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Abstract. Carbonaceous aerosol released into the atmo-
sphere from open biomass burning (BB) is known to undergo
considerable chemical and physical transformations (aging).
However, there is substantial controversy about the nature
and observable effects of these transformations. A shortage
of consistent observational evidence on BB aerosol aging
processes under different environmental conditions and at
various temporal scales hinders development of their ade-
quate representations in chemistry transport models (CTMs).
In this study, we obtain insights into the BB aerosol dynamics
by using available satellite measurements of aerosol optical
depth (AOD) and carbon monoxide (CO). The basic concept
of our method is to consider AOD as a function of the BB
aerosol “photochemical age” (that is, the time period charac-
terizing the exposure of BB aerosol emissions to atmospheric
oxidation reactions) predicted by means of model tracers.
We evaluate the AOD enhancement ratio (ER) defined as the
ratio of optical depth of actual BB aerosol with respect to
that of a modeled aerosol tracer that is assumed to originate
from the same fires as the real BB aerosol but that is not af-
fected by any aging processes. To limit possible effects of
model transport errors, the AOD measurements are normal-
ized to CO column amounts that are also retrieved from satel-
lite measurements. The method is applied to the analysis of
the meso- and synoptic-scale evolution of aerosol in smoke
plumes from major wildfires that occurred in Siberia in sum-
mer 2012. AOD and CO retrievals from MODIS and IASI
measurements, respectively, are used in combination with

simulations performed with the CHIMERE CTM. The anal-
ysis indicates that aging processes strongly affected the evo-
Iution of BB aerosol in the situation considered, especially
in dense plumes (with spatial average PM» s concentration
exceeding 100 ugm~3). For such plumes, the ER is found
to increase almost 2-fold on the scale of ~ 10h of daytime
aerosol evolution (after a few first hours of the evolution that
are not resolved in our analysis). The robustness of this find-
ing is corroborated by sensitivity tests and Monte Carlo ex-
periments. Furthermore, a simulation using the volatility ba-
sis set framework suggests that a large part of the increase in
the ER can be explained by atmospheric processing of semi-
volatile organic compounds. Our results are consistent with
findings of a number of earlier studies reporting considerable
underestimation of AOD by CTMs in which BB aerosol ag-
ing processes have either been disregarded or simulated in
a highly simplified way. In general, this study demonstrates
the feasibility of using satellite measurements of AOD in
biomass burning plumes in combination with aerosol tracer
simulations for the investigation of BB aerosol evolution and
validation of BB aerosol aging schemes in atmospheric mod-
els.
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1 Introduction

Aerosol from open biomass burning (BB) is an important
agent of the climate and weather systems, since it affects
the optical characteristics and thermal balance of the atmo-
sphere both directly, by absorbing and scattering incoming
solar radiation, and indirectly, by modifying cloud proper-
ties (e.g., Haywood and Boucher, 2000; Andreae and Merlet,
2001; Pierce et al., 2007; Bond et al., 2013; Andreae and Ra-
manathan, 2013; Alonso-Blanco et al., 2014). It is also an im-
portant source of air pollution, as smoke plumes from wild-
fires and other types of BB have been reported to drastically
degrade air quality in many regions worldwide (e.g., Bertschi
and Jaffe, 2005; Konovalov et al., 2011; Strand et al., 2012;
Engling et al., 2014).

The two major carbonaceous fractions of BB aerosol that
are conventionally considered to characterize its physical and
chemical properties are black (or elemental) carbon and or-
ganic aerosol (or organic carbon). Black carbon (BC) consti-
tuting typically 2—10 % of the mass concentration of biomass
burning aerosol (see, e.g., Reid et al., 2005a, and references
therein) is commonly implied to represent the major light-
absorbing component of BB aerosol and is typically com-
posed of graphite-like structures that predominantly consist
of carbon atoms (Andreae and Gelencsér, 2006). Organic
aerosol (OA) commonly makes up most BB aerosol particle
mass and consists of thousands of individual organic com-
pounds covering a wide range of physical and chemical prop-
erties. Typically, OA features much lower mass absorption
efficiency than BC and contributes mostly to light scattering
in the atmosphere (see, e.g., Keil and Haywood, 2003); how-
ever, OA in BB plumes is also known to have a low-volatility
light-absorbing fraction called “brown carbon” (BrC) that
(similarly to BC) has been shown to be an important fac-
tor in aerosol radiative forcing (Andreae and Ramanathan,
2013; Saleh et al., 2014). Apart from the carbonaceous frac-
tions, BB aerosols contain a typically minor mass fraction
(of order of 10 %) of inorganic species, such as potassium,
sulfate, chloride, etc. (Reid et al., 2005a).

There is abundant evidence that BB aerosol undergoes
considerable chemical and physical transformations, which
are commonly referred to as aerosol “aging”. For example,
substantial enhancements of the oxygenated organic fraction
of wood burning aerosol were observed by Grieshop et al.
(2009), Hennigan et al. (2011), and Heringa et al. (2011)
in smog chamber experiments after several hours of photo-
chemical processing of biomass burning emissions. Consis-
tently with the laboratory experiments, mass-spectroscopic
measurements acquired during several aircraft campaigns in
different regions of North America (DeCarlo et al., 2008; Cu-
bison et al., 2011; Jolleys et al., 2015; May at al., 2015) re-
vealed that the BB OA is usually more oxygenated down-
wind of fires than in fresh smoke plumes. Aging of BB
aerosol has also been shown to be associated with increasing
single scattering albedo (Reid et al., 1998; Abel et al., 2003),
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decreasing real and imaginary parts of the complex refrac-
tive index (Adler et al., 2011), and evolution of the number
size distribution (Dubovik et al., 2002; Formenti et al., 2003;
Capes et al., 2008).

There is, however, substantial controversy regarding the
effects of aging on the mass concentration of BB aerosol.
Such effects are commonly evaluated by means of the nor-
malized excess mixing ratio (NEMR) or enhancement ratio
(ER), both of which, in the given context, represent the ra-
tio of mass concentration of BB aerosol or its component,
such as OA, to that of the BB fraction of a long-lived tracer
(such as BC, CO, or CO;). On the one hand, smog chamber
experiments indicate that the ER of OA with respect to BC
typically increases after a few hours of aging, although there
has been significant variability among results of individual
experiments, some of which showed a strong increase in this
ratio (up to a factor of 4), while some others resulted in a
net loss of OA (Grieshop et al., 2009; Hennigan et al., 2011;
Heringa et al., 2011). A strong increase (by more than a fac-
tor of 2) of the ER for PM> 5 with respect to CO during the
first 2 h of the atmospheric evolution of smoke plumes from
deforestation and crop residue fires on the Yucatan Penin-
sula was detected in aircraft measurements (Yokelson et al.,
2009). DeCarlo et al. (2010) estimated (also using aircraft
measurements) that aging of BB plumes around Mexico City
results in adding OA mass equivalent to about 32-42 % of the
primary OA emissions over several hours to a day. A steep
growth of the ER for the mass concentration of submicron
aerosol (PM) originating from fires in African savannas dur-
ing the first few hours of atmospheric transport was reported
by Vakkari et al. (2014). Reid et al. (1998) estimated that
aerosols from fires in the Amazon region grew in mass by
about 20 to 40 % during much longer evolution (over 1 to 4
days). Recently, Konovalov et al. (2015) found observational
evidence for a substantial increase (by a factor of 2) in the ER
for PMj¢ in smoke plumes that had been transported from a
source region in the European part of Russia to Finland dur-
ing 1 to 2 days.

On the other hand, there is evidence across several field
studies that aging of BB plumes is not necessarily connected
with a net increase in OA mass. In particular, Capes et al.
(2008) found the relationship between BB OA mass concen-
tration and CO concentration measured by aircraft over west-
ern Africa to be almost unaffected by BB plume ages. Sim-
ilarly, analyzing aircraft measurements of BB plumes from
wildfires in Canada, Sakamoto et al. (2015) found no de-
tectable evidence of production or loss of OA mass within
the aged BB plumes (with an age of 1-2 days) from wildfires
in Canada. Akagi et al. (2012) reported a net decrease in OA
by about 20 % over 4 h of aging of BB emissions from cha-
parral fires in California, although an initial sharp decrease
in the ER for OA was followed by its gradual increase after
~2h of evolution. Jolleys et al. (2012) calculated ERs for
OA from ambient measurements recorded during four field
campaigns in Australia, western Africa and North America
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and found that their values in fresh plumes (identified by
means of an indirect criterion based on the magnitude of the
OA concentration) had been consistently larger compared to
those in aged plumes. More recently, Jolleys et al. (2015) re-
ported a similar finding from aircraft measurements of BB
plumes from wildfires in Canada, although they pointed out
that the observed difference between ERs for fresh and aged
plumes could be influenced by a change in dominant com-
bustion conditions throughout the campaign.

Since it is evident that transformations of BB aerosol prop-
erties associated with atmospheric processing can be very
significant, adequate representation of BB aerosol aging in
chemistry transport and climate models is an essential pre-
requisite for the reliability of their results. Meanwhile, a
number of studies involving comparisons of observations of
BB aerosol with simulations revealed major systematic dis-
crepancies that may be indicative of serious shortcomings of
model schemes commonly used to simulate BB aerosol evo-
lution. In particular, atmospheric models have been found to
underestimate BB aerosol optical depth (AOD) observed in
different regions of the world (e.g., Matichuk et al., 2008;
Johnson et al., 2008; Colarco et al., 2010; Kaiser et al., 2012;
Tosca et al., 2013; Petrenko et al., 2012; Konovalov et al.,
2014; Reddington et al., 2016). The underestimations are
commonly corrected by manual enhancements in BB aerosol
emissions. For example, in order to match simulations and
satellite observations of AOD, Tosca et al. (2013) increased
biomass burning carbonaceous aerosol emissions based on
the GFEDvV3 inventory (van der Werf et al., 2010) by a fac-
tor of 2 globally and applied additional regional scaling fac-
tors ranging from 1.45 (in North America) to 2.4 (in South
America). While introducing the GFAS v1.0 fire emission
inventory, Kaiser et al. (2012) recommended increasing the
BB emissions of particulate matter globally by a factor of
3.4 in order to ensure a reasonable agreement between ob-
served and modeled values of AOD over major BB regions
worldwide. As a result of calibration of both particulate mat-
ter (PM) and CO emissions from Siberian wildfires against
satellite measurements of AOD and CO columns, Konovalov
et al. (2014) found that the PM and CO optimal emission ra-
tios were more than a factor of 2 larger than values based on
typical emission factors from the literature.

The reasons for the persistent discrepancies between mea-
surements and simulations of AOD in regions affected by
large fires remain largely unknown. On the one hand, there
is evidence (e.g., Petrenko et al., 2012) that the underesti-
mation of AOD by models can indeed be explained (at least
partly) by uncertainties in emission inventories. On the other
hand, Konovalov et al. (2015) found (for the case of BB
plumes from the Russian 2010 fires) that the agreement be-
tween satellite AOD observations and the corresponding sim-
ulations constrained with ground-based measurements in a
source region could be substantially improved by taking into
account the source of secondary organic aerosol (SOA) due
to oxidation of semi-volatile organic compounds in the sim-
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ulations. Although such a source of SOA has been shown to
play an important role in the evolution of atmospheric OA
originating from both biomass and fossil fuel burning (see,
e.g., Robinson et al., 2007; Grieshop et al., 2009), it has not
been taken into account in most of the models employed for
simulations of BB aerosol evolution.

To distinguish errors in model results due to uncertain-
ties in biomass burning emissions from those associated with
shortcomings of the model description of BB aerosol aging
processes, Konovalov et al. (2015) considered ground-based
PMjg and CO measurements (matched to corresponding
model data) within the fire region and about 1000 km down-
wind. However, such age-resolved measurement datasets
have so far been available only from a relatively small num-
ber of case studies and field campaigns (e.g., Yokelson et al.,
2009; Akagi et al., 2012; Vakkari et al., 2014) and, as noted
above, these data provide rather inconsistent evidence about
the effects of aging on BB aerosol properties.

The goal of this study is to investigate the feasibility of
deriving the information on BB aerosol aging from satellite
measurements of AOD and CO columns. To this end, we an-
alyze the data retrieved from MODIS (Remer et al., 2005)
and IASI (Clerbaux et al., 2009) measurements of a major
biomass burning event that occurred in Siberia in summer
2012 (Konovalov et al., 2014). To estimate the photochem-
ical age of the observed BB plumes, we use model tracers
that are assumed to have the same sources as the actual BB
aerosol contributing to the satellite AOD measurements. Un-
like ground-based and dedicated aircraft BB plume measure-
ments that are limited in time and space, satellite observa-
tions provide data on major biomass burning events prac-
tically daily and worldwide. Therefore, satellite data com-
bined with simulations have the potential to substantially en-
rich current knowledge of BB aerosol aging in different envi-
ronments and to provide a useful way of evaluating and im-
proving the representation of atmospheric processing of BB
aerosol in chemistry transport and climate models.

This paper is organized as follows. Section 2 describes
measurement and model data used in our analysis; it also
provides a description of the methods used in this study to
estimate the photochemical age of BB aerosol and to derive
AOD dynamics associated with BB aerosol aging from satel-
lite measurements. The results of our analysis are presented
in Sect. 3, which begins with a preliminary comparison of
model and simulated data and continues with a presentation
of our estimates and tests concerning the dynamics of BB
aerosol aging. The results are summarized and discussed in
Sect. 4. Concluding remarks are provided in Sect. 5.
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2 Data and method description
2.1 Input datasets derived from satellite measurements
2.1.1 AOD measurements

Our analysis is based on retrievals of AOD at 550 nm from
MODIS measurements onboard the AQUA and TERRA
satellites, which are positioned on sun-synchronous circu-
lar orbits. The ground path of AQUA crosses the Equa-
tor at 13:30LST (on the ascending node); the Equator
crossing time of TERRA is about 10:30LST (on the de-
scending node). The AOD retrievals provided nominally at
10km x 10km horizontal resolution were obtained as the
Level-2 orbital granule data from the Level 1 and Atmo-
sphere Archive and Distribution System (LAADS, 2016)
ftp site (ftp://ladsweb.nascom.nasa.gov/allData/51/). The re-
trieval algorithm is described elsewhere (Remer et al., 2005;
Levy et al., 2007). Validation studies (e.g., Levy et al,,
2010) indicate that the multiplicative and additive errors of
MODIS-retrieved AOD typically do not exceed +15 % and
40.05, respectively. The available valid data (with the qual-
ity flag > 1) for AOD at 550 nm were unpacked and projected
onto a rectangular 1 by 1° grid covering the study region and
period (as specified below) with hourly temporal resolution.
The data (from either of the two satellites) falling into the
same grid cell at the same hour were averaged.

2.1.2 CO columns

Along with AOD data, we used the total CO column
amounts retrieved from the measurements by the Infrared
Atmospheric Sounding Interferometer (IASI) on board the
METOP-A satellite (Clerbaux et al., 2009). The Level-2 CO
retrievals were provided by LATMOS/CNRS and ULB (ES-
PRI, 2016). The METOP-A satellite is positioned on a sun-
synchronous polar orbit with Equator crossing at around
21:30 and 09:30LST for the ascending and descending
nodes, respectively. The nominal spatial resolution of the
IASI measurements is about 12 km on the ground, within a
swath of about 2 x 1100 km. The CO columns were retrieved
from the cloud-screened measurements in the infrared spec-
trum centered at 4.7 um by using the FORLI (Fast Optimal
Retrievals on Layers for IASI) algorithm (Hurtmans et al.,
2012). Previous studies (e.g., Turquety et al., 2009; Krol
et al., 2013; Konovalov et al., 2014) indicated that the IASI
CO retrievals provide useful information on atmospheric CO
originating from fires. The data were processed in the same
way as in Konovalov et al. (2014). In particular, the selec-
tion criterion based on the DOFS (the degree of freedom of
the signal) values indicating sensitivity of the IASI measure-
ments in the boundary layer (George et al., 2009) was ap-
plied: only those data were used that featured a DOFS value
exceeding 1.7. The CO retrievals were projected at hourly
resolution to the same grid as the AOD data.
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2.1.3 FRP measurements and BB emissions

In addition to the atmospheric composition data outlined
above, we used the Fire Radiative Power (FRP) data that,
like the AOD data, were retrieved from the MODIS measure-
ments (Kaufman et al., 1998; Justice et al., 2002). The FRP
data were used in this study to calculate BB emissions, as ex-
plained below. Exactly the same data had been used earlier in
Konovalov et al. (2014); accordingly, the details on their pro-
cessing can be found therein. Following Kaiser et al. (2009)
and Konovalov et al. (2011, 2014, 2015), the BB emissions
for a given species s, E*(¢) (gs~! m™2), in a given grid cell
at the moment ¢ were calculated as follows, assuming that
BB rate (BBR) is linearly proportional to FRP:

E*(t) = ®a ) _apBh(t), ey
I

where ®q (W m~2) is the daily mean FRP density, « (g [dry
biomass]s~! W~!) is the empirical factor referred to be-
low as the FRP-to-BBR conversion factor, p; is the frac-
tion of land cover type, I, 8] (g[model species] g ! [dry
biomass]) are the emission factors, and A;(t) is the diurnal
variation of FRP density. The ®4 and 4;(¢) were derived di-
rectly from the FRP measurements as explained in Kono-
valov et al. (2014, 2015). In the simulations performed in
this study, the daytime maxima of h;(¢) were 3.2 for for-
est fires and 2.7 for other fires. The emission factor values
for organic carbon (OC), black carbon (BC), CO, NO,, and
non-methane volatile organic compounds (VOCs) were spec-
ified using Andreae and Merlet (2001) and subsequent up-
dates (M. O. Andreae, unpublished data) and were the same
as in Konovalov et al. (2015) (see Table 2 therein). Follow-
ing Konovalov et al. (2011, 2014, 2015), the FRP-to-BBR
conversion factor was evaluated by fitting the AOD and CO
columns predicted by our model (see Sect. 2.2 below) to the
corresponding measurement data. To do so, it was convenient
to represent « as the product of its “a priori” value, «g (taken
to be 3.68 x 10™* gs~! W~ as evaluated by Wooster et al.,
2005), and the correction factor, Fy:

o =apkFy. 2)

The optimal value of F, was found by minimizing the fol-
lowing cost function, J:

Nd Nc

J=>">"0 v - vi2, 3)

j=li=1

where V;” are the satellite retrievals of AOD or CO columns,
V! are their modeled counterparts, i and j are indices of a
grid cell and a day, respectively, and 6%/ is the data selec-
tion operator equal to either one or zero. The criteria for the
data selection are specified below in Sect. 2.2.2, where it is
also explained how the daily values involved in Eq. (3) were
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calculated using the corresponding hourly values. The mini-
mization procedure was identical to that described in Kono-
valov et al. (2015). Briefly, it involved “twin” model runs
with Fy, = 0 and F, = 1| and a linear scaling of the difference
between their results. When necessary, the estimation was re-
iterated using Fy inferred from the previous twin runs.

The optimization of the BB emissions was performed us-
ing only data available for the study region that covered the
western and central parts of Siberia (50-76° N, 60-111° E)
and for the study period that included 46 days of summer
2012, from 1 July to 15 August. The study period covered the
major fire events that occurred in western and central Siberia
during the hot and dry summer of 2012. Figure 1 illustrates
the BB emission sources in the study region by showing the
spatial distribution of BBR (which is numerically equivalent
to E* evaluated using Eq. 1 with ;' equal to unity) obtained
by averaging a priori hourly BBR values (that is, estimated
with o = «p) over the study period. Note that the study re-
gion covers only the part of the model domain (also shown
in Fig. 1) employed for the simulations used in this study.
BBR values presented in Fig. 1 were aggregated separately
over the two categories of vegetation land cover, the first of
which included coniferous and deciduous forest (see Fig. 1a)
and the second all other vegetation land cover types, such as
(mainly) grass, agricultural land, and shrubs (see Fig. 1b).
Our calculations indicate that the forest fires were predomi-
nant. Specifically, we estimated that the total amount of the
biomass burned in forest fires in the study region and period
was a factor of 2.4 larger than that of the biomass burned in
other vegetation fires.

2.2 Simulated data

2.2.1 The CHIMERE chemistry transport model: brief
description and configuration of model runs

The simulations used in the analysis presented below were
performed with the CHIMERE chemistry transport model
(CTM). The CHIMERE CTM is an Eulerian 3-D model that
enables simulations of air pollution at different scales, from
urban to continental. A detailed description of the model can
be found in Menut et al. (2013) as well as in the model
documentation (available at http://www.lmd.polytechnique.
fr/chimere/). CHIMERE was successfully used in a number
of studies, including those focusing on environmental effects
of wildfires (e.g., Hodzic et al., 2007; Konovalov et al., 2012;
Berezin et al., 2013; Péré et al., 2014; Turquety et al., 2014).

The configuration of the simulations performed in this
study was largely the same as in Konovalov et al. (2015).
One difference with Konovalov et al. (2015) is that the sim-
ulations used in this study were done with a lower horizontal
resolution (1° x 1° instead of the former 0.5° x 0.5°, because
a much larger model domain is used in this study). Another
difference is that here we used the EDGAR v4.2 data (EC-
JRC/PBL, 2011) for anthropogenic emissions (instead of the
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Figure 1. Mean biomass burning rate (g m—2 h_l) for (a) forest
fires and (b) other vegetation fires in the territories covered by the
domain of the CHIMERE model employed in the simulations per-
formed in this study over the period from 1 July to 15 August 2012
according to the calculations based on the MODIS FRP data. Also
shown (see red dashed rectangles) is the study region.

EMEP emission data that do not cover Siberia). Note that
the same anthropogenic emission data were used in the sim-
ulations presented by Konovalov et al. (2014). The simula-
tions were performed with 12 layers in the vertical (up to the
200 hPa pressure level). The lateral and upper boundary con-
ditions were specified using the data of climatological runs of
the LMDz-INCA global model (Folberth et al., 2006). Me-
teorological data were provided by the WRF-ARW (v.3.6)
model (Skamarock et al., 2008), which was driven with the
NCEP Reanalysis-2 data. A noteworthy feature of our sim-
ulations is the use of AOD data retrieved from the MODIS
measurements (see Sect. 2.1.1) to account for the effect of
BB aerosol on photolysis rates by means of offline calcula-
tions with the TUV model (Madronich et al., 1998), as de-
scribed in Konovalov et al. (2011); this allowed us to obtain
more realistic estimates of the BB aerosol photochemical age
(depending on the OH level, which is strongly affected by
photolysis reactions) and also to take into account a possi-
ble feedback on BB aerosol through the modulation of the
OH level and the SOA formation (Konovalov et al., 2016).
The injection heights of the BB emissions were parameter-
ized as a function of FRP using the formulation proposed by
Sofiev et al. (2012). The initial date of the simulations was
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17 June 2012; the first 14 days were used for the model’s
spin-up.

In this study, the CHIMERE chemical mechanism was ex-
tended by introducing four “trace” species, one of which, T,
was chemically passive, while the others, T, T, and T3, re-
acted only with OH (without consuming it). The reaction
rates (koyg) were 9 x 10’12, 3x 10’“, and3x 1071251 cm3,
respectively. Assuming a typical daytime OH concentration
of about 5 x 10% cm? in biomass burning plumes (Akagi et al.,
2012), these reaction rates correspond to tracer lifetimes of
~6, 2, and 19 h, respectively. The tracers were used in our
analysis to estimate the photochemical age of BB OA (as ex-
plained below in Sect. 2.3).

In the analysis that follows, we consider the results of two
model runs in which OA evolution was simulated with two
different OA schemes, both of which have been described in
detail in earlier publications (Menut et al., 2013; Zhang et al.,
2013; Konovalov et al., 2015). The first run, referred to below
as the “STN” run, was performed with the aerosol scheme
implemented in the standard version of CHIMERE (Menut
et al., 2013). The aerosol scheme used in the second (“VBS”)
run was based on the volatility basis set (VBS) method (Don-
ahue et al., 2006; Robinson et al., 2007). In this study, param-
eter configurations of the first and second schemes were the
same as in the model runs “STN” and “VBS-3" in Konovalov
et al. (2015), respectively. The BB aerosol emissions were
calibrated independently for each model run (see Sect. 2.1.3).
The emission rates for the tracers were specified to be the
same as the BB aerosol emission rates in the STN run. The
tracer concentrations used in the analysis presented below
were simulated in the STN model run. An additional model
run (labeled below as “BGR”) was done without BB emis-
sions of aerosols and gases to simulate anthropogenic and
biogenic aerosols under “background” (with respect to the
BB events) conditions (see Konovalov et al., 2015, for fur-
ther details). Note that the OA simulations performed in this
study with the two different schemes were only intended to
demonstrate the influence of different representations of OA
aging processes on the simulated evolution of BB aerosol: we
did not presume that one of the schemes had to perform much
better than another in the complex situation considered.

Key assumptions underlying the first (“standard”) scheme
are that primary OA is composed of non-volatile material and
that secondary OA can be formed in a single step from oxida-
tion products of only aromatic and biogenic VOC precursors
(Pun et al., 2006). A potentially more important SOA source
(Robinson et al., 2007; Grieshop et al., 2009) associated with
continuous oxidation of emitted semi-volatile organic com-
pounds (SVOCs) is disregarded. The second scheme (Zhang
et al., 2013; Shrivastava et al., 2013; Konovalov et al., 2015)
allows one to take into account the well-established fact that
BB OA consists of organic compounds covering a broad
spectrum of volatilities (see, e.g., May et al., 2013). This lat-
ter scheme (referred to below as the “VBS” scheme) also
involves representation of SOA formation due to oxidation
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(functionalization) of SVOCs and IVOCs, as well as an in-
verse (fragmentation) process resulting in an eventual loss of
SOA mass and formation of non-volatile SOA. Similarly to
Konovalov et al. (2015), we assumed that BB aerosol was
externally mixed with other types of aerosol in the study re-
gion. To simulate the evolution of BB aerosol (in the STN or
VBS runs), we zeroed emissions of other types of aerosol and
disabled secondary aerosol formation from anthropogenic
and biogenic precursors. Note that, in the same runs, an-
thropogenic and biogenic emissions of gases as well as the
standard boundary conditions for gases were taken into ac-
count along with BB emissions of gases in order to ensure
a realistic level of oxidant concentrations. The OA and BC
emissions were distributed among nine size bins according
to a lognormal size distribution with a mass mean diame-
ter of 0.25um and a geometric standard deviation of 1.6.
Similarly to Konovalov et al. (2015), the inorganic fraction
of BB aerosol, which usually makes a minor contribution
to BB aerosol mass concentration (Reid et al., 2005a), was
disregarded to simplify our analysis. We also disregarded
the coarse fraction of BB aerosol, which is unlikely to con-
tribute significantly to aerosol properties determining AOD
at 550 nm (Reid et al., 2005b).

2.2.2 Using model output data to calculate AOD and
CO columns

AOD was evaluated using model output data for the mass
concentration of aerosol (or aerosol tracers) in the same way
as in Konovalov et al. (2014, 2015) following a simple but
robust method (Ichoku and Kaufman, 2005) that linearly re-
lates AOD to the aerosol mass column concentration through
the mass extinction efficiency (MEE). The latter was evalu-
ated as the sum of the mass scattering efficiency and mass
absorption efficiency by taking into account in situ exper-
imental data collected in extratropical forests during sev-
eral campaigns and reviewed by Reid et al. (2005b). Specif-
ically, we assumed that the MEE for BB aerosol equals
43m”g~!. Note that according to Reid et al. (2005b) this
value (given with an uncertainty of +0.7 m? g~!) best char-
acterizes fresh and dry BB aerosol, whereas the MEE of
aged dry BB aerosol tends to be larger (4.740.7m? g ")
but still within the error bars of the value for fresh aerosol.
Using a constant value of MEE also implies that the effects
of smoke particle hygroscopicity on AOD were disregarded;
possible implications of this simplification for the results of
this study are discussed in Sect. 4. The same value of MEE
(4.3m? g1 was applied to the total mass concentration of
other types of aerosol (such as anthropogenic, biogenic, and
dust aerosols, which provide only a minor contribution to the
total aerosol mass in the region and period considered), due
to the lack of reliable knowledge about their optical proper-
ties. A bias in the simulated “background” AOD values that
can be caused by such a simplistic assumption was evaluated
and taken into account in our analysis, as explained later in
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this section. Since BB aerosol was simulated separately from
other types of aerosol (which are assumed to represent back-
ground conditions), the simulated AOD values correspond-
ing in our analysis to the AOD measurements were calculated
by adding AOD values obtained from the BGR and STN (or
VBS) model runs.

The CHIMERE output data for mass concentration of
aerosol (or aerosol tracers) and for CO concentration were
processed consistently (in time and space) with the corre-
sponding satellite retrievals of AOD and CO columns by tak-
ing into account the availability of reliable measurements
and, in the case of CO measurements, their vertical sensi-
tivity. Specifically, if any quality-assured measurement for a
given grid cell and hour was unavailable, the corresponding
simulated data were disregarded. The simulated CO vertical
profiles (partial columns) corresponding to each individual
CO retrieval were transformed following recommendations
by Fortems-Cheiney et al. (2009) and similarly to Konovalov
et al. (2014) into the total CO columns by applying the indi-
vidual averaging kernels associated with the measurements.
The simulated partial columns above the upper layer of the
CHIMERE CTM were taken to be equal to the corresponding
a priori values. The CO columns transformed with different
averaging kernels but corresponding to the same model grid
cell and hour were averaged.

In the following analysis, we consider only those AOD
and CO data that fall into the time window from 09:00 to
12:00LST (thus with a maximum time lag of 3h). Hourly
data falling into this time window and corresponding to the
same grid cell and day were averaged. Ideally, the AOD
and CO measurements should have been taken during the
same hour; however, because of the difference between
the TERRA (or, especially, AQUA) and IASI overpassing
times, such a strict requirement would considerably limit the
amount of data available for our analysis. We also did not re-
quire overlapping of pixels of AOD and CO measurements
available for a given day, but only demanded that they fell
into the same grid cell (otherwise, that grid cell was excluded
from a combined dataset for a given day). Inconsistencies be-
tween the AOD and CO measurements are not expected to
affect significantly the results and conclusions of our study,
not only because we consider large-scale BB plumes cover-
ing multiple grid cells of our model, but mostly because CO
measurements and simulations play only an auxiliary role in
our analysis (as explained in Sect. 2.4).

Biases in the simulated values of CO columns and AOD
are assumed to be due to inaccuracies in their background
fractions (as the BB fractions are fitted to observations; see
Sect. 2.1.3) and are evaluated in the same way as in Kono-
valov et al. (2014). Briefly, we selected the grid cells and days
corresponding to background conditions (where an impact of
fires on CO columns and AOD was not significant) and av-
eraged the selected measurement and simulated data inside
sufficiently large spatial and temporal windows covering 41
and 21 grid cells in the west-to-east and south-to-north direc-
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tions, respectively, and 15 days around a given grid cell and
a day. A relative (in the case of AOD) or an absolute (in the
case of CO) difference between these averaged measurement
and simulated data is applied to the corresponding values of
CO columns or AOD simulated in the “BGR” model run. A
given grid cell and a day were assumed to be representative
of background conditions only if the BB fractions in the sim-
ulated values (based on the STN and BGR model runs) of
both CO columns and AOD did not exceed 10 %. Note that a
bias evaluated in such a way cannot fully account for differ-
ences between the simulated and observed data on scales that
are smaller than the sizes of the averaging window. However,
it is expected that these differences are manifested as quasi-
random uncertainties in our simulations of CO columns or
AQD, and are thus taken into account in the confidence in-
tervals of our estimates.

2.3 Photochemical age estimation

We estimate the photochemical age, 7,, of BB aerosol at
a given location by using the model tracers described in
Sect. 2.2.1:

h=—1I ln(CT,-/CTo)v 4)

where C7, and C7; are the mass column amounts of the trac-
ers Top and T; (i =1, 2, or 3), and ¢, is the constant timescale
(defined below). As explained above (see Sect. 2.2.1), one of
the tracers, Ty, was simulated as a chemically passive model
species that could be affected (after being emitted into the at-
mosphere) only by transport processes, while the other tracer,
T;, was provided with a chemical sink by reacting with OH
with a constant rate, koy. In an ideal box model simulation
with a constant OH concentration, [OH]., the concentration
of Ty would be constant, whereas that of 7; would decrease
exponentially with time (~ exp[—kog[OH].?]). So, t, would
be equal to the actual time of “aging” of T;, if 7. was defined
as follows:

te = (kou[OH]c) ™. Q)

In reality, the concentration of OH varies both in time
and space. Moreover, because of horizontal wind shear,
the model tracers (or actual BB aerosol) may have differ-
ent sources and a different “history” at different altitudes.
Nonetheless, we expect that the photochemical age estimate
given by Eq. (4) can allow us to distinguish between fresh
and more aged BB plumes, at least in typical situations where
most of the tracer (or actual BB aerosol) amounts are con-
centrated within the boundary layer. In our analysis, 7. was
defined as in Eq. (5), with [OH]. representing a characteris-
tic mean OH concentration in the BB plumes considered. To
evaluate [OH]., we first calculated weighted vertical mean
OH concentrations in each grid cell of a horizontal model
domain and in each hour of the study period, with the con-
centration of the inert tracer Ty used as the weights. Then,
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the vertical mean hourly OH concentrations were averaged,
taking into account only the grid cells and hours selected for
our analysis (see Sect. 2.2.2).

Note that several studies (e.g., Kleinman et al., 2008;
Hodzic et al., 2010) estimated the photochemical age of
aerosol in air pollution plumes by using observed concentra-
tions of NO, and NO,, as —log;,(NO, /NO,). Conceptually,
that estimate is similar to ours, as the NO, concentration is
expected to decrease exponentially by reacting with OH, but
the main difference is that our estimate is based on model
data. Both kinds of estimates can only qualitatively translate
into an actual time of aerosol evolution, because the OH con-
centration in air surrounding any given aerosol particle at any
given moment is not known, neither in the real atmosphere
nor in our simulations performed with an Eulerian model.

2.4 Analysis of the AOD enhancement ratio
2.4.1 Basic formulations

To characterize the effects of BB aerosol aging, we consid-
ered the evolution of the AOD enhancement ratio (ER), y,,
that can be defined, in a general case, as follows:

(T(ta) — T (t2)) Te(ta) ™!
(T(ta =10) — W (t = 10))1e(t =19) """

Yalta) = (6)
where 7 is the optical depth of an actual mixture of BB and
background aerosol at a given location and at a time corre-
sponding to the photochemical age ¢,, 7y is the “background”
AOD (in the absence of BB aerosol), and t; is the AOD of
a hypothetical BB aerosol passive tracer that has the same
sources as the actual BB aerosol but is not affected by any
processes except for advective transport and turbulent mix-
ing. By this definition, y; is unity when the photochemical
age gets a value of 7y (which can, in principle, be chosen arbi-
trarily). A deviation of y, from unity may be due to a variety
of factors, including chemical processes (such as, e.g., oxi-
dation processes leading to SOA formation) affecting the BB
aerosol mass concentration, composition and optical proper-
ties, adsorption (or condensation) and desorption (or evapo-
ration) of particle material, wet and dry deposition, and co-
agulation. Note that the meaning of y, as defined by Eq. (6)
is similar to that of the NEMR or ER of OA evaluated in
field studies and smog chamber experiments (see the Intro-
duction), except that y, is formulated in terms of AOD. In
principle, Eq. (6) permits estimation of the ER for AOD at
any moment by using the AOD derived from satellite mea-
surements (as 7) and simulated values of 7, and 1,,. However,
because of transport errors and uncertainties in BB emission
data, a direct application of Eq. (6) to the available measure-
ment and simulated data is rather impractical, as estimates of
ya obtained in such a way would be very prone to measure-
ment and model errors. Accordingly, instead of employing
Eq. (6) directly, we retrieved temporal variations (dynamics)
of the ER by solving an optimization problem formulated fol-
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lowing a data assimilation approach (in a very basic form).
Specifically, we considered y, as a parameter that allows ad-
justment of a simulation of the tracer’s AOD, ti, to the ob-
served AOD (denoted below as 7,). A modeled counterpart
of 7, (denoted below as 1) was defined as follows:

Tm = Yall Tt + To, @)

where 7y and tp, represent AOD values calculated using pas-
sive tracer (7p) and background aerosol concentrations, re-
spectively, and 7 is a constant auxiliary factor depending on
to. The background part of AOD (1) was evaluated by using
both the measurement and simulation AOD data as explained
later in this section. The data selected for the analysis were
split into several (NV,) bins, such that each bin n covers a
different range of photochemical ages (1, € [t —da/2,t] +
da/2], where ) is the median value, and d, is the “width” of
the bins). Then y, could simply be estimated as a function of
1]} as follows:

N2
Ya(t!") = arg min z (r(’)/ —t,%’) ,n€[1, Nyl, )
i,jehn

where i and j are the indexes of grid cells and days in the
region and period considered, A, is a selection of the data
corresponding to a given bin n, and 1y, is given by Eq. (7);
for definiteness, 1 (involved in Eq. 7) was evaluated such that
y, for the first bin equals unity. Equation (8) specifies fitting
of the simulated AOD to the corresponding observations by
the least squares method through optimization of just one pa-
rameter, y,, for each bin n.

To reduce the effect of model transport errors on our anal-
ysis (as discussed later in this section), the contributions of
BB to both 7, and 1, were normalized to the corresponding
BB contributions to the measured and modeled CO columns
approximately matching in time and space the corresponding
AOD data. Accordingly, Eq. (8) was modified as follows:

ij ij ij ij
o ) Ty — Ty Tm — Ty
Ya(t, ) = argmin E 7 7 7]

ij
i,jeA,\Vo —Vy  Vm =V

n €1, Ny, €))

where v, and vy, are the CO columns retrieved from the IASI
measurements and simulated with CHIMERE, respectively,
and vy, are the background CO columns. Note that the back-
ground values, vy and 1y, of the CO columns and AOD are
the same for the corresponding observations and simulations
in Eq. (9).

The rationale behind using Eq. (9) instead of Eq. (8)
is illustrated in Fig. 2, demonstrating the relationships be-
tween the photochemical age and AOD associated with a
non-reactive aerosol tracer (7;) in comparison with a sim-
ilar relationship between the photochemical age and AOD
normalized to BB CO column amounts (t;(vym — vp) 1), It
is clearly seen that 7y exhibits much larger variability than
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Figure 2. (a) Relationship between aerosol photochemical age (es-
timated using the model tracers 7 and 77) and the modeled BB
aerosol optical depth (tt) calculated by using the simulated concen-
trations of the passive BB aerosol tracer (7p); (b) the same as in
plot (a) but for tt normalized to the BB fraction of the simulated
CO columns (v — vy,). Different data points correspond to differ-
ent grid cells and/or days. For better readability, only every 10th
data point is depicted. Both 7t and 7¢(viy — vb)_1 have been nor-
malized to their mean values.

7(vm — vp) L. This fact indicates that 7 is likely much more
strongly affected by model errors than 7 (v, — vp)~!. More-
over, although both quantities tend to decrease with the pho-
tochemical age, the decline of the linear fit for 7, (reflect-
ing dilution of BB plumes) is much stronger than that for
(v — vp) "L Potentially, a significant relationship between
passive tracer concentration and photochemical age can re-
sult in systematic errors of y,. For example, in the situa-
tion where t; decreases with age, a mismatch of fresher BB
plumes in simulations with older BB plumes in the real at-
mosphere due to model transport errors could result in an
erroneous upward tendency of y,. Note that in an ideal sit-
uation with perfect measurements and a model where each
bin could be reduced to just one data point, y, estimated with
Eq. (8) or (9) would be identical to that given by Eq. (6).
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To ensure robustness of our estimates of y, with respect
to possible uncertainties associated with the contributions of
background aerosol to the AOD and to CO columns, we eval-
vated 1, and vy in two different ways. In the first way, 73
and vy were calculated directly by using simulation data ob-
tained in the “BGR” run and additionally corrected for pos-
sible biases as explained in Sect. 2.2.2. In the second way,
we estimated 1, and vy, by averaging over the corresponding
measured data representing (based on the criterion indicated
in Sect. 2.2.2) background conditions and falling inside the
same moving windows that were used for estimation of the
biases; an additional condition was that the selected values
of the AOD and CO column amounts representing the back-
ground conditions in a given grid cell and day were not to
exceed the corresponding values of 7, and v, in the same
grid cell and day. An advantage of the first approach is that it
potentially enables more realistic representation of the spa-
tial and temporal variability of 7, and vy (if the model is suf-
ficiently accurate). On the other hand, estimates obtained by
the second approach are less dependent on model data, which
may be less accurate than their measurement counterparts.

Before applying Eq. (8) or (9), the measurement and sim-
ulation data were “screened” using a criterion discriminating
between more and less dense BB plumes. The criterion was
based on values of CO columns, rather than on AOD values,
as we presumed that any limitations imposed on the range
of AOD values involved in Eq. (8) were more likely to re-
sult in artifacts (biases) in the retrieved dependence of y, on
the photochemical age than those of CO data, which play an
auxiliary role in our estimation procedure. Specifically, we
considered the following relative differences:

co VYo~ W

8y = - (10)
where the background CO columns, vy, were predicted by
CHIMERE. Values of §5° along with their counterparts, 85,
involving simulated CO columns (vy,) instead of v, were cal-
culated for all CO data points except for those characterizing
the background conditions (see Sect. 2.2.2) and then were ar-
ranged with respect to their magnitudes. A given data point
was selected for our analysis only if both 85° and 8, values
exceeded the value of a certain percentile (considered as an
internal parameter, pg,, of our procedure) of the correspond-
ing distributions.

2.4.2 Evaluation of the confidence intervals

Confidence intervals for our estimates of y, were evalu-
ated using a bootstrapping technique (Efron and Tibshirani,
1993). Specifically, we first calculated the differences in-
volved in the right hand parts of Eq. (8) or (9). These dif-
ferences represent the misfits between the model and mea-
surement data (or their combination as in Eq. 9). Then, we
replaced the measured AOD values (in the case of Eq. 8) or
the fraction involving the measured AOD and CO data (in the
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case of Eq. 9) with the synthetic data obtained as the sum of
their modeled counterparts and the misfits that had been ran-
domly sampled from a set of their values available for each
photochemical age bin. The estimation procedure involving
different samples of the synthetic data (instead of the mea-
surement data) were iterated 5000 times, and the spread of
estimates of y, for each bin was used to evaluate the confi-
dence intervals for the optimal estimate of the ER in terms
of the 95th percentile. Finally, the difference between the ER
estimates due to the difference in the values of 7, and vy, es-
timated in the two ways explained above was also added to
the confidence interval for each bin of the photochemical age
values. Note that estimation of y, for a given bin is equivalent
to fitting a linear regression line without the intercept term,
which allowed us to verify the confidence intervals by using
a commercial statistical software.

2.4.3 Configuration of the estimation procedure

The results of the estimation procedure described above de-
pend on just two parameters: the width of the photochemical
age bin, d,, and the threshold percentile, pg,, of the distri-
butions of §5° and &5,. In principle, values of parameters can
be assigned rather arbitrarily. Larger values of d, would re-
sult in a lower resolution of the retrieved dependence of the
ER for AOD (y,) on the BB aerosol photochemical age (;)
but, probably, also in a lower uncertainty range for the esti-
mate of y, for each photochemical age bin (because each bin
would include a larger number of data points). An increase
in pg, could be expected to have a 2-fold effect on the un-
certainty in the estimates of y,. On the one hand, it would
reduce the number of data points available for any bin, and,
therefore, it could result in a larger statistical uncertainty in
va(t]). On the other hand, a larger pg, also means that more
dense BB plumes would be considered, and so the estimates
of y, would likely be less affected by uncertainties in the
background values of the CO columns and AOD. An anal-
ysis of the dependence of y, on f, within the whole range
of possible parameters values would be a rather impractical
task that was not undertaken in this study. Instead, taking the
above considerations into account, we focus our analysis on
the dynamics of y, retrieved only with some definite (but still
rather arbitrarily chosen) parameter values that would allow
us to retrieve any kind of non-trivial and yet statistically sig-
nificant variations of y, ().

To select these parameter values in a semi-automatic way,
we introduced an ad hoc “cost function”, G (d,, p%), that in-
volves, in essence, the “noise-to-signal ratio” with respect to
variations of y,(}') and their uncertainties and, at the same
time, favors parameter values providing a higher temporal
resolution of our estimates. Specifically, G (d,, po) was de-
fined as follows:
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G(da, p3) =
1/2

! Na Na -1
D Z(An)2(2<ya(t;> - 1)2) ,oan
a n=2 n=2

where y,(#]) and A, are the optimal values of the ER for the
bin n and its confidence interval, and N, is the total num-
ber (depending on both d, and pg,) of consecutive bins. In
Eq. (11), the “signal” is represented by deviations of the ER
at times #' from unity, while the term inversely proportional
to (N, — 1) introduces a “penalty” for configurations with a
low temporal resolution. So, minimization of this cost func-
tion is expected to provide a reasonable compromise between
the requirements of low noise to signal ratio and high tempo-
ral resolution of our estimates. As an additional rather arbi-
trary setting, the left bound of the first bin (z] —d,/2) was
chosen to be 1h (taking into account that the measurement
data matched to the simulations were averaged hourly, and
therefore, our photochemical age estimates have an intrinsic
uncertainty of at least 1 h). We also required that each of the
bins (including the first one) contained at least 10 data points.

Minimization of G(d,, p9,) is not an easy task, given the
essentially nonlinear nature of this function that may have
several local minima. However, we did not really need to
optimize it exactly, because (as explained above) the “opti-
mal” values of d; and pg, are no more “correct” than any
other feasible values of those parameters. Instead, the param-
eter space of G(d,, pg,) was scanned by varying both d, and
pa with small constant steps within rather wide intervals.
Specifically, d, was changed with a step of 0.1 h from 3.0
to 6.0h, and pg, was varied by a step of 0.01 from 0.70 to
0.95. The fact that G (d,, p%) strongly and steadily increased
toward the bounds of the parameter intervals considered in-
dicated that the global minimum of G(d,, pg) was unlikely
to be found outside of these intervals.

3 Results

3.1 Preliminary analysis and comparison of the
measurement and model data

In this section, we present an overview of CO columns and
AOD retrieved from satellite measurements and simulated
with the CHIMERE CTM. Note that as this paper is not fo-
cused on aerosol modeling, model results obtained using dif-
ferent representations of aerosol processes are only briefly
discussed below. Figure 3 shows the daily time series of CO
columns and AOD averaged over the study region. The BB
emissions were optimized (as explained in Sect. 2.1.3) inde-
pendently for each configuration of the model runs and for
each species (CO or aerosol) considered in our analysis, and
the corresponding estimates of the correction factor (Fy) are
indicated in the figures. Obviously, when the BB emissions
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Figure 3. Time series of daily values of (a) CO columns and
(b) AOD averaged over the study region according to IASI CO and
MODIS AOD measurements and corresponding simulated (bias-
corrected) data obtained in different runs (STN and VBS) of the
CHIMERE model and combined with the data from the background
(BGR) model run. The BB emissions used in the simulations were
optimized (see Sect. 2.1.3) independently for each model run and
for each species (CO or aerosol) considered; the corresponding esti-
mates of the correction factors, Fy, are indicated in the figures. The
modeled AOD values marked as “7y” were obtained using passive
tracer (7)) concentrations simulated in the STN run and are almost
indistinguishable from those calculated with “actual” BB aerosol
data from the STN run.

are taken into account, the model reproduces the daily vari-
ability of both CO columns and AOD rather well (such that
the correlation coefficient exceeds 0.85). Big differences be-
tween the AOD values simulated with and without BB emis-
sions indicate that fires provided a major contribution to col-
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umn mass concentration of aerosol in the troposphere over
the study region during most of the period considered.

It is noteworthy that the correction factor estimated using
the AOD values from the STN run is considerably larger (by
a factor of 2) than that estimated using the CO columns. This
result is in line with the findings of previous modeling stud-
ies (see the Introduction) where BB aerosol emissions calcu-
lated with the measured emission factors had to be strongly
increased in order to avoid negative biases in AOD simula-
tions. However, when the correction factor is estimated using
the AOD values from the VBS run, it turns out to be rather
close to the CO-measurement-based estimate of F,. Consis-
tently with the results of an earlier study (Konovalov et al.,
2015), this finding indicates that BB emission estimates de-
rived from AOD measurements by using an inverse modeling
approach can considerably depend on the model representa-
tion of OA processes.

It may also be noteworthy (and even puzzling) that in spite
of the quite noticeable differences between the optimal esti-
mates of F, for the different aerosol simulations, the corre-
sponding time series of daily AOD values are very similar.
That implies that a comparative analysis of the time series
of the mean modeled and measured AOD values does not al-
low us to tell which of the model configurations is more ade-
quate, in spite of the major differences in the corresponding
representations of aerosol processes. Most likely, the strik-
ing similarity of AOD values from the STN and VBS runs
is a consequence of the spatial averaging (both in the hori-
zontal and vertical dimensions) of the model output data. In-
deed, a comparison of the time series (not shown here) rep-
resenting simulated data for individual model grid cells re-
veals quite large differences between temporal variations of
aerosol mass concentration predicted by those two runs. Pre-
sumably, such quasi-random differences tend to cancel each
other out when the model data are averaged over many grid
cells. In contrast, and as expected, the differences between
the temporal variations of aerosol mass concentrations from
the STN run and the corresponding temporal variations of
the aerosol tracer are typically small, even when the data for
individual grid cells are considered, except for very rare (in
the region and period considered) locations and times where
and when the aerosol concentration simulated in the STN run
was affected by wet deposition.

Figures 4 and 5 show the spatial distributions of the CO
columns and AOD averaged in time over the study period.
Strong enhancements in the CO columns and AOD due to
fires are evident in the central part of the study region, both
in the measurements and the simulations performed with
BB emissions. Big differences between the simulations made
with and without fire emissions indicate that the atmospheric
composition was significantly affected by fires over most of
the study region. The model tends to underestimate both CO
columns and AOD in the hot spots, but, in general, the sim-
ulated and measured distributions are rather similar. These
similarities further confirm that our aerosol and CO simula-
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Figure 4. distributions of the CO columns

Spatial
(1018 molecules cm72) according to (a) satellite (IASI) mea-
surements and simulations performed (b) with and (¢) without BB
emissions. The CO columns are averaged over the study period
(1 July—15 August 2012).

tions are rather reasonable. Note that similarly to the AOD
time series obtained from simulations with different model
configurations and discussed above, the AOD distributions
for the STN and VBS runs are not considerably different
(cf. Fig. 5c and d). This observation emphasizes a difficulty
in evaluating the adequacy of different representations of
aerosol processes by means of a conventional comparative
analysis of simulation and measurement AOD data.

3.2 The ER dynamics: measurement-based vs.
model estimates

The dynamics of the ER for AOD (y,) estimated according
to Eq. (9) is presented in Fig. 6, which shows the results ob-
tained using the three different aging (reactive) tracers (77—
T3). The ER values inferred from the satellite data are shown
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in comparison to those derived from the corresponding mod-
eled data (from the STN and VBS model runs). Note that to
evaluate the behavior of the ER for the modeled data, val-
ues of 7, and v, in Eq. (9) were replaced with their mod-
eled counterparts. As an indicator of the “density” of the cor-
responding BB plumes, Fig. 6 also shows the near-surface
PM; 5 concentration calculated for each bin by averaging the
corresponding output data of the STN run. The parameters of
the estimation procedure were evaluated for each tracer using
Eq. (11), as explained in Sect. 2.4, and the parameter values
are also indicated in Fig. 6. The changes in the mean OH con-
centration (~ 4.5 x 10° cm™—3) between the cases considered
in Fig. 6 were found to be very insignificant.

Our major finding is that the ER evaluated with the satellite
data exhibits statistically significant changes in dependence
on the photochemical age. Specifically, it increases (in the
case with the tracer T7; see Fig. 6a) from unity at the first bin
(ta €[1.0;6.11h) up to 1.9 at the third bin (¢, € [11.2; 16.3]),
and tends to decrease afterwards. The same type of the ER
behavior is evident for the cases with the other tracers, 7>
(see Fig. 6b) and T3 (see Fig. 6¢), although there are quan-
titative differences between the cases. Taking into account
the confidence intervals for our estimates of y,, one can ar-
gue that the observed increase in the ER with the increase
in the photochemical age is not an artifact of uncertainties in
the measured or simulated data. In contrast, although the de-
creasing part of the dependence of y, is quite pronounced, the
uncertainties in our estimates of y;, preclude us from claim-
ing that the decrease in y, is real rather than, e.g., being an
artifact of errors in the assumed background fractions of 7,
and v,. Therefore, in the analysis and discussion that follow
we will focus on the increasing part of the dependence of y,
on t.

Considerable differences between the ER estimates ob-
tained with different aging tracers are an expected conse-
quence of the fact that any grid cell always contains a mixture
of aerosol fractions of different origins and ages, and so the
same AOD (and CO) data can be attributed to different pho-
tochemical age bins, depending on the reactivity of the aging
tracer. Indeed, the different fractions get a different weight
in the photochemical age estimates obtained with different
tracers. For example, relatively fresh BB aerosol can be ex-
pected to affect a photochemical age estimate obtained with
a more reactive tracer (such as 7>) much more strongly than
a similar estimate obtained with a less reactive tracer (e.g.,
T3), because the contribution of more aged aerosol fractions
to the concentration of 73 at a given moment of time is, by
definition, larger than the contribution of the same fractions
to the concentration of 75. As a result, the photochemical age
estimated with the tracer 73 should typically be smaller than
that estimated with the tracer 73. This is indeed evident in
Fig. 6. On the other hand, an entrainment of relatively aged
BB aerosol into a fresh BB plume would result in a posi-
tive shift of the photochemical age estimate; this shift has to
be larger with a less reactive tracer. Therefore, it seems rea-
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out and (¢, d) with BB emissions for the (¢) STN and (d) VBS cases.

sonable to suggest that if we are interested in distinguishing
the effects of BB aerosol aging that presumably occurs on a
certain timescale, T,, then, on the one hand, the lifetime of
the aging tracer should not be much larger than 7}, so that a
contribution of “old” aerosol to the photochemical age esti-
mate could be filtered out. On the other hand, it should not
be much smaller than 7, in order to limit an effect of a fresh
aerosol fraction on the photochemical age characterizing a
more aged aerosol fraction of interest.

A comparison of the results obtained with the different
tracers (see Fig. 6) confirms this reasoning: the use of the
tracer 77 having a characteristic lifetime of about 7h re-
veals more pronounced or more significant changes on the
timescale T, on the order of 10h than the use of the two
other tracers having too large or too small lifetimes com-
pared to T,. Nonetheless, it would hardly be reasonable to
try to “fit” a tracer’s lifetime to 7,, because the actual life-
time of any tracer varies strongly both in space and time,
reflecting variability of OH. It would be more reasonable to
find an “optimal” tracer by using a criterion similar to that
based on Eq. (11). Indeed, the magnitude of G (d,, pg,) with
the parameter values indicated in Fig. 6 is found to be smaller
in the case with the tracer 77 (0.14) than in the cases with the
tracers T (0.18) or T3 (0.22). However, formal optimization
of a tracer’s reactivity would require far more computational
resources than were available for this study.

Another important finding is that the use of the photo-
chemical age estimates allows one to “visualize” the ma-
jor difference between the BB OA dynamics simulated with
the different aerosol schemes. Specifically, whereas the BB
aerosol simulated with the standard scheme behaves (as ex-
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pected) very similarly to a passive tracer (the ER deviates
from unity only slightly, initially increasing probably due to
SOA formation from “traditional” precursors but then slowly
decreasing as a result of deposition), the ER for aerosol sim-
ulated with the VBS scheme strongly increases by a factor
of 1.5. Furthermore, the analysis presented in Fig. 6 clearly
indicates that the VBS scheme enables more adequate repre-
sentation of BB aerosol dynamics than the standard scheme
during the first (growing) stage of BB aerosol aging. Such a
conclusion would be impossible to make simply by compar-
ing the time series discussed in Sect. 3.1.

The agreement between the ER estimates derived from
the measurements and VBS simulations is obviously not
perfect. In particular, the modeled values obtained with the
VBS run increase more slowly during the initial stage of
the BB aerosol evolution and do not decrease consider-
ably afterwards; moreover, the confidence intervals for the
measurement-based and model estimates of the ER do not
intersect in the third bin in the case shown in Fig. 6a. Al-
though a likely increase (not taken into account in our sim-
ulations) in the mass extinction efficiency by ~ 10 % (Reid
et al., 2005b) as a result of aerosol aging would be sufficient
to ensure that the difference between the measurement-based
and model estimates of the ER is not statistically significant,
it could still not bring the measurement-based and modeled
estimates of the ER into perfect agreement. These observa-
tions indicate that the representation of BB aerosol with the
available VBS scheme is not yet fully adequate, and probably
could be improved further by optimization of the parameters
of the VBS scheme. This task can be addressed in future stud-
ies. In particular, other formulations of the VBS scheme are
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Figure 6. The AOD enhancement ratio (ER) estimates (y,) as a
function of the BB aerosol photochemical age evaluated using dif-
ferent aging tracers: (a) 71, (b) 7>, and (c) 73. Along with the ER
estimates derived from data of satellite (MODIS and IASI) mea-
surements, the figure shows the estimates obtained by substituting
the measurement data with their modeled counterparts provided by
the CHIMERE model, which was run with two different aerosol
schemes (STN and VBS). Also shown is the mean near-surface
PM; 5 concentration corresponding to the grid cells and days rep-
resented by the data covered by each photochemical age bin. The
figure headers show values of the parameters — kgy (the tracer’s
reactivity), pe, (the threshold percentile of the distributions of CO
columns) and d, (the photochemical age bin width) — used in the
corresponding analyses.
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possible (e.g., Shrivastava et al., 2015), in which fragmenta-
tion reactions get larger weight, leading to a net decrease in
BB aerosol concentration after some time.

Note that the measurement and model data covered by dif-
ferent photochemical age bins do not necessarily represent
the same BB plumes (but at different stages of their evolu-
tion). However, we assume that the difference between our
ER estimates for different bins is indeed representative of the
difference between the optimal ER values for an ensemble of
the plumes at different stages of their evolution. An analysis
of a particular situation in which it turned out to be possible
to trace the atmospheric evolution of the same BB plumes as
they are transported from one (“source”) region into another
(“receptor”) region is presented in the Supplement. The anal-
ysis reveals that, in line with the results of the more general
analysis presented in this section (see Fig. 6a), the optical
depth of the actual BB aerosol increased with respect to the
optical depth of the BB aerosol simulated with the standard
OA scheme as a result of BB aerosol aging.

Figure 7 illustrates the effect of the data selection pro-
cedure (see Eq. 11 and the corresponding explanations in
Sect. 2.4) on the results of our analysis. Specifically, it shows
the dependence of the maximum value of the ER on the
value of the parameter pg, (a threshold percentile that was
used to select the data (see Sect. 2.4.1) corresponding to suf-
ficiently dense BB plumes). The dependence was obtained
with a fixed width of the photochemical age bin of 5.1h,
while the photochemical age itself was estimated with the
tracer 77 (as in the analysis illustrated in Fig. 6a, where pq,
was equal to 83 %). By definition, larger values of pg, corre-
spond to denser BB plumes: this is evident in the dependence
(also shown in Fig. 7) of the mean near-surface concentration
of PM3 5 in grid cells and days covered by a photochemical
age bin in which the ER reaches a maximum value.

The obtained dependence of the maximum ER values on
P9 demonstrates a clear upward trend that extends up to a
value of pg, of 86 %. The fact that the trend is “submerged”
in the confidence intervals of individual estimates of the ER
does not necessarily mean that the trend is insignificant, par-
ticularly because the uncertainties of the individual estimates
are not independent (since the datasets selected for the dif-
ferent estimates were overlapping). Nonetheless, we cannot
claim with confidence that the trend is “real” either (i.e., is
not an artifact of our analysis), since our estimates of the ER
can be biased to a different extent with different values of pg,.
Specifically, apart from the “vertical” uncertainty reflecting
discrepancies between model and measurement data covered
by a given photochemical bin, there can also be a “horizon-
tal” uncertainty in our estimates due to mismatches between
the photochemical ages of the actual BB aerosol and its sim-
ulated counterpart. The mismatches (or, in other words, un-
certainties in our estimates of the photochemical age) could
occur due to model transport errors, as well as due to un-
certainties in modeled spatial-temporal distributions of BB
aerosol and CO sources. It seems reasonable to expect that
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the uncertainties in the photochemical age estimates have a
quasi-random character (at least when the region and period
considered are sufficiently large) and are manifested as the
“diffusion” of data points forming the dependencies shown
in Fig. 7 across different bins. If so, the horizontal uncer-
tainty in our estimates of the ER should be associated with
a flattening of the dependence of y, on t, and with a nega-
tive bias in the ER maximum (for given values of pg, and
d,). Such a bias can be different for different selections of
the modeled and measured data (and, in particular, can be
dependent on pg,), but is difficult to evaluate without using
any independent data on the photochemical age of the real
BB aerosol.

Compared to the maximum ER estimates obtained with
the measurement data, the corresponding estimates based on
the simulated data do not show any prominent trend. In prin-
ciple, an upward trend in the dependence of the maximum
ER on pg, can be explained by suggesting that gas-phase ox-
idation of organic material originating from fires results in
formation of, predominantly, rather volatile products that re-
main mostly in the gas phase unless the density of OA be-
comes sufficiently high. The fact that such a trend is missing
in the estimates based on the modeled data that were obtained
with the VBS scheme may be considered as one more indi-
cation that the representation of BB aerosol with the VBS
scheme used in this study is not sufficiently adequate. Mak-
ing a firmer conclusion in this regard is presently not possible
in view of the possible bias in our estimates, which has been
mentioned above.
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3.3 Sensitivity tests and Monte Carlo experiments

A goal of the analysis presented in this section is to evaluate
the robustness of our major findings presented in the previ-
ous section in view of possible uncertainties and biases in the
input data. The results of the analysis are presented in Fig. 8.
First (Fig. 8a), we examined to what extent our estimates of
the ER could be affected if our estimation procedure would
not involve normalizing AOD to CO column amounts, that
is, if the estimation was based on Eq. (8) instead of Eq. (9).
Indeed, although using the CO columns in Eq. (9) is likely to
result in reducing possible uncertainties due to mismatches
between BB plumes in the real atmosphere and in the simu-
lations (as discussed in Sect. 2.4), it might have led to some
artifacts in the ER retrievals if there were major systematic
discrepancies between the CO columns derived from satellite
measurements and simulated with a CTM. The discrepancies
may be, e.g., due to model errors in the injection height of BB
emissions, but also due to probable underestimation of CO
columns in the TASI retrievals close to emissions (Turquety
et al., 2009). However, the test estimation performed with the
same parameters as in Fig. 6a but without using the CO data
yields almost the same maximum increase (by a factor of
2.0) of the ER as in the base case (see Fig. 6a), although, as
expected, the uncertainty of the ER estimates increases (by
~40 % on the average). Moreover, when CO columns were
processed instead of AOD values (again using Eq. 8), the cor-
responding estimates of y, (see a purple line in Fig. 8a) were
not found to manifest any statistically significant deviations
from unity (except for the ER estimate for the last bin, with
t, larger than 26.5h), as would be expected for the behavior
of ER for a passive tracer. Note that underestimation of the
retrieved CO columns in fresh BB plumes (corresponding to
the first bin of the photochemical age) with respect to those in
more aged plumes could result in underestimation of the ER
values obtained with Eq. (9) for the other bins, and, therefore,
could not explain the increasing part of the dependence of the
ER on the photochemical age (see, e.g., Fig. 6a). Moreover,
unlike near-surface PM; 5 concentration, CO columns do not
exhibit any strong variations across photochemical age bins
(see green dashed line in Fig. 8a); this indicates that variabil-
ity of the ER for CO columns (see purple line in Fig. 8a)
is likely mostly due to model errors in the vertical distribu-
tion of CO. Accordingly, the test results presented in Fig. 8a
provide strong evidence that the increasing part of the ER de-
pendence on the photochemical age is not an artifact of any
systematic errors in the modeled or simulated CO columns.
Second (see Fig. 8b), we tried to assess whether the in-
crease in the ER can be an artifact of uncertainties in our
model estimates of the photochemical age due to transport
errors. To roughly evaluate the effect of such errors, we con-
sidered how good the model’s prediction is that the CO col-
umn amount in a given grid cell and on a given day is notice-
ably (at least by 10 % with respect to its background value
predicted by the model) affected by fires. Specifically, we
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Figure 8. Results of the sensitivity tests and Monte Carlo experiments examining the robustness of the estimates presented in Fig. 6a: (a) the
ER estimates derived from AOD MODIS measurements without using CO columns for their normalization, as well as the estimates obtained
using satellite measurements of CO columns as a proxy for the AOD measurements in Eq. (8); also shown are the mean IASI CO column
amounts for corresponding bins; (b) the ER estimates obtained in the Monte Carlo experiments in which the measured AOD values were
replaced with the synthetic data generated by means of random replacements of the simulated AOD and CO values in the horizontal domain
(see experimental details in Sect. 3.3); (c) the ER estimates derived from the two data subsets obtained by splitting the original dataset such
that the first and second subsets included only odd and even days of the study period, respectively; note that the “odd days” estimates are
depicted by using the upper abscissa axis, which is slightly shifted to improve readability; (d) estimates derived from the original MODIS

and [ASI data but using the data of the CHIMERE run in which the injection heights of BB emissions were doubled.

evaluated the “hit rate”, &, defined as follows:

ne

h= 12)

ny
where n. is the number of correct predictions (that is, the
number of grid cells/days where both the model and mea-
surements indicate that the contribution of fires to a CO
column was noticeable), and n, is the total number of grid
cell/days affected by fires according to the measurements.
The hit rate was evaluated separately for each photochemi-
cal age bin using the original set of CO columns retrieved
from the IASI satellite measurements and those simulated by
our model. The values of /& (see black crosses in Fig. 8b)
were then used to set up Monte Carlo experiments in which
the values of AOD and CO columns from the measurements
were replaced with synthetic data obtained by mixing the cor-
responding modeled values in the horizontal plane. That is,
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the aerosol and CO data for a given grid cell (i, j) were re-
placed with the data from another grid cell (k,[) (and vice
versa). The differences between k and i or / and j were as-
signed as random values sampled from a Gaussian distri-
bution N (0, oy), with the oy value of 8.0. The value of oy
was defined such that the hit rates calculated for each pho-
tochemical age bin with the mixed synthetic data (see black
crosses in Fig. 8b) were smaller than the corresponding hit
rates calculated with the original data. The experiments were
performed both without and with using CO columns for nor-
malization of AOD values, that is, using the cost function
defined by both Egs. (8) and (9). The AOD values were cal-
culated using the simulated data for the tracer Tp.

The results of the corresponding Monte Carlo experiments
are presented by solid and dashed lines in Fig. 8b. It is evi-
dent that the deviations of the ER estimates from unity due to
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the random replacements of the modeled data turned out to
be much smaller than those found with real data. In the case
where CO columns were not used, the maximum deviation
was about 31%; there is also an upward trend (starting from
the second bin) that can be explained by the factors men-
tioned in Sect. 2.4. The deviations were found to be smallest
(less than 12 %) in the case where AOD values had been nor-
malized to CO columns according to Eq. (9). Note that the
hit rates considered can be smaller than unity not only be-
cause of model transport errors or similar errors due to mis-
placements of BB aerosol emission sources, but also due to
many other kinds of uncertainties in the measured and sim-
ulated data. That is, our Monte Carlo experiments are likely
to provide an upper limit for the effects of transport errors.
Therefore, the results shown in Fig. 8b strongly suggest that
the major features of the ER behavior found in the analysis
of the real data (see, e.g., Fig. 6a) are unlikely due to model
transport errors and associated errors in our estimates of the
BB aerosol photochemical age.

Third (Fig. 8c), we investigated whether the derived in-
crease in the ER was a general property of BB aerosol evo-
lution in the study region, or was mostly associated with a
single specific episode, like the one considered in the Sup-
plement. To do so, we split the original dataset into two parts,
such that the first part included only odd days of the study pe-
riod, and the second part included only even days. This split-
ting allowed us to get ER estimates based on entirely differ-
ent subsets of the data. To enable a straightforward compar-
ison of the ER estimates derived from each data subset, they
were obtained for the same photochemical age bins as the
base case estimates shown in Fig. 6a; that is, the estimation
procedure involved Eq. (9), but Eq. (11) was not employed
in this test.

As a result, we found that the ER estimates derived
from both data subsets demonstrate qualitatively similar
“humped” dependencies on the BB aerosol photochemical
age, although there are considerable (but not statistically sig-
nificant) quantitative differences between them. Not surpris-
ingly, withdrawing half of the data from the original dataset
resulted in an increase in uncertainties in the ER estimates.
Similar results (not shown here) were obtained when the
original dataset was split into two parts in about the mid-
dle of the study period, such that the amount of data in the
two data subsets was similar. All these results clearly indicate
that the increase in the ER is not due to a haphazard feature
of a single BB plume observed from satellites, but a rather
general property of BB aerosol evolution in the region and
period considered.

Fourth (Fig. 8d), we examined the sensitivity of our esti-
mates to possible systematic errors in the injection height of
the BB emissions. To do so, we performed a test model run
(for the STN scenario) in which the injection height of the
BB emissions was increased: specifically, a factor of 2 was
applied to the injection height estimates calculated in accor-
dance with the method by Sofiev et al. (2012); see Eq. (10)
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therein. The model data for aerosol tracers and CO from that
test run were then used for estimation of the ER instead of
the data from the original STN run.

The injection height parameterization implemented in this
study can be expected to underestimate the observed height
of a part of the major BB plumes reaching the free tropo-
sphere (see Sofiev et al., 2012, and Fig. 2d therein). In turn,
the underestimation of BB plume heights can result in sys-
tematic mismatches between the AOD fields obtained from
the observations and from the model in the presence of a
strong vertical wind shear. In particular, in such a case, the
model is likely to overestimate AOD for fresh plumes corre-
sponding to the first photochemical age bin, leading to a pos-
itive deviation of the ER estimates for other bins from unity,
even if the real BB aerosol behaved as a passive tracer. A
possible effect of the underestimation of BB plume height on
the modeled CO columns is 2-fold. On the one hand, the CO
columns can be overestimated for the same reason as AOD,
leading to a compensation of a bias associated with the over-
estimation of the simulated AOD. But on the other hand, the
simulated CO columns processed with the IASI averaging
kernels can be underestimated due to decreasing sensitivity
of the IASI instrument at lower altitudes, resulting again in a
positive bias in the ER estimates. Visual inspection of Fig. 2d
in Sofiev et al. (2012) reveals that doubling of the calculated
injection height would eliminate its underestimation for most
of the cases where the underestimation occurs if the injec-
tion height is calculated using the original formula. There-
fore, if the deviations from unity of the ER estimates shown
in Fig. 6a were actually due to only the underestimation of
the injection height of BB emissions, doubling of the injec-
tion height values used in our simulations would result in a
major reduction of such deviations and in a decrease in the
maximum value of the ER. However, the analysis performed
with the output data from the test run (see the orange curve
in Fig. 8d) evidently does not reveal any major decrease in
the ER maximum, thus indicating that the potential underes-
timation of the injection height of BB emissions cannot be
the primary reason for the increase in the ER in our case.

Finally, in addition to the main test cases presented above,
we analyzed some other test cases that will not be discussed
here in detail. In particular, we tried to ensure that the derived
evolution of the ER is not an artifact of our data selection pro-
cedure (see Sect. 2.4.1) by using AOD values instead of CO
columns in Eq. (10). We also obtained test estimates of the
ER by using the modeled CO columns to which no transfor-
mation involving averaging kernels was applied. These mod-
ifications of our procedure did not result in any qualitative
changes in the ER behavior, either. Accordingly, we came to
the conclusion that the strong increase in the ER is not an
artifact of our procedure or model errors but, rather, a real
property of BB aerosol evolution in the study region and pe-
riod.
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4 Discussion

In this section, we qualitatively discuss possible physical and
chemical mechanisms that could be responsible for the dis-
tinctive features of BB aerosol evolution, which were re-
vealed in our analysis of the MODIS AOD measurements
(see Sect. 3.2 and Fig. 6a). We also discuss possible implica-
tions of our results for future studies of BB aerosols.

The ER defined by Eq. (6) and estimated using either
Eq. (8) or (9) can vary with the BB aerosol age as a result of
physical and chemical transformations, affecting the optical
properties of BB aerosol. These transformations can be initi-
ated by several processes, including nucleation (new particle
formation), condensation/evaporation, coagulation and depo-
sition (see, e.g., Seinfeld and Pandis, 2006), as well as mor-
phological changes (see, e.g., Martin et al., 2013) and het-
erogeneous oxidation (see, e.g., Kroll et al., 2015). As both
nucleation and condensation (of, e.g., organic compounds)
increase the surface area of the ensemble of aerosol parti-
cles, they are likely to result in an increase in AOD and, thus,
in the ER, while evaporation and deposition are most likely
to lead to the opposite effect. Depending on the aerosol par-
ticle concentration and size distribution, coagulation (which
is typically a slow process, except in very dense and fresh
plumes) may cause both a decrease in the mass extinction
efficiency (and thus AOD) due to a decrease in the number
of particles, but possibly also an increase, as the size of the
remaining particles grows and they become more efficient
in light scattering. Heterogeneous oxidation is likely to lead
to a loss of particle carbon to the gas phase as a result of
fragmentation reactions (Kroll et al., 2015), although there
are also functionalization reactions introducing more oxygen
atoms to the particle material.

Substantial changes in the physical and chemical char-
acteristics of BB aerosol have previously been observed in
smog chamber experiments when BB emissions were ex-
posed to UV radiation and are believed to be initiated by
gas-phase oxidation of SVOCs and IVOCS (e.g., Grieshop
et al., 2009; Hennigan et al., 2011; Heringa et al., 2011). In
particular, Grieshop et al. (2009) found that photochemical
oxidation of organic gases was associated with an increase
in the mass concentration of BB OA by a factor of 1.5 to
2.8 and with an increase in the O : C ratio by a factor of 1.5
(on average). Even larger changes were detected in the field
measurements in southern Africa by Vakkari et al. (2014),
who found that atmospheric processing of BB plumes during
a few hours resulted not only in a strong increase (up to a
factor of 10) in the ratio of BB aerosol and CO mass con-
centrations, but also in a major enhancement (by a factor of
6) of the aerosol scattering coefficient relative to CO concen-
tration. A strong increase (by a factor of 2.5) in the aerosol
scattering coefficient (normalized to a tracer concentration)
was also reported by Akagi et al. (2012) from aircraft mea-
surements of BB plumes in California.
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It seems reasonable to assume that similar changes could
have occurred in BB plumes in the study region and that such
changes could be responsible for the increase in the ER as a
function of photochemical age. For example, an increase in
the scattering coefficient (relative to a tracer concentration)
throughout the vertical column of BB aerosol would result in
an enhancement of AOD (and thus of the ER), if other optical
parameters of the aerosol remained constant. A problem is
that available laboratory and in situ measurements providing
evidence for major physical and chemical transformations
of BB aerosol address rather short periods of BB evolution
(< 5h). Such periods would be covered by the first bin of our
photochemical age estimates, and therefore the results of the
experimental studies mentioned above do not have direct im-
plications for the interpretation of our findings. However, as
long as some of the primary BB aerosol, which is likely to
be composed mainly of SVOCs (see, e.g., May et al., 2013),
evaporates upon dilution (which normally does not occur in
BB aerosol aging chamber experiments), there can be a con-
tinuous influx of fresh organic material into the gas phase.
As a result of gas-phase oxidation, this material is likely to
gain in mass, lose in volatility, and be absorbed again by
BB aerosol particles (Grieshop et al., 2009). Accordingly, it
may be suggested that the physical and chemical processes
leading to an increase in AOD can remain efficient on much
longer timescales than those addressed in chamber experi-
ments, depending on the temporal scale of dilution (which,
in turn, can vary, depending on meteorological conditions).

Such a scenario is confirmed by our simulations based on
the VBS scheme. Indeed, with the reaction rate of SVOCs
with OH of 2 x 10~ s~ ! cm? (based on the recommenda-
tions by Grieshop et al. (2009)) and a typical OH concen-
tration of 4.5 x 10%cm—3 in daytime, the gas-phase oxida-
tion of primary organic aerosol material, if it occurred in one
step, could be mostly accomplished within 3—4 h, while ac-
tually (see Fig. 6) it takes up to ~20h (or even longer, de-
pending on the photochemical age estimates). The fact that
there are quantitative differences between the ER estimates
based on the measurements and the VBS simulations in the
growing stage of the BB aerosol evolution (specifically, the
ER growth rate is underestimated by the model) is not sur-
prising, taking into account that the OA evolution simulated
in the framework of the VBS method depends on many pa-
rameters (Donahue et al., 2006), none of which were opti-
mized for the particular situation considered in this study.
In addition, it should be noted that the ER estimates based
on the simulated data were obtained under the assumption
that the aerosol mass extinction efficiency does not change as
the aerosol ages, while the available measurement data (Reid
et al., 2005b) indicate that it is usually greater for dry aged
BB aerosol than for dry fresh BB aerosol.

Typically, the difference in the mass extinction efficiency
for fresh and aged BB aerosol is rather small (~ 10 %) (Reid
et al., 2005b). However, much larger changes in the mass ex-
tinction efficiency can be expected to occur due to new parti-
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cle formation, which was observed in fresh BB smoke (with
an age of less than 2 h) both in the real atmosphere (Hobbs
et al., 2003; Vakkari et al., 2014) and in the laboratory (Hen-
nigan et al., 2012), but is not taken into account in our model.
To the best of our knowledge, there is no experimental evi-
dence that new particle formation can be important after the
BB aerosol age exceeds a few hours. Moreover, the smog
chamber experiment by Hennigan et al. (2012) indicates that
the particle formation rate drops abruptly after just 1 h of BB
smoke evolution (that is, after a period that was entirely ex-
cluded from our analysis). Accordingly, the discussed behav-
ior of our ER estimates derived from satellite measurements,
as well as their difference from the ER estimates obtained
from the model data, are unlikely to be due to the effects of
new particle formation.

Considerable changes in the mass extinction efficiency of
BB aerosol in the real atmosphere can also be due to up-
take of water by BB aerosol particles. This process is also
not taken into account in our simulations. The effect of water
uptake on light scattering by aerosol particles can be charac-
terized by the aerosol humid growth factor, f(RH) (see, e.g.,
Day et al., 2006), whereas the impact of humidification on
light absorption by BB aerosol is believed to be negligible
(Reid et al., 2005b). The product of the mass scattering effi-
ciency of dry aerosol with f(RH) provides an estimate of the
mass scattering efficiency of the aerosol in an ambient atmo-
sphere. The humid growth factor depends on the aerosol par-
ticle composition and size distribution, but the key parame-
ter determining its magnitude is ambient RH (Kasten, 1969).
The BB plumes considered in this study evolved in a rela-
tively dry atmosphere, where RH was typically lower than
60 % in the daytime (when the satellite measurements were
taken). Mean RH values calculated as a function of the BB
aerosol photochemical age and corresponding to the same
grid cells/hours that were taken into account in our analy-
sis illustrated in Fig. 6a are presented in Fig. 9 along with the
corresponding values of temperature. Both RH and temper-
ature were calculated using the WRF-ARW model data (see
Sect. 2.2.1) as a weighted vertical average, with the concen-
trations of the inert tracer Ty used as the weights. In addi-
tion, Fig. 9 also shows their mean values for the first (near-
surface) model layer. It can be seen, that while the vertically
averaged temperature decreases with the photochemical age
(due to transport of aerosol into higher levels), RH remains
nearly constant and below 60 %. Available measurements
(see, e.g., Hand et al., 2010) suggest that f(RH) is likely
to remain smaller than 1.2 under such conditions. Therefore,
even though f(RH) might increase with aerosol age due to
changes in aerosol composition, aerosol particle humidifi-
cation can explain neither the major increase in the ER as
BB aerosol ages nor the difference between the ER estimates
based on measurement and model data.

The decreasing part of the measurement-based depen-
dence of the ER on the photochemical age is more difficult
to explain, particularly because it is not reproduced by our
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Figure 9. Mean relative humidity (RH) and temperature values cor-
responding to the same grid cells/hours that were taken into account
in the analysis illustrated in Fig. 6a. Both RH and temperature were
calculated using the WRF-ARW model data as a weighted vertical
average, with the concentrations of the inert tracer Tj used as the
weights. The mean values for the first (near-surface) model layer
are also shown.

model. As noted in Sect. 3.2, we cannot claim that the ER
is actually decreasing after the initial growth, taking into ac-
count the uncertainty range of our estimates. Nonetheless, as
the decreasing part is a general feature of the dependencies
presented above (see Fig. 6), it may not entirely be an ar-
tifact of our analysis. It can be suggested that the decrease
in the ER can reflect a decrease in BB OA mass concentra-
tion due to either evaporation of SOA, followed by fragmen-
tation rather than functionalization reactions of the evapo-
rated material (Donahue et al., 2012, 2013), or due to het-
erogeneous oxidation (George and Abbatt, 2010; Kroll et al.,
2015), which can be a major oxidation mechanism for OA
particles over timescales of several days, but is not taken into
account in our model, or both. Importantly, the behavior of
the ER according to our analysis is qualitatively consistent
with the current theoretical understanding of the evolution
of OA in the atmosphere: in particular, a similar “humped”
dependence of OA concentration was obtained by Donahue
etal. (2013) (see Fig. 3 therein) in a simulation with an ideal-
ized box model. Furthermore, Donahue et al. (2013) pointed
out that real atmospheric OA can, in some cases, be oxi-
dized very quickly (e.g., over less than 1 day), depending
on environmental conditions (and OH concentration in par-
ticular). Our results indicate (see Fig. 6¢) that if the down-
ward trend continues beyond the timescales considered, the
ER will eventually become less than unity. In this sense, our
analysis does not contradict earlier reports (Jolleys et al.,
2012, 2015), which indicated that the normalized excess ra-
tios for aged BB aerosol measured in several aircraft cam-
paigns were, on average, smaller than for fresh BB aerosol.
The results of our analysis have direct implications for
the development and evaluation of models representing BB

Atmos. Chem. Phys., 17, 4513-4537, 2017



4532

aerosol evolution. In particular, they confirm the findings of
earlier studies (e.g., Hodzic et al., 2010; Konovalov et al.,
2015; Shrivastava et al., 2015) indicating the importance of
taking BB aerosol transformations associated with the oxi-
dation of SVOCs into account in CTMs. Indeed, the simula-
tions based on the VBS method (which provides a convenient
framework for model representations of processes involv-
ing SVOCs) demonstrate a much better overall agreement
with the ER estimates derived from satellite measurements
than the simulation based on a simpler (“conventional”) OA
scheme, in which primary BB OA is assumed to be composed
of only non-volatile material and in which an SOA source as-
sociated with oxidation of SVOC:s is not taken into account.

Our results also support the argumentation (Konovalov
et al., 2015) that inadequate representation of BB aerosol
aging processes may be one of the key reasons for the sys-
tematic underestimation of AOD by CTMs employing a con-
ventional OA scheme (see the Introduction, and references
therein). Indeed, on the one hand, our analysis indicates that
when the BB aerosol simulations are based on the VBS
method, optimal agreement between the simulated and mea-
sured AOD data can be achieved with smaller (by a factor
of 1.8 in our case) particulate matter emissions than when
BB aerosol simulations are performed using the conventional
aerosol scheme. On the other hand, as noted above, the VBS
method is found to provide a more realistic representation of
the effects of BB aerosol aging than the conventional aerosol
scheme. Future modeling studies should involve optimiza-
tion of the parameters of the VBS scheme in order to fit bet-
ter the ER estimates obtained with the model data to those
derived from measurements.

Our results may also have implications for experimental
studies of BB aerosol evolution. Indeed, our analysis pro-
vided observational evidence (to the best of our knowledge,
for the first time) of major BB aerosol transformations that
occur in the real atmosphere on temporal scales in the range
from ~5 to ~20h. This is a rather unexpected finding in
view of previous studies of BB aerosol evolution, which fo-
cused mostly on either shorter or longer timescales. There-
fore, our results indicate that more focus should be given in
laboratory and field studies to the timescales corresponding
to meso- and synoptic-scale transport of BB plumes. It would
be useful to pay special attention to the role of dilution and
to the dependence of aging processes on the ambient concen-
tration of BB aerosol, and it would be important to ensure (in
field experiments) that the photochemical age of a BB plume
is well defined and is not affected significantly by entrain-
ment of fresher or more aged smoke. The BB aerosol photo-
chemical age estimation method proposed in this paper may
be helpful in this regard.

Finally, we would like to point out that our analysis based
on Eq. (8) or (9) provides a convenient tool to visualize the
effects of BB aerosol aging in simulated data, as is done,
for example, with simulations performed with the different
aerosol schemes (cf. the red and brown lines in Fig. 6). We
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believe that, in this way, our method can be helpful, in par-
ticular, in various sensitivity studies, as it allows one to eas-
ily observe the effects of a parameter change on BB aerosol
evolution. Note that an analysis of the effects associated with
aerosol aging could be quite straightforward when using a
Lagrangian model. However, with an Eulerian model, a prac-
tical alternative to the method described in this paper would
be a rather cumbersome analysis of transport patterns and
spatial-temporal distributions of BB aerosol (like the special
case analysis presented in the Supplement).

5 Conclusions

In this paper we used MODIS AOD measurements com-
bined with IAST CO measurements and output data from the
CHIMERE CTM to probe the effects of aging of BB aerosol
in smoke plumes from Siberian wildfires. To quantify the
AOD changes due to BB aerosol aging, we considered the
AOD “enhancement ratio” (ER), which indicates how much
the optical depth of the actual BB aerosol changes compared
to the optical depth associated with a passive aerosol tracer
originating from the same sources. The AOD ER has ba-
sically the same meaning as the normalized excess mixing
ratio (NEMR) used in earlier studies involving in situ mea-
surements (e.g., Jolleys et al., 2012; Vakkari et al., 2014;
Konovalov et al., 2015), but is defined in terms of AOD
values rather than mixing ratios. The satellite-observation-
based analysis allows one to obtain results for larger regions
and for a larger number of BB plumes than in situ measure-
ments. The ER was evaluated as a function of the BB aerosol
photochemical age by matching the measured AOD values
to their modeled counterparts calculated as the AOD of a
passive aerosol tracer featuring the same sources as the BB
aerosol but not affected by any process except for transport.
The photochemical age was estimated by combining the pas-
sive aerosol tracer concentration with that of another virtual
tracer reacting with OH. The model was also used to evaluate
“background” AOD values in the absence of fires. The CO
columns derived from the IASI measurements and simulated
by the model played an auxiliary role in our analysis, coun-
terbalancing possible mismatches between the measured and
simulated AOD fields. The analysis addressed a big region
(50-76° N, 60-111° E) in central and western Siberia in sum-
mer 2012 (specifically, from 1 July to 15 August) where and
when intense and numerous forest fires had occurred.

We found that in sufficiently “dense” plumes (where
the near-surface PMj 5 concentration is on the order of
100 ugm?) the ER demonstrates a substantial (up to a fac-
tor of 1.9) and statistically significant enhancement on the
timescale of up to 15 h. The increase in the ER was found to
be followed by a decrease; however, the presence of the de-
creasing part of the ER evolution cannot be considered as a
well-established fact in view of the uncertainties in our es-
timates. The ER was found to increase less in less dense
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plumes. The robustness of our finding that real BB aerosol
evolves quite differently from a hypothetical passive aerosol
tracer on the timescales considered is corroborated by the re-
sults of our analysis of several test cases involving different
modifications of the input data and estimation procedure, as
well as by a Monte Carlo experiment intended to replicate
the effects of model transport errors. The formal statistical
analysis of the BB aerosol evolution is supplemented by the
analysis of a special case where an enhancement of AOD
with respect to the CO columns was associated with trans-
port of BB plumes from a “source” to a “receptor” region.

We also found that the increase in the ER can, to a large
extent but not completely, be reproduced by the BB aerosol
simulations using the same VBS scheme that had been suc-
cessfully evaluated previously in Konovalov et al. (2015) for
the case of BB plumes originating from fires in the European
part of Russia. At the same time, no significant enhancement
was found in the ER estimates derived from AOD data sim-
ulated with the “standard” aerosol scheme of CHIMERE, in
which processes involving SVOCs are disregarded. These re-
sults and the fact that the initial BB evolution over the first
few hours after emission could not be resolved in our analysis
allowed us to suggest that the “observed” enhancement of the
ER is particularly due to the oxidation of SVOCs evaporated
upon dilution from aerosol particles.

Finally, we discussed numerous implications of our find-
ings for future experimental and modeling studies of BB
aerosol. In particular, our findings emphasize the importance
of carefully planned field studies addressing timescales ex-
ceeding those (on the order of a few hours) typical for cham-
ber experiments, as well as the importance of a proper rep-
resentation of physical and chemical processes involving
SVOCs in CTMs. We also argued that the analysis method
presented in this paper can become a helpful tool for devel-
oping and validating CTMs.
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