S10) of the different methanol-soluble
(water-soluble: Moschos et al., 2018) offline AMS/PMF-based OA source components [(WINS-)BBOA
corrected for extraction efficiency in MeOH; WINS-BBOA corrected for the water/methanol solvent
effect; Other OA: HOA+COA+SOOA+fOOA], together with the IQR from different UV/Vis-PMF
sensitivity runs (Text S4 & Table S2). The retrieved ksrc are compared to those of previous laboratory
and field studies focusing on methanol-extractable or total organics [a: Chen & Bond (2010), b: Xie et
al. (2017), c: Li et al. (2019), d: Liu et al. (2015), e: Lu et al. (2015), f: Adler et al. (2019), g: Corbin et
al. (2019), h: Kirchstetter et al. (2004), i: Lack et al. (2012), j: Cappa et al. (2019), k: Yan et al. (2020),
I: Cappa et al. (2012), m: Moschos et al. (2018)].
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Figure 4.
Try to make the square boxes equal in size.

We have updated the figure using the same size for the panel boxes.

Figure 5.

| appreciate this comparison, based on geographical variability. Since East and South Asia are quite
distinct in terms of the aerosol regime, | would separate this into two groups.

I would also like to see separation w.r.t. atmospheric transport times (e.g., photochemical aging):

For instance, differentiating between near-source (e.g., urban) vs receptor sites; can we pick up a trend?
References to add: Cui et al. (2016); Chen et al. (2017).

We have separated into the two suggested groups: South Asia and East Asia, including the two
references suggested by the referee (see updated figure below), and added the following sentence:

The average Eans,sc at near-source/urban sites is slightly lower than the global average; there is no
increasing trend towards remote sites far from any direct emission influence, possibly due to
measurement errors, calibration uncertainties and/or the collapse of the BC “core” for high proxy values.
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Figure 5: Summary of campaign-average (error bars: + 1 SD) filter-based BC absorption enhancement
factor (Eq. (C4)) at longer wavelengths (> 600 nm) reported or inferred, using/extrapolating an
observational reference value for uncoated BC MAC (Bond and Bergstrom, 2006), using the most
common instruments (Aethalometer, PSAP, MAAP, Sunset/DRI, OCEC analyzer) at various
locations/years. The gray-shaded area shows the global average within 1 SD (1.5 £ 0.3). The red
horizontal dashed line denotes the full dataset average Eanssc Obtained in this study > 600 nm (1.36)
where BrC does not contribute to absorption (Fig. 1-3).

Figure 8.
Avoid statements like: ‘a new framework’. Just write out what this figure is about.

The first sentence of Fig. 8 caption now reads:

“Total measured aerosol AAE (referenced to 660 nm) vs. the ratio of calculated BrC absorption to
measured total absorption at 370 nm (a) and 470 nm (b), showing the effect of BrC/BC interactions on
the aerosol absorption profile.”

Appendices:
Line 573: What is the origin of the equation for relative error of EC? What does the number 0.03 signify
and how did you arrive at this?

The error on the EC mass has been defined as: \/(0.03 X 0C)? + (0.03 x EC)?. The number 0.03
signifies a 3 % variability in these quantities. Virtually all EC measurements were above the noise level.
The equation has been determined empirically based on comparisons of repeated measurements in
our lab. It takes into account the errors related to the quantification of EC and the separation between
OC and EC.

Line 640: What is Zendo? Please provide a link or similar.

Zenodo (https://zenodo.org) is a general-purpose open-access repository developed under the
European OpenAIRE program and operated by CERN. It allows researchers to deposit research
papers, data sets, research software, reports, and any other research related digital artifacts. For each
submission, a persistent digital object identifier (DOI) is minted, which makes the stored items easily
citeable.
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Responses to the comments of Referee #2

We thank Referee #2 for the valuable comments, which have greatly helped us to improve the
manuscript. Please find below our point-by-point responses (in blue normal font) to the comments of
Referee #2 (in black italic). The changes in the revised manuscript are in green.

This manuscript by Moschos et al. carefully described light absorption properties from various sites and
sources. They also provide calculations of the optical properties. By combing the experimental and
theoretical results, they provide useful conclusions regarding brown carbons and BC lensing effects.
These results are useful for further studies regarding radiative forcing and climate. Thus, | recommend
this manuscript to be published in ACP.

We thank the referee for the positive feedback and useful comments, which we have addressed as
explained in the responses given below.

This study provides careful and comprehensive data and figures. All figures are carefully prepared and
look nice. On the other hand, the figures include too much information, and | had a difficult time
interpreting the meanings. For example, Fig 8 includes Y axis, X axis consisting of two parameters,
color and shape of each plot, contour lines, and reference lines (dot line). Although | agree that the
figures are useful and accurate, they are complicated to understand. It is just a suggestion, and the
current figures are fine as is but may be improved by simplifying.

Following the referee’s comment, we have simplified whenever possible specific figures by removing
excessive information. This includes a few references from Fig. 2, according to a comment from Referee
#1, and unnecessary text appearing in the panels of Fig. 6 and Fig. 8, which has now been transferred
to the respective captions. These revised figures are shown below. Also, Magadino in Fig. 8 (as well as
in Fig. 4c and 7) is now shown with circles, to avoid potential confusion with the Zurich square markers.
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Figure 2: Spectrally-resolved median k values (MAE in Fig. S10) of the different methanol-soluble
(water-soluble: Moschos et al., 2018) offline AMS/PMF-based OA source components [(WINS-)BBOA
corrected for extraction efficiency in MeOH; WINS-BBOA corrected for the water/methanol solvent
effect; Other OA: HOA+COA+SOOA+fOOA], together with the IQR from different UV/Vis-PMF
sensitivity runs (Text S4 & Table S2). The retrieved ksrc are compared to those of previous laboratory
and field studies focusing on methanol-extractable or total organics [a: Chen & Bond (2010), b: Xie et
al. (2017), c: Li et al. (2019), d: Liu et al. (2015), e: Lu et al. (2015), f: Adler et al. (2019), g: Corbin et
al. (2019), h: Kirchstetter et al. (2004), i: Lack et al. (2012), j: Cappa et al. (2019), k: Yan et al. (2020),
I: Cappa et al. (2012), m: Moschos et al. (2018)].
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Figure 6: Optical closure results at six AE33 wavelengths (x-axis, linear scale), shown as cumulative
contributions (labels) to total (calibrated) measured particulate absorption (y-axis) of the different
carbonaceous aerosol species (bare BC, extractable BrC) and the BC absorption enhancement
(lensing) defined as “remaining absorption”. The total measured absorption, babs,otal, iS indicated with
the orange circles (uncertainty: upward blue error bars). Note the different ranges of bavs values (y-axis)
between the three cases. Orange arrows indicate the lensing contribution at longer wavelengths (660
nm, 880 nm) for the three cases, with Eabssc being equal to (1.35 + 0.10, 1.33 = 0.10), (1.37 £ 0.24,
1.38 £ 0.17) and (1.35 = 0.07, 1.33 £ 0.07) for Magadino winter, Magadino summer and Zurich,
respectively. The error bars (minus direction shown; violet: BC; green: BC lensing; red: BrC) were
computed by error propagation on the mean values [Eq. (C1)-(C3)] using the Cx (Fig. Al),
MACharesc,660nm (Fig. S14), AAEbaresc (Fig. 4a) and babs src-vie (Text S5) relative errors (Appendix C). The
gray line indicates calculated total absorption by adding the absorption by BrC and absorption by BC
including transparent shell lensing (assumed to be wavelength-independent) extrapolated from 660 nm.
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Figure 8: Total measured aerosol AAE (referenced to 660 nm) vs. the ratio of calculated BrC absorption
to measured total absorption at 370 nm (a) and 470 nm (b), showing the effect of BrC/BC interactions
on the aerosol absorption profile. Uncertainty in the ratio Cs7onm/Cssonm Used for the calibration of AE33
attenuation measurements translates into vertical error bars, while horizontal error bars include
uncertainties in AE33 absolute calibration coefficients Cs7onm and in the BrC absorption at 370 nm from
Mie calculations without contingency for errors associated with assuming homogeneous spheres. The
isopleths indicate the extent of total absorption under- or over-estimation on the basis of a predicted
absorption by BC and BrC, where (apparent) lensing by transparent BC coatings (using AAEbare Bc =
0.93) is assumed to be wavelength-independent [isopleth = (measured — predicted) / predicted)]. The
dashed line, which corresponds to additive absorption if transparent shell lensing was increasing with
decreasing wavelength (by 10 % or 6 % from 660 nm to 370 nm or 470 nm, respectively), serves to
illustrate sensitivity of the closure to spectral extrapolation of transparent shell lensing. Over-predictions
(negative isopleths) provide evidence for a lensing suppression effect.
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Specific comments:

Line 329: The reference by Alexander et al. (2008) is not adequate here because the literature does
not show tar-balls but only discussed the possibility of tar-balls.

The referee is correct. Considering also the discussion in the following sentences of the same
paragraph including associated references, we have now removed the reference mentioned by the
referee.

Line 330: inorganic component. Fig S13 shows a Fe-bearing particle, which may not be a representative
of “inorganic” particles.

We thank the referee for this comment. Fe-bearing particles are primary, likely from abrasion processes
(and dust), different from the secondary inorganic fraction (sulfate, nitrate, ammonium) that can
influence the optical properties of BC and BrC through lensing. We have updated the caption of Fig.
S13 with the following addition (the respective sentence of the main text was adjusted accordingly), and
replaced the image and EDX spectrum with those of the adjacent patrticle.

“While the only spherical particles observed in untreated Zurich samples were non-carbonaceous,
either Fe-bearing or containing K, Mg, Ca, Aland S (b), [...]"

Spectrum 2

3um
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Line 330: “Pseudospherical” can be a deformed particle that had been liquid in air and deformed on the
filter when collected.

We thank the referee for this suggestion, which we have added in the caption of the FE-SEM/EDX
figure.

16



Responses to the comments of Referee #3

We thank anonymous Referee #3 for this critical review. Please find below our point-by-point responses
(in blue normal font) to the comments of Referee #3 (in black italic).

The manuscript attempts to resolve almost all issues of carbonaceous light absorption based on annual
filter-based measurements at two locations. It relies an immense number of references just as a review
paper, but in this case the references are actively engaged in the discussion of the methodology applied.
That makes the manuscript extremely difficult to follow and understand. Despite its complexity, the
manuscript has little if any novelty, it is like a demonstration of all techniques related to filter-based
absorption measurements over the past 20 years.

We disagree with the referee regarding the novelty of our study. This is not a demonstration of all
techniques related to filter-based absorption measurements over the past twenty years. Our study
combines multiple measurements to answer a specific scientific question: how do BrC, BC and lensing-
inducing coatings together affect the aerosol absorption and absorption profile? We consider all
measurements and results to be necessary to arrive to the study conclusions, in Figures 8 and 9.

Analyzed aerosol samples are from typical Alpine and urban background locations covering at least a
full year, providing access to the most important sources of primary and aged aerosols and covering a
wide range of aerosol properties. With this, we are able to quantify the importance of the different
aerosol components for the total absorption under different atmospheric conditions, and to assess how
their complex interactions affect the aerosol absorption profile. We consider our results to be of general
interest for atmospheric chemistry and physics, including optical modelling, the source apportionment
community and global modelling, as mentioned in the revised abstract (see above).

We believe that the paper follows a logical thread and is balanced between the different inter-linked
topics addressed. Despite the existing links between the results, each subsection has a title that helps
the reader to assess whether there is any take-home message in the content to spend time reading it.
The referee criticized the great number of citations we have used. As detailed above in the response to
Referee #1, we have removed 27 % of the citations appearing in the preprint.

Instead of using the more accepted concept of light absorbing carbon continuum, the manuscript relies
on the simplified concept of BrC vs BC with spectrally resolvable absorption properties. This is a simple
yet quite an established methodology for estimating BB vs FF contributions to PM with all its inherent
biases and uncertainties. Due to the latter, this filter-based approach can by no means yield results that
may be used for proving a hypothesis regarding aerosol mixing state and morphology. The statement
that the ‘first experimental evidence is provided for the suppression of lensing effect by BrC’ is simply
not supported by the optical closure calculations at shorter wavelength between solvent-based and
filter-based optical measurements. Both techniques have a number of limitations and uncertainties
exhaustively discussed in the scientific literature, and both are based on several simplifying
assumptions which may not necessarily be valid. In the light of these facts, the residual term of optical
closure calculations between two fundamentally different measurement methods can by no means
signify any ‘lensing effect. The authors themselves devote detailed discussions to (even non-
guantifiable) uncertainties and simplifying assumptions (some of them can equally be biases), yet they
do not come to the conclusion that a small residual term in closure calculations is well within the range
of uncertainties and should not be over-interpreted.

We disagree with the reviewer that the light-absorbing carbon continuum concept has gained more
acceptance than the BrC/BC model, but that was not the main point of this comment. The main point of
this comment was that the lensing suppression arguments are somewhat speculative.

We have acknowledged that lensing suppression is not fully constrained by our calculations and sought
to avoid over-interpretation. This is the reason why we have devoted a detailed discussion on
unquantifiable uncertainties and clearly stated that the observed effect needs to be confirmed through
dedicated laboratory studies. We observe that at 370 nm the measured absorption is systematically
(Fig. 6) and beyond the quantifiable uncertainties (Fig. 8) lower than the predicted absorption of
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individual components. We have used widespread techniques to arrive at these conclusions, so other
studies using such techniques may also see similar effects. Therefore, we wanted to comment on the
lensing suppression point, which is one of multiple points made in the manuscript. We believe that the
new abstract (see above) reflects well our view point.

Optical closure calculations are based on the assumption that total filter absorption, absorptions in
methanol and water extract, and residual absorption on filter (after solvent extraction) are all additive.
Is it possible that solvent extraction changes some properties on filter that affect absorption
measurements (e.g. scattering effect)? Is there any hysteresis of solvent extraction (e.g. residual water
that affects measurements)? Additivity means that if a spot of a loaded filter is measured for absorption,
then extracted in water and methanol, then the extracts are uniformly redispersed on the residual filter
spot and the solvents are evaporated, and the filter spot is again measured for absorption, we get
exactly the same absorption as for the untreated filter. | never did such a simple experiment but | would
seriously doubt that the two values would be identical.

The assumptions listed (additive absorption, solvent effects, hysteresis effects) have been addressed
by previous work, from our group (e.g. Corbin et al., 2019) and from others. While the solvent treatment
may affect the BC morphology, changes in absorption upon morphological changes of BC have been
shown to be negligible in the Rayleigh—Debye—Gans approximation (Radney et al., 2014). In addition,
previous experimental work has demonstrated consistency between solvent (methanol) extraction and
Aethalometer measurements (Liu et al., 2013). Other studies have applied a similar “BC de-coating”
approach to infer both the optical properties and lensing effect for BC from filter-based measurements,
e.g., OC/EC analyzer (e.g., Cui et al., 2016; Chen et al., 2017). However, we agree with the reviewer
that caution is warranted around these assumptions. This is why in our analysis we have only
considered these measurements to determine solely the absorption wavelength-dependence (AAE) of
the residual (insoluble) material. This is more accurate than residual absolute absorption values, which
are not as reproducible due to mechanical removal of BC particles (as stated in the Sl). The absolute
absorption or MAC of bare BC are inferred from the intercept of Fig. 4. Residual AAE values obtained
using the extraction approach are consistent with previous experimental and modelling values for bare
BC (e.g., Lack and Cappa, 2010).
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