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Abstract

The impact of mixing state of particles from biomass burning on aerosol
optical properties (aerosol optical depth (AOD) and single-scattering albedo
(SSA)) is studied over the Euro-Mediterranean region during the severe fire
event in the Balkans between 20 and 31 July 2007, also characterized by

s high dust concentrations. When the mixing state is resolved in chemistry-
transport models, chemical compounds are grouped for computational rea-
sons, and internal mixing is assumed within each group. Up to six groups
are de ned here (dust, black carbon, two inorganic groups and two organic
groups). The influence of different grouping assumptions is studied here
and compared to the influence of the distribution of black carbon (BC) in

»  particles (“pure homogeneous” representation and “core-shell” one), and the
influence of modeling the water absorbed by both inorganic and organic
compounds. The comparisons of simulated AODs to observations from the
surface network AERONET show that AOD is slightly underestimated
when aerosol compounds are assumed to be externally mixed and slightly

»  overestimated when they are assumed to be internally mixed. The mixing state
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of dust with other compounds, as well as the distribution of BC in
particles, strongly influence the optical properties. The impact of the
mixing state on AOD is higher than the impact of the distribution of
BC in particles, reaching 8-12% on average over the fire regions and
16% in the fire plume. Analysis related to the impact of particle mixing

state and BC distribution on SSA shows results similar to AOD. The
impact of the mixing state on SSA can reach -8.5% over the fire regions
and it is higher than the impact of the BC representation, which is lower

than 2%. At the location of fires, water absorbed by inorganics and

 organics is shown to influence the AOD by about 2%, which is in the lower
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range of the influence of water on AOD over the region (between 0 and
40%). This low influence of water on AOD during fire is due to
assumptions made in the modelling, where most of secondary organic
aerosols formed during fires are assumed to be hydrophobic.

Keywords:  Aerosol optical properties - mixing state - black carbon -

core-shell - hydrophilic - hydrophobic

1 Introduction

Atmospheric aerosols strongly affect the atmospheric radiative budget
due to their direct, semi-direct and indirect interactions with solar radia-
tion. The direct and semi-direct effects are due to the radiative properties
of particles (Chylek and Coakley, 1974) which can either absorb or scatter
radiation (Haywood and Boucher, 2000; Jacobson, 2002). The indirect effect
corresponds to the change of cloud properties due to the presence of particles

that may serve as cloud condensation nuclei (CCN) (Twomey, 1977; Koehler
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et al., 2009). Absorbing aerosols also modify cloud properties by increasing
the local temperature which reduces the relative humidity and inhibits the
formation of clouds. This is called the semi-direct acrosol effect (Hansen
etal., 1997). The aerosol optical depth (AOD), the single scattering albedo
(SSA), the asymmetry parameter and the scattering phase function are the
most important and commonly used parameters to describe the aerosol in-
teractions with radiation. Several studies showed the important effects of
aerosols on climate (Jacobson, 2002; Bond et al., 2013; Pascal et al., 2013).
Estimating climate forcing remains, however, uncertain because of the large
uncertainties on the simulation of aerosols and their optical properties
(OP) (Lesins et al., 2002).

Particles are composed of different compounds (dust, insoluble and
water soluble organics, inorganics and black carbon). The mixing state of
particles, i.e. the way compounds co-exist in different particles (total or

partial mixing) may affect aerosol OP.

For computational efficiency reasons, the aerosol mixing state is usually
not resolved but represented in a simplified way in 3D models, in
lagrangian and eulerian models (such as climate or chemistry-transport
models CTMs) (Riemer et al, 2019). Two different approaches are
commonly used (Jacobson et al., 2000). One approach is the external-
mixing approach: the different chemical compounds are assumed to be in
separate particles, and there is no physical nor chemical interaction between
the different particle compounds. The other approach is the internal-mixing
approach: the different chemical compounds are assumed to be mixed in
particles, leading to the formation of particles that all have the same

chemical composition for a given particle size.
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In the real atmosphere, the mixing state is expected to be between these two

extremes (Lesins et al.,, 2002): aerosols are neither externally nor internally
mixed, but they have different mixing states (Deboudt et al., 2010; Healy et
al., 2012; Zhu et al., 20106; Freney et al., 2018). For African dust, Deboudt et
al. (2010) use Transmission Electron Microspectrometry (TEM) and
Raman microscopy analyses to show that particles are mostly externally
mixed.

When particles are emitted as an external mixture, several processes in the
atmosphere (such as coagulation, evaporation/condensation, scavenging,
aqueous or intra-particle reactions) convert the external mixture to an in-
ternal one (Lesins et al., 2002). In 3D eulerian chemistry-transport models,
the internal-mixing approach is often used (e.g. CHIMERE (Menut et al.,
2013), CMAQ (Cartlton et al,, 2010), Polyphemus (Sartelet et al., 2012),
EURAD (Li et al,, 2015), MOCAGE (Guth et al., 2015)). In the external-
mixing approach, for simplicity, some models, such as lagrangian models,
neglect coagulation and consider only condensation/evaporation, which
may be the most crucial process to model aerosol mass. In the first
lagrangian and eulerian models of Kleeman et al. (1997) and Kleeman and
Cass (2001), particles are assumed to be externally-mixed, and a specific
aerosol distribution is associated to each emission source. To represent the
particle mixing-state independently of sources, Jacobson et al. (1994) and
Luand Bowman (2010) separated the mixed particles from particles of pure
chemical compounds. More recent models allow the mass fraction of any
chemical compound to be discretized into sections, similatly to the size
distribution (Jacobson, 2002; Oshima et al., 2009; Dergaoui et al., 2013; Zhu
et al, 2015). Using the Size Composition Resolved Aerosol Model
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(SCRAM) that simulates the particle mixing state and solves the aerosol
dynamic  evolution considering the processes of coagulation,
condensation/evaporation and nucleation (Zhu et al, 2015), Zhu et al
(2016) show that the difference in terms of AOD caused by the mixing-state
assumption can be as high as 7.25% for the weekly averaged AOD and
72.5% for the hourly averaged AOD over the Greater Paris area during
summer. For biomass burning, different studies show that the particle
size and mixing state influence significantly the direct radiative effect
(Amiridis et al., 2009; Lack et al., 2012; Matsui et al., 2018). For example,
Lack et al. (2012) found that internal mixing of black carbon (BC), organic
matter and ammonium nitrate enhances absorption by up to 70%.

The mixing state of particles influence aerosol OP because it influences
the composition of particles, which in turn influences their scattering and
absorption properties, as well as phase function. This influence is due to
several factors: the mixing state and the morphology of BC (Andersson and
Kahnert, 20106), as well as the absorption of water by inorganic and
organic compounds of particles.

Concerning the Mediterranean in summer, Chrit et al. (2017) showed that
64% of organic carbon at Cap Corsica is soluble. Zhu et al. (2016) showed
clearly that, over Greater Paris in summer, AOD differences are strongly
sensitive to differences in aerosol water concentrations. They found that the
mixing state can lead to differences in water concentrations of about 80%,
leading to differences in AOD of about 72%.

In addition to the mixing state, the aerosol OP are influenced by
the distribution of BC inside the particles. Secondary compounds, which

are formed in the atmosphere, may condense onto BC, which is directly
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emitted and inert. The distribution of BC in the particles may be represented
as a "pure homogeneous" distribution (BC is well mixed in particles) or as a
"core- shell" one (it is assumed to be located at the core of particles).
Although BC contributes to less than 5% of the aerosol mass loading, it
has an important impact on the OP of the aerosol mixture (Lesins et al.,
2002). Matsui et al. (2018) found large uncertainties in BC radiative effects
linked to the coating of BC by other compounds. Several studies
(Jacobson, 2001; Chandra et al., 2004; Satheesh et al., 2006; Dey et al.,
2008; Klingmuller et al., 2014; Péré et al., 2014; Gurci et al., 2015) showed
that the core-shell distribution is more realistic, and that it leads to signifi-
cant differences in aerosol OP compared to the homogeneous one.
Andersson and Kahnert (2016) found thata better description of particle
morphology and mixing state in a CTM strongly affects the aerosol OP and
has the same effects as aerosol-microphysical processes. The impact of the
aerosol mixing state may be especially large over the Euro-Mediterranean
region, because it is strongly affected by aerosols from a variety of sources:
dust, sea salt, anthropogenic and biogenic sources (Monks et al., 2009;
Nabat et al., 2015; Rea et al., 2015; Chrit et al., 2017). Further- more, wild
res are an important source of aerosols in the Euro-Mediterranean region
(Turquety et al., 2014). Although they are sporadic, they contribute signifi-
cantly to the atmospheric aerosol loading (Barnaba et al., 2011; Rea et al.,
2015), especially during summer.

This paper aims at estimating and comparing the impacts of the aerosol
mixing state and the core-shell distribution of BC on aerosol OP (AOD and
SSA) during the intense wild re episodes of summer 2007 over Balkan. Dif-
ferent grouping methods of aerosol chemical compounds are compared to

6



define an optimal method for 3D modeling.

The approach presented here consists in computing AOD and SSA at 550
nm, from the reference Polyphemus simulation of Majdi et al. (2019), un-
der different particle mixing-state scenarios and different particle core
treatments.

s The work is structured as follows. Section 2 details the method used to
compute AOD and SSA, as well as the sensitivity tests performed. Sections 3
presents the statistical evaluation of the model performance for the different
scenarios. The impact on AOD and SSA of different mixing state and BC
core-shell distribution scenarios, as well as the impact of absorption of

»  water by inorganic and organic compounds are discussed in section 4.

Section 5 presents the conclusions and the perspectives of this study.

2 Computation of the aerosol optical properties for different mix-

ing states and core-shell scenarios

2.1 Model description

s In this study, the chemistry-transport model (CTM) Polair3D/Polyphemus
(Mallet et al., 2007; Sartelet et al., 2012) is used to simulate gas and aerosolcon-
centrations during the summer of 2007 over the Euro-Mediterranean region.

The simulation setup and domain are detailed in Majdi et al. (2019).
Two domains are considered: the nesting domain covers Europe and

= North Africa and the nested one over the Mediterranean. The spatial resolu-
tion used from the nesting and nested domains are 0.5"X0.5"and 0.257x0.25°
respectively. 14 vertical level are used for both domains from ground to 12
km. The summer 2007 was marked by intense re events over the Euro-

Mediterranean region. The event that occured mainly in Balkan and East-
7
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ern Europe (20-31 July 2007) is simulated here. Different input data are used.
The European Centre for Medium-Range Weather Forecasts (ECMWF: ERA-
Interim) provides the meteorological fields. The global chemistry transport
model MOZART-GEOSS5 6 houtly simulation outputs (Emmons et al., 2010)
are used as boundary conditions of the nesting domain. Anthropogenic emis-
sions are obtained from EMEP (European Monitoring and Evaluation Pro-
gramme; http://www.emep.int) inventory for 2007.

Biogenic emissions are estimated with the the Model of Emissions of Gases
and Acrosols from Nature (MEGAN-LHIV, Guenther et al. (2006)). The

parameterization of Monahan (1986) is used for sea-salt emissions.

Dust emissions are calculated using the soil and surface database of Menut

et al. (2013) with the spatial ex- tension of potentially emitted area in
Europe of Briant et al. (2017). As described in Majdi et al. (2019), the
daily re emissions are estimated using APIFLAME fire emission model
v1.0 (Turquety et al., 2014). Concerning chemical and aerosol modelling,

the gas-phase chemical mechanism used in Polait3D/Polyphemus is the
Carbon Bond 05 model (CB05) (Yarwood et al., 2005), modified to model
secondary organic aerosol (SOA) formation, as detailed in Kim et al. (2011)
and Couvidat et al. (2012). The aerosol dynamics (coagulation,
condensation/evaporation) is modeled using the Size REsolved Aerosol
Model (SIREAM) (Debry et al., 2007). The size distribution is discretized
with 5 sections between 0.01 um and 10 um, and  the internal-mixing
assumption is made. The particle compounds are dust, black carbon,
inorganics (ammonium, sulfate, nitrate, sodium, chloride) and organics from
biogenic precursors (isoprene, monoterpenes, sesquiterpenes) and anthropo-
genic or biomass burning precursors (toluene, xylene, intermediate and semi

8



volatile organic compounds). The partitioning between gas and particles is
done assuming bulk equilibrium, using a thermodynamic equilibrium model
for multiphase multicomponent inorganic aerosols ISORROPIA) (Nenes et
al., 1998) for inorganics and using the Secondary Organic Aerosol Processor

s (SOAP) (Couvidat and Sartelet, 2015) for organics. For organics, the oxidation
of biogenic and anthropogenic precursors leads to the formation of
surrogate compounds, which partition between the gas and the particle
phases depending on their affinity to water. They are either hydrophobic
(partition onto the organic phase made of hydrophobic compounds) or

»  hydrophilic (partition onto the aqueous phase made of inorganics and

hydrophilic organic compounds).

2.2 Aerosol optical properties

The AOD and SSA at a given wavelength (A), are calculated as the integral
of the extinction and backscattering coefficients respectively, through

» the atmospheric column (equations 1 and 2):

ny

AOD(\) = / Beat(\, 2) dz (1)

Zg

fZ"’ Bsca(A, z) dz
SSA(\) = = AOD() (2)

where n, is the altitude at the top of the atmosphere and z, is the altitude

at the ground level.
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Thealgorithm used here to compute AOD and SSA is detailed in Tombette et
al. (2008) and Zhu et al. (2016). The extinction and backscattering coeffi-
cients (Bex and P are a function of the particle size, wavelength and
Aerosol Complex Refractive Index (m) (ACRI which is computed from the
Complex Refractive Index (CRI) of each chemical species). The CRI de-
scribes the ability of a chemical species to scatter or absorb radiation (Hess
et al., 1998). They are taken from the OPAC software package (Optical Prop-
erties of Aerosols and Clouds, Hess et al. (1998)), and displayed in Table 1.

Table 1: CRI of simulated compounds at A = 550 nm.

Model species OPAC species Real Imaginary
Nitrate water soluble 1.53 -6 X1073
Ammonium water soluble 1.53 -6 X 1073
Sulfate sulfate 1.43 - 1078
Sodium sea salt 1.43 -10 8
Chlorate sea salt 1.43 -10 ~°
Black Carbon soot 1.75 -4.4 x 107!
Mineral Dust mineral 1.53 -5.5 % 1073
Primary Organics insoluble 1.53 -8.0 X 1073
Secondary Organics insoluble 1.53 -8.0 X 1073

Once the ACRI value (m) for each particle composed of several chemical
components is computed, the extinction and back scattering coefficients are
computed using the Mie code (Mie, 1908) of Mishenko et al. (1999). The

computation of ACRI for each particle depends on the assumption made on

the mixing state of the chemical compounds.
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Assuming that particles are spherical, and that the particles are discretized
in nui, size sections with n. different possible particle compositions, then for
each vertical level z, the extinction and the scattering coefficients are

computed following equations 3 and 4 respectively:

N¢  Npin

BeatN2) =3 g et (1,2, €)? Quat(i, 7, ) N(i, 2, c) (3)

c=1 i=1

N¢  Npin

,HS('G()‘? Z) = Z Z % (lwot (l z, (")2 Qsca(i~ Z, ()) AN(I Z, C) (4)

c=1 i=1

where N(i,z,c) and du(i,z,c) are respectively, the number and wet diam-

eter of particles in size section i and composition c.

In the case of the internal-mixing approach, the AOD and SSA are calcu-

» lated in the same way as for the external-mixing approach by assuming that
the number of composition n. is equal to 1, as all compounds in each size

section are mixed.

2.3 Mixing hypothesis

" Optical properties calculations are made as a post-processing step after
the CTM simulation, considering 6 groups of aerosols. Within each group,
compounds are assumed to be internally mixed. Species are grouped ac-
cording to their sources (e.g. dust emissions, BC from combustion...) and
their affinity with other compounds. Inorganics (nitrate, ammonium,

» sulfate) are grouped together, because of their anthropogenic origins, while

11
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sodium and chloride form a different group because of their sea-salt ori-
gin. Hydrophilic and hydrophobic organics are separated into two groups,
because hydrophilic/hydrophobic compounds may condense more easily on
hydrophilic/hydrophobic organic particles than on hydrophobic/hydrophilic
ones respectively. In summary, the following groups are considered: anthro-
pogenic hydrophilic inorganics (InorgAnt), sea-salt hydrophilic inorganics
(InorgSS), organic hydrophilic (Hydrophilic Org), organic hydrophobic (Hy-
drophobic Org), black carbon (BC) and dust (DUST). Figure 1 presents the
mean proportion of each group in the composition of simulated PMio con-
centrations. Each group has alarge contribution: dust (33.4%), hydrophobic
organics (22.4%) and anthropogenic inorganics (19.5%), hydrophilic organics
(13.1%0) and sea-saltinorganics (9.5%). The proportion of BCislower (2.1%0)
than the other groups. Only water absorbed by inorganics is considered here
at first. It is therefore affected to the inorganic group. Although this
simplifying assumption may potentially minimize the impact of the mixing

state; the impact of water is studied later in section 4.

2.3.1 Mixing-state assumption
Using the groups de ned above, different mixing-state scenarios are con-

sidered for the calculation of optical properties as shown in Figure 2:

+ Scenario 1: Internal mixture (Figure 1-a). All chemical groups are

mixed in the particles.

+ Scenario 2: External mixture (Figure 1-b). The different chemical

groups are in different particles and they do not mix.

12



Composition of surface PM,, concentration

I Hydrophobic org =3 InorgSsS Il Black carbon
I Hydrophilic org I InorgAnt [ Dust

Figure 1: Mean composition of surface PMo concentration during the

simulation over the Euro-Mediterranean region.

+ Scenario 3: All chemical groups are internally mixed, except dust. Dust,
which originates mostly from mineral emissions, may not be mixed

with anthropogenic and re emissions (Deboudt et al., 2010).

+ Scenario 4: All hydrophilic groups (organics and inorganics) are in-
ternally mixed in particles. Dust and BC are not mixed. Because

wildfires emit large quantities of BC and hydrophobic organics (Majd

13



et al., 2019), BC and hydrophobic organics are assumed to be internally mixed.

o 6 ¢ ¢

°
e® ®6 o

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3

(d) Scenario 4

InorgSS+water . Hydrophilic org

. Black carbon Dust

. Hydrophobic org . InorgAnt+water

Figure 2: The different mixing-state scenarios considered in this study

2.3.2 Core-shell distribution

BC is assumed either to be homogeneously mixed in particles, or to be
as a core. In the homogeneous hypothesis, the different aerosol compounds
are well-mixed in each size bin. According to Tombette et al. (2008), the
ACRI is calculated from the refractive indexes of pure species using the vol-
ume averaged procedure (Lesins et al., 2002).
In the core-shell hypothesis, BC constitutes a non-mixed core at the centerof

» each BC-containing particle. In that case, all other components (hydrophilic

14
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organic compounds, inorganic compounds, dust and hydrophobic inorganic
compounds) are well-mixed in the shell. Previous studies have stressed the
influence of the core-shell representation on aerosol optical properties (Ja-
cobson et al., 2000; Lesins et al., 2002; Bond et al., 2013). This sensitivity
is explained by the fact that coating on an absorbing core enhances light
absorption (Khalizov et al., 2009). The e ect is more significant when the
core is more absorbing (Lesins et al., 2002), as in the case of BC. According
to Hess et al. (1998), BC has the largest imaginary part in the CRI, im-
plying that BC is the highest absorbing component in the visible. If BCis
assumed to be a non-mixed core at the center of particles, the ACRI (which
is the square root of the dielectric constant) is computed using the Maxwell-
Garnett approximation (Maxwell Garnett, 1904), as detailed in Tombette et

al. (2008).

2.4 Sensitivity tests

The calculation of AOD and SSA at 550 nm is conducted under the dif-
ferent mixing-state and core-shell treatment scenarios. Table 2 summarizes
the assumptions used in the different sensitivity tests. Scenarios 1 to 4 cor-
respond to the mixing states described in Figure 2. The comparisons of the
OP computed using these different scenarios will allow us to determine
the number of groups required in simulations resolving the mixing states.

Scenario 1 assumes that all groups are internally mixed and BC is ho-
mogeneously mixed in the particles. Scenario 2 is conducted to assess the

maximum impact of the mixing-state hypothesis: in opposition to scenario 1,
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all chemical groups are assumed to be externally mixed. To assess the im-
pact of a more realistic mixing-state hypothesis, some chemical groupsare
mixed in Scenarios 3 and 4, but dust is kept externally mixed. In scenario 3,
all chemical groups (Inorg, Hydrophilic Org, Hydrophobic Org, BC) except
dust is mixed. In scenario 4, dust is kept externally mixed, but hydrophilic
groups are mixed (inorganics and hydrophilic organics), while BC is mixed
with hydrophobic organics. The sensitivity to the core-shell treatment is
conducted in scenario 5. Scenario 5 is similar to the scenatio 1, but BC is
treated as a core instead of being homogeneously mixed with other particles.
Scenario 5 corresponds to the setup used previously in the study of Majdi
et al. (2019). To test the influence of water content on aerosol optical
properties, two variations of scenario 2 are studied. Although only the
water absorbed by in- organics is considered in scenario 2, in "scenario 2-

with-water", the water absorbed by the different chemical groups are com-

. puted, using ISORROPIA for inorganics and SOAP for organics. In contrast,

in "scenario2-without-water", the water absorbed by the different

compounds is not considered.

16



Table 2: Summary of the assumptions used to simulate aerosol optical

properties in the different sensitivity tests.

Sensitivity Mixing state Number of composition  Core-shell Core
test com-
treatment
position

Scenario 1 Internal mixing 1 (all groups are mixed) No
Scenario 2 External mixing 6 (all groups are No

unmixed)
Scenario 3 Partial mixing 2 (all groups are mixed  No

except dust)
Scenario 4 Partial mixing 3 (dust, hydrophilic com- No

pounds, hydrophobic

com-

pounds and BC)
Scenario 5 Internal mixing 1 (all groups are mixed) Yes BC

3 Statistical evaluation of the model performance

s 3.1 Observations and comparison method

AQOD level 2.0 data (at 550 nm) from the AERONET (AErosol RObotic

NETwork) ground-based network of sun photometers (Holben et al., 1998)

are used. The uncertainty on AOD is estimated to be less than 0.02 (Holben

et al., 2001). In this study, seven AERONET stations (the closest stations to

regions where re contribution is higher than 50%) are used to evaluate the

model performance statistically, as in Majdi et al. (2019).

A set of statistical indicators are used for the comparison of model simula-

tions to surface measurements: the root mean square error (RMSE), the

correlation coefficient (R), the mean fractional bias (MFB) and the mean

17



fractional error (MFE). These are defined as:

RMSFE = (a — 0;)? (5)

i=1

—
=)

e =80 -0)
R= : 6
VoG- RS0 o o

n

1 ¢ — 0
MFB = — SR 7
n Z ((fi "I" ()i)/2 (‘)

i=1

MrE- Ly lazal
£ e 0;)/2

with o the observed concentration at time and location i, ¢ the corre-

sponding modeled concentration and n the number of data.

Boylan and Russel (2006) proposed for PM that a model performance crite-
rion (level of accuracy acceptable for standard modeling applications) is met

s when MFE < +75% and MFB is within + 60%, and a model performance
goal (level of accuracy considered to be close to the best a model can be
expected to achieve) is met when MFE < 50% and MFB is within +30%.
In the following, the MFBs and MFEs are computed at each station and

averaged over all stations.

18
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3.2 Model evaluation

Table 3: Statistics of model-to-measurement comparisons for mean daily AOD at 550 nm

during the re event from 20 July to 31 July 2007.

Sensitivity test  Mean Mean Correlation ~ MFB (%) MFE (%)
observed  simulated (%)
AOD AOD
Scenario 1 0.28 0.28 70 8 29
Scenario 2 0.28 0.25 70.3 -7 30
Scenario 3 0.28 0.25 70.5 -6 29
Scenario 4 0.28 0.25 70.4 -6 29
Scenario 5 0.28 0.27 71.1 3 30

The statistical evaluation of the simulations during the fire event from
20 July to 31 July 2007, is presented in Table 5.3 for the AOD at 550 nm.
The mean AOD is well reproduced by the model for all scenarios. The model
performance and goal criteria are always met. The model-to-measurements
correlations are high and range between 70 and 71% for all scenarios. The
MFEs are similar for all scenarios (29% to 30%), but the MFBs differ de-
pending on the scenarios. The AOD is underestimated by up to 7% in the
scenarios where the particles are partially or externally mixed (scenarios 2,
3 and 4), and it is overestimated by up to 8% in the scenarios where the
particles are internally mixed (scenarios 1 and 5).
The core distribution of black carbon enhances the black carbon absorp-

tion by a factor between 1.1 and 1.2, which is slightly lower than the en-
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hancement modelled by Curci et al. (2019), but in the range suggested by
Bond and Bergstrom (2000).

4 Sensitivity analysis

4.1 Spatial impact of the mixing state and core-shell distribution

To better quantify and compare the impact of different mixing states
and core treatment assumptions on AOD and SSA, sensitivity studies are
conducted over the Euro-Mediterranean region between 20 and 31 July. Fig-
ures 3 and 4 show the mean AOD and SSA respectively (left upper panel)
from scenario 5, which is the reference simulation in Majdi et al. (2019),
over the Euro-Mediterranean region between 20 and 31 July 2007, and the
impact of the mixing state and core treatment of particles. The mean AOD
is large in the region of wild res, between 0.5 and 0.6, and above 0.3 in the
fire plumes. The SSA stays between 0.93 and 0.94 over the regions

impacted by fires and in the fire plumes. It is higher and reaches 0.98 in

the western part of the domain, where dust has a large influence.

The impact of the mixing state is shown in the right upper panel of Fig-
ures 2 and 3 for AOD and SSA respectively. It corresponds to the relative
difference between scenario 2 (external mixing) and 1 (internal mixing).
For AOD, the impactis between -8% and -12% close to the fire regions

Balkans) and it reaches ~-16% further downwind in the re plume. For SSA,

the impact is lower. It is between 2% and 8% in the re regions.

Amongst the mixing-state scenarios, scenario 2 (all groups externally
mixed) is the most different from the scenario 1 (all groups internally

mixed).

20
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The impact of partial mixing between different groups is lower, especially for
AOD. The comparison between the scenarios 3 and 2 (left middle panel of
Figures 2 and 3) shows the impact of considering the mixing of groups other

than dust. This mixing leads to a slight increase of AOD by +1.8% in the

-4%. The impact of assuming that BC and hydrophobic organic compounds
are mixed and that inorganics are mixed with hydrophilic organic compounds
is similar to the impact of considering the mixing of groups other than dust
(right middle panel of Figures 3 and 4). It is between +1.4% and +1.8% for
AOD and up to -3% for SSA. The partial mixing of groups other than dust
has a low influence on both AOD and SSA. However, this influence may be
under-estimated here, because water absorbed by organics is not modelled.
The impact of aerosol water concentrations on the aerosol optical properties

is discussed in section 4.2.

The impact of the core treatment of BC is shown in the lower panels of
Figures 3 and 4 for AOD and SSA respectively. This impact is lower than the
impact of the mixing state. Considering BC as core instead of homogeneous
leads to a decrease of AOD between -2 and -4% above the fire region and up

to -8% in the re plume. Similar results were found above Greater Paris by

Zhu et al. (2016).

4.2 Impact at the location of fire

To understand the differences in AOD and SSA values between the
different scenarios and their relation to fires, the temporal evolution of

AOQODs is first studied, followed by the variations of the extinction
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coefficient (Bex) between the scenarios. The variations of the
backscattering backscattering coefficient (Bs) is similar to those of the

extinction coefficient and it is therefore not shown.

4.2.1 Temporal impacts of the mixing state and core-shell distribution

Figure 5 shows the time evolution of AOD at 550mn from scenario 5 at

s point A between 20 and 31 July 2007. AOD is large mainly between 25 and

28 July. It can reach up to 1.4 on 26 July during the severe wild res. At the
beginning of the simulation, when dust concentrations are the highest (Fig-
ure 5), the influence of the mixing state is large (-22% difference between

scenarios 1 and 2), but the influence of the core-shell assumption is low

» (less than 3% difference in absolute value between scenarios 1 and 5).

15

However, as the res develop, the core-shell assumption becomes more
important (up to -18% difference), and the mixing-state assumption less

important (-12%).

4.2.2 Influence of the different groups

Figure 6 shows e« for each scenatio at point A whete res occurred, at
midday, on 25 July 2007 (fire peak) and on 31 July 2007 (end of the
fire episode). Results are shown at the vertical level between 1000 m and
1500 m where re emissions are injected. The coefficients are integrated over

the five diameter bins, but the contribution of the different particle types

» 1s shown (each particle type is made of one or several groups depending on

the scenario).

On both days (25 and 31 July 2007), Bex is higher for scenarios assuming
internal-mixing than for those assuming external mixing. On 25 July 2007, as
shown by the fex of the external-mixing scenatio (scenario 2), dust is the
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group most influencing AOD and SSA, followed by hydrophobic organics,
inorganics, BC and hydrophilic organics. On 31 July 2007, the influence of
dust is lower and the influence of other groups is higher, especially for
hydrophobic organics, BC and anthropogenic inorganics. This is due to the

emission by res of BC and precursors of hydrophobic organics and inorgan-
ics (ammonia), leading to a lower dust contribution to PMi» composition on

25 July than 31 July 2007 (Figure 7).

For AOD, the highest B« values are found in scenatio 1, for which parti-

cles are internally mixed and the homogeneous treatment of BC is considered.
Because BC is the highest light-absorbing compound, considering BC mixed
with other particles leads to higher absorption efficiency and a higher Bex, as
shown by the difference in e« between scenatios 2 and 1, and between
scenarios 2 and 3. Similarly, considering BC homogeneously mixed in the
patticles leads to higher Beu, as shown by the difference in fex between
scenarios 5 and 1. The partial mixing of groups other than dust has a low

influence on Pex on both days.

4.1.1 Influence of water
To test the influence of water content on optical properties, the varia-
tion of Pe« between scenario 2-with-water and scenario 2-without-water
are studied, at point A at midday on 25 July at the vertical level between
1000 and 1500m. Figure 8 shows that Bex value in the scenario 2-with-
water is higher than in the scenario 2-without-watet. fex values are higher
by about 15% for hydrophilic compounds (inorganics and hydrophilic
organics) whenwater is considered. Although the impact of water on Be

values and AOD is important, it is limited to two percents when the
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whole particle distribution is considered, because a large fraction of
compounds is hydrophobic (dust and hydrophobic organics). In case of
wild res, a large part of organic compounds is made of intermediate and
semi volatile organic compounds,

which are assumed by default to be hydrophobic in the model (Majdi et
al., 2019). This contribution of water absorbed by inorganics and organics
to AOD during the re eventis low compared to the contribution over the
computational domain, which ranges between 0% and 40% at midday on 25
July. This highlights the importance to consider the water absorbed not
only by inorganics but also by the hydrophilic organics. For wildfires, the
hydrophobic assumption of SOA may not be realistic, and it is therefore
desirable to better characterize the hydrophilic properties of SOA formed

during wildfires.

5 Conclusion

Aerosols from biomass burning strongly influence the radiative
balance. Since estimating their climatic forcing remains uncertain partly
because of the optical properties of aerosols that depend on their
composition as well as their mixing state, a sensitivity analysis was
conducted to estimate the impact of the aerosol mixing state on aerosol
optical properties(AOD and SSA) over the Euro-Mediterranean region
during the severe re event in Balkans (from 20 to 31 July 2007). Aerosol
concentrations were computed using the air-quality model Polyphemus,
and different assumptions (leading to different scenarios) on the mixing
state of particles, the core-shell distribution of BC and the calculation of

water were made when computing the optical properties. The computed
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AOD compared well to background AERONET surface observations, with

high correlations and low errors. The bias differs depending on the scenarios:

the AOD was underestimated by up to 7% in the scenarios where the

particles were partially or externally mixed, and it was overestimated by up
s to 8% in the scenarios where the particles are internally mixed.

This study points out the strong influence of the mixing state of dust and
the core-shell distribution of BC in particle on optical properties. Because
BC is the highest absorbing compound, AODs are lower when BC is assumed

» to be at the core of particles than when it is homogeneously mixed. Similarly,
AODs arelower when BC and dust are externally mixed, i.e. when they are in
diferent particles than the other compounds, than when they are
internally mixed. The impact of the mixing-state assumption (internal or
external) on AOD is higher than the impact of the treatment of BC in
particles (core or homogeneous).

It reaches 8 12% over the re region and 16% in the fire plume for the
mixing-state assumption, and -4% over the re regions and -8% in the fire
plume for the BC treatment assumption. Similar results are found for SSA.
The impact of the aerosol mixing-state on SSA (up to -8.5%) is higher
than the impact of core-shell treatment (lower than 2%0). This shows

= that the choice of the mixing-state approach is of major importance for AOD
modeling and has consequences on the calculation of their radiative impact
and on model evaluation against remote sensing measurements. The
influence of the mixing state is mostly due to dust in this work. The mixing
state of compounds other than dust has a limited impact on optical
properties. It is lower than 2% for AOD and lower than 4% for SSA.

» However, this influence may be under-estimated here, because water absorbed
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by organics is not taken into account in the calculations presented above.

To better understand the impact of water content on optical properties,
sensitivity tests are conducted in this work and highlight that taking into ac-
count water from hydrophilic organics enhances fex values and thus AOD.
Although the sensitivity of AOD to aerosol water content is shown to vary
between 0 and 40% in the Mediterranean at the peak of the fire event, the
sensitivity is estimated to be lower than 2% at the location of the fire
event, because most the organic compounds from resare assumed to be
hydrophobic in the model. A better characterization of the hydrophilic
properties of SOA is required to confirm this influence.

This work shows that the representation of the mixing state of particles in-

fluences the optical properties of aerosols during wildfires, even more than
the distribution of black carbon in particles. When the mixing state of
particles is resolved in chemistry-transport models (see Zhu et al. (2015)),
it cannot be resolved for all chemical compounds, because of high
computational cost. Compounds need to be grouped. Different mixing-
state configurations and grouping are considered here. During strong wild-
fires with high dust concentrations, as in the event of this study, only two
groups (dust and a group consisting of other compounds) may be necess-
ary to accurately represent aerosol optical depth (2% difference with different
grouping of other compounds) and single scattering albedo (4% difference).
Further work should involve resolving the mixing state of dust explicitly in
the chemistry-transport simulation with a detailed discretization of the
composition. Measurements, for example using scanning or transmission

electron microscopy, would also be useful to verify the mixing states that
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co-exist in the atmosphere during such event.
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Figure 3: Mean AOD at 550 nm (left upper panel) from scenario 5 (Majdi et al.,
2019) and sensitivity of AOD at 550 nm to the mixing-state scenario (right
upper panel: relative difference between scenarios 2 and 1, left middle panel:
relative difference between scenarios 3 and 2, and right middle panel: relative

difference between scenarios 4 and 2), to the core-shell representation (lower
panel: relative difference between scenario 5 and scenario 1) over the Euro-
Mediterranean region between 20 and 31 July 2007. The red point A (in upper
left panel) represents the location where the extinction coefficient (., is

evaluated for each scenatio.
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Figure 4: Mean SSA at 550 nm (left upper panel) from scenario 5 (Majdi et al.,
2019) and sensitivity of SSA at 550 nm to the mixing-state scenario (right upper
panel: relative difference between scenarios 2 and 1, left middle panel: relative
difference between scenarios 3 and 2, and right middle panel: relative difference
between scenarios 4 and 2), to the core-shell representation (lower panel:
relative difference between scenario 5 and scenariol) over the Euro-
Mediterranean region between 20 and 31 July 2007. The blue point A (in upper
left panel) represents the location where the backscattering coefficient (f.,) is

evaluated for each scenario.
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Figure 5: Time evolution of AOD at 550 nm (left upper panel) from scenario 5
Majdi et al., 2019) and sensitivity of AOD at 550 nm to the mixing-state
scenario (right upper panel: hourly relative difference between scenarios 2 and
1, left middle panel: hourly relative difference between scenarios 3 and 2, and
right middle panel: hourly relative  difference between scenarios 4 and 2), to

the core-shell representation (lower panel: hourly relative difference between

scenario 5 and scenario 1) at point A between 20 and 31 July 2007. 42
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Figure 6: Extinction coefficient (f.,) for the different scenarios and particle
types on 25 July 2007 (upper panel) and 31 July 2007 (lower panel) at midday

and at the vertical level of 1250 m at point A.
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Figure 7: Composition of PMio on 25 July 2007 (left panel) and 31 July 2007
(right panel) at midday and at the vertical level of 1250 m at point A.
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