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or indirect e ect, arises from nucleation of cloud droplets and
the formation of ice crystals on atmospheric particles. The
direct e ect refers to direct absorption and scattering of solar
and terrestrial radiation by aerosols. Most organic aerosols
(OA) can be characterized as “white” because they e ciently
scatter visible radiation. However, a signi cant and highly
variable fraction of carbonaceous and organic aerosols absorbs
radiation.® '* The best-known type of light-absorbing carbona-
ceous aerosol is “black carbon” (BC), which represents soot-
like particulates generated by fossil fuel combustion and
biomass burning.}* BC absorbs solar radiation over a broad
spectral range, from ultraviolet (UV) all the way into infrared
(IR). The e ects of BC are especially signi cant in areas that
rely on burning biomass and coal.> ** Most OC compounds
absorb IR and UV radiation strongly but are relatively
transparent to visible (vis, 400 700 nm) and near-IR (700
2500 nm) wavelengths. However, certain types of OC absorb
radiation e ciently in the near-UV (300 400 nm) and vis
ranges. A new term, “brown carbon” (BrC), has emerged in
recent scienti c literature to describe this type of aerosol,
characterized by an absorption spectrum that smoothly
increases from the vis to UV wavelengths.****> 7 In addition
to their direct e ects on vis radiation, both BC and BrC
immersed in cloud droplets absorb light and facilitate water
evaporation and cloud dispersion, an additional indirect e ect
that counteracts the cooling e ect of cloud droplet nucleation
by aerosols.*®

Figure 1'° shows a range of atmospheric carbonaceous
compounds subdivided into operationally de ned classes on the

Figure 1. Optical and thermochemical classi cation of atmospheric
carbonaceous particulate matter. BrC material is an ensemble of light-
absorbing (colored) organic compounds with a variety of molecular
structures and molecule-speci ¢ optical properties. (Reprinted with
permission from ref 19. Copyright 2005 Wiley-VCH Verlag GmbH &
Co)).

basis of the most common methods of bulk particulate matter
(PM) analysis. At the top of the chart, BC compounds have the
lowest volatility and strongest Iight-absorption properties.
While BC is inherently complex,"**2?° its basic chemical
structure and optical properties are reasonably well-known. In
BC, carbon atoms are organized in two-dimensional honey-
comb graphitic layers stacked together perpendicular to the
planes of the layers. A large number of electrons delocalized
along the extended network of graphitic layers de nes the
strong broadband absorption properties of the BC material
with only weak (') spectral dependence of the absorption
coe cient.™?! The bottom of the chart corresponds to volatile
organic compounds with characteristic absorption in the UV
spectral range. These organic species are highly relevant to
atmospheric photochemical processes, but they have nearly no
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direct implications for radiative forcing determined by the
absorption of visible radiation. Between the two extremes of the
chart, there is a broad range of moderately volatile (refractory)
organic compounds with di erent and poorly characterized
molecular structures. Among them, a subset corresponds to
colored compounds with optical properties relevant to the BrC
material. In contrast to BC, the light-absorption coe cient of
BrC has strong wavelength dependence ( 2 %) with
absorption increasing sharply from the vis to the UV
range.}”?1?2 The complexity of light-absorbing organic
compounds and variations in their relative concentrations
make it di cult to characterize the molecular composition and
determine which types of molecules or molecular aggregates
dictate the optical properties of BrC. One goal of this review is
to assess the current state of knowledge regarding the
molecular structures of these BrC compounds on the basis of
analysis of recent eld and laboratory measurements.

Quantifying BrC contribution to light absorption is critically
important for the accurate interpretation of the aerosol optical
depth (AOD), the atmospheric column’s light extinction due to
both scattering and absorption. AOD data are retrieved from
ground-based and satellite measurements and used in climate
model predictions. Retrieval modeling requires knowledge of
the key optical properties, speci cally the extinction coe cient
and single-scattering albedo (SSA). These quantities depend on
the wavelength, particle size distribution, spatial distribution of
di erent light-absorbing materials within individual particles,
and optical properties of these materials. Current climate
modeling approaches often assume that BC and mineral dust
are the only two signi cant types of light-absorbing aerosols on
the global scale, and they treat OA as a purely scattering
component that leads to climate cooling.*** However, there is
a growing amount of data indicating that BrC is widespread in
speci ¢ geographic areas and urban environments, where it may
contribute substantially or even dominate the total aerosol
absorption at speci ¢ wavelengths.*>*%2 2 These reports
highlight the need for improved understanding of OA
absorption properties, providing motivation for numerous
laboratory, test facility, and eld studies focused on
fundamental understanding of the chemical composition and
absorption properties of BrC.

Despite these e orts, our understanding of the relationship
between the chemical composition and optical properties of
BrC remains limited. BrC sources are not well characterized,
and little is known about the mechanisms and rates of its
atmospheric transformations. Emissions of “primary BrC” have
been attributed to forest res and biomass burning,*>?°3°
residential heating by wood and coal,®* and biogenic release of
fungi, plant debris, and humic matter.** ** In addition, recent
laboratory studies have demonstrated that high molecular
weight (high-MW) light-absorbing compounds can be
produced in atmospheric multiphase reactions between the
gas-phase, particulate, and cloud microdroplet constitu-
ents.®® *2 Thus, this type of BrC produced in the atmosphere
as a result of chemical processes can be categorized as
“secondary BrC”. Because ambient particles are transported
over long distances, both primary and secondary BrC may play
an important role in the atmospheric environment, thereby
a ecting the accuracy of satellite data retrieval and climate
model predictions.

This review focuses on the current understanding of the
chemistry of atmospheric light-absorbing organic compounds
relevant to BrC formation and is organized as follows: after the
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Introduction, section 2 presents a summary of eld
observations and modeling studies describing trends in air
pollution and climate forcing attributed to BrC at di erent
geographic locations and regional variations of BrC concen-
trations. In the same section, we summarize the primary and
secondary sources of BrC inferred from eld observations and
factors a ecting the evolution of its physicochemical properties.
Section 3 describes optical measurements and analytical
chemistry approaches used for molecular characterization of
BrC aerosols and individual chromophores. Section 4 presents
a comprehensive account of past and ongoing studies regarding
the molecular characterization of BrC constituents and
understanding the fundamental relationship between aerosol
chemistry and its e ects on the optical and chemical properties
of this important class of complex atmospheric particles.
Section 5 summarizes the known aspects of BrC chemistry and
presents the authors’ outlooks and perspectives on selected
topics for future research in this area.

2. EVIDENCE AND IMPACT OF LIGHT-ABSORBING
ORGANICS IN THE ATMOSPHERE

2.1. Attribution of BrC Based on the Wavelength
Dependence of Light Absorption and Estimates of Its
Global and Regional Impact

Approximately a decade ago, BrC was rst described in the
literature in a number of experimental studies***"2"3! where
carbonaceous aerosols were distinguished on the basis of the
spectral dependence of their light-absorption with respect to
the empirically de ned power law relationship described by eq
1
MAC,( ) = K S @
where MAC, is an e ective mass absorption coe cient
attributable to particles in an aerosol, measured in units of
cm? g 1, Kiis a factor that includes aerosol mass concentration;
is the wavelength (nm); and AAE is the absorption Angstrom
exponent. The reason for introducing the subscript “a”, as well
as other common parameters used in aerosol absorption
measurements and relevant experimental methods, is discussed
in Section 3 of this review. Here, we summarize the most
important experimental observations and modeling studies that
made the distinction between BC and BrC aerosols, largely
based on the observed AAE values.

When absorption is dominated by graphitic-like BC aerosols,
the corresponding AAE values are close to 1, which is typical
for areas with abundant soot emissions from engineered high-
temperature-combustion processes, such as energy production
by power plants or motor vehicles.**#?*3 The steep increase of
absorption toward shorter wavelengths with characteristic
values of AAE in excess of 1 was attributed to aerosol organic
constituents from ine cient combustion at lower temperatures,
such as biomass burning. In one of the early studies,
Kirchstetter et al.?’ distinguished the BC and BrC components
of biomass smoke by separating organic constituents from
insoluble soot-like carbon using solvent extraction. As
illustrated in Figure 2, the overall spectral dependence of the
untreated samples showed a strong wavelength dependence
with AAE = 2.2, which, after solvent extraction of the organic
constituents, was reduced to AAE = 1.3. The authors concluded
that organic components of aerosol contribute substantially to
light absorption at wavelengths shorter than 600 nm with AAE
> 2. Following this seminal work, deconvolution of the spectral
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Figure 2. Measured light attenuation from an untreated sample of
biomass-burning aerosol from savanna res in Africa (SAFARI 57 is
the sample 1D tag). Circles (blue) indicate an untreated sample, and
triangles (red) denote a sample with organic constituents removed by
acetone extraction. Angstrom exponents were determined by tting
the data with a power law equation. The * trend line expected for
BC is shown for comparison. (Reprinted with permission from ref 27.
Copyright 2004 Wiley-Blackwell)

dependence of aerosol light absorption became a common
method for attributing light absorption to BC and BrC
components. However, because of multiple e ects related to
external versus internal mixing of BC, OC, and BrC in airborne
particles, the threshold value of AAE that distinguishes BC and
BrC in eld samples is somewhat uncertain.?** For instance,
coating BC particles with nonabsorbing OC materials results in
a lensing e ect that focuses more photons on the strongly
absorbing BC core.*>*® The extent of this e ect is determined
by the wavelength-dependent refractive index of the OC
material, particle morphology, coating thickness, and ratio
between the core/shell dimensions***" Lack and Cappa’s
recent modeling study showed that AAE values, ranging from
1 1.6, can be observed for internally mixed OC/BC particles
and suggested that aerosols with AAE exceeding 1.6 should be
classi ed as BrC.**

The importance of wavelength-dependent absorption by BrC
has been highlighted in a number of recent climate modeling
studies,"®%*® as well as demonstrated via assessment of the
satellite-based remote sensing retrievals*® and analysis of AOD
data from Aerosol Robotic Network (AERONET) spectral
measurements.”>#®50°1 The magnitude of BrC contribution to
radiative forcing of climate by absorption of incoming solar
radiation on a planetary scale is estimated to be in the range of
0.1 0.25 W m 2, which is approximately 25% of the radiative
forcing by BC (1.07 W m %).1® Regional e ects of BrC over
major areas of biomass burning and biofuel combustion, such as
South and East Asia, South America, and subtropical Africa,
may be substantially higher than 0.25 W m 2, suggesting that
BrC may be the dominant atmospheric light-absorbing material
in these regions.*® The BrC warming e ect is comparable to
typical estimates of cooling by nonabsorbing OA ( 0.1to 0.4
W m 2). However, it is not clear if these e ects compensate
each other or compete to a di erent extent,?® depending on the
chemical composition, optical properties, and atmospheric
concentrations of BrC and nonabsorbing OA. Considering the
strong spectral dependence of BrC absorption, its wavelength-
speci ¢ e ects may be even more substantial. Spectral analysis
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of AERONET data from summer months in Southern
California showed that light absorption by BrC at 440 nm is

40% of the light absorption by BC at this wavelength, while
BrC contributes only 10% to the light absorption at 675 nm.%
Lin et al®® modeled the e ects on radiative forcing by
anthropogenically in uenced OA, including the e ects of its
deposition on snow. Their work showed that absorption by
BrC corresponds to between 27% and 70% of the BC
absorption predicted in the model and accounts for a
measurable fraction of the overall forcing by OA.>? A recent
scienti ¢ assessment of the role of BC in climate by Bond and
co-workers'? indicated that a fraction of presently used BC
estimates inferred from AOD observations may in fact be
attributable to BrC. A later global modeling study of Wang et
al.*® corroborated this assertion and showed that explicit
inclusion of the wavelength-dependent absorption by BrC and
the absorption enhancement attributed to the lensing e ect in
mixed OC/BC particles reduces the model bias in prediction of
absorption aerosol optical depth (AAOD) measurements at
AERONET sites worldwide. The same study reported BrC
contributions of 25%, 20%, and 15% of the total AAOD at 440
nm simulated globally for the US, Europe, and East Asia,
respectively. However, while inclusion of BrC in models
improves predictions of AAOD observations and especially its
wavelength dependence (AAE values), the modeling results
largely underpredict the AERONET observations. 048>

Signi cant light absorption by BrC in the UV spectral range
may lead to substantial reduction of photolysis rates for
photochemically active gaseous compounds, a ecting concen-
trations of atmospheric oxidants. For example, a modeling
study by Jiang et al.>® showed that suppression of downward
solar radiation by BrC formed during large-scale forest res in
the western United States resulted in reduced isoprene
emissions, reduced XNO,) photolysis rates, and a consequent
drop in O5 concentrations by more than 15%. Similar
reductions of O; and OH concentrations in Mexico City, by
up to 17% and 9%, respectively, were attributed to BrC impact
on photolysis rates.>* The sensitivity analysis reported in that
study showed that, under certain conditions, the O5 reduction
e ects could be as high as 40%. All of the aforementioned
modeling studies indicated large uncertainties and a lack of
fundamental data about BrC variability with respect to its
sources, chemical composition, optical properties, formation
mechanisms, atmospheric evolution, and scavenging processes.
This increasing evidence of BrC e ects on climate and the
atmospheric environment has motivated a range of focused
analytical and physical chemistry studies, summarized in this
review.

2.2. Sources and Physicochemical Properties of BrC

On a global scale, BrC is consistently observed in geographic
areas in uenced by biomass and biofuel burning. BrC emissions
are usually caused by uncontrolled, disastrous events, such as
large-scale forest and savanna res; prescribed smoldering res
used in forest management; and extensive use of wood and
other biofuels for heating, cooking, and energy production in
developing countries with high population densities.*® Typical
emissions contain internal and external mixtures of BC, BrC,
nonabsorbing OA, and inorganic materials in di erent
proportions that depend, in a complicated way, on the
biomass/biofuel types and burning conditions.!” Because of
this variability, corresponding emission factors (EF) are quite
uncertain, even for a broadly de ned BrC type based on the
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AAE > 2 criterion. Most studies report EF values for PM,5
emissions, which typically range from 10 to 20 g/kg fuel for the
combustion of biomass from North America.>® > BrC
emissions are only a fraction of those, but estimates of their
EF values are rarely reported. We are aware of only one study
where EF values for BrC emissions from forest res in the
southeastern United States were reported. In that study, BrC
emissions were estimated at the level of 1 1.4 g/kg fuel, which
was  50% of BC emissions (1.2 2.1 g/kg fuel) in this area.*®
However, little is known about BrC EFs from di erent types of
sources or from other geographic locations. Most existing
reports attribute BrC to primary organic aerosols (POA) in
these emissions. However, recent studies indicate that
secondary organic aerosols (SOA) that form from the oxidation
of volatile organic compounds (VOCS(? present within biomass
smoke also may be a source of BrC.®

Atmospheric humic-like substances (HULIS) formed by
aqueous in-cloud processing and oligomerization of water-
soluble organics have been recognized as an important
component of BrC.}"" In one of the early studies, Mukai
and Ambe®? reported that the humic acid extracts were very
similar in composition to extracts from biomass smoke
particles. This led the authors to suggest that HULIS in
atmospheric aerosols were mostly compounds containing
polycyclic ring structures with hydrocarbon side chains
containing hydroxyl, carboxyl, and carbonyl groups. In later
studies, the term “poly(carboxylic acid)s” was introduced to
denote atmospheric HULIS.%® More recent studies®* © of the
chemical composition of atmospheric HULIS reported the
abundant presence of relatively small organic molecules, such as
nitrocatechols, aromatic carboxylic acids, terpenoid acids, and
nitrooxy organosulfates, that cannot be categorized as “macro-
molecules” or “poly(carboxylic acid)s”. They are rather low-
MW compounds of di erent chemical nature that resemble
SOA constituents formed through atmospheric oxidation of
anthropogenic and biogenic VOCs.%*

Atmospheric HULIS formation occurs during cloud
processing of smoke from biomass burning.2#%®%° 72 However,
even in areas impacted by forest res, HULIS structures may
incorporate additional organics from natural biogenic emis-
sions, leading to the formation of di erent molecular structures.
Furthermore, biomass burning is not the only source of HULIS
in the atmosphere. HULIS are also produced through
multiphase chemistry of organic constituents derived from
other anthropogenic and natural sources®*®®’3™ such as
vehicle exhaust and fossil fuel combustion in urban areas’™
and biogenic’” and marine’® emissions.

Optical properties of BrC from di erent emission sources are
highly variable. A number of studies?’3*™ # have examined
the di erences in light absorption by BrC produced from
burning di erent types of biofuels under varied combustion
conditions. A detailed survey of these studies is outside the
scope of this review. Here, we provide only a qualitative
summary of the most consistent observations (readers
interested in more speci ¢ quantitative data can refer to the
original reports). Characteristic UV  vis spectra of ambient BrC
are mostly featureless because they contain a variety of
individual chromophores and supramolecular aggregates with
di erent absorptivities and concentrations. Remarkable varia-
bility in the spectral dependence has been reported for BrC
with AAE values ranging from just greater than 2 to as high as
11. This extensive range is inherent to the chemical variability
of BrC constituents and implies that no single AAE value can
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be selected as an intrinsic parameter describing BrC in models.
BrC constituents exhibit characteristics of polar molecules and
contain both water-soluble and insoluble components. The
water-soluble fraction of BrC is usually below 70%, while nearly
90% of BrC can be extracted into polar organic solvents, such
as methanol and acetonitrile. Of note, the water-insoluble
fraction of BrC has greater absorption per unit of mass than the
water-soluble fraction.®*®#2 |n biomass-burning emissions, the
relative abundance of BrC and its light-absorption properties
are strongly a ected by the temperature of the combustion
process and moisture content, while the type of fuel itself is less
important 298486

Depending on its composition and atmospheric conditions at
a speci ¢ geographic location, the physical form of airborne
BrC can be quite di erent. For example, BrC formed in
aqueous media of deliquesced particles and cloud droplets is a
complex mixture of fully dissolved molecules and colloidal
aggregates that can change properties upon evaporation and
hydration cycles. Typically, water-soluble and water-insoluble
(colloidal) OC are referred to in the literature as “WSOC” and
“WIOC", respectively. Depending on the solubility of WSOC
components and the presence of WIOC and other nonsoluble
heterogeneous inclusions, evaporation of these droplets may
lead to core shell, engulfed, and homogeneous mixing states of
particles, which, in turn, can have profound e ects on their
optical properties.®” Similarly, in biomass-burning events, BrC
is coemitted with BC, inorganic salts, and y ash, producing
internally and externally mixed particles where BrC compo-
nents are present in di erent relative abundance. This inherent
complexity of airborne particles presents a challenge for
extraction and chemical analysis of BrC materials.

Figure 3 shows electron microscopy images of so-called “tar
balls”, a prominent type of largely homogeneous BrC particles
commonly detected in smoke emissions from smoldering burns
of biofuels.2*% 9 X-ray spectro-microscopy analysis of these
particles showed that their spectral and chemical characteristics
were remarkably di erent from those of BC but quite similar to
the characteristic properties of HULIS: an amorphous carbon
composition with a very modest degree of sp® hybridization
(tar balls, 10%; HULIS, 7% 30%); a high extent of
oxygenation (tar balls, O/C = 45/55; HULIS, O/C 40/
60g; and the absence of any elements other than C, O, H, and
N.”>% The unique spherical morphology of these particles,
very low volatility of their components, and unusual stability
under the electron beam of a transmission electron microscope
(TEM) a orded direct measurements of their optical properties
at a single-particle level. The approach employed electron
energy loss spectroscopy (EELS) of individual tar ball particles
followed by quantitative analysis of EELS spectra to derive
complex dielectric constants and refractive indexes for a broad
optical range of 380 1000 nm.®® The retrieved imaginary
refractive index values for this type of BrC are comparable to
those of BC for most of the UV vis spectral range and even
exceed them at shorter wavelengths. In this case, relative
contributions of BrC and BC in the aerosol-containing mixed
tar balls and soot particles cannot be discriminated using optical
measurements over ensembles of airborne particles or via
collected bulk samples. While the molecular composition of tar
balls is not known, indirect observations®’ suggest they are
composed of extremely low volatility organic compounds, or
ELVOCs (de ned, on the basis of the volatility basis set,*® as
chemical compounds with saturation concentrations less than
10 * g m ). Tar balls probably are the most absorbing and
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Figure 3. Electron microscopy images of tar balls, a special type of
BrC, shown as individual spherical particles (TEM images) and their
large agglomerates (SEM image). (Reprinted with permission from ref
92. Copyright 2005 Wiley-Blackwell.)

most refractory BrC material that can be easily observed under
the vacuum conditions of an electron microscope (although
results of Saleh et al.”” suggest that the imaginary refractive
indexes reported by Alexander et al.2° could be too high due to
partial volatilization of the less-absorbing organics from the
particles). Other BrC materials have higher volatilities,
characteristic of common SOA (10 ! 10 g m %), and are
much more susceptible to electron beam damage, limiting
application of the TEM/EELS approach for particle-speci ¢
detection and characterization of the more common BrC
particles.

Either in primary emissions or during secondary aerosol
formation, BrC coexists with a multitude of other materials,
comprising complex mixtures of externally and internally mixed
particles. Notably, depending on the particle mixing state,
substantially di erent absorption properties of particle
ensembles may be observed in the presence of the same
amount of BrC. Modeling particle optical properties based on
Mie theory suggests that absorption by core shell mixed
particles composed of absorbing/nonabsorbing materials may
be a factor of 2 5 times larger than by particles with a
homogeneous distribution of the same materials.” Exper-
imental detection of the BrC mixing state and its e ect on the
overall optical properties is quite challenging, especially in eld
studies. Nevertheless, novel photoacoustic optical measure-
ments, employing comparisons between measured properties of
original and thermo-denuded particles, have allowed assess-
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Figure 4. Calculated global distribution of anthropogenic absorbing aerosol optical depth (AAOD), in the Northern Hemisphere during (a) the dry
season, December March; (b) a transition period, April June; (c) the monsoon season, July August; and (d) a transition period, September
October 2001 2003. (Reprinted with permission from ref 15. Copyright 2007 Wiley-Blackwell).

ment of BrC variability in particle mixing states.>**° The results
indicate that MAC, values at 405 nm observed for internal
mixtures of ambient BrC can increase by 50% compared to
MAC, values of the BrC material itself, if it was present as an
external component.*®

As already noted, BrC is closely related to atmospheric
HULIS in that they are either water-soluble or can form
colloidal micelle-like aggregates suspended in atmospheric
water.""® Hydration experiments using an environmental
scanning electron microscope (ESEM) showed that even tar
balls (the most refractive BrC material) begin to absorb water
at 92% 99% relative humidity (RH) and are subsequently fully
dissolved in water droplets growing under supersaturation
conditions (cloud processing).®> On the basis of these
observations, it is reasonable to assume that BrC materials
deposited on particles can “wet” surfaces of insoluble particles
by forming a Im of aqueous BrC brine at high RH, making
them su ciently hygroscopic to nucleate cloud droplets.
Consequently, hydration cycles and cloud processing of
particles containing BrC material and its precursors may induce
physical changes in particle morphology and redistribute its
BrC and other components, modifying the particle mixing state
and causing di erent e ects on optical properties.’®* % The
same processes may induce the formation of new chromo-
phores from nonabsorbing precursors.®*%1%4 The large
molecular size of BrC components and the presence of
oxygen-containing functional groups make those species surface
active, which may facilitate chemical transformations of BrC
material via reactions at gas water interfaces. Furthermore,
either at the interface or dissolved inside cloud and fog
droplets, BrC species are susceptible to atmospheric aging
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processes, such as direct photolysis and photochemical
oxidation by NO,, O, H,0, OH, and other oxidants. It
follows that during the atmospheric lifetime of BrC, its
physicochemical properties are not static and may exhibit
dynamic changes that are insu ciently understood even at
the phenomenological level.

The e ects of atmospheric aging are complex and can either
enhance or reduce light absorption by BrC. For example,
aqueous-phase aging of organic material may form light-
absorbing oligomeric products, as indicated in studies where
increased O/C ratios of OA were found to correlate with
enhanced light absorption.%**% Conversely, direct photolysis
by sunlight may e ciently photobleach BrC with di erent
photolysis rates highly speci ¢ to certain types of chromo-
phores.}?®1%7 Additional complications stem from the fact that
the overall absorption properties of some BrC materials may be
determined by the very minor presence of highly absorbing
chromophores with unique molecular structures and precursor-
speci ¢ chemistry in their formation and evolution.®>%81%°
Combined, the complexity of BrC and dynamic changes in its
physicochemical properties make it especially challenging to
investigate factors governing the relationship between the
continuousl;/ evolving BrC composition and its absorption
properties.*"103110 112 A" nymber of excellent comprehensive
reviews have been published describing BrC optical proper-
ties,™ gures of merit and applications of novel broadband
techniques for BrC measurements®’ and the fundamental
theory of light absorption by complex multicomponent
particles.?*® However, understanding the e ects of BrC
molecular composition and chemistry on its optical properties
still is in its early stages. This review presents the rst
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comprehensive account of BrC chemistry based on knowledge
accumulated to date.

2.3. BrC at Di erent Geographic Locations

Anthropogenic emissions produce both BrC and BC materials
as a complex blend of externally and internally mixed particles.
These particles contribute collectively to a phenomenon called
“atmospheric brown clouds” (ABC), observed on both global
and regional scales. The term “ABC” was rst introduced by
Ramanathan et al.'® in a study that focused on a global-scale
integrated analysis of various satellite and surface network
(AERONET) data sets, assisted with observationally con-
strained models simulating aerosol basic composition, radiation,
and transport. Figure 4 shows season-speci ¢ calculated values
of the anthropogenic AAOD color-coded over the world map.
On the basis of the criteria of AAOD > 0.03 and AOD > 0.3,
the following regions were categorized as the regional hot spots
and identi ed on the map: (1) South Asia Indo-Gangetic
Plain, (2) Eastern Asia, (3) Amazon basin, (4) the Indonesian
region, and (5) Southern Africa. Remarkably, the geographic
areas of ABC identi ed in that study and seasons when AAODs
exhibit the highest values match those regions that are heavily
in uenced by either regional forest res or enhanced
consumption of biomass fuels in densely Bopulated developing
countries. The original Ramanathan et al.™® study and a number
of additional global modeling studies 117 recognized
signi cant contributions from the BrC component to the
observed AOD and AAOD values and emphasized the critical
need for a quantitative breakdown of the BrC and BC
contributions and advanced characterization of BrC for
improved climate predictions. Despite many studies focused
on the characterization of atmospheric BC in these areas and
quantitative assessment of radiative forcing by BC 218 12 4
detailed characterization of BrC was not pursued because of its
inherent chemical complexity. Still, a number of very recent
reports have focused on the description of BrC relevant to the
identi ed hot spots and provided a number of interesting area-
speci ¢ observations. The majority of these studies have been
conducted in the rst three areas (South Asia, East Asia,
Amazonia), where infrastructure for atmospheric eld research
is su ciently supported by local governments and authorities.
2.3.1. South Asia Indo-Gangetic Plain. Srinivas and
Sarin reported measurements of BrC in eld samples of
aerosols collected at a ground site in northeast India and aboard
the research ship Sagar Sampadiaing its cruise in the Bay of
Bengal and Arabian Sea.*?* ?° These eld experiments were
designed to collect and characterize aerosols typical for the
wintertime (December March) transport of atmospheric
pollutants from the Indo-Gangetic Plain to the Bay of Bengal
areas. Analysis of atmospheric concentrations and absorption
properties of WSOC extracts indicated the presence of
abundant water-soluble BrC in the air transported from the
Indo-Gangetic Plain to the Bay of Bengal. Notably, reported
atmospheric mass concentrations of OC consistently were 3
11 times higher than BC. In turn, the WSOC fraction of OC
was leveled at 30% 100% with net concentration values of
WSOC =3 30 g m 3 (10% 23% of PM,s mass). The
measured absorbance of WSOC was in the range of MAC, =
0.2 1.2 x 10*cm? g ! between 700 and 300 nm (AAE = 8.3 +
2.6) with the upper end of the reported values lower than those
of BC ( 10° cm? g 1) by a mere factor of 10. (Here and below,
the subscript “bulk” emphasizes the fact that the primary
measured quantity is absorbance of a bulk PM extract from a

52,114
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Iter; a subscript “a” will be used for more direct measurements
on aerosols.) Considering that reported mass concentration of
OC was higher than that of BC by the same factor of 10, these
results presented convincing evidence that BrC is an important
climate-forcing contributor in this area. Additional studies of
WSOC collected in Delhi reported even higher values of the
BrC absorption, MAC,,, = (1.1 2.7) x 10* cm? g ! (AAE =
3.1 9.3), and attributed BrC sources to modern carbon from
both biomass-burning and biogenic SOA based on dual carbon
isotope (*°C and *C) signatures.*?"*?® A few other studies
discussed speci c optical properties and the signi cance of BrC
sources unique to the South Asia region, including region-
speci ¢ agricultural crop residue burning'?® and traditional
religious rituals unique to the area.****°

2.3.2. East Asia. Field studies of BrC optical properties and
composition in East Asia indicate that biomass burning is not
the only source of BrC in that region. Thermochemical analysis
and classi cation of WSOC fractions of aerosols sampled at the
Korea Climate Observatory in Gosan in 2005 showed that a
major fraction of WSOC were high-MW secondariy products
likely produced through fossil fuel combustion.**" Recently,
these conclusions were corroborated by radiocarbon isotope
analysis of WSOC samples collected at the same site during the
polluted air out ow events from northern China in 2011.*%’
The study showed high fractions (30% 50% of OC) of fossil
carbon sources characteristic for this area. The reported 365 nm
absorption values of WSOC for air masses during the out ow
episodes were MAC,, = (0.2 1.1) x 10* cm? g ! and AAE =
5.6 7.7. In a separate study of aerosol samples from the same
site collected in 2010, Chung et al.** reported substantially
higher values of light absorption at 530 nm by the overall OC
(both WSOC and WIOC) with values of MAC, = (0.8 2.0) x
10* cm? g ! and AAE = 1.6 1.8, exceeding those typical for
BrC from biomass burning. The authors proposed that the
strongly absorbing BrC might be related to photochemically
aged SOA produced from anthropogenic emissions of VOC
with fossil carbon. Similar observations of fossil-derived BrC
were reported in a year-long study of WSOC collected in
Beijing.’®* ¥ Cheng et al. found that organic fractions
extracted from PM samples in Beijing using a mixture of
hexane, methylene chloride, and acetone were light-absorbing,
with MAC, at 632 nm as high as 1.4 x 10* cm?/g."*" The
presence of BrC with such unusually high absorption most
likely a ects Iter-based measurements of BC. These studies
attributed BrC in Beijing to both biomass-burning primary
emissions and light-absorbing photochemical SOA formed from
anthropogenic precursors. Seasonal variations in the relative
contributions of these two types of BrC were reported, with the
biomass-burning BrC dominating over the winter period and
photochemical BrC dominating in summertime.

2.3.3. Amazon Basin. The ABC area over the Amazon
basin is unique in the sense that it does not have the major
in uence of pollutants associated with rapidly developing
industries and energy production for large populations. The
Amazon basin is covered with thousands of acres of tropical
forest with only one single spot source of urban pollution:
Manaus, a city with a population of 2 million located in the
middle of the region. Long-term atmospheric measurements in
this area identi ed regional forest res as the major source of
BrC with more substantial impact during the dry season. 334138
Characteristic absorption properties of BrC in this region are
reported as MAC, = 4 x 10° cm? g ! at 532 nm and AAE =
15 1.2 with strong seasonal variability. The overall absorption
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in the Amazon basin is dominated by BC, while BrC
contribution is leveled at 6% 8%, which is somewhat marginal
but still not negligible. Measurements of HULIS in WSOC
extracts from the Amazon basin suggest that organics from both
biomass-burning and natural biogenic emissions from forest
metabolism may contribute to the buildup of HULIS
macromolecules.”**3°
2.3.4. Urban Areas in North America and Europe. In
addition to the large-scale ABC discussed earlier, local
urbanized areas in North America and Europe also are a ected
by BrC, an issue that has prompted many recent and ongoing
eld studies. For instance, Marley et al.**° conducted systematic
measurements of AAE for urban aerosols collected in Mexico
City in April 2003 and March 2006. To better constrain their
source, they also determined the fraction of modern carbon for
the same aerosol samples. The measured AAE values ranged
from 0.63 to 1.6, indicating the dominance of BC in the aerosol
samples. However, the afternoon AAE values were systemati-
cally higher than the morning ones, strongly suggesting
contributions from photochemically generated aerosols to the
observed light absorption. Moreover, a positive correlation
between the modern fraction of carbon and AAE indicates that
even in this heavily urbanized area, biogenically derived SOA
were dominant contributors to the afternoon increase in AAE.
In the United States, Weber and co-workers conducted a
number of studies describing BrC garticles present in the Los
Angeles basin and Atlanta areas.5®72814 144 padiocarbon
isotopic analysis of WSOC from Los Angeles showed that BrC
in that area likely is an anthropogenic SOA formed from fossil
carbon precursors, while chemical analysis suggested that
nitroaromatics were important BrC chromophores in these
samples. In contrast, analysis of the Atlanta samples showed the
presence of BrC related to biomass-burning sources and to
SOA from biogenic precursors in this area. Comparison of the
characteristic absorption properties per soluble carbon between
the two regions showed that BrC from Los Angeles is 4 6
times more absorbing than that from the Atlanta area. In
another study by the same group, Liu et al.** presented
aircraft-based measurements of the total aerosol absorption
coe cient at 365 nm over the continental United States and
estimated its fraction attributable to BrC. Their measurements
con rmed that BrC is ubiquitous in the troposphere, and its
relative contribution to the absorption coe cient increases with
altitude, suggesting that secondary sources may contribute to
BrC formation. An estimation of the direct radiative forcing at
the top of the atmosphere indicated that BrC absorption
reduced forcing by about 20%, which clearly is a signi cant
contribution to the overall radiative forcing. Residential heating
by wood and biomass burning also is an important source of
BrC and BC in many parts of Europe.’*® In Europe, BrC
measurements (mostLy optical data) were reported for areas of
central Europe "% Switzerland 2 Italy,**® Spain,!°*15!
Portugal, **% and the United Kingdom.'*®
2.3.5. Arctic Areas. BrC occurrence in the Arctic and its
contribution to the Arctic haze phenomenon are particularly
important to climate forcing. During the polar day, low solar
elevation angles and highly re ective surfaces of airborne and
surface ice increase optical depths and associated radiative
e ects resulting from both light scattering and absorption.
Summertime boreal res and long-range transport of
anthropogenic emissions from midlatitudes are the major
sources of BC and BrC in the Arctic.™ In addition to their
direct and indirect atmospheric radiative e ects, deposition of
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light-absorbing materials on snow decreases surface albedo and
accelerates melting of snow and ice.**® In turn, melted brine
formed at the ice surface modi es the kinetics and mechanisms
of snow photochemistry**®*>" with consequent impacts on the
release of halogen atoms pertinent to ozone decomposition.
Recent aircraft-based measurements conducted in the spring
and summer of 2008 showed that BrC contributes substantially
to the total Ii%ht absorption by aerosols in the Arctic across all
wavelengths. ™***® During selected research ights, when
biomass-burning plumes were encountered, the BrC contribu-
tion to total absorption was reported at the level of 57% over
the integrated spectral range of 350 550 nm, 10% 12% at the
xed wavelength of 470 nm, and 4% 6% at the wavelength of
530 nm, respectively. The corresponding MAC, values were
(0.7 1.0) x 10°cm? g ! at 470 nm and (2.0 3.5) x 10% cm?
g *at 530 nm with AAE values in the range of 1.5 3***and 5
7.1%8 Analysis of the aerosol chemical composition based on the
onboard measurements by an aerosol mass spectrometer
(AMS) indicated a strong correlation between the higher
oxidation of BrC constituents and its enhanced absorption.**®
These ndings suggest that either di erences in the initial
molecular composition of BrC or the possible e ects of its
atmospheric oxidation (aging) had a primary in uence on the
light-absorption properties. Results of these aircraft-based
measurements were consistent with separate studies that
examined light-absorbing compounds deposited in Arctic
snow.™*%%% ‘gpeci cally, chemical and optical analysis of
deposits in more than a thousand snow samples taken at
di erent Arctic locations showed widespread occurrence of
BrC. The overall contribution of BrC chromophores to total
light absorption was in the range of 25% 50%.™°

3. OVERVIEW OF METHODS FOR PHYSICOCHEMICAL
CHARACTERIZATION OF BrC AEROSOLS AND
CHROMOPHORES

3.1. Measurements of Optical Properties

In this section, we brie y review common de nitions used in
measurements of absorption and scattering properties of
aerosols. Our overview is by no means comprehensive. We
only include information directly relevant to our discussion
regarding the optical properties of BrC. However, it should be
helpful to the researchers who are new to the eld and not
necessarily familiar with the overwhelming amount of literature
on interactions between radiation and particles. For more
comprehensive accounts of theory, methods, and techniques
relevant to measuring aerosol quht absorption and scattering,
we refer readers to a classic text'®! and a number of excellent
recent reviews focused on aerosol optical properties.®122

3.1.1. Optical Properties of Bulk Aerosol Materials
and Aerosol Extracts. From a conceptual point of view, it is
easier to start with a description of bulk measurements. The
wavelength-dependent extinction (ext) coe cient of a bulk
material, £4.( ), can be de ned in the context of the Beer
Lambert law, which relates the attenuation of radiation
propagating through the material to the propagation path
length, |, as shown in eq 2:

()
lo( ) 0

The extinction coe cient of a bulk Im can be measured with
commercial UV vis spectrometers, which typically are
con gured to provide base-10 absorbance, Ay, given by eq 3:

ext

= exp[S butk ( )I]
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The extinction results from both absorption and scattering of
radiation by molecules in the material. The scattering
component, as well as loss of light due to surface re ections,
can be eliminated by acquiring the spectrum relative to a
nonabsorbing Im with a similar real refractive index. Under
such conditions, the scattering contribution cancels out and
absorption (abs) makes the dominant contribution to the
measured extinction coe cient [ £%.( ) @

For homogeneous materials with a known density, , it is
convenient to de ne a quantity called “mass absorption
coe cient of the material,” or MAC,,,, which is measured in
the units of area per mass (such as cm?/g) as shown in eq 4:

@)

[0'( ) =

MAC,i( ) = @

If a known mass of OA is collected and pressed into a
homogeneous Im of known area (which arguably is very
challenging)*¢#%%* MAC,, can be calculated from the
measured absorbance through this Im using eq 5:

[0"() X Areay, X In(10)
masg,

bulk

MAC, () =

®)

Absorption properties of atmospheric aerosols are typically
described in terms of the real (n, responsible for scattering) and
imaginary (k, responsible for absorption) refractive index, m=n
+ ki, where i is the imaginary unit. The imaginary refractive
index can be calculated from the absorption coe cient,
molar absorptivity ( ), or MAC,, using eq 6:

@)

4
1000 In(10) ()

4
I\/lAcbqu( ) bulk
4 (6)

This equation is commonly used to convert the measured
MAC, data into k, and vice versa.

Liu et al.*®3 described a novel method for measurements of
both real and imaginary refractive indexes of secondary organic
material (SOM). The method relies on collecting a uniform

Im of SOM using an electrostatic precipitator followed by
spectroscopic ellipsometry measurements. The method’s
advantage is that it provides n and k with high wavelength
resolution in a range as wide as 220 1200 nm (limited by the
available instrument). The method’s major limitation is that it is
only applicable to aerosols that can produce a homogeneous

Im, such as SOA generated in a smog chamber in the absence
of seed particles. However, optical properties of inhomoge-
neous Ims, such as SOM containing embedded inorganic
particles, would be di cult to determine using this method.

The same concepts are also useful for solution extracts of
complex organic materials. For a solution of a material with
mass concentration G, (measured in units of grams of
dissolved material per cubic centimeter of solution) assuming
that the dissolution process does not a ect the molecular
absorption properties of the chromophores MAC,, is given
by eq 7:

k() =
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Using mass concentration is a natural choice for solutions of
OA because the overall mass of the dissolved organics can be
measured or estimated, whereas the distribution of individual
organic compounds in the sample is often unknown, making
molar concentrations less useful. Normally, the solution is
placed in a standard cuvette, but hollow optical bers are also
used to increase the path length and decrease the solution
volume requirements. Once again, the experiments can be
designed to eliminate contributions from scattering by the
solution and from re ections at the cuvette surfaces, for
example, by measuring Ay, with respect to a matched cuvette
lled with the same solvent. A sound example of MAC,,
measurements from BrC Iter extracts can be found in the work
of Chen and Bond,®* who reported the density normalized
absorption coe cients for several solvents over a range of
wavelengths. Hecobian et al.”” described an elegant online
method in which water-soluble compounds are extracted from
aerosol with a particle-into-liquid sampler (PILS).*** The
extract is sent into a liquid waveguide capillary cell to measure
absorbance and a total organic carbon (TOC) analyzer to
measure the organic mass concentration in the extract (shown
in Figure 5a). The instrument has su cient sensitivity for
measuring the absorption coe cient at 365 nm for directly
sampled aerosols and full wavelength-resolved spectra for Iter
extracts (shown in Figure 5b). We note that the reported
absorption spectra show “classic” BrC behavior with the power
law dependence of the wavelength (eq 1) and large AAE values
in the range of 6 8 for both biomass (higher levels of
levoglucosan) and nonbiomass burning (lower levels of
levoglucosan) periods.

Although aerosols contain a number of di erent compounds,
it sometimes is convenient to estimate the average base-10
molar absorptivity (L mol * ¢cm ') or average base-e
molecular absorption cross section  (cm? molecule ) for
the aerosol components given by eqs 8 and 9, respectively

MAG,u{ ) x MW

MAC, () =

squtiorC mass

effectivg ) = |n(10) x 1000 )
ne MACp( ) x MW
effectiv N, (9)

where N, is Avogadro’s number in mol . A reasonable
e ective molecular weight, MW (g mol 1), must be assumed
for such conversions. The values of and  are useful for
comparing absorption spectra of aerosol compounds with those
of pure organic compounds, which are commonly reported in
the form of molar absorptivities.

As previously indicated, the absorption coe cients of
ambient aerosols often follow a power law dependence on
wavelength given by eq 10:

AAE
BO= By~ o

where  is a reference wavelength and AAE is the absorption
Angstrom exponent. Ideally, AAE values should be determined
froma tof () to usingeq 10. In practice, wavelength-
resolved aerosol spectra are rarely available, and AAE values are
estimated from absorption coe cient measurements at two
selected wavelengths using eq 10.
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Figure 5. The upper panel shows the particle-into-liquid-sampler
instrument reported by Hecobian et al. (2010) for online wavelength-
resolved measurements of the absorption spectra of WSOC in
aerosols. Data plots in the lower panels show examples of absorption
spectra from lters collected at representative urban (South Dekalb,
GA) and rural (Yorkville, GA) sites for both biomass burning (higher
levels of levoglucosan) and nonbiomass burning (lower levels of
levoglucosan) periods. (Reprinted with permission from ref 72.
Copyright 2010 Copernicus Publications.)

Equation 10 is convenient, but it is purely empirical. Sun et
al. evaluated the applicability of a band gap relationship given
by eq 11 for describing absorption spectra of BrC and humic-
like materials*®®

2 S 2
R

! E (11

where Bis a tted constant, E is the photon energy, and E; is
the band gap energy. The band gap relationship, commonly
used to describe absorption spectra of amorphous organic
semiconductors, worked reasonably well for BrC with B? of
2.89 x 10* cm*g * eV *and an e ective band gap of E, = 2.5
eV. The agreement with water-soluble, humic-like OC could be
further improved by including the so-called “Urbach tail”, which
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describes the absorption coe cient at energies below the band
gap using eq 12
-E,SE
BB = expS o
= 12)
where  and E, are the values at the band gap and E,
determines the Urbach tail width. On the basis of analysis of the
available atmospherically relevant data, Sun et al. recommend
E, of 0.4 eV.2® The band gap treatment is a useful alternative
for representing the wavelength dependence of BrC absorption
spectra compared to the largely empirical power law para-
metrization relying on AAE. A further discussion of this model
and its applications to BrC can be found elsewhere.??

3.1.2. Optical Properties of Air Containing Aerosols.
The quantitative description becomes more complicated for
airborne particles because the extinction coe cient of an
aerosol depends not only on the mass concentration of the
dispersed material but also on the size distribution, shapes, and
mixing state of the particles. The extinction coe cient of
aerosol-laden air typically is represented as the sum of the
absorption and scattering coe cients for aerosolized particles
(denoted by subscript “a”) and gases (subscript “g™) as shown
in eq 13:

) =8%) + ) + B) + ) (13)

Note that we use letter b to denote the base-e extinction,
absorption, and scattering coe cients, as commonly done in
the literature, to highlight the distinction with  used for
denoting the absorption coe cient of the bulk aerosol material.
Because of the high air transmittance, even under moderately
polluted conditions, the common units for b are inverse
megameters (Mm 1) instead of inverse centimeters (cm 1).
Under typical urban conditions, the overall extinction at visible
wavelengths is dominated by particle scattering.*®® Contribu-
tions from absorption by particles and gases increase
signi cantly in the UV range. Integration of the extinction
coe cient due to particles over the entire column of air from
the ground up produces what is known in the remote sensing
literature as “aerosol optical depth” (already denoted as AOD
herein), which can be subdivided into absorption (AAOD) and
scattering components (SAOD), as shown in eq 14:

AOD( ) = AAOD( ) + SAOD( )
Lz ydze B(z ) dz

7=

(14)
The mass-normalized absorption cross section of aerosol
particles, MAC,, can be used to relate the particle mass
concentration in air, Gy, and absorption coe cient using eq
15:

BT ) =MAC ) x Cpy (15)

For example, air containing 10 g/m® of strongly absorbing PM
with MAC, = 7.5 x 10* cm?/g (a value characteristic of BC at
550 nm)** would have an absorption coe cient of 75 Mm .
We should note that the MAC notation is not universally
accepted. Some authors use MAE (mass absorption e ciency)
to denote the same quantity.

The mass-normalized scattering absorption cross section of
MSC, can be de ned in a similar manner to MAC,. With the
exception of very strongly absorbing particles, such as soot,
MSC, is considerably larger than MAC,. More quantitatively,
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the relationship can be expressed with the help of SSA, de ned
as a fraction of light scattered by aerosol, as shown in eq 16:

SSA= absbd c
B>+ (16)

Nonabsorbing OA and major inorganic aerosols, such as
ammonium sulfate, have SSA 1 at visible wavelengths. For
strongly absorbing aerosols, SSA is lower, but it never
approaches zero, even for the strongest absorbers. For example,
aerosolized nigrosine, a mixture of strongly absorbing dyes
commonly used for calibrating aerosol absorption spectrom-
eters,*®” has SSA 0.5 and a refractive index of 1.67+0.26i.
Typical values of SSA for fresh combustion aerosol can be as
low as 0.2.*

The use of the same abbreviation for the mass absorption
coe cient of bulk material, MACy,, and the mass-normalized
absorption cross section of aerosol, MAC,, has resulted in some
confusion in the literature. Although both quantities have the
same units, they have di erent meanings. For example, as
explained by Sun et al.'®® in the small particle limit, where
scattering by particles can be approximated with Rayleigh
theory, the two MAC values are related through eq 17

6 m( ) S1
bulk m() +2
() xMACp,()

MSG,
MSC, + MAG,

MAG,()

(n

where mis the wavelength-dependent complex refractive index.
For a spherical homogeneous particle of radius r, the small
particle limit applies when the particle size parameter, 2 nt/ | is
much smaller than unity. The parameter weakly depends on k
(the imaginary part of the refractive index) and is about 0.7 for
n = 1.5 particles (n is the real part of the refractive index).
Quantitative comparisons between experiments relying on
direct measurements of aerosol absorption coe cients and bulk
measurements of absorption spectra of aerosol extracts should
always take the di erence between MAC,,, and MAC, into
account. A good example of applyln% such corrections has been
presented by Nakayama et al'®® To avoid the naming
ambiguity between MAC,,, and MAC,, Sun et al. recom-
mended reporting wavelength-dependent  #%5.( )/ ok in bulk
measurements and discontining the use of the name “MAC”.*%
In this review, we opted for using subscripts “bulk” and “a” to
emphasize the di erence between the mass absorption
coe cient of bulk material and the mass-normalized absorption
cross section of aerosolized particles, as well as the di erent
methods used to measure these quantities. Speci cally, all MAC
values obtained from solution extracts and SOM Ims are
designated as MAC,, While those retrieved from direct
aerosol and Iter-based measurements, which are described
below, are designated as MAC,.

The preceding parameters have been used to evaluate the
impact of aerosols on visibility and climate. The extent of
radiative forcing exerted by aerosols can be roughly estimated
from the simple forcing e ciency (SFE) de ned by Bond and
Bergstrom™* and shown in eq 18:

SFE= é%s) 218 P21S ¥ x MSC,

S 4ax MAG] (18)
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This equation describes the e ect of a uniform, optically thin
layer of aerosol in the lower atmosphere on radiative forcing.
The parameters in this equation and their typical values
correspond to the solar constant S, = 1370 W m 2, atmospheric
transmission 0.79, cloud fraction F, 0.6, surface albedo a

0.19, and backscatter fraction 0.17. SFE has units of W
g ! and represents the energy added to the atmosphere by a
given mass of aerosols. As the scattering term in parentheses
normally dominates, SFE is usually negative, which corresponds
to the cooling e ect by aerosols. The presence of BC and BrC
makes SFE less negative compared to the case of a scattering-
only aerosol with MAC, = 0 and, for (unrealistically) strongly
absorbing aerosol, may even invert the sign of SFE to positive
(warming). In the wavelength-dependent form of this equation,
SFE and S, are replaced by their density distribution functions
of wavelength, dSFE/d and dS/d , and parameters , a
MSC,, and MAC, are treated as wavelength dependent Dinar
et al® used a related quantity, called “radiative-forcing
e ciency” (RFE), to estimate radiative forcing by BrC. RFE
is measured in W m 2, and it represents the net change the
solar ux at the top of the atmosphere normalized to the AOD,
ie, RFE = Flux/AOD. The value of Flux (and RFE) is
negative with scattering aerosols present in the atmosphere and
becomes less negative when aerosols are absorbing. In
evaluating the climate e ect of light-absorbing aerosols, it is
common to initially evaluate SFE or RFE for a base-case
scenario, such as an aerosol composed of only ammonium
sulfate (k= 0), and then compare it to the case for an absorbing
aerosol (k > 0), such as BC or BrC.

3.1.3. Transmission Measurements with Aerosol
Filters. Measurements of transmission through Iters loaded
with aerosol particles have been used historically for quantifying
aerosol absorption properties. The best known examples of

Iter-based instruments include a particle soot absorption
photometer (PSAP)'®" and aethalometer.’®® However, a
number of other Iter-based instruments have been reported,
including ones that simultaneously measure the scattering and
absorption coe cients. For example, Petzold and Schonlinner
described a multiangle absorption photometer (MAAP)"
which measures transmission and backward scattering from two
angles at a single wavelength of 550 nm. Massabo et al.
introduced a multiwavelength absorbance analyzer (MWAA)*™*
for Iter-collected PM. The MWAA records transmission and
backward scattering at two xed angles, just like the MAAP, but
it does so for three wavelengths (405, 635, and 850 nm),
enabling measurements of the BC and BrC content from the
wavelength dependence. In general, all these instruments
measure the e ective absorption coe cient by comparing the
transmission, |, through a particle-laden Iter to that of a clean

Iter, 15 (usually the same Iter measured at an earlier time),
after sampling a certain amount of air volume, as shown in eq

ext _ Areailter In b
e Volumg, | (19)
As described, for example, by Bond et al.'®” due to the
possibility of multiple scattering events prior to absorption,
transmission through a particle-loaded Iter depends not only
on the absorption coe cient of the collected aerosol but also
on the scattering coe cient, as shown in eq 20

oo = KBS+ K B

(20)

DOI: 10.1021/cr5006167
Chem. Rev. 2015, 115, 4335 4382


http://dx.doi.org/10.1021/cr5006167

Chemical Reviews

Review

Figure 6. BBCES instrument designed by Washenfelder et al. (2013). Two independent cavities with di erent sets of LEDs and CRD mirrors are
used to provide a combined wavelength coverage from 360 to 420 nm. For calibration purposes, a CRD system is used in series with BBCES.
(Reprinted with permission from ref 183. Copyright 2013 Copernicus Publications.)

where the calibration constant K, is typically small and the
calibration constant K, is greater than 1. The formula makes an
implicit assumption that aerosol particles do not change their
morphology when they stick to the Iters. Subramanian et al.*"
pointed out that this assumption breaks down for the BrC
aerosol produced by non aming combustion. They found that
this type of BrC aerosol tends to coat quartz Iter bers and
form liquid-like elongated beads. This has signi cant
consequences for the interpretation of Iter absorption data
and data obtained in thermal optical analysis used to
apportion aerosols into elemental (absorbing) and organic
(nonabsorbing) carbon. Indeed, measurements by Cappa et
al.'"® showed that as a result of this e ect, even nonabsorbing
aerosols, such as -pinene SOA, may appear to be absorbing on
Iters.

Hitzenberger et al'’® developed and later re ned the
integrating sphere method for measuring absorption coef-
cients of BrC. The method relied on a single wavelength
measurement at 550 nm for a Iter or a suspension of PM in a
solvent placed in the middle of an integrating sphere. At the
time of development, BC was assumed to be the sole
contributor to absorption of visible light by aerosols. To
separate the contributions of BC and BrC to the overall light
absorption, Wonaschutz et al.'”® extended the integrating
sphere method to measurements at three wavelengths (450,
550, and 650 nm). They additionally found that thermal
methods tend to overestimate the amount of BrC on days with
large contributions of wood smoke. Recently, the Iter-based
integrated sphere methods were further extended to measure
the full absorption spectrum.*”®*"" Examples of such wave-
length-resolved measurements are still rare, but they are
de nitively more useful as they provide a better quantitative
description of the spectrum than what is possible on the basis
of measurements at isolated wavelengths, which rely on the
assumed power law dependence of the absorption coe cient
on the wavelength.
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3.1.4. Direct Measurements of Aerosol Optical
Properties. Multiple approaches have been developed to
directly measure the absorption, scattering, and extinction
coe cients of aerosols, either independently or in combination.
The overall extinction coe cient can be sensitively and
accurately measured using multiple variations of cavity-based
methods. Cavity ring-down (CRD) spectroscopy, which is by
far the most common method in this category, was originally
developed for sensitive measurements of absorption spectra of
gaseous molecules.*”® The method relies on sending a pulse of
radiation into an optical cavity formed by two carefully aligned,
high-re ectivity mirrors and observing the radiation decay from
the cavity using a fast detector, such as a photomultiplier tube,
placed behind the cavity. The extinction coe cient is obtained
from the measured exponential decay time for a cavity
containing aerosols () and a cavity containing just the bu er
gas ( o) using eq 21

a1 =
(21)

where cis the speed of light. The rst applications of CRD to
measurements of extinction coe cients of particles were
reported more than 10 years ago by Sappey et al.'’® and
Smith and Atkinson,*®° and the method has been adopted by
many research groups that have developed numerous CRD-
based instruments for eld and laboratory work. The eld has
since advanced so rapidly that even spectrometers capable of
detecting extinction from a single trapped particle now exist.*®*
The most common CRD con guration relies on the rst (532
nm) or second (355 nm) harmonic of a pulsed Nd:YAG laser
as a light source. However, fast switchable continuous laser
diodes are becoming increasingly common, especially the blue
diode at 405 nm made widely available by the development of
Blu-ray technology.

Similar to CRD, cavity-enhanced spectroscopy (CES) also
uses a cavity formed by two highly re ective mirrors to measure
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the overall transmitted power instead of the cavity decay time
constant. Moosmuller et al.*®? demonstrated that CRD and
CES measurements for aerosols give nearly identical results.
Broadband cavity-enhanced spectroscopy, or BBCES, relies on
coupling a broadband light source into a cavity and recording a
spectrally resolved transmission through the cavity using a
monochromator and a multichannel detector, such as a charge-
coupled device (CCD). Although less sensitive compared to
the single-wavelength methods, BBCES provides extinction
coe cients over a broad range of wavelengths. For example, as
described by Washenfelder et al.'® the extinction coe cient
can be derived from BBCES measurements using eq 22

() SI()
()

ex — Icc—zll 1§R()
o) = e 28R

I Rayleig(l )
sample

cell
(22)

where R is the wavelength-dependent mirror re ectivity, |,y is
the distance between the mirrors forming the cavity, lgmpe is
the length of the portion of the cavity occupied by the aerosol
OW, Rayeigh IS the scattering coe cient for the bu er gas
(typically nitrogen), 1,( ) is the reference spectrum recorded
for the cavity containing just the bu er gas, and I( ) is the
measured spectrum recorded in the presence of particles. With
the instrument depicted in Figure 6, Washenfelder et al.'®®
showed that BBCES can be used to determine both the real and
imaginary refractive indexes for aerosols with a substantial
spectral dependence of the refractive index by doing measure-
ments on particles of multiple diameters. Because of the
limitations in the wavelength range over which the mirrors
remain highly re ective and the bandwidth of the light-emitting
diode (LED) sources, the setup shown in Figure 6 incorporates
two separate cells: one optimized for the 385 420 nm range
and the other for the 360 390 nm range. A third cell,
con gured as a 407 nm CRD instrument, is also included. The
sampled aerosol passes in series through all three cells. Zhao et
al.'®* developed a related instrument, calling their approach
“incoherent broadband cavity-enhanced absorption spectrosco-
py” or IBBCEAS. The BBCES and IBBCEAS instruments have
a somewhat di erent overall wavelength coverage of 360 420
and 445 480 nm, respectively, determined by the laser diodes
used in their construction. Varma et al.'®® compared optical
measurements obtained with three CES instruments
IBBCEAS, a broadband cavity ring-down spectrometer
(BBCRDS), and a cavity-enhanced di erential optical absorp-
tion spectrometer (CE-DOAS) and found close agreement
between real refractive index (n) retrievals obtained for the
pinene + NO5 SOA.

Using integrating nephelometry, a well-established techni-
que,*®® the scattering coe cient can be measured independ-
ently from the overall extinction. In the past, the absorption
coe cient commonly was derived from the di erence between
the extinction and scattering coe cients. However, because a
small value has to be determined as a di erence of two large
values, this method is not reliable for weakly absorbing BrC
aerosols. The “albedometer™®”% ¢ ers a de nitive improve-
ment by simultaneously measuring the 355 nm extinction
coe cient with CRD and the scattering coe cient with an
integrating sphere nephelometry in the same instrument. Using
this approach, the SSA can be measured with higher precision
than from combining independent extinction and scattering
measurements. The albedometer has been tested for various
types of aerosols, measuring SSA 1 for ammonium sulfate
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and -pinene SOA at 532 nm wavelength, as expected for
purely scattering aerosols, and SSA ranging from 0.75 to 0.84
for biomass-burning aerosol and soil dust. The SSA for SOA
produced from OH-induced oxidation of toluene in the
presence of NO, was 0.95, also measured at 532 nm.

Photoacoustic spectroscopy (PAS) enables direct measure-
ment of the absorption coe cient.®%° PAS relies on
detection of a sound wave generated by absorption of pulsed
(or modulated continuous wave) radiation by molecules or
particles. Under appropriate conditions, the sound intensity
measured with a microphone is directly proportional to the
absorption coe cient. Typically, a gaseous species with well-
known absorption spectrum is used for calibration. Examples of
instruments that combine PAS and CRD into an integrated
system can be found in refs 184, 191, and 192. Although PAS is
a powerful technique, it has its limitations. For example,
Langridge et al.’®® showed that because a portion of the
absorbed energy is used up by the water evaporation from
particles, instead of generating the acoustic signal, PAS
underestimates the absorption coe cient under high RH
conditions.

To simplify conversion of the measured extinction and
absorption coe cients into a refractive index using Mie theory,
CRD, CES, PAS, and other optical measurements are typically
carried out for size-selected particles. However, even for size-
resolved spherical particles, the conversion of the measured
extinction coe cients into the refractive indexes is not always
straightforward. Lang-Yona et al.®” and Riziq et al.*** examined
the e ect of the particles’ internal mixing state on the measured
extinction. They found, for example, that for aerosols consisting
of a strongly absorbing core coated by a nonabsorbing shell, the
Mie theory prediction deviated from the measurements by up
to 10%. In addition, the absorption coe cient may be a ected
by the particle’s internal mixing state. For instance, a
nonabsorbing or weakly absorbing organic coating is known
to amglify absorption by a strongly absorbing BC core. Shiraiwa
et al.*® used Mie theory to estimate the ampli cation factor for
such core shell particles and found that the factor can be as
large as 2. The interpretation of optical measurements becomes
even more challenging when both internally and externally
mixed particles are present in the sample, as often is the case of
biomass-burning plumes. However, Lack et al.>%*% developed
an approach that helps account for the simultaneous presence
of internally and externally mixed particles and apportions the
absorption coe cient measured by PAS into separate
contributions from BC, ampli cation of the absorption of BC
by the nonabsorbing OC coating, and intrinsic absorption by
the BrC compounds.

In summary, a number of methods for measuring the
absorption, scattering, and extinction coe cients of aerosols
have been developed, and with help of modeling, the
measurements can be converted into intrinsic properties for
the aerosol materials, namely, the refractive indexes.

3.2. Molecular-Level Characterization of BrC Compounds

The complexity of OA imposes signi cant analytical challenges
on the molecular characterization of its light-absorbing
constituents. Mass spectrometry (MS) has been used
extensively to characterize the chemical composition of OA.
For detailed descriptions of MS techniques and their
application to both on- and o -line OA chemical analysis,
readers are referred to several recent reviews.'®® 2% Because of
its ability to provide molecular-level information, o ine OA
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characterization using high-resolution mass spectroscopy (HR-
MS) is of particular interest to this review and is brie y
described in this section. HR-MS experiments normally rely on
soft ionization of analyte molecules in OA with or without prior
chromatographic separation. Several ionization techniques have
been used for OA analysis. Electrospray ionization (ESI)*%* is
the most popular ionization technique by far. In ESI
experiments, OA is dissolved in an appropriate solvent and
ionized at a mass spectrometer inlet by generating a mist of
charged droplets. Subsequent droplet evaporation in the
instrument’s vacuum manifold generates bare ions of analyte
molecules (M), carrying positive or negative charge. Positive
mode OA spectra are dominated by the singly charged [M +
H]* and [M + Na]* ions (even small amounts of Na* leached
into the solution from laboratory glassware are su cient to
generate [M + Na]* ions), whereas [M  H] species are
typically observed in negative mode spectra. The formation of
native radical cations (M*) and anions (M ) through ESI,
while possible, is quite rare. As ESI traditionally is used to
analyze polar molecules in complex mixtures, atmospheric
pressure _chemical ionization (APCI)®® and photoionization
(APPI1)?°® provide better alternatives for e cient ionization of
less-polar components, which are not ionizable by ESI. Soft
ionization techniques (e.g., ESI, APCI, APPI) are readily
coupled with liquid chromatography (LC) separation but also
can be used for direct infusion experiments. The latter provides
the advantage of rapid analysis  important for experiments that
require high throughput but su er from the so-called “matrix
e ects” (signal suppression of certain ions in ionization of
complex mixtures of analytes). Chromatographic separation
prior to MS reduces the complexity of the sample eluting at a
given time, thereby increasing the sensitivity and facilitating
quanti cation at the expense of analysis speed. Furthermore, as
discussed below, a spectrophotometer can be readily integrated
into an LC MS system, making it possible to simultaneously
record mass spectra and absorption spectra of the separated
BrC components.

Chemical characterization of substrate-deposited OA has
been performed using several ambient surface ionization
techniques. These techniques provide the advantage of rapid
analysis of molecules on surfaces that do not require any
sample pretreatment but cannot be coupled to LC. As a result,
these techniques su er from the matrix e ects mentioned
earlier. Desorption electrospray ionization (DESI)?°” produces
ions through bombardment of substrate-deposited OA with
charged primary droplets that generate secondary charged
droplets containing desorbed OA material.®® #° The nal
ionization step in DESI is similar to ESI, generating intact ions
of OA constituents. However, the short residence time in
analyte molecules in the solvent of DESI experiments has been
shown to be important for analysis of chemically labile
components of OA that may not survive the solvent extraction
necessary for ESI analysis.°®® Atmospheric solids analysis probe
mass spectrometry (ASAP-MS)?!! has been used for chemical
analysis of laboratory-generated and eld-collected OA.2*? This
technique relies on thermal desorption of the sample followed
by gentle APCI ionization and, as such, is well-suited for
analyzing thermally stable compounds in OA.

Nanospray desorption electrospray ionization (nano-DESI)
relies on localized liquid extraction of analyte molecules into a
liquid bridge formed between two glass capillaries.® The rst
capillary supplies the extraction solvent, while the second
capillary removes the dissolved analyte and transfers it to a
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mass spectrometer inlet. Similar to DESI and ASAP, nano-
DESI analysis does not require any sample pretreatment.
Gentle liquid extraction, along with precise control and
independent optimization of desorption and ionization
processes, results in improved sensitivity. Nano-DESI generates
a stable analyte signal necessary for MS/MS analysis. Although
sensitivity also depends on mass spectrometer performance,
good-quality nano-DESI MS spectra can be obtained with <10
ng of OA material using modern commercial instruments.?*
Localized liquid extraction also provides the basis for the liquid
extraction surface analysis (LESA) technique that has been used
recently for characterizing ambient aerosol samples collected
using a rotating drum impactor.?*> In LESA, a drop of the
extraction solvent deposited onto the substrate using a
micropipette subsequently is aspirated and introduced into
MS using nanospray ionization. Similar to DESI and nano-
DESI, this enables spatially resolved analysis of complex
samples on substrates.

Although soft ionization techniques have been used tradi-
tionally for o ine OA analysis, recent studies by Doezema et
al?'® and Gallimore and Kalberer®®” have introduced an
approach for online analysis of laboratory-generated and
ambient particles using extractive electrospray ionization
(EESI). In EESI, the particle beam is intercepted with a mist
of charged solvent droplets produced by ESI. Analyte molecules
extracted into the electrospray plume droplets are subsequently
ionized and analyzed using MS. This approach has been used
for OA characterization with a sampling rate of several seconds
and a dynamic range of 0.2 600 g/m?®

HR-MS of OA samples typically produces complex spectra
containing hundreds or even thousands of peaks. Annotation of
such complex spectra relies on data clustering using mass defect
transformation, such as Kendrick analysis.*® This approach
enables e cient clustering of homologous compounds, di er-
ing only by the number of base units (e.g., O, CH,O, C,H,0)
with the base choice determined by a common building block
in a particular sample. Additional data clustering prior to
formula assignment may be performed using a higher-order
mass defect transformation described in detail by Roach et
al.22% Subsequent identi cation of one group member identi es
all members of the homologous series. Formula assignments
can be performed using a variety of freely available and
commercial calculators. An unconstrained formula search
typically generates many unreasonable candidate formulas
that should be later Itered using valence rules and other
constraints.?*® Typically, more than 70% of the observed peaks
are unambiguously assigned within reasonable constrains on
the number of C, H, O, N, and S atoms.

Despite signi cant advances in OA characterization using
MS, only a few studies focused on the analysis of BrC species.
Because MS is not selective toward light-absorbing molecules,
chemical characterization of BrC has been performed using two
approaches. In the rst approach, laboratory-generated white
OA is subjected to chemical aging under controlled conditions
to generate secondary BrC. Both white and BrC samples are
analyzed under the same conditions using HR-MS.2%8208 A
comparison between HR-MS spectra of the white and brown
samples identi es new or signi cantly enhanced peaks in the
chemically aged OA sample, generating a list of potential
chromophores. Although this comparative approach cannot
unambiguously identify light-absorbing species, it enables rapid
screening of candidate elemental compositions.
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Figure 7. Photodiode array detection density map for HULIS in a sample of biomass-burning aerosol. Several UV vis-active bands are present. The
most intense ones (retention time = 20.4, 22.5, and 23.9 min) correspond to 4-nitrocatechol and two isomeric methyl nitrocatechols. Their tailing
absorption in the 400 420 nm range is consistent with the HULIS sample’s yellow appearance. The insets show the corresponding UV vis
absorption spectra. (Reprinted with permission from ref 64. Copyright 2012 CSIRO Publishing.)

Unambiguous identi cation of BrC chromophores requires
correlative UV vis and MS measurements. Lack et al.'%
presented one example of such correlative measurement for
online OA characterization. In that study, the light absorption
properties of biomass-burning aerosol examined using a PAS
instrument were correlated with the chemical information
obtained using AMS. The mass absorption e ciency at 404 nm
was found to correlate with the ratio of the fragment at m/z 60
(fso) to the fragment at vz 44 (f,,), while no correlation was
found for light absorption at 532 nm. The formation of the fg,
fragment was attributed to levoglucosan and its derivatives,
while the f,, fragment originated from dissociation of oxidized
organic molecules in AMS. The results of this study indicated
that organic compounds are the major contributors to the
observed light absorption at 404 nm. This approach enabled
online characterization of the overall BrC composition
produced during forest res. However, AMS relies on rapid
vaporization of aerosols followed by an electron ionization of
the resulting gas plume, leading to extensive fragmentation of
the aerosol compounds.??* Chemical characterization of
individual BrC chromophores requires techniques that are
more selective to individual components than those commonly
used for online OA analysis.

A vast majority of studies focused on the characterization of
individual BrC chromophores utilized high-performance liquid
chromatography (HPLC) coupled with UV vis detection of
eluting species and electrospray ionization mass spectrometry
(HPLC/UV vis/ESI-MS) for o ine analgsis of BrC collected
on substrates or into liquids.®*®%2%2 2% Claeys et al.%*
examined the composition of BrC material in samples of
biomass-burning aerosols collected at di erent locations. Figure
7 shows an example of HPLC/UV vis data with pronounced
absorption in the 300 440 nm range. LC MS analysis enabled
identi cation of the major BrC chromophores by comparison
of the corresponding LC elution times and the MS features
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with those of reference compounds. Methyl nitrocatechols,
formed through photooxidation of lignin degradation products
in the presence of NO,,?*® have been identi ed as the major
light-absorbing molecules in these samples.

It is recognized that sample collection and extraction may
have a signi cant e ect on the quantitative analysis of BrC
compounds in the atmosphere. Zhang et al. compared the
amount of water-soluble fraction of BrC in aerosol samples
collected using PILS with the amount of BrC extracted into
methanol.® HPLC/UV vis/MS analysis indicated that water-
insoluble nitroaromatic BrC chromophores were more
abundant than water-soluble chromophores in the studied
samples. Kitanovski et al. established a protocol for accurate
quanti cation of nitroaromatic compounds in complex OA
samples (collected in Ljubljana, Slovenia) using LC MS/MS
experiments performed under carefully optimized condi-
tions.??32%® |n particular, the mobile phase composition was
optimized to eliminate matrix e ects and to ensure good
chromatographic separation, as well as the symmetric LC peak
shapes necessary for accurate quanti cation. The extraction
procedure was optimized to ensure complete extraction of the
OA material prior to analysis. Quanti cation was performed by
selective reaction monitoring of NO and CHj losses as markers
of methyl nitrocatechols and nitroguaiacols, respectively.
Methyl nitrocatechols and 4-nitrocatechol were quanti ed in
these aerosol samples at concentrations up to 134 and 152 ng/
m® respectively, corresponding to 1% of the total aerosol
mass. Nitrophenol derivatives were also identi ed as major BrC
components in cloudwater samples collected near agricultural
biomass-burning sites in China®** in wood-burning smoke
from residential heating in the United Kingdom,*** and in
aerosol samples from a rural site impacted by biomass burning
in Flanders, Belgium.®®
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3.3. Chemical Characterization of BrC in Individual
Particles

As already discussed, understanding the internal composition
and lateral distribution of absorbing and nonabsorbing
materials (mixing state) within individual particles is critical
for interpreting the optical measurements, which are most often
conducted over either large ensembles of particles or bulk
samples collected on substrates. Therefore, an ideal analytical
method should combine detection of light extinction by an
individual particle and simultaneous measurement of its
internal composition with su cient chemical and lateral
speci city. The only measurement that has approached these
ideal characteristics was the TEM/EELS study of tar balls®
(discussed in section 2.2). However, as mentioned earlier,
TEM/EELS experiments are limited to particles that are stable
under vacuum and electron beam, have spherical shape, and are
transparent to the electron beam. As a result, this technique
cannot be used for routine characterization of atmospheric
particles. Other approaches for studying the e ect of particle
internal composition on its optical properties rely on
complementary and independent measurements of these
properties. Speci cally, optical measurements on airborne
particles are often followed by particle collection and o ine
characterization using various analytical techniques on a single-
particle level 10#27:2%8

TEM is the most commonly used technique for examining
the morphology and internal structures of submicron
atmospheric particles with subnanometer lateral resolu-
tion.>**?% The elemental composition of particles in TEM
can be probed by energy-dispersive X-ray spectroscopy (EDX),
while chemical bonding, coordination, and valence states of
elements can be further investigated using EELS. Both EDX
and EELS can be used to obtain high-resolution elemental
particle maps.?>%#31232 However, TEM analysis of organic
particles and inclusions does not provide su cient molecular
speci city to distinguish between BrC and other organic
materials.

Better speci city of the chemical characterization of di erent
forms of organic material within individual particles can be
achieved using synchrotron-based soft X-ray microspectro-
scopy, a method that combines scanning transmission X-ray
microscopy (STXM) at xed energies of X-rays and near-edge
X-ray absorption ne structure (NEXAFS) spectroscopy with
lateral speci city.** Compared to TEM, STXM particle
analysis provides substantially lower lateral resolution (>20
nm) but higher chemical speci city. Because organic material in
atmospheric particles is less sensitive to the beam damage by
soft X-rays, STXM enables acquisition of characteristic carbon
K-edge NEXAFS spectra for each pixel in the image. Figure 8a
shows an example of the NEXAFS spectrum of an individual
organic particle. Di erent carbon functionalities of the organic
material that compose this particle are assessed by a peak- tting
procedure that provides chemically resolved information on
bonding and structural ordering of carbon within this particle.%®
Furthermore, selected features of carbon K-edge NEXAFS
spectra, indicative of speci c carbon functionalities, can be used
to construct component maps outlining chemical di erences of
carbon within individual particles (illustrated by Figure 8b).>*
These maps are used for grouping and classi cation of particle
ensembles based on their “mixing states”.2*%% The appearance
of a speci c particle class in samples collected at di erent times
can be correlated with concurrent optical measurements to
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Figure 8. Panel A: An example of a carbon K-edge NEXAFS spectrum
of an individual atmospheric particle and assignments of the
deconvoluted peaks. Gray shades and line styles indicate speci ¢
peak assignments in the spectral t. The labels indicate the following
carbon bonding: A, phenolic/ketone C O; B, aliphatic/aromatic
carbonyl; C, alcohol/O-alkyl-C/carbonyl. (Reprinted with permission
from ref 95. Copyright 2007 Elsevier). Panel B: A component map of

eld-collected atmospheric particles based on characteristic features of
laterally resolved NEXAFS spectra. Di erent colors correspond to
particle areas with characteristic signatures of OC (green), BC (red),
potassium-containing salts (orange), and other inorganic (cyan)
constituents. (Reprinted with permission from ref 234. Copyright
2010 American Chemical Society.)

evaluate the relationship between the organic particles’
composition and their optical properties.

Hopkins et al. used X-ray microspectroscopy analysis of
individual biomass-burning particles to correlate in situ optical
measurements of SSA and AAE with the characteristic chemical
signatures of particles, such as carbon-to-oxygen ratios and the
extent of carbon sp? hybridization.*® Figure 9 illustrates the
correlation plots of SSA (panel A) and AAE (panel B) with
averaged values of carbon sp? hybridization for particles emitted
from 12 test burns of di erent biomass fuels. While substantial
scatter of the data points indicates the analyzed particles’
diverse chemical and optical properties, the overall trend is
consistent with the assumption that particles with a high extent
of carbon sp? hybridization (>80%) exhibit absorption
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Figure 9. Correlation plots of measured SSA (A) and AAE (B) as a
function of the percent of sp? hybridization determined from STXM/
NEXAFS data for ensembles of individual particles sampled from the
biomass-burning smoke of 12 biofuels and soot from methane
combustion. Black and gray symbols represent optical measurements
at 532 and 405 nm, respectively. The dashed lines are visual guides.
(Reprinted with permission from ref 236. Copyright 2007 Wiley-
Blackwell.)

properties of BC (AAE = 1, SSA = 0.4) and that particles
containing more aliphatic carbon (20% 60% of sp? hybrid-
ization) show optical properties of BrC (AAE =15 35, SSA=
0.8 1). Although both TEM and STXM/NEXAFS may
provide useful information on the mixing state of BrC, the
inherent variability and chemical complexity of BrC, the lack of
known molecular signatures, the molecular selectivity, and the
low concentrations of BrC chromophores preclude applications
of these techniques as primary analytical tools for BrC
characterization. Another limitation of these methods is that
particle sampling by impaction onto the impaction substrates
may alter the morphology of the collected particles versus that
when they were airborne. Nevertheless, these chemical imaging
techniques provide complementary information toward the
molecular-level analysis of particle ensembles discussed in the
previous section.

3.4. EEM Fluorescence Experiments

Fluorescence-based methods have been used extensively to
characterize dissolved organic matter,”®” marine and terrestrial
humic compounds,?®® and bioaerosols.?*® Liquid-phase uo-
rescence measurements can be performed in a three-dimen-
sional mode with the emission intensity recorded as a function
of both the excitation and emission wavelength, as done using
excitation emission matrix (EEM) spectroscopy. In EEM
spectroscopy, the aerosol is extracted into a suitable solvent,
and its EEM spectra are measured with a uorometer. Examples
of EEM applications to ambient aerosols can be found in refs
240 243. Time- and wavelength-resolved uorescence spectra
at a xed excitation wavelength have been recorded for PM
samples collected on a drum impactor,** resulting in a time
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resolution of several hours, as well as for single particles®*® 47

in real time. Thus far, the xed-wavelength excitation
measurements have resulted in an empirical clustering of
uorescence spectra into groups based on the shape of the
emission spectra with only tentative correlations between the
observed clusters and the molecular identities of the
uorophores, 248249
Although the exact molecular identities of the BrC
chromophores are not always known, they are expected to
have a high degree of conjugation across the molecular skeleton
and large-absorption cross sections. As uorescent compounds
often have the same characteristics, the compounds found in
BrC aerosols potentially could act as e cient uorophores.
Although not as direct as absorption measurements, which
classify BrC on the basis of the shape of absorption spectra,
uorescence measurements have the advantage of much higher
detection sensitivity. However, only a few studies have relied on
uorescence as an indirect indicator of BrC compounds.
Hegglin et al.>*° examined uorescence of organic impurities in
sulfuric acid aerosol, i.e., under highly acidic conditions known
to promote BrC formation (see section 4). Rincon et al.?>!
found that irradiation of aqueous pyruvic acid followed by dark
aging of the solution produces BrC that can be repeatedly
bleached by radiation and re-formed by dark aging with the
concurrent loss and gain of uorescence. Upon irradiation of
solutions of phenolic compounds in the presence of H,0, (a
photochemical source of aqueous OH), Chang and Thomp-
son®>? observed the formation of light-absorbing products.
They also observed bathochromic shifts in - uorescence spectra
of the solutions upon irradiation, which can be associated with
increasing the size of the ring system and/or increasing
conjugation in the products compared to the starting phenolic
compounds. Using EEM spectroscopy, Lee et al.?>® found that
-pinene/O; SOA and d-limonene/O; SOA are weakly
uorescent. The uorescence intensity increased signi cantly
upon exposure of these aerosols to ammonia vapor, which
converts initially colorless d-limonene/O; SOA into BrC
material.>>* The uorescence yield remained low, a fraction
of a percent, and the uorescence intensity increase was
attributed to stronger absorbance by the aerosol at the
excitation wavelengths. In a separate study, Lee et al?*®
found that aqueous solutions of BrC produced by high-NO,
photooxidation of naphthalene are uorescent. The uores-
cence intensity increased upon irradiation of the solution, even
though the absorption coe cient decreased, suggesting either
decreased uorescence quenching or increased uorescence
quantum yields. In contrast, the d-limonene/O; + NH; brown
material almost completely lost its ability to absorb visible
radiation or uoresce after irradiation. Zhong and Jang*
observed uorescence of OA from biomass burning during its
photochemical aging in a smog chamber and found that the
uorescence intensity rapidly decreased with aging time, most
likely resulting from reactions between uorescent polycyclic
aromatic hydrocarbons (PAH) and oxidants in the chamber.
Phillips and Smith recorded EEM spectra of aqueous extracts of
ambient particles collected in Atlanta, GA.>** They interpreted
the substantial Stokes shifts ( 100 nm) and the lack of
sensitivity of the high-wavelength tail of the emission spectrum
to the excitation wavelength as a con rmation of the charge-
transfer model for the absorption by organic matter.?*® In
combination, these studies suggest that uorescence is not only
a sensitive probe of BrC but also is sensitive to the molecular
(or supramolecular) identity of BrC compounds. Therefore, we
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anticipate that uorescence-based methods will play an
increasingly important role in BrC studies.

4. LABORATORY STUDIES OF MODEL BrC SYSTEMS

4.1. BrC from Primary Fossil Fuel Combustion and Biomass
Burning

Sun et al.**® compared wavelength-dependent MAC,,, for BrC
from measurements by Havers et al.*’ Varga et al.**® and
Ho er et al.”* They found reasonable quantitative agreement
between these measurements and MAC,,, values reported for
the humic fraction from pulp mill e uent by Duarte et al.2>°
Measured values from Kirchstetter et al.>” were signi cantly
higher, most likely because of the experimental artifacts
associated with Iter optical measurements (discussed in
section 3.1.3). To determine what types of organic molecules
could be responsible for light absorption, Sun et al.*®® examined
550 UV vis absorption spectra tabulated in the Perkampus
atlas,?®° focusing on 200 spectra of compounds containing C,
H, and O atoms. They cautioned that the molecule selection
could be biased because the atlas contained information about
molecules of synthetic rather than environmental interest and
probably omitted weakly absorbing compounds. They con-
cluded that molecules that contribute to BrC absorption of
biomass-burning aerosol are likely to be large (18+ carbon
atoms), have a large degree of unsaturation, and contain three
or more oxygen atoms and/or one or more nitrogen atoms.
Furthermore, they proposed that BrC absorption is controlled
by a small fraction of strongly absorbing molecules with the
remaining BrC components being nonabsorbing. Orthoqui-
nones were cited as one example of potential chromophores
consistent with the experimental observations.

Chakrabarty et al.?® collected smoke from smoldering
ponderosa pine du and Alaskan du in a chamber and probed
their optical properties. A large fraction of the particles (>95%)
were “tar balls,” as suggested by their SEM images. These tar
balls conformed to the de nition of BrC, as the absorption
coe cient increased quickly toward shorter wavelengths with
an e ective AAE of 6.4. They estimated the RFE of the tar balls
(the de nition of RFE is introduced near eq 18) and compared
it to that of a “traditional organic carbon”. The magnitude of
RFE decreased when the imaginary refractive index was
increased from zero (the base case scenario of nonabsorbing
aerosol) to the value they observed in tar balls, although the
e ect was not dramatic. For example, the predicted RFE at 405
nm for the ponderosa pine du aerosol (1.78 + 0.015i) and the
traditional organic carbon (1.55 + 0i) were 22.7and 26.0 W
nm ! m 2 respectively (the negative sign means a cooling
e ect). The e ect of BrC on the optical properties at 532 and
780 nm, where tar balls absorb weakly, was insigni cant.

Chen and Bond® reported careful measurements of
absorption coe cients from Iter extracts of aerosols from
solid fuel pyrolysis. They showed that methanol and acetone
were much better solvents for extracting light-absorbing
compounds from Iters compared to water (polar solvent)
and hexane (nonpolar solvent). This suggests that BrC
chromophores in biomass smoke have some polar character,
but they are not polar enough to make them su ciently water
soluble for e cient extraction from the Iter. They calculated
the simple forcing e ciency, de ned by Bond and Bergstrom,**
as a measure of the wavelength-integrated climate e ect of
absorption by BrC. They concluded that absorption by BrC
investigated in their studies has a relatively small e ect on the
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forcing e ciency and stated “Unless absorption by real ambient
aerosol is higher than that measured here, it probably a ects
global average clear-sky forcing very little, but could be
important in energy balances over bright surfaces.”

Smog chamber experiments by Saleh et al.®® have provided
useful constraints on the relative contributions from fresh BC
emissions, fresh POA emissions, and SOA formed by
photochemical aging of residential hardwood to the overall
absorption coe cient. This study provided conclusive evidence
that both POA and SOA absorbed light to a signi cant extent.
The optical measurements could not be explained by the
absorption of BC alone. SOA was found to be less absorptive
than POA in the visible range. However, it dominated the
absorption coe cient in the near-UV range.

Zhong and Jang*** conducted experiments on BrC produced
by smoldering combustion of hickory hardwood in an outdoor
smog chamber. They monitored the aerosol optical properties
throughout the day to determine how photochemical aging of
an aerosol a ects its optical properties. They found that the
MAC, values of BrC material rst increased in the morning and
then gradually decreased in the afternoon. They interpreted
these observations as evidence of competition between the
formation of chromophores by photooxidation and photo-
bleaching of chromophores by sunlight. These results suggest
that BrC light absorption properties change signi cantly after a
day of solar exposure, highlighting its highly dynamic nature.

Saleh et al.”” carried out smog chamber aging experiments of
airborne biomass-burning particles to characterize changes in
the imaginary refractive index k as a function of fuel type and
aerosol aging state. Figure 10 summarizes the major ndings of
that study. They found that k and AAE were strongly correlated
with the BC-to-OA ratio for a broad range of experiments using
a variety of biomass fuels, indicating that the aerosol absorption
coe cient depends more on the burn conditions than on fuel
type. Using thermodenuder-based measurements, where semi-
volatile organic compounds (SVOC) were stripped 0 aerosols,
they were able to demonstrate that BrC compounds in
biomass-burning aerosol can be classi ed as ELVOCs. They
estimated that ELVOCs had an order of magnitude higher k
than the rest of the organic compounds.

A comprehensive study by Lewis et al.'°* examined the role
of the particle morphology and humidi cation-induced particle
shape changes on the apparent absorption properties of
biomass-burning aerosols. They generated aerosol by burning
of several common types of biomass fuels and measured their
scattering and absorption coe cients at 530 and 870 nm at
di erent RH levels using nephelometry and PAS, respectively.
The scattering coe cients increased as a result of water uptake
by inorganic compounds in particles (larger particles are
generally more e cient in light scattering than smaller ones).
However, the absorption coe cients decreased as a result of
the RH exposure, despite expectations that the presence of an
aqueous shell on the particles should increase absorption due to
lensing e ects. A particle collapse (i.e,, signi cant change in
particle morphology from extended fractal to a signi cantly
more compact round shape) induced by high RH was
presented as a possible explanation for this discrepancy.
However, these results could be also explained by an
experimental artifact of the PAS measurements, resulting
from a decrease in the photoacoustic signal due to the loss of
energy to water evaporation from particles. This study
highlights the di culty in measuring absorption coe cients
for realistic BrC particles under humid conditions. In a related
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Figure 10. Panel a: Experimentally determined dependence of the
e ective OA absorptivity koy on the BC-to-OA ratio in biomass-
burning aerosols. ko, is quanti ed as an imaginary part of the refractive
index, excluding contribution from BC. Panel b: Experimentally
determined wavelength dependence of OA absorptivity on the BC-to-
OA ratio in biomass-burning aerosols. Wavelength dependence (w) is
de ned asw=AAE 1, which o sets the absorptivity of BC to w=10
value. Filled diamonds and open squares correspond to measurements
of fresh and chemically aged emissions, respectively. Colors
correspond to di erent biomass fuels. Black lines are least-squares
ts to the data. (Reprinted with permission from ref 97. Copyright
2014 Nature Publishing Group.)

study, Hand et al.?®* showed that the observed increase in the

scattering coe cient upon humidi cation can be fully explained
by water uptake by the particle’s inorganic constituents. For
particles containing only organic components, the humidi ca-
tion factors, de ned as the ratio of scattering coe cients under
humid and dry conditions, were not signi cantly di erent from
1.

A study by Ho er et al.”* focused on HULIS contributions to
the absorption and scattering coe cients of biomass-burning
aerosols in the Amazon region. They collected aerosols at a
tropical pasture site in Brazil during a biomass-burning season
in September. They isolated HULIS via the method described
by Varga et al..?>® aerosolized the extract; and measured the
size distribution, 545 nm scattering coe cient, and 532 nm
absorption coe cient of the resulting aerosol. In addition, they
acquired full absorption spectra of the extracts to measure the
AAE. The absorption coe cient at 532 nm was quite low,
MAC, 300 cm?g 1, resulting in a negligible contribution of
HULIS to the overall Amazonian biomass-burning aerosol
absorption coe cient at this wavelength. However, because of
the large measured AAE of 6.4 6.8, HULIS absorbed about
50% of radiation in the photochemically active near-UV region
of the spectrum, potentially a ecting the availability of
photochemically generated oxidants.

Experiments by Dinar et al.®® provided an important link
between the optical properties of HULIS and their nominal
molecular weight. They carried out careful CRD measurements
at 390 and 532 nm for size-resolved particles containing
di erent types of HULIS. These experiments enabled
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quantitative determination of both real and imaginary refractive
indexes from Mie closure calculations. For the molecular weight
fractionated Suwannee River fulvic acid particles, k at 532 nm
increased with a rise in the nominal molecular weight (k =
0.003, 0.021, and 0.094 for MW = 520, 570, and 770 g/mol,
respectively). The same trend was observed for ambient HULIS
in extracts of PM collected during a biomass-burning episode in
a moderately air-polluted and a rural area. The lowest nand k
values were obtained for HULIS collected in a rural area. Dinar
et al.%° calculated SSA and RFE for the base-case scenario of an
internal mixture of 98% ammonium sulfate (AS) and 2% BC
and for the aerosol containing an internal mixture of AS,
HULIS, and BC. In the presence of 20% 70% HULIS, SSA
decreased by up to 30% depending on the wavelength and
refractive indexes used for HULIS. This decrease resulted in
signi cantly less negative values of RFE, representing less
cooling by aerosols. The authors concluded that HULIS in
biomass smoke and air pollution may contribute signi cantly to
light absorption and radiative forcing by aerosols.

4.2. BrC from Gas-Phase Photooxidation of VOCs

Table 1 features a summary of studies that reported
experimentally measured or estimated light absorption
coe cients for SOA in the visible range of the spectrum. The
table does not include a large body of studies that measured
only the real refractive index of SOA; an overview of such data
can be found in refs 262 and 263. Because it is typical to report
data for more than one type of SOA, the table is organized by
the experimental study with a secondary grouping by the SOA
precursor.

4.2.1. Optical Properties of SOA from Biogenic
Precursors. Because of their large contribution to the global
SOA budget, monoterpenes represent the most studied SOA
precursors. Not surprisingly, signi cant attention has been
dedicated to characterizing the optical properties of SOA
prepared from monoterpenes. For example, Nakayama et
al. 2°42% examined SOA generated by high-NO, photooxidation
( -pinene/OH/NO,) and ozonolysis ( -pinene/Oz) of -
pinene. They found that both types of SOA absorbed negligibly
(k< 0.003) at 355, 405, 532, and 781 nm wavelengths. Flores et
al.2%? measured the refractive indexes for SOA produced from

-pinene, limonene, and humulene in the 360 420 nm
wavelength range using BBCES. They summarized all of the
previous measurements for these SOA and compared typical k
values for di erent known sources of BrC. All three precursors
were shown to produce SOA with very small absorption
coe cients, which often fall below the detection limit of aerosol
absorption spectrometers. The result is predictable, as SOA
compounds produced by photooxidation of isoprene and
monoterpenes are dominated by molecules with carbonyl,
carboxyl, and hydroxyl functional groups, which, with the
exception of the very weak n * band in carbonyls around
280 nm, do not have low-energy electronic transitions.

Song et al.2% investigated the e ect of seed aerosol acidity on
SOA produced by ozonolysis and NO; oxidation of -pinene
under dry and humidi ed conditions in the chamber. The
absorption coe cients were quanti ed at 355, 405, 532, and
870 nm (the absorption coe cients at 532 and 870 nm were
below the detection limit). Neutral and acidic seed particles
were generated by atomization of MgSO, and MgSO,/H,SO,
solutions, respectively. The SOA formed on neutral seed did
not absorb. However, the absorption coe cient increased
rather signi cantly when an acidic seed was used under dry
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