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• A new method for carbonaceous aerosol
apportionment into six components

• Focus on the primary or secondary origin
and light absorption properties

• Long-term (2 years) measurement cam-
paign in two locations in the Los Angeles
Basin

• High-time-resolution apportionment
allows studying diurnal profiles.

• Comparable results on both sites with
similar seasonal patterns
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In recent years, carbonaceous aerosols (CA) have been recognized as a significant contributor to the concentration of
particles smaller than 2.5 μm (i.e., PM2.5), with a negative impact on public health and Earth's radiative balance. In this
study, we present a method for CA apportionment based on high-time-resolution measurements of total carbon (TC),
black carbon (BC), and spectral dependence of absorption coefficient using a recently developedCarbonaceousAerosol
Speciation System (CASS). Two-year-long CA measurements at two different locations within California's Los Angeles
Basin are presented. CA was apportioned based on its optical absorption properties, organic or elemental carbon com-
position, and primary or secondary origin. We found that the secondary organic aerosols (SOA), on average, represent
>50% of CA in the study area, presumably resulting from the oxidation of anthropogenic and biogenic volatile organic
components. Remarkable peaks of SOA in summer afternoons were observed, with a fractional contribution of up to
90 %. On the other hand, the peak of primary emitted CA, consisting of BC and primary organic aerosol (POA), con-
tributed >80 % to the CA during morning rush hours on winter working days. The light absorption of BC dominated
over the brown carbon (BrC), which contributed to 20 % and 10 % of optical absorption at the lower wavelength of
370 nm during winter nights and summer afternoons, respectively. The highest contribution of BrC, up to 50 %,
was observed during the wildfire periods. Although the uncertainty levels can be high for some CA components
(such as split between primary emitted and secondary formed BrC during winter nights), further research focused
on the optical properties of CA at different locations may help to better constrain the parameters used in CA
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apportionment studies. We believe that the CASS system combined with the apportionment method presented in this
study can offer simplified and cost-effective insights into the composition of carbonaceous aerosols.
1. Introduction

Carbonaceous aerosols (CA) are characterized by extreme diversity and
comprise a large fraction of ambient fine particulate matter (PM2.5), which
acts as an atmospheric pollutant with critical local, regional, and global im-
portance. The composition of CA provides a characteristic “fingerprint”
that indicates the sources of airborne particulate matter. Role of CA in
different atmospheric processes such as radiative forcing (Bond et al.,
2013; IPPC, 2013), heterogeneous reactions, cloud formation, and regional
visibility degradation, along with their potential adverse impact on human
health (Daellenbach et al., 2020; Tomašek et al., 2021;WHO, 2021), has re-
sulted in increasing attention in the scientific community. Recent epidemi-
ological and toxicological studies have indicated that primary emitted and
secondarily formed aerosols from anthropogenic precursors may be rela-
tively more hazardous than other PM2.5 components (Chowdhury et al.,
2022). Furthermore, the radiative effect of CA is the most uncertain
among all climate forcers (Ferrero et al., 2021b; Hems et al., 2021; June
et al., 2020; Liu et al., 2020; Saleh, 2020; Sun et al., 2021). Owing to the
complex chemical and physical properties of CA, the underlying processes
controlling the overall impact of CA on climate and human health are still
unclear. A lack of long-term, highly time-resolved data on CA components
represents an additional limiting factor when studying the impact of spe-
cific constituents and their synergistic effects. Thus, adequate online and
high-time-resolution apportionment methods for CA are needed to identify
their main sources and formation mechanisms and to identify the compo-
nents with the highest impact on public health and climate forcing.

The use of different measurement techniques (optical and thermo-
optical) to determine CA and its components can provide a comprehensive
set of information (Massabò and Prati, 2021). Standardized thermo-
optical measurements, developed by Huntzicker et al. (1982) and
updated with several changes in thermal protocols (such as IMPROVE
(Chen et al., 2015; Chow et al., 1993), NIOSH (Birch and Cary, 1996),
and EUSAAR2 (Cavalli et al., 2010)), are generally used to quantify the
aerosol carbon content in the elemental (EC–elemental carbon) and organic
forms (OC–organic carbon). Standardized laboratory OC-EC analyses are
time- and manpower-consuming and are limited to high-time-resolution
short-term campaigns or longer campaigns with lower time resolutions
from 24 h up to a week. Further, these measurements are prone to
artifacts owing to the charring of organic compounds, which introduces
different uncertainty levels depending on the PM composition
(Massabò et al., 2016; Zhang et al., 2021). High-time-resolution determina-
tion of non-refractory submicron aerosols, focusing on the source appor-
tionment of organic aerosols, is typically performed using an Aerosol
Chemical Speciation Monitor (ACSM) coupled with positive matrix factori-
zation (PMF) analysis (Fröhlich et al., 2015; Hopke et al., 2020). This
analysis requires skilled professionals, limiting its wider applicability for
long–term measurements through national air quality monitoring net-
works. Recently, the simplified TC-BC(λ) method (Rigler et al., 2020) was
introduced for real-time, high-time-resolution determination of total car-
bon (TC) and black carbon (BC). The Carbonaceous Aerosol Speciation
System (CASS, Aerosol d.o.o., Slovenia, EU) was used for this method,
where the thermal approach of the Total Carbon Analyzer TCA08
(Rigler et al., 2020) for TC determination was coupled with the optical
method of the Aethelometer AE33 (Drinovec et al., 2015) for multiwave-
length absorption measurements for the determination of black carbon
(BC) and brown carbon (BrC). The advantages of using CASS compared to
online and offline OC/EC analyzers include a high time resolution, no sam-
pling dead time, and online filter-loading effect compensation for BC mea-
surements. As the thermal measurements are performed without a fragile
quartz cross oven, high-purity gases, and a catalyst, they are suitable for
field campaigns (Rigler et al., 2020).
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Thiswork presents thefirst long-term field campaign using CASS for the
highly time-resolved apportionment of CAby incorporating various already
established techniques for the apportionment of sources and species. The
characterization of CA and its sources and formation mechanisms in the
Los Angeles (LA) Basin have been widely studied (Bahreini et al., 2012;
Docherty et al., 2008; Hayes et al., 2013; Polidori et al., 2007; Saffari
et al., 2016; Soleimanian et al., 2020; Turpin and Huntzicker, 1995;
Zhang et al., 2013). However, most of these studies were based on short-
term measurement campaigns lasting up to only a few months. In contrast,
in this study, a two-year-long CA measurement campaign with a newly
developed set of instrumentation was presented at two contrasting sites in
the LA Basin. High-time-resolutionmeasurements of TC, BC, and the imple-
mentation of a novel approach presented in this paper allowed us to study
the diurnal, seasonal, and day-of-week trends of primary, secondary, light-
absorbing, and non-absorbing CA components. The results are presented
along with complementary air quality measurements (such as gaseous
pollutants, ultrafine particles, and PM2.5) to further corroborate the
observed trends.

1.1. Carbonaceous components and terminology

Specific attention needs to be paid to the use of appropriate terminology
while comparing various CA component measurement techniques based on
their chemical and physical properties (Table 1). The terminology used in
this study is summarized in this section. Carbonaceous aerosol (CA) or car-
bonaceous matter (CM) includes an organic fraction, organic aerosol (OA),
or organic matter (OM), and a refractory, chemically inert, and strongly
light-absorbing fraction referred to as elemental carbon (EC, thermal-
optical measurement) or black carbon (BC, optical measurement). The
masses of carbon atoms in CA and OA are called total carbon (TC) and or-
ganic carbon (OC), respectively. An additional fraction of CA is composed
of carbonate minerals that contribute to the carbonate carbon (CC). It
should be noted that the CC fraction is negligible for PM2.5 total
carbon measurements, especially in the areas unaffected by mineral dust
(Chow and Watson, 2002; Drinovec et al., 2020).

BC and EC are often used interchangeably; nevertheless, in this study,
BC was used exclusively to describe the refractory strong-absorbing
fraction of CA. BC has a well-defined chemical structure and is exclusively
emitted from incomplete combustion; thus, it has only a primary origin
(Bond et al., 2013). In this study, EC was used only for the EC-to-BC inter-
comparison of the thermal-optical and optical methods. The reader is
referred to Petzold et al. (2013) and Rigler et al. (2020) for detailed infor-
mation on BC and EC terminology and relationship.

In contrast to the refractory fraction of CA, chemical composition of OA
is highly diverse and composed of many complex molecular structures. OA
is directly emitted as primary organic aerosols (POA) in particulate form by
combustion and from biogenic sources, or it can have a secondary origin,
namely secondary organic aerosols (SOA), formed due to oxidation of vol-
atile organic compounds (VOCs) in the atmosphere. VOCs can be emitted
from biogenic sources, such as isoprene, monoterpenes, and sesquiterpenes
(Fry et al., 2018), combustion-related anthropogenic sources (benzene
and toluene as traffic-related, and catechol as biomass burning-related
VOC); or volatile chemical products (VCPs) (Seltzer et al., 2021). Although
several pathways of SOA formation have been discussed in the published
literature, twomajor pathways are commonly accepted: the photooxidation
of VOC, which prevails during daylight hours and peaks around noon
(Saffari et al., 2016;Wu et al., 2019; Zhang et al., 2018), with hydroxyl rad-
icals (OH·) and ozone (O3) as themain oxidant species (He et al., 2021). The
second pathway of SOA formation, especially evident during winter nights,
is driven by aqueous-phase reactions when NO3· radicals act as the domi-
nant oxidants (He et al., 2021; Jiang et al., 2019; Mayorga et al., 2021;



Table 1
The terminology describing components of carbonaceous aerosol determined by
various measurement techniques based on its chemical and physical properties.

AAEbb Absorption Ångström exponents for biomass burning BC component
AAEBC Absorption Ångström exponents of pure BC
AAEBrC Absorption Ångström exponents of brc
AAEff Absorption Ångström exponents for fossil fuel BC component
babs(λ) Wavelength-dependent optical absorption coefficient (m−1)
babsBC (λ) Wavelength-dependent optical absorption coefficient on BC (m−1)
babsBrC(λ) Wavelength-dependent optical absorption coefficient on brc (m−1)
babsBrC, prim(λ) Wavelength-dependent optical absorption coefficient on primary brc (m−1)
babsBrC, sec(λ) Wavelength-dependent optical absorption coefficient on secondary brc (m−1)
BC Black carbon (μg/m3)
BCbb Biomass burning BC component (μg/m3)
BCff Fossil fuel BC component (μg/m3)
BrC Brown carbon or light-absorbing OA (μg/m3)
CA Carbonaceous aerosol; also carbonaceous matter, CM (μg/m3)
CC Carbonate carbon (μg/m3)
EC Elemental carbon (μg/m3)
LA Los angeles
LAA Light-absorbing aerosols, the sum of BC, brc and CC (μg/m3)
MACBC Mass absorption cross section for BC (m2/g)
MACBrC,prim Mass absorption cross section for poabrc (m2/g)
MACBrC,sec Mass absorption cross section for soabrc (m2/g)
OA Organic aerosol; also organic matter, OM (μg/m3)
OA/OC Organic aerosol to organic carbon ratio, equal to OM/OC
OAnon-abs Non-light-absorbing OA (μg/m3)
OC Organic carbon, the carbon content in OA (μg/m3)
(OC/EC)prim Primary OC-to-EC ratio used for separation between POC and SOC
OM/OC Organic matter to organic carbon ratio, equal to OA/OC
PBL Planetary boundary layer
PM2.5 Fine particulate matter with aerodynamic diameter below 2.5 μm (μg/m3)
POA Primary organic aerosol (μg/m3)
POA/POC Primary organic aerosol to primary organic carbon ratio
POABrC Primary brc (μg/m3)
POAnon-abs Primary non-light-absorbing OA (μg/m3)
POC Primary organic carbon, the carbon content of POA (μg/m3)
SOA Secondary organic aerosol; also secondary CA (μg/m3)
SOA/SOC Secondary organic aerosol to secondary organic carbon ratio
SOABrC Secondary brc (μg/m3)
SOAnon-abs Secondary non-light-absorbing OA (μg/m3)
SOC Secondary organic carbon, the carbon content of SOA (μg/m3)
TC Total carbon, the carbon content in CA (μg/m3)
VOC Volatile organic compounds (ppm)
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Saffari et al., 2016; Soleimanian et al., 2020; Wu et al., 2019; Zhang et al.,
2018, 2020). As all of the available VOCs are usually not oxidized into
SOA owing to lack of oxidant availability, the remaining VOCs have poten-
tial for SOA formation (Liu et al., 2021). Therefore, reducing anthropogenic
VOC emission does not necessarily result in SOA reduction. For example,
(Via et al., 2021) recently reported increased SOA levels in Barcelona re-
gardless of anthropogenic pollutant reduction.

Organic aerosols can be further divided into light-absorbing OA, also
known as brown carbon (BrC) (Andreae and Gelencsér, 2006; Liu et al.,
2020), and non-light-absorbing OA (OAnon-abs), both of which have a possi-
ble primary and secondary origin (POABrC, SOABrC, POAnon-abs, SOAnon-abs,
respectively). While OAnon-abs has a cooling effect due to the scattering of
sunlight, BrC absorbs solar radiation mainly in the ultraviolet region
(Laskin et al., 2015; Moise et al., 2015). Total of BrC and BC, together
with CC, represents the light-absorbing part of CA, known as light-
absorbing aerosols (LAA). BC light absorption is relatively well-
characterized and it is the second most important anthropogenic climate-
forcing agent after CO2 (Bond et al., 2013; IPPC, 2013). In contrast, BrC
can significantly enhance light absorption at shorter wavelengths
(Andreae and Gelencsér, 2006; Sun et al., 2021).

2. Materials and methods

2.1. Sampling period and sites

Measurements were conducted at two different sites in the LA Basin, as
shown in Fig. B.1 (Supplement B). Central LA site is in the downtown LA
3

area surrounded by highways and densely populated areas affected mainly
by primary sources. The station in Riverside is located in the inland region
of the LA Basin (approximately 75 km to E from downtown LA) and is sub-
jected to secondary particle formation and aging processes as well as pri-
mary combustion particles.

Samplingwas conducted fromMarch 2018 toMarch 2020.Mildwinters
and hot summers are typical of the LA Basin. The monthly median ambient
temperature ranged from 12 °C to 25 °C in Central LA and from 10 °C to
27 °C in Riverside (Fig. B.2, Supplement B) during the study period.
At the same time, the monthly median relative humidity varied between
45 % and 75 % in Central LA and between 32 % and 72 % in Riverside.
Calm winds are typical at night for both the stations, with wind speeds of
approximately 1 m/s (Fig. B.3, Supplement B). Higher wind speeds of up
to 4 m/s were observed in the afternoon during spring, summer, and fall,
while the change in wind speed in afternoon was not as remarkable in
winter. In Central LA, the wind shifts from westerly/southwesterly during
the day to northerly/northeasterly at night. There are no considerable
changes in the wind direction in Riverside as it is located further inland.
Meteorological datawere obtained from referencemeteorological monitors
operated by the South Coast AQMD at the same monitoring sites (Central
LA and Riverside).

2.2. Measurement and setup

2.2.1. TC-BC(λ) method
Measurements of TC and BC(λ) were performed at both sites using

the Carbonaceous Aerosol Speciation System (CASS, Aerosol d.o.o.,
Slovenia, EU), which comprises of a Total Carbon Analyzer TCA08
(Rigler et al., 2020) in tandem with an Aethalometer AE33
(Drinovec et al., 2015). TCA08 was operated at a 1-h time resolution,
sampling the PM2.5 fraction at 16.7Lmin−1. TCA08 measures the con-
centration of TC by the rapid combustion of PM collected on a quartz
filter. The sample was heated almost instantaneously to 940 °C, at
which the carbonaceous compounds were efficiently combusted to
CO2. The pulse of CO2 created during the combustion phase of the anal-
ysis was detected as a large transient increase above the CO2 level in am-
bient air used as the carrier gas. The limit of detection (LoD) of TCA08 is
0.3 μg/m3. To minimize the VOC adsorption (positive) sampling artifact
and quantify its magnitude, a denuder was used with TCA08, which was
tested regularly for efficiency and replaced if necessary. Detailed instru-
ment performance, maintenance procedures, and specifications have
been published elsewhere (Rigler et al., 2020; TCA08, 2022).

Tandem Aethalometer AE33 measures the aerosol light absorption
and corresponding equivalent BC concentration at seven wavelengths
(namely 370, 470, 520, 590, 660, 880, and 950 nm) with LoD equal to
0.03 μg/m3. Sample was collected on a TFE-coated glass fiber filter with a
flow rate of 5 Lmin−1 and a PM2.5 size-selective inlet. Light attenuation
was measured at a time resolution of 1 min.

A multiple scattering parameter C is used to convert the attenuation co-
efficient (bATN) measured by the Aethalometer to the absorption coefficient
(babs):

babs λ, tð Þ ¼ bATN λ, tð Þ
C

(1)

where bATN and babs are wavelength- and time-dependent, as indicated by
the index (λ,t). C is applied to account for the multiple scattering effects
in the filter matrix, and mostly describes the characteristics of the filter
tape used in the instrument. Yus-Díez et al. (2021) reported the wavelength
dependence of C for remote sites, characterized by high single-scattering al-
bedo, while it was not considerable for urban and urban background sites.
Consequently, a constant, wavelength-independent C value of 1.39 was
used in this study, recommended by the manufacturer based on the use of
tape 8060.

AE33 uses a “dual-spot”methodology to correct the filter-loading effect
in real time (Drinovec et al., 2015). The mass absorption cross section
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(MACBC) is used to convert the absorption coefficient to the equivalent BC
mass as shown in the Eq. (2).

BC tð Þ ¼ babs 880 nm, tð Þ
MACBC 880nmð Þ : (2)

MACBC can be site-specific and, if available, should be taken from the
existing literature for a specific site or estimated based on standardized col-
located measurements. In this study, a default value of 7.77 m2/g was used
forMACBC (880 nm) in Eq. (2) as provided by themanufacturer. It was later
evaluated as suitable based on the offline EC measurements on 24 h time-
integrated filters with IMPROVE A protocol with reflectance correction
(Fig. B.4, Supplement B).

The OC fraction of carbonaceous aerosols was calculated as the differ-
ence between TC and BC:

OC tð Þ ¼ TC tð Þ–BC tð Þ: (3)

For simplification, BC was used instead of the equivalent elemental carbon
eEC= bBC (Rigler et al., 2020). The determined proportionality parameter
b is site- and source-specific and depends largely on the thermal protocol
used to determine the EC fraction using a conventional OC/EC method
(Ahmed et al., 2009; Jeong et al., 2004; Spada and Hyslop, 2018; Zhang
et al., 2021). For example, Zhang et al. (2021) reported a 12 % mean bias
of EC measurements in inter-model intercomparison using the same ther-
mal protocol IMPROVE A. Based on the results in Fig. B.4, Supplement B,
the difference between BC and offline EC is below the expected uncertainty
of EC measurements. Thus, b was considered as unity in this study.

TheCAconcentration is composed of BC andOAas shown in the Eq. (4).

CA tð Þ ¼ OA tð Þ þ BC tð Þ (4)

where the site-specific OA/OC ratio can transform OC to OA mass. If the
OA/OC ratio is known, the highly time-resolved CA can be directly com-
puted from the CASS measurements of TC(t) and BC(t) as shown in the
Eq. (5).

CA tð Þ ¼ TC tð Þ � OA
OC

� �
� BC tð Þ � OA

OC

� �
� 1

� �
(5)

2.2.2. Complementary / collocated measurements
Offline OC and EC concentrations were measured using the thermal opti-

cal reflectance (TOR) method on PM2.5, collected every 3rd day on quartz fil-
ters as part of the Chemical Speciation Network (CSN) (Gorham et al., 2021).

Concentrations of levoglucosan were measured using gas chromatogra-
phy mass spectrometry (GC–MS) on PM2.5 samples collected every 6th
day on quartz filters as part of the fifth iteration of the Multiple Air Toxics
Exposure Study V (“MATES V”, 2021).

Hourly concentrations of PM2.5, CO, and NOx were measured using Met
One BAM 1020, Teledyne 300EU, and Teledyne T500U instruments, re-
spectively.

A water-based condensation particle counter (CPC) (Teledyne Advance
Pollution Instrumentation, TAPI,Model 651, USA)was used tomeasure the
total particle concentration in the range of 7–600 nm particle diameter at 1-
min time resolution (referred to as UFP hereafter). The concentrations were
averaged over an hourly time resolution. The hours with <75 % data com-
pleteness were discarded from further analysis.

2.2.3. Data analysis
The CASS measurements were performed at minute and hourly time

resolutions for BC(t) and TC(t), respectively. Following the standard opera-
tional procedure, the first two TCA08 analyses after restarting the instru-
ment were removed from the dataset, and filter integrity was checked
regularly. Additionally, a denuder efficiency test was performed several
times during the campaign.
4

Rare cases with a frequency≤ 1‰ in all situations when themeasured
BC(t) was higher than TC(t) were also discarded. A possible reason is that
some large particles come through the cyclone and cause an immediate
strong light attenuation in the Aethalometer, which affects the 1-h average.
After data validation, 2-h time-averagingwas used for all CASS data tomin-
imize possible measurement variations between the combustion chambers
of the TCA08.

All the observations were reported in local time (Pacific Daylight Saving
Time (PDT)) to properly describe the diurnal behavior of anthropogenic
aerosol sources between different seasons.

Data manipulation and graphical presentation were done using py-
thon libraries: pandas, numpy (Harris et al., 2020), scipy, matplotlib,
and basemap. The reduced major axis regression (RMA), implemented
in the pylr python library, was used for the regression analyses to intro-
duce error of the independent variables in the regression.

2.3. Carbonaceous aerosol apportionment

The determination of different components of carbonaceous aerosols re-
lies on the specific information available in the measured dataset. Simulta-
neous measurements of BC and TC resulted in a high-time-resolution OC
dataset. Spectrally resolved optical absorption measurements allowed for
further differentiation of BrC and BC, which are closely linked to emission
sources. Further information on the primary and secondary components
takes advantage of highly time-resolved measurements, which provide im-
portant insights in the temporal behavior of different components. By ap-
plying different apportionment and numerical models from published
studies, the CA was finally apportioned into six components as shown in
the Eq. (6).

CA tð Þ ¼ BCff tð Þ þ BCbb tð Þ þ POAnon � abs tð Þ þ POABrC tð Þ
þ SOAnon � abs tð Þ þ SOABrC tð Þ (6)

We used eight steps (Fig. 1) to apportion CA into six components. In
Step 1, the TC(t) - BC(λ, t) method is used to obtain OC(t), as explained
in Section 2.2.1 (Eqs. (3)–(5)).

In Step 2, the widely used Aethalometer model (Sandradewi et al.,
2008; Zotter et al., 2017) was applied to apportion BC(t) to its fossil fuel
(BCff(t)) and biomass burning (BCbb(t)) components. The Aethalometer
model has an analytical solution, as explained in detail in Supplement
A.1. The model has two free parameters, an a priori assumed AAE pair
(AAEff–AAEbb), which describes the specific optical characteristics of both
the BC sources, fossil fuel, and biomass burning. The source-specific AAE
values used for source apportionment were representative of the location
and type of combustion. In our study, levoglucosanmeasurements, together
with the Fuller approach, were used to determine site-specific values for
AAEff and AAEbb (Favez et al., 2010; Fuller et al., 2014; Helin et al., 2018;
Martinsson et al., 2017; Titos et al., 2017). Finally, the most appropriate
choice of the AAE pair for both sites was 1.15 and 2.05 for AAEff and
AAEbb, respectively (Fig. A.1, Supplement A).

The BrC model was used in Step 3 to separate the wavelength-
dependent optical absorption of BC and BrC (Chow et al., 2018; Gilardoni
et al., 2020; Massabò et al., 2015; Qin et al., 2018; Tian et al., 2019;
Wang et al., 2016, 2020; Wu et al., 2021; Zhang et al., 2020). Based on
the assumption that BC is the only light absorber at 880 nm, AAEBC remains
as the only free parameter. As diesel exhaust represents the nearest approx-
imation of pure BC and it is expected that fossil fuels will not contribute to
BrC (Massabò et al., 2015), AAEBC was assumed to be equal to AAEff from
the Aethalometer model. The details of the BrC model implementation
are provided in Supplement A.2.

In Step 4, the EC tracermethod (Turpin andHuntzicker, 1995) was used
to split the OC(t) based on its origin into primary (POC(t)) and secondary
(SOC(t)) components. In this study, we used BC as the optically determined
EC. Therefore, the method will be referred to as “BC tracer method” hereaf-
ter. This method has one free parameter, the (OC/BC)prim ratio, which is
expected to be site (source)- and season-dependent. The minimum R-



Fig. 1. Flowchart for CA apportionment to six components using the advanced TC-BC method.
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squared (MRS) method was used for optimal (OC/BC)prim determination
(Hu et al., 2012; Millet et al., 2005; Wu et al., 2019; Wu and Yu, 2016).
The main assumption of this method is that BC and POC are emitted from
the same source, and they should be well correlated, while the correlation
between BC and SOC should be low because of different formation path-
ways. The details of the implementation are provided in Supplement A.3.

The modified BC tracer method (Liakakou et al., 2020; Wang et al.,
2019a, 2019b, 2020) was used in Step 5 to split the light absorption of
BrC into its primary or secondary fractions. A detailed description of this
methodology is provided in Supplement A.4. Briefly, the method is based
on the assumption that the only light-absorbing material formed secondar-
ily is BrC, which can be defined by the same principle used in the BC tracer
method for the POC/SOC split.

In Step 6, the POA(t) and SOA(t) mass concentrations were estimated
based on the POC(t) and SOC(t) mass concentrations using the specific
OA/OC ratio. The OA/OC ratio is site-dependent, and is usually lower for
fresh traffic emissions and higher for aged, oxygenated OA (Table A.1, Sup-
plement A). Turpin and Lim (2001) reported minor differences in OA/OC
ratios between sites in the Central LA and Riverside (1.65 and 1.77, respec-
tively). In general, Central LA is more exposed to primary emissions with a
lower OA/OC ratio, while Riverside is located in a downwind area and re-
ceptors of more aged and photochemically processed aerosols. To consider
these potential differences, we used different OA/OC ratios for primary and
secondary OA as suggested in a study by Docherty et al. (2008), where the
ratios 1.2 and 1.8 for POA/POC and SOA/SOC, respectively, were used in
the LA Basin. The POA(t) and SOA(t) mass concentrations were estimated
from their carbon content as shown in the Eq. (7).

POA tð Þ ¼ POC tð Þ � POA
POC

� �
and SOA tð Þ ¼ SOC tð Þ � SOA

SOC

� �
(7)
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In Step 7, the mass absorption cross section (MAC) from published stud-
ies was used to estimate the mass concentration of POABrC(t) and SOABrC

(t) from the optical absorption babsBrC, prim(λ) and babsBrC, sec(λ):

POABrC tð Þ ¼ bBrC,primabs λ, tð Þ
MACBrC,prim λð Þ and SOABrC tð Þ ¼ bBrC, secabs λ, tð Þ

MACBrC, sec λð Þ (8)

Usually, the lowest wavelength (λ = 370 nm for the Aethalometer) is
themost appropriate channel for the BrCmass concentration estimation be-
cause the strongest absorption signal from BrC is observed at this wave-
length. Owing to the complex and highly varying chemical composition
of BrC, complete quantitation of its mass is impossible using current analyt-
ical methods (Lack and Cappa, 2010; Laskin et al., 2015; Tian et al., 2019),
leading to a wide range of possible MACBrC reported in the literature
(Table A.2, Supplement A). The different chemical compositions of primary
and secondary BrC lead to different MAC values (Kumar et al., 2018; Qin
et al., 2018; Wang et al., 2019b; Zhang et al., 2020). In this study, MAC
values of 5.5m2/g and 2.4m2/g were used for primary and secondary
BrC, respectively. These MAC values were obtained from chamber experi-
ments reported by Kumar et al. (2018) and were later evaluated as suitable
for field studies in the work of Zhang et al. (2020).

Thefirst seven steps result in themass of light-absorbing organic aerosol
and themass of the total OA apportioned to their primary and secondary or-
igin. If all OA would absorb light, OABrC (Eq. (8)) is equal to OA (Eq. (7)).
However, the difference between OA and OABrC implies the presence of a
non-light-absorbing fraction of OA. In the last step (Step 8), the non-light-
absorbing components of the primary and secondary aerosols were esti-
mated based on the difference between the results from Eqs. (7) and (8).

POAnon � abs tð Þ ¼ POA tð Þ � POABrC tð Þ (9)
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SOAnon � abs tð Þ ¼ SOA tð Þ � SOABrC tð Þ (10)

2.4. Uncertainty estimation

Thefinal uncertainty of the advancedTC-BCmethod depends on the un-
certainties of the measurements, namely the precision and accuracy, uncer-
tainties of the applied assumptions, and uncertainties of the conversion
factors (OA/OC, MAC) used in the calculations. In this section, the uncer-
tainties of CASS measurements are estimated using independent standard
measurements and combined with known uncertainties from the literature
when independent validation is not possible. Uncertainties are then propa-
gated for every step of the methodology presented in Fig. 1, and covariance
is considered if the variables are correlated (Eq. (11)).

σC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
A þ σ2

B � 2σAB

q
if C ¼ A� B (11)

where σA2 and σB2 are the variances of variables A and B, respectively, and
σAB is the covariance between A and B.

A detailed evaluation of the uncertainty of TC, BC, and OC, determined
using Total Carbon Analyzer TCA08 and Aethalometer AE33), was pro-
vided by Rigler et al. (2020). Briefly, the uncertainty of TC concentrations
measured using TCA08 was estimated to be up to 10 % for the measured
range of concentration, while the uncertainty for BC concentration mea-
sured using AE33 was considered to be 25 %, where the largest part of un-
certainty arises from the selected MACBC and C values (Eqs. (1) and (2)). In
this study, the high-time-resolution dataset measured using CASS was com-
pared to the standardized offline OC/EC measurements performed using
IMPROVE A thermal protocol on high-volume filter samples collected
every 3rd day at both measurement sites (Fig. B.4, Supplement B). The
highest difference in the slope from Fig. B.4, Supplement B, represents
the uncertainty for Step 1 of the presented approach: 12 %, 15 %, and 6
% for TCoffline-TCCASS, OCoffline-OCCASS and ECoffline-BCCASS, respectively.

In Step 2 of the advanced TC-BC method, BC is apportioned to two
sources, BCff and BCbb, using the Aethalometer model. The performance as-
sessment of the Aethalometer model bymeans of 14C analysis, published by
Zotter et al. (2017), estimated the uncertainty to be <10 %. Without the in-
dependent measurements of biomass burning and traffic contribution to
BC, the uncertainty could be higher, up to 20% (Healy et al., 2017). Never-
theless, the characteristic AAEff and AAEbb values used in this study were
determined by combining two independent measurements: NOx and
levoglucosan tracer methods (Fig. A.1, Supplement A). Consequently, the
uncertainties in BCff and BCbb were estimated to be 10 % in this study.

The BrC model was used in Step 3 to determine the absorption coeffi-
cient at 370 nm. Zhang et al. (2020) performed a sensitivity test of the
BrC model for different AAEBC: 0.9, 1.0, and 1.1, leading to approximately
11%uncertainty in absorption of BrC at 370 nm. In our calculations, AAEBC
was equal to AAEff and was fixed at 1.15. The sensitivity test of the BrC
model using AAEBC = 1.10 and AAEBC = 1.20 on our data yielded a dis-
crepancy of 5 % in absorption coefficient of BrC at 370 nm, which is our es-
timated uncertainty for BrC absorption in Step 3.

The BC tracer method based on the MRS approach was applied in
Step 4, which was used to split the OC into primary and secondary frac-
tions. The results of SOC fraction were sensitive to the magnitude of the
uncertainty of BC and OCmeasurements. Based on the work reported by
Wu and Yu (2016), the uncertainty of SOC was estimated to be 17 %.
Considering the positive correlation between OC and SOC, the uncer-
tainty of POC is propagated by subtraction of SOC from OC, and was es-
timated to be 25 %.

Similar methodology as reported byWu and Yu (2016) was used for the
uncertainty estimation of the BC tracer model for the determination of the
primary and secondary components of BrC absorption in Step 5. Based on
the uncertainty of AAEBC in the brown carbon model above and the work
of Wu and Yu (2016), the uncertainty of light absorption on secondary
BrC was estimated to be 5 %. The light absorptions of BrC and secondary
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BrC were positively correlated, and consequently, the uncertainty of light
absorption on primary BrC was estimated to be 6 %.

The uncertainty estimation for organic aerosol mass from organic car-
bon measurements used in Step 6 is thoroughly discussed in the works of
Aiken et al. (2008) and Turpin and Lim (2001). Turpin and Lim (2001) es-
timated the uncertainty of average molecular weight per carbon weight to
be <5 %, and Aiken et al. (2008) reported the reconstruction of OM/OC
values to have an average error of 6 %. Use of these values for our estima-
tion resulted in 26 % and 18 % uncertainty in POA and SOA, respectively.

Unlike BC, whose light properties are well known and constant across
the visible wavelength range and different emission sources, BrC is com-
posed of a wide range of chemical compounds strongly depending on
their sources and formation pathways, which exhibit highly variable, spec-
trally dependent optical properties. In Step 7, constant conversion factors
(source- and season-independent) were assumed to convert the primary
and secondary BrC absorption to mass concentration. To the best of our
knowledge, there are no available data on the primary and secondary
mass absorption cross sections for BrC in the LA Basin. Consequently, the
constant values of MACBrC,prim = 5.5m2/g and MACBrC,sec = 2.4m2/g at
370 nm were obtained from the study by Kumar et al. (2018). To estimate
the uncertainty of the MAC values, the standard deviation analysis from
Kumar et al. (2018) was followed, which resulted in 22 % uncertainty for
MACBrC,prim, and 63 % uncertainty for MACBrC,sec. This resulted in 23 %
and 63 % uncertainties for POABrC and SOABrC, respectively.

Following the uncertainties in all steps mentioned above and consider-
ing their propagation, the uncertainties of POAnon-abs and SOAnon-abs, the
last step in the advanced TC-BC method, were estimated to be 28 % and
20 %, respectively. The uncertainties of all the components are listed in
Table B.1, Supplement B.
3. Results and discussion

3.1. Overview of measurements

An overview of the two-year TC and BC concentration measurements
using CASS is shown in Fig. 2a,b. The median BC [first quartile, third
quartile] concentrations were 0.82 [0.46, 1.45] μg/m3 and 0.72 [0.41,
1.35] μg/m3 at Central LA and Riverside, respectively. While BC con-
centrations were slightly lower at Riverside than in Central LA, TC con-
centrations were slightly higher at Riverside, with median values of
3.50 [2.51, 5.07] μg/m3 and 3.54 [2.43, 5.14] μg/m3 at Central LA
and Riverside, respectively. The TCA08 instrument maintenance was
the reason for the long periods of missing TC data for Riverside (Fig. 2b).

Similar diurnal patterns of BCwere observed for all seasons at both sites
(Fig. 2c-j), with peaks during morning traffic rush hours and at night; the
latter was observed particularly during cold seasons. In contrast, diurnal
patterns of TC were found to be seasonally dependent at both sites. Winter-
time TC peaks were observed during the nighttime, while summertime TC
peaks were observed around noon. During winter, the enhanced nighttime
TC concentrations can be explained by the combined effects of lower plan-
etary boundary layer (PBL) heights, enhanced biomass burning activities
for residential heating, and aqueous-phase SOA formation. The summer-
time mid-day TC peaks were mainly attributed to SOA formation owing
to enhanced photooxidation. The summertime mid-day TC peak in River-
side is wider than the TC peak in Central LA. The earlier appearance may
be attributed to high diesel truck activity owing to a high density of com-
mercial warehouses in Riverside. The peak also lasts longer due to the Riv-
erside downwind location and its higher potential to form secondary
aerosols. Further discussion of the SOA contribution and its formation is
presented in the Section 3.2.

The daily average values of the CASS measurements (BC, OC, and TC)
were compared to the offline OC/EC analyzer results (every 3rd day,
Fig. B.4, Supplement B). The slopes of the linear regression were 0.98,
1.15, and 1.07 for BC, OC, and TC, respectively, in Central LA, and 1.06,
1.15, and 1.12, respectively, in Riverside. These results demonstrate the



Fig. 2.Two-year-longmeasurements with CASS inCentral LA (a) andRiverside (b) anddiurnal profiles of BC andTCby season inCentral LA (c-f) andRiverside (g-j). The lines
represent median values, and the borders of the shaded area are the first and third quartiles in diurnal plots.
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agreement between the newly developed CASS and the conventional
offline measurements.
3.2. Advanced apportionment of carbonaceous aerosols

The results of the CA apportionment to six components (Eqs. (3)–(10))
are presented as typical diurnal profiles in Fig. 3, where the results are
split between sites and seasons. An extended split between working days,
Saturdays, and Sundays is shown in Figs. B.6 and B.7 (Supplement B).
The highest seasonal median CA concentrations of 7.8 μg/m3 were found
in the summer afternoon in Riverside (Fig. 3j). In contrast, the highest
summer afternoon and winter night peaks are comparable (7.1 μg/m3

and 7.2 μg/m3) in Central LA (Fig. 3b,d).
In general, BCff and POAnon-abs had similar diurnal trends at both sites,

as shown in Fig. 3, with morning and evening rush hour peaks in all sea-
sons, suggesting that traffic is the major source of POAnon-abs. The evening
peak is less considerable in the warmer part of the year owing to longer
days and, consequently, a higher PBL at the time of the evening traffic
rush hour. Traffic-related peaks can also be observed on Saturdays, while
the Sunday profiles are flatter (Figs. B.6 and B.7, Supplement B), all of
which are consistent with the typical traffic patterns in the basin. BCff's di-
urnal peak concentrations on Sundays are lower by 48 % and 29 % than
those on working days in Central LA and Riverside, respectively (Fig. B.7,
Supplement B). We observed a comparable decrease in the Sunday diurnal
peak of POAnon-abs concentrations as well: 54 % and 27% in Central LA and
Riverside, respectively. Previous studies have reported that only a 5–10 %
emissions reduction from gasoline-powered vehicles is expected on the
weekends in the LA Basin (Bahreini et al., 2012; Hayes et al., 2013). On
the other hand, BCff emitted by diesel vehicles was found to be reduced
by 60–80 % on weekends in California, suggesting commercial vehicles
are primarily responsible for high BCff and POAnon-abs peak concentrations.

The BCbb contribution to CA was negligible in spring, summer, and fall,
but contributes up to 4 % and 8 % of CA during winter nights in Central LA
and Riverside, respectively (Fig. 3h,p). POABrC has a diurnal pattern similar
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to that of BCbb, with the highest contribution during winter nights and a
negligible contribution during other periods.

The diurnal pattern of the SOA in Fig. 3 exhibits a similar pattern at both
sites. During summer afternoons and winter nights, SOA contributed up to
80 % and 40 % of CA, respectively (Fig. 3f,n,h,p). The lowest fraction of
SOA to CA was observed during the morning rush hour in all the seasons
(Fig. 3). SOA formation by photooxidation is responsible for the vast
peaks in the afternoons, especially during the warm seasons. Recently,
nighttime SOA formation, driven by aqueous-phase reactions, has also
been recognized as a vital source of SOA (He et al., 2021; Jiang et al.,
2019; Kumar et al., 2018; Mayorga et al., 2021; Saffari et al., 2016;
Soleimanian et al., 2020; Wu et al., 2019; Zhang et al., 2018, 2020),
which is also evident from our results. Tobler et al. (2021) marked the
SOA formed during the night as low oxidized oxygenated OA (LO-OOA).
Later in the day, LO-OOA can be further oxidized by photochemical aging
into more oxidized oxygenated OA (MO-OOA). In our study, the highest
median SOA concentrations were 4.7 μg/m3 and 6.1 μg/m3 in Central
LA and Riverside, respectively, which were found during summer after-
noons (Fig. 3b,i). Considering the higher PBL in summer afternoons
than in winter nights, the amount of SOA formed by photooxidation is
remarkable.

Using radiocarbon analyses, Zhang et al. (2011) reported that SOA in
LA contains more fossil carbon from anthropogenic VOC precursors and
less modern carbon from biogenic VOCs than samples from Atlanta.
Considering that biogenic VOC oxidation is faster than reactions with
anthropogenic aromatics, the authors concluded that the presence of
biogenic VOC was low in LA. Recently, Liu et al. (2021) concluded
that the SOA formation potential with the remaining unoxidized precur-
sors is usually much higher in Beijing than in LA. Regardless of the pre-
viously reported lower levels of gasoline vehicle emissions during
weekends (Bahreini et al., 2012; Hayes et al., 2013), the SOA levels
remained unchanged (for example, Figs. B.6c-II,f-II, Supplement B).
This suggests the increasing importance of non-combustion-related
sources (such as consumer, commercial, and industrial products) in
LA. Khare and Gentner (2018) reported a decrease in potential SOA



Fig. 3.Diurnal profiles of CA apportioned to BCff, BCbb, POAnon-abs, POABrC, SOAnon-abs, and SOABrC in Central LA (a-h) and Riverside (i-p). Results are separated into seasons:
(a, e, I andm) for spring, (b, f, j and n) for summer, (c, g, k and o) for fall, and (d, h, I and p) for winter. Graphs (a-d) and (i-l) containmedians, and relative fractions are shown
in (e-h) and (m-p). The black dashed line represents the split between POABrC and SOABrC during winter nights, where the highest uncertainty is expected to appear.
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from on-road gasoline vehicles by nearly 90 % owing to the continued
implementation of stricter emission standards in the last 30 years.

Many studies have been performed in late spring (May and June 2010),
where photo-oxidation plays a significant role in SOA formation; however,
nighttime SOA formation has been neglected (Bahreini et al., 2012; Hayes
et al., 2013; Saffari et al., 2016; Zhang et al., 2011). Our results (Fig. 3)
show that nighttime SOA formation is present throughout the year (also
during summer nights). Fry et al. (2018) recognized the nighttime
SOA formed by reactions between NO3· and biogenic VOCs as an essen-
tial source of coupled anthropogenic–biogenic SOA in southeastern
USA. Li et al. (2020) reported that the MACs of biogenic SOA were
nearly an order of magnitude lower than those of SOA formed from an-
thropogenic precursors. Recently, He et al. (2021) confirmed that SOA
formed from biogenic VOC and NO3· are non-light-absorbing. As
shown in Fig. 3, most SOA in spring, summer, and fall are non-light-
absorbing (SOAnon-abs). Consequently, we assumed that the biogenic
VOC played an important role in air quality at considered sites.

We found a significant fraction of SOABrC on winter nights, which can
account for up to 20 % of CA (Fig. 3h,p) and can be associated with precur-
sors from biomass burning. Finewax et al. (2018) reported that catechol, a
biomass-burning-related VOC, can react with NO3· and OH· and form a con-
siderable amount of the SOA product 4-nitrocatechol, which absorbs light
at lowerwavelengths (Li et al., 2020). Chen and Bond (2010) found that ap-
proximately 98 % of biomass burning OC could be extracted from filters
usingmethanol. Soleimanian et al. (2020) and Zhang et al. (2013) reported
that methanol extracts have a higher absorption efficiency than water ex-
tracts. In our study, SOABrC appeared late in winter evenings. Usually,
SOABrC and POABrC lose the ability to absorb light with aging and under
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sunlight-induced photobleaching, which destroys specific chromophores
(Chen et al., 2021). Chen et al. (2021) named the process “whitening”
of OC, and the process is also evident from our results; both SOABrC

and POABrC disappeared in winter mornings (Fig. 3d,l). Similarly,
Rastogi et al. (2021) reported that SOABrC formed during the daytime
is less light absorbing because photolysis or oxidation can rapidly
bleach BrC chromophores by breaking the unsaturated bonds and
decomposing them into colorless carboxylic acids. As the split between
POABrC and SOABrC was recognized as the most uncertain point of the re-
sults in Fig. 3, the split in winter nights is marked with a dashed line to
alert the reader again about the potential uncertainties.

In our study, a minor but marked SOABrC contribution to CA was ob-
served at both sites during the summer afternoons, which was not related
to biomass burning (Fig. 3f,n). While biomass burning related POABrC and
SOABrC contributed up to 26 % of the light absorption at 370 nm during
winter nights (Fig. B.8d,h, Supplement B), the average fraction of light
absorption by BrC in summer afternoon was 11 % (Fig. B.8b,f, Supplement
B). Similar to our results, Cappa et al. (2019) reported a 10 % peak in BrC
fractional contribution to light absorption at 405 nm in Fontana in July
2015. Similarly, Zhang et al. (2013) reported the highest BrC absorption
in the middle of the day during the summer campaign from mid-May to
mid-June 2010 in Pasadena (11 km to NE from downtown LA) and River-
side, which correlated with water-soluble OC concentrations in a timely
manner.

In addition to domestic heating as the major source of BrC in urban or
rural environments, wildfires can represent another potential source.
Therefore, BrC can be used as a good marker for wildfire plumes. Although
light absorption on BrC coming from biomass burning for winter heating



Fig. 4. Two-year average CA fingerprint in Central LA (a) and Riverside (b). The inner ring contains CA apportionment in three components - BC, POA and SOA. The hatches
in the inner ringmark themass fractions of carbon content in BC, POA and SOA (i.e., BC, POC and SOC) in the radial direction. The outer ring includes CA apportionment into
six components: BCff, BCbb, POAnon-abs, POABrC, SOAnon-abs and SOABrC.
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demand or afternoon summer formation has a typical diurnal cycle
(Fig. B.8, Supplement B), wildfires are sporadic, and therefore, they cannot
be seen on a typical diurnal profile, although they can cause a high, >50 %
fractional contribution to the light absorption on BrC at 370 nm (Fig. B.9 a,
b, Supplement B). The fingerprints of the three wildfires were detected in
the LA Basin in October 2019 (Fig. B.9c-f, Supplement B). The plume
from the Saddleridge and Getty wildfires impacted the Central LA site on
11th and 28th of October 2019, and the Sandalwood wildfire affected the
measurements in the Riverside site on 10th of October 2019. The CAfinger-
prints from the Saddleridge and Gettyfires are presented in Fig. B.8f,g, Sup-
plement B, while TCA08 at the Riverside did not work because of
maintenance when the plume from the Sandalwood fire reached the River-
side site. During both fires, higher fractions of BCbb, POABrC, and SOABrC

were observed in the Central LA compared to the general CA fingerprint
shown in Fig. 4.

The highest secondary CA contribution of up to 80%was observed dur-
ing spring, summer, and fall afternoons, consistent with the observations of
the study Docherty et al. (2008) performed in Riverside in the summer of
2005. A minor difference in the peak contribution was found between
both sites and on weekdays. The winter afternoon secondary CA share
was lower by 50 % on working days (Figs. B.7a-IV,d-IV, Supplement
B) and approximately 70 % on Sundays (Figs. B.7c-IV,f-IV, Supplement
B). The highest contribution of primary CA (BCff + BCbb + POABrC +
POAnon-abs) was found during morning rush hours on winter working
days, with a share higher than 80 % in Central LA and a share up to 90 %
in Riverside (Figs. B.7a-IV,d-IV, Supplement B). The peak of primary CA
on Sunday winter mornings was considerable lower, with a relative contri-
butions of approximately 50 % and 60 % in Central LA and Riverside, re-
spectively (Figs. B.7c-IV,f-IV, Supplement B). These values are slightly
higher than those reported byDocherty et al. (2008).Minimum SOA contri-
butions of ~45 % were observed during morning peak traffic periods.

3.3. Summary of CA apportionment

A general overview of two-year long CA apportionment is shown in
Fig. 4. The BCff presents 16 % and 14 % fractions of CA in Central LA and
Riverside, respectively. The SOAnon-abs was a dominant CA component at
both sites, with an average share of 48 % in Central LA and 57 % in River-
side. The average contribution of SOABrC to CA was comparable for both
sites: 7 % in Central LA and 6% in Riverside. Chen et al. (2021) recently re-
ported a similar pattern for other sites in the USA IMPROVE network,
where most of the time non-light-absorbing OC dominated the OC mass.

The higher SOA share for Riverside is reasonable because of its down-
wind location, while the Central LA site is located in downtown LA and is
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more exposed to primary emissions, mainly from traffic. SOA contributed
to 67 % and 74 % OA in Central LA and Riverside, respectively, which is
consistent with the results of Docherty et al. (2008), where SOA > POA in
Riverside in 2005 was confirmed using five different methods. Considering
the carbon content in aerosol mass, the SOC fraction of OC was slightly
lower than the corresponding fraction of SOA in OA: 57 % in Central LA
and 66 % in Riverside (see the hatched area in inner rings in Fig. 4). Com-
parable values for SOC fraction in OC for Central LA were reported in work
by Saffari et al. (2016) as 55%SOC in thewarm season and 57% in the cold
season.

Fig. B.12, Supplement B, shows that carbonaceous aerosol represents a
significant fraction of PM2.5, which can comprise between 34 % and 50 %
of total PM2.5 mass in summer and fall, respectively, in Central LA
(Fig. B.12a-d, Supplement B), and between 46 % and 53 % in summer
and fall, respectively, in Riverside (Fig. B.12e-h, Supplement B). The time
series of CA compared to PM2.5 concentrations are shown in Fig. B.13, Sup-
plement B. Additionally, Fig. B.14, Supplement B, contains a split between
working days, Saturdays, and Sundays. The highest non‑carbonaceous mat-
ter contributions to PM2.5 mass were found during summer for both sites,
most probably related to the inorganic secondary aerosol formation.

3.4. CA apportionment validation

To confirm validity of the CA apportionment results, each apportioned
CA component was compared with other available tracers for different
aerosol sources and atmospheric processes measured using independent
methods. The choice and usage of tracers are explained in this section.

We validated the Aethalometer model by comparing BCff and BCbb re-
sults with NOx and CO concentrations as traffic tracers and levoglucosan
concentrations as marker for biomass burning. We used hourly data to ex-
plore the association between NOx and CO against BCff and BCbb (Fig. 5a,
c,e,g); however, the comparisons of levoglucosan against BCff and BCbb

data were done using daily averages (Fig. 5b,f), given the time-integrated
nature of levoglucosan data. BCff correlated well with NOx and CO and
BCbb with levoglucosan at both sites, suggesting common emission sources
for BCff/NOx, BCff/CO, and BCbb/levoglucosan pairs. The R2 for all six re-
gression lines was found to be≥0.74, consistent with other studies; for ex-
ample, Mbengue et al. (2020) reported an R2 value of 0.77 between BCbb

and levoglucosan, and Fuller et al. (2014) reported an R2 of 0.79 for the
same comparison. In our study, there was no correlation between BCbb

and NOx and BCff and levoglucosan, with R2 values of 0.26 for both sites.
Fig. B.5, Supplement B, shows the diurnal profiles of BCff and BCbb in differ-
ent seasons. BCff has morning and afternoon rush hour peaks, while BCbb

was observed only during the nighttime in winter and fall. The morning



Fig. 5. Validation of Aethalometer model results BCff and BCbb with NOx, levoglucosan and CO in Central LA (a,b,c) and Riverside (e,f,g). Hourly values are used in
correlations with NOx and CO (a,c,e,g) and daily averages with levoglucosan (b,f). Regressions between POABrC and SOABrC against levoglucosan are added for Central LA
(d) and Riverside (h). The regression details (slopes and interceptions), together with R2, are collected in Table B.2, Supplement B.
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peak of BCff was higher because of the lower PBL in all seasons, and the
summer afternoon BCff peak was missing due to longer days (and higher
PBL at that time). BCbb concentrations peaked only during winter nights.

The evaluation of POC and SOC split accuracy is challenging because of
the lack of direct SOCmeasurements (Wu and Yu, 2016). Therefore, the BC
tracermodel results were comparedwithNOx and COas tracers for primary
emissions and O3 as a tracer for daytime photochemistry. The agreement
between the BC tracer model results and trace gases was assessed using di-
urnal profiles (Fig. 6). Ultrafine particles (UFP) were used as an additional
parameter because UFP can have a primary and secondary origin; there-
fore, they can be partially compared to both POC and SOC, as shown in
Fig. 6i-l,u-x). However, it should be noted that UFP can also result from
the inorganic fraction of secondary-formed particles. Detailed results, split
into working days, Saturdays, and Sundays, are shown in Figs. B.10 and
B.11, Supplement B.

SOC and POC showed distinct diurnal profiles during all seasons and at
both the sites.We found similar diurnal patterns of POA, NOx, and CO in all
seasons (Fig. 6), suggesting common primary emission sources (mainly traf-
fic) for all the three species. A higher morning rush hour peak for all the
three species was observed in fall and winter than in spring and summer.
NOx is reported to be a better tracer for diesel engines, whereas nearly all
CO emissions are from gasoline vehicles (Bahreini et al., 2012). In
Figs. B.10 and B.11, Supplement B, we can see that the morning peak in
NOx concentrations is sharper during weekdays than on Sundays, whereas
the difference in the peak CO concentrations in the morning is not as dis-
tinct between weekdays and Sundays. This suggests a different vehicle
fleet composition during weekdays versus Sundays, with lower emissions
from commercial diesel vehicles on Sundays. POC also showed a midnight
peak, especially pronounced during the cold seasons (fall and winter),
mainly due to lower PBL heights and enhanced residential wood-burning
activities.

According to its photochemical origin, the ozone concentration peaked
at mid-day and in the early afternoon. The highest peaks were formed dur-
ing summer and the lowest during winter, according to the different inten-
sities of solar radiation (see Fig. 6). The SOC concentration followed a
similar diurnal pattern from spring to fall, while the winter diurnal varia-
tion was different, as shown in Fig. 6, suggesting different formation
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pathways in the cold season. Significantly higher summer afternoon O3

concentrations were observed in the Riverside than in the Central LA
(Fig. 6r vs. Fig. 6f), which indicates that ozone production is VOC-limited
in the central region. On the other hand, more VOCs are available in rural
areas from biogenic sources, which might be the reason for the higher
SOC concentration in the Riverside (Fig. 6n vs. Fig. 6b). We did not observe
any considerable difference in afternoon peak O3 and SOC concentrations
betweenworking days andweekends, as shown in Figs. B.10 and B.11, Sup-
plement B, supporting the importance of biogenic sources for both compo-
nents. O3 can only be partially compared to the SOC concentrations
(Fig. 6e-h,q-t) because the nighttime peaks in SOC concentrations during
the winter are independent of photochemical activities and are likely
formed through aqueous-phase reactions, as discussed above.

The UFP diurnal profile had three peaks (morning, afternoon, and eve-
ning) in spring and fall (Fig. 6i,k,u,w) and two peaks (morning and evening)
inwinter (Fig. 6l,x). In summer, UFP showed two peaks (morning and after-
noon) at both sites, while the afternoon peak in Central LA occurred slightly
earlier during the day (Fig. 6j,v). Morning UFP correlated well with the
morning peak of POA and two primary tracer gases (i.e., NOx and CO) dur-
ing all four seasons. In afternoon, the UFP peaks in spring, summer, and fall
correlate well with the O3 and SOA afternoon peaks. On the other hand,
there was no afternoon peak inUFP concentrations inwinter, which is com-
parable to the SOA variation pattern.

Fig. 7 illustrates the two-year-long correlations between POC/SOC and
primary (i.e., NOx, CO, and BC) and secondary (O3) aerosol tracers. Correla-
tions improved considerably if, instead of OC, only POC or SOC were used
against the chosen tracers. A high R2 was found for correlations between
POC and primary tracers: R2 ≥ 0.69 for POC against NOx (Fig. 7a,f), R2

≥ 0.69 for POC against CO (Fig. 7b,g), and R2 ≥ 0.93 for POC against
BC (Fig. 7c,h). The R2 value of the regression line between SOC and O3

was low, confirming that O3 was only partially related to SOC (Fig. 7d,i).
Hayes et al. (2013) reported R2 of 0.53 between SOA and O3 in Pasadena,
but only the summer months were included in the study (May and June
2010). Wu et al. (2019) used O3 to validate SOA in Guangzhou, China.
They showed a significantly worse correlation for the winter months
(R2 < 0.11), but again, a good correlation R2 = 0.73 in summer. We
found a similar pattern in our dataset (Fig. 7e,j): the highest R2 values for



Fig. 6.Diurnal profiles of POC, SOC and their tracers in Central LA (a-l) andRiverside (m-x). POC and primary tracer gases NOX andCO are on the left y-axis, while the right y-
axis contains SOC, O3 as a secondary trace gas, and UFP as a combined primary and secondary tracer. Results are split between seasons (columns). The strong line represents
median values and the shaded area shows the lower and upper quartile.
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the association between SOA and O3 were found in summer (0.59 and
0.62 in Central LA and Riverside, respectively), while R2 falls below
0.12 in winter months (Fig. 7e,j). Such seasonal dependence was not ob-
served for correlations between POA and primary emission tracers
(i.e., NOx, CO, and BC).
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Amodified BC tracer model that splits BrC into its primary or secondary
origin (POABrC and SOABrC) is evenmore challenging to evaluate. POABrC is
a direct consequence of enhanced biomass burning during winter nights;
therefore, a good correlation with levoglucosan is expected. However,
SOABrC can also be formed by the oxidation of precursors coemitted from



Fig. 7. Validation of POC and SOC split for Central LA (a-e) and Riverside(f-j). Scatter plots (a-d) and (f-i) contain two regressions: total OC against chosen tracer with gray
dots and POC or SOC regression against chosen tracer with colored dots where the color scale represents part of the day in hours. The strong monthly dependence of the R2

value between SOC and O3 is presented in graphs (e) and (j), where colors mark the year of the observation. The regression details (slopes and interceptions), together with
R2, are collected in Tables B.3 and B.4, Supplement B.
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biomass burning. An additional pathway of SOABrC formation is present in
the summer afternoons, independent of the biomass burning emissions.
Due to the existence of multiple formation pathways, the correlation be-
tween SOABrC and levoglucosan is expected to exist, but is weaker than
the correlation between POABrC and levoglucosan (Fig. 5d,h).

4. Limitations and recommendations

The presented method for high-time-resolution CA apportionment con-
tains ten free parameters, which can be site- or regional-specific and may
vary seasonally. Although the proposed approach may offer characteriza-
tion of CA species and sources in near real-time, when these parameters
12
are well defined and cautiously chosen for a specific measurement location,
they would require short-term complementary measurements and valida-
tion to decrease the uncertainty. While we were able to fix six free param-
eters (including AAEff, AAEbb, AAEBC, b, (OC/EC)prim, MACBC) specifically
for the considered sites, other four parameters (POA/POC, SOA/SOC,
MACBrC,prim, MACBrC,sec) were obtained from the literature and were con-
sidered the main source of uncertainties in our approach. By adjusting all
free parameters to the local aerosol characteristics, the proposed method
has the potential to study CA worldwide.

Starting with the equivalent BCmeasurements by the Aethalometer, the
MAC and C values represent the highest uncertainty. Cross-validation with
offline measurements is recommended to ensure compliance with
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standardized EC determination. Corrections of MACBC or proportional-
ity parameter b are recommended, especially if the difference between
BC and EC exceeds 10 %. However, it has to be pointed out again that
standardized measurements are also affected by some level of uncer-
tainty (Zhang et al., 2021).

Using the wavelength-independent multiple scattering coefficient C is
acceptable for urban or urban background stations (Yus-Díez et al., 2021).
When using wavelength-independent C, the magnitude of C does not affect
the Aethalometer source apportionment to BCff and BCbb, nor the pro-
portion between light absorption on BC and BrC, only the magnitude
of the absorption coefficient babs is affected (Ferrero et al., 2021a).
Therefore, site-specific correction of C is strongly recommended, espe-
cially for climatological studies (Ferrero et al., 2021b). Several studies
have been published on the C value for different filter tapes using
Aethalometers (Bernardoni et al., 2021; Ferrero et al., 2021a, 2021b;
Kumar et al., 2018; Massabò et al., 2015). Since M8060 filter tape was
used in the AE33 in 2017, its optical properties have been published
in only one study (Yus-Díez et al., 2021) to the best of our knowledge.
Based on this study, using the manufacturer's default C value could
lead to an overestimation of the absorption coefficient.

The Aethalometer model source apportionment of BC to BCff and
BCbb is sensitive to the chosen pair of parameters AAEff and AAEbb. It
is recommended to find the optimal site-specific pair of values by
using the colocated measurements of levoglucosan as a biomass burn-
ing marker (Fuller et al., 2014) or radiocarbon 14C as a fossil fuel tracer
(Zotter et al., 2017). Usually, the AAEff-AAEbb pair is characteristic of a
wider region, assuming that the fuels do not vary significantly inside
the area. Aethalometer model is best suited for application in urban en-
vironments with two dominant sources of BC, namely biomass and fos-
sil fuel combustion. The results of the Aethalometer model should be
interpreted carefully in the presence of other fuel types.

To reduce the possible uncertainty of the BC tracer model to split OC in
SOC and POC, the MRS method (Wu et al., 2019; Wu and Yu, 2016) is rec-
ommended to use because the parameter (OC/BC)prim is not predefined but
estimated from the data. In our study, (OC/BC)prim was assessed sepa-
rately for every season to further reduce potential uncertainty. The BC
tracer model is limited to the analysis of local aerosols because it takes
advantage of the differences between the temporal evolution of primary
sources and secondary formation processes. If local air quality is signif-
icantly exposed to pollution transport, Wu et al. (2019) recommended
building a separate BC tracer model for episodes strongly affected by
transported aerosols.

The constant POA/POC and SOA/SOC, taken from a study conducted in
the LA Basin (Docherty et al., 2008), were used in our study to convert or-
ganic carbon to organic aerosol mass. It must be mentioned that the uncer-
tainty increases for high-time-resolution data with changing emission
sources. For example, higher OA/OC ratios are expected for aerosols im-
pacted by woodsmoke in winter evenings at both sites. Therefore, the use
of seasonally and source-dependent OA/OC (or POA/POC, SOA/SOC) ra-
tios would decrease the uncertainty in the conversion of organic carbon
to organic aerosol mass in future studies.

The MACBrC,prim and MACBrC,sec parameters were taken from the litera-
ture (Kumar et al., 2018) and considered as a potential source for the
highest level of uncertainty in our high-time resolution approach. Conse-
quently, the split between POABrC and SOABrC during the nights in the
colder part of the year must be considered carefully, because both compo-
nents have a similar diurnal pattern. This point is marked with a dashed
line in Fig. 3 to alert the reader about the potential higher uncertainty.
However, a growing number of studies are focusing on BrC and its phys-
ical and chemical properties in recent years (Cappa et al., 2020; Chen
et al., 2021; Gilardoni et al., 2020; Hettiyadura et al., 2021; Huang
et al., 2022; Izhar et al., 2020; Li et al., 2020; Liakakou et al., 2020;
Liu et al., 2020, 2021; Rastogi et al., 2021; Sun et al., 2021; Wang
et al., 2020; Wu et al., 2021; Zhang et al., 2020), which promises that
the highest uncertainty of MACBrC,prim and MACBrC,sec could be reduced
in coming years.
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5. Conclusions

Different carbonaceous aerosol apportionment methods in a concise
and advanced apportionment technique were integrated for the first time
in this study. The proposed approach relies on high-time-resolution mea-
surements of TC and BC concentrations using a recently developed CASS
system. Long-term (i.e., two years), high-time-resolution CA measurement
and apportionment were performed at two contrasting sites in the LA
Basin, focusing on primary and secondary aerosols and their ability to ab-
sorb light. Similar temporal patterns were observed at both sites: the morn-
ing rush hour traffic, especially in winter, resulted in the contribution of
primary emitted carbonaceous aerosols (BCff + BCbb + POAnon-abs +
POABrC) up to 90 % of the total CA. On the other hand, secondary formed
SOA (SOAnon-abs + SOABrC) is a dominant component of CA in summer af-
ternoons when their contribution can reach 80% of the total CA, but is also
not negligible during nights. The results were in good agreement with the
previously reported studies focusing on carbonaceous aerosol composition
and sources. The presented measurement system and methodology have
high potential to be implemented for real-time analyses worldwide if the
free parameters are carefully chosen for each location, considering the
methodology limitations and recommendations.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.157606.

CRediT authorship contribution statement

Matic Ivančič: Conceptualization, Data curation, Methodology, Soft-
ware, Visualization, Writing – original draft, Writing – review & editing.
AstaGregorič:Conceptualization,Methodology, Supervision,Writing – re-
view& editing.Gašper Lavrič:Data curation, Investigation, Project admin-
istration. Bálint Alföldy: Methodology, Writing – review & editing. Irena
Ježek: Writing – review & editing. Sina Hasheminassab: Conceptualiza-
tion, Data curation, Investigation, Writing – review & editing. Payam
Pakbin: Conceptualization, Data curation, Investigation, Project adminis-
tration, Writing – review & editing. Faraz Ahangar: Conceptualization,
Data curation, Investigation, Writing – review & editing. Mohammad
Sowlat: Conceptualization, Data curation, Investigation, Writing – review
& editing. Steven Boddeker: Conceptualization, Data curation, Investiga-
tion, Writing – review & editing. Martin Rigler: Conceptualization,
Funding acquisition, Methodology, Project administration, Resources, Su-
pervision, Writing – review & editing.
Declaration of competing interest

The authors declare the following financial interests/personal relation-
ships which may be considered as potential competing interests: At the
time of the research, Matic Ivančič, Asta Gregorič, Gašper Lavrič, Bálint
Alföldy, Irena Ježek, and Martin Rigler were also employed by the manu-
facturer of the Aethalometer and Total carbon analyzer instruments. Other
authors declare no conflict of interest. The views expressed in this docu-
ment are solely those of the authors and do not necessarily reflect those
of the South Coast AQMD.

References

Ahmed, T., Dutkiewicz, V.A., Shareef, A., Tuncel, G., Tuncel, S., Husain, L., 2009. Measure-
ment of black carbon (BC) by an optical method and a thermal-optical method: intercom-
parison for four sites. Atmos. Environ. 43, 6305–6311. https://doi.org/10.1016/j.
atmosenv.2009.09.031.

Aiken, A.C., DeCarlo, P.F., Kroll, J.H., Worsnop, D.R., Huffman, J.A., Docherty, K.S., Ulbrich,
I.M., Mohr, C., Kimmel, J.R., Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway, M.,
Ziemann, P.J., Canagaratna, M.R., Onasch, T.B., Alfarra, M.R., Prevot, A.S.H., Dommen,
J., Duplissy, J., Metzger, A., Baltensperger, U., Jimenez, J.L., 2008. O/C and OM/OC ra-
tios of primary, secondary, and ambient organic aerosols with high-resolution time-of-
flight aerosol mass spectrometry. Environ. Sci. Technol. 42, 4478–4485. https://doi.
org/10.1021/es703009q.

Andreae, M.O., Gelencsér, A., 2006. Black carbon or brown carbon? The nature of light-
absorbing carbonaceous aerosols. Atmos. Chem. Phys. 6, 3131–3148. https://doi.org/
10.5194/acp-6-3131-2006.

https://doi.org/10.1016/j.scitotenv.2022.157606
https://doi.org/10.1016/j.scitotenv.2022.157606
https://doi.org/10.1016/j.atmosenv.2009.09.031
https://doi.org/10.1016/j.atmosenv.2009.09.031
https://doi.org/10.1021/es703009q
https://doi.org/10.1021/es703009q
https://doi.org/10.5194/acp-6-3131-2006
https://doi.org/10.5194/acp-6-3131-2006


M. Ivančič et al. Science of the Total Environment 848 (2022) 157606
Bahreini, R., Middlebrook, A.M., de Gouw, J.A., Warneke, C., Trainer, M., Brock, C.A., Stark,
H., Brown, S.S., Dube, W.P., Gilman, J.B., Hall, K., Holloway, J.S., Kuster, W.C., Perring,
A.E., Prevot, A.S.H., Schwarz, J.P., Spackman, J.R., Szidat, S., Wagner, N.L., Weber, R.J.,
Zotter, P., Parrish, D.D., 2012. Gasoline emissions dominate over diesel in formation of
secondary organic aerosol mass. Geophys. Res. Lett. 39. https://doi.org/10.1029/
2011GL050718.

Bernardoni, V., Ferrero, L., Bolzacchini, E., Forello, A.C., Gregorič, A., Massabò, D., Močnik,
G., Prati, P., Rigler, M., Santagostini, L., Soldan, F., Valentini, S., Valli, G., Vecchi, R.,
2021. Determination of aethalometer multiple-scattering enhancement parameters and
impact on source apportionment during the winter 2017/18 EMEP/ACTRIS/COLOSSAL
campaign in Milan. Atmos. Meas. Tech. 14, 2919–2940. https://doi.org/10.5194/amt-
14-2919-2021.

Birch, M.E., Cary, R.A., 1996. Elemental carbon-based method for monitoring occupational
exposures to particulate diesel exhaust. Aerosol Sci. Technol. 25, 221–241. https://doi.
org/10.1080/02786829608965393.

Bond, T.C., Doherty, S.J., Fahey, D.W., Forster, P.M., Berntsen, T., DeAngelo, B.J., Flanner,
M.G., Ghan, S., Kärcher, B., Koch, D., Kinne, S., Kondo, Y., Quinn, P.K., Sarofim, M.C.,
Schultz, M.G., Schulz, M., Venkataraman, C., Zhang, H., Zhang, S., Bellouin, N.,
Guttikunda, S.K., Hopke, P.K., Jacobson, M.Z., Kaiser, J.W., Klimont, Z., Lohmann, U.,
Schwarz, J.P., Shindell, D., Storelvmo, T., Warren, S.G., Zender, C.S., 2013. Bounding
the role of black carbon in the climate system: a scientific assessment. J. Geophys. Res.
Atmos. 118, 5380–5552. https://doi.org/10.1002/jgrd.50171.

Cappa, C.D., Zhang, X., Russell, L.M., Collier, S., Lee, A.K.Y., Chen, C.-L., Betha, R., Chen, S.,
Liu, J., Price, D.J., Sanchez, K.J., McMeeking, G.R., Williams, L.R., Onasch, T.B.,
Worsnop, D.R., Abbatt, J., Zhang, Q., 2019. Light absorption by ambient black and
Brown carbon and its dependence on black carbon coating state for two California,
USA, cities in winter and summer. J. Geophys. Res. Atmospheres 124, 1550–1577.
https://doi.org/10.1029/2018JD029501.

Cappa, C.D., Lim, C.Y., Hagan, D.H., Coggon, M., Koss, A., Sekimoto, K., de Gouw, J., Onasch,
T.B., Warneke, C., Kroll, J.H., 2020. Biomass-burning-derived particles from a wide vari-
ety of fuels – part 2: effects of photochemical aging on particle optical and chemical prop-
erties. Atmos. Chem. Phys. 20, 8511–8532. https://doi.org/10.5194/acp-20-8511-2020.

Cavalli, F., Viana, M., Yttri, K.E., Genberg, J., Putaud, J.-P., 2010. Toward a standardised
thermal-optical protocol for measuring atmospheric organic and elemental carbon: the
EUSAAR protocol. Atmos. Meas. Tech. 3, 79–89. https://doi.org/10.5194/amt-3-79-
2010.

Chen, Y., Bond, T.C., 2010. Light absorption by organic carbon from wood combustion.
Atmos. Chem. Phys. 10, 1773–1787. https://doi.org/10.5194/acp-10-1773-2010.

Chen, L.-W.A., Chow, J.C., Wang, X.L., Robles, J.A., Sumlin, B.J., Lowenthal, D.H.,
Zimmermann, R., Watson, J.G., 2015. Multi-wavelength optical measurement to enhance
thermal/optical analysis for carbonaceous aerosol. Atmos. Meas. Tech. 8, 451–461.
https://doi.org/10.5194/amt-8-451-2015.

Chen, L.-W.A., Chow, J.C., Wang, X., Cao, J., Mao, J., Watson, J.G., 2021. Brownness of or-
ganic aerosol over the United States: evidence for seasonal biomass burning and
photobleaching effects. Environ. Sci. Technol. 55, 8561–8572. https://doi.org/10.
1021/acs.est.0c08706.

Chow, J.C., Watson, J.G., 2002. PM2.5 carbonate concentrations at regionally representative
Interagency Monitoring of Protected Visual Environment sites. J. Geophys. Res. Atmo-
spheres 107. https://doi.org/10.1029/2001JD000574 ICC 6-1–ICC 6-9.

Chow, J.C., Watson, J.G., Pritchett, L.C., Pierson, W.R., Frazier, C.A., Purcell, R.G., 1993. The
dri thermal/optical reflectance carbon analysis system: description, evaluation and appli-
cations in U.S. Air quality studies. Atmos. Environ. Part Gen. Top. 27, 1185–1201.
https://doi.org/10.1016/0960-1686(93)90245-T.

Chow, J.C., Watson, J.G., Green, M.C., Wang, X., Chen, L.-W.A., Trimble, D.L., Cropper, P.M.,
Kohl, S.D., Gronstal, S.B., 2018. Separation of brown carbon from black carbon for
IMPROVE and chemical speciation network PM2.5 samples. J. Air Waste Manag. Assoc.
68, 494–510. https://doi.org/10.1080/10962247.2018.1426653.

Chowdhury, S., Pozzer, A., Haines, A., Klingmüller, K., Münzel, T., Paasonen, P., Sharma, A.,
Venkataraman, C., Lelieveld, J., 2022. Global health burden of ambient PM2.5 and the
contribution of anthropogenic black carbon and organic aerosols. Environ. Int. 159,
107020. https://doi.org/10.1016/j.envint.2021.107020.

Daellenbach, K.R., Uzu, G., Jiang, J., Cassagnes, L.-E., Leni, Z., Vlachou, A., Stefenelli, G.,
Canonaco, F., Weber, S., Segers, A., Kuenen, J.J.P., Schaap, M., Favez, O., Albinet,
A., Aksoyoglu, S., Dommen, J., Baltensperger, U., Geiser, M., El Haddad, I.,
Jaffrezo, J.-L., Prévôt, A.S.H., 2020. Sources of particulate-matter air pollution and
its oxidative potential in Europe. Nature 587, 414–419. https://doi.org/10.1038/
s41586-020-2902-8.

Docherty, K.S., Stone, E.A., Ulbrich, I.M., DeCarlo, P.F., Snyder, D.C., Schauer, J.J., Peltier,
R.E., Weber, R.J., Murphy, S.M., Seinfeld, J.H., Grover, B.D., Eatough, D.J., Jimenez,
J.L., 2008. Apportionment of primary and secondary organic aerosols in Southern Califor-
nia during the 2005 study of organic aerosols in Riverside (SOAR-1). Environ. Sci.
Technol. 42, 7655–7662. https://doi.org/10.1021/es8008166.

Drinovec, L., Močnik, G., Zotter, P., Prévôt, A.S.H., Ruckstuhl, C., Coz, E., Rupakheti, M.,
Sciare, J., Müller, T., Wiedensohler, A., Hansen, A.D.A., 2015. The “dual-spot”
aethalometer: an improved measurement of aerosol black carbon with real-time
loading compensation. Atmos. Meas. Tech. 8, 1965–1979. https://doi.org/10.
5194/amt-8-1965-2015.

Drinovec, L., Sciare, J., Stavroulas, I., Bezantakos, S., Pikridas, M., Unga, F., Savvides, C., Višić,
B., Remškar, M., Močnik, G., 2020. A new optical-based technique for real-time measure-
ments of mineral dust concentration in PM10 using a virtual impactor. Atmos. Meas.
Tech. 13, 3799–3813. https://doi.org/10.5194/amt-13-3799-2020.

Favez, O., El Haddad, I., Piot, C., Boréave, A., Abidi, E., Marchand, N., Jaffrezo, J.-L.,
Besombes, J.-L., Personnaz, M.-B., Sciare, J., Wortham, H., George, C., D’Anna, B.,
2010. Inter-comparison of source apportionment models for the estimation of wood burn-
ing aerosols during wintertime in an alpine city (Grenoble, France). Atmos. Chem. Phys.
10, 5295–5314. https://doi.org/10.5194/acp-10-5295-2010.
14
Ferrero, L., Bernardoni, V., Santagostini, L., Cogliati, S., Soldan, F., Valentini, S., Massabò, D.,
Močnik, G., Gregorič, A., Rigler, M., Prati, P., Bigogno, A., Losi, N., Valli, G., Vecchi, R.,
Bolzacchini, E., 2021a. Consistent determination of the heating rate of light-absorbing
aerosol using wavelength- and time-dependent aethalometer multiple-scattering correc-
tion. Sci. Total Environ. 148277. https://doi.org/10.1016/j.scitotenv.2021.148277.

Ferrero, L., Gregorič, A., Močnik, G., Rigler, M., Cogliati, S., Barnaba, F., Di Liberto, L., Gobbi,
G.P., Losi, N., Bolzacchini, E., 2021b. The impact of cloudiness and cloud type on the at-
mospheric heating rate of black and brown carbon in the Po Valley. Atmos. Chem. Phys.
21, 4869–4897. https://doi.org/10.5194/acp-21-4869-2021.

Finewax, Z., de Gouw, J.A., Ziemann, P.J., 2018. Identification and quantification of 4-
nitrocatechol formed from OH and NO3 radical-initiated reactions of catechol in air in
the presence of NOx: implications for secondary organic aerosol formation from bio-
mass burning. Environ. Sci. Technol. 52, 1981–1989. https://doi.org/10.1021/acs.
est.7b05864.

Fröhlich, R., Crenn, V., Setyan, A., Belis, C.A., Canonaco, F., Favez, O., Riffault, V., Slowik,
J.G., Aas, W., Aijälä, M., Alastuey, A., Artiñano, B., Bonnaire, N., Bozzetti, C., Bressi,
M., Carbone, C., Coz, E., Croteau, P.L., Cubison, M.J., Esser-Gietl, J.K., Green, D.C.,
Gros, V., Heikkinen, L., Herrmann, H., Jayne, J.T., Lunder, C.R., Minguillón, M.C.,
Močnik, G., O’Dowd, C.D., Ovadnevaite, J., Petralia, E., Poulain, L., Priestman, M.,
Ripoll, A., Sarda-Estève, R., Wiedensohler, A., Baltensperger, U., Sciare, J., Prévôt,
A.S.H., 2015. ACTRIS ACSM intercomparison – part 2: intercomparison of ME-2 organic
source apportionment results from 15 individual, co-located aerosol mass spectrometers.
Atmos. Meas. Tech. 8, 2555–2576. https://doi.org/10.5194/amt-8-2555-2015.

Fry, J.L., Brown, S.S., Middlebrook, A.M., Edwards, P.M., Campuzano-Jost, P., Day, D.A.,
Jimenez, J.L., Allen, H.M., Ryerson, T.B., Pollack, I., Graus, M., Warneke, C., de Gouw,
J.A., Brock, C.A., Gilman, J., Lerner, B.M., Dubé, W.P., Liao, J., Welti, A., 2018. Secondary
organic aerosol (SOA) yields from NO3 radical + isoprene based on nighttime aircraft
power plant plume transects. Atmos. Chem. Phys. 18, 11663–11682. https://doi.org/
10.5194/acp-18-11663-2018.

Fuller, G.W., Tremper, A.H., Baker, T.D., Yttri, K.E., Butterfield, D., 2014. Contribution of
wood burning to PM10 in London. Atmos. Environ. 87, 87–94. https://doi.org/10.
1016/j.atmosenv.2013.12.037.

Gilardoni, S., Massoli, P., Marinoni, A., Mazzoleni, C., Freedman, A., Lonati, G., Iuliis, S.D.,
Gianelle, V., 2020. Spatial and temporal variability of carbonaceous aerosol absorption
in the Po Valley. Aerosol Air Qual. Res. 20, 2624–2639. https://doi.org/10.4209/aaqr.
2020.03.0085.

Gorham, K.A., Raffuse, S.M., Hyslop, N.P., White, W.H., 2021. Comparison of recent speciated
PM2.5 data from collocated CSN and IMPROVE measurements. Atmos. Environ. 244,
117977. https://doi.org/10.1016/j.atmosenv.2020.117977.

Harris, C.R., Millman, K.J., van der Walt, S.J., Gommers, R., Virtanen, P., Cournapeau, D.,
Wieser, E., Taylor, J., Berg, S., Smith, N.J., Kern, R., Picus, M., Hoyer, S., van Kerkwijk,
M.H., Brett, M., Haldane, A., del Río, J.F., Wiebe, M., Peterson, P., Gérard-Marchant, P.,
Sheppard, K., Reddy, T., Weckesser, W., Abbasi, H., Gohlke, C., Oliphant, T.E., 2020.
Array programming with NumPy. Nature 585, 357–362. https://doi.org/10.1038/
s41586-020-2649-2.

Hayes, P.L., Ortega, A.M., Cubison, M.J., Froyd, K.D., Zhao, Y., Cliff, S.S., Hu, W.W., Toohey,
D.W., Flynn, J.H., Lefer, B.L., Grossberg, N., Alvarez, S., Rappenglück, B., Taylor, J.W.,
Allan, J.D., Holloway, J.S., Gilman, J.B., Kuster, W.C., de Gouw, J.A., Massoli, P.,
Zhang, X., Liu, J., Weber, R.J., Corrigan, A.L., Russell, L.M., Isaacman, G., Worton, D.R.,
Kreisberg, N.M., Goldstein, A.H., Thalman, R., Waxman, E.M., Volkamer, R., Lin, Y.H.,
Surratt, J.D., Kleindienst, T.E., Offenberg, J.H., Dusanter, S., Griffith, S., Stevens, P.S.,
Brioude, J., Angevine, W.M., Jimenez, J.L., 2013. Organic aerosol composition and
sources in Pasadena, California, during the 2010 CalNex campaign. J. Geophys. Res. At-
mospheres 118, 9233–9257. https://doi.org/10.1002/jgrd.50530.

He, Q., Tomaz, S., Li, C., Zhu, M., Meidan, D., Riva, M., Laskin, A., Brown, S.S., George, C.,
Wang, X., Rudich, Y., 2021. Optical properties of secondary organic aerosol produced
by nitrate radical oxidation of biogenic volatile organic compounds. Environ. Sci.
Technol. 55, 2878–2889. https://doi.org/10.1021/acs.est.0c06838.

Healy, R.M., Sofowote, U., Su, Y., Debosz, J., Noble, M., Jeong, C.-H., Wang, J.M., Hilker, N.,
Evans, G.J., Doerksen, G., Jones, K., Munoz, A., 2017. Ambient measurements and source
apportionment of fossil fuel and biomass burning black carbon in Ontario. Atmos. Envi-
ron. 161, 34–47. https://doi.org/10.1016/j.atmosenv.2017.04.034.

Helin, A., Niemi, J.V., Virkkula, A., Pirjola, L., Teinilä, K., Backman, J., Aurela, M., Saarikoski,
S., Rönkkö, T., Asmi, E., Timonen, H., 2018. Characteristics and source apportionment of
black carbon in the Helsinki metropolitan area, Finland. Atmos. Environ. 190, 87–98.
https://doi.org/10.1016/j.atmosenv.2018.07.022.

Hems, R.F., Schnitzler, E.G., Liu-Kang, C., Cappa, C.D., Abbatt, J.P.D., 2021. Aging of atmo-
spheric brown carbon aerosol. ACS Earth Space Chem. 5, 722–748. https://doi.org/10.
1021/acsearthspacechem.0c00346.

Hettiyadura, A.P.S., Garcia, V., Li, C., West, C.P., Tomlin, J., He, Q., Rudich, Y., Laskin, A.,
2021. Chemical composition and molecular-specific optical properties of atmospheric
brown carbon associated with biomass burning. Environ. Sci. Technol. 55, 2511–2521.
https://doi.org/10.1021/acs.est.0c05883.

Hopke, P.K., Dai, Q., Li, L., Feng, Y., 2020. Global review of recent source apportionments for
airborne particulate matter. Sci. Total Environ. 740, 140091. https://doi.org/10.1016/j.
scitotenv.2020.140091.

Hu, W.W., Hu, M., Deng, Z.Q., Xiao, R., Kondo, Y., Takegawa, N., Zhao, Y.J., Guo, S., Zhang,
Y.H., 2012. The characteristics and origins of carbonaceous aerosol at a rural site of PRD
in summer of 2006. Atmos. Chem. Phys. 12, 1811–1822. https://doi.org/10.5194/acp-
12-1811-2012.

Huang, R.-J., Yang, L., Shen, J., Yuan, W., Gong, Y., Ni, H., Duan, J., Yan, J., Huang, H., You,
Q., Li, Y.J., 2022. Chromophoric fingerprinting of Brown carbon from residential biomass
burning. Environ. Sci. Technol. Lett. 9, 102–111. https://doi.org/10.1021/acs.estlett.
1c00837.

Huntzicker, J.J., Johnson, R.L., Shah, J.J., Cary, R.A., 1982. Analysis of organic and elemental
carbon in ambient aerosols by a thermal-optical method. In: Wolff, G.T., Klimisch, R.L.

https://doi.org/10.1029/2011GL050718
https://doi.org/10.1029/2011GL050718
https://doi.org/10.5194/amt-14-2919-2021
https://doi.org/10.5194/amt-14-2919-2021
https://doi.org/10.1080/02786829608965393
https://doi.org/10.1080/02786829608965393
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1029/2018JD029501
https://doi.org/10.5194/acp-20-8511-2020
https://doi.org/10.5194/amt-3-79-2010
https://doi.org/10.5194/amt-3-79-2010
https://doi.org/10.5194/acp-10-1773-2010
https://doi.org/10.5194/amt-8-451-2015
https://doi.org/10.1021/acs.est.0c08706
https://doi.org/10.1021/acs.est.0c08706
https://doi.org/10.1029/2001JD000574
https://doi.org/10.1016/0960-1686(93)90245-T
https://doi.org/10.1080/10962247.2018.1426653
https://doi.org/10.1016/j.envint.2021.107020
https://doi.org/10.1038/s41586-020-2902-8
https://doi.org/10.1038/s41586-020-2902-8
https://doi.org/10.1021/es8008166
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-13-3799-2020
https://doi.org/10.5194/acp-10-5295-2010
https://doi.org/10.1016/j.scitotenv.2021.148277
https://doi.org/10.5194/acp-21-4869-2021
https://doi.org/10.1021/acs.est.7b05864
https://doi.org/10.1021/acs.est.7b05864
https://doi.org/10.5194/amt-8-2555-2015
https://doi.org/10.5194/acp-18-11663-2018
https://doi.org/10.5194/acp-18-11663-2018
https://doi.org/10.1016/j.atmosenv.2013.12.037
https://doi.org/10.1016/j.atmosenv.2013.12.037
https://doi.org/10.4209/aaqr.2020.03.0085
https://doi.org/10.4209/aaqr.2020.03.0085
https://doi.org/10.1016/j.atmosenv.2020.117977
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1002/jgrd.50530
https://doi.org/10.1021/acs.est.0c06838
https://doi.org/10.1016/j.atmosenv.2017.04.034
https://doi.org/10.1016/j.atmosenv.2018.07.022
https://doi.org/10.1021/acsearthspacechem.0c00346
https://doi.org/10.1021/acsearthspacechem.0c00346
https://doi.org/10.1021/acs.est.0c05883
https://doi.org/10.1016/j.scitotenv.2020.140091
https://doi.org/10.1016/j.scitotenv.2020.140091
https://doi.org/10.5194/acp-12-1811-2012
https://doi.org/10.5194/acp-12-1811-2012
https://doi.org/10.1021/acs.estlett.1c00837
https://doi.org/10.1021/acs.estlett.1c00837


M. Ivančič et al. Science of the Total Environment 848 (2022) 157606
(Eds.), Particulate Carbon: Atmospheric Life Cycle. Springer, US, Boston, MA, pp. 79–88
https://doi.org/10.1007/978-1-4684-4154-3_6.

IPPC, 2013. Climate change 2013: the physical science basis. In: Stocker, T.F., Qin, D.,
Plattner, G.K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
Midgley, P.M. (Eds.), Fifth Assessment Reprot of the Intergovemental Panel on Climate
Change. Cambridage University Press, Cambrigde, United Kingdom and New York, NY,
USA, p. 1535.

Izhar, S., Gupta, T., Panday, A.K., 2020. Improved method to apportion optical absorption by
black and brown carbon under the influence of haze and fog at Lumbini, Nepal, on the
Indo-Gangetic Plains. Environ. Pollut. 263, 114640. https://doi.org/10.1016/j.envpol.
2020.114640.

Jeong, C.-H., Hopke, P.K., Kim, E., Lee, D.-W., 2004. The comparison between thermal-optical
transmittance elemental carbon and aethalometer black carbon measured at multiple
monitoring sites. Atmos. Environ. 38, 5193–5204. https://doi.org/10.1016/j.atmosenv.
2004.02.065.

Jiang, H., Frie, A.L., Lavi, A., Chen, J.Y., Zhang, H., Bahreini, R., Lin, Y.-H., 2019. Brown car-
bon formation from nighttime chemistry of unsaturated heterocyclic volatile organic
compounds. Environ. Sci. Technol. Lett. 6, 184–190. https://doi.org/10.1021/acs.
estlett.9b00017.

June, N.A., Wang, Xuan, Chen, L.-W.A., Chow, J.C., Watson, J.G., Wang, Xiaoliang,
Henderson, B.H., Zheng, Y., Mao, J., 2020. Spatial and temporal variability of brown car-
bon in the United States: implications for direct radiative effects. Geophys. Res. Lett. 47,
e2020GL090332. https://doi.org/10.1029/2020GL090332.

Khare, P., Gentner, D.R., 2018. Considering the future of anthropogenic gas-phase organic
compound emissions and the increasing influence of non-combustion sources on urban
air quality. Atmos. Chem. Phys. 18, 5391–5413. https://doi.org/10.5194/acp-18-5391-
2018.

Kumar, N.K., Corbin, J.C., Bruns, E.A., Massabó, D., Slowik, J.G., Drinovec, L., Močnik, G.,
Prati, P., Vlachou, A., Baltensperger, U., Gysel, M., El-Haddad, I., Prévôt, A.S.H., 2018.
Production of particulate brown carbon during atmospheric aging of residential wood-
burning emissions. Atmos. Chem. Phys. 18, 17843–17861. https://doi.org/10.5194/
acp-18-17843-2018.

Lack, D.A., Cappa, C.D., 2010. Impact of brown and clear carbon on light absorption enhance-
ment, single scatter albedo and absorption wavelength dependence of black carbon.
Atmos. Chem. Phys. 10, 4207–4220. https://doi.org/10.5194/acp-10-4207-2010.

Laskin, A., Laskin, J., Nizkorodov, S.A., 2015. Chemistry of atmospheric brown carbon. Chem.
Rev. 115, 4335–4382. https://doi.org/10.1021/cr5006167.

Li, Jianjun, Zhang, Q., Wang, G., Li, Jin, Wu, C., Liu, L., Wang, J., Jiang, W., Li, L., Ho, K.F.,
Cao, J., 2020. Optical properties and molecular compositions of water-soluble and
water-insoluble brown carbon (BrC) aerosols in Northwest China. Atmos. Chem. Phys.
20, 4889–4904. https://doi.org/10.5194/acp-20-4889-2020.

Liakakou, E., Kaskaoutis, D.G., Grivas, G., Stavroulas, I., Tsagkaraki, M., Paraskevopoulou, D.,
Bougiatioti, A., Dumka, U.C., Gerasopoulos, E., Mihalopoulos, N., 2020. Long-term brown
carbon spectral characteristics in a Mediterranean city (Athens). Sci. Total Environ. 708,
135019. https://doi.org/10.1016/j.scitotenv.2019.135019.

Liu, D., He, C., Schwarz, J.P., Wang, X., 2020. Lifecycle of light-absorbing carbonaceous aero-
sols in the atmosphere. Npj Clim. Atmos. Sci. 3, 1–18. https://doi.org/10.1038/s41612-
020-00145-8.

Liu, J., Chu, B., Chen, T., Zhong, C., Liu, C., Ma, Q., Ma, J., Zhang, P., He, H., 2021. Secondary
organic aerosol formation potential from ambient air in Beijing: effects of atmospheric ox-
idation capacity at different pollution levels. Environ. Sci. Technol. 55, 4565–4572.
https://doi.org/10.1021/acs.est.1c00890.

Martinsson, J., Abdul Azeem, H., Sporre, M.K., Bergström, R., Ahlberg, E., Öström, E.,
Kristensson, A., Swietlicki, E., Eriksson Stenström, K., 2017. Carbonaceous aerosol source
apportionment using the aethalometer model – evaluation by radiocarbon and
levoglucosan analysis at a rural background site in southern Sweden. Atmos. Chem.
Phys. 17, 4265–4281. https://doi.org/10.5194/acp-17-4265-2017.

Massabò, D., Prati, P., 2021. An overview of optical and thermal methods for the characteri-
zation of carbonaceous aerosol. Riv. Nuovo Cimento https://doi.org/10.1007/s40766-
021-00017-8.

Massabò, D., Caponi, L., Bernardoni, V., Bove, M.C., Brotto, P., Calzolai, G., Cassola, F., Chiari,
M., Fedi, M.E., Fermo, P., Giannoni, M., Lucarelli, F., Nava, S., Piazzalunga, A., Valli, G.,
Vecchi, R., Prati, P., 2015. Multi-wavelength optical determination of black and brown
carbon in atmospheric aerosols. Atmos. Environ. 108, 1–12. https://doi.org/10.1016/j.
atmosenv.2015.02.058.

Massabò, D., Caponi, L., Bove, M.C., Prati, P., 2016. Brown carbon and thermal–optical anal-
ysis: a correction based on optical multi-wavelength apportionment of atmospheric aero-
sols. Atmos. Environ. 125, 119–125. https://doi.org/10.1016/j.atmosenv.2015.11.011.

Mates, V., 2021. WWW Document. http://www.aqmd.gov/home/air-quality/air-quality-
studies/health-studies/mates-v (accessed 2.7.22).

Mayorga, R.J., Zhao, Z., Zhang, H., 2021. Formation of secondary organic aerosol from nitrate
radical oxidation of phenolic VOCs: implications for nitration mechanisms and brown
carbon formation. Atmos. Environ. 244, 117910. https://doi.org/10.1016/j.atmosenv.
2020.117910.

Mbengue, S., Serfozo, N., Schwarz, J., Ziková, N., Šmejkalová, A.H., Holoubek, I., 2020. Char-
acterization of equivalent black carbon at a regional background site in Central Europe:
variability and source apportionment. Environ. Pollut. 260, 113771. https://doi.org/10.
1016/j.envpol.2019.113771 ☆.

Millet, D.B., Donahue, N.M., Pandis, S.N., Polidori, A., Stanier, C.O., Turpin, B.J.,
Goldstein, A.H., 2005. Atmospheric volatile organic compound measurements dur-
ing the Pittsburgh air quality study: results, interpretation, and quantification of pri-
mary and secondary contributions. J. Geophys. Res. Atmos. 110. https://doi.org/10.
1029/2004JD004601.

Moise, T., Flores, J.M., Rudich, Y., 2015. Optical properties of secondary organic aerosols and
their changes by chemical processes. Chem. Rev. 115, 4400–4439. https://doi.org/10.
1021/cr5005259.
15
Petzold, A., Ogren, J.A., Fiebig, M., Laj, P., Li, S.-M., Baltensperger, U., Holzer-Popp, T., Kinne,
S., Pappalardo, G., Sugimoto, N., Wehrli, C., Wiedensohler, A., Zhang, X.-Y., 2013. Rec-
ommendations for reporting “black carbon” measurements. Atmos. Chem. Phys. 13,
8365–8379. https://doi.org/10.5194/acp-13-8365-2013.

Polidori, A., Arhami, M., Sioutas, C., Delfino, R.J., Allen, R., 2007. Indoor/Outdoor relation-
ships, trends, and carbonaceous content of fine particulate matter in retirement homes
of the Los Angeles Basin. J. Air Waste Manag. Assoc. 57, 366–379. https://doi.org/10.
1080/10473289.2007.10465339.

Qin, Y.M., Tan, H.B., Li, Y.J., Li, Z.J., Schurman, M.I., Liu, L., Wu, C., Chan, C.K., 2018. Chem-
ical characteristics of brown carbon in atmospheric particles at a suburban site near
Guangzhou, China. Atmospheric Chem. Phys. 18, 16409–16418. https://doi.org/10.
5194/acp-18-16409-2018.

Rastogi, N., Satish, R., Singh, A., Kumar, V., Thamban, N., Lalchandani, V., Shukla, A.,
Vats, P., Tripathi, S.N., Ganguly, D., Slowik, J., Prevot, A.S.H., 2021. Diurnal vari-
ability in the spectral characteristics and sources of water-soluble brown carbon
aerosols over Delhi. Sci. Total Environ. 794, 148589. https://doi.org/10.1016/j.
scitotenv.2021.148589.

Rigler, M., Drinovec, L., Lavrič, G., Vlachou, A., Prévôt, A.S.H., Jaffrezo, J.L., Stavroulas, I.,
Sciare, J., Burger, J., Kranjc, I., Turšič, J., Hansen, A.D.A., Močnik, G., 2020. The new in-
strument using a TC–BC (total carbon–black carbon) method for the online measurement
of carbonaceous aerosols. Atmos. Meas. Tech. 13, 4333–4351. https://doi.org/10.5194/
amt-13-4333-2020.

Saffari, A., Hasheminassab, S., Shafer, M.M., Schauer, J.J., Chatila, T.A., Sioutas, C., 2016.
Nighttime aqueous-phase secondary organic aerosols in Los Angeles and its implication
for fine particulate matter composition and oxidative potential. Atmos. Environ. 133,
112–122. https://doi.org/10.1016/j.atmosenv.2016.03.022.

Saleh, R., 2020. Frommeasurements to models: toward accurate representation of Brown car-
bon in climate calculations. Curr. Pollut. Rep. 6, 90–104. https://doi.org/10.1007/
s40726-020-00139-3.

Sandradewi, J., Prévôt, A.S.H., Szidat, S., Perron, N., Alfarra, M.R., Lanz, V.A.,
Weingartner, E., Baltensperger, U., 2008. Using aerosol light absorption measure-
ments for the quantitative determination of wood burning and traffic emission con-
tributions to particulate matter. Environ. Sci. Technol. 42, 3316–3323. https://doi.
org/10.1021/es702253mSeltzer.

Seltzer, K.M., Murphy, B.N., Pennington, E.A., Allen, C., Talgo, K., Pye, H.O.T., 2021. Volatile
chemical product enhancements to criteria pollutants in the United States. Environ. Sci.
Technol. https://doi.org/10.1021/acs.est.1c04298.

Soleimanian, E., Mousavi, A., Taghvaee, S., Shafer, M.M., Sioutas, C., 2020. Impact of second-
ary and primary particulate matter (PM) sources on the enhanced light absorption by
brown carbon (BrC) particles in Central Los Angeles. Sci. Total Environ. 705, 135902.
https://doi.org/10.1016/j.scitotenv.2019.135902ro.

Spada, N.J., Hyslop, N.P., 2018. Comparison of elemental and organic carbon measurements
between IMPROVE and CSN before and after method transitions. Atmos. Environ. 178,
173–180. https://doi.org/10.1016/j.atmosenv.2018.01.043.

Sun, J., Xie, C., Xu, Weiqi, Chen, C., Ma, N., Xu, Wanyun, Lei, L., Li, Z., He, Y., Qiu, Y., Wang,
Q., Pan, X., Su, H., Cheng, Y., Wu, C., Fu, P., Wang, Z., Sun, Y., 2021. Light absorption of
black carbon and brown carbon in winter in North China plain: comparisons between
urban and rural sites. Sci. Total Environ. 770, 144821. https://doi.org/10.1016/j.
scitotenv.2020.144821.

TCA08, 2022. Total Carbon Analyzer TCA08 – User’s Manual, Magee Scientific/Aerosol d.o.
o., Ljubljana, Slovenia.

Tian, J., Wang, Q., Ni, H., Wang, M., Zhou, Y., Han, Y., Shen, Z., Pongpiachan, S., Zhang, N.,
Zhao, Z., Zhang, Q., Zhang, Y., Long, X., Cao, J., 2019. Emission characteristics of primary
brown carbon absorption from biomass and coal burning: development of an optical
emission inventory for China. J. Geophys. Res. Atmos. 124, 1879–1893. https://doi.
org/10.1029/2018JD029352.

Titos, G., del Águila, A., Cazorla, A., Lyamani, H., Casquero-Vera, J.A., Colombi, C., Cuccia, E.,
Gianelle, V., Močnik, G., Alastuey, A., Olmo, F.J., Alados-Arboledas, L., 2017. Spatial and
temporal variability of carbonaceous aerosols: assessing the impact of biomass burning in
the urban environment. Sci. Total Environ. 578, 613–625. https://doi.org/10.1016/j.
scitotenv.2016.11.007.

Tobler, A.K., Skiba, A., Canonaco, F., Močnik, G., Rai, P., Chen, G., Bartyzel, J., Zimnoch, M.,
Styszko, K., Nęcki, J., Furger, M., Różański, K., Baltensperger, U., Slowik, J.G., Prevot,
A.S.H., 2021. Characterization of non-refractory (NR) PM1 and source apportionment
of organic aerosol in Kraków, Poland. Atmospheric Chem. Phys. 21, 14893–14906.
https://doi.org/10.5194/acp-21-14893-2021.

Tomašek, I., Damby, D.E., Andronico, D., Baxter, P.J., Boonen, I., Claeys, P., Denison,
M.S., Horwell, C.J., Kervyn, M., Kueppers, U., Romanias, M.N., Elskens, M., 2021.
Assessing the biological reactivity of organic compounds on volcanic ash: implica-
tions for human health hazard. Bull. Volcanol. 83, 30. https://doi.org/10.1007/
s00445-021-01453-4.

Turpin, B.J., Huntzicker, J.J., 1995. Identification of secondary organic aerosol episodes
and quantitation of primary and secondary organic aerosol concentrations during
SCAQS. Atmos. Environ. 29, 3527–3544. https://doi.org/10.1016/1352-2310(94)
00276-Q.

Turpin, B.J., Lim, H.-J., 2001. Species contributions to PM2.5 mass concentrations: revisiting
common assumptions for estimating organic mass. Aerosol Sci. Technol. 35, 602–610.
https://doi.org/10.1080/02786820119445.

Via, M., Minguillón, M.C., Reche, C., Querol, X., Alastuey, A., 2021. Increase in secondary or-
ganic aerosol in an urban environment. Atmos. Chem. Phys. 21, 8323–8339. https://doi.
org/10.5194/acp-21-8323-2021.

Wang, X., Heald, C.L., Sedlacek, A.J., de Sá, S.S., Martin, S.T., Alexander, M.L., Watson, T.B.,
Aiken, A.C., Springston, S.R., Artaxo, P., 2016. Deriving brown carbon from multiwave-
length absorptionmeasurements: method and application to AERONET and aethalometer
observations. Atmos. Chem. Phys. 16, 12733–12752. https://doi.org/10.5194/acp-16-
12733-2016.

https://doi.org/10.1007/978-1-4684-4154-3_6
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231147443428
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231147443428
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231147443428
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231147443428
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231147443428
https://doi.org/10.1016/j.envpol.2020.114640
https://doi.org/10.1016/j.envpol.2020.114640
https://doi.org/10.1016/j.atmosenv.2004.02.065
https://doi.org/10.1016/j.atmosenv.2004.02.065
https://doi.org/10.1021/acs.estlett.9b00017
https://doi.org/10.1021/acs.estlett.9b00017
https://doi.org/10.1029/2020GL090332
https://doi.org/10.5194/acp-18-5391-2018
https://doi.org/10.5194/acp-18-5391-2018
https://doi.org/10.5194/acp-18-17843-2018
https://doi.org/10.5194/acp-18-17843-2018
https://doi.org/10.5194/acp-10-4207-2010
https://doi.org/10.1021/cr5006167
https://doi.org/10.5194/acp-20-4889-2020
https://doi.org/10.1016/j.scitotenv.2019.135019
https://doi.org/10.1038/s41612-020-00145-8
https://doi.org/10.1038/s41612-020-00145-8
https://doi.org/10.1021/acs.est.1c00890
https://doi.org/10.5194/acp-17-4265-2017
https://doi.org/10.1007/s40766-021-00017-8
https://doi.org/10.1007/s40766-021-00017-8
https://doi.org/10.1016/j.atmosenv.2015.02.058
https://doi.org/10.1016/j.atmosenv.2015.02.058
https://doi.org/10.1016/j.atmosenv.2015.11.011
http://www.aqmd.gov/home/air-quality/air-quality-studies/health-studies/mates-v
http://www.aqmd.gov/home/air-quality/air-quality-studies/health-studies/mates-v
https://doi.org/10.1016/j.atmosenv.2020.117910
https://doi.org/10.1016/j.atmosenv.2020.117910
https://doi.org/10.1016/j.envpol.2019.113771
https://doi.org/10.1016/j.envpol.2019.113771
https://doi.org/10.1029/2004JD004601
https://doi.org/10.1029/2004JD004601
https://doi.org/10.1021/cr5005259
https://doi.org/10.1021/cr5005259
https://doi.org/10.5194/acp-13-8365-2013
https://doi.org/10.1080/10473289.2007.10465339
https://doi.org/10.1080/10473289.2007.10465339
https://doi.org/10.5194/acp-18-16409-2018
https://doi.org/10.5194/acp-18-16409-2018
https://doi.org/10.1016/j.scitotenv.2021.148589
https://doi.org/10.1016/j.scitotenv.2021.148589
https://doi.org/10.5194/amt-13-4333-2020
https://doi.org/10.5194/amt-13-4333-2020
https://doi.org/10.1016/j.atmosenv.2016.03.022
https://doi.org/10.1007/s40726-020-00139-3
https://doi.org/10.1007/s40726-020-00139-3
https://doi.org/10.1021/es702253mSeltzer
https://doi.org/10.1021/es702253mSeltzer
https://doi.org/10.1021/acs.est.1c04298
https://doi.org/10.1016/j.scitotenv.2019.135902ro
https://doi.org/10.1016/j.atmosenv.2018.01.043
https://doi.org/10.1016/j.scitotenv.2020.144821
https://doi.org/10.1016/j.scitotenv.2020.144821
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231132550228
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231132550228
https://doi.org/10.1029/2018JD029352
https://doi.org/10.1029/2018JD029352
https://doi.org/10.1016/j.scitotenv.2016.11.007
https://doi.org/10.1016/j.scitotenv.2016.11.007
https://doi.org/10.5194/acp-21-14893-2021
https://doi.org/10.1007/s00445-021-01453-4
https://doi.org/10.1007/s00445-021-01453-4
https://doi.org/10.1016/1352-2310(94)00276-Q
https://doi.org/10.1016/1352-2310(94)00276-Q
https://doi.org/10.1080/02786820119445
https://doi.org/10.5194/acp-21-8323-2021
https://doi.org/10.5194/acp-21-8323-2021
https://doi.org/10.5194/acp-16-12733-2016
https://doi.org/10.5194/acp-16-12733-2016


M. Ivančič et al. Science of the Total Environment 848 (2022) 157606
Wang, Q., Han, Yongming, Ye, J., Liu, S., Pongpiachan, S., Zhang, N., Han, Yuemei, Tian, J.,
Wu, C., Long, X., Zhang, Q., Zhang, W., Zhao, Z., Cao, J., 2019a. High contribution of sec-
ondary Brown carbon to aerosol light absorption in the southeastern margin of Tibetan
Plateau. Geophys. Res. Lett. 46, 4962–4970. https://doi.org/10.1029/2019GL082731.

Wang, Q., Ye, J., Wang, Y., Zhang, T., Ran, W., Wu, Y., Tian, J., Li, L., Zhou, Y., Hang Ho, S.S.,
Dang, B., Zhang, Q., Zhang, R., Chen, Y., Zhu, C., Cao, J., 2019b. Wintertime optical prop-
erties of primary and secondary Brown carbon at a regional site in the North China plain.
Environ. Sci. Technol. 53, 12389–12397. https://doi.org/10.1021/acs.est.9b03406.

Wang, Q., Liu, H., Wang, P., Dai, W., Zhang, T., Zhao, Y., Tian, J., Zhang, W., Han, Y.,
Cao, J., 2020. Optical source apportionment and radiative effect of light-absorbing
carbonaceous aerosols in a tropical marine monsoon climate zone: the importance
of ship emissions. Atmospheric Chem. Phys. 20, 15537–15549. https://doi.org/10.
5194/acp-20-15537-2020.

WHO, 2021. WHO Global Air Quality Guidelines: Particulate Matter (PM2.5 and PM10),
Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. World Health Organiza-
tion.

Wu, C., Yu, J.Z., 2016. Determination of primary combustion source organic carbon-to-
elemental carbon (OC/EC) ratio using ambient OC and EC measurements: secondary
OC-EC correlation minimization method. Atmos. Chem. Phys. 16, 5453–5465. https://
doi.org/10.5194/acp-16-5453-2016.

Wu, C., Wu, D., Yu, J.Z., 2019. Estimation and uncertainty analysis of secondary organic car-
bon using 1 year of hourly organic and elemental carbon data. J. Geophys. Res. Atmos.
124, 2774–2795. https://doi.org/10.1029/2018JD029290.

Wu, Y., Li, J., Jiang, C., Xia, Y., Tao, J., Tian, P., Zhou, C., Wang, C., Xia, X., Huang, R., Zhang,
R., 2021. Spectral absorption properties of organic carbon aerosol during a polluted win-
ter in Beijing, China. Sci. Total Environ. 755, 142600. https://doi.org/10.1016/j.
scitotenv.2020.142600.

Yus-Díez, J., Bernardoni, V., Močnik, G., Alastuey, A., Ciniglia, D., Ivančič, M., Querol, X.,
Perez, N., Reche, C., Rigler, M., Vecchi, R., Valentini, S., Pandolfi, M., 2021. Determina-
tion of the multiple-scattering correction factor and its cross-sensitivity to scattering
16
and wavelength dependence for different AE33 aethalometer filter tapes: a multi-
instrumental approach. Atmos. Meas. Tech. 14, 6335–6355. https://doi.org/10.5194/
amt-14-6335-2021.

Zhang, X., Lin, Y.-H., Surratt, J.D., Zotter, P., Prévôt, A.S.H., Weber, R.J., 2011. Light-
absorbing soluble organic aerosol in Los Angeles and Atlanta: a contrast in secondary or-
ganic aerosol. Geophys. Res. Lett. 38. https://doi.org/10.1029/2011GL049385.

Zhang, X., Lin, Y.-H., Surratt, J.D., Weber, R.J., 2013. Sources, composition and absorption
Ångström exponent of light-absorbing organic components in aerosol extracts from the
Los Angeles Basin. Environ. Sci. Technol. 47, 3685–3693. https://doi.org/10.1021/
es305047b.

Zhang, C., Lu, X., Zhai, J., Chen, H., Yang, X., Zhang, Q., Zhao, Q., Fu, Q., Sha, F., Jin, J.,
2018. Insights into the formation of secondary organic carbon in the summertime in
urban Shanghai. J. Environ. Sci. 72, 118–132. https://doi.org/10.1016/j.jes.2017.
12.018.

Zhang, Y., Albinet, A., Petit, J.-E., Jacob, V., Chevrier, F., Gille, G., Pontet, S., Chrétien, E.,
Dominik-Sègue, M., Levigoureux, G., Močnik, G., Gros, V., Jaffrezo, J.-L., Favez, O.,
2020. Substantial brown carbon emissions from wintertime residential wood burning
over France. Sci. Total Environ. 743, 140752. https://doi.org/10.1016/j.scitotenv.
2020.140752.

Zhang, X., Trzepla, K., White, W., Raffuse, S., Hyslop, N.P., 2021. Intercomparison of thermal–
optical carbon measurements by sunset and Desert Research Institute (DRI) analyzers
using the IMPROVE_A protocol. Atmos. Meas. Tech. 14, 3217–3231. https://doi.org/
10.5194/amt-14-3217-2021.

Zotter, P., Herich, H., Gysel, M., El-Haddad, I., Zhang, Y., Močnik, G., Hüglin, C.,
Baltensperger, U., Szidat, S., Prévôt, A.S.H., 2017. Evaluation of the absorption Ångström
exponents for traffic and wood burning in the aethalometer-based source apportionment
using radiocarbon measurements of ambient aerosol. Atmos. Chem. Phys. 17,
4229–4249. https://doi.org/10.5194/acp-17-4229-2017.

https://doi.org/10.1029/2019GL082731
https://doi.org/10.1021/acs.est.9b03406
https://doi.org/10.5194/acp-20-15537-2020
https://doi.org/10.5194/acp-20-15537-2020
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231136187370
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231136187370
http://refhub.elsevier.com/S0048-9697(22)04704-0/rf202207231136187370
https://doi.org/10.5194/acp-16-5453-2016
https://doi.org/10.5194/acp-16-5453-2016
https://doi.org/10.1029/2018JD029290
https://doi.org/10.1016/j.scitotenv.2020.142600
https://doi.org/10.1016/j.scitotenv.2020.142600
https://doi.org/10.5194/amt-14-6335-2021
https://doi.org/10.5194/amt-14-6335-2021
https://doi.org/10.1029/2011GL049385
https://doi.org/10.1021/es305047b
https://doi.org/10.1021/es305047b
https://doi.org/10.1016/j.jes.2017.12.018
https://doi.org/10.1016/j.jes.2017.12.018
https://doi.org/10.1016/j.scitotenv.2020.140752
https://doi.org/10.1016/j.scitotenv.2020.140752
https://doi.org/10.5194/amt-14-3217-2021
https://doi.org/10.5194/amt-14-3217-2021
https://doi.org/10.5194/acp-17-4229-2017

	Two-�year-�long high-�time-�resolution apportionment of primary and secondary carbonaceous aerosols in the Los Angeles Basi...
	1. Introduction
	1.1. Carbonaceous components and terminology

	2. Materials and methods
	2.1. Sampling period and sites
	2.2. Measurement and setup
	2.2.1. TC-BC(λ) method
	2.2.2. Complementary / collocated measurements
	2.2.3. Data analysis

	2.3. Carbonaceous aerosol apportionment
	2.4. Uncertainty estimation

	3. Results and discussion
	3.1. Overview of measurements
	3.2. Advanced apportionment of carbonaceous aerosols
	3.3. Summary of CA apportionment
	3.4. CA apportionment validation

	4. Limitations and recommendations
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	References




