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Abstract—We describe a computational technology for studying the effects of the aerosol-radiation interac-
tion and calculating regional estimates of the direct (DRE) and semidirect radiative effects (SDRE) of bio-
mass burning (BB) aerosol based on simulations with the CHIMERE chemistry transport model coupled
with the WRF meteorological model. The technology was applied to numerical studying the radiative effects
of Siberian biomass burning aerosol in the eastern Arctic in the period of July 16–31, 2016. The model simula-
tions show that Siberian smokes, on the whole, had a significant cooling effect on the atmosphere in the eastern
Arctic in that period due to the DRE, the value of which at top of the atmosphere was, on average, −6.0 W m−2,
being minimal over the snow-ice cover of the ocean (−1.2 W m−2). At the same time, the contribution of the
Siberian BB aerosol DRE to the radiative balance of the Arctic atmosphere is found to be offset to a certain
extent by the SDRE, which is positive (2.0 W m−2), on average. The SDRE is formed as a result of the multihour
aerosol effect on meteorological processes and plays the most important role over the snow-ice Arctic covers,
where it exceeds the DRE in absolute value. It has been shown that the SDRE of Siberian BBA in our numerical
experiments is mainly due to scattering (rather than absorption) of radiation by aerosol particles.
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INTRODUCTION
Atmospheric aerosol introduces a significant con-

tribution to the radiation balance of the Arctic atmo-
sphere, thereby influencing the rapid climate change
in this region [1]. In the general case, aerosol impacts
the radiative f luxes through radiative effects, differing
by their origin, namely:

— The aerosol–radiation interaction (ARI), com-
prising the direct radiative effect (DRE) [2], which is
caused directly by absorption and scattering of radia-
tion by aerosol particles, and semidirect radiative
effect (SDRE) [3], which develops as a result of the
DRE influence on thermal structure of the atmo-
sphere and on clouds.

— Aerosol–cloud interaction [4], associated with
the effect of condensation nuclei on cloud formation
and cloud dynamics.

— Radiative effect acting to reduce the snow-ice
surface albedo as a consequence of deposition of
absorbing aerosol components, and primarily black
and brown carbon, on the surface [5].

Landscape fires in northern Eurasia, most severe in
Siberia, are known to be one of the main sources of
aerosol in the Arctic during the warm period of the
year [6]. However, in contrast to radiative and climatic
effects of anthropogenic aerosol, which are the subject
of many studies, similar effects of biomass burning (BB)
BB aerosol (BBA) are still poorly understood. Among
the studies of the BBA radiative effects in the Arctic, we
can mention those in which local estimates of biomass
burning aerosol DRE were obtained using data of mea-
surements [7–9]. The authors of work [1], carried out
using a few global chemistry transport models (CTMs),
estimated different radiative effects both due to
anthropogenic aerosol and to smokes in the Arctic,
and sources from a few regions in the Northern Hemi-
sphere were separately considered. Certain model esti-
mates of the BBA radiative effects were published pre-
viously [10–14] as a minor part of research into global-
scale ARI.

The large differences between BBA radiative effects
in the Arctic obtained using different models within an
ensemble of numerical experiments [1, 12] indicate
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the high uncertainties of the model estimates. In turn,
these uncertainties stem from well-known uncertain-
ties existing in model representations of the sources [6,
14, 15], atmospheric conversions, and BBA optical
properties [16–19].

One of the promising approaches to studying
numerous factors, which determine the BBA optical
and radiative properties and are responsible for uncer-
tainties in model estimates of BBA radiative effects
under the conditions of a specific territory, is based on
application of regional three-dimensional models, in
which the totality of meteorological and chemical pro-
cesses in the lower atmosphere is taken into account
with a high degree of detail, atypical for global and cli-
mate models. The meteorological chemical model
WRF-CHEM [20–22], as well as the model complex
relying on CTM CHIMERE coupled with the WRF
model [15–17, 23] was applied within this approach in
a number of studies. An important feature of the
WRF-CHEM model is the “online” method for cal-
culating the transport and chemical conversions of
aerosols and gases, within which these processes are
simultaneously calculated with meteorological char-
acteristics and affect them through disturbances of
radiative f luxes and/or concentrations of condensa-
tion nuclei. Due to this feature, the application of
WRF-CHEM to estimation of the aerosol DRE and
SDRE separately is difficult because the online calcu-
lated radiative f luxes are simultaneously determined
by both ARI effects.

On the other hand, the CHIMERE CTM was orig-
inally designed for the so-called “offline” simulations,
evaluating the chemical processes and transport using
preset characteristics of the meteorological processes
[24]. Simulations CHIMERE does not provide radia-
tive f lux simulations; therefore, CHIMERE cannot
calculate any radiative effects of aerosol when used
jointly with WRF in offline mode. However, the radi-
ative effects of different aerosol types can now be stud-
ied with CHIMERE updated to a new version,
enabling both online and offline simulations of the
aerosol transport and conversions [25–27].

The purpose of this work is to study how the
CHIMERE-WRF model complex can be used to
study the ARI of Siberian BBA in the eastern Arctic
and to separately estimate DRE and SDRE. Other
BBA radiative effects (including the effects of the
aerosol–cloud interaction) are beyond the scope of
this work.

Our research is based on the development and sub-
sequent application of original method (computa-
tional technology) for the DRE and SDRE calcula-
tion. In contrast to similar methods, applied previ-
ously in WRF-CHEM-based studies [20, 21], we
suggest rejecting the assumption that the occurrence
of BBA SDRE is uniquely related to the presence of
black carbon (or other absorbing components) in BBA
composition, which allows estimation of not only the
ATMOSPHE
contribution of absorption, but also of scattering of
radiation by aerosol particles to SDRE. Numerical
experiments performed within this work cover a rela-
tively short period (the second half of July 2016), when
severe wild fires occurred in Western Siberia.

1. COMPUTATIONAL TECHNOLOGY 
FOR BIOMASS BURNING AEROSOL DRE 

AND SDRE ESTIMATION
The initial task of the suggested computational

technology is to estimate the ARI effect (ΦARI) at the
top and bottom of the atmosphere. The ΦARI values in
a given model cell at a given time are assumed to be
related to the model-calculated radiative f luxes at the
top or bottom of the atmosphere by the following gen-
eral formula [19]:

(1)
where F are the total radiative f luxes in the UV, visible,
and thermal spectral ranges at a given atmospheric
level; the superscript “all” indicates the f luxes in the
calculation assuming that the atmospheric aerosol
content is determined by all main sources, including
BBA sources (i.e., landscape fires), “bg” marks the
fluxes calculated without BBA sources; and arrows
indicate the f lux directions.

It is important to note that the differences of the
fluxes Fall and Fbg are generally determined not only by
scattering and absorption of radiation by BBA parti-
cles (i.e., not only by DRE), but also by differences in
other atmospheric parameters which affect the propa-
gation of solar radiation in the atmosphere. Those dif-
ferences between Fall and Fbg, arising due to the redis-
tribution of the solar radiative energy inside the atmo-
sphere by the BBA particles, determine SDRE [3],
which is of special interest in the context of the present
work. In other words, ΦARI comprises both BBA DRE
and BBA SDRE, the values of which are denoted
below as Φd and Φsd (here, d stands for direct; and sd
for semidirect). In contrast to DRE, which appears
(disappears) at a given point in the atmosphere almost
instantaneously after a smoke plume appears (disap-
pears) at this point, the SDRE formation, by defini-
tion, is long-lasting (accumulative) in character.
Based on these considerations, within this work the
ΦARI estimate, like the Φsd estimate, is assumed to be a
function of the calculational parameter τ, which is
taken into account in numerical experiments and
quantifies how long does the atmosphere adapt to the
BBA radiative effect:

(2)
Based on Eq. (2), the Φd can be estimated as the value
of ΦARI at τ = 0:

(3)
and Φsd(τ), as the difference ΦARI(τ) − ΦARI(0).

↓ ↓ ↑ ↑Φ = − − −all bg all bg
ARI ( ),F F F F

Φ τ = Φ + Φ τARI d sd( ) ( ).

Φ = Φd ARI(0),
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Fig. 1. Schematic representation of the computational
technology to estimate the BBA DRE and SDRE using
CHIMERE and WRF model simulations: (a) the first
(off line) stage of the simulations, outputting the concen-
trations С of the considered admixtures as functions of
coordinates of three-dimensional space х and time t;
(b) the second (online) stage of the simulations, output-
ting spatiotemporal fields of radiative f luxes F(x, t).
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Since all parameters included in Eqs. (2) and (3),
vary in space and time (being independent of spatio-
temporal fields of aerosol sources and meteorological
parameters), it is useful to average their values over
quite a long period of time (a week or longer) and over
quite a large region (with characteristic sizes of a thou-
sand of kilometers or more). In this work, it is assumed
that ΦARI and Φsd, thus averaged, relatively rapidly
approach (on timescale of a few hours) to certain limit-
ing values as τ increases; therefore, their reasonable esti-
mates, characterizing these radiative effects in the real
atmosphere, can be obtained for a preset finite τ. The
validity of this assumption is confirmed (at least partly)
by numerical experiments presented in section 3.

The radiative f luxes are calculated by WRF and are
its standard output parameters. To account for
changes in these values as a result of aerosol–radiation
interaction, CHIMERE transfers to WRF the values
of key aerosol optical characteristics, including aerosol
optical depth (AOD), single scattering albedo (SSA),
and asymmetry factor (AF), for a number of wave-
lengths covering UV, visible, and near-IR ranges in
online mode at each integration step (usually taken to be
10 min) and for each three-dimensional grid cell [27]. It
is noteworthy that the offline mode makes it possible
to calculate the changes in the atmospheric composi-
tion after disabling BBA sources for fixed meteorolog-
ical parameters, which is required for the DRE esti-
mation.

Thus, the computational technology developed for
the DRE and SDRE calculations comprises a combi-
nation of online and offline simulations that can be
split into two stages.

During the first (preparatory) stage (Fig. 1a), the
software performs a series of successive 6-hour WRF-
based simulations, covering the period under consid-
eration (16 days in our work), using “cold” start (i.e.,
using global data as initial conditions) for each of the
successive simulations. The six-hour interval is equal
to the time step in the global reanalysis data used in the
simulations, and can be reduced. During this stage,
the software performs in parallel a series of
CHIMERE-based offline simulations (with meteoro-
logical data available from WRF) with and without
accounting for emissions from fires. The series of the
CHIMERE simulations starts with global (climato-
logical) initial conditions, and every next six-hour cal-
culation uses results from preceding model run as ini-
tial conditions.

During the second stage, the software performs a
series of online simulations (Fig. 1b) taking into
account the ARI for the BBA DRE and SDRE estima-
tion. Like during the preceding stage, each of the WRF
simulations starts with preset global initial conditions.
The CHIMERE simulations, performed in parallel,
are initialized using concentrations of gaseous and
aerosol components found during the first stage. At
the very beginning of each six-hour interval, the radi-
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36  No
ative f luxes are calculated with and without account-
ing for BBA at nearly the same state of the atmo-
sphere, thereby characterizing DRE. At the same
time, these simulations, continued over the time inter-
val τ make it possible to characterize the BBA SDRE
(as a function of τ).

Indeed, the difference between meteorological
parameters in the considered pairwise online calcula-
tions starting with the same initial (meteorological)
conditions with and without accounting for the BBA
sources is exclusively determined by the counteraction
of biomass burning aerosol on meteorological pro-
cesses. For each time instant and in each model cell,
these differences are generally stochastic in character,
reflecting the unstable and stochastic properties inher-
. 4  2023



340 KONOVALOV et al.
ent in atmospheric meteorological processes. How-
ever, after these simulations are averaged over space
and time, we can identify a stable tendency in the dif-
ferences between radiative f luxes and, thereby, esti-
mate BBA SDRE.

These simulations during both stages are per-
formed both with and without accounting for the
emissions of aerosol and gaseous admixtures from
Siberian wildfires. In this work, the time between suc-
cessive starts of the model (ti + 1 – ti) = 6 h. The maxi-
mal period (τ) of online simulations is 48 h.

The radiative f luxes calculated by the end of each
online computer run are used to estimate ФARI from
Eq. (1). The Фd and Фsd are estimated by Eqs. (2) and (3).
The estimates obtained for six-hour counts are aver-
aged over the entire period under study and (if neces-
sary) over the region under study.

We note that, should DRE be exactly calculated,
the uncertainties of the SDRE estimates would be pri-
marily associated with the errors in the transport of
smoke plumes due to errors in the meteorological
forecast performed within the online simulations.
Probably, these uncertainties increase in situations
with high spatiotemporal variations in smoke density;
however, even in these cases, the abovementioned
procedure of spatiotemporal averaging of initial esti-
mates favors the reduction of uncertainty of final esti-
mates of radiative effects.

When using the CHIMERE-WRF complex, the
ФARI can be numerically estimated in an alternative
way based directly on successive online simulations,
analogous to offline computations during the first
stage of the above described technology. In this case,
every next WRF run should be initiated using meteo-
rological data calculated in the preceding run; and a
procedure of spectral nudging provided in WRF
should be used so that meteorological data obtained
for a long period would not significantly deviate from
reanalysis data [28]. However, this simulation proce-
dure does not allow one to estimate DRE and SDRE
separately (which is the aim of the above technology);
and the ФARI estimates turn out to be dependent on
the nudging parameters. A more detailed consider-
ation of this alternative method of estimating the ARI
effect is beyond the scope of out work.

2. NUMERICAL EXPERIMENTS
The above-described computational technology

was applied in numerical experiments aimed at esti-
mating the radiative effects of Siberian BBA for
July 16–31, 2016. This was the period when in Siberia
ATMOSPHE
there were large wild fires that caused smoke pollution
on the scales of a few thousand kilometers [17, 29].
The simulations mainly used the typical options and
parameterizations recommended by CHIMERE
developers and described comprehensively in devel-
opers’ review papers [24, 27], as well in the model
documentation (https://www.lmd.polytechnique.fr/
chimere/docs/). Below, we briefly describe the con-
figurations of the performed simulations and indicate
a number of specific software features which are very
significant in the context of the present research.

The simulations were performed on the common
CHIMERE/WRF horizontal grid with a resolution of
90 km2, which covered, in addition to the region of the
eastern Arctic (i.e., the region extending poleward of
66.5° N in the Eastern Hemisphere) considered in this
work, all Europe and most of Asia (Fig. 2). This cov-
erage allows the simulations to take into account all
the main atmospheric pollution sources in the eastern
Arctic. In the vertical direction, the CHIMERE and
WRF computational grids encompass, respectively, 15
and 33 levels, the uppermost of which correspond to
the 200 and 50-hPa pressure levels. The numerical
experiments were performed to calculate simultane-
ously the mass concentrations of particles of smoke,
anthropogenic, biogenic, mineral, and marine aero-
sols. Aerosol particles of all types were divided into
10 ranges of diameters from 10 nm to 40 μm. The
dynamics of aerosol particle mass concentration in
each of the size ranges was determined by emissions of
the primary aerosol, advective and turbulent trans-
port, coagulation, dry and wet deposition, mass
exchange in the “gas–particles” system, as well as gas-
phase oxidation reactions leading to the formation of
the substance of the secondary organic and inorganic
aerosols. The concentrations of oxidizers (OH, NO3,
and O3) were determined by calculating the concen-
trations of 59 gas admixtures taken into account within
the simplified chemical mechanism MELCHIOR2.

In view of unavoidable large uncertainties, inherent
in the well-known methods for describing the evolu-
tion processes of the organic component of biomass
burning aerosol [16–18], and in an attempt to simplify
the interpretation of results, in this work we used one
of the simplest model representations of organic
aerosol (OA) among standard ones in the
CHIMERE distribution kit, namely, the representa-
tion from [30] corresponding to the configuration
parameter soatyp = 2 in the model. Work [30] indi-
cates that the primary OA is composed of nonvolatile
organic compounds; and the secondary aerosol is
formed in a single-step reaction of few gas-phase pre-
Fig. 2. Spatial distributions of AOD (550 nm) averaged over time (July 16–31, 2016) from (a) model simulations and (b) MODIS
satellite measurements; (c) time series of calculated (both with and without accounting for Siberian fires) and measured AOD
averaged over the eastern Arctic, and weighted average SSAs (550 nm) in the aerosol column. In panels (a) and (b), the Siberian
regions, for which the BBA emissions were optimized is outlined; r is the correlation coefficient between measured and calculated
AOD values.
RIC AND OCEANIC OPTICS  Vol. 36  No. 4  2023
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342 KONOVALOV et al.
cursors (toluene, tetramethylbenzidine, n-butene,
and xylene) with the hydroxyl radical (OH), and its
components possess low volatility, which can be
neglected under the typical conditions in the lower
atmosphere. This representation seems to strongly
underestimate the formation rate of secondary OA in
the initial period (10–15 h into the simulation) of
atmospheric evolution of smokes [16, 19]. Siberian
smokes can hardly reach the Arctic in the first few hours
of their evolution; therefore, the effect of the secondary
OA on estimates of BBA radiative effects can be taken
into account by increasing OA emissions from Siberian
fires. We note that a typical BBA “age” in the Arctic is
two days or longer according to estimates within simu-
lations using the “tracer” analysis [17].

In complying with the method developed previ-
ously [15], constant correcting factors, fOA and fBC,
were applied to “standard” (see discussion below) OA
and black carbon emissions, respectively, from Sibe-
rian fires. The factor fOA = 2.2 satisfies the following
condition:

(4)

where AODm and AODo are the calculated and
observed AOD values at 550 nm; angular brackets
mean the averaging over the eastern Arctic and the
period under study, and ε is a small number taken to be
0.03. Satellite data retrieved from MODIS measure-
ments of aerosol were used as observed AOD values
[31]. The initial level 2 MODIS data were processed
and translated to the model grid, as described previ-
ously in works using analogous data [15–17]. The esti-
mate fBC = 1.5 was obtained using the ratio of Siberian
smoke emissions of black and organic carbon, which
was optimized in [15] after the analysis of data from
satellite measurements and three-dimensional
CHIMERE modeling, with the same simplified OA
representation being used as in the present work. Ful-
fillment of condition (4) is achieved by varying fOA
(and fBC, linearly related to the former) during an iter-
ation process [15], which rapidly converges in this sit-
uation because the contribution of organic aerosol to
AODm is, on average, dominant (>90%).

The evaluated mass concentrations of aerosol
admixtures and preset values of their complex refrac-
tive indices were used to calculate the aerosol optical
properties (AOD, SSA, and IF) within CHIMERE
based on the Mie theory. The absorption of solar radi-
ation by the organic BBA component, i.e., by brown
carbon, was taken into account assuming that the
imaginary part of refractive index k for all model AO
components in smokes from Siberian fires at a given
wavelength λ is equal to the same constant value
kOA(λ) (which power-law depends on λ in UV and
visible wavelength ranges) and to zero in the IR spec-
tral range. Based upon the analysis of data from
remote sensing of smoke plumes from Siberian fires

−
− < ε

1m o oAOD AOD AOD ,
ATMOSPHE
at AERONET stations [32] and upon laboratory
measurements of the optical properties of smokes
[33, 34], we have: kOA(440 nm) = 0.0023, and the
exponent of the power-law dependence kOA(λ) is −4.0.
The value kOA(388 nm) = 0.0038 calculated accord-
ing to this dependence is consistent with the analysis
of satellite measurements for Siberian smoke plumes
that have resided in the illuminated atmosphere for
over 20 h [35].

“Standard” (see discussion above) emissions of gas
and aerosol admixtures from fires into the atmosphere
were specified in each model grid cell with 1-hour res-
olution using the CAMS-GFAS global database [36].
This database aggregates the estimates of emissions
obtained using satellite measurements of the fire radia-
tive power [37]. The hourly anthropogenic emissions of
aerosol and gas admixtures were calculated using the
CAMS regional anthropogenic emission inventory [38].
The emissions of biogenic, mineral, and marine aero-
sols were calculated directly by CHIMERE using
parameterizations and databases, whose description
and validity issues were dealt with in the model docu-
mentation and papers [24, 27].

In total, our simulations covered the period from
July 1 to 31, 2016, with the first 15 days considered as
a transition period and omitted in the subsequent
analysis. Data calculated by the LMDz4_INCA3
global climatological model, which are a part of the
CHIMERE distribution kit, were used as initial and
boundary conditions for the concentrations of gaseous
substances and aerosols. The initial and boundary
conditions for meteorological parameters were speci-
fied using global data from NCEP final reanalysis
(https://rda.ucar.edu/).

The simulations were performed using computa-
tional technology described in section 1, both with and
without accounting for the emissions from Siberian
fires. In addition, we performed a test calculation, in
which BBA was modeled as a nonabsorbing compo-
nent (SSA = 1) for the same emissions of primary OA
and gas admixtures.

The calculated AOD values are compared with sat-
ellite measurements in Fig. 2. In particular, we can
note that the regions of increased AOD in Western
Siberia and in European Russia stand out in the spatial
distributions of both calculated and measured AODs
(see Figs. 2a and 2b), the origin of which was shown
previously [17] to be due to Siberian fires. The model
underestimates the AOD in Western Siberia, nonethe-
less looking realistically on the whole. The model ade-
quately reproduces the mean level and a considerable
part of time variations in the retrieved AOD in the
eastern Arctic (see Fig. 2c). Although the validation
of the model SSA simulations is beyond the scope of
the present work, the calculated values of this
important characteristic (see Fig. 2c) are quite high
(∼ 0.91–0.99) and close to those typical for boreal
smokes [32, 39].
RIC AND OCEANIC OPTICS  Vol. 36  No. 4  2023
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Table 1. Radiative effects (W m−2) of Siberian BBA at the top (TOA) and bottom of the atmosphere (BOA) averaged over
time (July 16–31, 2016) and space (over the entire eastern Arctic or only over a part of its territory covered by ice or snow)

Entries before and after slash are calculated, respectively, with and without accounting for absorbing components in the composition
of Siberian smokes.

Radiative effect
Eastern Arctic Snow-ice surface

TOA BOA TOA BOA

DRE −6.0/−6.7 −6.7/−5.4 −1.2/−2.7 −2.0/−1.4
SDRE 2.0/1.9 1.8/1.5 1.6/1.6 1.2/0.9

ARI −4.0/−4.8 −4.9/−3.9 0.4/−1.1 −0.8/−0.5
3. RESULTS OF NUMERICAL EXPERIMENTS

Based on the model simulations in accordance
with computational technology suggested here (see
section 1), we estimated the direct and semidirect
effects (Φd and Φsd), as well as the total ARI effect (ΦARI)
of Siberian biomass burning aerosol in each model
grid cell for July 16–31, 2016, taking into account the
radiative f luxes in UV, visible, and IR spectral ranges.
The spatial distributions of the values of these effects
at the top of the atmosphere averaged over the period
specified are shown in Fig. 3. The spatially averaged
radiative effects, pertaining only to the region of the
eastern Arctic, are presented in Table 1. They corre-
spond to τ = 48 h (see section 1).

The spatial distribution of the DRE estimates
(Fig. 3a) shows that the DRE is negative in almost all
the simulation domain. In other words, Siberian
smokes mainly cool the atmosphere, primarily
because scattering of incoming solar radiation by
weakly absorbing aerosol particles predominates over
its absorption. The DREs, largest in absolute value
(>30 W m−2), were obtained over the territory of West-
ern Siberia, where smoke plumes were the densest (see
Figs. 2a and 2b). A significant, though much weaker,
BBA radiative effect (>5 W m−2 in absolute value) is
also manifested over a substantial part of the eastern
Arctic. The DRE of Siberian BBA at the top of the
atmosphere averaged over the entire eastern Arctic is
−6.0 W m−2 (Table 1). The cooling effect of BBA is
even stronger at the bottom of the atmosphere
(−6.7 W m−2), in particular, because a portion of solar
radiation is absorbed by black and brown carbon in the
atmospheric depth. When there is no black and brown
carbon in the BBA composition, the DRE increases
(decreases) in absolute value at the top (bottom) of the
atmosphere. On the whole, the presence of absorbing
components in BBA composition in the eastern Arctic
offsets only a little more than 10% of the cooling effect
of BBA, which is determined by scattering compo-
nents. The role of black and brown carbon is much
more significant over the snow-ice cover of the ocean,
where these components offset more than a half of the
cooling BBA effect (which is known to weaken over
surfaces with a high reflectance). We note that the pre-
dominance of negative DRE values of BBA in the Arc-
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36  No
tic, revealed in the abovementioned model simula-
tions, is consistent with the previous observation-
based analysis [6], however, not going quite hand in
hand with certain model studies [9, 11].

In contrast to DRE, the SDRE values are predom-
inantly positive (see Fig. 3b). They are much smaller
than the corresponding DRE in absolute value, but
comparable in the order of magnitude. On the average
over the entire eastern Arctic, SDRE offsets approxi-
mately 30% of DRE, indicating the significance of this
effect in the context of the problem of estimating the
ARI effects in the Arctic. The role of the BBA SDRE
is most significant over snow-ice covered surfaces. In
this case, the semidirect effect exceeds the direct effect
in absolute value and leads to the positive ARI effect
(0.4 W m−2). The region of positive values of the ARI
effect poleward of polar circle is highlighted in Fig. 3c
as a large yellow spot northward of 70° N and largely
coincides with the region of ice cover that persisted in
the Arctic into late July 2016. We note that the radia-
tive balance in the Arctic is especially important to
know over snow-ice surfaces because its changes can
either speed up or slow down the reduction of the snow
cover and, in particular, as a consequence of the “ice–
albedo” feedback [40]. In this context, the simula-
tions, performed in this work, indicate that SDRE
should be considered, in addition to the radiative
effects of black carbon depositions, as a significant
factor acting to increase the Arctic atmospheric tem-
perature.

As was already indicated above, the estimates of the
SDRE and of the ARI effect, presented in Fig. 3 and in
Table 1, were obtained for a fixed duration of radiation
effect of Siberian BBA on the meteorology (τ = 48 h).
At the same time, it was assumed (see section 1) that,
although these SDRE estimates depend on τ in the
general case, this dependence is close to saturating;
therefore, the choice of a specific (but quite a large) τ
does not matter much. The validity of this assumption
is confirmed by simulations in Fig. 4, which shows
Φsd(τ) and ΦARI(τ) averaged over the eastern Arctic,
and, in particular, those separately calculated over dif-
ferent surface types.

The Φsd(τ) and ΦARI(τ) grow most strongly for first
10–15 h of the atmosphere adaption to the aerosol
. 4  2023
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Fig. 3. Spatial distributions of (a) DRE and (b) SDRE averaged over the period under study (July 16–31, 2016), as well as of (c) the
total ARI of Siberian BBA (W m−2) at the top of the atmosphere. Dashed curves show the region of the eastern Arctic.
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Fig. 4. Dependences of (a) semidirect and (b) total radia-
tive effects of Siberian BBA at the top of the atmosphere on
the duration of radiative effect of smokes in our numerical
experiments. Shown are the radiative effects averaged over
the entire territory of the eastern Arctic, as well as sepa-
rately over territories corresponding to three different sur-
face types inside the same region. Circles mark the depen-
dences plotted using simulations without accounting for
absorbing components in the composition of Siberian
smokes.
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forcing. Then, these quantities show slower and largely
irregular f luctuations, seemingly reflecting the com-
plex dependence of the BBA SDRE evolution on spe-
cific meteorological conditions and indicating the
corresponding uncertainties in the SDRE estimates
derived. The uncertainties can be reduced after the
radiative characteristics are averaged over a period as
long as possible, with aerosol forcing kept unchanged,
which is hardly feasible without multiyear climatic
simulations. Nonetheless, despite the fact that the
SDRE dependence on τ indicates considerable uncer-
tainties of the our estimates, the results in Fig. 4 argue
quite convincingly that the BBA effect on the meteoro-
logical properties in this period of time is offset to some
degree the DRE-caused cooling effect of BBA.

Analysis of the ways of SDRE formation in smokes
from Siberian fires, which was singled out for the first
time in this research, is beyond the scope of this work.
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36  No
Seemingly, these qualitatively differ from SDRE for-
mation of atmospheric aerosol studied (or suggested)
before. Indeed, the semidirect radiative effect of
atmospheric aerosol is traditionally associated with
heating of the atmosphere due to the absorption of
solar radiation by black carbon [3, 20, 21, 41, 42].
However, the test simulations, performed without
accounting for absorbing components in the composi-
tion of Siberian BBA (see dependences highlighted by
circles in Fig. 4) indicate that, in the absence of aero-
sol absorption, SDRE not only survives, but insignifi-
cantly decreases as compared to the base calculation.
In this regard, we hypothesize that SDRE can be
formed due to the decrease in the optical depth of the
middle- and upper-level clouds owing to weakening of
the vertical moisture f lux, which, in turn, occurs in
response to the cooling of air because of aerosol scat-
tering and to the acceleration of water vapor conden-
sation in the surface air layer. Justification of this
hypothesis and clarification of the role the SDRE of
Siberian BBA plays in climate-forming processes in
the Arctic, requires further studies.

CONCLUSIONS

We describe the first experience of applying the
complex of regional models, comprising the Chemis-
try Transport Model (CTM) CHIMERE and meteo-
rological model WRF, to studying the radiative effects
of Siberian BBA in the Arctic. An original technology
of numerical experiments, based on the model com-
plex CHIMERE-WRF, is presented with the purpose
of estimating the BBA DRE and SDRE. Certain capa-
bilities of this model complex and of developed com-
putational technology in studying how smokes from
Siberian fires influence the radiative balance of the
atmosphere in the eastern Arctic are demonstrated by
the example of numerical experiments covering the
period from July 16 to 31, 2016.

Our simulations showed that Siberian BBA in that
period of time had a strong cooling effect on the atmo-
sphere in the eastern Arctic through DRE, the value of
which at the top of the atmosphere was −6.0 W m−2 on
average. The calculated spatial distribution of the
Siberian BBA DRE demonstrates that this effect
weakens (in absolute value) with decreasing distance
to the North Pole.

At the same time, our results indicate that the con-
tribution of the Siberian BBA DRE to the radiative
balance in the eastern Arctic is offset to a certain
degree by SDRE, associated with the BBA counterac-
tion on meteorological process (and, in particular, on
clouds). Model estimates indicate that the Siberian
BBA SDRE, on average, is positive (i.e., leads to
atmospheric warming) and amounts to ∼2 W m−2. The
role of SDRE is most significant over snow-ice sur-
faces, where it exceeds DRE in absolute value, thus
leading to the positive total radiative effect of Siberian
. 4  2023
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BBA (∼0.4 W m−2). The processes causing the occur-
rence of the Siberian BBA SDRE in the Arctic are
argued to be qualitatively different from previously
known formation processes of the atmospheric aerosol
SDRE. A more detailed consideration of these pro-
cesses should be the subject of future studies.
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