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Abstract 

Emitted by numerous primary sources and formed by secondary sources, atmospheric brown 

carbon (BrC) aerosol is chemically complex. As BrC aerosol ages in the atmosphere via a variety 

of chemical and physical processes, its chemical composition and optical properties change 

significantly, altering its impacts on climate. Research in the past decade has considerably 

expanded our understanding of BrC reactions in both the gas and condensed phases. We review 

these recent advances in BrC aging chemistry with a focus on gas phase reactions leading to BrC 

formation, aqueous and in-cloud processes, and aerosol particle reactions. Connections are made 

between single component BrC proxies and more complex chemical mixtures, as well as 

between laboratory and field measurements of BrC chemistry. General conclusions are that 

chemical change can darken the BrC aerosol particles over short timescales of hours close to 

source and that considerable photobleaching and oxidative whitening will occur when BrC is a 

day or more removed from its source.  
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1 Introduction 

1.1 Atmospheric BrC and Its Environmental Impacts  

Carbonaceous aerosol particles referred to as black carbon (BC) and brown carbon (BrC) 

absorb light across the visible and near ultraviolet parts of the solar spectrum. BC refers to 

particles primarily composed of elemental carbon and characterized by broad absorbance across 

ultraviolet to infrared wavelengths.1,2 BrC refers to the light absorbing components of organic 

aerosol.2 The direct absorption of light by these types of aerosol particles impacts the earth’s 

climate by producing a positive radiative forcing, which refers to a perturbation to earth’s 

radiative equilibrium since pre-industrial times. The dependence of BrC absorbance on 

wavelength is more pronounced than that of BC, with absorbance increasing steeply at lower 

wavelengths.2 The direct radiative forcing of BC has been estimated as the second largest 

anthropogenic climate forcing agents.3 Recent studies have shown that BrC can also significantly 

contribute to positive radiative direct forcing with up to 20 % of total aerosol absorption.4–6 

Light absorbing aerosol particles, like all particles, may also influence radiative forcing 

by acting as cloud condensation nuclei (CCN), referred to as the aerosol indirect effect. In 

particular, cloud droplets also absorb and scatter light in the visible and infrared range of the 

spectrum. The radiative forcing due to clouds is impacted by the number and size of droplets that 

form (i.e., related to the number of CCN available), the altitude, and the lifetime of the cloud. 

Carbonaceous aerosol from biomass burning is thought to contribute significantly to the global 

indirect radiative forcing.7 Finally, light absorbing aerosol particles can impact radiative forcing 

via a variety of aerosol-cloud interactions. These light-absorbing aerosol particles can increase 

the local temperature, resulting in a decrease of the relative humidity (RH), cloud droplet 
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evaporation, and altered cloud optical properties.3 Absorbing particles aloft can also increase 

atmospheric stability, suppressing vertical uplift required for cloud formation.8,9 These effects 

are likely important in areas with high aerosol concentration, for example during biomass 

burning season,10,11 and are much more uncertain than the other aerosol climate impacts. 

Beyond climate effects, it is evident that inhalation of aerosol particles contributes to 

adverse health outcomes in humans, including increased mortality.12–14 Although the toxicities of 

different aerosol components is uncertain, some particle types have been identified to be 

particularly harmful, for example those generated from combustion sources.15–18 Additionally, 

light absorption by atmospheric particles, such as BC and BrC, can also reduce the amount of 

sunlight reaching ground-level, impacting the photochemical processes that give rise to smog.19 

Indeed, high concentrations of BrC have been observed to impact atmospheric photochemistry, 

leading to decreases in ground-level ozone and radicals.20  

While general understanding of the impacts of BrC on climate and air quality exist, as 

elucidated above, there remain substantial uncertainties associated with understanding the 

chemical processes that lead to formation and transformations of atmospheric BrC. As described 

in more detail in Section 1.4, the aims of this review are to assess the state of the science and 

highlight recent advancements in the understanding of BrC chemistry. 

1.2 Sources and Composition of Atmospheric BrC 

BrC refers to the subset of organic carbon in aerosol particles that absorbs light at ultraviolet 

and visible wavelengths, giving it a characteristic brown colour. This colour arises from an 

ensemble of species with varying abilities to absorb light, from highly to weakly absorbing.    

BrC has been observed in aerosol particles and cloud water around the world and at all altitudes 
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throughout the troposphere.5,21–27 The sources of BrC to the atmosphere have been extensively 

reviewed by Laskin et al. and Yan et al. and will be described only briefly here.2,28 

A dominant source of BrC to the atmosphere is burning of biomass materials.29–33 Biomass 

burning emissions arise from uncontrolled sources, such as in wildfires,34,35 and through more 

controlled cookstove emissions and domestic wood burning.24,36,37 BrC emissions from biomass 

burning may become even more important in the future with increased number and spatial extent 

of wildfires.38 Major chemical constituents in biomass burning plumes arise from pyrolysis of 

lignin and cellulose,39 such as phenolic compounds and organic acids.39–41 Lignin pyrolysis 

products, which have aromatic functionalities that absorb visible light, likely contribute to BrC. 

However, a large portion (up to 40 %) of the colored BrC compounds remain unidentified.30,42  

A class of molecules commonly attributed to biomass burning BrC is nitroaromatics,25,30,37,43–

45 specifically nitrophenols (e.g., nitrocatechol, Figure 1), which are present in the gas phase, 

aerosol particles, and cloud and fog water.37,46–49 Nitrophenols can be directly emitted from 

combustion processes or can arise via nitration of aromatic compounds that occurs by reaction 

with NOx (NO + NO2) or NO3.46,50,51 Flaming combustion has been associated with higher 

nitroaromatic concentrations, compared to smoldering combustion, due to the higher NOx 

concentration.46,52 Nitrophenol compounds absorb light at UV and visible wavelengths, but their 

absorption profile is pH dependent because of the acidity of the phenolic proton; ionized 

nitrophenolates absorb more strongly at visible wavelengths than the neutral nitrophenol.53–56 

Secondary aerosol particles, which generally have a pH of 3 or lower will primarily have the 

neutral nitrophenol present, while cloud and fog droplets with higher pH values around 6 can 

have the nitrophenolate ion present as well.57 Therefore, BrC absorption by nitrophenol 

compounds will likely be stronger in cloud and fog water at more neutral pH conditions.  
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Figure 1 Representative BrC molecules from a variety of sources. The name of the molecule and 

its dominant source are included below each structure.  

Other aromatic compounds formed during combustion without nitrogen in the structure 

can also contribute to BrC, such as vanillin (Figure 1) and similar lignin-derived carbonyls, and 

polycyclic aromatic hydrocarbons (e.g., benzo[cd]pyrenone, Figure 1).31,36,58 BrC absorption has 

also been attributed to high molecular weight compounds, with unknown structures, from 

biomass burning sources.59–61   

The composition of carbonaceous aerosols emitted from biomass burning sources 

depends on the combustion process. At lower temperatures, incomplete combustion will generate 

BrC-dominated particles, whereas higher temperature flaming combustion conditions generate 

BC particles more efficiently. The efficiency of the combustion is characterized by the CO-to-



6 

CO2 ratio of the emission and is often parametrized using the modified combustion efficiency 

(MCE),62 defined as: 

MCE = ΔCO2
ΔCO2+ΔCO

  (1) 

where ΔCO2 and ΔCO are the concentrations of these species in excess of background values. 

An MCE value near 1 signifies almost pure flaming and a value near 0.8 signifies predominately 

smoldering. The utility of the above definition of the MCE relies on CO2 and CO together 

comprising the vast majority (95 %) of all carbon emissions, with greater CO emissions 

indicative of incomplete combustion processes.63  Beyond the MCE values, environmental 

conditions in the biomass burning plume strongly affect the nature of BrC particles.  

Industrial sources also emit precursor compounds that react to form BrC. For example, 

when oxidized under high NOx conditions, aromatic compounds such as benzene, toluene, and 

isomers of xylene, can form absorbing, low-volatility nitroaromatic compounds (e.g., nitro-

ortho-cresol, Figure 1).64–69 Nitroaromatic compounds can make up to 10 % of the total aerosol 

mass in secondary organic aerosol (SOA) generated from these predominately anthropogenic 

aromatic compounds under high NOx conditions,51 and can arise from biomass burning as well.70 

Nitroaromatic compounds identified in this SOA contributed up to 50 % of the total light 

absorption at 365 nm, indicating their importance as BrC chromophores.51 Nitration also occurs 

through heterogeneous reaction of some organic species by NO3 radicals and aqueous-phase 

reaction with the NO2- anion. More details on nitration reactions will be described in Sections 3.1 

and Section 4.5.  

 Oligomeric organic compounds that contribute to BrC light absorption have been 

identified in SOA material derived from reaction of aromatic compounds, including phenol, 
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catechol, guaiacol and many more (e.g., catechol-guaiacol dimer, Figure 1).41,71–74 These 

oligomers may contribute to the high molecular weight compounds that have been identified as 

BrC components from biomass burning. Reactions leading to the formation of light absorbing 

aromatic oligomers are described in Section 3.2. Recent measurements of cloud water at 

Whiteface Mountain (USA) identified nitroaromatic compounds and aromatic oligomer 

compounds associated with biomass burning emissions,26 reinforcing the relevance of these 

compounds.  

Another important class of secondary BrC forms from processing in the condensed phase 

between reduced nitrogen species and specific components of SOA, known as imine BrC 

(Figure 1), which is discussed in more detail in Section 3.3.   

1.3 Characterization of BrC Optical Properties 

A few key terms are commonly used to describe the optical properties of carbonaceous 

and BrC particles. At the most fundamental level, the complex index of refraction (m) of a 

material characterizes how the speed of light is affected as it passes through a material along 

with the extent of attenuation. It is inherently a property of the material, whether composed of a 

single component or many components. The complex index of refraction is used in Mie theory to 

calculate a spherical particle’s optical properties, which vary with particle size.75 It has a real 

component (n) and an imaginary component (k), both of which depend on wavelength: 

𝑚𝑚(𝜆𝜆) = 𝑛𝑛(𝜆𝜆) + 𝑖𝑖𝑖𝑖(𝜆𝜆)   (2) 

Strongly dependent on composition, the imaginary component primarily represents the ability of 

the material to absorb light. The real component of the refractive index, while not fully 

independent of the imaginary component, primarily represents its ability to scatter, depending on 
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particle phase but with a weaker dependence on composition. Values of n and k for laboratory 

and ambient particles are often derived from inversion of measured absorption coefficients under 

an assumption of well-mixed spherical particles.65,76–80 Therefore, for non-spherical particles or 

spherical particles containing inclusions, or in cases where the particle shape is not known, the 

derived n and k values should best be considered effective values that characterize the observed 

absorption, rather than intrinsic to the particle composition. 

The mass absorption coefficient (MAC) is a measure of the absorption capability that 

considers the mass of the material; the units are m2 kg-1 or cm2 g-1. The MAC can be determined 

for both solution extracts of dissolved aerosol particles and particles suspended in air, which are 

described below. This distinction is important because experimental methods that look at 

dissolved BrC typically filter out non-dissolved particles but may remove less soluble species as 

well. MAC for solution extracts is calculated from bulk absorption with the following equation2: 

𝑀𝑀𝑀𝑀𝑀𝑀(𝜆𝜆) =  𝐴𝐴(𝜆𝜆)∙𝑙𝑙𝑙𝑙(10)
𝑙𝑙∙𝐶𝐶

   (3) 

where A(λ) is absorption at a given wavelength, l is the optical path length and C is the mass 

concentration of the solution. The solution-phase MAC inherently characterizes only soluble 

components.  

For suspended particles, the MAC is expressed in terms of the absorption cross section 

normalized by the mass of the component of interest e.g. BC or organic aerosol (OA). The 

observable MAC depends on the size of the particles of a given composition (i.e., have a 

constant n and k), shown in Figure 2A.81,82 This results from atmospheric particles having 

diameters similar to the wavelength of solar and terrestrial radiation.83 For weakly to moderately 

absorbing particles, typically characteristic of BrC, the MAC generally increases with size until 
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the size parameter (𝑥𝑥 = (𝜋𝜋𝐷𝐷𝑝𝑝)/𝜆𝜆) is approximately 2. Above x = 2 the MAC exhibits weak 

oscillations with size and eventually starts to decrease as the particles become sufficiently large. 

The MAC decrease at large x results from the particles being, at that point, sufficiently thick that 

light is not absorbed throughout the entire particle. In the case of highly absorbing particles, 

characteristic of BC or, perhaps, BrC at sufficiently small wavelengths, the oscillations are 

damped and the turnover point (from increasing to decreasing MAC with size) shifts towards x = 

1. The implications of this size dependent behavior is that the atmospheric impact of light 

absorption by particles of a given composition is intrinsically dependent on the size distribution 

of those particles and how this evolves in space and time.84 The size-dependent behavior 

complicates the comparison of MAC values observed for BrC-containing solutions versus 

suspended particles. The approximate relationship between these is obtained by considering the 

MAC normalized to the value at the small particle limit (Figure 2B). For weakly to moderately 

absorbing systems, and given typical atmospheric size distributions, the approximate scaling 

factor required to relate the solution-phase MAC to the suspended-aerosol MAC is about 2.84 



10 

 

Figure 2 Mie theory calculation of the (a) absolute MAC and (b) the MAC normalized to the small 

particle limit, for particles having a density of 1 g cm-3 and n = 1.5 at 405 nm. Different values of 

the imaginary refractive index (k) are assumed.  

The wavelength dependence of the MAC is related to the absorption Angström exponent (AAE) 

and is described by the following equation85:  

𝑀𝑀𝑀𝑀𝐴𝐴 =  − ln (𝑀𝑀𝐴𝐴𝐶𝐶𝜆𝜆1/ 𝑀𝑀𝐴𝐴𝐶𝐶𝜆𝜆2)
ln (𝜆𝜆1/ 𝜆𝜆 2)

   (4) 

where MACλ is the mass absorption coefficient at a specific wavelength, and λ is the wavelength. 

AAE is a measure of the variation of aerosol absorption with wavelength. It is widely used as a 

quantitative method to differentiate BC from BrC. AAE values for BC are generally accepted as 
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being close to unity (1), whereas a value substantially greater than 1 is associated with BrC due 

to the pronounced increase in the absorption coefficient at shorter wavelengths. 

Single scattering albedo (SSA) is another wavelength-dependent property used to 

describe the absorption of aerosol particles. It is defined as the ratio of scattering coefficient over 

extinction, corresponding to the sum of the absorption and scattering cross sections (σabs and 

σscat, respectively): 

SSA(𝜆𝜆) =  𝜎𝜎scat(𝜆𝜆)
𝜎𝜎abs(𝜆𝜆) + 𝜎𝜎scat(𝜆𝜆)

  (5) 

An SSA value close to 1 indicates mainly scattering particles, whereas SSA values below 1 arise 

from aerosol absorption. 

1.4 Aging of Atmospheric BrC: Goals of this Review 

It is now well known that numerous aging processes proceed during the day-to-week 

timescales that prevail for carbonaceous aerosol before they undergo wet or dry deposition from 

the atmosphere.86–90 Direct and indirect photoreactions can occur either in the aerosol particles or 

when they are incorporated into cloud droplets. Whereas direct photolysis refers to the action of 

a photon on a BrC molecule, indirect photoreactions occur when sunlight produces a reactive 

species (such as OH or 1O2) which then reacts with the BrC compound. Heterogeneous oxidation 

can occur, in which a gas-phase oxidant (such as OH, NO3, or O3) undergoes a collision with an 

aerosol particle, leading to chemical modification of the particle. Beyond radical-induced 

oxidation processes, a wide range of closed-shell, condensed-phase reactions also occur in both 

aerosol particles and cloud droplets, leading to the formation of chemically complex molecules. 
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Through these studies, it is now apparent that carbonaceous aerosol components can also be 

oxidized on an atmospherically-relevant timescale into smaller, more volatile molecules that 

arise from fragmentation reactions.91 The probability of fragmentation increases with the degree 

of oxygenation of the organic constituents. On the other hand, reactions between either stable 

molecules or radicals in the condensed phase can lead to the formation of oligomeric species92 

that are substantially less volatile and may enhance BrC absorption.  

The goal of this review article is to assess the state of the science associated with the 

chemical aging of atmospheric BrC. In particular, unlike BC, which is more chemically inert, 

OA is chemically reactive and its optical properties can change throughout its lifetime in the 

atmosphere. Many characteristics of molecules that make them absorptive in the near ultra-violet 

and visible regions of the spectrum – such as the presence of extended conjugation or nitrogen-

containing functional groups – also make them chemically reactive. The degree to which BrC 

changes its optical properties via atmospheric chemical aging will affect its direct radiative 

forcing. Although chemical processing may also drive changes in the hygroscopicity of BrC-

containing carbonaceous aerosol, the review does not assess how this may affect indirect 

radiative forcing.  After this introductory section, the article begins with consideration of gas-

phase reactions that lead to the formation of secondary BrC (Section 2). This is followed by 

Section 3 that addresses in-cloud and aqueous reactions, and Section 4 that describes aerosol 

particle processes, i.e., out-of-cloud. The majority of work in this field has been conducted in the 

laboratory, but connections will be made to atmospheric behavior and field studies that have 

identified changes in aerosol optical properties via atmospheric aging (Section 5). The review 

concludes with comments on general behavior in the atmosphere and suggestions for future 

study (Section 6).  
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As noted above, this article builds upon prior reviews on atmospheric BrC and aerosol 

optical properties, that have in part addressed the aging issue.2,28,93–96 For that reason, this article 

focusses primarily on chemical advances of this rapidly moving field that have occurred in the 

past decade or so.     

2 Gas Phase Reactions Leading to BrC 
The chemical generation of absorbing molecules in the gas phase, which condense to form 

SOA can contribute to the formation one form of secondary BrC. There are indications that this 

can occur with primary emitted precursors, both in polluted settings97 and within biomass 

burning plumes.98 However, the extent of secondary BrC influence is still poorly defined with 

one study97 reporting up to 30 % of total BrC formation in the Los Angeles area, whereas 

another99 showing minor impacts. Biogenic gas-phase precursors are unlikely as important as 

those arising from incomplete combustion, in particular aromatic compounds.100 The formation 

of light-absorbing SOA onto aerosol particles most likely occurs close to the BrC source, 

whereas the oxidative and photochemical aging processes described in more detail in Sections 3 

and 4 will occur as the particles move away from the source regions.   

As particles age in the atmosphere, they often also undergo dilution. This can lead to 

enhanced loss of higher volatility aerosol components and may be particularly important for the 

evolution of primary biomass burning particles that are emitted with high concentrations. 

Various studies have suggested that higher volatility components are less absorbing than lower 

volatility components.95,101–103 As such, dilution-driven evaporative loss can lead to particles 

having a greater absorptivity over time. However, we note that in the absence of concurrent 

chemical formation of new or more absorbing aerosol components the total absolute absorption 

by the aerosols will be largely unaffected. 



14 

Understanding of secondary BrC formation derives from both laboratory experiments 

involving SOA formation from reaction of individual precursors or mixtures of precursors and 

from field observations. In general, the absorptivity of the SOA formed depends on the chemical 

identity of the precursor, the reaction conditions, and the extent of aging. A common finding 

across studies is that nitroaromatic compounds (NACs)40,53,104 are important components of 

secondary BrC. For example, higher MAC values for laboratory100,104 and field69 observations of 

SOA are associated with formation of NACs.  

For an individual SOA precursor, the absorptivity of the SOA formed generally increases as 

the relative NOx concentration increases. While this is true for many precursors, including 

anthropogenic aromatic and biogenic compounds,100,105 the MAC values are highest when NACs 

are formed. For aromatic precursors, the increase in absorptivity is likely associated with 

enhanced formation of NACs at higher relative NOx. In particular, early photo-oxidation 

experiments demonstrated the formation of NACs when NOx was present.106 Oxidation of 

toluene in high-NOx conditions formed over 15 different absorbing molecules, with NACs 

accounting for 60 % of the absorbance from 300 - 400 nm.100 In the case of NOx-free conditions, 

the majority of the products formed were non-aromatic compounds with high degrees of 

saturation.100 Field observations of NACs from an area with high NOx also display an increase 

with NOx concentrations until a saturation point, where organic products stabilize with a shift 

towards formation of inorganic nitrate.69   

Consideration of the reaction mechanisms associated with oxidation of aromatic species aids 

in understanding the NOx concentration effects on the formation of NACs. For example, catechol 

is a VOC emitted from biomass burning that has high gas-phase reactivity.50,107 The reaction of  

catechol with either OH or NO3 radicals both formed SOA.50 The dominant product via reaction 
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with NO3, 4-nitrocatechol (4NC), was also present in significant amounts after reaction with OH, 

indicating similar reaction pathways for both radicals. The proposed mechanism for this reaction 

includes hydrogen abstraction of a phenolic hydrogen by either OH or NO3 radicals, forming a β-

hydroxyphenoxy radical, which subsequently reacts with NO2 to form 4NC (Figure 3).50 Similar 

reactions mechanisms have been observed for other biomass burning VOCs such as phenol, 

resorcinol, eugenol, guaiacol, and syringol.108–111 This mechanism was also observed with the 

precursor trimethylbenzene (TMB), which did not produce as many NACs as toluene because the 

addition of NO2 to the phenoxy radical formed is inhibited.100 This reaction pathway contributed 

to formation of nitrophenols.69 

 

Figure 3 Proposed reaction mechanism for the formation of 4NC from catechol in the presence 

of NOx [Reprinted with permission from Finewax et al.50 Copyright 2018 American Chemical 

Society] 

While SOA formed from biogenic compounds, such as isoprene and monoterpenes, tends to 

be less absorbing than that formed from aromatic compounds, a weak NOx dependence to the 

SOA absorptivity has also been observed for some biogenic SOA precursors.100,112 Nonetheless, 

most studies indicate that biogenic precursors contribute little to BrC.113–115 However, it is 

important to keep in mind that many studies often look at the total absorptivity of the OA, not 

distinguishing between individual molecules or even OA types. Consequently, formation of non- 
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or weakly absorbing SOA can still impact the observed overall OA absorptivity (MAC or k) 

through addition of non-absorbing OA mass even if the absolute absorption remains unchanged. 

For this reason, it is important to distinguish between the measurement of absolute absorption 

versus absorptivity, especially for studies of ambient particles. 

To complement fundamental studies on individual precursors, there are a number of recent 

experiments that have considered the behavior that results when whole smoke samples, i.e. 

primary organic particles plus accompanying VOCs, are chemically aged.52,70,116–124 The 

chemical and physical processes involved in these experiments are complex and have not all 

been decoupled, and there are challenges in distinguishing between absorption by the primary 

OA and the secondary OA. Nonetheless, most laboratory studies show that for relatively short 

aging times, with equivalent atmospheric aging times of a day or less, dilution-corrected organic 

aerosol mass increases due to SOA formation. (We note that the extent of SOA formation varies 

substantially between different studies. Some of this variability likely results from the use of 

different biomass fuels. However, some of this derives from the lack of clarity regarding the 

extent to which the POA evaporates in these laboratory experiments, versus in the ambient 

environment.35,95,123,125,126) Experiments conducted with environmental chambers demonstrate 

that the total BrC absorption can increase (after correction for dilution) at low photochemical 

ages due to formation of absorbing SOA material, which adds to the POA absorption.120–123 

Some studies have attempted to apportion the observed total absorption into contributions from 

SOA and POA. These studies have generally found that the SOA is somewhat absorbing, 

however with an absorptivity that is lower than for POA although this depends importantly on 

the chemical identity of the SOA precursors and reaction conditions.70,118,123  
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Given both the generally stronger absorptivity of BC and primary OA compared to SOA, 

variability in the extent of SOA formation, and the need to make assumptions regarding how the 

mixing state of BC affects the total absorptivity, uncertainties associated with SOA from these 

complex mixtures are substantial. Some studies indicate that the SOA absorptivity may vary 

substantially between different biomass fuels.121,127 In contrast, it was recently determined that 

the use of common properties for the SOA absorptivity describe the observed behavior across a 

wide range of different fuels and burns.123 Some variability is to be expected, as the particular 

gas-phase precursors depend on fuel type and burn conditions,128–130 although it is possible that 

the chemical nature of the SOA formed is not overly sensitive to moderate variations in the 

initial VOC mixture.70,131,132 These studies also indicate that the SOA has a fairly strong 

wavelength dependence to absorption, with AAE values on the order of five. This is substantially 

larger than the AAE for BC. AAE values for SOA formed from oxidation of biomass burning 

smoke can be either larger than or smaller than those for POA, dependent on the fuel type and 

burn conditions.101,121,123,127 

At longer equivalent atmospheric aging times there can be a decrease in the dilution-

corrected amount of organic aerosol present.52,117,119 This indicates the occurrence of 

fragmentation of highly oxidized organics, both within the gas and the particle phases, leading to 

reduced SOA formation as well as evaporation of particle-phase constituents, and corresponds to 

the now-well-understood transition from functionalization to fragmentation as aging 

proceeds.88,91 Additionally, at long photochemical ages the precursor compound has reacted 

entirely away, thus there is no longer primary gas phase material present to form SOA. The lack 

of formation of new absorbing SOA, coupled with the loss of more absorbing POA, leads to a 

decrease in the total absorption over time. In addition, both chemical bleaching and 

photobleaching can contribute further to the decrease in dilution-corrected absorption over time, 
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and even to a decrease in the BrC absorptivity, discussed further in Sections 3 and 4. Indeed, the 

degree of absorption can change, at times with a corresponding decrease in the AAE.52,116 These 

intense aging experiments are typically conducted in oxidation flow tube reactors, where 

complex chemistry can occur with the very high gas phase radical concentrations present. The 

individual results are strongly dependent on the type of fuel burned (e.g. peat vs wood), flaming 

vs. smoldering combustion, and whether the polar or non-polar components of the BrC aerosol 

particles are analyzed.  

3 Aqueous and In-Cloud Reactions of BrC 

Liquid water in the atmosphere is an important medium in which reactions take place, 

changing the chemical composition and physical properties, such as absorbance. Atmospheric 

liquid water also impacts the overall fate of aerosol particles and water-soluble gases. Aerosol 

particles can take up water at elevated RH and can have liquid water concentrations ranging up 

to 0.01 g m-3 when deliquesced.90 Aerosol particles act as CCN, forming cloud or fog droplets 

when water vapour is sufficiently supersaturated (i.e., above 100 % RH). Cloud and fog droplets 

can contain up to 300 times as much liquid water as deliquesced aerosol particles, with mass 

concentrations ranging from 0.05 – 3 g m-3 and 0.1 – 0.3 g m-3, for cloud and fog droplets 

respectively.90,133 Cloud droplets range in size from approximately 10 – 20 μm in diameter and 

have lifetimes in the atmosphere ranging from minutes to hours.90,133,134 The majority of cloud 

and fog droplets do not reach a size that can precipitate, instead evaporating and releasing their 

chemical constituents as particles and gases.133 Cloud and fog cycling, with formation and 

evaporation and the aqueous-phase chemical reactions in between, results in a large potential for 

aqueous processing of atmospheric compounds. 
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Sunlight drives many reactions in the aqueous phase both through direct absorption of light 

by organic species and through the generation of radical oxidants (e.g., OH). As in the gas phase, 

the OH radical is one of the most important oxidants in the aqueous phase, with an uncertain and 

variable concentration. Sources of OH radicals in aqueous aerosol particles, cloud, and fog 

droplets vary, both spatially and temporally, thereby altering the production rate of aqueous OH 

radical. Additionally, the loss processes for OH radical can vary, which also affect its 

concentration. The few studies that have assessed aqueous OH radical concentrations show it can 

span several orders of magnitude, from 1×10-16 to 1×10-13 M.135–138 

Aqueous oxidation reactions can occur rapidly, such that chemical lifetimes of organic 

compounds with respect to aqueous-phase OH oxidation can be similar to those in the gas 

phase.139 For example, the gas phase lifetime of phenol with respect to OH radical reaction 

(kphenol(g) = 2.8 × 10-11 cm3 molec-1 s-1, [OH](g) = 1 × 106 molec cm-3) is 10 hours; the aqueous 

phase lifetime of phenol with respect to OH radical reaction (kphenol(aq) = 8.4 × 109 M-1 s-1, 

[OH](aq) = 1 × 10-16 M to 1×10-13 M)135 ranges between 0.33 to 330 hours within the likely range 

of [OH]aq.139 Reactions that cannot occur in the gas phase, such as those catalyzed by dissolved 

metals, are observed in aqueous aerosol particles and cloud and fog droplets.140 Additionally, 

reactions which may be limited by diffusion in viscous aerosol particles can occur more rapidly 

with higher liquid water content and faster mixing timescales.141 However, important reactions in 

the gas phase involving O3 and NOx are less likely to occur in the aqueous phase due to the low 

water-solubility of these molecules.   

Excitation of organic chromophores (i.e. BrC) can produce oxidants (other than OH radical) 

in the aqueous phase. This phenomenon has been extensively studied in natural waters, initiated 

by excitation of chromophoric dissolved organic matter.142,143 The absorption of sunlight by 
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organic chromophores can promote them to an excited triplet state (3C*). The triplet excited state 

can react with organic compounds or can produce reactive photooxidants including singlet 

molecular oxygen (1O2). Photo-excitation to generate triplet excited organic compounds has also 

been observed in the atmospheric condensed phase.41,71–73,144–151 Reaction of either the triplet 

excited organic compounds or singlet oxygen can result in significant oxidation of organic 

compounds in the aqueous phase. Photosensitized chemistry may also be important in formation 

of SOA mass, either through aqueous reactions41,71–73 or heterogeneous uptake of reactive 

gases.145–148,152 Measurements of collected ambient fog water and aqueous extracts of aerosol 

particles show that photosensitized reactions occur when chromophoric organic compounds, or 

BrC, are present.149,150 Aerosol particles, which have much lower liquid water concentrations, 

were observed to have more than 30 times the concentration of triplet organic compounds 

compared to fog droplets.150 The concentration of triplet organic compounds that form increased 

with increasing particle mass to water mass ratios,150 indicating that this reaction mechanism 

could be enhanced in highly polluted cloud or fog water and lower liquid water containing 

aerosol particles. 

Aqueous aging of BrC can lead to the loss of absorption or to the formation of new 

chromophores, which contribute to secondary BrC. How BrC changes with aqueous oxidation 

will depend on both the type of BrC, as well as the dominant reactions that take place (e.g., 

photoreaction, OH oxidation). In the remainder of this section, we discuss recent studies on the 

aqueous reactions of biomass burning and nitroaromatic, oligomeric BrC, and imine-derived 

species and describe advances in our understanding of the complex processes arising when water 

droplets become highly concentrated upon evaporation. The majority of these aqueous aging 

measurements have been carried out on bulk aqueous solutions, rather than on droplets or 

aqueous aerosol particles, unless otherwise noted. 
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3.1 Aqueous Reactions of Biomass Burning and Nitroaromatic BrC  

In addition to forming in the gas phase (Section 2), highly functionalized nitroaromatic 

compounds are sufficiently soluble to significantly partition to the aqueous phase. Aqueous 

photonitration of, for example, phenol, guaiacol, methylcatechol and vanillin, can occur via 

exposure to UV light in the presence of dissolved nitrite to form nitrophenol compounds.153–156 

These nitrated products absorb light more strongly in the visible region of the spectrum than the 

precursor compounds.153 Nitration also occurs without the presence of light, for example, by 

reaction of aromatic compounds with nitrous acid/nitrite.157,158 These nitration reactions may 

have a greater contribution to BrC formation during the night or in other low-light conditions.  

Aqueous aging of biomass burning BrC and isolated nitroaromatic compounds has shown 

both formation and loss of chromophores within the same exposures. First, increases in 

absorption that result from formation of chromophoric compounds have been observed in 

laboratory studies of UV light exposure of aqueous wood smoke BrC (generated from pyrolysis 

of cherry wood)61,159 ambient biomass burning BrC (collected in Crete, Greece),61 and 

nitrophenol compounds (including 4-nitrophenol, 5-nitroguaiacol and 4-nitrocatechol).160 This 

increase in absorption is attributed to the formation of oxygenated and larger molecular weight 

products which absorb light more strongly at visible wavelengths. The majority of the absorption 

increase in wood smoke BrC during UV light exposure has been attributed to formation of 

molecules > 400 Da (Figure 4).61,159 While absorption was also observed for molecules < 400 

Da, the relative contribution to absorption during photoreaction was less than 50 %.61,159 

However, with continued UV light exposure of this wood smoke BrC (generated from pyrolysis 

of cherry wood), the absorptivity decreases slowly owing to the occurrence of 

photobleaching.61,159 Photosensitized triplet excited state reactions from aromatic precursors can 
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lead to chromophore formation through the generation of aromatic dimer and oligomer 

compounds with much higher molecular weight (further discussion in Section 3.2).71–73 These 

triplet excited state reactions can be fast enough to compete with other reactions in the aqueous 

phase.41 For example, photosensitized reactions between dimethoxybenzaldehyde and biomass 

burning derived phenols (phenol, guaiacol, and syringol) were observed to have large kinetic rate 

constants.41 Second, an initial increase in absorption is not universally observed across studies, 

with different chemical systems exhibiting differing behavior. For example, in another study 

looking at biomass burning BrC (from the whole smoke of four biofuels: sawgrass, peat, 

ponderosa pine, and black spruce)58 or nitrophenol-containing BrC (derived from benzene, 

toluene, p-xylene, and naphthalene precursors),56 the absorption decreased continuously with UV 

light exposure. This variability in absorption change and how the absorption responds to UV 

light exposure likely indicates the relative importance of photolysis, or breakdown of 

chromophores, compared to formation of chromophores that take place in each BrC sample. In a 

majority of these studies, even with significant photobleaching, the absorption is not completely 

lost and at least ~20 % of the absorbing material (in the near-UV and visible range) is recalcitrant 

against decay.56,58,61,159  

In addition to aqueous reactions initiated by UV light, laboratory studies have been 

carried out to investigate the effect of OH oxidation on BrC absorption. The change in 

absorbance during OH oxidation generally mirrors the trend for product formation during 

oxidation of organic compounds, which moves from functionalization to fragmentation 

reactions.91 Initial increases in absorption are linked to reaction products dominated by 

functionalization of chromophores, where there is an addition of oxygenated functional groups. 

This reaction mechanism is expected to generate unique products from those produced by UV 

light exposure and photosensitized reactions (discussed above). This is followed by a loss of 
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absorption and an increase in products formed by fragmentation where there is cleavage of C-C 

bonds. For example, the aqueous OH oxidation of individual nitrophenol compounds (4-

nitrophenol, 5-nitroguaiacol 4-nitrocatechol, and 2,4-dinitrophenol) resulted in an initial 

enhancement in absorption and formation of oxygenated products, followed by loss of absorption 

and formation of fragmented products from cleavage of the aromatic ring with continued OH 

oxidation.160,161 For example, an initial increase in absorption with OH oxidation was also 

observed in aqueous extracts of wood smoke BrC and was driven by an increase in absorption by 

high molecular weight compounds (>400 Da), which appear to be less easily broken down 

compared to lower molecular weight compounds (Figure 4).61 OH oxidation without the 

presence of light, initiated by Fenton chemistry, did not lead to an increase in absorption for 

biomass burning BrC at early times, and absorption across the UV-visible spectrum only 

decreased with OH oxidation.162 This result possibly indicates that the strong absorption 

enhancement requires both OH oxidation and photoreactions to occur, although it should be 

noted that the wood source and burning conditions differed between these two studies.61,162 

Atmospheric equivalent lifetimes for photobleaching in aqueous-solutions from UV light and 

OH reactions have been estimated to vary between a few hours to more than a day.58,61,159–161 
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Figure 4 (A) Change in light absorption at 365 nm for low- and high-molecular weight (MW) 

water-soluble wood smoke BrC fractions upon exposure to UVB light alone or upon exposure to 

UVB with H2O2 present, leading to generation of OH radicals in the aqueous phase. (B) 

Contribution of high-MW fraction to total light absorbance at 365 nm in water-soluble wood 

smoke BrC. The shaded areas represent the variability (±1σ) in multiple experiments (n = 3). 

[Reprinted with permission from Wong et al.61 Copyright 2019].  

There is much to be learned by comparing the absorbance aging behaviour of BrC 

proxies that are single molecules to the behavior of more chemically complex samples, such as 

the BrC from biomass burning discussed above. An example is shown in Figure 5, which 

compares the MAC values as a function of OH exposure for nitrocatechol at 420 nm161 and wood 

smoke BrC samples in aqueous solutions at 400 nm.163 The maximum absorbance for a single 

precursor molecule, such as nitrocatechol, occurs at a much lower OH exposure than was 

observed for the more complex wood (pine and red oak) smoke BrC precursors. Moreover, the 

wood smoke BrC maintains the increased absorbance to much higher OH exposure. These 
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differences in absorbance with photochemical aging indicate that single precursor compounds 

may not capture the absorbance of complex mixtures likely to be found in the atmosphere. While 

similar types of chemistry were identified in the oxidation of these two cases (e.g., addition of 

oxygen-containing functional groups to aromatic molecules),161,163 it appears that there are 

additional processes occurring or molecules present in the chemically complex samples (i.e., 

wood smoke) that must not be overlooked. A difference in single component lifetime compared 

with total BrC absorbance was also observed for aerosol (i.e. out-of-cloud) photoreactions of 

biomass burning smoke BrC164 (discussed in Section 4.1).  

 

Figure 5 MAC as a function of OH exposure for nitrocatechol (@ 420 nm, left axis)161 and wood 

smoke BrC (@ 400 nm, right axis) precursors163.  

3.2 Formation of Oligomeric BrC Molecules in the Aqueous Phase 

As mentioned in Section 1.2, condensed phase reactions of aromatic compounds can lead 

to the formation of absorbing oligomers that contribute to BrC. Aromatic oligomer compounds 

can absorb light at longer wavelengths than the individual monomer compounds due to the 
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extended π-conjugation.165 These oligomers form from reactions of aromatic monomer 

compounds, such as phenol, guaiacol, syringol, vanillin and other phenolic carbonyls during 

aqueous photoreaction and OH oxidation.72–74 The mechanism of formation of oligomer 

compounds is through radical coupling reactions, either through an oxygen atom (from a 

hydroxyl functional group) or a carbon atom in the aromatic ring (Figure 6).72 Through this 

mechanism, radical coupling may continue with more than 2 monomers. Oligomers as large as 

the hexamer have been identified with nano-DESI MS.72 

 

Figure 6 Schematic of the formation mechanism of hydroxylated species, dimers and higher 

oligomers, esters, and demethoxylated products from aqueous photooxidation of phenolic 

compounds. [Reprinted with permission from Yu et al.72 Copyright 2014] 

Dark iron-catalysed reactions of phenolic compounds can also lead to the formation of 

aromatic oligomers.166–168 Although formed through a different mechanism, the resulting 

oligomers are expected to be similar to those formed through photoreactions (Figure 6).166,168  In 
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addition, oligomeric products form through reactions of iron with two common aromatic 

oxidation products, fumaric acid and muconic acid.167–169 While iron is present in dust particles 

and is emitted from anthropogenic sources such as fly ash,170 the importance and prevalence of 

these iron reactions with phenolic compounds has yet to be demonstrated. In the specific case of 

syringol, oligomeric compounds may also form through dark reactions in the presence of 

chloride salts.171 It remains to be seen whether this may also occur for other aromatic molecules. 

3.3 Aging of Imine BrC in the Aqueous Phase 

Condensed phase and heterogeneous reactions (discussed in Sections 4.4 and 4.5) of 

reduced nitrogen and organic compounds can form BrC species with imine-type functional 

groups. For example, imine BrC compounds form through secondary reaction in the condensed 

phase between ammonia or particulate ammonium and components from limonene SOA.54,172–175 

The compounds in these samples that contribute to their visible light absorption are imines and 

N-heterocycles such as imidazoles and pyrroles.173 These imines and N-heterocycles have also 

been observed to form through aqueous phase reactions of glyoxal and methylglyoxal, with 

ammonium or amines (e.g., imidazole-2-carboxaldehyde, Figure 1) in both bulk aqueous 

solutions176–183 and aqueous aerosol.184 Numerous combinations of atmospherically relevant 

aldehydes and ammonia or amines have been observed to participate in this chemistry, including 

aldehydes such as methylglyoxal, glyoxal, glycolaldehyde and amines such as glycine and 

alkylamines.180,182,185–195 More recently, pyrazine compounds have also been observed as 

products from the reaction of methylglyoxal and ammonium (e.g., dimethylpyrazine, Figure 

1).185,196 While these small aldehydes have high volatilities, they are water-soluble and partition 

to the aqueous phase. Their reactions in the aqueous phase can result in irreversible uptake. 

Imine BrC reactions investigated in the laboratory tend to need high concentrations of reactants 
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and long reaction times (e.g. on the order of days). However, cloud and fog droplet evaporation 

can accelerate the formation of these light absorbing compounds (see Section 3.4).197–200 As with 

nitrophenol compounds, the compounds in imine BrC have pH dependent light absorption. For 

example, the absorption of imidazole-2-carboxaldehyde (Figure 1), a commonly observed 

product from imine BrC, shifts to lower wavelengths at lower pH as it moves to its hydrated 

form.201 Therefore, the contribution of these chromophores to BrC may also be lower under more 

acidic conditions.  

While dark aqueous reactions can lead to the formation of imine BrC, exposure to sunlight 

and oxidation by OH radicals rapidly degrade it. Loss of absorption from imine BrC has been 

investigated in laboratory studies using a variety of precursors to form imine BrC.159,160,192,194,202–

205 The lifetime of methylglyoxal and ammonium derived imine BrC with respect to UV light 

exposure occurred over minutes, primarily due to the loss of imidazole-2-carboxaldehyde + 

methylglyoxal oligomers and other nitrogen containing compounds (Figure 7).160,192,206 OH 

oxidation in the aqueous phase also proceeds rapidly, with similar lifetimes on the order of 

minutes to hours.160,203 Rapid photobleaching by exposure to UV light was observed to occur 

through loss of compounds across the full molecular weight range, although photolysis was more 

rapid for lower molecular weight compounds.159 Lifetimes with respect to UV light exposure 

were hours for other aldehyde-amine mixtures which form imine BrC,188,192,193,207 indicating that 

this class of secondary BrC is not photochemically stable and will not be long lived in the 

presence of sunlight. Absorption due to this imine BrC may only be significant near to sources or 

if the source production is large and/or sustained over time.    
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Figure 7 Wavelength-dependent MAC of methylglyoxal (MG)/ammonium sulfate (AS) BrC 

during aqueous photoreaction. The inset shows the time dependence of MAC for MG/AS BrC at 

280 nm. The photos illustrate the visible change in the MG/AS BrC sample color from brown to 

colorless during photoreaction. [Reprinted with permission from Aiona et al.206 Copyright 2017 

American Chemical Society] 

3.4 Cloud and Fog Droplet Evaporation Processes Leading to BrC 

Briefly discussed for imine BrC above (Section 3.3), atmospheric processing by evaporation 

of cloud or fog droplets, or aqueous aerosol (near 100 % RH) can enhance the rate at which BrC 

forms. The evaporation process from bulk solution185 or from aqueous aerosol186,197,200 can 

decrease the timescale of reactions from hours or days to seconds in the cases of the reactions of 

glyoxal or methylglyoxal with ammonium sulfate and other aldehyde-amine mixtures. The 

driving factor is principally concentration of reactants, where the concentrations of solutes in 

evaporated droplets can be orders of magnitude larger than the bulk solution used to generate the 

droplets. Compounds that exhibit “salting-in” effects, where their Henry’s law constants increase 

with increasing salt concentration, could be especially important in the chemistry during the 

evaporation processes.186,197 It should be noted that evaporation does not lead to the 
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concentration of all compounds; for example, upon evaporation of droplets, glycoladehyde 

partitioned into the gas phase (i.e., evaporated) before reaction could take place.186 Other factors 

leading to increased BrC formation during evaporation are the presence of water elimination 

steps in forming chromophores185 and the increase in surface reactions as the surface area to 

volume ratio increases.200 A recent study demonstrated that the BrC formation process from 

evaporating aqueous aerosol particles occurs most efficiently at intermediate relative humidity 

values of roughly 60%.208 

Recent work has expanded the investigation of BrC formation by evaporation processes of 

aqueous mixtures of SOA in the presence of sulfuric acid.209 For SOA made from high 

concentrations of α-pinene, β-pinene, limonene, and isoprene oxidation that was collected and 

extracted into water and adjusted to pH 2 with sulfuric acid, evaporation led to increases in 

absorption at ultra-violet and visible wavelengths, with the largest increases observed for 

limonene SOA (Figure 8).209 The most abundant chromophores in the evaporated limonene SOA 

were attributed to organosulfate compounds that form through acid-catalysed reactions.209 These 

results indicate that evaporation-driven BrC formation can be important in organic mixtures 

other than the imine BrC system. BrC formation through aqueous reactions of glyoxal and sulfite 

leading to organosulfates compounds has also been observed recently210 and may indicate that 

these types of reactions can be important even without evaporation. 
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Figure 8 MAC values of limonene (LIM)/O3 secondary organic material dissolved in 2 mL of 

water (black). Also shown are MAC values after the addition of H2SO4 to pH 2 in 2 mL of water 

and further dilution to 4 and 20 mL (red), after the evaporation of the solutions (green), and after 

the evaporation with LIM/O3 secondary organic material and water only with no pH adjustment 

(blue). [Reprinted with permission from Fleming et al.209 Copyright 2019 American Chemical 

Society] 

While many laboratory studies have identified the formation of BrC upon droplet or bulk 

solution evaporation, confirmation of this process has yet to be observed in ambient cloud 

droplets and aerosol particles. Recently, evaporation of ambient aerosol particles collected 

during the summer in Maryland down to a RH below 41 % led to no increase in absorbance.211 

However, this study did not investigate cloud processing, where the extent of water loss is far 

greater than associated with drying of an aerosol particle. In addition, organic precursors, such as 

glyoxal and methylglyoxal, were not expected to be in sufficiently high concentration in the 

ambient particles to result in an observable increase in absorbance.211 Further ambient 

observations of evaporation of cloud droplets and aerosol particles are needed.  
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4 Particulate Phase Reactions of BrC 

 Downstream of sources, such as biomass burning, primary and secondary BrC aerosol is 

susceptible to aging with respect to direct or indirect photolysis, other photoreactions, reactive 

uptake, or heterogeneous oxidation.212–214 Irradiation can break apart chromophores, produce 

oxidants in situ, or facilitate photosensitized reactions.144,164,212,215 Reactive uptake of ammonia 

or amines to dicarbonyl-containing organic aerosol, or conversely of dicarbonyl compounds to 

ammonium-containing aerosol, can lead to the formation of imine and nitrogen-containing 

BrC.213,216–218 Heterogeneous reactions with gaseous ozone and OH and NO3 radicals can lead to 

oxidative aging, resulting in changes in both composition and absorptivity.116,168,214,219,220 These 

reactions can be limited by diffusion for (semi-)solid BrC particles, which will be more 

important at low RH as particle viscosity increases with decreasing RH.221–226 Moreover, SOA 

including secondary BrC can be internally mixed with aggregates of BC, leading to drastic 

changes in morphology, absorption efficiency, and hygroscopicity of BC,99,121,131,227 though less 

pronounced than those induced by secondary inorganic species.228–230 

Several aspects specific to the atmospheric processing of particulate BrC compared to 

aqueous BrC require introduction. First, we consider particulate effects on photoreactions within 

particles, including photolysis and photosensitized reactions. In contrast to droplets, submicron 

aerosol particles have diameters on the same order as the wavelengths of visible light. Assuming 

the particles are well-mixed and spherical, their absorption and scattering cross sections can be 

calculated from Mie theory. In the submicron regime, for particles having constant composition, 

the absorption and scattering efficiencies vary with particle size at a given wavelength. 

Accounting for this size dependent behavior is important to consider when interpreting 

observations.231,232 Due to this size dependency, the AAE observed for bulk samples of aqueous 
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BrC using liquid waveguide capillaries, for example, is not necessarily the same as that observed 

for suspended particles using photo-acoustic spectrometers and other in situ methods.233,234 

Moreover, MAC values obtained for bulk samples may differ from those observed for suspended 

particles having the same composition owing to these particulate effects.235,236 In addition to 

influencing the optical properties of aerosol populations, particulate effects influence the spatial 

distribution of light within individual irradiated particles. For example, for 500 nm particles, 

incident light with a wavelength of 445 nm is predicted to be concentrated at the opposite 

hemisphere of the particle, and this effect could play a role in enhancing photochemical reactions 

at the surface of submicron particles.237  

Furthermore, particulate effects influence heterogeneous reactions, on the basis of the 

viscosity of the particles.221 SOA viscosity and its dependence on RH has been measured for 

both biogenic (e.g., isoprene222 and α-pinene223) and anthropogenic (e.g., toluene224) precursors, 

and highly viscous SOA slows kinetics by limiting diffusion of reactants within particles, since 

only a small fraction of molecules at or near the surface may be accessible for heterogeneous 

chemical attack.225,226 In the context of particulate BrC, kinetic limitations have been explored 

for SOA from individual surrogate species,238 including 4-methyl-5-nitrocatechol,239 as well as 

complex mixtures of SOA deposited on substrates and exposed to ammonia.240,241 For toluene 

SOA, reactive uptake of ammonia leading to browning, described in more detail below (Section 

4.2), was limited for up to 24 hr at <20 % RH.240,241 Recently, direct measurements of the 

viscosities and diffusion coefficients of limonene SOA constituents after exposure to ammonia 

have been reported.242 The average diffusion coefficient of constituent fluorophores in the 

limonene SOA decreased from 6×10-9 cm2 s-1 at 90 % RH to 7×10-13 cm2 s-1 at about 30 % RH, 

as shown in Figure 9, corresponding to a shift in mixing time for 200 nm particles from 0.002 to 

14 s, still quite short, suggesting that this material is well mixed under most ambient 
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conditions.242 Finally, predictions based on molecular composition data from high-resolution 

mass spectrometry indicate that the viscosity of primary particulate BrC may not vary as widely 

with RH as SOA from α-pinene or toluene,243 but this has not been measured directly. 

 

Figure 9 Diffusion coefficients in secondary BrC derived from ozonolysis of limonene as a 

function of the activity of water (or RH). Red squares denote diffusion coefficients measured 

directly using fluorescence recovery after photobleaching, and blue triangles denote those 

derived indirectly from viscosities measured using the poke-flow method and the Stokes-Einstein 

equation. [Adapted with permission from Ullmann et al.242 Copyright 2019]  

4.1 Photoreactions of Particulate BrC 

The role of direct photolysis at ultraviolet wavelengths in the aging of organic aerosol 

was demonstrated when it was shown that significant SOA mass could be lost due to the 

fragmentation of highly functionalized first-generation particulate products of α-pinene when 
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they were exposed to radiation in the absence of additional oxidant.244 In a subsequent 

investigation of α-pinene SOA, less oxidized components, including carbonyl-containing 

compounds, were shown to photolyze most rapidly, such that the composition of the remaining 

particles shifted to more oxidized components.245 This rapid carbonyl photolysis is in agreement 

with earlier observations of limonene SOA deposited on filters and exposed to monochromatic 

UV radiation, including the detection of resulting CO.246 More recently, the production of VOCs 

due to the photolysis of light absorbing α-pinene and limonene SOA, deposited on quartz crystal 

microbalance substrates, has also been quantified, and those VOCs ionizable by proton-transfer 

comprise about half the lost SOA mass.247 Interestingly, mass loss due to photolysis of more 

absorptive guaiacol SOA is less rapid than that of α-pinene and limonene SOA.247 Based on 

absorption cross sections from the UV into the visible range for SOA derived from a wide range 

of precursors, photolysis is likely a broadly relevant process in the aging of particulate BrC in the 

atmosphere.115  

Photoreactions may also result in changes to mass absorption coefficients, in addition to 

mass,248 for particulate BrC. For 2,4-dinitrophenol, a representative BrC aerosol constituent, 

mixed into deposits of α-pinene and limonene SOA generated under a range of conditions 

including exposure to ammonia to produce strongly absorbing limonene SOA, irradiation from 

290-400 nm resulted in excitation to a triplet state followed first by abstraction of hydrogen from 

another molecule and then an array of products.212 Concurrently, absorbance spectra exhibited a 

decrease at UV wavelengths and an increase at short visible wavelengths of 400 - 450 nm. 

Significantly, the rate constant for photodegradation decreased three-fold when going from 95 % 

to 5 % RH, due to increased viscosity of the SOA matrices. The strong RH dependence is a 

consequence of the bimolecular hydrogen abstraction that follows electronic excitation, such that 

the two reactants must diffuse and collide, so it may not be as critical to unimolecular photolytic 
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processes.212 Recently, similar irradiation was applied to wood smoke particles, generated from a 

variety of fuels and combustion conditions, collected on filters.164 The light-driven decay of 

individual chromophores as well as total absorbance was measured. Although some identified 

compounds decayed within hours, as shown in Figure 10, the lifetimes in terms of the total 

absorbance of the mixed compounds were between about 10 and 40 days, depending on the 

fuel.164 These long lifetimes could be due to the conversion between primary and secondary BrC 

species or the recalcitrance of unidentified BrC species, and they suggest that other aging 

processes, such as OH oxidation, may generally be more impactful for primary particulate 

BrC.164  

 

Figure 10 Equivalent lifetimes with respect to UV irradiation of individual primary BrC 

constituents emitted from controlled burns of three fuel species. Common constituents include 

oxygenated aromatic compounds (e.g., C9H8O3 attributed to veratraldehyde) and polycyclic 

aromatic hydrocarbons (e.g., C24H12 attributed to coronene), products of lignin decomposition 

and incomplete combustion, respectively. [Reprinted with permission from Fleming et al.164 

Copyright 2020] 

As described previously in Section 3, photosensitized processing, involving a catalytic 

cycle of electronic excitation of an absorbing species to its triplet state and energy transfer to 

another otherwise unreactive species, has been shown to occur for particulate BrC.144,146,215,249 
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For surrogate photosensitizers of humic acid and 4-benzoylbenzoic acid in mixed organic and 

inorganic matrixes, exposure to UVA light and high concentrations of limonene, roughly 300 

ppb, resulted in particle growth, likely due to the production of oxidants at the air-particle 

interface after excitation of humic acid, followed by reaction with colliding limonene 

molecules.250 Recently, this mechanism has been investigated for particulate BrC under a broader 

range of conditions. Additional surrogate photosensitizers, including imidizole-2-carboxaldehyde 

and benzophenone deposited in non-absorbing organic aerosol components, have been probed, 

and the release of HO2 from the particles to the gas phase was detected by scavenging with 

NO.251 Humic acid has been investigated further, under different light conditions and VOC 

concentrations, and it was shown that this photosensitized processing is likely not competitive 

with conventional oxidation pathways for VOCs under lower light intensities and limonene 

concentrations, which are more representation of atmospheric conditions.215 Photosensitized 

oxidative uptake of limonene has also been investigated for more atmospherically relevant 

secondary particulate BrC, generated in a photo-oxidation chamber, but it was similarly found to 

be uncompetitive under typical ambient conditions; nonetheless, as pointed out by others, this 

process could play a role in the highly localized leaf boundary layer.249 

4.2 Reactive Uptake of Ammonia Leading to Particulate Imine BrC 

Many experimental213,216,240,252 and modelling253,254 developments regarding reactive 

uptake of ammonia to organic aerosol, which can lead to browning through reactions with 

dicarbonyl compounds and the formation of imine and other nitrogen-containing products (see 

Section 3.3), have been discussed in detail255 in the years since the review of Laskin et al.235 

Here, our focus is on recent results that have not been previously reviewed. Further insights have 

been gained on the kinetics and mechanisms of nitrogen-containing compound formation upon 
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reactive uptake of ammonia to SOA from both biogenic (isoprene241 and α-pinene256) and 

anthropogenic (benzene,257 toluene,241,258 p-xylene,259 1,3,5-trimethylbenzene260) precursors in 

flow-tube and chamber studies. For toluene-derived SOA in the presence of NH3, increasing the 

concentration of SO2 was found to result in higher yields of organonitrates and other nitrogen-

containing compounds;258 this effect was attributed to increased surface acidity due to SO2, 

leading to enhanced uptake of NH3 to the SOA particles.258 On the other hand, uptake of NH3 

and a range of aliphatic amines to a homologous series of linear saturated dicarboxylic acids 

cannot be explained simply by amine basicity and substrate acidity; NH3 exhibits uptake to 

malonic acid but not larger succinic through glutaric acids, attributed in part to the comparatively 

open crystal structure of malonic acid, which accommodates neutralization.261 For the complex 

mixtures of organics in SOA, uptake of NH3 is constrained by diffusion limitations in highly 

viscous materials.240,241 Reactive uptake of NH3 to toluene SOA is slowed at RH conditions 

below 30 %, but that to isoprene SOA is independent of RH even under dry conditions (RH < 10 

%), demonstrating how viscosity and, in turn, reactive uptake changes with not only ambient 

conditions but also SOA precursor.241  

New insights have been gained for related but distinct processing of particulate BrC. 

Recently, the chemistry of ammonia and dicarbonyl compounds in the particle phase has been 

investigated upon reversing the identity of the gaseous reactant; that is, probing reactive uptake 

of glyoxal and methylglyoxal to ammonium- and methylaminium-containing inorganic 

particles,217,218 building on earlier work on glyoxal reactive uptake.262,263 In this scenario, 

decreasing RH accelerates rather than slows the formation of light-absorbing products, such as 

2,2’-biimidazole, due to the salting-in effect (Section 3.4) of the dicarbonyl compounds.217,218 

Finally, the BrC forming potential of reactions between ammonia and acrolein, as a 

representative mono-carbonyl compound, has been explored for both the particle and bulk 
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aqueous phases; in the aqueous phase of ammonium-containing particles and films, a range of 

nitrogen-containing products was detected, including non-volatile oligomeric and pyridinium 

compounds and semi-volatile 3-methylpyridine, which was also detected in the gas phase, and a 

weak absorption band was observed near 430 nm.264 These observations indicate that the reactive 

uptake of ammonia leading to particulate BrC most often considered in the context of glyoxal 

and methylglyoxal may be relevant for a wider range of carbonyl compounds. 

4.3  Heterogeneous Ozonolysis of Unsaturated BrC Components 

Ozone may oxidize compounds that contain unsaturated functional groups, reacting 

rapidly with alkenes and more slowly with aromatics, including polycyclic aromatic 

hydrocarbons.265 We begin by discussing heterogeneous ozone oxidation of secondary BrC and 

its precursors, for which insights at this molecular level have been reported.202,219,266–268 

Ozonolysis of particulate products of (NH4)2SO4 and methylglyoxal leads to extensive 

fragmentation; for example, secondary species formed through aldol condensation breakdown 

into formic, acetic, and pyruvic acids.202 Interestingly, exposure to ozone nonetheless leads to an 

increase in absorptivity at visible wavelengths, as the formation of carbonyl groups contributes 

enough absorption enhancement to compensate for the bleaching generally expected from the 

destruction of unsaturated carbon-carbon bonds.202 Since this study, additional insights have 

been gained through heterogeneous ozone oxidation of individual potential precursors of 

secondary BrC in the laboratory, including catechol and other phenolic compounds.219,266,267 For 

example, ozonolysis of thin films of catechol results in both direct oxidation to form first 

muconic acid followed by smaller mono- and dicarboxylic acids and indirect oxidation by OH 

formed in situ to give polyhydroxylated aromatic compounds, including bi- and terphenyl 

oligomers.266 The latter, highly functionalized products contribute to increased absorptivity at 
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visible wavelengths266,269 as well as increased hygroscopicity, due to the presence of many 

hydrogen bond donor and acceptor groups.270 Furthermore, heterogeneous ozone oxidation of 

particulate trimethylamine, a precursor of secondary imine BrC, has been shown to lead to a 

range of oxygen- and nitrogen-containing products distributed across both the gas and particle 

phases, including several with known health effects, like nitromethane.268 In the atmosphere, this 

pathway could compete with the formation of secondary imine BrC but also could itself lead to 

changes in the optical properties of particles with amines. 

Although exposure of particulate BrC to ozone occurred in several oxidation flow reactor 

studies, where ozone is used as a precursor to OH,116–119,271,272 the evolution of the chemical and 

optical properties of BrC derived from biomass burning due to heterogeneous oxidation by ozone 

alone has only recently been investigated.273,274 For primary BrC generated from controlled 

smoldering of ponderosa pine needle litter, which was passed through a charcoal denuder to 

prevent the formation of SOA, exposure to ozone leads to evolution in both complex refractive 

index and composition, measured using an aerosol mass spectrometer (AMS).273 Specifically, at 

30 % RH, oxidation rapidly leads to an appreciable decrease in CxHy+ ions, associated with 

reduced species, and simultaneous increase in CxHyOz+ ions, associated with more oxidized 

species, as shown in Figure 11A. Accompanying this chemical evolution are decreases in the 

imaginary component, k, of the complex refractive indices at 405 and 532 nm. At 405 nm, k 

decreases from roughly 0.004 to less than 0.003, as shown in Figure 11B. Interestingly, because 

k decreases more rapidly at 532 nm than 405 nm, the AAE increases with ozone exposure, as 

shown in Figure 11C. However, these changes cease after the equivalent of less than one hour in 

the atmosphere. This later recalcitrance to ozone exposure may indicate that only a fraction of 

the primary BrC components are susceptible to ozonolysis or that the viscosity of the aerosol 

either near the particle surface or throughout increases significantly during the reaction. It is also 
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possible that the observed heterogeneous ozone oxidation occurs by the Langmuir-Hinshelwood 

mechanism, as has been observed for other species of atmospheric interest,275 including 

crystalline benzo[a]pyrene.225,276 Considering the above discussion of diffusion limitations, 

exploring the effect of RH could potentially help to deconvolute these complex processes. For 

example, exposure of aged primary BrC particles to higher RH could lead to plasticization and 

further evolution, although this needs to be explored.224 In contrast to the uniform bleaching 

observed for BrC from smoldering pine needle litter, an initial absorption enhancement followed 

by bleaching upon ozone exposure in a smog chamber was recently observed for BrC internally 

mixed with BC from a propane-air diffusion burner.274 

 

Figure 11 Evolution of primary BrC (A) composition, (B) imaginary refractive indices at 405 

and 532 nm, and (C) AAE during aging with respect to ozone exposure. Panel (a) shows 
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fragment ions observed using an AMS, as described in the main text. Equivalent atmospheric 

age, shown on the top axis, assumes an average ozone mixing ratio of 40 ppb. [Reprinted from 

Browne et al.273 by permission of The American Association for Aerosol Research, 

www.aaar.org, Copyright 2019] 

4.4 Heterogeneous OH Oxidation of Particulate BrC  

The evolution of the composition and absorptivity of primary BrC due to heterogeneous 

OH oxidation has been investigated in flow tube116–119,271–273 and smog chamber120–122,220 

experiments. Here, observations from experiments in which volatile emissions (gas-phase 

components) of biomass burning have been scavenged are especially of interest, as this allows 

distinguishing between the coupled effects of heterogeneous oxidation and SOA 

formation.220,271,273 In oxidation flow tubes, very high OH concentrations can be generated in the 

presence of ozone and water, and OH exposure is used to calculate an equivalent age in the 

atmosphere. Equivalent ages of up to roughly five days have been explored.271,273 For primary 

BrC generated from smoldering Alaskan peak, heterogeneous OH oxidation at 20-30 % RH leads 

to an increase in the O:C due to functionalization, accompanied by appreciable decreases in k at 

375 and 405 nm.271 At 405 nm, k decreases by roughly 25 %, from about 0.010 to 0.0075, after 

the equivalent of 4.5 days in the atmosphere, and the SSA increases accordingly.271 For primary 

BrC generated from smoldering ponderosa pine needles, OH exposure at 30 % RH leads to 

evolution of components that are recalcitrant with respect to ozone, reflected by further 

consumption of reduced species (i.e., CxHy+ ions measured by AMS).273 Similarly, at 405 nm, k 

decreases by about 30 % after five equivalent days in the atmosphere. Furthermore, an effective 

uptake coefficient (which is the ratio of reactive collisions monitored by either consumption of 

precursor or formation of product to the total number of collisions), γOH, of 0.5 can be derived.273 
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Neglecting shifts in particle size distributions, uniform bleaching is observed for BrC from both 

sources.271,273 However, the first day271 or two273 of aging of particulate BrC is not captured in 

these oxidation flow reactor experiments, and this period can be probed using smog chamber 

experiments, in which the OH concentration is much lower. For nascent primary BrC generated 

from smoldering pine wood, OH exposure at both 15 and 60 % RH leads to a rapid absorption 

enhancement within the first 2.5 hr of equivalent age followed by gradual bleaching, such that 

the aged particles are less absorptive than the starting material after about 10 hr of equivalent 

age, as shown in Figure 12.220 This sequential enhancement and bleaching suggests that the 

primary BrC is well-mixed even at 15 % RH, and it closely parallels behaviour observed during 

aqueous OH oxidation of BrC, as discussed in Section 3.1.161,163 Enhancement may involve the 

formation of highly functionalized or oligomeric species from phenolic compounds like 

catechol,266 which are prevalent biomass burning emissions.277 For heated primary BrC 

generated under the same conditions, no initial enhancement occurs, as shown in Figure 12, 

suggesting that the remaining, lower volatility constituents have less capacity for absorption 

enhancement.220  
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Figure 12 Evolution of nascent and heated primary BrC from smoldering pine at 405 nm during 

photochemical aging in a smog chamber at 60% RH. [Reprinted with permission from Schnitzler 

et al.220 Copyright 2020 The Royal Society of Chemistry] 

Heterogeneous OH oxidation of secondary BrC has been investigated in fewer studies, or 

in the case of absorbing SOA forming from gas-phase precursors, the SOA formation process 

has not been decoupled from the heterogeneous oxidation process.202,278 For unsaturated aldol 

condensation products of (NH4)2SO4 and methylglyoxal, OH exposure in a flow tube at 60-70 % 

RH leads to fragmentation; for example, oxidation of six-carbon constituents results in a range of 

small acids, likely including pyruvic and oxalic acids.202 Furthermore, reactants at both m/z react 

efficiently with OH, exhibiting uptake coefficients greater than one. When γOH > 1, each collision 

of OH with a particle results in the formation of more than one product molecule or loss of more 

than one reactant, suggesting an in-situ source of additional radical species. For low volatility 

products of aqueous OH oxidation of resorcinol, evolution upon OH exposure in a smog 

chamber varies with RH.278 At 60 % RH, rapid absorption enhancement is followed by uniform 

bleaching, and these significant changes in absorptivity indicate first that the particles are well-

mixed and second that OH oxidation is very efficient, with γOH > 1 for reaction of both a model 

precursor and strongly absorbing intermediate. At 15 % RH, little change in absorptivity occurs, 

as the particles are so viscous that diffusion of the starting material from the bulk of the particle 

to the surface is limited.278  

4.5 Heterogeneous NO3 Oxidation of Particulate BrC  

While recent observations of the formation and evolution of absorbing aerosol particles 

that are referred to as tar balls,214,279 characterized by optical properties that are intermediate 
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between those of BrC and BC,280 are largely beyond the scope of this review, heterogeneous 

oxidation by NO3 radical of selected particulate fractions of tar balls can be considered as an 

example of a potential night-time source of BrC.234 For all constituents of tar balls, separated into 

three classes of polarity by extraction, exposure to NO3 radical in a flow tube under dry 

conditions leads to significant nitration, either by hydrogen abstraction followed by NOx addition 

or NO3 addition directly, and an appreciable rise in absorptivity. Specifically, MAC values 

significantly increase across the visible spectrum after NO3 exposure equivalent to one night in 

the atmosphere. For non- and moderately polar constituents, which begin as more absorptive 

than the most polar fraction, absorption enhancement coincides with decay of methoxy 

monomers and oligomers and formation of a broad range of nitroaromatics. For the polar 

constituents, the increase in absorption also coincides with a significant decrease in C2H4O2+ ions 

derived in AMS spectra from levoglucosan and other anhydrous sugars, which do not contribute 

to the absorptivity of the whole tar balls.234 Importantly, this night-time source of particulate BrC 

results in compounds (i.e., nitroaromatics) that do not rapidly decompose at sunrise, unlike 

representative imine BrC constituents.159,160,202 Indeed, nitroaromatics are ubiquitous constituents 

of ambient BrC in both the aqueous and particle phases.30,281 Still, NO3 initiated processing of 

primary BrC does increase its susceptibility to photolysis, such that subsequent day-time 

bleaching is dominated by light-driven processing rather than heterogeneous OH oxidation.282 

Specifically, the lifetimes of NO3 processed BrC in terms of visible light absorption with respect 

to photolysis and OH oxidation are on the order of 10 hours and 30 days, respectively.282 

Furthermore, photolysis of constituent organonitrates in NO3 processed particulate BrC is a 

source of gas-phase reactive nitrogen species.282  
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5 Connections to the Atmosphere 

As described in the Introduction (Section 1), light-absorbing organic aerosol can have a 

strong impact on radiative forcing through direct absorption of sunlight, but a quantitative 

assessment of these impacts remains highly uncertain.94 A theme to this review is that these 

radiative effects will only be accurately assessed if we understand the relationships between the 

molecular composition of BrC aerosol and its optical properties as the particles evolve with time 

in the atmosphere. Some questions of importance include: How does the MAC value change 

with residence time in the atmosphere? What about the absolute absorption? What is the 

response to different oxidants and to light? Are the effects similar during the day as during the 

night? 

 

Figure 13 Conceptual depiction of absorbance change during BrC aging processes in the 

atmosphere. 
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The chemistry reviewed above illustrates that multiple processes will change the 

molecular composition and optical properties of these light-absorbing particles. As shown in 

Figure 13, BrC aging processes include heterogeneous reactions (discussed in Section 4) and in-

cloud processes (discussed in Section 3) that are driven by photochemistry (primarily daytime), 

non-photochemical reactions (daytime and nighttime), and droplet evaporation. Aging 

mechanisms addressed include photoreactions, nitration, and oxidative processing, both in the 

aqueous phase and of suspended particles. The darkness in the BrC color depicted in Figure 13 

summarizes general conclusions from the impact of each aging process on absorption. 

Associated changes in physical and hygroscopic properties will also influence the wet deposition 

lifetimes of BrC particles and their capacity for long-range transport. For example, increased 

oxidation related to an increase in N and O atoms in BrC particles is believed to enhance particle 

viscosity and surface tension, leading to the formation of tarballs.279 An important point to make 

concerning Figure 13 is that multi-day aging will involve sequential daytime and nighttime 

processes not illustrated in the figure, i.e. aerosol aged during the night will then be aged during 

the following day, and so on.282 

While studies of individual aging mechanisms are leading to improved fundamental 

understanding of their effect on the optical properties of BrC materials, these different processes 

will all proceed across a full day-night cycle in the atmosphere. To illustrate the potential extent 

and relative timescales of each aging process, simple parametrizations as a function of 

atmospheric exposure time were developed from select laboratory experiments that addressed 

primary biomass burning BrC (Figure 14). We emphasize that other important aging processes 

potentially occurring in the environment are not included here, especially SOA formation close 

to source. As such, the scenarios presented in Figure 14 (and Figure S1) are most representative 

of conditions removed from the source. The studies represented in these figures only address 
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processes which have been the focus of considerable attention with the data presented in a format 

that could be easily parameterized. Given that different fuels and experimental conditions will 

affect the predictions, it is currently not possible to put firm bounds on these timescales. 

To construct the parameterizations, the exposures employed in the lab experiments were 

scaled to conditions that will commonly be encountered in the atmosphere (details in Supporting 

Information). The absorption transformations are presented over a 40-hour exposure timescale 

for illustrative purposes only, assuming constant exposure conditions, i.e. constant OH or NO3 

exposure rarely occurs continuously over a 40-hour period. Consequently, it is best to view the 

exposure timescale in Figure 14 as the accumulated time over which the particles will 

experience such environmental conditions. The purpose of the figure is to illustrate potential 

atmospheric behavior, which will strongly depend on the specific nature of the BrC substrate and 

the atmospheric aging conditions. For example, the photo-enhancement in the photolysis studies 

will likely be strongly dependent on the nature of the UV light source and the specific 

chromophores.61,159 To encompass the range of behavior observed in the lab, parameterizations 

of additional studies are presented in Figure S1.  

Figure 14 illustrates that while some processes cause an increase in absorption, others lead 

to bleaching. For example, both aqueous and heterogeneous OH oxidation promote an initial 

increase in absorption followed by a subsequent decrease.61,163,278 The short-term behavior is 

likely arising from functionalization of the molecules which increases electron density and 

delocalization. With further oxidation, molecular fragmentation increases with a loss of electron 

delocalization, and decrease of absorption abilities when the molecules become highly 

oxygenated.91 Photoreaction experiments also demonstrate such an initial photo-enhancement 

followed by photobleaching, likely initiated by photosensitized reactions and/or radical reactions 
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to form functionalized or oligomeric products.58,73,150 However, we note that some 

photodegradation studies have shown the bleaching component to occur at slower rates that those 

exhibited in the OH oxidation experiments.61,159,163,164 One issue in all photoreaction experiments 

is how much of the absorption photo-enhancement is via direct photolysis and how much via 

indirect photolysis driven by radicals generated by the light absorption. One study has 

demonstrated that the concentration of OH radicals present in aqueous solution upon exposure to 

UV-B radiation was only one third higher when 1.5 mM of H2O2, an OH photolytic precursor, 

was purposefully added to the solution, compared to UV-B radiation alone.61     

As shown in Figure 14, in contrast to OH, NO3 radical heterogeneous reactions lead to a 

photo-enhancement effect at a slower rate, probably through formation of nitro-aromatic 

species.234 An initial study showed that O3 oxidation leads rapidly to a small amount of bleaching 

(approximately 20 % loss in absorbance), probably driven by ozonolysis of double bonds in the 

molecules.273 There is evidence for recalcitrant absorption within the particles that ozone is not 

able to remove.273 
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Figure 14 Relative absorption change for aging of BrC obtained from biomass burning samples 

in the laboratory.61,163,273,278,283 The horizontal axis is the total atmospheric exposure time 

assuming constant exposure conditions, derived in some cases by scaling conditions in the 

laboratory to those that will be experienced in the ambient atmosphere. As described in the text, 

the exposure will usually be discontinuous, e.g. direct and indirect photoreactions will only occur 

with sunlight, while NO3 and O3 reactions may dominate during low light or nighttime 

conditions. See Supporting Information for full details.   

General conclusions can be drawn from Figure 14. Notably, changes are occurring on 

timescales of one-to-two days equivalent exposure time, or less. This timescale is roughly 

consistent with laboratory experiments where biomass burning aerosol was exposed to natural 

light.284 In the case of ozone, the oxidative bleaching is so rapid that it will unlikely be 

observable immediately downwind of a BrC source, especially if SOA formation is occurring. 

For light-driven processes – both direct photoreactions and OH oxidation – the long-term effect 
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after only a few days of daytime exposure will also lead to bleaching. In contrast, nighttime 

oxidation by NO3 radicals will likely lead to enhanced BrC absorption.285  An interesting 

question is whether the photo-enhancements experienced at night can be maintained during 

sunlight exposure. Will the more strongly absorbing nitrated compounds rapidly photo-degrade 

in daylight?  

Recognizing that the ambient aerosol optical properties will integrate all these effects, it 

is valuable to turn to the results from field measurements to see their correspondence to 

laboratory experiments. Studies of this type are particularly challenging to conduct. For example, 

air masses monitored by time-resolved measurements at a ground site will be subject to not only 

changing atmospheric exposures but also changing BrC source conditions. Emissions from an 

isolated BrC source are ideally followed in a Lagrangian manner with measures of transport age 

and integrated photochemical age for the sampled air. In that regard, an important aircraft study35 

monitored water-soluble BrC absorption for up to two days residence time within biomass 

burning plumes which did not experience cloud formation, using CO to normalize for dilution 

effects (Figure 15). This study found the half-life of BrC absorption at 365 nm from two forest 

fires in the western United States to be 9 to 15 hours. No more than 24 hours of sunlight 

exposure were required to decrease the BrC absorption by 90 %, with a small amount of 

absorption remaining at longer transport times. The AAE values dropped from 3.5 - 4.0 to 1, 

indicating a shift from values characteristic of BrC to a common value for BC. Overall, a 

conclusion of this study was that the majority of the initial BrC was chemically unstable, with 

indications of a small (≈ 10 %) absorption signal after a day or two of atmospheric processing. 

This one-day whitening timescale is consistent with modeling studies of both aircraft and aerosol 

optical depth data, such as from the IMPROVE network.286–288  
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Comparing Figures 14 and 15, this bleaching behavior in BrC emitted from forest fires 

is most consistent with that demonstrated by heterogeneous OH oxidation and direct 

photobleaching. However, the photobleaching modeled in Figure 14 simulates in-cloud 

conditions, which were not present during the measurements made in Figure 15, and direct 

photobleaching of non-aqueous BrC may not occur as rapidly (discussed in Section 4.1). Note 

that the data presented in Figure 15 are at 365 nm whereas those in Figure 14 are between 400 

to 405 nm (except for in-cloud OH oxidation at 365 nm), and the response to bleaching 

chemistry may be somewhat faster at lower wavelengths.  

 

Figure 15 The decrease of 365 nm absorption of water soluble BrC was measured in two 

wildfire plumes (top and bottom) in the western United States. Aircraft measurements permitted 

encounters with the plume at the indicated transport times and photochemical ages. [Reprinted 

with permission from Forrister et al.35 Copyright 2015 John Wiley and Sons] 
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Using the same aircraft-mounted experimental methods, the dynamic nature of water soluble 

BrC has also been measured during convective uplift to the upper troposphere.5 This study 

observed that the importance of BrC absorption relative to BC absorption roughly doubled in the 

upper troposphere (9 – 12 km altitude) compared to the air feeding the convection at lower 

altitudes (1 – 3 km). As a result, BrC contributes more than 34 % of the radiative forcing from 

absorbing carbonaceous aerosols at high altitudes, compared to 15 % at lower altitudes.5 The 

processes giving rise to this increase are unknown but are unlikely due to faster scavenging of 

BC aerosol particles which tend to be more hydrophobic than BrC particles.5 Rather, it is 

probably arising either from in-cloud formation of BrC or via enhancement of BrC via droplet 

evaporation processes. An additional aspect of this study was to evaluate the absorption of BrC 

that is part of the convective outflow. In contrast to the behavior exhibited in Figure 15 for 

plumes at lower altitude, the particles in the upper troposphere exhibit no change in absorption 

with one day of aging.5 It is interesting to speculate whether the low temperatures of the upper 

troposphere increase the viscosity of the particles289 so that heterogeneous aging processes are 

not as efficient as at ground level. Further evidence for BrC formation or increase with aqueous 

processing has been observed for fog processing of biomass burning emissions in Bologna, 

Italy290 and Kanpur, India291, as well as during periods of high aerosol liquid water content in 

wintertime in Xianghe, China.292  

Some studies have also attempted to explicitly model BrC emissions and aging in global 

chemical transport models.286–288,293 While there is still uncertainty in the absorption intensity of 

different organic aerosol sources and how that absorption changes with atmospheric aging in the 

model, these studies find that BrC has a measurable impact on both the direct radiative effect and 

on photochemical ozone production, even with the inclusion of photobleaching.287,293  
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6 Future Studies 

This is an emerging field of research with many open questions and priorities. From the 

laboratory perspective, an important variable to consider is the nature of the BrC material. While 

studies of individual molecules are valuable to decipher mechanisms, the high degree of 

chemical complexity of atmospheric BrC needs to be confronted. Research has pointed to the 

important role of higher molecular weight, low volatility molecules that may be more chemically 

robust with respect to bleaching chemistry than small molecules, such as the monomeric 

nitrophenol species.59–61,101,159 What is the chemical nature of these higher molecular weight 

species? Are they dimeric structures of nitro-phenolic compounds formed as secondary species 

within the BrC material? Or are they part of the SOA material that forms in the gas phase? 

Alternatively, are these larger molecules part of a cascade of smaller and smaller products 

formed from degradation of large biopolymers in lignin or solid fuel components? How 

important are charge-exchange processes in forming BrC within aerosol?294–296 

Studies of BrC material in aqueous solutions are crucial to simulate cloud-processing 

conditions. However, care should be taken to work with realistic concentrations of water-soluble 

organic carbon. Most laboratory studies use much larger volumes of solvent than are present in 

cloud water, so that the BrC species that are water-soluble in such conditions are not necessarily 

soluble under true cloud conditions. Large solvent volumes also affect the partitioning of gas 

phase species. As well, clouds are highly dynamic environments with very frequent droplet 

evaporation (and formation) occurring. The potential enhancement of absorption that has been 

observed to occur upon rapid drying of water solutions containing BrC (Section 3.4) is deserving 

of more study as a potential processing pathway.  
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Although in-cloud conditions are important to study, there is a dearth of laboratory studies 

conducted with suspended BrC particles. Initial studies have focused on heterogeneous oxidation 

using the OH and NO3 radicals,271,278,283 but there are very few studies of suspended BrC 

particles that address photochemical evolution using exposure to environmentally realistic light 

intensity and wavelengths.284 As well, although initial studies have been conducted to assess 

heterogeneous oxidation processes, close to the BrC source there may also be formation of SOA, 

where molecules that may or may not be light absorbing will be condensing on the particles 

(Section 2).70 What is the net effect of photochemistry, heterogeneous oxidation, and secondary 

condensation processes? Will the heterogeneous oxidation processes occur as rapidly if 

condensation of SOA material is occurring simultaneously? Related to this, there remain 

questions regarding the phase and diffusive nature of the particles. As mentioned in Sections 4 

and 5, low temperatures may enhance the viscosity of the BrC particles.289 Most laboratory 

studies are performed at room temperature. To what degree does that bias our understanding of 

aging timescales, especially for heterogeneous oxidation that may be restricted to the surfaces of 

highly viscous particles? From an experimental perspective, caution should be used in 

interpreting results from oxidation flow reactors that use high radical concentrations, given the 

potential for radical-radical chemistry to dominate over auto-oxidation in such conditions.297   

Lastly, the chemical transformations that occur with atmospheric aging need to be studied at 

the molecular level. With the increasing sophistication of analytical methods that permit such 

analyses (e.g., EESI-MS,298,299 HPLC/PDA/HRMS103,300,301), there is promise for better 

connections between laboratory and field studies of BrC aging.  
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