LETTER TO EDITOR

Dear Editor,

we would like to thank you and both reviewers for the insightful comments. To answer these com-
ments, the manuscript has changed substantially (detailed point-by-point answers to reviewers’s com-
ments are reported below). The main changes from the older version are as follows.

First, with the criticisms raised we realized there was an error in the dataset of the original manuscript
(indeed, reviewer 1 was right in noting that there was a significant underestimation of OA). We do
apologize for the error in the data of the original manuscript. We realized that the corrections following
this mistake are substantial and significant, but the revised version shows a better consistency with
the literature, in comparison with the original draft. In particular, the relation between AAEs and
BC-to-OA ratios (rev. Fig.5) is now very similar to that found by both Lu et al.(2015) and Saleh et al.
(2014).

Second, OA properties during the winter field campaign are now discussed in detail in [1]. In [1]
we proved the correspondence between larger AAE values and larger values of an Oxygenated Organic
Aerosol (OOA) component originating from biomass burning and influenced by aqueous phase processing
(agSOA). We apologize for the confusion about this point in the original manuscript. In the revised
manuscript any discussion about SOA was deleted, the reader being referred to [1] for the demonstration
of the correspondence between BrC and aqSOA.

Finally, to answer comments raised by both reviewers, the way aerosol size and refractive index in-
fluence BrC is analysed in detail in the revised manuscript (rev. Fig.1 and relevant text). We matched
AAE measurements to numerical simulations (Mie theory) of AAE(d,, m, ) resolved by particle di-
ameter (d,) and wavelength (\) dependent complex refractive index (m(A)=n(X)-ik())). BrC patterns
(measured) were found to match those theoretically expected for BrC with m(\) taken from the litera-
ture. This consistency has allowed us to gain more strength and confidence from measurements, and to
identify and characterize BrC in a clearer fashion, in comparison to the original draft.

Relevant Figures and Tables (and relevant text) have changed from the older revision as follows: (i)
three figures (old Fig.1, 7 and 8) and one Table (Tab.2) deleted as requested by reviewer 2; (ii) one
figure modified (older Fig.2, now Fig.1) to show measurements and simulations of AAE against aerosol
size (instead of AAE vs droplet mode aerosol score); (iii) four figures (older Fig.3,4,5,6, now Fig.2,3,4,5)
and one table (Tab.1) corrected (due to the error in the dataset) and slightly modified.

The review process has significantly changed (to our opinion improved) the manuscript. Relevant
conclusions did not change, but are now more consistent to literature and theory. We wish this last
version of the manuscript can be accepted to finalize ACP review purposes.

Sincerely yours,

Francesca Costabile (on behalf of all of the co-authors)
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AUTHOR’S ANSWERS TO REVIEWERS’S COMMENTS

We thank both reviewers for their insightful comments, and also for insisting on certain points. As
already mentioned in the letter to Editor, to answer these points we realised there was an error in the
original dataset. We wish to apologise for this error to both reviewers. Following correction of the error,
several points shall be already answered.

Our detailed point-by-point answers to reviewer’s comments are reported below (in Bold, reviewer’s
comments (RC); in plain text, author’s answers (AA)).

1 Referee 1

RC) Looking at any of the two curves, one can see that AAEpc 04 increases with decreasing
BC-to-OA ratio in a fashion very similar to what the authors report, simply due to the
decreased contribution of BC to AAE. In other words, a constant AAEy 4 can explain the
data (whether that OA is primary or secondary does not matter). Therefore, the authors
conclusion that brown aerosol is exclusively secondary OA (e.g. line 296 and line 455)
does not necessarily follow from the data. The correlation with f;; and the droplet mode
is not enough. All they can say is that aged OA contributes to the brown aerosol, but
they cannot say that the brown aerosol is exclusively secondary (unless they show that all
OA is secondary, which I dont think is the case).

AA) The reviewer correctly notes that this major finding does not follow from this paper. It is indeed
the subject of another paper just published [1], in which we prove that the larger AAE values correspond
to larger values of an Oxygenated Organic Aerosol (OOA) component originating from biomass burning
and influenced by aqueous phase processing (referred to as agSOA).

We apologize for the confusion in the original manuscript. In the revised manuscript, we explain
the increase of AAE, and thus BrC formation, with the formation of secondary organic aerosol in the
aqueous phase, as proved in a different paper [1]. Any discussion concerning secondary origin was
deleted, the reader being referred to [1] for a complete characterization of OA properties.

RC) Now to the second major point concerning AAEgc. In the previous review, I
made the point that AAEgc o4 should converge to AAEpc at large BC-to-OA ratios.
This is supported by the calculations shown in Figure R1. The authors assume AAEgc
of 1.1 in their analysis, while their data (Figure 4 and SI Figure 1) clearly show that
AAE plateaus at 1.8 at large BC-to-OA ratios. They explained this discrepancy in the
revised manuscript as due to any spectrally light absorbing material that the AMS could
not detect (refractory material, or material in particles smaller than 100 nm and larger
than 1 p m). This is not convincing. First, what is the light-absorbing refractory material
with such a high AAE (it needs to be >> 1 in order to have such a big influence)? It
could be dust, but the authors say that they exclude data that had contribution from dust.
Second, lets assume that the contribution is from OA particles that the AMS could not
see (too small or too large particles). That would mean the AMS missed A LOT of OA
mass. This can be explained by looking at the difference between the blue and red curves
in Figure R1. The red curve is very similar to the authors data (e.g. Figure 4 in the
manuscript). AAE plateaus at 1.8. If AAEgc is 1.1, that would mean what the authors
report as BC-to-OA = 20, should actually be 0.5 (where the dashed black line intersects
the blue curve in Figure R1). Of course, this calculation is simplified, but the point is that
the BC-to-OA has to be grossly underestimated (at least an order of magnitude) for the
authors explanation to hold. I dont think this is the case. The more logical explanation



is that the AAE measurements, for some reason, are overestimated by ~ 80% . And as
I pointed out in the previous review, this would explain the unusually large AAEgc 04
reported in this study. I think the authors should try to address this bias, or at the very
least clearly state it in the manuscript and discuss the implications.

AA) The reviewer is correct.

There was an error in the dataset. The OA-to-BC ratios corrected are more than double that
uncorrected, and the BC-to-OA ratios revised are lower than 1 instead of 10 (see rev. Fig. 2, 3, and
5). Indeed the reviewer was right in noting that that there was a significant underestimation of OA.
We apologize for the error, and thank the reviewer for insisting on the importance of this point. After
correction of the error, the relation between AAE and BC-to-OA is now far more consistent to literature
than what found in the original manuscript (see revised Fig.3 and Fig.5).

RC) Finally, it is not clear why the authors define brown aerosol as something different
than brown carbon. Do they mean that there are non-organic (non-dust) components that
are also brown? If yes, they need to justify. If not, it seems to me that brown aerosol and
brown carbon are synonymous.

AA) We apologize for the confusion about the ambiguous use of the term brown aerosol in the
original manuscript. In the revised version we use the term brown carbon instead.



2 Referee 2

RC) 1. The discussion about the source of the brown aerosol is completely convoluted. For
example, in the abstract and conclusion, the authors state it does not necessarily equate
to brown carbon. However, most of the manuscript presents support for the hypothesis
that this material is indeed BrC.

AA) We apologize for the confusion about the ambiguous use of the term brown aerosol in the
original manuscript. In the revised version we use the term brown carbon instead.

RC) 2. The influence of the case study seems to drive a lot of the broad conclusions (for
example, the trends in Figure 3). If this one day (out of 40 total included in the analysis)
is removed, to the broad trends hold up? How would the values in Table 1 be different if
the one day case study is removed?

AA) In the revised manuscript we clarify that the case study does not last one day, but 1.5 h, and
show case study datapoints in all the relevant figures (Fig.2, 3, and 5) to illustrate how these few data
relate to the broad trends (we removed accordingly panel f of Fig.5 because AAE case study data are
indicated in all figures).

RC) 3. I also have some problems with the authors interpretations of their data -
especially the data presented in Table 1.

AA)The reviewer is correct. We apologize for the confusion of this part of the original manuscript.

In the revised manuscript Table 1 was modified. First, we realized that there was an error in the
dataset, and modified Table 1 accordingly. Then, we decided to show in Table 1 only statistically
significant correlations (p<0.001). In Table 2 of the supplementary material we show relevant statistical
significance, i.e. the matrix of Bonferroni Probabilities (p) associated to Pearson’s correlation coefficients
(1)).
RC) (continued) Specifically, the authors suggest that PC1, PC2 and PC4 are BC primary
aerosol (line 274). The support for this statement is that all are correlated to BC and
fBC, but I completely disagree with that assessment. PC2 and PC4 are not correlated at
all with BC or fBC the highest R2 value is 0.04 for the correlation between PC2 and fBC.
PC1 is not correlated with fBC, and is only weakly correlated with BC (R2 value is only
0.36).

AA) In the revised manuscript PCs interpretation is discussed in more detail (Par.3.3, and Par.4.1).
We added numerical simulations of AAE(d,,n, A) (see rev. Fig.1) to show the way PC1, PC2, and PC3
relate to theoretical values expected for BC and BrC. In addition, we showed the statistical significance
of correlations (see above), and added values of correlation in the Winter and the Fall (Table 1 of the
supplementary material). Finally, we decided to exclude PC4 from the analysis. PC4 is only a smaller
component (approx. 8% of the variance) with loadings peaking in the nucleation mode size range (20-40
nm): as indicated by this reviewer in comment n.4, PC4 is not expected to affect significantly aerosol
optical properties.

Therefore, in the revised manuscript PC1 represents the aerosol originating in the traffic rush hour in
the urban area, due to local emissions enriched in OA (r=0.9, p<0.001 in the Winter), in agreement with
the literature (e.g., Costabile et al., 2009; Brines et al., 2015, and references therein). PC2 represents
the nocturnal urban aerosol related to residential wood burning emissions (r=0.4, p<0.001, with both
fpc and fo 4 in the Winter).

RC) (continued) Further, line 300 claims a robust statistical relation linking AAE, this
”droplet” mode component (PC3), and OA-to-BC, together with fOA, dmed(S), f44 and
f43. I do not think that Table 1 provides evidence for a robust statistical relationship,
given that the highest R2 value among all the relationships analyzed was < 0.5.



AA)As mentioned before, in the revised manuscript Tab.1 was modified. We identified statistically
significant correlations (values of Bonferroni Probabilities p shown in Tab.2 of the supplementary mate-
rial). These indicate that correlations linking AAE to the droplet mode aerosol (r=0.66 with r=0.63 in
the Fall, r=0.67 in the Winter, and p<0.001), AAE to OA-to-BC (r=0.78 with r=0.55 in the Fall, 0.82
in the Winter, and p<0.001), AAE to d,eq(s) (r=0.60 in the Fall, 0.71 in the Winter, and p<0.001), and
the droplet mode aerosol to OA-to-BC (0.54, p<0.001) are all statistically significant correlations. In
addition, in the revised manuscript the relation linking these variables is analysed in more detail through
numerical simulations of AAE(d,, A, my). We show that measurements (underlying these correlations)
match relevant patterns theoretically expected for BrC (rev. Par.4.1, and rev. Fig.1 and Fig.3).

With regard to f43 and fy4, we decided to delete relevant correlations from Table 1 since we proved
in [1] the correspondence between larger AAE and aqSOA.

RC) 4. Building on comment 3 above, since PC3 represents larger particles compared
with PC1, PC2, and PC4, it is not at all surprising that it is more strongly associated
with aerosol optical properties, since it represents particles that are more optically active.
This seems relevant in the data interpretation (put another way, of course PC4 has no
correlation with aerosol optical properties since these particles are so small).

AA) The reviewer is right in noting that this part of the original manuscript was not clear enough.

In the revised manuscript (Par.4.1 and Fig.1) we show that AAE values increase with increasing the
optically relevant aerosol size (ded(s)), as suggested by the reviewer. As well, through numerical sim-
ulation (Mie theory) of AAE(d,,n, A) expected for BrC, we demonstrate that the large AAE measured
for the BrC droplet mode aerosol can be explained only by the coupling of peculiar m ) values and
larger particle size.

This is a major finding because characterises BrC: it emphasizes that BrC properties depend on both
aerosol chemical composition (1)) and size distribution.

RC) 5. Again, in the abstract and conclusion, it is stated that nitrate likely contributes
to the aerosol absorption (lines 9 and 473). However, I see no evidence from the data to
support these statements. In fact, the authors seem to acknowledge this (discussion on
line 310).

AA) The reviewer is correct. As mentioned before, there was an error in the dataset. We do apologize
for this error and do thank the reviewer for insisting on this point. Following its correction, aerosol
fractions do change (see revised Fig.2). There is now evidence that the larger AAE values correspond
to larger nitrate mass fraction. In the revised manuscript, we mentioned this correspondence suggesting
that nitrate is likely associated associated with BrC particles.

RC) 6. In the abstract and conclusion, the authors claim that theirs is the first study
to consider these issues. Such a claim needs to be clarified, as many prior studies have
looked into secondary BrC.

AA) The reviewer is correct.

That claim was too general. In the revised manuscript, we clarified that this study provides experi-
mental evidence that the size distribution of BrC associated with the formation of secondary aerosol is
dominated by the droplet mode, consistent with recent findings pointing to the role of aqueous reactions
within aerosol particles in the formation of BrC.

RC) 7. I made this same comment in the first review, but I really don’t understand
why the prior results from Costabile et al. (2009) have been added to Figure 1?7 In the
text (lines 289-295), the authors suggest that this study was the only other instance in the
literature where a droplet mode PC was identified from size distribution measurements.
That may be because aerosol size distribution data are not routinely subjected to this PC



analysis, but the observation of a droplet mode is NOT unique to Costabile et al. (2009).
Overall, Figure 1 and this discussion are quite confusing.

AA) To avoid possible confusion, Figure 1, and the associated discussion, were deleted from the
revised manuscript .

RC) 8. I am still not sure how Figures 7 and 8 (and their associated discussion) add to
the manuscript. If anything, these figures and discussion add confusion.

AA) To avoid possible confusion, both Figures (and their associated discussion) were removed from
the revised manuscript.

RC) 9. Finally, the quality of the writing needs to be improved throughout the manuscript.
There are too many grammatical corrections for this referee to itemize.
AA) A mother-tongue collaborator checked the grammatics of the revised manuscript.



10

15

20

Manuscript prepared for Atmos. Chem. Phys.
with version 2014/09/16 7.15 Copernicus papers of the I&IEX class copernicus.cls.
Date: 18 October 2016

Characteristics of ""brown'"aerosol Brown Carbon in
the urban Po Valley atmosphere

F. Costabile!, S. Gilardoni?, F. Barnaba!, A. Di Ianni', L. Di Liberto', D. Dionisi’,
M. Manigrasso?, M. Paglione?, V. Poluzzi*, M. Rinaldi?, M.C. Facchini?, and

G. P. Gobbi!

!Institute for Atmospheric Sciences and Climate (ISAC), National Research Council (CNR), Rome,
Italy

Institute for Atmospheric Sciences and Climate (ISAC), National Research Council (CNR),
Bologna, Italy

3INAIL, Rome, Italy

4ARPA ER, Bologna, Italy

Correspondence to: F. Costabile (f.costabile@isac.cnr.it)

Abstract. We

investigate

optical-microphysical-chemical properties of Brown Carbon (BrC) in the urban ambient atmosphere
of the Po Valley i is-bulk 4 i i

neeessarily—equate—to-brown—earbon)—. In situ ground measurements of aerosol spectral optical
properties, PM; chemical composition (HR-ToF-AMS), and eoarse-and-fine-size—distributions—

article size distributions were carried out in Bologna,—aﬂéfl&taﬂ{a&sﬁe&}}yﬂnalysed.—l;ﬂmgs

WHWMM&MM&&WMW
light absorption at visible wavelengths (A). as indicated by the Absorption Angstrém Exponent
(AAE). We found that BrC occurs in particles with a narrow monomodal size distribution peaking.
in the droplet mode, enriched in nitrate and poor in BC, with a strong dependance on OA-to-BC
ratios, and SSAszg of 0.98£0.01. We demonstrate that peculiar complex refractive index values
(K530=0.017:£0.001) are necessary in addition to larger particle size to match the large AAEs measured
for this BrC (AAE4s7660=3.220.9 with values up to 5.3). In terms of consistency of these findings

: (i) provides experimental evidence of the size distribution of BrC associated

with the formation of secondary aerosol; (ii) contributes to sky radiometer retrieval techniques (e.g.
AERONET) by adding that in the hfgeﬁe&mﬂaﬂefﬁﬂed&paﬁte}e&pfewe&s}y—fefeﬁeé%e—&s
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fe%medehﬂgsﬂidies‘ratlos rather than with increasing OA; (iii) extends the dependence of AAE
on BC-to-OA ratios previously observed in chamber experiments to ambient aerosol dominated b
wood burning emissions. These findings are expected to bear important implications for atmospheric

modeling studies and remote sensing observations, as regards parametrization and identification of
brown-OA;-and-brown-carbon-BrC in the atmosphere.

1 Introduction

Aerosol has an important role in the Earth’s climate with both direct and indirect effects; beside
thatin addition, it affects air quality and atmospheric chemistry. At present, our understanding of the
light-absorbing aerosol types is very-incomplete (see reviews by [Laskin et al.| 2015} [Moise et al.,
2015)) An important absorber of solar radiation in the visible region is the-atmospheric carbonaceous
aerosol (IPCC 2013) In the classification of its components proposed by pesehl2003—visible-light

ight-absorbing properties ranged between

two extremes. On one side, there is Black Carbon (BC), refractory material that strongly absorbs
light over a broad spectral range. On the other side, there is the-colourless Organic Carbon (OC),

non-refractory material, with no absorption or little absorption in the UV spectral range. There is a

gradual decrease of thermochemical refractiveness and specific optical absorption going from BC

graphite-like structures to non-refractive and colorless OC —Alse—there-is—a—gradual-decrease—in

vetatitity)-[Laskin et al] (2015)) . A broad range of coloured organic compounds with-velatitity—i
between-these-two-extremes;-have recently emerged in the scientific literature for their possible role

in the Earth’s elimate—The-term—"brown-carben radiative transfer, therefore on its climate.

The term Brown Carbon (BrC) has emerged to describe this aerosol having an absorption spectrum

smoothly increasing from the vis to the near-UV wavelengths, with a strong wavelength dependance

of the light absorption coefficient (A2 — A~%) (Andreae and Gelencsér, 2006; Moosmiiller et al.|

2011} Bond et al, 2013}, [Laskin et all, 2015} Moise et al.| 2015). BrC lacks a formal analytical
definition (Bond et al.| 2013). In this study, we will referto-a-—"brown"acrosotto-indicate-an-aerosel

type-with-identify BrC through its high values (2-6) of the visible Absorption Angstrém Exponent
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(AAE), a parameter describing the wavelength (\) dependent absorption coefficient (o) of light by

aerosol, written as:
AAT —  din(oa)

din(o,
AAE(\) =— dln(()\)) €))

What is known about the-BrC aerosol is that it is an-organic matter having both primary and
secondary sources (Laskin et all, 2015). Primary BrC can be emitted together with BC from low-
temperature combustion processes, like wood combustion (Andreae and Gelencsér, 2006). Sec-
ondary organic aerosol (SOA) formed in the atmosphere eontributes-te-the light-abserbingecarbon;as
well-also contributes to light-absorbing-carbon and references therein), but only a

few works have analysed the secendary-brewn-earbonBrC associated to SOA (Salehet-al, 2013} Zhangetal 203 20H)-(Zhang ef

Numerous evidences indicate increased absorption towards UV for aerosol particles having-high

w@% acoBsonL[lmj; ZEang et al] 201 3) and sulfate (Lee et al, 2013} Songet al, [,m Powelson et al| 201 Zt in et al. |,

[Lin et al.| (2014) reported the formation of light-absorbing SOA constituents from reactive uptake of
isoprene epoxydiols onto preexisting acidified sulfate seed aerosol as a potential source of secondary
BrC under tropospheric conditions. [Powelson et al.|(2014)) discussed the-BrC formation by aqueous-
phase carbonyl compound reactions with amines and ammonium sulfate. studied the
likely and-unkewn-but uncertain effect of sulfate on the formation of light-abserbinglight-absorbing

materials and organo-nitrogen via aqueous glyoxal chemistry in aerosol particles. (2013)
observed significant light absorption at 355 and 405 nm for the-SOA formed from an a-pinene + O3 +
NOg system only in the presence of highly acidic sulfate seed aerosols under dry conditions. Several

studies demonstrated the importance of ammonium, both as a catalyst and as a reactant, in the forma-

tion of light-absorbing products {Easkin-etal; 2015 Powelson-etal-2614)-(Powelson et al |, 2014} [Laskin et al,[2013)) .

SOA formation can occur beth-n-in both the gas and condensed phasephases. Recently, an-efficient
SOA production has been recognised in cloud/fog drops and water containing aerosol: water soluble
products of gasphase-gas-phase photochemical reactions may dissolve into an aerosol aqueous phase
and form SOA through further oxidation, this SOA being referred to as "aqgSOA" (Ervens et al., 2011}
[Caskin et al} 2015). AqSOA formation impacts total SOA mass -and aerosol size distributions by
adding mass to the so-called "droplet mode" (Ervens et al.,[2011).[Meng and Seinfield|(1994) showed

that the aerosol "droplet mode" in urban areas is the result of activation of smaller particles to form
fog, followed by aqueous-phase chemistry ;-and fog evaporation. It was demonstrated that agSOA

formation can affect aerosol optical properties by adding light-absorbing organic material at UV

wavelengths (Shapire-et-al-2009: Ervens-etal-20H)—(Shapiro et al, 2009} [Ervens et al, 2011} [Gilardoni et all 2016)) .

Very recently, |Gilardoni et al.| (2016) demonstrated that in the ambient atmosphere the agSOA from
biomass burning contributes to the BrC budget and exhibits light absorption wavelength dependence




close to the upper bound of the values observed in laboratory experiments for fresh and processed

biomass-burning emissions.
Despite the efforts made, relations between optical properties and chemical composition of or-

95 ganic compounds with spectrally variable light absorption (high AAE) are poorly understood
[2015). A number of previous works (Shinozuka et al., 2009} Russell et all 2010; [Arolal
studied how the organic aerosol (OA) mass fraction (fp4) relates to AAE —and to
Single Scattering Albedo (SSA), the ratio of scattering to extinction, a key parameter te-understand

in understanding aerosol warming or cooling effect. Results from in situ measurements on the C-

100 130 aircraft mosthy-over-Central-Mexieo(Central Mexico) during MILAGRO (Russell et al., 2010)
showed that both Organies-organics and dust increase AAE values. Russell et al| (2010) showed
a direct correlation between AAE and fp A%e%ge%pafﬁe}es%dﬂsaﬁaw%ghighﬂ%ﬁ%—aﬁdﬁe

smallerparticles(pollutionrelated)-havingJowerAAE. On the basis of the same data,
[al[ (2009) showed that AAE generally increases as fo 4 or SSA increases. This was explained by the

105 presence of humielike-humic-like substances (HULIS) and dust, which are eolored-coloured (high

AAE) -and weak absorbers (high SSA) --associated with high fo 4. (2014)

burnt a selection of biomasses in a combustion chamber, varying the combustion parameters to ob-

tain a range of BC-to-OA ratios. This ratio, the relative proportions of BC and OA mass, depends on
fire characteristics ;-and-determine-and on plume age, and determines its colour from black to brown
110 to white as the ratio decreases{BeHouint{2044)—Their. [Saleh et al| (2014) findings link the extent
of absorbance to the BC-to-OA ratio for aged and fresh biomass burning aerosols. If confirmedby
further-studies, this link ean-be-a-potentiatty-has the potential to be a strong predictive tool for light-
absorbing properties of biomass burning aerosols (Bellouin, 2014, Moise et al.| [2015). Following
the approach of [Saleh et al| (2014), [Lu et al.| (2015)) reviewed available emission measurements of

115 biomass burning and biofuel combustion, and found similar results indicating that AAE of the bulk

OA decreases with the increasing BC-to-OA ratio. They conclude that the absorptive properties of
OA from biomass/biofuel burning depend strongly on burning conditions and weakly on fuel types
and atmospheric processing.
In this study, we eh
120 %WWMMMW%W@@W
properties of BrC in the ambient urban atmosphere. In situ ground ambient measurements-data of
chemical (HR-ToF-AMS), optical (3-A nephelometer and 3-\ PSAP), and miero-physiealmicrophysical

(SMPS and APS) aerosol propertles were taken during two field measurements in Bologna Po
Valley;

125

brown-aerosol. BrC is identified through the AAE of the non-dust bulk aerosol. First, BrC properties
are investigated (Sect.4.1) by relating AAE to primary-and-secondary-aerosel-populations-extracted
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are-then-aerosol size, key aerosol types with known size distribution modality (including the droplet
mode), PM; major chemical components (nitrate, OA, BC, sulfate, ammonium), and BC-to-OA
ambient aerosol to infer the A-dependent complex refractive index. Then, we show a case study to
illustrate BrC major features (Sect.4.3). Finally, findings are discussed in comparison with previous
literature-works-literature to explore their general validity instead-of-treating-them-likeresults-ofa
Jocak study(Sect 44).

2 Experimental

Optical, chemical, and microphysical aerosol properties were measured, in the framework of the
ARPAER-Supersite projeet Supersite project funded by Emilia Romagna region. at the urban back-
ground site of Bologna (44 © 31° 29” lat, 11° 20’ 27’ lon), in the Po Valley (Italy). Two measurement
campaigns lasting one month were takencarried out: October 22 - November 13, 2012 (Fall cam-

paign), and February 1-27, 2013 (Winter campaign). Measurements performed-are-detailed-set-up
are described below.

2.1 Measurement cabins and sampling lines

Equipment was set up in two different cabins, located side by side. Optical properties and coarse
fraction size distributions were measured in the same cabin, all the instruments set-up-set up on
the same inlet system equipped with a PM;( head. External-In the cabin, external air was pumped
in-the-eabin-into a stainless steel tube (length = 4.0 m) by an external pump ensuring a laminar
flow (Reynolds number <2000). The cabin was eonditioned-at-kept at a temperature of 20-25°C.
The difference between air temperature and dew point was enough to dry the sampled air. Chemical
properties and fine and ultrafine particle number size distribution were measured through a separate

stainless steel inlet tube equipped with a PM; head.
2.2 Optical Measurements

Spectral optical properties in the visible range were measured online with a S-mintite-5-minute time
resolution. Dry aerosol absorption coefficients, o, (\), at three wavelengths (A = 467, 530, 660 nm)
were measured by a 3-wavelength particle soot absorption photometer (PSAP, Radiance Research),
together with dry aerosol scattering coefficients (o4(\)) at 450, 525, and 635 nm, measured by an
integrating nephelometer (Ecotech, mod. Aurora 3000). Like all filter-based-filter-based methods,
PSAP suffers from a number of measurement artifacts, including an overestimate of absorption if

light absorption is also affected by particulate light scattering, and a dependanee-dependence of



measurements on filter transmittance (Tr) —There-are-in-literature-correction—algoriths—developed
to-overcome-these-artifacts —Lacket-al{(2008): Virklkula (201 0): Backmanetal {2014} Bend-etal:
165 We corrected raw PSAP data after the iterative procedure finally-described by Virkkula (2010), where
only data with Tr >0.7 were retained. The wavelength-resolved o4(\) necessary to correct PSAP
raw data were taken from nephelometer data corrected for truncation (Anderson and Ogren (1998),
Bond (2001), and Miiller et al., 2011). The scattering error after the truncation error correction is
Ofi)% =0.02 (Bond et al., 2013)). The uncertainty of o, () derived from PSAP data after these

170 correctiolls has been estimated to be %%@i{ =0.2 (Virkkulal 2010;|Lack et al.,|2008;Bond et al.,
1999; [Virkkula, [2010; [Cappa et al., 2008). These PSAP-derived o, () can be considered an upper

limit of the "true" value (Subramanian et al., 2007; Lack et al., 2008).
After all corrections, data were checked (by visual inspection) to find any outlier/low values that
could significantly influence data statistics. These values ean-could be due to variability in the mea-
175 surements or to experimental errors. According to manufacturers: (i) PSAP sensitivity is <1 Mm ™1,
and measurement range is 0-50 Mm™'; (ii) the lower detectable limit of the nephelometer is 0.3
Mm~!, with calibration tolerance of + 4 Mm~—!, and measurement range 0-2000 Mm~!. A few
data (124 records having o, <1 Mm—!, less than 20 records with o, <10 Mm™~?, and some points

with o5 >700 Mm~1) were discarded, as they were considered dubious values (comparing to data

180 variability during the field campaigns, illustrated in the Supplementary material).
2.3 Chemical Measurements

Chemical composition of atmospheric aerosol particles were characterized online with a High Res-
olution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Research Inc., Biller-
ica) (DeCarlo et al.,[2006). The HR-ToF-AMS measured the chemical composition of non-refractory
185 PM; (nr-PM;), i.e sulfate, nitrate, ammonium, chloride, and organic aerosol. The instrument alter-
nated acquisition in V-mede-V_mode (higher sensitivity and lower mass spectral resolution), and W
mode (lower sensitivity and higher mass spectral resolution) every 2.5 minutes. Quantitative infor-
mation discussed here corresponds to the data collected in V mode. While operating in the-V mode,
the instrument measures particle size distribution based on their-time of flight (Jimenez et al., 2003).
190 HR-ToF-AMS data were analyzed using SQUIRRELL v1.51 and PIKA v1.10 software (D. Sueper,
University of Colorado, Boulder, Beulder;CO, USA) within Igor Pro 6.2.1 (WaveMetrics, Lake Os-
wego, OR). Collection efficiency was calculated according to Middlebrook et al.| (2012) based on
aerosol chemical composition ;-and relative humidity. Data validation was performed by compar-
ison with offline measurements of sulfate, ammonium, and nitrate concentrations in PM; aerosol
195 samples. The HR-ToF-AMS aerosol sample line was dried below 40% RH with a Nafion drier. The
uncertainty of the AMS-derived OA was assumed to be ‘ng) = 0.2 according to |Quinn| (2008)).
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2.4 Particle Number Size distributions

Particle number size distributions (PNSDs) were measured by combining a commercial Scanning
Mobility Particle Sizer (SMPS, TSI mod. 3080 with Long-DMA, TSI mod. 3081, equipped with a
water-based Condensation Particle Counter, CPC, TSI mod. 3787), and a commercial Aerodynamic
Particle Sizer (APS, TSI). Particles from 14 nm to 750 nm of mobility diameter were sized and
counted by the SMPS; particles from 0.5 to 20 um of aerodynamic diameter were sized and counted
by the APS (the procedure to fit the two PNSDs is described in the-Sect[3.2). SMPS data were
corrected for penetration errors through the sampling line, penetration efficiency due to diffusion
losses (calculated according to (1999)) being higher than 98% for particles bigger than 14
nm. An impactor (nozzle of 0.457 pym) was used to remove larger particles from the SMPS sampling

line.

3 Data analysis

Data measured by all the instruments were merged in a single datasetofS-minuteresolution—Dataset

Sis ed-oft-2 ord 64-ntall-and he-sta al-analy was-done-on-a

subsetof these data-with-no-empty field (255 reeords; S-minute time resolution dataset. This dataset
\), OA, NO; , SO? —, NH/, and
PNSD. Raw data were subjected to various "cleaning” processes as described in Sect.2, and then
analysed as described in this section. The time series subjected to data analysis includes 11910 time
easurements ). These data-were then cleaned.-and a final dataset-of

includes the time series of the following variables: o,()\) and o,

points covering 40 days of m

the Fall and 5650 time points in the ease-study)~Winter). This time series includes missing values.
The length of the "complete” time series (i.e., with no missing value) varies from variable to variable
(10897 time points for OA, 10361 time points for NO; , 8999 time points for SO . 9677 time
points for NH{, 2656 time points for the PNSD, 2367 time points for AAE, SSA, and BC, 1820
time points for fzc, fo4, fnos. f504. fn s and OA-to-BC). When all the time points with at least
one missing values of the variables considered are excluded, the lenght of the timeseries drops to
approx. 1500 data points.

) R

3.1 Inference of the optical Black Carbon mass concentration

The wavelength (\) dependent BC absorption coefficient (o,5c()\)), and equivalent BC mass con-
centration, were calculated using the AAEp¢ attribution method. The measured absorption coef-
ficient at 660 nm (o, (660)) was used to derive o,5¢(530), and then the BC mass concentration,

assuming: (i) BC is the only light absorbing species at 600 nm, (ii) a known value of AAEpc at
530-660 nm (see below), and (it)iii) a BC Mass Absorption Efficiency at 530 nm to-be-of 10 m? g—!



(as indicated by PSAP manufacturer). In literature, AAEpc-=1 is a commonly used value for exter-
nally mixed BC; internally mixed BC is commonly assumed to have the same AAEgc-=1. In fact,
AAEg( for externally mixed BC has-been-was predicted to be 1 for particles with diameter < 50

mmnm (e.g.,[Bergstrom et al., 2002} Moosmiiller et al., 2011}, but can range from 0.8 to 1.1 for par-

235 ticle diameters of 50-200 nm (Gyawali et al.,[2009). For ambient particles, which can be internally or

externally mixed, AAEg¢ for visible wavelengths has often been observed to be larger than 1

[and Langridgel 2013} [Shinozuka et al.l 2009] and references therein). Theoretical calculations have
shown that the AAE g for internally mixed BC can vary from 0.55 (e.g.,[Bahadur et al}[2012) to an
upper limit of ~ 1.7 (e.g., depending on particle size, coating, core —wavelengths

240 —and wavelength. In Figure 3 of the Supplementary material we show numerically simulated (Mie
Theory) values of AAE(d,, A,m) resolved by particle diameter (d,,) and complex refractive index

m(A)) at visible wavelengths (\) for BC (Sect . It is shown that the AAE of BC tends to 1

for the smaller BC particles only, and can differ significantly from 1 for the lareer BC particles.
Based on these results and on previous works, we decided to use AAEgc=1.1. The uncertainty

245 §(AAEpq) was set to 5%;530)22‘7 16(’4q Aq EEBC)=O.22%aeHﬁdﬂ%gﬁdgekmm
[Lack and Langridge| (2013)) . BC uncertainty (§(BC')) was derived propagating this §(AAFE ) to-
gether with the uncertainty of PSAP-derived o, (see Sect.2.2).

We discarded data possibly affected by desert dust (43 records over 5 days of measurements) to
ensure that the equivalent BC mass concentration is not affected from-contamination-by desert dust
250 contamination (assumption i above). Dust-free aerosol conditions were identified based on the anal-

ysis of aerosol spectral optical properties, increasingly applied to gather information on aerosol type

M/ngBergstrom et alJ,JWZ];JShmozuka et al}MjRussell et al,[2010; [Arol
In particular, we followed the methodology proposed by |Costabile et al.| (2013)) (further-diseussed
255 in-Seet:5:2)-Aceordinghy-which identifies the aerosol dominated by dust shews-this-by a distinctive

combination of scattering ;-and absorption Angstrbm Exponents (SAE, AAE) -and Single Scatter-
ing Albedo (SSA) spectral variation (dSSA):—SSA535>0-85-SAEm7=650<05+AAEm—050~25
dS5SAGs0—257=06-65-63. Data points of the time series fulfilling at-these-conditions—togetherthis

260 from the analysis.

3.2 Fitting procedure for the particle number size distribution

Data-of particle-Particle number size distributions (PNSDs) were measured by two different instru-
ments (SMPS and APS, Sect[2). These data were merged to obtain one PNSD based on particle
electrical mobility diameters (d,;,) ranging from 14 nm to 14 pym. PNSDs measured by APS are
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based on aerodynamic diameters (d,); these data were converted to PNSDs based on d,,, according

to EqQ (Khlystov et al., [2004; Seinfeld and Pandis}, 2006)):

XC’C(dm) dg
Celda) (Z5)172

dm = ©))

where  is the shape factor, C.(d,,) and C.(d,) are the slip correction factors based on d,,, and
d, respectively, p,, is the particle density, and pg is the unit density (1 g-em™2). In applying Eq
to convert APS data, we assumed: particte-diameter{d;)=-d,, represents the true particle diameter;
Cc(dm)=1and C.(d,) = 1 (continuum regime); x = 1 (spherical particles); p,, continuously varying
from 1.6 to 2 g-cm 3.

Particle Number Size-DistributionsPNSDs (i.e., ny (logiodsm) = Wé\@r)vmeasured by SMPS
and APS (PNSDgysps, PNSD4pg) overlap for d,, ranging from 460 nm to 593 nm. In this size
range, PNSDgsps and PNSD 4 ps were replaced by PNSD ¢;4tcq. PNSD ;4404 Was assumed to vary
according to a power-law function (Junge size distribution) (Khlystov et al., [2004; [Seinfeld and

Pandis|, [2006) (Eq[3):

ny(logiodm) = (3)

“
ag,’

The coefficients ¢ and o were calculated by an iterative procedure: (i) ¢ was randomly initialized
from 0 to 1000; (ii) o was calculated by Eq[3]constraining values from 2 to 5, as typically found for
atmospheric aerosols (Seinfeld and Pandis, 2006). PNSD {444 replaced PNSD 4 ps and PNSD g/ ps

when their relative difference (-0 (PN.SD), Eq:

|IPNSDgnps — PNSD4ps|

,0(PNSD) =
%M) max[PNSDSMpS,PNSDAps]

“

was larger than 0.1 cm 3. This procedure was considered acceptable if: (i) the minimum mean
squared error between PNSD;44cq and PNSD 4pg was less than 1%; (ii) correlation coefficients
between PNSD ;1.4 and PNSDgy/ps, and between PNSDy;4s.q and PNSD 4ps were larger than
0.8 —A-—number-of(98 of the records did not verify these conditions, and were checked by visual
inspection: 94 of them were discarded, and 4 accepted). The final dataset contained PNSD data
based on d,,, from 14.1 to 429.4 nm measured by the SMPS, from 446.1 to 699 nm generated by
the fitting procedure, and from 0.7 to 14 pum measured by the APS . The Particle Surface Size
45y and Particle Volume Size Distribution (PVSD

7

particles (Hinds, |1999; Seinfeld and Pandis, |2006)

rabd A Pl N bt Ss i A -

3.3 Principal component analysis of PNSD
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PNSDs were statistically analysed through Principal Component Analysis (PCA) -PCA-was-caleulated

to identify key aerosol types with known modality. The relevant methodology was described in a
R@&Wby Costabile et al.| (2009). Feu%pfmetpal»eempeﬁe%@%ﬂﬁef&eﬁfaeteé

Statistical properties—used-to—interpret PC-are—seores"—and—loadings"—PCs-In short, Principal
Components (PCs) retained in the analysis were arranged in decreasing order of variance explained

(1, called eigenvalue of PC},), PC1 being the component explaining the largest s;,. The k" eigen-
vector is composed of scalar coefficients describing the new PCy, as a linear combination of the orig-
inal variables (the original variables are the time series of dN/dlog(d,)). €eefficient-Factor loadings
of PCy, represent the relative weight (in—terms—of-correlation)-of-dN/dlog(d,)—vartables—in—of the
original variables in the PCj, —Factorloadings-of PCr—represent-these-coefficientssealed-re-scaled
by the s¢;, explained by the PCy.. Loadings of PCr-thusrepresent-therelative-weight-of- dN/dlogtdy)
%ﬁ%@%ﬁ@%mm Factor scores of PCy,
i i intin-therepresent the time series
of the-dN/dlog(dp)-variables-Factor seores PCy, values in the new coordinates of the space defined
by the PCs. Scores thus represent the PCy, values eorrespondingto-each-particular-datapoint-of-the
explaining _approximately 80% of the variance. Factor loadings and diurnal cycles of scores for
PC1-PC3 are illustrated in supp}efnaﬂfafybmateﬂal—Pel—P%aﬂd—P@l—af&BGpmmﬂefese}

peaking-at-rush-hours—and—week-days—Figure 2 of the supplementary material, while Pearson’s

correlation coefficients r between these PCs and the other variables measured are shown in Table

[1l Table 1 and Table 2 of the supplementary material show relevant r values in the Winter and in

10



the Fall, and relevant Bonferroni adjusted probabilities (p values), respectively. These PCs were

interpreted as follows:
PCl1 is 4

335

component in terms of variance explained (51 %). Loadings peak in the 80-300 nm size range. Factor
scores correlate to OA and BC. Weekly diurnal cycles of these scores are higher on working days and
in the road-traffic rush hour. This PC represents the aerosol enriched in OA originating in the traffic

340 rush hour in the urban area, due to local emissions (e.g../Costabile et al.l 2009} Brines et al., [2015], and references therein) .

The-remaining PC3(meore-than—1t0PC2 explains 14 % of the variance. Loadings peak in the
ultrafine size range (approx. 100 nm). Factor scores show diurnal cycles higher at night and in
the Winter, with a slightly larger contribution during the week-ends. It correlates (inversely) to

345 aerosol size and (directly) relates—to-a-—secondary—aerosol—ltis-the-onlyPCinverselycorrelated-to
fgg—aﬂd—dﬁec—ﬂyeeﬁe}afe&to fo A%@M@-B%—ﬁédmﬂ&kh&gheﬁeefes—af&aﬁme—&ﬂd

ton-mode-(supplemer ' w&&w

350

W%WM%‘M
residential heating emissions.

PC3 explains 13% of the variance. Loadings peak in the larger accumulation mode size range
(from 0.3 to 1 m). Diurnal cycles of scores are higher in daytime. It is inversely correlated (o frc.

355 and directly to nitrate, sulfate and ammonium. This PC was—feﬂﬂd—tefepfesa%rmthe droplet
mode aerosol - rg-poor in BC

reviously found to originate in the wet aerosol from the activation of condensation mode particles

to form eloud/fog drops, followed by aqueous-phase chemistry -and droplet evaporation (Johnl1990;
[Meng and Selnﬁeld|, [1994; |Semfeld and Pandls|, m Ervens et al. |, 2011). T&eu%kﬂewedge%he

360
3.4  Numerical simulations of AAE
Values of AAE(d,, \,m) resolved by diameter d,,, radiation wavelength (\), and complex refractive
365 i ] i i .,|Bohren and Huffman| [T983} Moosmiiller et :

The aim was to reproduce patterns expected for BrC, BC and the urban background aerosol impacted

11
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by biomass burning emissions. as these were abundant in the study area. Simulations are illustrated
in Figure 3 of the supplementary material, the relevant methodology being described in a previous
To simulate patterns expected for BrC in the urban ambient aerosol, we used A dependent complex
values of m ) inferred during CAPMEX for an air mass with AAE,o5_530=3.8 (standard deviation=3.4
ratio (Flowers et al., 2010; Moise et al,[2015) . These are my57=1.492-0.0261, ms30=1.492-0.0173,
meago=1.492-0.0144, the uncertainty for n yy and k¢, being set to £0.01 and blaektines-inFigt

A 4 no—the-d o me

+0.001, respectively.
To simulate patterns expected for BC we used ) independent complex values of m estimated b
Alexander et al.

nm. Note in Fig. 2 of the supplementary material the resulting variability with d, of AAE4s7-g60 for
BC: values of AAE=1 correspond only to d, << 100 nm.

To simulate patterns expected for the urban background aerosol impacted by biomass burning
emissions we used values of my) inferred in a previous study for the smaller accumulation mode
particles enriched in BC from biomass burning smoke (Costabile et alt2013) : mag7=1.512:0.0271,
M30=1:310-0.0211, mese=1.511-0.0221 , the uncertainty for ny) and & being set to +0.01 and
£0.00L, respectively.

4 Results and discussion

In this section we first identify brown carbon (BrC) and characterize its optical-microphysical-chemical

roperties (Sect then illustrate a case study (Sect , and finally discuss findings in comparison

to literature (Sect .

12



4.1 " "

4.1 Brown carbon: identification and features

405  Several literature studies identify BrC based on its high AAE values, i.e. from 2 to 6 (¢.g..JAndreae and Gelencsér, 2006; Bond et al.}|
At a certain range of wavelengths (A), these high AAE values in the bulk aerosol depend on several
factors, including aerosol size, chemical composition. and aerosol mixing state. To analyse the
AAE dependence on aerosol size we used two different approaches. First, we calculated dycqis).
i.e. the median mobility diameter of the particle surface size distribution (PSSD, Sect
410 dyeaqs) s intended to represent the optically relevant acrosol size representative of the entire particle
population. Second, we analysed the acrosol population particle number size distribution (PNSD)

to find major aerosol types (i.e., Principal Components, PCs), as described in detail in Sect

Two components (PCI and PC2) were related to smaller particles originating from local emissions

road-traffic and residential heating, respectively), and one component (PC3) was related to larger
415 particles (droplet mode) originating from the aerosol processing. Statistically significant Pearson’s

correlation coefficients (1) between these PCs. AAE. dy,cq(5) and PM major constituents are shown

in Tab. (Il The Supplementary material show relevant r values observed in the Winter and in the

Fall (Tab.1), and gives

me%mﬂwmwmmw%mw
420 (Tab.2).

The AAE correlates well with the dy;,eq(s) (r=0.60, p<0.001). Figure[llshows that the measured AAE
increases with increasing dy,cq(s) Of the acrosol population (grey markers). In addition. markers in
Fig. [l show the AAE and d,,.4(s) representative of acrosol dominated by traffic emissions (PC1),
425  wood burning emissions (PC2), and droplet mode particles (PC3)s-. To interpret these measurements,
we show patterns theoretically expected, based on the Mie theory, for BrC in the ambient aerosol
(brown line), a pure BC particle (black line), and an urban background aerosol impacted by wood
burning emissions (grey line). These simulations, including relevant values of the complex refractive
index myy=n(y) — ik are described in detail in Sect The lowest AAEs measured durin
430 this study tend to values expected for pure BC. and are similar to values calculated for the urban
background aerosol impacted by wood burning emissions. Both aerosol types which were related to
local emissions (PC1 and OA-10-BC. together with fey 1. dy, g5y £y and £ Figure 22 shows this
relation—When-PC2) match these patterns. Larger AAEs (3.240.9) correspond to the droplet mode
PCseorespositive (PC-seores—>0-indicate-that-this-acreset-type-forms);the-aerosol (PC3), and are

435 similar to the AAE expected for Brown Carbon aerosol. Fig|l| suggests that the threshold value of

13



o distinguishing BrC is AAEt&gfeate%fhaﬁ—Zé—Beﬂ&—AAE—aﬂérdfep}e%medeﬂiefease
m.

M&MWWW&MMMMM
increase of the AAE measured with increasing dycq(s); brown and grey lines show the increase
440  of the AAE theoretically expected with increasing aerosol size, m(y) being constant. Comparing
these three lines, it is evident that peculiar values of 1y are necessary in addition to the larger
particle size to match the large AAE measured for the droplet mode BrC aerosol. These are Fy67).

445

450 chemical components (OA, BC, nitrate, and sulfates PM; mass fractions, f,.). Grey markers show the
longest available time series for AAE and f,., while coloured markers show the (shorter) time series
including the droplet mode aerosol score (marker eelor)—This"brown"acroesolformation-depends-on

455 ebwe&%——&s—kngh%Eva}ue%gglvovuvr)/gnd dfep}e{—mede—%efes—afeelﬂefved—feﬁbe&rﬁwﬁd

marker size) (see Sectl3). BrC particles (i.e, particles with AAE>2.3) shows higher f and

lower fg values coupled to larger d and high droplet mode aerosol scores. Average values
corresponding to BrC aerosol population are as follows (mean+standard deviation): AAE=3.24+0.9

fn03=0.3840.05,fp=0.01£0.01, 5 4=0.35£0.04 and fxo;220-25504=0.1£0.02, and SSA53,=0.98+0.01

460 (and o =7.643.33 Mm~! =3124+64 Mm ', and SAE=0.540.4).
ratio="Both Fig[2] and Tab[l] show that there is no direct correlation between AAE and fo4. AAE
correlates with larger particles (larger d ) in the droplet mode (larger PC3 scores), while
465

6-#8—correlates with smaller particles (lower d ) from residential heating emissions (larger
PC2 scores). There is, however, a significant correlation between AAE and OA-te-BC+ratioTable
470 [khe ratio of OA to BC (r=0.78, p<0.001). The tﬂveﬂeﬁiepeﬁdeﬂee%efweefrfhﬁ—bmWﬂ—aefe%e}
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higher for biofuels than for fossil fuel combustion) or aerosol ageing (lower for fresh aerosols
(Saleh et al., 2014} [Bond et al.I, 2013)) . The relation between AAE and BC-to-OA relation-are-indicated

illustrated in Fi urel (light-grey markers show the longest available time series for AAE and BC-
to-OAratie—

L while

coloured markers show the time series including the droplet mode aerosol score and the f ).
When the bulk aerosol is dominated by the BrC droplet mode particles, the AAE is indeed-dictated

eviousre : ~The ser-than-(median + uncertainty), and BC-to-OA
ratios are lower than 0.05+0.03. In the inner panel of Fi we parametrize the relation between

AAE and BC-t0-OA ratios for the bulk aerosol (AAE=-0.5-In(BCtoOA)+1ecan-henece-be-due-to-any

consistency will be analysed in Secti.3). When the BrC droplet mode particles dominate the bulk
aerosol (black markers in the inner panel of Fig[3} corresponding to PC3 scores > 0), the relation
between AAE and BC-to-OA is far stronger (r=-0.86, p<0.001). This result highlights the significant
dependence of BrC on BC-to-OA ratios in the ambient aerosol.

Taken together,

esthese findings prove that
BrC in the observed ambient aerosol shows AAE4g7_g60. = 3.240.9 with k(530) = 0.017£0.001, and
occurs in particles in the droplet mode size range, enriched in nitrate and poor in BC, with a strong
dependance on OA-to-BC ratios, SSAs3 being 0.98:£0.01.

4.2 A case study

We present here a case study te-visualize-main-aeresel(Figure[d)) to show the main microphysical and
chemical features of the “brown"BrC aerosol observed. The-values-of this-case-study-were-indicated

On the case study day (i.e., February 15, 2013from17:30-to19:00)—Relative-humidity (RH)-)
the relative humidity was high (97.540.4%, against a mean value for the winter-Winter campaign
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of 82 4+ 14 %, and a maximum of 98 %), temperature averaged 2.8 + 0.0 °© C (campaign mean

510 value=3.5 £ 2.8 ° C)-Aerosol-vertical-profilesfrom-a--D40-cetlometer, and aerosol liquid water
content was above 200 yg - m~? (Gilardoni et al} 2016) . Absorption and scattering coefficients
at 530 nm (Fig.1 of the supplementary material) ranged from 5 to 10 Mm~" (with larger AAE),
and from 300 to 400 Mm~! (with lower Scattering Angstrom Exponents, SAE) respectively, with
SSA530=0.98£0.01. The number concentration of 2-10 um particles (Fig[h-indicate-afoggy-day:

515  exceptforthemiddiee) had a peak at approx. 4:00 a.m. UTC (we interpret this as particle growth by
water vapor), and then decreased until 9:00 a.m. UTC. After this, the number concentration of 0.3-1
wmmmm of the day (from 11:00 to-+5a.m.
to 2:00 p.m) when the
MWWWM&&%

520 darker red layer in Fig.
MM%M%@M&M%WFWWWMW
These processes are consistent with the formation of the droplet mode aerosol (John, [1990; Meng and Seinfield, [1994; [Seinfeld and F
the increase of the droplet mode aerosol particles<(as-indicated-by-the-area-in-Fig-{Hk-corresponding
tedrameter%—ra&gmg—frem—é@@—fm%@—ﬂm*&ﬂéscores (PC3%€Gf€€—-—ﬂﬁHh6Wﬂ—h€fe)—\Ve—mtefpfet—t—hi%

525

AAE(FigH)-) observed in the afternoon. The case study was selected during this period (1.5
hour from 5:30 to 7:00 p.m), and relevant data are shown in Fi Fi Fi and Fig.1 of the
supplementary material,

530  During the case study (i.e.. from 5:30 to 7:00 p.m on February 1°', 2013) we observed peculiar
data. AAE was significantly higher than-its-mean-value-(up-to-mere-than-6—unfortunately no-data-is
campaigns, and 2.1£0.6 in the Winter). Volume size distribution (Fig. E}a) is-eentered-was Narrow.
and monomodal, centred on the droplet mode (d,,, from 450 to 700 nm);-the-peak-being-more-than

535 four-times-as-high-as-that-of-the-mean-—value—Mass—, Relevant mass size distributions of the main
constituents of nr-PM; (NOsg;-organies; , OA, and NHﬂﬂf&m centered around 700 nm of
the vacuum aerodynamic diameter (d,,) —Nete-that-dyz—=700-nm-corresponds—to—d;=468nm
M&%&WM spherlcal particles W*Prﬂp%l—w*w

in the continuum regime

540 dva - d'm /)l .
Po

with p, = 1.4¢ - cm 3 (Seinfeld and Pandis, [2006) ). In addition, the erganie-aerosel-OA mass be-

low d,, = 300 nm was significantly lower than that of the droplet mode, especially when compared

to the average field results (Fig. ﬂ:) Re}evaﬂ%ﬁb%efp&efhaﬂd%e&&em%geeefﬁeteﬂf%éﬂet—%hexm




afterneon-It is important to note that the collection efficiency of the HR-ToF-AMS is 50% for 600
nm particles and decreases for larger sizes (Liu et al., 2007). This explains the difference between
the size distributions in fig.Fig. 4a and Fig. 4b at larger sizes.
Atthe light of source apportionment study performed on organic aerosol (Gilardoni et al.t 2016) we
550 explain the increase of AAE during the case study period with the formation of secondary organic
aerosol in the aqueous phase associated with aerosol particles. The analysis of mycrophisical properties
reported in this study confirms that the aqueous secondary organic aerosol formation adds mass to
the atmospheric acrosol in the droplet mode range. This case study both illustrates and confirms
general features observed for BrC during the whole field campaign.

555 4.3 Discussion in comparison with previous works

In this section we discuss our findings and explore their consistency with literature.

5 b Lo . " . \

560  The analysis of chemical and microphysical properties shows that BrC associated with the formation
of secondary aerosol has a narrow monomodal size distribution centered around the droplet mode
(400700 nm) in the entire PMyo size range. This result agrees with the observations reported

ing that 80% of the mass of atmospheric humic-like substances, a light
absorbing organic aerosol component, was found in the droplet mode. The correspondence between

565 BrC and the droplet mode aerosol points to the important role that aqueous reactions within acrosol
particles can play in the formation of light absorbing organic aerosol (Ervens et al., 2011; [Laskin et al., 2015) .

570
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580

organic fraction in a different way from that in literature (Shinozuka et al. 2009; Russell et al., 2010; [Arola et al} 2011) .
In Figure [Sh we compare our measurements collected at the urban background site of Bologna with

585 the trend expected based on airborne and sunphotometers observations (Shinozuka et al.| 2009; Russell et al.| 2010) .
AAE is plotted versus the mass fraction of organic aerosol (fromg4), marker colour being SSAs30

590 correspond to/Shinozuka et al|(2009) ’s fit line at SSA=OA-te-BCratio) thereis-astrongeorrelation

072 Fioc Bk ho ineraacineOA-to-R
U . .

at-SSA—>-0:98(Fig—6a)—Note-values-measured-during —1, but were associated to lower scattering
595  coefficients in those previous studies. There is consistency between our study and those reported
previously. However, our data show that increasing AAE is accompanied by increasing the organic
aerosol normalized to BC (Fi r=0.78, p<0.001), rather than by increasing organic aerosol
(FiglBh). This comparison adds to the ease-study-(Fig—5)-indieated-by—""—Adt-of them-are-at

600
ambient aerosol in the lower troposphere AAE correlates with OA-to-BC ratio-te-be-a-betterindicator
thanforof "brown"aeresoland-tstarge AAE-values-ratios far more than with the organic fraction.
605 rent-To-compare-toSaleh et al 20T d) s-an

wotlk;panel-e-of Fig:6-shows-AAE-versus-We found that BrC corresponds to BC-to-OA (the-inverse

ad-oravlinecin o Geind o [aTah ot Al

atios below 0.05£0.03. Finall
610 Fi shows the dependence of AAE on the BC-to-OA ratio-can-be-observed-solelyfor-biomass
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615

620 [Saleh-etal {204y -andEuaetal{Z05)—

fit line to measurements performed in this study (grey line) is similar to the “brown"—aerosol(i)
Rts-an ed-in-the-atm e-and-(ih- eshly-emi fitting lines

625 reported previously (thicker and thinner black lines, showing respectively [Saleh et al.| (2014)) s and
) ’s data). While we cannot compare absolute values because we compare AAE of

the bulk aerosol (this study) to AAE of OA only (Saleh et al.l 2014; [Lu et al.| 2015) , it is evident

that patterns are similar. This comparison extends the dependence of AAE on BC-to-OA observed
630 by [Saleh et al] (201) and L eCal] (2015) to ambient acrosol dominated by wood burning emissions

(Gilardoni et al., 2016) .

635

640

645
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5 Summary and conclusions

685 hs-investigated optical-chemical-microphysical

roperties of brown carbon (BrC) in the urban ambient atmosphereef—fhe—Pe%Lqui{—Be}egm)—We

. In situ ground ambient-measurements of chemical (HR-ToF-AMS), optical (3-) nephelometer and
PSAP), and miero-physieal-microphysical (SMPS and APS) aerosol properties were takencarried
690 out in the Po Valley (Bologna), together with ancillary observations.

695 theseAAE-BrC was identified and characterized by linking its wavelength dependence of light
absorption (as indicated by the Absorption Angstrdm Exponent AAE) in the visible region to

key aerosol pepula

characterised: number-and-mass-size-distributiontypes with known size distributions, and to major
PM; chemical components (BC, efgamesOA nitrate, ammonium, and sulfate);-their-mass-fractions;
700 i

. BrC measurements were interpreted through numerical simulations (Mie theory) of AAE(d,,, \,m
705 resolved by particle size (d,,) and wavelength (\) dependent complex refractive index (m(yy=n,yy-ik(x))
in the visible region.

710 (1) AAE increases with increasing the (optically relevant) aerosol size. Larger AAEs (3.2£0.9.
with values up to 5.5) occur when the bulk aerosol size distribution is dominated by the droplet
mode, i.¢. the large accumulation mode originating from the processing in the agueous phase. These
values identify BrC.

(2) Peculiar my) values are necessary in addition to larger particle size to match the high AAE

715 measured for BrC. These my) values are theoretically expected to be: k =0.026£0.001, k

21



720

725

730

735

740

745

750

to-these-previous studies-that—(HAAE depends-onksa0) = 0.01420.001, and nye7=147:£0.01
(85A3530=0.98£0.01). consistent to literature 1y ) values for BrC in the ambient atmosphere.

(3) AAE increases with increasing the OA-to-BC ratiomore tharon O, rather than with increasing
foa. the larger AAEs (and thus BrC) corresponding to larger nitrate (f03=0.38:£0.05) and (if)-the
hink-between-AAE-andlower BC (fp¢=0.010.01).

5 W atya a

When exploring consistency of these findings with the literature, our study:

1) provides experimental evidence that the size distribution of BrC associated with the formation
of secondary aerosol is dominated by the droplet mode, consistent with recent findings pointing to

role of aqueous reactions within aerosol particles in the formation of BrC;
ii) adds to sunphotometric observations (e.g., AERONET) that in the lower troposphere AAE
correlates with the organic aerosol normalized to BC (i.e., OA-to-BC) far more than with the organic

fraction;

iii) extends to the ambient aerosol dominated by wood burning emissions the dependence of AAE
on BC-to-OA previously observed in combustion chamber experiments. Finallythe-comparison-with

expected to bear important implications for atmospheric modeling studies and remote sensing ob-

servations. e H betweer AAE-and-the-OA-to-B atto—€an—oea O gtoO1toParame etn

neting-that-thistink-Both BrC number size distribution and the dependence of AAE on BC-to-OA
can be relevant to parametrize and investigate BrC in the ambient atmosphere. Findings can be used

to extrapotate-infer preliminary chemical information from optical enesinformation, as optical tech-

niques are increasingly used to characterise aerosol properties.
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TABLES

Table 1. Statistically significant (p<0.001) Pearson’s correlation coefficients (r) between: Absorption Angstrom
Exponent (AAE) at 467-660 nm; scores of principal—eomponents(PCHPC4)—of particle number—size
distributions-obtained-major aerosol types identified by Principat-ComponentAnatysistPCA (PCl is the road
mass concentration and mass fractions (f;) of Black Carbon (f5BC), organics (foxOA), nitrate (fxosNO; ),
sulfate (£501303 ), and ammonium (f7r-NH{); optically relevant acrosol size representative of the entire
aerosol population (calculated as median mobility diameter of the particle surface size distributiont, d,,eq(s));
BE€-mass-coneentration(BC);-organic-aeroso-{OA)-to BCratio (OA-t0-BC y;ratioratios. See Tab.1 and Tab. 2.
of the AMS-signal-at-miz44-and-miz43-to-Supplementary material for all the total-organies AMSsigrat-tfar
and-fr3jrelevant values. Note-that PC3-is-the"droplet—mode PC-

r AAE  dpeacs) BC fpo 0A foa OAtBEQAto-
AAEdpeacs). 0.60 6481 -6:26:0.24  -637-0.38  6:56—  6:78:0.68 -6:3+0.37
AAE 0:60-1  03+0.60  6:68-0.26  6:60-0.52 -6-0.40 -0:35-0.34 -6:22-0.78
PE3PCI 067 060 -6:350.56 -042— 064083 0.60— s
earsTPC2 O48—  -0.52 0:22— 048 038— 048031 02—
PC3_ 0.66 0.60 reatpart-0.38  x-0.53 A0.12 -0.52 0.54
1:5124+0.04-7-5-10—3+0.001660nmheight
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Measurements: all the data  x road-traffic related aerosol (PC1)
A residentialheating related aerosol (PC2)
Odroplet mode aerosol (PC3)

Numerical simulations: ==Brown Carbon == B|ack Carbon
== urban biomass burning

5

AAE467-660

R

50.07 0.09i Oi_1 Oi.2 0-.25 0.3
d (um)

Absorption Angstrﬁm Exponent at-467-660-nm-(AAE) -at 467-660 nm and the—"droplet-mode"aerosol size
(x-axis—d). For measurements: (i) d is represented by the seere-mobility median diameter of the prineipat
aerosol types identified (Sect. i i < i are indicated b

simulations (sSectB.4is—: patterns theoretically expected for BrC. BC, and urban biomass burning are indi-

cated by brown, black and grey thick lines respectivel e dotted thinner lines indicating the uncertainty of the
refractive index (myy = ny)-ikay) set to £0.01 for nyy and £0.001 for k(yy).
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Figure 2. Correfationplots-betweenPhysicochemical features of Brown Carbon. Absorption Angstrésm Expo-
nent at 467-660 nm (AAE) -and-plotted against mass fractions (f;) of: (a) erganie-aerosot-Organic Aerosol
(foxOA), (b) Black Carbon (f5=BC), (c) sulfate (&@;SOMi: ), and (d) nitrate tfxo5)NO; . Pata-Grey markers
time series including values of the droplet mode aerosol —RelevantPearson’s-corretation-coeffictents-score and

aerosol size (¢dy,eq(g))are— respectively (Sect[3). Data indicated by dark grey "o" show case study values
illustrated in Fig.[]
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Figure 3.

BE-to-ODependence of AAE on OA:to-BC ratios. MMMWGW
longest available time series for AAE at 467-660 nm (AAE)-is-plotted-against-and BC-to-OA—DPata—, while
marker color waggm the seore(shorter) time series including relevant values of the droplet mode
i Wmmt Datarsize is-the
i . Median values (ézarsygrey squares) and relevant
data uncertainty are indicated at the upper, mean, and lower AAE bins. Data indicated by dark grey "#o" show
case-study values illustrated in Fig. H Grey-bars-indicate-measurement-unecertaintylnner panel: best fit lines
with relevant Eq. and Pearson’s correlation coefficients (r, p) to all the data measured (grey line) and droplet
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2 CASE STUDY
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Figure 4. A ease-stady-case study illustrating BrC major featuresof-the-"brown-aerosel". Case-study-Case study
time period (1.5 hours) is the-first-of Febraary;2643-from 17:30 to 19:00 UTC %ase—sfudyho&li%

2013. Case study values are compared with mean values over the whole field experiment. Panels illustrate: (a)
particle volume size distribution (dV/dlogiod,,, based on electrical mobility particle diameter d,,) during the
ease-study-case study and relevant mean values; (b) particle mass size distribution (dM/dlog10d.a, based on
vacuum aerodynamic diameter, d,q) during the ease-studycase study, and (c) relevant mean values; (d) aerosol

vertical profiles in the atmosphere during the ease-study-entire case study day (time-height cross section of

the range corrected signal, RCS=In(S x R?), from a-an LD40 ceilometer); (e) particle number size distributions

during the ease-stady-day-(whi . < . . A
am-AAE)-during-the-entire case study daytbrownrcireles)andrelevantstatistical-values-during-the-whelefield

5578 > S5
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Figure 5. Dependenee-ef-Absorption Angstrﬁm Exponent at 467-660 nm (AAE) en-against; (a) erganic-aerosol
OA mass fractiontfor), (b) Organie-Aerosol(OA)to-Black-Carbon(BE)ratio{OA-to-BC jratios, and (c)
BE-to-OAratioBC to OA ratios. Pata-colorisSingle-Seattering-Albedo-Grey markers show the longest available

time series for AAE and fo 4, while coloured markers show the (shorter) time series including SSA at 530 nm
—Pata-and aerosol size is i i i i istributt

$(dmedgrangingfrom-50-to

| (2009) (grey-tines;for-the-at different SSA binsef
6:90-6:92, i.e. 0.98-1.00, 0.96-0.98, 0.90-0.92, from top to bottom), and 6:98-+0¢Russell et al| (2010) are

indicated in panel a (thin and thick black lines respectivel ) (eid) by—m @%&e&hﬂe} and [Lu .
AT T1AOOTEN are indicatad in nanal ~ (
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