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a b s t r a c t

In this paper, a new way to apportion the absorption coefficient (babs) of carbonaceous atmospheric
aerosols starting from a multi-wavelength optical analysis is shown. This methodology can disentangle
and quantify the contribution to total absorption of equivalent black carbon (EBC) emitted by wood
burning (EBCWB) and fossil fuel (EBCFF) as well as brown carbon (BrC) due to incomplete combustion. The
method uses the information gathered at five different wavelengths in a renewed and upgraded version
of the approach usually referred to as Aethalometer model. Moreover, we present the results of an
apportionment study of carbonaceous aerosol sources performed in a rural area and in a coastal city, both
located in the North-West of Italy. Results obtained by the proposed approach are validated against
independent measurements of levoglucosan and radiocarbon. At the rural site the EBCWB and EBCFF

relative contributions are about 40% and 60% in winter and 15% and 85% in summer, respectively. At the
coastal urban site, EBCWB and EBCFF are about 15% and 85% during fall. The OC contribution to the wood
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burning source at the rural site results approximately 50% in winter and 10% in summer and about 15% at
the coastal urban site in fall. The newmethodology also provides a direct measurement of the absorption
Ångstr€om exponent of BrC (aBrC) which resulted aBrC ¼ 3.95 ± 0.20.
1. Introduction

Carbonaceous aerosols play an important role in environmental
issues like air quality, human health and global climate change.
Although the classification of carbonaceous aerosol components is
still under debate (P€oschl, 2003), total carbon (TC) is generally
divided in black carbon (BC), organic carbon (OC) and carbonate
carbon (CC).

Amongst atmospheric aerosols, BC is considered the most
efficient light-absorber in the visible spectrum (Bond et al., 2013;
and reference therein) with a weak dependence on wavelenght
(l) (Moosmüller et al., 2009). Another light-absorbing compo-
nent of carbonaceous aerosols is the so-called brown carbon
(BrC) (Andreae and Gelencs�er, 2006; P€oschl, 2003), the fraction of
organic carbon with increased absorbance in the blue and ul-
traviolet (UV) region of the solar spectrum (Moosmüller et al.,
2011). Carbonaceous light-absorbing particles are typically
emitted by incomplete combustion of fossil fuels related to
traffic, industrial processes and domestic heating as well as by
biomass burning.

It is worthy to note that beyond carbonaceous aerosols, also
other aerosol components show strong light-absorbing properties
like iron oxides in mineral dust particles (Linke et al., 2006).

The spectral dependence of the aerosol absorption coefficient
(babs) is generally described by the powerelaw relationship
babs(l) f l�AAE where the AAE is the Ångstr€om absorption expo-
nent (Moosmüller et al., 2011). In literature works AAE has been
shown to be sensitive to aerosol chemical composition but also to
particle size and morphology (e.g. Kirchstetter et al., 2004; Lewis
et al., 2008; Utry et al., 2014). In a large number of cases, it has
been exploited as a chemically selective parameter useful to iden-
tify the aerosol origin and apportion sources for different carbo-
naceous aerosols (Sandradewi et al., 2008; Ajtai et al., 2010; Favez
et al., 2010; Flowers et al., 2010; Filep et al., 2013; Utry et al.,
2013); nevertheless, Utry et al. (2014) claim that the assessment
of aerosol microphysical properties is needed to retrieve more ac-
curate results on the aerosol absorption properties. AAE values
around 1 have been reported for BC and up to 9.5 for BrC (Lack and
Langridge, 2013).

An advantage of the AAE determination in aerosol samples
by multi-l techniques is the possibility of performing on-line
source apportionment studies as done by many authors in
recent years to evaluate woodsmoke and traffic contributions
adopting the so-called Aethalometer model (Sandradewi et al.,
2008; Favez et al., 2010) thus avoiding time consuming labo-
ratory analyses.

At the state of the art themeasurement of light absorption is still
challenging (Andreae, 2001; Moosmüller et al., 2011), notwith-
standing filter-based on-line techniques (e.g. the Aethalometer; the
Particle Soot Absorption Photometer; the Multi Angle Absorption
Photometer, among others) are widespread but e with the excep-
tion of the Aethalometer e multi-l analysis is generally not
implemented. There are some important drawbacks to be
addressed in order to get reliable values from these filter-based
instruments as it is well known that they are affected by mea-
surement and sampling artifacts (e.g. effects due to multiple scat-
terings, to particle shadowing due to filter loading, absorption of
organics; Bond et al., 1999; Collaud Coen et al., 2010; Vecchi et al.,
2014; among others). Although not very widespread yet, phota-
coustic spectroscopy operated at multi-l (Lewis et al., 2008; Ajtai
et al., 2010; Flowers et al., 2010) is currently the only method
capable to overcome the abovementioned drawbacks in absorption
measurements.

At the University of Genoa a Multi-Wavelength Absorbance
Analyzer (MWAA) has been recently developed (Massab�o et al.,
2013) basing on the single-l Multi Angle Absorption Photometer
concept (MAAP, Petzold and Sch€olinner, 2004; Petzold et al., 2005).
Such instrumentation measures both transmitted and scattered
light in the forward and back hemispheres thus reducing the cross-
sensitivity to aerosol scattering components and filter loading ef-
fects (Müller et al., 2011). This approach does not need a posteriori
data corrections necessary when attenuation measurements only
are performed (e.g. Collaud Coen et al., 2010): such corrections are
typically composition dependent and prevent real-time accurate
source apportionment.

In this work, we present a new apportionment methodology
together with an original data reduction approach developed using
an up-graded version of the MWAA serving reliable babs data at
different wavelengths. From the direct apportionment of BC and
BrC spectral absorption properties, the contributions of fossil fuels
(FF) and wood burning (WB) to the carbonaceous aerosols con-
centration can be disentangled.
2. The Multi-Wavelength Absorbance Analyzer (MWAA)

2.1. Set-up

A detailed description of the original MWAA set-up is given in
Massab�o et al. (2013) and in the following only major changes and
upgrades will be reported.

The MWAA is basically composed by light emitting sources, an
automatized sample-changer, and 4 low-noise UV-enhanced pho-
todiodes. In the original configuration three low-power laser diodes
(l ¼ 407, 635, 850 nm) were displaced on a slide and manually
aligned thanks to mechanical benchmarks. In the new configura-
tion, two laser diodes with l ¼ 375 nm and 532 nm (World Star
Tech) have been added. A motorized stage has been added to
interchange the laser sources thus improving the system stability
and reproducibility and facilitating the analysis of many samples.

The 5-l babs measurements are exploited in the model proposed
in this paper to retrieve more accurate results (see x3). In particular,
measurement at UV wavelength is useful because the absorption
properties of atmospheric aerosols at this l are generally poorly
known and brown carbon is expected to strongly absorb in this



Fig. 1. Mean BCFF, BCWB and BrC light absorption coefficients as a function of wave-
length at Propata during winter 2014.
range (Andreae and Gelencs�er, 2006; Kirchstetter and Thatcher,
2012).

In the final configuration, the MWAA can perform 5-wavelength
analysis of 16 filters/samples per session in less than 90 min
measuring each filter in 64 different points, each ~1 mm2 wide.
2.2. Calculation of the aerosol absorption coefficient

To derive the babs at each measured l, the MWAA partially
follows the approach reported by Petzold and Sch€olinner (2004)
and implemented in the MAAP. From the measurement of the
light transmitted and scattered at fixed angles, the light angular
distributions in the forward and in the back hemispheres are
retrieved using analytical functions. Once the light distribution is
obtained in both hemispheres (for details on the MWAA see
Massab�o et al., 2013), a radiative transfer model taking into ac-
count the multiple scattering effects occurring within the
particle-filter system is applied (H€anel, 1987, 1994). The model
gives the two parameters needed to calculate the sample absor-
bance (ABS e the fraction of light absorbed by the loaded filter),
i.e. the total optical thickness (t) and the aerosol-filter layer single
scattering albedo (SSA). These parameters are linked to ABS
through the relationship ABS ¼ t (1 � SSA). Finally, babs is given by
babs ¼ ABS,A=V , where A is the active surface filter area and V is
the volume of sampled air.
3. Field campaigns and laboratory analyses

3.1. Samples collection

PM10 aerosol samples were collected at two different locations
in Liguria (Italy): a regional background and an urban background
site. The regional background monitoring site was placed is a
small village (Propata, 44�33052.9300N, 9�11005.5700E, 970 m a.s.l.,
population 160 inhabitants) in the Ligurian Appennines where
wood burning is expected to be a major aerosol source especially
during wintertime as it is used for both domestic heating and
cooking. Due to its peculiar position, Propata can be occasionally
impacted by pollution advection from the Po valley as well as from
the coastal area at South. The urban background monitoring site
was 2 km far from the Genoa city centre (44�24008.9300N,
8�58018.1700E, 60 m a.s.l., population 600,000 inhabitants). The
sampling site was located on the terrace of the Physics Depart-
ment and it can be considered as representative of a maritime
urban background station because not directly influenced by local
pollution sources.

In Propata the sampling covered different periods: Februar-
yeJuly 2013 and November 2013eJanuary 2014. 48-hour PM10
samples (120 in total) were collected on quartz-fibre filters (Pall,
2500QAO-UP, 47 mm diameter) using a low-volume sampler
(38.3 l min�1 by TCR Tecora, Italy). Additional PM10 samples were
collected for radiocarbon analysis on quartz-fibre filters (Pall,
QAT-UP, 150 mm diameter) using a high-volume sampler
(500 l min�1). This sampling was carried out in MarcheApril 2013.
Each sampling lasted about 6 days and 4 samples were collected
overall.

In Genoa 24-h PM10 was sampled for two weeks (October
31eNovember 13 2013) by a low-volume sampler (38.3 l min�1 by
TCR Tecora, Italy). Aerosol particles were collected on quartz-fibre
filters (Pall, 2500QAO-UP, 47 mm diameter).

The quartz-fibre filters were never heat-treated before sam-
pling; any possible contamination was assessed in each batch
before sampling (the maximum OC contamination was
1.7 ± 0.3 mg cm�2). Field blank filters were used to monitor any
possible further contaminations. Moreover, in this work we
decided to neglect the possible effect of sampling artefacts due
to organics on light absorption measurements when using
quartz-fibre filters as shown by Vecchi et al. (2014) because it
has been considered here not to alter the approach described in
x3.
3.2. Laboratory analyses

Filters were weighed before and after the sampling in an air-
conditioned room. After weighing, low-volume samples were
analyzed byMWAA to retrieve babs at five different wavelengths. EC
and OCwere determined on one punch (1.5 cm2) of the quartz-fibre
filter by a Thermal Optical Transmittance (TOT) instrument (Sunset
Lab Inc.) using the EUSAAR_2 protocol (Cavalli et al., 2010). In
addition, levoglucosan e a well known marker for wood burning
(Simoneit et al., 1999) e was determined by High Performance
Anion Exchange Chromatography coupled with Pulsed Ampero-
metric Detection on a portion of the same quartz-fibre filter
(Piazzalunga et al., 2010).

TC radiocarbon analyses on high-volume samples were per-
formed at the Accelerator Mass Spectrometry (AMS) facility of the
INFN-LABEC laboratory of Florence (Italy) (see Fedi et al., 2013 for
details). Sample preparation for AMS analysis was carried out using
a sample preparation line suitably set up for aerosol samples
(Calzolai et al., 2011), following the TC sample preparation proce-
dure described in Bernardoni et al. (2013).

The measured 14C/12C was corrected for the background signal
and then for isotopic fractionation according to 13C/12C measured in
the accelerator. Datawere normalized to the isotopic ratio obtained
for the oxalic acid II standard NIST 4990C and the results were
expressed as fraction of modern carbon (fm) in the sample. It is
noteworthy that nuclear weapon tests in the 50's and 60's led to the
increase of 14Ce12C ratio in biologic material. Thus, fm must be
corrected for reference values of the 14C content for the sampling
period (fm,mod) to correctly apportion modern sources. In this work,
fm,mod was set to 1.08, assuming equivalent contributions by wood
combustion and biogenic sources and using 1.116 and 1.036 as
representative fm values for the wood burnt and the biogenic ma-
terial, respectively (Zotter et al., 2014). The relative contribution
frommodern (non-fossil) sources was estimated as fNF ¼ fm=fm;mod.



Fig. 2. Optical apportionment obtained at the rural site during wintertime 2014: (a) l ¼ 850 nm (IR) and (b) l ¼ 375 nm (UV).
4. Multi-wavelength analysis

4.1. Optical apportionment

In this work, a new source apportionment model (MWAA
approach) based on the measurement of babs at five wavelengths
was developed. The MWAA approach exploits the information
provided by the 5-l measurements to obtain directly the BrC AAE
(aBrC) and the BrC absorption coefficient (babsBrC) at each measured l.
These are innovative features compared to the Aethalometer model
(Sandradewi et al., 2008; Favez et al., 2010) which uses measure-
ments at two l only (even with the 7-l instrument) and provides
the total contribution to babs due to fossil fuels (babs,FF) and wood
burning (babs,WB) without information on the species (i.e. BC or BrC)
responsible for such contributions.
The minimization algorithm used in theMWAA approach joined

to TOT measurements allows also to apportion the contributions of
FF and WB to the EC (ECFF and ECWB, respectively) and, although
with some further assumptions, to the OC (OCFF and OCWB,
respectively).

The MWAA approach starts from two different decompositions
of babs(l).

In the first case, babs(l) is assumed to be the sum of the ab-
sorption coefficients of BC (babsBC (l), regardless of its FF or WB
origin), and BrC (babsBrC(l)), as follows

babsðlÞ ¼ babs
BCðlÞ þ babs

BrCðlÞ (1)



Fig. 3. EC apportionment at the rural site (a) and the urban background site (b).
Furthermore, babsBC (l) and babsBrC(l) are assumed to be l-dependent
following the general relationship babs(l)fl�a, where a is different
for BC and BrC (aBC and aBrC, respectively). Thus, Eq. (1) can be
written as:

babs
BCðl1Þ

babs
BC
�
lref

� ¼ l1

lref

!�aBC
babs

BrCðl1Þ
babs

BrC
�
lref

� ¼ l1

lref

!�aBrC

(2)

where lref can be arbitrarily chosen.
In the second case, the decomposition approach is the same as

in the Aethalometer model:

babsðlÞ ¼ babs;FFðlÞ þ babs;WBðlÞ (3)

where babs,FF and babs,WB are the contributions from FF and WB to
the total babs. This decomposition assumes that FF and WB are the
only sources of light absorbing species at the sampling site. In this
case, it is assumed a l-dependence of babs related to the source of
the absorbing aerosol as follows:

babs;FFðlÞ
babs;FF

�
lref

� ¼ l

lref

!�aFF babs;WBðlÞ
babs;WB

�
lref

� ¼ l

lref

!�aWB

(4)

where aFF and aWB are the AAE representative for FF and WB
aerosol and lref can be arbitrarily chosen.

Moreover, the MWAA approach is based on the following
assumptions:

a) Wood burning is the only source of BrC;
b) BCFF and BCWB have the same AAE (aBC), disregarding the

emission source;
c) BC and BrC have different spectral dependences, i.e. different

AAE (aBC and aBrC, respectively);



Fig. 4. Rural site dataset: (a) OC versus babs, FFBC(850 nm) only for samples with aexp z 1; (b) OC e OCFF vs. babsBrC(407 nm) open squares refer to wintertime 2013 and full triangles to
wintertime 2014; (c) OC e OCFF vs. babsBrC(407 nm) for samples collected in the warm period.



Fig. 5. OC apportionment for the rural site (a) and the urban background site (b).
d) Fossil fuels are assumed not to contribute to BrC, thus AAE for
FF aerosol is assumed to be the one for BC (aFF ¼ aBC). aFF
value was set as explained in the following;
babsðlÞ ¼
h
ðBCFF þ BCWBÞ$MACBC

lref1

i l

lref1

!�aBC

þ
h
BrC$MACBrC

lref2

i 
l

¼
2
4ðBCFF þ BCWBÞ$

MACBC
lref1

l
�aBC
ref1

3
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

l�aBC þ
2
4BrC$MACBrC

lref2

l
�aBrC
ref2

3
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
B

l�aBrC

¼
h
ðBCFF þ BCWBÞ$sBC0

i
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

A

l�aBC þ
h
BrC$sBrC0

i
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

B

l�aBrC
e) aWB was set to a fixed value as explained in the following.

Equations (1) and (2) can be joined and rewritten as:
l

ref2

!�aBrC

(5)



Table 1
Average EC and OC apportionment at the two sites. Values are given as percentages
of total measured EC and OC.

Site <ECFF> <ECWB> <OCFF> <OCWB> <OCNC>

Propata, winter 2013 68 ± 15 32 ± 11 63 ± 7 35 ± 10 7 ± 12
Propata, summer 2013 87 ± 19 13 ± 8 53 ± 4 11 ± 6 36 ± 12
Propata, winter 2014 47 ± 9 53 ± 9 38 ± 5 61 ± 5 4 ± 11
Genoa, fall 2013 84 ± 11 16 ± 7 67 ± 5 15 ± 5 19 ± 9
Where:

� MACBClref1 and MACBrClref2 are the mass specific absorption co-
efficients (in [m2 g�1]) at arbitrarily chosen reference wave-
lengths (lref1 and lref2) for BC and BrC, respectively; it is
noteworthy that sBC0 ¼ MACBC

lref1=l
�aBC
ref1 and

sBrC0 ¼ MACBrC
lref2=l

�aBrC
ref2 only depend on BC and BrC properties,

respectively.
� BCFF and BCWB are the concentrations of BC emitted by FF and
WB, respectively;

� BrC is the concentration of brown carbon. The indication of the
BrC source is omitted as we assume it comes only from WB.
Fig. 6. Rural site high volume samples: (a) fNF vs. levoglucosan/TC; (b) fNF
With the same formalism introduced for Eq. (5), Eqs. (3) and (4)
are joined and rewritten as:

babsðlÞ ¼
h
BCFF$s

BC
0

i
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

A0

l�aFF þ
h
BCWB$s

BC
0 þ BrC$sBrC0

i
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B0

l�aWB (6)

Many works (Bond and Bergstrom, 2006; Moosmüller et al.,
2011; and references therein) show that aerosol produced by fos-
sil fuel combustion has a typical value of aFF z 1.0, considering
laboratory as well as field experiments, thus meaning an inverse
proportionality between babs and l. This further supports our
assumption that aFF ¼ aBC, that means that OCFF is expected not to
contribute to babs,FF (i.e. no BrC is emitted by FF combustion).
Indeed, in samples where negligible WB contribution is expected
because of low levoglucosan concentration, a l�aexp function with
0.9 < aexp < 1.1 suitably fits the 5-l determined babs. Considering
aBC, it is widely accepted that the absorption cross-section for
“pure” BC in the atmosphere varies as l�1, i.e. the imaginary part of
the refractive index does not depend on l (Bond and Bergstrom,
2006; Lack and Langridge, 2013; and references therein). Taking
vs. TC e TCFF obtained by the optical approach (TCFF ¼ ECFF þ OCFF).



Fig. 7. (a) OCWB vs. levoglucosan and (b) ECWB vs. levoglucosan. In the case of OCWB two different OCWB to levoglucosan ratios were found for Propata (open squares) and Genoa (full
triangles).
into account the previous considerations, in this study we fixed
aFF ¼ 1.0 (see further discussion at x4).

In the case of woodsmoke, aWB values are generally in the range
of 0.9e2.2 (Harrison et al., 2013; and therein cited literature)
depending on several factors as airmass aging and the type of wood
burnt as well as the specific wavelength range where the aWB
values are calculated. In this work, we fixed aWB ¼ 1.8 which gave a
fairly good agreement with independent 14C measurements (see
discussion at x4). Once aBC, aFF, and aWB have been set, the system is
numerically solved by fitting the two Eqs. (5) and (6) separately and
using a MINUIT c2 minimization routine (James, 1978) home-
written as a Cþþ program (ROOT package; Brun and Rademakers,
1997). The minimization program fits the 5-l babs measurements
performed by MWAA following Eqs. (5) and (6) to obtain A, B, A0 , B0

and aBrC for each sample. It is noteworthy the multi-l measure-
ments allow to run the proposed model and provide an accurate
fitting. The mean aBrC values extracted for the Propata and Genoa
datasets are 3.89 ± 0.18 and 4.02 ± 0.19, respectively (quoted un-
certainties are the standard deviation of the two distributions).
Values of aBrC up to 9.5 have been reported for wavelength pairs
400 and 700 nm (Lack and Langridge, 2013; and references
therein). The values obtained in this work are in good agreement
with the findings of Yang et al. (2009) who reported aBrC ¼ 3.5 (for
wavelength pairs 470 and 660 nm).

Considering Eqs. (5) and (6), the following relations can be
derived:8><
>:

A� A0 ¼ BCWBs
BC
0

A0 ¼ BCFFs
BC
0

B ¼ BrC sBC0

and the corresponding l dependences lead to:

8><
>:

babs;WB
BCðlÞ ¼ BCWBs

BC
0 l�aBC ¼ ðA� A0Þl�aBC

babs;FF
BCðlÞ ¼ BCFFs

BC
0 l�aBC ¼ A0l�aBC

babs
BrCðlÞ ¼ BrC sBrC0 l�aBrC ¼ Bl�aBrC

(7)

thus the source-dependent (FF or WB) light absorption contribu-
tions to BC and BrC (babs, FF

BC(l), babs, WB
BC (l), and babsBrC(l)) can be



obtained from the results of the minimization algorithm. Please
note that BrC is assumed to be emitted only byWB, thus the source
indication is omitted in babsBrC.

In Fig. 1, the mean babs(l) source apportionment at the rural site
of Propata is shown. Moreover, the optical apportionment for the
Propata winter campaign is shown as an example in Fig. 2 at
l¼ 850 nm and l¼ 375 nm. As expected, the Figures show that babsBrC

is very low at the infrared (IR) wavelength whereas it explains up to
50% of the total light absorption in the case of UV. Although
babsBrC(850 nm) is generally low, it varies greatly from one day to
another reaching values up to 11% of the total babs(850 nm).
4.2. Mass apportionment: equivalent black carbon (EBC)
The MWAA approach described so far quantifies the three main

contributors to total babs (babs, FFBC, babs, WB
BC , and babs,BrC ) at five different

l, so that:

babsðlÞ ¼ babs;FF
BCðlÞ þ babs;WB

BCðlÞ þ babs
BrCðlÞ (8)

Moreover, following the approach in Eq. (5) a wavelength-
dependent mass-absorption cross-section for BC can be intro-
duced asMACBCðlÞ ¼ sBC

0 l�aBC ¼ sBC
0 l�1. This allows the evaluation

of the equivalent black carbon in atmosphere (EBC) as the sum of
EBC from FF and WB (EBCFF and EBCWB, respectively):

EBC ¼ EBCFF þ EBCWB ¼ babs;FF
BCðlÞ þ babs;WB

BCðlÞ
MACBCðlÞ (9)

With the further assumption of equivalence between the EBC in
atmosphere and the EC determined by thermal-optical analysis
(EBCFF ¼ ECFF and EBCWB ¼ ECWB), the following relationships hold
at every l:

ECFF ¼EC�ECWB¼EC
�
1�ECWB

EC

�
¼EC 1�babs;WB

BC

babs
BC

!

¼EC 1� babs;WB
BC

babs�babs
BrC

!
¼EC

babs�babs
BrC�babs;WB

BC

babs�babs
BrC

!

(10)

Focusing on the IR range where BrC contribution to total babs is
minimized (thus reducing uncertainties on the denominator eval-
uation) we obtain:

ECFF ¼ EC
babs;FF

BCð850 nmÞ
babsð850 nmÞ � babs

BrCð850 nmÞ
(11)

ECWB ¼ EC
babs;WB

BCð850 nmÞ
babsð850 nmÞ � babs

BrCð850 nmÞ
(12)

Fig. 3 shows the EC apportionment deduced by Eqs. (11) and (12)
at Propata and Genoa. ECWB is higher in winter while it becomes
small or almost zero during summertime. The resulting
MACBC(850 nm) is (6.57 ± 0.13) m2 g�1 (R2 ¼ 0.87) and (6.40 ± 0.10)
m2 g�1 (R2 ¼ 0.98) for Propata and Genoa, respectively. As the two
values are comparable within the experimental uncertainties, the
mean value is calculated < MACBC(850 nm) � 6.5 ± 0.10 m2 g�1.
However, it is worthy to note that generally the MACBC is an
apparent, site-specific value including ambient factors as reported
in several works (Bond and Bergstrom, 2006).
4.3. Mass apportionment: organic carbon
The OC source apportionment is less straightforward as not
light-absorbing carbon as well as non-combustion components
(OCNC) such as spores, pollen, etc. can contribute to OC. The OC
values determined by the TOT analysis can be thus expressed as:

OC ¼ OCFF þ OCWB þ OCNC (13)

In the following, all the biogenic compounds are considered as
not optically active and they are summed up in the OCNC term.
Moreover, BrC is assumed to be produced only by the WB source;
this is actually confirmed by the inter-comparison discussed in x4
(see also Zheng et al., 2013).

To perform the OC apportionment, it is assumed a linear rela-
tionship between BCFF and OCFF as well as between BrC and OCWB
(i.e. BCFF and BrC are used as tracers for FF and WB sources,
respectively). Moreover, the linear relationship between BCFF and
BrC and their absorption coefficients allows re-writing Eq. (13) as:

OC ¼ k1$babs;FF
BCð850nmÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
OCFF

þ k2$babs
BrCð407nmÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
OCWB

þOCNC (14)

where:

� OC is the organic carbon concentration in [mg m�3] measured by
TOT analysis;

� babs, FFBC(850 nm) in [Mm�1] is the contribution to the BCFF ab-
sorption @ l ¼ 850 nm;

� babsBrC(407 nm) in [Mm�1] is the contribution to the BrC absorp-
tion @ l ¼ 407 nm;

� k1 is a constant coefficient in [g m�2] related to the
MACBC(850 nm) and to OCFF/BCFF;

� k2 is a constant coefficient in [g m�2] related to the BrC MAC @
l ¼ 407 nm and to OCWB/BrC;

� OCNC is expressed in [mg m�3].

The absorption coefficient determined at l ¼ 850 nm and
407 nm where chosen as starting points for OCFF and OCWB deter-
mination. The choice of l ¼ 407 nm as reference for the evaluation
of BrC contribution is related to the unavailability of the laser diode
with l ¼ 375 nm during the first winter campaign.

With our approach, both k1 and k2 are directly determined by
the experimental optical data. In samples where the aexp is close to
1.0 (i.e. the measured babs(l) approximately follows l�1) babsBrC is
negligible, thus Eq. (14) reduces to:

OCzk1$babs;FF
BCð850nmÞ þ OCNC when aexpz1 (15)

The k1 parameter is then determined by a regression study of OC
vs. babs, FFBC restricted to the samples with aexp z 1.

Such analysis on the rural site dataset is shown in Fig. 4a and
gives k1 ¼ 0.52 ± 0.06 (R2 ¼ 0.79). Once determined k1 e and thus
the OCFF contribution for each sample e k2 can be calculated by
performing another linear regression involving the remaining part
of the dataset:

OC� OCFF ¼ k2$babs
BrCð407 nmÞ þ OCNC (16)

Whereas k1 remains nearly constant during thewhole campaign
(data in Fig. 4a span all over the year), the value of k2 is season-
dependent: in the cold period of 2013 (approximately Februar-
yeMarch 2013), the regression study (Fig. 4b, open squares) gives
k2 ¼ 0.36 ± 0.03 (R2 ¼ 0.91) while in the warm period (approxi-
mately between May and July 2013, Fig. 4c) k2 is 1.53 ± 0.23
(R2 ¼ 0.88). In the last part of the campaign (between November
2013 and February 2014) k2 is again very close to the value found in
the cold period of 2013 (Fig. 4b, full triangles) with a value of



0.43 ± 0.02 (R2 ¼ 0.97). In this analysis, transition days between
cold and warm periods are not taken into account. Once deter-
mined k1 and k2, OCFF and OCWB are calculated for each sample and
OCNC is obtained by Eq. (13). In Propata, OCWB concentration values
are typically high during wintertime and especially during late fall
2013 (Fig. 5a). The OCFF fraction is similar all over the year with a
percentage increase in early springtime. OCNC concentration values
are mostly negligible during the cold periods while they increase to
a mean <OCNC> ¼ (0.44 ± 0.10) mg m�3 during late spring and
summer. In Genoa, the OCFF fraction is dominant during the whole
campaign accounting for about 70% of total OC (Fig. 5b). In Table 1 a
summary of the apportionment results for the two sites is reported.

5. Comparison with independent techniques

The reliability of the optical mass apportionment was checked
by independent levoglucosan and 14C measurements. The com-
parison between parallel determinations (please note that radio-
carbon measurements have been performed on 4 samples only, see
x2) is shown in Fig. 6a.

A very good agreement between fNF by radiocarbon measure-
ments and levoglucosan/TC is found (slope ¼ 4.38, R2 ¼ 0.99). The
intercept value (55%) can be probably attributed to local back-
ground secondary organic aerosol, as the possible biogenic contri-
bution seems to be negligible according to the optical
apportionment (Fig. 5a).

The best agreement between the results obtained by our optical
approach and radiocarbon measurements is found for aWB ¼ 1.8
(Fig. 6b); this value is similar to aWB ¼ 1.86 found by Sandradewi
et al. (2008).

Literature works (Favez et al., 2010; Sandradewi et al., 2008;
Harrison et al., 2013) showed the sensitivity of the Aethalometer
model results to the a priori setting of aFF and aWB. In this work, few
trials changing the values assumed for aBC, aFF, and aWB were car-
ried out; among them, the one most affecting the regression pa-
rameters in Fig. 6b is aWB. Indeed, varying this parameter by ±0.1 a
change in the slope of about ±10% and in the intercept by ±8% is
observed.

Furthermore, for the low volume samples the reliability of the
optical mass apportionment was verified versus the independent
determination of the levoglucosan concentration. In Fig. 7a the
following results are reported: OCWB ¼ (5.31 ± 0.15)$levoglucosan
(R2 ¼ 0.90) at the rural background site in Propata and
OCWB ¼ (7.10 ± 0.41)$levoglucosan (R2 ¼ 0.89) at the urban back-
ground site in Genoa. Especially in Propata, the determined OCWB to
levoglucosan concentration ratio is in very good agreement with
results by Piazzalunga et al. (2011), Bernardoni et al. (2011), and
Favez et al. (2010) who used OMWB/levoglucosan ~ 10.8 and OMWB/
OCWB ¼ 1.8. A good correlation with levoglucosan was found for
ECWB too; the regression study (Fig. 7b) gave ECWB ¼ (1.10 ± 0.05)$
levoglucosan (R2 ¼ 0.85) with no significant differences between
the two datasets. On the contrary, the levoglucosan concentration
values do not show any correlation with the ECFF and OCFF values.

We can therefore conclude that, at the present level of knowl-
edge, aWB¼ 1.8 ± 0.1 is a reliable figure for future uses of the optical
apportionment methodology.

6. Conclusions

The MWAA can measure offline the aerosol absorption coeffi-
cient at 5 wavelengths ranging from IR to UV. In this way, a new
apportionment methodology based on the so-called Aethalometer
model but fully exploiting the multi-wavelength approach, can be
applied to monitor the variability of WB and FF contributions to
aerosol optical absorption and mass concentration.
The model results depend on the choice of aBC, aFF, and aWB
values in Eqs. (4) and (5): in the present study, they have been fixed
according to the recent literature and validated against indepen-
dent techniques (aBC ¼ aFF ¼ 1.0; aWB ¼ 1.8). Although these values
in principle can be site-dependent and modified in future works,
the data reduction approach here proposed remains valid. The
optical apportionment is based on the assumption that the
absorbing species in aerosols are related to FF and WB only. In case
of significant dust intrusions, this might be not true and could lead
to inaccurate source apportionment. The possible optical activity of
biogenic compounds is also neglected in this work but this issue
merits a further investigation. Despite of the mentioned limita-
tions, in this paper we introduce a new methodology which pro-
duces sounding results both at a rural site and in a large coastal city
in Italy.
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