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Abstract. Although the definition and measurement tech- sorption of solar radiation in the troposphere. We discuss the
niques for atmospheric “black carbon” (“BC”) or “elemental possible consequences of these effects for our understanding
carbon” (“EC") have long been subjects of scientific contro- of tropospheric processes, including their influence on UV-
versy, the recent discovery of light-absorbing carbon that isirradiance, atmospheric photochemistry and radiative trans-
not black (“brown carbon, gown’) Mmakes it imperative to  fer in clouds.

reassess and redefine the components that make up light-
absorbing carbonaceous matter (LAC) in the atmosphere.

Evidence for the atmospheric presence gbn comes from

(1) spectral aerosol light absorption measurements near spd- Background

cific combustion sources, (2) observations of spectral prop-

erties of water extracts of continental aerosol, (3) laboratoryS00t, the black material in smoke from wood and coal fires,
studies indicating the formation of light-absorbing organic has been seen as the archetypical air pollutant throughout his-
matter in the atmosphere, and (4) indirectly from the chemi-tory (Brimblecombe, 1987). Its presence in the atmosphere
cal analogy of aerosol species to colored natural humic sub&ven at the remotest locations was discovered in the 1970s
stances. We show that brown carbon may severely bias me&nd 1980s (Levin and Lindberg, 1979; Heintzenberg, 1982;
surements of “BC” and “EC” over vast parts of the tropo- Andreae, 1983), and the early studies on the environmen-
sphere, especially those strongly polluted by biomass burnt@l cycle of “black carbon” (BC) were summarized in the
ing, where the mass concentration af.&n is high relative monograptBlack Carbon in the Environmebty E. D. Gold-

to that of soot carbon. Chemical measurements to determinBerg (1985). A recent review on the geochemistry of “black
“EC” are biased by the refractory nature ofGun as well carbon” in the environment has been provided by Masiello
as by complex matrix interferences. Optical measurement§2004). In this section, we present background information
of “BC” suffer from a number of problems: (1) many of the ©N the evolution of the study of “black carbon” and intro-
presently used instruments introduce a substantial bias intguce the relevant concepts and terms. We also provide a set
the determination of aerosol light absorption, (2) there is noof definitions based on this discussion, which we will use in
unigue conversion factor between light absorption and “EC”the rest of the paper, and which we propose for general use.
or “BC” concentration in ambient aerosols, and (3) the dif- In recent years, scientific attention has shifted from the
ference in spectral properties between the different types ofole of black carbon as a pollutant to its importance as a
LAC, as well as the chemical complexity of,Gwn, lead to  driver of global warming (Andreae, 1995; Hansen et al,
several conceptual as well as practical complications. Wel998; Hansen and Nazarenko, 2004; Hansen et al., 2005;
also suggest that due to the sharply increasing absorption dRamanathan et al., 2005). Some model calculations suggest
Corown towards the UV, single-wavelength light absorption that its climate forcing may rival that of methane, and that
measurements may not be adequate for the assessment of 46 present-day global warming due to black carbon may be
as much as 0.3-C€ (Jacobson, 2004; Chung and Seinfeld,
Correspondence td¥l. O. Andreae 2005), while others estimate a smaller climate effect from
(andreae@mpch-mainz.mpg.de) this substance (Jones et al., 2005). Consequently, there is
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substantial controversy about the benefits of reducing “BC”consideration of its unclear definition. Also commonly used
as a strategy to mitigate global warming (Hansen et al., 2000for the result of a LAC measurement by an optical absorption
Jacobson, 2002; Bond and Sun, 2005). Because the climatechnique.
effects of “BC” aerosol depend strongly on its physical and “Equivalent black carbon” (Bg): Operationally defined
chemical properties, as well as on its residence time and disas the amount of strongly light-absorbing carbon with the
tribution in the atmosphere (Jacobson, 2001), a thorough unapproximate optical properties ofsget that would give the
derstanding of these properties and accurate techniques f@ame signal in an optical instrument (e.g., the aethalometer)
the determination of “BC” in the atmosphere are deemed esas the sample.
sential. In the literature, “black carbon” or “soot carbon” are often
The terminology in this field draws upon a variety of def- used synonymously for the major light-absorbing component
initions that are based on source processes, morphologicaf combustion aerosols (aka “soot”). Soot carbon has been
characteristics, chemical composition and optical propertiesidentified as an impure form of near-elemental carbon with
Since these definitions are usually not congruent, the termia graphite-like structure, which is formed in flaming com-
nology has evolved to be confusing, complex and contradicbustion and in internal combustion engines (White and Ger-
tory. We give here a set of definitions for the way the variousmer, 1941; Grisdale, 1953; Medalia and Rivin, 1982; Bock-
terms referring to atmospheric carbon will be used in thishorn, 1994). In fact, soot particles are one of the few parti-
paper. These definitions will be explained and discussed ircle types that can be readily recognized under the scanning
more detail later in the paper. or transmission electron microscope by their special mor-
“Soot”: A black, blackish or brown substance formed phology (Oberlin, 1989). Primary soot particles, 10-50 nm
by combustion, present in the atmosphere as fine particlespherules, do not exist by themselves in ambient air—instead
(“soot particles”), or adhering to the sides of the chimney or they cluster together immediately after their formation in a
pipe conveying the smoke. flame to form aggregates, which are their most stable form
“Soot carbon” (Goop: Carbon particles with the morpho- (Wentzel et al., 2003). In fresh smoke, these clusters tend to
logical and chemical properties typical of soot particles from form open structures, which are then transformed by aging
combustion: Aggregates of spherules made of graphene layprocesses, including the uptake of water, into more closely
ers, consisting almost purely of carbon, with minor amountspacked particle types (Colbeck et al., 1990; Weingartner et
of bound heteroelements, especially hydrogen and oxygeral., 1997; Ruellan et al., 1999; Abel et al., 2003; Onischuk et
This definition does not include the organic substances (oilsal., 2003). However, soot particles associated with the smol-
etc.) frequently present in or on combustion particles. dering stage of biomass combustion usually are present as
“Brown carbon” (Gyrown): Light-absorbing organic matter much larger spherical and compacted aggregates that seem
(other than Goop in atmospheric aerosols of various origins, to be more resistant to atmospheric aging processes (Martins
e.g., soil humics, humic-like substances (HULIS), tarry ma-et al., 1998b).
terials from combustion, bioaerosols, etc. The initial chemical composition of combustion particles
Light-absorbing carbon (LAC): General term for light- (“soot”) depends strongly on its sources: some sources can
absorbing carbonaceous substances in atmospheric aerosptoduce almost pure elemental carbon, while others produce
includes Goot and Gyrown- Note that this term is used here particles of which 50% by mass is organic matter (Medalia
in a somewhat different way than by Bond and Bergstromand Rivin, 1982). Graphite, the thermodynamically most sta-
(2006), who define it to mean the same as our teggaC ble form of pure elemental carbon, is an absolutely inert ma-
“Elemental carbon” (“EC”): Used here (always in quotes) terial under atmospheric conditions. It can be oxidized in
in the sense that is conventionally and carelessly used imir only at temperatures exceeding 630In graphitic struc-
the literature, usually implying a near-elemental soot-carbontures, the carbon atom possesses @naspital hybridiza-
like composition, and in most cases referring to the fractiontion, resulting in a hexagonally symmetric planar arrange-
of carbon that is oxidized in combustion analysis above ament of carbon atoms connected éybonds. The remain-
certain temperature threshold, and only in the presence of amg p-electron is in an orbital perpendicular to the plane of
oxygen-containing atmosphere. carbon atoms. The p-orbitals overlap sideways to farm
“Apparent elemental carbon” (E{: Operationally de- bonds. Because of the infinite planar structure of the graphite
fined as the fraction of carbon that is oxidized above a cersheets, the electrons in the overlapping p-orbitals are delo-
tain temperature threshold in the presence of an oxygenealized along the hexagonal atomic sheets of carbon. This
containing atmosphere. May be corrected for charring, de-accounts for graphite’s metal-like properties, particularly its
pending on the technique used. electrical conductivity and broad-band light absorption. This
“Black carbon” (“BC”"): Used here (always in quotes) in latter property is of utmost importance in the light absorption
the sense that is conventionally and carelessly used in thby soot particles, because it serves as a basis for the optical
literature, generally implied to have optical properties andmethods of their determination.
composition similar to soot carbon. In the climate-science Graphitic structures in which carbon atoms occupy lattice
community this is the most commonly used term, without sites in a two-dimensional honeycomb network (graphene
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layers) have intense Raman modes, but very weak IR vi- Despite the ample variations in morphology and chem-
brational absorption. These Raman modes enable unanistry, we propose to call this combustion-derived particle type
biguous identification of graphitic structures in atmospheric“soot carbon” or Gyo; as long as the identity of this species
aerosol, possibly as the only method available at a molechas been definitely established. However, the measurement
ular level (Rosen and Novakov, 1977; Mertes et al., 2004).techniques that are capable of doing so, such as Raman spec-
The shapes and intensities of Raman transitions are functionsoscopy or electron microscopy, are absolutely impractical
of the graphite crystal size, morphology and sample compofor routine monitoring of this important aerosol component.
sition (Sze et al., 2001; Sadezky et al., 2005). High reso- To address this problem, various measurement methods
lution transmission electron microscopy (HRTEM) revealed have been developed and utilized for the quantification of this
that the internal structure of combustion soot spherules deaerosol component on a routine basis, making use of some
pends strongly on the chemical and thermal environment uneharacteristic properties ofsgot (Rosen and Novakov, 1977;
der which they are formed and on the time available for an-Ellis and Novakov, 1982; Cadle et al., 1983; Andreae et al.,
nealing (Buseck et al., 1987; Su et al., 2004). Very rapidly 1984; Gundel et al., 1984; Hansen et al., 1984; Heintzen-
formed soot particles are nearly amorphous, with only someberg, 1988; Cachier et al., 1989b; Hitzenberger et al., 1999;
signatures of short-range ordero@ai et al., 1999; Grieco Schmid et al., 2001; ten Brink et al., 2004). Use of these
et al., 2000; Ferry et al., 2002; Wentzel et al., 2003), with methods has resulted in new operational definitions such as
fullerenic structures developing at slightly longer residenceblack carbon (“BC”) or elemental carbon (“EC”), depending
times in the combustion region. At longer annealing timeson the key property they are taking advantage of. “EC” is
(seconds to minutes) or higher temperatures, more highly oreonventionally the preferred term in conjunction with ther-
dered carbon structures develop. mal and wet chemical determinations, which are deemed
Soot particles are usually thought to be insoluble in watersuitable for the selective measurement of the refractory com-
and organic solvents. While this is definitely true for pure ponent. The term “BC” implies that this component is re-
graphite, more atmospherically relevant types of combustiorsponsible for the absorption of visible light, and is generally
particles behave differently (Medalia and Rivin, 1982). For used when optical methods are applied for its determination.
example, extraction of hexane soot particles with various solHt is important to note that neither category corresponds in
vents showed it to contain up to 33 mass-% soluble matea unique way to a specific atmospheric particle type, and
rial, consisting of polyaromatic hydrocarbons (PAHSs), oxy- that ambient soot or LAC particles represent a range of ma-
genated polyaromatic hydrocarbons, and a small fraction oterial properties that respond in different ways to the vari-
aliphatic compounds (Akhter et al., 1985). Particles fromous analytical techniques. Both “BC” and “EC” can only
biomass burning also contain a large water-soluble fractionpe regarded as “proxies” for the concentration of soot car-
including light-absorbing substances (Hoffer et al., 2005;bon, whose accuracies depend on the similarity between at-
Decesari et al., 2006). mospheric soot particles and the species used for calibration.
Although the average elemental composition of combus-If atmospheric soot particles were pure graphite and all the
tion particles is usually dominated by carbon (typically about methods were calibrated against graphite, “BC” and “EC”
85-95% C, 3—8% O, and 1-3% H by weight in various typesreadings would give exactly the mass concentration of soot
of soot particles (Ebert, 1990; Clague et al., 1999; Griecocarbon as intended. But since graphite is only a trace compo-
et al., 2000; Ferry et al., 2002)), an atmospheric soot partinent of atmospheric particles, “BC” and “EC” measurements
cle may be regarded as a complex three-dimensional organiasually give different results, which may have little in com-
polymer with the capability of transferring electrons, rather mon with the “true” mass concentrations of atmospheric soot
than merely an amorphous form of elemental carbon (Changparticles. In the literature, however, these discrepancies are
et al., 1982). The relatively low mass fraction of oxygen in usually disregarded and the terms “BC” and “EC” are used
soot carbon may be deceiving, since most of it is actuallyinterchangeably as synonyms fogde:
found on the surface in various functional groups, so that the To highlight that “EC” is not strictly “elemental” carbon
soot particles do not behave as pure graphitic carbon in mosnh a chemical sense, but rather an operationally defined com-
atmospheric processes. The amount of oxygen at the surfageonent, we shall use the term ECapparent elemental car-
of soot particles depends on combustion conditions, withbon”) in this paper. Similarly, since “BC” is operationally
more efficient combustion regimes resulting in higher abun-defined as that amount of puresdg (with an absorption
dance of oxygen and defective structures at the surface of theross section of ca. 7.59g~%; Bond and Bergstrom, 2006)
particles (Chughtai et al., 2002; Su et al., 2004). This in turnthat would produce the same absorption signal as the sample
increases the chemical reactivity of the particles (including(Bond et al., 2004), we shall use the term Bquivalent
their thermochemical properties in soot analyzers) and theiblack carbon”) here. When we refer in general to all forms of
wettability in the atmosphere. The carbon-to-hydrogen molelight absorbing carbonaceous aerosols, we shall use the term
ratio has been reported to be about 3—6 in diesel engine antlight absorbing carbon” (Malm et al., 1994).
exhaust soots and about 8-20 in carbon blacks (Cachier et Itis conventionally assumed in atmospheric science, espe-
al., 1989b; Ebert, 1990; Clague et al., 1999). cially in climate-related discussions, that “BC” (there used
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Thermochemical Molecular Optical et al., 2004; Hoffer et al., 2005). This spectral dependence
Classification Structure Classification causes the material, or its solution, to appear brown (or yel-
Elemental Graphene Layers Black low). In analogy to soot carbon, we propose to call these
SELEUN GRS (graphitic or turbostratic) IESEELLEUNED) species collectively Gown, highlighting their optical proper-
Polycyclic Aromatics, § ties as well as their uncertain origin and chemical composi-
g gf:;::i?sry Hunéi'c-Lil;e Substances, o$°;°rlfiz: g tion.
5 fopolymers, etc. g g It was observed that particles from smoldering combustion
8| [Non-Refractory LOW;I\:(;/'/DZ}:ZCZSOHS Colorless | |5 (Pattersqn and McMahon, 1984), or from re§idential coal
B/ |Organics (OC) | ooy oyiic acids, etc) | ©Or9anics (OC)| | & combustion (Bond, 2001) can contain substantial amounts of

Corown. This particulate matter appears light brown to yel-
] o lowish, and not black as would be expected for pure soot par-
Fig. 1. Classification and molecular structure of carbonaceousticles (Bond et al., 1998; Bond, 2001). This was especially
aerosol components (frondBchl, 2003). — ) .

true for the initial period of the combustion, when yellow

particles were released in great abundance. It was speculated

that weakly absorbing coal tar, consisting of partially aro-
synonymously with soot carbon) is the only light-absorbing matized organic matter, can escape from the coal matrix by
component of submicron aerosol. In addition, “BC" is very deyolatilization, then undergo thermal processing leading to
often considered as a single specific entity throughout the aty progressively greater degree of graphitization. Thus, aro-
mosphere, originating from combustion as the sole sourcematic compounds emitted from bituminous coal combustion
and haVing a bIaCk CO|OI‘ and Uniform Chemical CompOSition may cover a Continuum from afeW Conjugated aromatic rings
and physical properties. This view has remained popular incoal tar) to an extended network of aromatic ringse(.
spite of the fact that a single material constant for the refrac-The higher degree of graphitization means that the energy
tive index of atmospheric light-absorbing carbon (LAC) does gap between the highest ground state and the lowest excited
not exist: its value is dependent on the type of the fuel and thetate is smaller, which enhances absorption efficiency and si-
conditions of combustion (Bond and Bergstrom, 2006). Themyjtaneously shifts absorption towards longer wavelengths
refractive index of LAC, together with size and density, are (jower energy).
key parameters in the Lorentz-Mie calculation of the mass  simijlar processes may take place during the pyrolysis
absorption efficiencydapy of a single soot particle. Bond of organic matter, especially during biomass combustion
and Bergstrom (2006) have recently re-analyzed the Iitera(Mukai and Ambe, 1986). Pyrolysis products can escape
ture data on the refractive index and mass absorption effiwithout being combusted in flames, and then condense in the
ciency of uncoated (“naked”) soot particles, considering only cooling plume. Thus they become associated with submicron
traceable actual measurements, rather than a mixture of megarticles, characteristic of secondary aerosols. Since lignin
surements, secondary references and models. They suggesfrolysis products are substituted aromatic compounds, they
that some of the previously reported uncertainty is related tnay behave similarly to bituminous coal combustion prod-
inaccurate analySiS of literature data in preViOUS reVieWS, an%cts_ L|gn|n pyrolysis products were |dent|f|ed in biomass
propose a value afaps=7.5+1.2n?g~* for pure soot car- burning aerosol. In addition, there may be some of the solid
bon particles. Higher absorption cross-sections result fromproducts of the charring process emitted as aerosol. Most of
coating processes in the atmosphere (see also Sect. 2.2.2).thjs char material is expected to end up as supermicron parti-

Recently, it has become clear that certain organic com-<les, typical of primary aerosols. Because these particles are

pounds in addition to £t may also contribute to light ab- porous and light, however, their aerodynamic diameter may
sorption in atmospheric aerosols. There has been mountinge much smaller than their geometric diameter, and they may
evidence from chemical aerosol measurements, laboratorgnd up in the “submicron” fraction of impactor or stacked fil-
studies, or direct measurements of the spectral dependender samples.
of light absorption (Mukai and Ambe, 1986; Havers et al., Light-absorbing carbonaceous aerosols can also originate
1998b; Hoffer et al., 2005) that there is a continuum of car-from processes other than combustion, particularly from
bonaceous substances in atmospheric aerosols (Fig. 1, frolviogenic materials and their low-temperature oxidation and
Poschl, 2003). At one end is the thermally refractory and polymerization products (Andreae and Crutzen, 1997). The
strongly light absorbing near-elemental “EC” ogdg and bulk characterization of organic carbon in fine continental
at the other extreme are thermally reactive and colorless oraerosol, in particular of its water-soluble fraction, revealed
ganic substances, such as most hydrocarbons. Although thbat it contains substantial amounts of material with prop-
mass absorption efficiency of light-absorbing organic specierties closely resembling those of natural humic/fulvic sub-
at the wavelength of 550 nm is much less than that Q£  stances, such as their IR, UV, and visible spectra, NMR spec-
it increases sharply towards lower wavelengths, making theitra, mass spectra, chemical composition, affinity to chro-
absorption in the UV potentially significant due to their ob- matographic resins, and solubility (Havers et al., 1998a; Zap-
served high abundance in continental aerosol (Kirchstettepoli et al., 1999; Gelenés et al., 2000a; Geleneset al.,

Atmos. Chem. Phys., 6, 3133348 2006 www.atmos-chem-phys.net/6/3131/2006/



M. O. Andreae and A. Gelenes Black carbon or brown carbon? 3135

2000b; Krivacsy et al., 2000; Decesari et al., 2001; Kiss
et al., 2001; Kriacsy et al., 2001). Natural humic/fulvic
substances are known to result from the conversion of plant
degradation products into polymeric substances with a high |
degree of aromaticity. Such components make up much |
of what are usually referred to as humic and fulvic acids,
and provide the light absorbing component of dark soils,
swamp waters, and black tea. Filters loaded with macro-
scopic amounts of fulvic or humic acid samples look very
dark brown or nearly black (Fig. 2). Tannin/lignin com-

pounds which have similar properties were identified in pre- Humic Lg nin
cipitation (Likens et al., 1983), whereas in cloud water insol- B ‘
uble black particles with the distinguishing infrared absorp- ACE@

tion bands for both protein and cellulose, and brown particles
with the imprint of decomposed proteins have been observedrig. 2. Filters loaded with commercial samples of humic acid
(Bank and Castillo, 1987). (Fluka 53680) and lignin (Aldrich 37,095-9). Filter loading is com-

Besides originating directly from biomass burning or parable to heavily loaded urban aerosol samples.
decomposition, colored polymeric products (“HUmic-LIke
Substances”, HULIS) might also form in heterogeneous re-
actions from dienes like isoprene in the presence of sulfuricvidely used for its representation in atmospheric science, no
acid (Limbeck et al., 2003). Aromatic hydroxy acids, which such surrogate can be meaningfully defined faiokn. One
are emitted in vast quantities by the pyrolysis of lignin during might argue that natural humic or fulvic acids may be suit-
biomass burning, yield colored products in multiphase reac-able for representing the fundamental propertiesyfa, as
tions with OH radicals under typical conditions prevalent in has been proven in a series of studies on atmospheric aerosol
cloud water (Gelenés et al., 2003). Another path for the (Havers et al., 1998a; Zappoli et al., 1999; kxosy et al.,
formation of Gyrown may be reactions of organic compounds 2000; Kiss et al., 2001; Kracsy et al., 2001; Graber and
in sulfuric acid particles at low humidities (Hegglin et al., Rudich, 2006), and was suggested by Fuzzi et al. (2001).
2002). However, terrestrial or aquatic humic and fulvic acids are

All these findings point to the important fact that in the notsingle chemical species, but operationally defined classes
atmosphere a single uniform entity of “BC” does not exist: of compounds, which themselves exhibit an extremely wide
on one hand, Gotalready has a wide range of chemical and range of physico-chemical properties. Therefore, any arbi-
physica| propertiesl which renders any attempt for genera|.trari|y selected “reference” material as a surrogate is unlikely
ization highly uncertain; on the other hand, there is clearlyto be suitable for the representation of the wide variety of
a substantial fraction of organic matter in fine atmosphericCorown in the atmosphere. Nevertheless, in discussing the
aerosol, which is light-absorbing, but has properties and orirole of Gorown in atmospheric light absorption, we will rely
gins very much different from soot carbon and which is def- on the properties of HULIS observed in the water-soluble
initely not black. The term “brown carbon” () thatwe  fraction of aerosol and sometimes on those of “standard” hu-
propose here is meant to represent the latter, though it coulfhic and fulvic acids (Graber and Rudich, 2006).
include the “tail” of the properties of combustion soot car-
bon. These moderately-to-weakly absorbing particles could
in part originate from low-temperature combustion processe® Interference of Cyrown With EC4 and BCe measure-
(e.g., biomass burning or lignite combustion), or could even  ments
be produced in the atmosphere in heterogeneous or multi-
phase processes. Generally speaking, the LAC in aerosd.1 Thermochemical analysis (“EC")
equals the sum of &Gotrand Gyrown.

In the following we will review how the existence of The accurate sampling and determination of carbonaceous
Cohrown may change our understanding of atmospheric LACspecies in atmospheric aerosols has been recognized as one
and atmospheric light absorption in general. For this pur-of the most difficult challenges facing atmospheric chemists
pose we need to know the physical and chemical propertie§Huebert and Charlson, 2000). The most common methods
of Cprown, Particularly in relation to those of soot carbon. Al- for the determination of OC, BGor EC, are simple thermal,
though Grown does denote an existing component of atmo- optical, or more recently, thermal-optical methods. The pres-
spheric aerosol, it possibly covers a wide range of chemicaknce of significant concentrations of&wn in tropospheric
and physical properties that are very difficult to measure, andine aerosol may cause substantial bias in any of the tradi-
even more difficult to generalize. In other words, contrary totional measurement techniques, resulting in erroneous BC
Csoot for which surrogates such as B6r EG, exist that are  or ECy concentration values, which are subsequently carried
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Corown, it is volatilized over a wide range of temperatures
40 in thermochemical analysis. Some of it therefore is classi-
fied as organic carbon, some as “elemental” carbon (Mayol-
Bracero et al., 2002). Second, the chemical composition
of the aerosol sample and filter substrate can influence the
, * H20 temperature at which E{ds evolved (Lin and Friedlander,

30 = CO2

1988). In particular, biomass smoke contains inorganic com-
ponents that catalyze oxidation ofdg; and Gyrown, Shift-
ing their combustion to lower temperatures (Novakov and
Corrigan, 1995). Generally, it has been found that “EC”
in aged and remote aerosols evolves at considerably lower
temperatures (450-550 instead of 550-70) than in ur-
100 200 300 400 500 600 ban aerosols (Turner and Hering, 1994; Huffman, 1996b).
In thermochemical procedures with a fixed temperature se-
guence, where the distinction betweenE0d OC is made
Fig. 3. Carbon and hydrogen thermogram of a water-extracted samsolely based on combustion temperature (e.g., the R&P 5400
ple of pyrogenic aerosol from the Amazon region. Ambient Carbon Particulate Monitor), a misidentification of
Csoot @s organic carbon, and a reduction in the fraction of
Chrown that is classified as EGnay result. Conversely, when
on to calculations of atmospheric I|ght absorption and intOthe last peak ina thermogram is S|mp|y interpreted as rep-
climate models. resenting EG, without considering the convergence of £C
Thermochemical analysis was originally applied to urbanand OC combustion temperatures by catalytic effects, EC
aerosols, including particularly diesel soot (Ellis and No- concentrations may be drastically overestimated (by a factor
vakov, 1982; Cadle et al., 1983; Cachier et al., 1989a; Birchof 2—-10) (Novakov and Corrigan, 1995; Mayol-Bracero et
and Cary, 1996). This type of analysis, also referred to asal., 2002).
“Evolved Gas Analysis” (EGA), consists of controlled heat-  In view of the difficulty of ascertaining the identity of EC
ing of the sample in a stream of gas, so that organic combased solely on its thermal behavior, it may be useful to also
pounds and soot carbon are successively volatilized and oxase potentially available chemical information. The H/C mo-
idized to CQ, which is then transferred to a detector and lar ratio in Gootis ca. 0.130.05, well below that of organic
either measured directly or after conversion toACHihe to-  substances, where it usually exceeds 1.0, except in highly
tal carbon (TC) content of the sample is determined fromcondensed materials (PAH, humics, lignin) where it tends
the integral of the C@emitted over the entire temperature to cluster in the range 0.5-1.5 (Cachier et al., 1989b; Huff-
range, while the organic carbon (OC) fraction is defined asman, 1996b; Kim et al., 2003; Kramer et al., 2004). Atmo-
the amount of C@ released up to a certain threshold tem- spheric HULIS have H/C ratios of about 1.4-1.6 (Graber and
perature. The carbon fraction combusted above this threshRudich, 2006). This could provide a diagnostic feature in
old temperature, our EChas usually been called “elemental thermograms made with instruments having ZOHhannel
carbon”, because it is assumed that it represents g C in addition to the usual C®detector channel (Kuhlbusch et
fraction of the aerosol, which is thought to have a nearly ele-al., 1998). This possibility has remained little explored, even
mental composition. This is most applicable to diesel soot orthough detectors that provide simultaneous determination of
lamp black, where black carbon is nearly identical with sootH,0O and CQ are widely available, e.g., the LI-6262 or LI-
carbon and has a chemical composition close to elementat000 (LI-COR Biosciences, Lincoln, NE 68504, USA). Fig-
carbon. In thermograms of samples wherggdominates,  ure 3 shows a thermogram from a sample of biomass smoke
there is usually a clearly defined peak at high temperaturegollected in the Amazon during the LBA-SMOCC campaign
(>450°C). HR-TEM investigation of diesel soot particles has (Andreae et al., 2004), which had been water-extracted be-
shown them to have near-spherical structure with onion-likefore analysis. There is a clear differentiation between the
graphene layers. Because the reactivity of carbon phases inhree peaks based on the H/C ratio: The first peak, which
creases with the amount of free-edge carbon and structurakpresents the most volatile compounds, has an H/C ratio of
hetero-atoms, diesel soot with its spherical structure and high-4, and probably still contains some absorbed water from the
carbon content is the most refractory environmental carborextraction procedure (note that the thermogram shoy@®,H
phase, and is therefore most readily separated from organigith two H atoms per molecule). The second peak has an
carbonaceous aerosol components (Gustafsson et al., 2001j/C ratio near 2, similar to cellulose and lignin compounds,
Severe difficulties are encountered, however, when thiswvhile the third peak, above 500, shows a much lower H/C
type of analysis is applied to samples containing brown car-of about 0.4, near but somewhat above that reporteddgy. C
bon from biomass burning (Reid et al., 2005) or humic ma- In addition to these conceptual and technical difficulties
terials. First, because of the ill-defined chemical nature ofwith the distinction between ot and Gyown, charring of

CO2, H20, ppm

Temperature, °C
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organic compounds, i.e. the formation of black char duringalways be met, there is an inherent bias in either direction in
thermochemical analysis, is one of the major artefacts inthe demarcation between OCgygwn and Goot In an analy-
these procedures. Some methods carefully optimize expeisis of the data set from the IMPROVE aerosol network in the
imental conditions in order to minimize the extent of char- United States, Huffmann (1996a; 1996b) has shown that the
ring, such as the two-step combustion procedure developedharring correction in the thermal-optical reflectance tech-
by Cachier et al. (1989a). Although charring can largely benique and the misinterpretation in the OC-Eitpoint can
avoided in this method for various organic matrices, the audead to a large underestimation of EGn a recent compar-
thors themselves found that humic acids undergo charringson between EQOC determinations by the thermal-optical
up to 3#3% by mass. Given the diversity of compounds reflectance (TOR) and thermal-optical transmission (TOT)
that contribute to Gown, it is not known whether gown is techniques, differences by as much as a factor of 4 were ob-
also prone to charring, and what the consequences of thaterved for the Egconcentrations obtained with the two vari-
would be for the apparent “OC” and “EC” concentrations ants of the technique (Chow et al., 2004). These differences
obtained from such an analysis. One could argue that theould be attributed to charring within the filter matrix, which
brown carbon from biomass burning is not very susceptibleintroduced a bias in the TOT technique (Chen et al., 2004).
to charring, given that it has been volatilized in a fire. This In intercomparisons of a large number of techniques for
is, however, contradicted by the findings that water-solublethe determination of TC, OC and EChe agreement is usu-
organic carbon (WSOC), which is a major component of py-ally quite good for TC, but very poor for the determination
rogenic aerosols and contains a significant amountgfi of the EG fraction (Countess, 1990; Hitzenberger et al.,
has been shown to be especially prone to charring (Yu et al.1999; Schmid et al., 2001; ten Brink et al., 2004; Watson
2002; Yu et al., 2004). This also applies to the most abun-et al., 2005). Typically, the ECmeasurements are highly
dant organic compound in pyrogenic aerosols, levoglucosancorrelated between methods, but the slopes differ strongly
These issues have been largely ignored, because at the tinfiom unity, indicating that the differences are of a systematic
the EGA method was developed, nothing was known abouhature. While the various thermal-optical and EGA tech-
the presence of HULIS in fine aerosol, but recently it hasniques usually agree reasonably well (better than a factor
become obvious that “EC” values measured in the presencef two discrepancy) for laboratory soot, gasoline and diesel
of considerable amounts ofyfewn (as is likely the case for engine emissions, and urban particulates (Countess, 1990;
biomass burning aerosol and continental fine aerosol in genGuillemin et al., 1997; Lim et al., 2003), huge differences
eral) may be overestimated by some variants of thermochem(up to factors of six, and occasionally even more) are seen
ical analysis. for samples from non-urban areas and biomass burning emis-
Extraction of the sample with water or organic solvents sions (Chow et al., 2001; Schmid et al., 2001). But even for
prior to thermochemical analysis has been proposed as the new standard reference materials, RM 8785 (Air Particu-
technique to reduce charring and interference byosn late Matter on Filter Media), two different thermal-optical
(Novakov and Corrigan, 1995; Mayol-Bracero et al., 2002; protocols (IMPROVE and STN-NIOSH) yielded unrecon-
Kirchstetter et al., 2003). Water extraction removes both in-ciled differences of a factor of 2 (Klouda et al., 2005), so
organic catalytic compounds and at least part of thefa, that the material has been issued with two different so-called
providing a closer approximation of the actuabgcontent  “information concentration values” (based on the two differ-
by EG,. The removal of the WSOC considerably reducesent protocols) for Egl
the charring artefact. Organic solvents also remove organic The good agreement between various methods for ana-
carbon and part of gown, but do not eliminate the catalytic lyzing diesel exhaust particulates is understandable since, as
effect of inorganic ions. discussed above, they exhibit a clearly ordered layer struc-
Another strategy to cope with the problem of charring ture approaching that of polycrystalline graphite, and contain
is implemented in thermal-optical analysis, which has beenvery little polymeric organic material. This is supported by
proposed as the most accurate method for the OgHp(. the studies of Wittmaack (2004, 2005), who found that urban
In this method, the transmittance or reflectance of the fil-soot particles, presumably from diesel emissions, were ther-
ter sample is monitored during the thermographic analysismally stable in air up to 4 A€, and then oxidized in a narrow
(Chow et al., 1993; Birch and Cary, 1996). The transmit- temperature interval between 480 and BX0However, large
tance initially decreases with heating due to charring of or-uncertainty is associated with the thermal-optical measure-
ganic matter, and then increases again, as the char is conments of aerosol containing a large fraction aof,dan and
busted. The cut-point between OC and:E€defined as that pyrolysable OC. In a recent study, a thermal-optical method
point in the thermogram at which transmittance has returnedvas tested on atmospheric aerosol, wood smoke, coal fly ash,
to the value it had before charring. This optical pyrolysis and secondary organic aerosol from smog-chamber experi-
correction assumes that the light extinction per unit mass oiments, and on organic matrices such as wood smoke extract,
pyrolytically produced carbon is the same as the light extinc-candle wax and motor oil (Schauer et al., 2003). It was found
tion per unit mass of carbon removed until the reflectancethat all ambient atmospheric aerosol samples pyrolyzed dur-
regains its initial value. Since this condition is unlikely to ing analysis, as did wood smoke, secondary organic aerosol
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75 “EC”, OC) only for a few very clearly defined aerosol types,
e.g., pure diesel soot. In the more general case of mixed
aerosols, the combustion temperatures gh&and the vari-
ous forms of OC (including gown) Overlap to a significant
extent.

A further example for these problems is provided by the
EGA thermograms of commercial samples of humic acid
and lignin, both of which are dark brown to black substances
(Corown), Visually resembling “EC” (Fig. 4). The lignin sam-
ple is combusted almost completely below 800 and the
ratio of the HO and CQ signals suggests that the H/C mo-
lar ratio ranges from about 1-4, with an average of 1.3, which
is within the range previously reported for lignins (Kim et al.,
1757 2003). The humic acid sample, on the other hand, has a mean

3 H/C of 0.46 for the low temperature peak and a pronounced
peak near 60CC, which would in an unknown sample be
usually interpreted as evidence of a larggdefraction. Even
the H/C ratio of ca. 0.3 in the latter peak, resulting from the
combustion of thermally refractory organic material, is diffi-
cult to distinguish from that of &+ The presence of com-
parably hydrogen-deficient fractions in riverine dissolved or-
ganic matter has been interpreted as evidence for the pres-
ence of “BC” from charred biomass (Kim et al., 2004), but
] it is plausible that similar materials can also be produced by
N 100 200 200 400 500 600 200 (bio)chemical condensation polymerization.

The response of the thermal or thermal-optical techniques
to the light-absorbing substances in biomass smoke has not
Fig. 4. Carbon and hydrogen thermograms of commercial sampled€€n adequately characterized, but seems to be very de-
of (a) lignin (Aldrich 37,095-9) andb) humic acid (Fluka 53680).  pendent on the instrumental settings (Conny et al., 2003).

Birch and Cary (1996) note that with an “optimized” setting

they find only 0.86% Egin cigarette smoke, while with a
(SOA), and wood smoke extract. Even with an optimized 10-“less than optimal” setting 20-30% of the carbon in cigarette
step temperature program it was not possible to fully correctsmoke was designated elemental. Furthermore, thermal anal-
for charring. The key outcome was that elemental carbon wagsis of starch and cellulose in the presence 0§NBO, pro-
detected by the thermal-optical method in samples in whichduced 2—-3 times the amount of char than was formed in the
it should not be present, e.g., wood smoke extract and SOAabsence of the inorganic compound, while the charring of
and that the measurement of i@as biased by some organic levoglucosan decreased in the presence off&D, (Yu et
matrices. For example, in the wood smoke extract, 5% ofal., 2002).
the carbon was falsely assigned as elemental by the thermal- An additional complication for thermal-optical measure-
optical method. Another study revealed that for SOA gener-ments is presented by the fact that the spectral absorption
ated in a smog-chamber, which contained rgot-~2% of of Cprown differs from that of black carbon. The absorption
total carbon was erroneously interpreted to be “EC” (in thecross section of gown increases very sharply with decreas-
sense of soot particles) by a thermal-optical method (Chowing wavelength, with a slope 6f =2 to A~%, whereas Gyot
et al., 1993). Note that a relatively small percentual bias in(e.qg., from diesel vehicles) shows.a® dependence (Kirch-
the determination of OC can result in a very large bias instetter et al., 2004; Hoffer et al., 2005; Schmid et al., 2005)
the EG measurement, since OC is typically about 10 times(see also Sect. 3). At the red wavelength of the HeNe laser
more abundant than EC EGA thermograms of non-urban (632.8 nm) used in the thermal-optical instrumenyofen ab-
aerosols suggest that a significant fraction of OC is com-sorbs much less thansge;, so that the Gown fraction re-
busted in the temperature range normally associated wittmains nearly invisible to the instrument. As a result, the in-
Csoot and therefore would be incorrectly assigned to thestrument will interpret the fraction of gwn combusted be-
“EC” fraction. Some types of bioaerosol particles, which fore the EC cutpoint as OC, the more refractory part as EC.
are likely to be light-absorbing as well, require combustion Thus, part of Gyown Will be counted as OC, the rest as £C
temperatures well above 680 (Wittmaack, 2005). In sum-  Since the optical properties offewn are different from those
mary, we find that combustion temperatures can be uniquelpf Csoor, EC4 can then not be used as a valid proxy for LAC
associated with specific types of carbonaceous aerogg)y(C any more.

CO2, H20, ppm

(b) Humic Acid

CO2, H20, ppm

Temperature, °C
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2.2 Light absorption measurements (“BC”) laden filter (see also Sect. 2.2.2). As a result of the fact that
these measurements are not done on airborne aerosols, but on
In principle, the relatively strong light absorption otdst  samples deposited on a filter, there are a variety of artefacts
can be utilized to infer otfrom an optical measurement of mainly due to filter-aerosol interactions (multiple scattering),
aerosol light absorptiorsfp9 and knowledge of the mass- shadowing of the incident light with increasing filter loading,
specific absorption of &ot (¢apg. This approach has the and aerosol scattering effects (Petzold et al., 1997; Weingart-
advantage, from a climate perspective, that the primary meaner et al., 2003; Arnott et al., 2005). In a study where sev-
surement relates directly the light-absorbing properties of theeral filter-based measurements of the absorption coefficient
aerosol, without consideration of whether the absorption isof biomass smoke were compared, the systematic disagree-
due to Goot Or Corown- INn this section, we will discuss the ment between methods was “only” 20—40%, but individual
various problems associated with this approach: (1) many ofneasurements often differed by a factor of three (Reid et al.,
the presently used instruments introduce a substantial bia998b).
into the determination of aerosol light absorption, (2) there Although numerous efforts have been made to calibrate
are no reference standards for measurements of light absorgethalometers and PSAPs and to correct for the various arte-
tion by ambient aerosols, (3) there is no unique conversiorfacts (Hansen et al., 1984; Bodhaine, 1995; Bond et al.,
factor (ans between light absorption andsge concentra-  1999a), no generally valid calibration or correction scheme
tion in ambient aerosols, and (4) the difference in spectralfor ambient aerosol has become available due to the com-
properties betweendsotand Gyrown, as well as the chemical plex interaction of physical aerosol properties (size, single
complexity of Gyrown, l€ad to several conceptual as well as scattering albedo, mixing state) and the filter matrix. Com-
practical complications. parisons of simultaneous measurements made using PAS
and filter-based techniques (PSAP, aethalometer, integrat-
2.2.1 Problems related to the measurement of aerosol lighihg plate) show considerable differences (up to a factor of
absorption two) under some circumstances, especially when the rela-
tive humidity is variable (Moosiller et al., 1998; Arnott
Significant uncertainties are associated with the determinaet al., 1999; Arnott et al., 2003; Sheridan et al., 2005). The
tion of aerosol light absorptionyaps For atmospheric ap-  most reliable filter-based instrument for absorption measure-
plications, the only instrument that can measure light ab-ments at this time is the multi-angle absorption photometer
sorption directly on an airborne aerosol is the photoacoustiqMAAP), which simultaneously measures transmittance and
spectrometer (PAS) (Truex and Anderson, 1979; Yasa et aleflectance of the filter at multiple angles and uses a two-
1979; Petzold and Niessner, 1995; Moasler et al., 1997;  stream radiative transfer model to determine the filter and
Arnott et al., 1999). In principle, light absorption by airborne aerosol scattering corrections for the absorption measure-
aerosols can also be determined by the so-called “differencenent (Petzold and Séhnlinner, 2004).
method”, where absorption is determined from the difference  Overall we conclude that, depending on which technique
between extinction and scattering as measured by an extings ysed and what corrections are applied, systematic errors
tion cell and a nephelometer, respectively (Schnaiter et al.of up to a factor of two must be expected when inferring the
2005b; Sheridan et al., 2005). Comparison experiments withrye in-situ absorption coefficient from filter-based absorp-
the PAS and optical extinction cells show excellent agree+tion measurements, unless these are carefully corrected for
ment for a wide variety of aerosols including diesel soot, filter and scattering effects. On the other hand, laboratory
biomass smoke partiCIeS and ambient aerosol (PetZO|d et ale,omparisons between the PAS and difference method sug-
2005; Schnaiter et al., 2005b). While this method is usefulgest that the PAS can determine aerosol absorption with an
for the validation of absorption techniques with high concen-accuracy<10% (Moosniiller et al., 1998; Arnott et al., 1999;
trations of relatively “dark” aerosols (single scattering albedo Arnott et al., 2003; Sheridan et al., 2005).
at 550 nm less than0.8), it results in unacceptably large er-
rors for typical atmospheric conditions, since it determines2.2.2 Problems related to the relationship a4 mass

oapbsfrom a fairly small difference of two large numbers (ex- concentration and light absorption
tinction and scattering coefficient) (Schnaiter et al., 2005b;
Sheridan et al., 2005). When absorption is measured with the intention to derive

Historically, absorption measurements have most fre-“black carbon” concentrations, a measured or assumed spe-
quently been performed with on-line “integrating plate” tech- cific absorption cross sectiongp9 must be used to convert
niques (e.g., aethalometer and particle soot absorption phdight absorption to mass concentration of B@s mentioned
tometer, PSAP), which deposit aerosol onto a filter and meaabove, Bond and Bergstrom (2006) have reviewed the lit-
sure the resulting change in light transmittance through theerature and recommended a valuexgfs=7.5+1.2 nf g1
filter. 1t must be noted that these techniques do not directlyfor airborne, uncoated, “naked” soot particles. However,
determineoyps i.€., the absorption by the ambient aerosol, due to condensation processes and/or cloud processing, at-
but oatn, the attenuation coefficient through an aerosol- mospheric soot particles acquire non-absorbing coatings
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(mainly sulfate and/or organic carbon), which lead to absorp-elative variations ofxarny were often explained as result-
tion enhancements. Mie calculations on soot particles withing only from differences in morphology and mixing state of
sulfate coatings indicate enhancements of up to factors of 2+AC related to different sources and aging processes. It can
3 for extremely large coating thicknesses (corresponding tdherefore be concluded that, even if the only absorbing sub-
only a few mass percent ofsgptin the total aerosol) and rel-  stance in aerosols werggg; an uncertainty of about a factor
atively large particle size{300 nm) (Martins et al., 1998a; of two in the estimation of “BC” would result from the vari-
Fuller et al., 1999). This is consistent with recent measure-ability of aay itself. A good example for this is the study
ments by Schnaiter et al. (2005a) that showed enhancemetly Lim et al. (2003) where B&concentrations differing by a
factors of up to 2.80.2 for 400 nm (diesel) soot particles factor of two were reported by an aethalometer and a PSAP
coated by organic carbon {gt volume fraction<3%). In running in parallel at the same site, in spite of the fact that the
addition, hygroscopic particle growth may further enhancetwo instruments are using essentially the same measurement
aapsby up to a factor of about 1.3 at relative humidities up to principle.

95% (Redemann et al., 2001). Hence, for atmospheric con-

ditions we expectraps=7.5+1.2n7 g1 only to be realistic  2.2.3 Problems related to the presence g

in near-source regimes; aged soot particles may exceed this

value by a factor 2 or more. One would expect that optical measurements of B¢; e.g.,

For filter-based Bg methods, one can either convert the an aethalometer or PSAP, are less affected by the presence of
measured attenuation into absorption (as described abov&)brown than thermochemical methods. This is because a typ-
and then applyraps Or apply the attenuation cross section ical absorption spectrum of HULIS shows a steep decrease
(aatn) directly to the attenuation coefficient. In practice, of absorbance into the visible (Havers et al., 1998b; Zap-
a value of about 10 Ag~1 is typically used to derive BE  poli et al., 1999; Hoffer et al., 2005), and has a very low
from absorption measurements. However, the range of valspecific absorption<0.05 nt g~ 1) at the operational wave-
ues foraarn reported in the literature is between about 1 to lengths of these instruments (535 and 550 nm, respectively).
30nm? g1 (Liousse et al., 1993; Chylek et al., 1995; Liousse It should be noted that in the accumulation mode (diameters
et al., 1995; Colbeck et al., 1997; Petzold et al., 1997; Mar-100-1000 nm), where the mass concentration of water solu-
tins et al., 1998a; Moosiiler et al., 1998; Reid et al., 1998a; ble HULIS is highest (Lukcs et al., 2004), Mie theory pre-
Fuller et al., 1999; Kopp et al., 1999; Lavanchy et al., 1999;dicts that even spherical particles of pure graphite would have
Dillner et al., 2001; Sharma et al., 2002; Lim et al., 2003; a significantly lower mass absorption efficiency than those
Schnaiter et al., 2003). This range is so large because, iin the Aitken mode (diametez100 nm). These two effects
addition to the inherent variability afaps aarn is affected  combined make it probable that over most of the troposphere,
by experimental bias. Sineery is determined as the ratio the contribution of Gyown to atmospheric light absorption
betweenxapsand Gooy, it contains the numerous instrument- relative to that of Goot Will be rather low in the wavelength
specific uncertainties afaps that depend on aerosol prop- range of 500-550 nm. However, given the strongly skewed
erties such as chemical composition, particle size and shap@bsorption of Grown towards the UV, this statement may not
and mixing state, as well as biases related to the measuremehe true for atmospheric light absorption integrated over the
of Csoo Usually determined by thermochemical techniquessolar spectrum, i.e., the flux of energy that is absorbed in the
with all the problems discussed in Sect. 2.1. Theoretical coniroposphere (Hoffer et al., 2005). The possible consequences
siderations as well as laboratory experiments show that, evenf this wavelength dependence will be discussed in detail in
with the same instrumental setupytn varies considerably — Sect. 3.
as a function of the LAC content of the aerosol, and becomes The 7-. Aethalometer (Model E31, 450 to 950 nm) tries to
most variable and uncertain for aerosol with low LAC frac- capitalize on the difference in spectral dependence,afi
tions, in the range commonly encountered in non-urban andnd Ggotby measuring ot in the near-infrared regime and
remote regions (Horvath, 1997; Lindberg et al., 1999). Thesaleriving Gyown from a near-UV channel after subtracting the
problems increase toward lower wavelengths, and therefor€soorabsorption component, assuminga dependence for
most strongly influence measurements made with instru-Csqot absorption. A similar approach has been proposed by
ments using green light (e.g., the PSAP at 565nm) or theKirchstetter et al. (2004). However, in addition to the nu-
shorter-wavelength channels of the 7-wavelength aethalomemerous systematic uncertainties associated with most filter-
ter AE-31. The aethalometer model AE10, which uses whitebased sampling techniques, this concept assumes that the op-
light at an effective wavelength of 880 nm (Weingartner ettical properties of gown are fairly constant. As illustrated
al., 2003) is likely to be less affected. in Fig. 1, this cannot be expected due to the variable chem-

The fact thatwary is usually derived from thermochemi- ical nature of Gyown in general and, for biomass burning in
cal EG, measurements is probably one of the primary causeparticular, due to the dependence of the optical properties of
for the huge variations inatn Observed in calibration stud- hydrogenated carbon on the encountered thermal annealing
ies. In most cases, the importance of this source of uncertemperatures (Smith, 1984). The situation is further compli-
tainty was, however, not appreciated by the authors, and theated by the presence of non-carbonaceous absorbing aerosol
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components such as soil dust (mainly hematite), which carBergstrom et al., 2002; Schnaiter et al., 2003; Lawless et al.,
play a significant role even in locations quite distant from 2004; Bond and Bergstrom, 2006) and inversion of remote
desert regions (Fialho et al., 2005). sensing data (Dubovik et al., 1998; Bergstrom et al., 2003).

We conclude that, because of the problems related to When absorption is stronger at shorter wavelengths, i.e.,
aerosolffilter interactions, uncertainties in the mass absorpthe particles appear brownish or yelloﬁ/,will be signifi-
tion coefficient, and the different spectral properties gf&  cantly greater than unity. Values of 2.0 and more were found
and Gyrown, @ Unique relationship between light absorption in aerosol collected near a lignite combustion plant (Bond
and “black carbon” cannot be expected to exist (Lindberg etet al., 1999b), in biomass smoke (Kirchstetter et al., 2004;
al., 1999). This is the reason why we have introduced theSchmid et al., 2005; Schnaiter et al., 2005b), environmental
term “equivalent black carbon”, BCwhich is that amount tobacco smoke (Lawless et al., 2004), rural aerosol (Lindberg
of Csoot that would cause the same amount of light absorp-et al., 1993), and in particles produced by oxygen-deficient
tion as that observed in the sample, using the valuexgf combustion of propane (Schnaiter et al., 2006). The highest
and correction factors applied with a particular instrument.values ofA are found for the yellowish to brownish products
More fundamentally, the whole concept of determining a sin-of pure smoldering combustion, e.g., tobacco smoke (3.5,
gle value of “black carbon” from an absorption measurementLawless et al., 2004) or water-soluble HULIS from biomass
on biomass smoke (and presumably also any aerosol sanburning (6—7, Hoffer et al., 2005). This steepening of the
ple that contains gown) Must be called into question. Since increase of absorption towards shorter wavelengths can be
a given sample consists of a mixture ofggt and Gyrown IN attributed to the presence of significant amounts of light-
unknown proportions, and both components have differenabsorbing organic compounds, i.e.préan in aerosols re-
ratios of light absorption to carbon mass, a unique value ofsulting from low-temperature combustion (Bond, 2001). The
“BC” mass concentration cannot be derived from light ab- different spectral behavior ofdgotand Gyown can be used to
sorption. The errors related to the presence gffn can  separate their contributions to light absorption by aerosols.
be reduced significantly by making the absorption measureKirchstetter et al. (2004) have proposed that absorption spec-
ments at higher wavelengths (red light), whergo@wn ab-  tra of mixed aerosols can be deconvoluted into a component
sorbs only very weakly. Even more information can be resulting from Goot (@assuming that its spectral properties are
gained by making absorption measurements across the vigonstant and well known) and a component attributable to
ible spectrum, which provides a possibility to determine sep-Cprown (With less well defined and variable spectral behav-
arately the contributions fromd{gotand Gyrown (See Sect. 3). ior). This is a very promising approach, and if validated and
used with a larger data set, it might open up the possibility to
asses the role of §wn in atmospheric light absorption.

The different spectral dependence of light absorption by
Csootand Gyrown means that caution must be exercised when

Light absorption by particles is often measured at only Oneextrapolatmg absorption measured at a single wavelength

; . _over the solar spectrum, especially when the mass concen-
wavelength, and is extrapolated to other wavelengths usmgration of Guoot i low relative to that of G, When ab-
the power-law relationship for the spectral dependence of ab- = . oot own i :
sorption: sorption coefficients are mea_sgred at wavelengths in the mid-
dle and upper parts of the visible spectrum and the spectral
Qaps= K x )L—Zabs propert_ies of Gootare assume(_j to represent all amb_ient_light-
absorbing carbon, the reduction of downward UV irradiance
whereagpsis the mass absorption efficiency of the particles may be significantly underestimated. Since UV irradiance
(m?g~1), K is a constant that includes the aerosol mass conplays a very important role in tropospheric ozone produc-
centration,A (nm) is the wavelength of the light, amklps  tion and photochemistry in general, its erroneous assessment
is the,&ngstrt')m exponent for absorption. Although there is through oversimplified interpretation of “BC” data may con-
no theoretical justification for this equation, it generally ade- siderably weaken our ability to understand and predict pho-
quately describes spectral absorption of atmospheric aerosébchemical processes in the troposphere (Albuquerque et al.,
from the near UV to the near infrared regime. For small 2005).
spherical particles (2r|m|/r<«1) with radius r and wave- The first explanation for the reduced downward UV-
length independent refractive index Pabs equals to 1.0 irradiance observed in urban areas was provided by Jacob-
(Bond, 2001). For reasonable patrticle size distributions andson (1999) who attributed it to UV-absorbing organic species
a LAC refractive index ofn=1.55-0.5, the theoretical val- such as nitrated aromatics, benzaldehydes, benzoic acids,
ues ofA typically varies between 0.2 and 1.2. Measurementspolycyclic aromatic hydrocarbons, and to a lesser extent, ni-
confirm thatAqps values are close to 1 in aerosols in which trated inorganic compounds. In particular, nitrated aromatic
pure Goot dominates the LAC, as has been shown by sev-compounds, PAHs and benzaldehydes were found to be the
eral authors for motor vehicle emissions and urban aerosolmost effective UV-A and UV-B absorbers in terms of their
by in-situ measurements (Rosen et al., 1978; Horvath, 1997imaginary refractive indices and absorption wavelengths.

3 Wavelength dependence of absorption and its possible
effect on tropospheric photochemistry
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These compounds indeed show very strong wavelength debon (“BC”) or elemental carbon (“EC”). However, the oper-
pendence, and because their absorption tails off between thational character of these analytical parameters is very often
UV and visible wavelengths, global UV irradiance is atten- overlooked. It would therefore be highly desirable to indi-
uated much more than total solar irradiance. The decreasechte it through the use of terms like “apparent EC” {EC
UV flux was calculated to reduce ozone mixing ratios in Los and “equivalent BC” (B@). Even in the case of combustion
Angeles by 5-8%. Model column simulations with the in- soot aerosol, there is a conceptual ambiguity in the separa-
clusion of enhanced aerosol absorption, however, still overtion of organic and elemental carbon, as well as in the deter-
predicted the observed UV irradiance by 8 and 25% for anmination of BG from light-absorption measurements, which
urban and rural site, respectively. The absorption by organidntroduces at least a factor-of-2 uncertainty to their measure-
aerosol represented ab(ﬁmf the total downward UV atten- ments. More than 50 inter-method and inter-laboratory com-
uation, primarily due to non-nitrated and nitrated aromatic parisons for the determination of EGr BC. have been con-
compounds in proportions of 10.2-13.5% and 8.8-14.7%, reducted, showing typical differences of a factor of 2 between
spectively. In radiative transfer model calculations a positivemethods, but sometimes even discrepancies of a factor of 7
forcing per unit mass of organic carbon of +21 W#per g (Watson et al., 2005). In spite of this ongoing controversy
OC was inferred from this effect alone (Jacobson, 2002).  and with few exceptions (e.g., Streets etal., 2001; Bond et al.,
One may speculate that the UV reduction missing from2004), “BC” is very often considered a single, well-defined
models may be due to the presence of unspeciategl Its and well-determined entity throughout the troposphere, espe-
spectral properties observed in atmospheric measurementgally in emission inventories, radiative transfer, and climate
are intermediate between those of nitrated PAHs agdiC  models, which has a uniform composition and physical prop-
and it shows a smooth decrease in absorbance towards thesties approaching those of pure carbon black (e.g., Hansen
visible that can still be approximated by a power law rela- et al., 2000; Chung and Seinfeld, 2002; Schaap et al., 2004;
tionship (Bond, 2001; Kirchstetter et al., 2004; Hoffer et al., Wang, 2004; Hansen et al., 2005).
2005). The presence of brown carbon yggwn) in aerosol, for
There is another property ofyfwn that is worthy of note ~ which ample evidence has recently been published, raises se-
with respect to atmospheric light absorption, namely that arious concern about this simplified approach. Here we have
significant fraction of it is soluble in water (Hoffer et al., shown that Grownmay interfere with both Egand BG mea-
2005). In fact, atmospheric observation on the propertiessurements and introduce significant bias under specific con-
of Chrown largely came from measurements of the water ex-ditions. This applies in particular to any situation where light
tract of atmospheric aerosol. Consequently, part gf g absorption is not dominated byss: from petroleum com-
could dissolve into growing cloud droplets upon cloud for- bustion, i.e., for regions where pyrogenic aerosols or light-
mation and produce homogeneous absorbing droplets thabsorbing biogenic aerosols play an important role — in other
affect overall cloud absorption, particularly in the UV. This words, for most of the globe outside the most highly indus-
effect could be most significant in clouds formed on densetrialized regions.
biomass smoke plumes, where the concentration gfue The fact that brown carbon has progressively stronger ab-
can be substantial (Mayol-Bracero et al., 2002). It was cal-sorption in the UV seriously calls into question whether mea-
culated that, e.g., at the wavelength of 475 nm a hydrometecgurements of light absorption at a single wavelength in the
containing Grown at @ concentration of 210-6M absorbs ~ mid-to-upper visible can be used to infer absorption of so-
about 6 times more radiation than pure water (Gelenes  lar radiation in the troposphere. When, for example, “BC” is
al., 2003). To the best of our knowledge, this effect has nevedetermined by measurements using incandescent light dom-
been included in complex atmospheric radiation models.  inated by the red and near-IR part of the spectrum, only
the contribution from Gyotis measured, andgewn remains
“invisible”. If such “BC” data are subsequently used to
4 Conclusions asses the climate effects of light-absorbing aerosols (and this
“BC” is assumed to have the spectral properties efo
The recent discovery of the widespread abundance of browthe contribution of Gyown is lost. Consequently, represen-
carbon in atmospheric aerosol makes it necessary to revisiative measurements of the spectral mass absorption effi-
the concept of a light-absorbing carbonaceous (LAC) com-ciency of Gyown @and its abundance in the global atmosphere
ponent of atmospheric aerosol, which has been traditionallynust be accomplished, so that its contribution to atmospheric
assumed to be exclusively black combustion soggdfc Al- light absorption can be evaluated. In the light of these find-
though soot particles are readily recognizable by their typi-ings, even the concept of “BC” as a conservative atmospheric
cal morphologies, they are far from being uniform either in tracer for combustion processes must be challenged.
their chemical or physical properties. Unfortunately, mon- At the same time, further studies are needed on the prop-
itoring methods that are commonly used for the determi-erties and origin of chromophoric organic species to estab-
nation of the mass concentration of soot carbon can onlylish the role they play in the global troposphere. Eventu-
provide operationally defined quantities such as black carally, the whole concept of “light- absorbing carbon”, and the
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analytical methods used, need to be carefully reconsideredndreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank, G.
and “standardized” to provide reliable input for atmospheric ~ P., Longo, K. M., and Silva-Dias, M. A. F.: Smoking rain clouds
models and legislative measures. Novel measurement tech- over the Amazon, Science, 303, 1337-1342, 2004.
niques, such as the use of fluorescence lidar (Immler ef\nott, W. P., Hamasha, K., Mooditier, H., Sheridan, P. J., and
al., 2005), spectral absorption measurements (Kirchstetter O9'€n. J. A.. Towards aerosol light-absorption measurements
et al., 2004), and Electrospray lonization Fourier Transform With @ 7-wavelength Aethalometer: Evaluation with a photoa-
lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS) coustic instrument and 3-wavelength nephelometer, Aerosol Sci.
. . . Tech., 39, 17-29, 2005.
(Kramer et al.,. 2004),’ W'” h_ave to be appl!ed to determine Arnott, W. P., Moosriller, H., Rogers, C. F., Jin, T., and Bruch,
the concentrations, distribution and properties gibjn. The R.: Photoacoustic spectrometer for measuring light absorption
development and widespread use of standard reference ma- by aerosol: Instrument description, Atmos. Environ., 33, 2845—
terials, such as RM 8785 (Air Particulate Matter on Filter 2852, 1999.

Media) (Klouda et al., 2005) is encouraged. Arnott, W. P., Moosriiller, H., Sheridan, P. J., Ogren, J. A,
We conclude that, at the present state of the art, the uncer- Raspet, R., Slaton, W. V., Hand, J. L., Kreidenweis, S. M.,
tainties and potential biases in E&nd BG measurements and Collett, J.: Photoacoustic and filter-based ambient aerosol
are large, and that there is a poor correlation between mea- light absorption measurements:  Instrument comparisons and
sured EG or BCe values and atmospheric light absorption. If ~ the role of relative humidity, J. Geophys. Res., 108, 4034,
these errors are systematic, and unless there is some degr (10ir10.1029/2002JD002165, 2003,
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