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Abstract: We present the first box model simulation results aimed at identification of possible effects
of the atmospheric photochemical evolution of the organic component of biomass burning (BB) aerosol
on the aerosol radiative forcing (ARF) and its efficiency (ARFE). The simulations of the dynamics of
the optical characteristics of the organic aerosol (OA) were performed using a simple parameterization
developed within the volatility basis set framework and adapted to simulate the multiday BB aerosol
evolution in idealized isolated smoke plumes from Siberian fires (without dilution). Our results
indicate that the aerosol optical depth can be used as a good proxy for studying the effect of the OA
evolution on the ARF, but variations in the scattering and absorbing properties of BB aerosol can also
affect its radiative effects, as evidenced by variations in the ARFE. Changes in the single scattering
albedo (SSA) and asymmetry factor, which occur as a result of the BB OA photochemical evolution,
may either reduce or enhance the ARFE as a result of their competing effects, depending on the initial
concentration OA, the ratio of black carbon to OA mass concentrations and the aerosol photochemical
age in a complex way. Our simulation results also reveal that (1) the ARFE at the top of the atmosphere
is not significantly affected by the OA oxidation processes compared to the ARFE at the bottom of
the atmosphere, and (2) the dependence of ARFE in the atmospheric column and on the BB aerosol
photochemical ages almost mirrors the corresponding dependence of SSA.

Keywords: biomass burning; organic aerosol; microphysical model; volatility basis set; Mie theory
calculations; radiative transfer model; aerosol radiative forcing efficiency

1. Introduction

Biomass burning (BB), in the form of open forest and peat fires, is one of the largest
sources of many trace gases and aerosols to the global atmosphere. For some important
components atmospheric aerosol, like black carbon (BC) and organic compounds biomass
burning accounts, according to estimates of Bond et al. [1], for 40% of BC and 85% of
organic carbon emissions worldwide. Biomass burning aerosol contributes considerably to
the radiation budget of the atmosphere and surface and, as such, should be accounted for
adequately in climate simulations and assessments of the radiative forcing, determined by
anthropogenic emissions [1–7].

As a result of hundreds of observational studies involving in situ measurements and
remote sensing with the ground-, aircraft- and satellite-based instruments, a large amount
of data on characteristics of carbonaceous particles has been collected and reported since
the 1990s. However, even with the availability of such voluminous data, the quantification
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of the key parameters for estimating radiative effects of BB aerosol is not straightforward,
primarily because the smoke properties are highly variable, depending on a variety of
factors such as the type of biomass, the combustion temperature, meteorological conditions,
atmospheric age of the smoke, etc. (see, e.g., results of research of BB aerosol in major BB
regions of the world [8–15], corresponding reviews [16–21] and bibliography therein).

Commonly, the radiative effects of atmospheric aerosol in the “atmosphere-underlying
surface” system on global and regional scales are studied using chemistry-transport models
of various complexities and much more comprehensive Earth system models. However, a
reliable representation of the radiative properties of BB aerosol in these models is condi-
tioned by the adequate description of its optical properties, which is very challenging to
ensure due to strong variability of the chemical composition and microphysical structure
of BB aerosol particles, in part due to the atmospheric evolution of the organic component
of aerosol. Following a common convention, we refer below to this component as organic
aerosol (OA). The atmospheric evolution (or, in other words, atmospheric aging) of OA has
been found in laboratory experiments and in the real atmosphere to be associated with a
variety of observable manifestations, such as a substantial increase or decrease in the mass
fraction of OA in BB smoke [22–25], an increase in the oxidation state and hygroscopicity
of BB aerosol particles [26–28], changes in the absorption characteristics of aerosol due to
destruction or formation of brown carbon [29,30], an increase in scattering and extinction
efficiencies and single scattering albedo [31–34].

However, although the transformations of BB OA due to its atmospheric aging are
commonly recognized to be among important factors that determine the observed variabil-
ity in the BB aerosol optical and radiative properties, they have been either disregarded
or represented in extremely simplified and rather arbitrary ways in most of the model
studies of the radiative and climate effects of BB aerosol, contributing to the considerable
uncertainty in model results [2–6,35–37]. Constraining this uncertainty requires a good
knowledge of the key factors and mechanisms, through which the processes driving the
atmospheric evolution of BB OA can affect its radiative properties. Such processes are
known to encompass thousands of different organic species and include, in particular,
secondary OA (SOA) formation through functionalization oxidation reactions, consecutive
multistage oxidation of SOA, which eventually leads to the destruction of SOA through
fragmentation reactions, as well as volatilization of primary and secondary OA as a result
of dilution of primary emissions in the atmosphere [38–40].

One of the useful approaches allowing isolating and better understanding–at least at a
qualitative level–of various effects of these processes involves the analysis based on the use
of box models [41–47]. In particular, this approach allowed identifying qualitative features
of the response of the behavior of BB OA mass concentration within an isolated smoke
plume to changes in several key parameters, such as the fire size, initial concentration of BB
aerosol, and the background aerosol concentration [44–46]. It has also been suggested that
variations in the fire size and background aerosol concentration can significantly influence
the radiative forcing of BB aerosol (ARF), assuming that changes in the ARF are directly
related to the changes in aerosol extinction cross-section [45]. However, to the best of our
knowledge, possible qualitative effects of the atmospheric transformations of BB aerosol
on the radiative forcing have not yet been systematically analyzed beyond the simplifying
assumption that the changes in ARF are directly proportional to changes in the aerosol
extinction cross-section.

This study is aimed at achieving a better understanding of the possible effects of the
atmospheric evolution of the organic component of BB aerosol on its radiative properties.
More specifically, a goal of our study is to investigate whether the BB aerosol aging can
be associated with significant changes in its radiative forcing efficiency (ARFE), which
is defined as ARF of BB aerosol per unit of its extinction optical depth and allows one
to compare the radiative properties of various aerosols irrespectively of a magnitude of
the aerosol optical depth (e.g., [48]). The study is based on the use of a microphysical
box model [46], which was designed to represent the atmospheric evolution of OA in
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an idealized isolated BB plume by taking into account oxidation processes as well as
condensational growth and evaporation of particles [1]. The oxidation and volatilization
of OA matter are represented within the volatility basis set (VBS) framework [38]. We
use a simple VBS scheme that was optimized previously using satellite observations and
chemistry-transport model simulations of the long-range transport of BB plumes from
Siberia [34]. Hence, our analysis primarily addresses the radiative properties of specifically
Siberian BB aerosol. Note that the use of a simple VBS scheme is justifiable by the fact that
there is presently no validated and generally accepted method to simulate the atmospheric
evolution of BB aerosol, whereas different available methods yield diverse results [36,49].
Taking into account that our modeling framework is highly simplified, we do not attempt
to obtain accurate quantitative estimates of the radiative properties of BB aerosol, but
rather aim at identifying only qualitative features of the evolution of the radiative forcing
efficiency of BB aerosol in an idealized smoke plume. More specifically, we focus on the
changes in ARFE due to the oxidation of organic compounds within the BB plume. We
believe that the knowledge of these features will help to predict and interpret a possible
diversity and uncertainty in quantitative assessments of ARF based on much more complex
simulations with chemistry-transport and climate models.

2. Methods
2.1. Simulations of the BB Aerosol Evolution

The atmospheric evolution of OA was simulated using the Microphysical Dynamic
Model of Organic Aerosol (MDMOA) [46]. This is a box model that solves a system of dy-
namic equations for concentrations of carbonaceous components of multi-disperse aerosol
in a diluting BB smoke plume. The model system includes, in particular, the equations that
describe the changes in mass concentration of semivolatile organic compounds (SVOCs) in
a given particle size section due to the mass transfer between the condensed phase and
gas phase of a given compound using the Fuchs–Sutugin approximation for the condensa-
tional growth of particles. These equations take into account that the condensation and
evaporation processes determining the mass transfer can result not only in changes in OA
concentration but also in modifications of the size distribution of particles. The dynamics of
the total (both condensed and gas phase) concentration of a given compound is governed
by kinetic equations that take into account the oxidation processes described below. The
formulations of the dynamic equations can be found elsewhere [46].

As noted above, the analysis performed in this study is focused on the effects of
oxidation processes on the BB aerosol radiative properties. To isolate these effects, we
disregarded any other processes that can affect the evolution of the radiative properties
of BB aerosol. In particular, following our previous box model study of the BB aerosol
evolution [46], we disregarded coagulation and deposition of the particles. Furthermore,
we assumed (also following [46]) that the BB aerosol particles consist of only carbonaceous
material. That is, the contributions of inorganic salts and water to the particle composition
were disregarded. Note that optically dense smoke plumes are typically observed in Siberia
in a relatively dry atmosphere with RH less than 70% [49], whereas the water uptake
by BB aerosol particles under such conditions is indeed likely to be small [50], and it is
also known that inorganic salts typically constitute a minor fraction of BB aerosol [51].
Finally, we also disregarded the dilution. It has previously been suggested [21,45,46] that
the dilution can considerably complicate the behavior of both mass concentration and
optical properties of BB OA since the acceleration of particle evaporation due to dilution
depends on the OA composition and oxidation state in a complex manner. Presuming that
the dilution rate is inversely dependent on the plume size [44,46], disregarding the effect of
the dilution seems to be a reasonable zero-order approximation in the case of large-scale
(and thus slowly diluting) plumes (similar, e.g., to those analyzed that propagated from
Siberia into the European part of Russia the Siberian plume in summer 2016 [34]), although
the dilution can hardly be disregarded completely in any real situation. Overall, our box
model simulations address a highly simplified and idealized situation and are not expected
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to provide a quantitatively accurate representation of the complex atmospheric evolution
of OA in any specific real BB plumes. However, we consider the simplification of the
complex aerosol system as a key prerequisite for achieving a better understanding of the
complex effects addressed in this study. Possible implications of the results of our analysis
for understanding the evolution of the radiative properties of real BB aerosol are discussed
in Section 4.

The chemical evolution of thousands of real organic compounds, resulting in changes
in the volatility of the organic matter in BB aerosol particles, is represented in our model
within the volatility base set framework [38] by splitting all SVOCs into several classes,
s, with different volatilities (saturation concentrations), Cs

*. Within this framework, the
equilibrium gas-phase concentration for a given species (Cs

eq) is inversely dependent on
the total mass concentration of the organic compounds in particles, COA, and determined
as follows:

Ceq
s = C∗s

fsCtot

COA

(
1 +

Ctot

COA

)−1

, (1)

where fs is the mass fraction of a given species, Ctot is the total (gas-phase and condensed-
phase) mass concentration of SVOCs. The initial value of COA (corresponding to instanta-
neous thermodynamic equilibrium) was considered as one of the control parameters of our
numerical experiments and is denoted below as C0.

We used a simplified adjustable VBS scheme, which was introduced in our recent
study [34] and is denoted below as K21. Although several other VBS schemes of various
complexity have been proposed in the literature to model the atmospheric evolution
of BB OA (see, e.g., [24,39,43,47,52–54]), neither of them have been validated against
observations of changes in the physical or optical properties of OA during its multiday
evolution in Siberian BB plumes (even though most of them were found to enable a
reasonable agreement of OA simulations with selected sets of ground-based and satellite
observations of BB aerosol in various regions of the world). The key advantage of the
K21 scheme is that it was shown to adequately reproduce the multiday dynamics of the
aerosol optical depth (AOD) in BB plumes originating from forest fires in Siberia [34].
Furthermore, the simulations with MDMOA using the K21 scheme were found [34] to
be in a reasonable agreement with data from chamber experiments [43]. Note that the
K21 scheme was derived from a more complex “1.5-dimensional” VBS scheme which
was originally optimized against the same chamber data [43]. The simplified character
of the K21 scheme reflects the high variability of the composition of real BB plumes in
Siberia [9] and the lack of knowledge that would allow reproducing this variability in
models. Accordingly, our box model simulations are supposed to provide a qualitative
description of the photochemical aging of BB aerosol within a typical large-scale plume that
encompasses emissions from multiple Siberian fires corresponding to different vegetation
land cover types.

In the K21 scheme, primary and secondary SVOCs are split into two and three volatility
classes, respectively. The scheme also includes one species representing a source of SVOCs
from oxidation of volatile organic compounds (VOCs). Following multiple previous studies
involving the VBS framework to model the atmospheric evolution of BB OA aerosol (e.g., [39,
43,47,52–54]), we describe the chemical evolution of the model species by considering their
gas-phase oxidation reactions with the hydroxyl radical (OH). The OH reactions are assumed
to effectively represent oxidation of organic compounds by other oxidants, such as ozone
(O3) and nitrate radical (NO3). Note that although both the O3 and NO3 oxidation can
provide important sources of SOA, especially when O3 concentration is very high [55] or
in a dark atmosphere [56], to the best of our knowledge, there have been no observational
or laboratory data that could provide strong constraints on the effects of these oxidants on
the evolution of BB aerosol optical properties in the real atmosphere. Nonetheless, since
the K21 scheme was constrained by satellite observations of Siberian BB aerosol during its
long-range transport [34], a possible impact of the dark aging of BB OA (specifically, during



Atmosphere 2021, 12, 1555 5 of 21

relatively short nighttime periods in middle latitudes in July) on the multiday evolution of
the optical properties is implicitly taken into account in our simulations.

The oxidation of primary organic aerosol species is described by functionalization
reactions yielding low-volatility SOA species and enhancing the OA mass concentration.
The oxidation of VOCs also leads to the formation of SOA species. These species are further
oxidized through both functionalization and fragmentation reactions, resulting in both the
formation of less volatile SOA species and a partial loss of the SOA mass concentration.
An in-detail description of our VBS scheme can be found elsewhere [34].

Apart from organic compounds, the particle composition is assumed to include BC,
which is treated as a chemically inert and nonvolatile species. The mass ratio of BC and
OA (the BC/OA ratio) in fresh BB aerosol is considered as one more control parameter in
our numerical experiments.

Our runs of MDMOA covered 120 h. The initial conditions for SVOCs in particles
and the gas phase were specified following the gas-particle equilibrium determined by the
partitioning theory. The particles were distributed among nine size sections from 10 nm to
10 µm following the lognormal distribution with a mass median diameter of 0.3 µm and a
geometric standard deviation of 1.6 [16]. Following previous box model studies [44–46],
we assume that the OH concentration keeps constant during the daytime plume evolution
and drops to zero during the nighttime. For definiteness, its value was set to 5 × 106

cm−3 in our simulations, partly based on aircraft measurements within BB plumes in
North America [32]. Hence, any changes in the BB aerosol properties are assumed to occur
only during the daytime, and so the time of the BB evolution in our simulations can be
considered as the photochemical age (ta) of BB aerosol evolving under idealized constant
atmospheric conditions.

The optical properties of BB aerosol were simulated based on the Mie theory by using
the OPTSIM software [57] which was combined with MDMOA earlier [57]. At each time
step of the MDMOA simulation, OPTSIM received from MDMOA mass concentrations
of all the model species in each size section. We assumed that BB aerosol particles are
composed of a BC core surrounded by a shell composed of organic matter. The real and
imaginary parts of the refractive index of BC were set at 1.95 and 0.79, respectively [1]. The
organic shell was assumed to be nonabsorbing, that is, the contribution of brown carbon
(BrC) to absorption was neglected. Available estimates of BrC absorption in Siberian BB
plumes indicate that it is highly variable [49,58] but, on average, is rather weak within
the visible wavelength range. Hence, the BrC absorption is unlikely to be a key factor
determining the evolution of the radiative forcing efficiency of Siberian BB aerosol, although
the impact of BrC on the radiative properties of Siberian BB aerosol needs yet to be clarified
in future dedicated studies. The density of BB aerosol particles and the real refractive
index of their organic shell were assumed to be 1.3 g/m3 [16] and 1.55 [59], respectively.
The OPTSIM output data included, in particular, values of the AOD, single scattering
albedo (SSA), and asymmetry factor (AF) at 10 wavelengths ranging from 0.35–1.35 µm for
each hour of the simulated BB aerosol evolution. The simulations analyzed below were
performed with three initial concentrations of organic aerosol, C0, of 10, 50, and 100 µg/m3

and three initial concentrations of BC/OA: 1.5, 3, and 6%. The simulations with the three
different values of C0 are henceforth referred to as c010, c050, c100. The simulated values
of the optical properties of BB aerosol were used to compute the radiative effects of BB
aerosol as explained below in Section 2.2.

2.2. Radiative Transfer Calculations
2.2.1. Radiative Transfer Code

We simulated the radiative effects of BB aerosol by using a multilayer horizontally
homogeneous model of a clear-sky (cloudless) atmosphere (0–100 km). Within each layer,
the dependence of the spectral optical aerosol characteristics (including the extinction coef-
ficient σλ, single scattering albedoωλ, scattering phase function or asymmetry factor gλ),
molecular scattering coefficient σR,λ, as well as pressure, temperature, and concentration of
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atmospheric gases on the altitude was disregarded. The effects of the underlying surface
on the radiation were taken into account according to the Lambert law with albedo As,λ.

The broadband fluxes of solar radiation were calculated using a Monte Carlo radiative
transfer code which we developed earlier [10,60,61]. Within this code, the downward (↓)
and upward (↑) radiative fluxes at a given atmospheric level z are represented as a sum of
fluxes in separate spectral intervals:

F↓(↑)(z) =
M

∑
i=1

F↓(↑)i (z), (2)

where M = 30 is the number of bands ∆λ = (λi,λi+1), I = 1, . . . M, λ1 = 0.2 µm, λM = 5.0
µm, including five bands in the UV, six in the visual, and 19 in the IR spectral ranges [62].
Within each band, the optical characteristics of aerosol and molecular scattering coefficient,
as well as surface albedo, are assumed to be constant and equal to their values in the middle
of the subinterval. The transmission function of the atmospheric gases within each band
is approximated by a finite exponential series (correlated k-distribution method [63]) as
in [48,64–66].

The radiative fluxes simulated with our radiative transfer code were previously found
to be in satisfactory agreement with the results of line-by-line calculations [60,67] and
data from field measurements [68,69]. In this study, the broadband radiative fluxes were
calculated in the background and smoke-polluted atmosphere to estimate the ARF and
ARFE of BB aerosol.

2.2.2. Input Parameters

Aerosol characteristics. Vertical profiles in the interval of 0–35 km and spectral varia-
tions in the optical characteristics of background aerosol were specified using a “continental
average” model [70] that was designed to describe the typical aerosol optical character-
istics under summer conditions in western Siberia [61]. The lower 2 km layer comprises
water-soluble and water-insoluble fractions (14 µg/m3 and 9.5 µm/m3 respectively), as
well as black carbon (0.5 µm/m3).

The radiative characteristics of the smoke-polluted atmosphere were computed assum-
ing that BB aerosol occupies the layer of 0–1 km. The extinction coefficient, single scattering
albedo, and asymmetry factor were calculated in the wavelength range of 0.35–1.35 µm at
10 wavelengths, as described in Section 2.1. To obtain a complete set of the input parameters
for the radiative transfer simulations, the computations of the optical characteristics of
BB aerosol were complemented as follows: (1) outside the interval of 0.35–1.35 µm, the
extinction coefficient, single scattering albedo, and asymmetry factor were assumed to be
constant and equal to the respective boundary values for λ = 0.35 µm and λ = 1.35 µm;
(2) within the layer of 0–1 km, SSA and AF of the “smoke + background” aerosol mixture
were computed as a weighted average of the calculated values for the corresponding com-
ponents, whereas AOD calculated for the smoke and background aerosols were summed
up. Outside the smoke layer, the aerosol optical characteristics were assumed to be equal
to those from the background aerosol model.

Molecular atmosphere. The transmission functions of the atmospheric gases were cal-
culated based on the HITRAN2012 database and MT_CKD v.2.5 continuum model [71,72],
using the regional model of temperature, pressure, and water vapor concentration pro-
files [73], developed for summer conditions of western Siberia and taking into account the
absorption by all the atmospheric gases which were presented in the AFGL meteorological
model [74]. The total water vapor content was assumed to be 2 g/cm2, the total CO2
content in the atmosphere was 400 ppm, and the total ozone content was set at 400 DU
according to Aura OMI satellite data. (These values correspond to summer averages for
the territory of western Siberia [75–77]).

The data of Fontenla et al. [78] were used for the extraterrestrial spectral solar radiance
(1367 W/m2). The surface albedo corresponded to the albedo of the surface of the ”mixed
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forest” type [79]. The main calculations were performed for the solar zenith angle (SZA)
of 35◦, which roughly equals to midday Sun elevation on mid-summer at the latitude of
Tomsk (56◦29′). Therefore, our simulations are assumed to represent the dynamics of the
atmospheric radiative fluxes due to gas-phase oxidation of BB OA within an idealized
large-scale BB plume occupying the lowest 1 km-thick layer of the atmosphere under
typical daytime conditions in Siberia in summer.

2.2.3. Simulated Radiative Properties

In this work, we consider instantaneous (for a given SZA) values of the radiative
forcing of BB aerosol at the top and bottom of the atmosphere (TOA and BOA, respectively),
as well as within the atmospheric column (ATM):

ΦTOA(BOA)(t) = Fnet,mix
TOA(BOA)

(t)− Fnet,bg
TOA(BOA)

(t), (3)

ΦATM(t) = ΦTOA(t)−ΦBOA(t), (4)

where radiative influxes Fnet at different levels are calculated as follows:

Fnet
TOA(BOA)(t) = F↓TOA(BOA)

(t)− F↑TOA(BOA)
(t), (5)

and the superscripts “mix” and “bg” correspond to the calculations in the smoke-polluted
and background atmosphere respectively. The negative and positive values of ΦTOA(BOA)
are associated, respectively, with cooling and warming aerosol effects.

Using Equations (3) and (5), it is convenient to represent ARF values at the top and
bottom of the atmosphere as follows:

ΦTOA(t) = F↑,bg
TOA(t)− F↑,mix

TOA (t), (6)

ΦBOA(t) = (1− A∗s )
(

F↓,mix
BOA (t)− F↓,bg

BOA(t)
)

, (7)

where A∗s is a certain effective value of the spectral albedo of the underlying surface in a
given wavelength band.

Equations (6) and (7) can be used to qualitatively interpret the dependence of ARF on
the aerosol optical characteristics, assuming that only one of them varies and all the others
are kept constant (see also [80]):

• as AOD grows, F↑,mix
TOA increases, while F↓,mix

BOA decreases, so that ΦTOA and ΦBOA
decrease (enhanced cooling effect);

• as SSA grows, F↑,mix
TOA and F↓,mix

BOA also grow and, consequently, ΦTOA decreases, while
ΦBOA increases;

• as AF grows, the upward flux F↑,mix
TOA decreases, while the downward flux F↓,mix

BOA
increases, so that ΦTOA and ΦBOA grow (warming effect).

Note that, when two or all three optical characteristics change simultaneously, they
may have opposite effects on the radiative fluxes, so the response of ARF on these changes
can only be predicted through numerical experiments.

While the ARF is strongly dependent on AOD (that is, on the extensive property
of aerosol), the ARFE (Φe) is a useful characteristic to study the impact of the aerosol
intrinsic properties (such as SSA and AF) on the radiative balance of the atmosphere. This
characteristic is defined as a rate at which the atmosphere is forced per unit aerosol optical
depth at 0.55 µm (τ0.55(t)):

Φe
TOA(BOA(t) = ΦTOA(BOA)(t)/τ0.55(t), (8)

Φe
ATM(t) = ΦATM(t)/τ0.55(t). (9)
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It should be kept in mind that ARFE is still not fully independent of the aerosol load
because multiple scattering effects and attenuation of the transmitted radiation introduce
nonlinearity into the dependence of ARF on AOD [81]. The units for ARFE are W/(m2τ);
increased radiative forcing efficiency means the increased absolute value of Φe.

3. Results
3.1. Dynamics of the Optical Characteristics of BB Aerosol

This section describes the key features of the simulated evolution of the optical properties
of BB aerosol. For definiteness, all the values are reported below for the 0.55 µm wavelength.

The time evolution of AOD and SSA (see Figure 1a,b) can be separated into two distinct
stages. At the first stage, both characteristics rapidly increase to maximal values during
the first 7–10 h (0 ≤ t ≤ tmax), with the most intense growth in the first hour. Then, at the
second stage (t ≥ tmax), they slowly (compared to the growth rate) decrease. For instance,
AOD of BB aerosol (τsm

0.55(t)), calculated with C0 = 10 µg/m3 (almost irrespectively of the
BC/OA ratio), increases in ~7 h from 0.057 to 0.48, decreasing to 0.24 at the end of this
interval (t = 120 h); while τsm

0.55(t) obtained with C0 = 100 µg/m3 increases from 0.54 to 4.7
in the first ~10 h and decreases afterward to 2.2. Note that for a fixed initial concentration
OA in this BC/OA variability range, τsm

0.55(t) varies just within ~1–2%, reflecting the fact
that BC contributes only very insignificantly to the BB aerosol mass concentration (and,
thus, to its extinction cross-section).

The simulated dynamics of AOD is qualitatively similar to the dynamics of BB OA
mass concentration, which was calculated using MDMOA with the K21 scheme previ-
ously [34]. The reasons for such non-monotonic behavior of BB OA mass concentration
are discussed in detail elsewhere [34]. Briefly, initial oxidation of VOCs and POA in
functionalization reactions results in the rapid formation of SOA, which is then getting
more slowly oxidized in fragmentation reactions leading to an eventual decrease of the
OA concentration. The same processes account for the nonmonotonous evolution of SSA
(Figure 1b). Specifically, the increase in SSA (at the first stage of the evolution) is due to
a decrease in the BC/OA ratio as a result of SOA formation [34], and the following slow
decrease of SSA is a result of degradation and evaporation of both POA and SOA.

The widest variability range of SSA of organic aerosol (ωsm
0.55(t) is observed for a high

initial value of BC/OA (6%), when the single scattering albedo first increases from ~0.8 to
~0.97, then slightly decreases (by ~0.02) towards the end of the simulation period of 120 h.
At BC/OA = 1.5%, the variations of ωsm

0.55(t) do not go beyond the interval of 0.94–0.99,
indicating that the effect of SOA formation on the aerosol scattering properties diminishes
with decreasing BC/OA ratio.
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Similar to AOD and SSA, the asymmetry factor of OA significantly increases at the
initial stage of the evolution: specifically, gsm

0.55(t) increases considerably, from ~0.36 to
~0.60–0.62, in the period from t = 0 to t~7–10h, depending on initial concentration OA and
the BC/OA ratio rather weakly (Figure 1c). At the second stage, it remains nearly constant.
These changes in AF are likely driven by the evolution of the size distribution of BB aerosol
particles. According to our simulations, rapid formation and condensation of secondary
organic compounds at the first stage results in a rapid decrease of the volume fraction of
the particles with a diameter less than 0.2 µm. This decrease is a likely reason for the rapid
growth of AF at this stage. At the second stage, volatilization of the SOA components
due to the fragmentation process results in a decrease of the fraction of particles with a
diameter of about 0.3 µm but the effect of this decrease on AF is partly compensated by the
increase of the fraction of the more slowly evaporating particles with the diameter bigger
than 0.6 µm.

The results presented above address the optical properties of aerosol in only the lowest
1 km layer in our radiative transfer model, depending on initial OA concentration and
the BC/OA ratio rather weakly while the solar radiative fluxes form within the entire
atmospheric column. With initial OA concentrations of 50 and 100 µg/m3, the optical
depth of the smoke layer is about a factor of 5–40 larger than AOD values under the
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background conditions τ
bg
0.55(t) (Figure 1a); therefore, the effect of the optical characteristics

of background aerosol on AOD, SSA, and AF is barely manifested in both lower layer and
the atmospheric column. However, at the beginning of the c010 simulation, the background,
and smoke aerosol depths are comparable, so that SSA and AF of smoke (ωsm

0.55(t) and
gsm

0.55(t)) and “smoke + background” mixture (ω0−1
0.55 (t) and g0−1

0.55 (t)) can strongly differ. In
particular, with BC/OA = 6% at the initial time (t = 0), SSA increases from 0.8 to 0.87
(Figure 1b,d); while AF increases from ~0.36 to 0.54 and changes little during the first hour
(Figure 1c,e), independent of the ratio BC/OA. Note that possible nonlinearities in the
evolution of BB aerosol due to the dependence of the gas-phase concentration of SVOCs on
the OA concentration (see Equation (1)) turned out to be quite insignificant within a rather
limited range of C0 values considered in our simulations reported here. This fact simplifies
the interpretation of the results of our numerical experiments. A much stronger impact of
the initial concentration on the BB aerosol evolutions can be expected in the simulations
covering a much larger range of possible values of C0 and taking into account the dilution
process [46].

3.2. Radiative Forcing

Figure 2 demonstrates the simulated evolution of the ARF at both top and bottom of
the atmosphere. The results indicate (Figure 2a) that the cooling effect of BB aerosol is more
strongly manifested at the BOA level than at the TOA level (|ΦBOA(t)| > |ΦTOA(t)|), but
increases with an increase of the initial OA concentration at both levels (see also [48]). Not
surprisingly, the time variations of |ΦBOA(TOA)(t)| follow those of τ0.55(t) (Figure 1): an
increase (decrease) in τ0.55(t) entails an increase (decrease) of the absolute value of the ARF
at both top and bottom of the atmosphere. However, whereas with c050 and c100, a larger
amplitude of the ΦBOA(TOA)(t) variations corresponds to stronger AOD variations in the
first time interval as compared to the second interval, the ARF variability ranges for 0 ≤ t
≤ tmax and tmax ≤ t ≤ 120 h are almost the same (but very small) with c010. This indicates
that, for small concentrations of OA, the formation of ARF is influenced not only by AOD
but also by SSA and AF.
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It is also not surprising that an increase in the absorption by aerosol particles leads
to a decrease in the absolute value of the negative ARF at TOA, but it is worth noting
that the stronger absorption increases the cooling at BOA (Figure 2b). The comparison
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of results shows how strongly the amplitude of ARF variations depends on the aerosol
absorbing properties. For instance, in the time interval 0 ≤ t ≤ tmax in the case of weakly
absorbing aerosol (BC/OA = 1.5%), the ΦTOA(t) value varies by a factor of ~4.8 (from −32
to −154 W/m2); while with BC/OA = 6%, ΦTOA(t) decreases from −16 to −124 W/m2,
i.e., by about a factor of 7.8 (Figure 2b).

The quantitative estimates of ARF presented in Figure 2 are consistent with the results
obtained by other authors for extreme biomass-burning events in the Arctic and central
Russia (e.g., [82–84]).

We conclude this subsection by presenting examples of the atmospheric radiative forc-
ing calculations (Figure 3). The ΦATM(t) value characterizes the changes of the absorption P
in the atmospheric column when going from the background (Pbg(t)) to the smoke-polluted
conditions (Pmix(t)). Considering that Pbg(t) is a certain constant value determined by
the background atmospheric state, the ΦATM(t) evolution depends exclusively on time
variations in Pmix(t) which, in turn, is determined by time variations in AOD and SSA.
From general considerations, it follows that an increase in AOD with SSA kept fixed favors
ΦATM(t) increase due to the growing number of interactions of photons with particles in the
atmosphere; at the same time, an SSA growth for fixed AOD means a decrease of ΦATM(t).
If AOD and SSA increase simultaneously, the factors indicated above have opposite effects
on P, which either increases or decreases, depending on which of the factors dominates.
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For a fixed initial BC/OA ratio, the time variations in ΦATM(t) correlate with changes
in the aerosol optical depth of the atmosphere: ΦATM(t) increases in the first 7–10 h and
decreases for t ≥ tmax for all initial concentrations OA (see Figures 1a and 3a). Note that
although the ΦATM(t) variations in the case with a low initial OA concentration (c010) are
manifested much weaker than in cases c050 and c100, the relative increase of ΦATM(t) is
significant (a factor of ~1.5). Not surprisingly, for a fixed initial concentration OA, the
evolution of ΦATM(t) is determined by both time variations in AOD (consistent with results
in Figure 3a), and by variations in the absorption cross-section of aerosol particles: the
bigger AOD and the BC/OA ratio, the greater the ΦATM(t) value.

Some of the results above (e.g., nonproportional ARF and AOD variations for a fixed
aerosol absorption), obtained from a detailed analysis, indicate that the formation of aerosol
radiative forcing may be influenced not only by AOD evolution but also by time variations
in aerosol scattering and absorbing properties, as was already pointed out before by other
authors [48,81–89].
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3.3. Radiative Forcing Efficiency

To identify the tendencies caused by variations in SSA and AF under the fixed atmo-
spheric conditions and surface parameters, we will study the evolution of the aerosol radiative
forcing efficiency (ARFE), which, within a rough approximation, is independent of AOD.

Bottom of the atmosphere. In the period 0 ≤ t ≤ tmax, ARFE at BOA, Φe
BOA(t), de-

creases with time in the absolute value, irrespectively of values of Co and the BC/OA ratio
(Figure 4a). This is because SSA and AF increase in the initial time interval (Figure 1b,c),
so that the effect of surface warming intensifies, i.e.,

∣∣Φe
BOA(t)

∣∣ decreases. Note that the
behavior of Φe

BOA(t) with c050 is not shown in Figure 4a, being qualitatively similar to
that with c100. As the aerosol evolution proceeds (t > tmax), the

∣∣Φe
BOA(t)

∣∣ value continues
decreasing for c010, but with c050 and c100,

∣∣Φe
BOA(t)

∣∣ increases. Possibly, this is because
the behavior of Φe

BOA(t) for small concentrations of OA is driven mostly by the behavior of
the asymmetry factor. However, the increase in C0 enhances the effect of the SSA variations,
which results in the growth of ARFE (consistent with results in [48,80,81].
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For all of the initial OA concentrations, the change in the
∣∣Φe

BOA(t)
∣∣ shows a larger

amplitude of the variation in the period 0 ≤ t ≤ tmax as compared to the subsequent period
t > tmax, with the value of the amplitude being maximal when the BC/OA ratio equals
to 6% because the SSA variability ranges for BC/OA = 1.5 and 3% are smaller than with
BC/OA = 6% at the initial evolution stage. In the second time interval, the amplitudes of
the SSA variations strongly decrease as compared to the first 7–10 h (Figure 1b,d).

Top of the atmosphere. The radiative forcing efficiency is smaller (in the absolute
value) at the top than at the bottom of the atmosphere (

∣∣Φe
TOA(t)

∣∣ < ∣∣Φe
BOA(t)

∣∣, Figure 4).
As the absorption by aerosol particles increases (with an increase of BC/OA),

∣∣Φe
TOA(t)

∣∣
decreases. This is because an SSA decrease reduces the energy available to be backscattered
towards the TOA and into the space (an analogous result was found in other studies,
e.g., [48,88].

For a low initial concentration (c010), the
∣∣Φe

TOA(t)
∣∣ value decreases during the entire

period of the evolution when the initial concentration BC/OA = 1.5% (Figure 4b). This
decrease is driven by the increase of the g0−1

0.55 (t), which turns out to be a more impor-
tant factor compared to variations in ω0−1

0.55 (t) (Figure 1d,e). As the absorption increases
(BC/OA = 6%), the opposite effects of enhancements in ω0−1

0.55 (t) and g0−1
0.55 (t) on ARFE tend

to cancel each other out (see also [88]), yielding a slightly varying value of Φe
TOA(t) for

0 ≤ t ≤ tmax. The following decrease in
∣∣Φe

TOA(t)
∣∣ is due to the warming effect owing to

the combined action of an increase in g0−1
0.55 (t) and a slight decrease in ω0−1

0.55 (t) (Figure 1d,e).



Atmosphere 2021, 12, 1555 13 of 21

In the c100 simulation, the SSA and AF effects on Φe
TOA(t) are mitigated as multiple

scattering effects play an increasingly important role when AOD is large. Nonetheless,
distinctive changes in the ARFE due to changes in SSA and AF can still be identified.
In particular, during the period of 0 ≤ t ≤ tmax,

∣∣Φe
TOA(t)

∣∣ decreases for BC/OA = 1.5%
(Figure 4b) because g0.55(t) grows with time (Figure 1c). With an increasing range of the
variability in ω0.55(t) in the simulation with BC/OA = 6%, the TOA cooling (that is, an
increase in

∣∣Φe
TOA(t)

∣∣) is mostly determined by the evolution of SSA.
Analysis of the evolution of the absorption forcing efficiency in the atmospheric col-

umn (Φe
ATM(t)) shows (Figure 5) that being weakly dependent on AOD (by definition)

Φe
ATM(t) matches the SSA variations in time (as the absorption by aerosol particles de-

creases/increases, Φe
TOA(t) decreases/increases, as in [10]). The minimal value of Φe

ATM(t)
and its narrowest variability range are observed in the c010 simulation, irrespectively of
BC/OA. This is because the difference in the absorption between the background and
smoke-polluted atmospheres is observed for a minimal initial OA concentration from the
range considered here (c010, Figure 3a). We also note that, independently of BC/OA, the
Φe

ATM(t) values with c050 and c100 differ most strongly at the beginning of the evolution
process, seemingly due to the strong difference in SSA, and then become closer in magni-
tude as the magnitude of the difference in the SSA values for the different cases becomes
smaller (Figure 1b).
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4. Discussion

In this section, we would like to highlight the key findings from our analysis and
discuss their possible implications for other modeling studies of the radiative effects of BB
aerosol. We will also briefly discuss the limitations of our analysis.

One of our most important findings is that the radiative forcing efficiency of BB aerosol
at TOA (Φe

TOA) is not significantly affected by the OA oxidation processes. More specifically,
the changes in the intensive optical properties (SSA and AF) of BB aerosol, which occur as a
result of the OA transformations due to the oxidation processes and can be very profound
according to both our simulations and available observations [14,32,34], are not found to have
a major impact on Φe

TOA. As noted above (Section 3.2), this result can be explained by a partial
compensation of the opposite effects of, on the one hand, an increase (decrease) in SSA and,
on the other hand, an increase (decrease) in AF and an enhancement (diminishing) of the role
of the multiple scattering. Accordingly, it seems reasonable to expect, that the evolution of the
ARF by real large-scale BB plumes is very closely associated with the evolution of AOD, at
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least when it is possible to disregard the BB aerosol aging processes which were not addressed
in our analysis (such as deposition, coagulation, humidification of particles, and changes in the
BrC absorption). In other words, our result indicates that AOD can be used as a good proxy
for studying the impact of the OA evolution on the ARF, as was suggested earlier [45], and
that the focus in the validation of the representation of BB organic aerosol evolution in models
of various complexities should be given to comparing the simulated and modeled evolution
of AOD (as was done in our previous studies [33,34]). However, as a caveat, it should be
noted that since our box model simulations are designed to be representative of the evolution
of only large-scale BB plumes originating from Siberian fires, the above does not necessarily
mean that an effect of the changes in the intensive optical properties of aging BB aerosol on the
evolution of the ARFE at TOA is always quantitatively negligible, irrespective of the region of
the world and the fire size. It should also be noted that although the Φe

TOA does not change
considerably as a result of BB aerosol aging in our simulations, it can significantly (by a factor
of two or more) differ for different initial OA concentrations, mainly as a manifestation of the
effect of the multiple scattering. Hence, assuming a fixed linear relationship between AOD
and ΦTOA would not always be correct.

We also found that changes in the intensive optical properties of BB aerosol can make a
considerable impact on the evolution of ARF at both the bottom of the atmosphere and within
the atmospheric column (ΦBOA and ΦATM), as evidenced, in particular, by strong variations
in the corresponding values of ARFE (Φe

BOA and Φe
ATM). Consistent with these variations, the

maximum changes in both ΦBOA and ΦATM are found to be several times smaller than those
in the variations of AOD. Furthermore, variations in Φe

BOA and Φe
ATM are found to be strongly

sensitive both to the BC/OA ratio and the initial concentration of OA (C0). In particular,
an increase in C0 not only strongly enhances the variations in both Φe

BOA and Φe
ATM but

also results in qualitative changes in the evolution of Φe
BOA, leading to the nonmonotonous

behavior of this characteristic with C0 = 100 µg/m3 instead of the monotonous growth with
C0 = 10 µg/m3. Interestingly, the dependencies of the Φe

BOA and Φe
ATM on C0 are practically

not associated with the intrinsic nonlinearity of the OA system [44,46] but are rather a
manifestation of the nonlinearity of the relationship between the atmospheric load of BB
aerosol and its radiative properties due to the multiple scattering on the radiative fluxes. We
believe that these findings contribute to the fundamental understanding of the impact of OA
evolutions on the radiative and climate impacts of BB aerosol.

A more practical aspect of our results concerns possible biases in simulations of the BB
radiative effects using 3D models of various complexities. Specifically, if the OA evolution
is disregarded in a model, and the aerosol optical properties correspond to those of fresh
aerosol, both Φe

BOA and Φe
ATM will likely be overestimated in absolute value in a region

(such as the Arctic) dominated by aged BB aerosol (presuming that the simulated AOD
agrees with the corresponding observations in the region), leading to either a negative bias
in the surface temperature due to too strong cooling of the surface or a positive bias in it
due to too strong heating of the near-surface air. Note that although ΦBOA and ΦATM are
less frequently reported in the literature than ΦTOA, they are nevertheless important factors
in the context of the regional climate impacts of aerosol, and as such have been estimated
for various types of aerosol in many studies [10,48,90–93].

We would like to emphasize that this paper presents the first experience of an in-detail
modeling study of the effects of the atmospheric transformation of the organic component
of BB aerosol on the radiative forcing of OA and its efficiency. The results of this study
have a qualitative (rather than quantitative) character, which is an inevitable consequence
of using a box model. This kind of model is not expected to ensure quantitatively accurate
representation of the complex atmospheric processes. However, a box model is an indis-
pensable tool when the task is to entangle intertwined effects of the multiple processes
driving the atmospheric evolution of BB aerosol [44–46,94]. Ultimately, results of the box
model analysis can provide a better understanding of the contribution of individual factors
to the radiative effects of BB aerosol and can guide planning and interpretation of dedicated
field studies [21,45]. Note that deducing the differences between the radiative effects of BB
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aerosol of the different ages directly from observations is possible but challenging particu-
larly because of the strong variability of the optical properties of BB aerosol originating
from different fires [95].

It should be kept in mind that this study is limited by consideration of only the ARF
changes that can occur as a result of the OA oxidation processes. At the time scale of several
days, the evolution of the optical and radiative properties of BB aerosol can be significantly
affected by other processes, such as dilution, coagulation, and deposition. In particular,
dilution is likely to result in faster evaporation of both POA and SOA components from
the particles [44,46], leading to a shift of the accumulation mode to smaller particles and an
increase of the BC/OA ratio. The exact effects of these changes on the ARF are difficult to
predict but most likely they will counteract the changes associated with the formation of
SOA. Conversely, the coagulation effect will likely be manifested in the increase of both
SSA and AF (as a result of a shift of the size distribution to bigger particles [14,96]). We also
expect that dry deposition does not have a significant impact on ARFE, since it is likely
to mostly affect coarse particles [97] at the time scale considered, which do not contribute
significantly to the optical properties of BB aerosol at the UV and visible range [98].

Finally, it should also be noted that our simulations of the OA evolution were per-
formed using a highly simplified VBS scheme. The main advantage of this scheme is that
it was shown [34] to adequately reproduce the evolution of some key optical properties
of a large-scale plume originating from Siberian fires, including AOD at 550 nm and SSA
at 388 nm. However, the simplified character of this scheme means that the assumed
simplified representation of the oxidation processes can compensate for some effects which
are not taken into account in our simulations, including the effects of the transition of
the phase state of OA particles [98], particle viscosity [99], inhomogeneous mixing of the
organic solutions [100], and SOA photolysis [101]. The role of these effects in the evolution
of BB aerosol and its optical and radiative properties is presently poorly known, especially
in Siberia, and should be clarified in future studies. Further studies are needed to examine
possible changes in the evolution of the ARFE due to BrC absorption [49,102,103] which
has also been disregarded in the simulation presented in this paper.

5. Conclusions

In this paper, we presented the results of the numerical analysis of the changes in the
radiative forcing of BB aerosol due to the atmospheric photochemical aging of its organic
component. The analysis was based on simulations performed using a microphysical box
model [46], a Mie code [57], and a radiative transfer code [60].

The photochemical evolution of BB OA was simulated for a 120 h interval by using
a simplified VBS scheme which was introduced in a previous study [34]. In this scheme,
primary and secondary SVOCs are split respectively into two and three volatility classes
whose chemical evolution is driven by oxidation reactions with the hydroxyl radical. It
takes into account the formation of secondary organic aerosol as a result of the oxidation
of volatile organic compounds (VOCs) and primary semivolatile components of organic
aerosol (POA). The key advantage of this scheme is that it was shown (using satellite
observations) to adequately reproduce the multiday atmospheric evolution of AOD in
BB plumes originating from forest fires in Siberia [34]. Given the focus of this study on
the effects of oxidation processes on the BB aerosol radiative properties, we disregarded
coagulation and deposition of the particles. We also disregarded dilution, as our analysis
was restricted by an idealized limiting case of BB plumes from large-scale fires, for which
the dilution is very slow.

The optical properties (AOD, SSA, and AF) of BB aerosol were computed for three
initial values of the OA mass concentration (C0 = 10, 50, and 100 µg/m3) and three initial
values of the mass ratio of BC and OA (BC/OA = 1.5, 3, and 6%), which were intended
to cover a considerable part of the range of variability of these parameters in Siberian BB
plumes. Qualitatively consistent with previous 3D model simulations of the evolution
of AOD in Siberian BB plumes [34], our box model simulations demonstrated a rapid
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increase in AOD during the initial 7–10 h, followed by a much slower decrease. Such
nonmonotonous AOD behavior is due to the rapid formation of SOA as a result of oxidation
of VOCs иPOA and consecutive volatilization of part of SOA as a result of fragmentation
reactions. Since the formation and volatilization/degradation of SOA are associated with
variations of the BC/OA ratio, the same factors were the drivers of the rapid increase and
slower decrease in SSA (which is mostly determined by the BC/OA ratio) at the initial
and later stages of the simulations, respectively. The asymmetry factor, which is mostly
controlled by the particle size distribution, is also found to initially enhance with time, but
its dependence on the aerosol photochemical age becomes close to neutral after 7–10 h.

Our calculations of the broadband fluxes (0.2–5 µm) in the background atmosphere
were carried on the base of a “continental average” model [70] that was designed to
represent the typical aerosol optical characteristics under summer conditions in western
Siberia [61]. The same model was used for the computation of the radiative characteristics
of the smoke-polluted atmosphere, assuming that BB aerosol occupies the 1 km-thick
lowest layer of the atmosphere.

With the assumed values for the characteristics of atmosphere and the underlying
surface (moderate values of SSA for the background aerosol and relatively low albedo of
the underlying surface), the BB aerosol is found to have a cooling effect at both top and
bottom of the atmosphere (TOA and BOA). The cooling effect is more pronounced at BOA
than at TOA. As could be expected, variations in the aerosol radiative forcing (ARF) are
closely related to those in AOD. The ARF (negative) at both boundaries of the atmosphere
increases (that is, it becomes smaller by the absolute value) or decreases as a result of a
decrease or an increase in the BB aerosol loading, respectively, whereas the ARF (positive)
in the atmospheric column demonstrates an increasing dependence on AOD.

To analyze the effects of the scattering and absorption properties of BB aerosol on its
radiative forcing, we considered the ARF efficiency (ARFE) that is defined as the ratio of
the ARF to AOD. The dependence of ARFE on the BB aerosol photochemical age is found
to be complex, being formed under the effect of variations in both SSA and AF. The effects
of these factors either compete (at the top of the atmosphere) or reinforce each other (at the
bottom of the atmosphere). Specifically, an increase in SSA intensifies or diminishes the
cooling at TOA and BOA levels, respectively, whereas an increase in AF diminishes the
cooling, also at both TOA and BOA. An increase in AOD tends to dampen the effects of
SSA and AF due to an enhancement in the multiple scattering effects.

The results of our simulations also indicate that the ARFE is sensitive to the initial
values of both OA concentration (C0)and the BC/OA ratio.

- At the bottom of the atmosphere, the Φe
BOA(t) increases (that is, its absolute value

becomes less) during the entire evolution process when C0 is small (10 µg/m3), which
is mostly due to the dominant role of the asymmetry factor whose growth leads
to an increase in the downward radiation fluxes. With much larger initial aerosol
concentration increases (C0 = 100 µg/m3), the Φe

BOA(t) still initially increases but
decreases at the second stage of the evolution;

- At the top of the atmosphere, the Φe
TOA(t) increases (decreases by the absolute value)

for the entire period of the simulation with the lowest C0 and BC/OA values due
to the predominant influence of the changes in AF. As the BC/OA ratio increases,
the competing effects of SSA and AF tend to compensate each other, resulting in a
weaker dependence of ARFE on the photochemical age. An increase in the initial OA
concentration up to C0 = 100 µg/m3 results in a more complex dependence of the
ARFE on SSA and AF becomes due to the stronger effects of multiple scattering;

- The dependence of the ARFE in the atmospheric column on the OA photochemical
age is mirroring the corresponding dependence (taken with an opposite sign) of SSA:
that is, the ARFE decreases or increases with an increase or decrease of SSA.

It should be noted that the radiative fluxes reported in this paper were calculated
assuming constant characteristics of the atmosphere (except for those of BB aerosol) and the
underlying surface (mixed forest), as well as the solar zenith angle (SZA = 35◦ at noon on
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mid-summer at the latitude of Tomsk). Addressing a wider range of SZA and underlying
surface types, as well as accounting for the variety of atmospheric situations is likely to
entail some changes in the revealed regularities in the ARF and ARFE evolution. These
possible changes will need to be identified in future studies. In addition, the use of more
complex (chemically speciated) representations of the photochemical evolution of BB OA
in future studies is needed to clarify the role of actual organic components in the evolution
of the radiative effects of BB aerosol. Finally, we would like to emphasize that this study
was focused on the analysis of only daytime evolution of the radiative forcing of BB aerosol
due to gas-phase oxidation processes. Possible effects of other processes underlying the
atmospheric aging of BB aerosol on the ARF and ARFE evolution should be addressed in
dedicated studies.
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