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Abstract. According to recent studies, internal mixing of The SSA of BC internally mixed with NaCl is higher than
black carbon (BC) with other aerosol materials in the at-for bare BC and increases with the embedding in the NaCl.
mosphere alters its aggregate shape, absorption of solar rénaternally mixed BC SSA values decrease in the 200-400 nm
diation, and radiative forcing. These mixing state effectswavelength range, a feature also common to the optical prop-
are not yet fully understood. In this study, we characterizeerties of dust and organics. Linear polarization features are
the morphology and mixing state of bare BC and BC in- also predicted in DDSCAT and are dependent on particle size
ternally mixed with sodium chloride (NaCl) using electron and morphology.
microscopy and examine the sensitivity of optical proper- This study shows that DDSCAT predicts complex mor-
ties to BC mixing state and aggregate morphology using gphology and mixing state dependent aerosol optical proper-
discrete dipole approximation model (DDSCAT). DDSCAT ties that have been reported previously and are relevant to
is flexible in simulating the geometry and refractive index radiative transfer, climate modeling, and interpretation of re-
of particle aggregates. DDSCAT predicts a higher mass abmote sensing measurements.
sorption coefficient (MAC), lower single scattering albedo
(SSA), and higher absorption Angstrom exponent (AAE) for
bare BC aggregates that are lacy rather than compact. Pre-
dicted values of SSA at 550 nm range between 0.16 and 0.2T Introduction
for lacy and compact aggregates, respectively, in agreement
with reported experimental values of 02%.05. The varia-  The most recent Intergovernmental Panel on Climate Change
tion in absorption with wavelength does not adhere preciselyreport (PCC, 2007) established that the radiative forcing of
to a power law relationship over the 200 to 1000 nm range all aerosol types should be estimated in order to understand
Consequently, AAE values depend on the wavelength regiortheir effects on the earth-atmosphere energy budget. The suc-
over which they are computed. The MAC of BC (averaged cessful accomplishment of this goal requires an accurate pa-
over the 200-1000 nm range) is amplified when internallyrameterization of aerosol optical properties consistent with
mixed with NaCl (100-300 nm in radius) by factors ranging their physical and chemical properties. This study focuses
from 1.0 for lacy BC aggregates partially immersed in NaCl on black carbon (BC), a product of combustion of fossil
to 2.2 for compact BC aggregates fully immersed in NaCl. and biomass fuels, which is the strongest sunlight-absorbing
aerosol speciesdacobson200]) and a critical component of
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the global and regional climat&6nd et al, 2004 Bond and Recent studies show the optical effects of (i) treating bare
Mikhailov, 2005 Ramanathan and Carmicha2008. BC as an aggregation of spherical primary particles rather
When aerosols are transported far from their emissionthan as a single sphere (e.diy et al, 2008 Kahnert
sources, their climatic and environmental impacts are delo2010ab; Kahnert and Devasthgl®011, Wu et al, 2012
calized from their source regionK#nakidou et al. 2005 and (ii) BC aggregates embedded in other materials (e.g.,
Pace et a).2006 Smirnov et al.2011). During atmospheric  Liu et al, 2012 Kahnert et al. 2012 Adachi et al, 201Q
transport, BC becomes increasingly mixed with weak or non-Liou et al, 2011 Worringen et al.2008. The studies on bare
absorbing materials, such as sulfates, nitrates, organics, dudC make use of T-matrix, while those on coated BC aggre-
and sea saltl{ et al., 2003 Mikhailov et al, 2006 Shi- gates make use of core-mantle theory involving two effective
raiwa et al, 2007, 201Q Xue et al, 2009 Moffet and Prather = medium theoriesl(u et al,, 2012); finite difference time do-
2009 Bueno et al.201% Laskin et al, 2012. The absorbing main Wu et al, 2012 in the IR region and DDA Adachi
and scattering efficiencies of BC particles, which are aggre-et al, 201Q Kahnert et al.2012. Liu et al. (2008 showed
gates of primary spherules, i.e., monoméiiaf et al, 2006, that the relationship between the absorption cross section and
depend on primary spherule size, aggregate compactnesthie compactness of the BC aggregate is a complex function
and mixing state with other species. Aggregate compactnessf the refractive index, the number of monomers, and the
(fractal dimension) is affected by temperature changes, wamonomer size. Further, they found that T-matrix computed
ter, and other aerosol material. optical properties of bare BC aggregates differ profoundly
For example, laboratory experiments show that BC ag-from those calculated for the respective volume-equivalent
gregates become more compact when embedded in lowBC spheres and for the respective external mixtures of BC
viscosity materials, such as glutaric and sulfuric ackKisgl = monomers under the assumption that there are no electro-
et al, 2009 Zhang et al. 2008. Also, coating BC with  magnetic interactions between the monom&mahnert and
non-absorbing compounds, including organic and inorganidDevasthalg2011) found that the radiative forcing at the top
acids, leads to an enhancement in light absorption and scatf the atmosphere is two times higher if fresh BC is modeled
tering (e.g.,Zhang et al.2008 Xue et al, 2009 Shiraiwa  as an aggregate instead of a homogeneous sphere. Radiative
et al, 2010. Xue et al.(2009 found that (i) thin coatings of forcing due to aggregates with open chainlike (lacy) struc-
dicarboxylic acids on BC aggregates enhance light scatteringures is 1.1-1.6 times higher than for aggregates with a more
significantly and light absorption slightly and (ii) humidity compact shapéAdachi et al.(2010 showed that many BC
cycling of glutaric acid coated BC can irreversibly restruc- particles from a mega-city have lacy shapes even after be-
ture BC aggregates and further modify SSA. ing surrounded by organic matter and that BC is located in
These studies indicate that it is necessary to account for theff-center positions within its host material. Off-center em-
optical effects of changes to the mixing state and morphologybedded BC aggregates absorb sunlight less efficiently than if
of BC particles when modeling their interaction with sun- compact and located near the center of its host parfalier
light. However, optical properties are not always reproducedet al, 1999. Further,Adachi et al.(2010 found that radia-
by commonly used models, such as the Lorenz—Mie—Debygive forcing is 20 % less when modeling internally mixed BC
theory Bohren and Huffman1983, the Rayleigh—-Debye— particles as embedded lacy aggregates than as a simple core-
Gans (RDG) approximatiorzfao and Ma2009 and the ef-  shell shape, which is the shape assumed in many climate
fective medium theoryBruggeman1935 Maxwell Garnett models.
1904. For example, there is a discrepancy between modeled The impact of shape on aerosol optical properties is a rel-
and measured mass absorption coefficient (MAC) of bare BGevant topic as well for interpretation of remote sensing mea-
aggregatesBond and Bergstron2006 Kahnert 2010ab). surements. Any retrieval approach used in analyses of ra-
Bueno et al(201]) found that the amplification in absorp- diometric and polarimetric data requires a model of aerosol
tion observed when BC was coated with a surrogate of sulparticle shape, and in the majority of studies the model of
furic acid was smaller than the predictions using core-shellspherical or randomly oriented spheroids particles has been
Mie theory, and they suggested that the discrepancy was duadopted (e.g.Deuze et al. 2001 Hasekamp et gl.2011;
to misrepresentation of the morphology of the coated parti-Dubovik et al, 2010. Mishchenko and Travi§1997ab) re-
cles and/or structure of the BC core in the model. lated the possibility of improvement of satellite aerosol re-
The optics of particles with complex shapes and refrac-trievals with use of spectral multi-angular polarization as
tive index distribution can only be calculated using com- well as intensity of reflected sunlight. The amount of light
putationally intensive techniques such as T-matrix and dis-escaping the top of the atmosphere is affected by the an-
crete dipole approximation (DDA). T-matrix is applicable gle at which the light is reflected by the surface or atmo-
to homogeneous particleMishchenko et a).1996, while sphere. The MISR sensor on the Terra satellite uses this de-
DDA is applicable to both homogeneous particles and parti-pendency to separate the aerosol signal from that of surface
cles with anisotropic compositiofP¢rcell and Pennypacker reflectance and determines the aerosol propeitiasfman
1973 Draine and Flataul994 2010. et al, 2002. Polarization of the scattered sunlight is ex-
tremely sensitive to such properties of aerosols as particle
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size relative to the wavelength and refractive index, which2.2 Morphological characterization of aggregates

often makes possible the retrieval of these parameters from

polarimetric observationd)ugach and Mishchenk®005 BC particles can be characterized as a mass fractal, where

2008. It is known that linear polarization is strongly depen- €ach particle is represented as an aggregate of the same sized

dent on particle shape (e.ddishchenko et a).1996 2002 primary spherical particles (monomers), with the following

Wu et al, 2012. It should therefore be expected that parti- formula

cle non-sphericity can affect the retrieval of aerosol micro—N — ko(R3D /) Pt )

physical characteristics, such as refractive index and size, " 0\fg /TmJ

from remote-sensing data. where Ny, is the number of monomersg is the prefactor
This paper describes a sensitivity study on the effects of(structural coefficient)Rg’D is the three dimensional radius of

aggregation and internal mixing on optical properties of BC, gyration,ry, is the monomer radius, an is the mass frac-

including absorption, scattering, AAE, linear polarization, tal dimension. Techniques involving transmission/scanning

scattering phase function, and others. We applied a DDAelectron microscopy coupled with digital image analysis

model to examine these effects for black carbon particles -have found use in determining; of aggregates from their

bare and mixed with salt — that we characterized with scanprojected images. Several studies have suggestedegﬁht

ning and transmission electron microscopes. The discretgan pe extracted by measuring the projected param@kar

dipole approximation model presented captures complexigrasil et al (1999 suggested a ratio dfrzn%X/RgD — 30401

ties in particle morphology that other models do not and thusr g v, and overlap factorsD; can be extracted from an

may be useful in predicting aerosol optical properties in cli- empirical statistical scaling power law that relates the size of
mate modeling and interpreting data remotely measured with,o aggregate to the ratlcﬁPaX I

satellites.
log(Nproj) = 10g(ko) + D l0g(RS® /rm) @)
2D
5 Methods = log(ko) + Dt 10g(Lfnax/3rm), ()
where the projected number of monomeig;) in Eq. @)
2.1 Particle generation and morphological is determined from the ratio of the aggregate projected area
characterization Aagg to the average monomer arely. An empirical for-

mula relatingVm, and Nproj is proposed byChakrabarty et al.
We generated bare BC and BC internally mixed with NaCl. (2011), whereNm, can be corrected for an overlapping factor:
We chose NaCl because (i) is an atmospherically abundant 0.68D
inorganic compound derived from evaporated ocean watefm/Nproj = 0.46¢™>"". (4)

and (i) chemical aging and atmospheric processing of sea g gescribed technique has the advantage of extracting a
salt particles may take place in many geographic areas whergf value independent of the value assumedigrThe lit-

marine aerosol interacts with anthropogenic pollutants, suchy 4ture shows a wide range of values fgr and it is stil
as BC, sulfate, and organic a'erosbaskm etal, 2012 Li  hqer discussion which is most appropriate despite the com-
etal, 2003 Smirnov et al 2011, Pace et aJ.2006. Bare BC ., 1 ise oko = 1.19 (Brasil et al, 1999 Chakrabarty et al.

was generated by nebulizing and drying a stable suspensiogml. Adachi et al, 2007 Heinson et a].2010. In Eq. @),
of BC in pure water. The BC was made with a non-premixedtheDf value of 1.8 has been used.

methane-air flameKrchstetter and Novakq2007). The BC
from this flame has a morphology and MAC (8.591" 2.3 Discrete dipole approximation model
at 550 nm) consistent with freshly generated soot particles
(Moosmuller et al.2009 Bond and Bergstron2006. Aque-  Using the equations above and the morphological features
ous suspensions of the flame BC were prepared after its coin SEM and TEM images, we constructed model aggregates
lection on Teflon filters and exposure to ozone, which trans<targets) to initialize the DDA model, DDSCAT. Dfaine
formed the BC from a hydrophobic to a hydrophilic state and Flatau 1994 2010. DDSCAT approximates a contin-
(Chughtaj 1997), and after which the BC readily mixed with  uum medium with a finite array of dipoles with individual
water. To generate coated BC, we dissolved NaCl in the B(polarizabilities. The electromagnetic scattering problem for
suspension and co-nebulized both species together. an incident periodic wave interacting with this array of point
The mixing state and morphology of the aerosol mixture dipoles is then solved exactly. The principal advantage of
were determined using scanning and transmission electrothe DDA is that it is completely flexible regarding the ge-
microscopy (SEM and TEM). SEM and TEM images pro- ometry of the particle, being limited only by the need to
vided morphological information, including aggregate shape,use an interdipole separatidnthat satisfies the relationship
number and size of monomers, and state of mixing with|m|kd < 1. We use|m|kd < 0.3 to precisely determine the
NaCl. We used these images to model aggregates with thecattering phase function and linear polarizatibrajne and
same characteristics in the DDA model. Flatay 2010, wherem is the refractive index of the target
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material andk = 27 /1. In DDSCAT, the target effective ra-

dius, aefr, is defined as the radius of a sphere with the same

volume as the target

aeft = (3V /4m)Y? (5)

V = Nd®, (6)

whereN is the number of dipoles ard is the volume.
The DDSCAT output variables of interest for this study are

1. the dimensionless quantity with i = (1, 2, 3):

;i = 11/0.4M a2 (7)

M=pV, (8)
wherel; is the moment of inertia tensar,is the density,
and V is the volume of the modeled aggregate. For a
solid sphere, e.g., the case S in our stugy= 1 with
i=(1,2,3).

. The absorption, scattering and extinction efficiencies
(Qabsscatext(2)) defined as
9)

2
Qabsscatext =C absscatext/ TT Qg

where Capsscatext(A) are the absorption, scattering and
extinction optical cross-sections.

. The 4x 4 Mueller scattering intensity matrixSy;)
with i, j = (1, 2, 3,4) describing the complete scatter-
ing properties of the target for specified scattering di-
rections.

From these variables we calculated:

1. the porosity @) of the structure of modeled aggregates
as defined byshen et al(2008:

P=1-f (10)

f=l(aa+az—az)(az+ari—az)(a1+az—az)] Y2, (11)

whereq; is defined in Eq. 7). The value ofP is larger

for a lacy aggregate than it is for a compact aggregate
P is introduced because the commonly uggds not a
good measure of porosity and compactness.

. The mass absorption coefficient (MAC):

MAC = Caps/massgc (12)
4
masgc = pénagﬁ, (13)

where p is the density of BC andes is the effective
radius.

Atmos. Chem. Phys., 13, 508%101, 2013

properties and morphology of fresh and aged black carbon

3. The aerosol absorption Angstrom exponent (AAE)
computed from the slope of the linear fit passing though
MAC curves (in log-log scale):

_ —Alog(MAC)

AAE = (14)
Alog(x)

)

where AAE= 1 if MAC « A, and AAE = 0 if MAC
is constant with wavelength. AAE is presented for three
wavelength regions.

. The single scattering albedo (SSA):

SSA= Qscal1)/ Qext(}). (15)

. The scattering phase functiof§1(6)) as the intensity
(F) ato relative to the normalized integral of the scat-
tered intensity at all angles‘«“((@)/f(;’ F(0)sin(0) d9).
The scattering angl®, € [0, 7], is defined as the angle
between the incidence and scattering directions.

6. The degree of linear polarizationS12(0)/511(6).

To focus on the effects of aggregation and mixing on opti-
cal properties of BC, refractive indices of BC and NaCl were
treated as constant in the spectral range between 200 and
1000 nm (Moffet and Prather2009, wherempgc = 1.95—

0.79 andmpnac) = 1.5. We assume the density of Bfgc =
1.8gcnm3 (Bond and Bergstrom2006. Reported optical
properties are the average values computed for 1000 random
target orientationsg{ahnert et al.2012 and 9 multiple scat-
tering planes that satisfy the condititm|kd < 0.3. Opti-

cal properties were also computed for 64 (accordin§hen

et al, 2008 2009 and 3000 orientations.

As noted below, we found that 64 target orientations were
sufficient to converge on the optical properties (i.e., MAC
and SSA) of bare and internally mixed compact aggregates,
but a larger number of orientations was required to attain
converged orientation averaged values of the MAC of inter-
nally mixed lacy aggregates. Predicted optical properties us-
ing 1000 target orientations are consistent with results using
3000 orientations.

3 Results
3.1 Uncoated BC aggregates

The SEM images in Fidl show the fractal nature of the gen-
erated bare BC. The aggregates are composed of spherical
primary particles (monomers) of about the same size. The
characteristics of the bare BC studied are presented in Ta-
ble 1 and Fig.2. The heterogeneity of the morphological
characteristics are representative of the SEM images ana-
lyzed. Cases A through E correspond to five types of aggre-
gates that vary in compactness (porosity), number and size

www.atmos-chem-phys.net/13/5089/2013/
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Table 1. Characteristics of the modeled bare BC and optical properties predicted by DDSCAT.

Case 2m Nm aef P AAE AAE AAE
[nm] [nm] (200-550nm)  (288-550nm)  (550—1000 nm)
A 40 70 82 084 0.86 0.89 0.96
B 30 64 60 0.80 0.83 0.90 1.04
C 40 70 82 072 0.78 0.82 0.90
D 40 100 100 0.92 0.82 0.92 0.96
E 40 100 100 0.80 0.62 0.73 0.86
S NA NA 100 0 0.08 0.01 1.04

(b)

Fig. 1. Two SEM images of bare BC aggregates. In each image, two types of morphologies are evident: chain-like (lacy) structures and
compact structures.

of monomers. Case S is a homogeneous sphere approxima: the Rayleigh regime (550-1000 nm). In all cases, MAC

tion (HSA). Optical properties are compared for cases A andies between 6.3 and 7.04g~! at 550 nm, in agreement with

C, and cases D, E and S, which have the same number arttie range of values reported Bphren and Huffmai§1983;

size of monomers and/or effective radius but different porosi-Martins et al.(1998; Fuller et al.(1999; Bergstrom(1973;

ties. Case B presents, instead, a smaller size and number &ond and Bergstror(2006; Adachi et al.(2007).

monomers. For aggregates with a much larger number of monomers
Predicted values of MAC are shown in FRa for a com-  (600) than those modeled in this stubghnert(2010H esti-

posite of aggregates. At wavelengths smaller than 550 nmmated MAC values (at 550 nm) of 5+ 0.1 m? g~ for lacy

MAC values depend on the morphology of the BC aggregateaggregates, .9+ 0.1 m?g~! for compact aggregates, and

The MAC curves separate in this wavelength range as aresuB.3+ 0.4 m? g~ for spheres. These lower values are likely

of the dependency between the size of the particle and the inthe result of the large number of aggregate monomers (see

cident radiation wavelength. For larger bare BC aggregatesiEqg. 12) where compact aggregates have a low porosity.

the separation starts at longer wavelengths. (This is also evi- The variation in absorption with wavelength does not ad-

dent in the case of larger coated BC aggregates, as shown imere precisely to a power law relationship over the 200 to

Fig. 7a). 1000 nm range. Consequently, computed AAE values depend
Generally, MAC is higher for smaller aggregates (with on the wavelength range considered. As shown in Taple

lower mass). Higher MAC values are found for lacy aggre- AAE values computed between 288 and 550 nm (0.73-0.92)

gates compared to more compact structures (compare casase smaller than those computed between 550 and 1000 nm

A vs. C and D vs. E). This general behavior was also found(0.86 to 1.04). AAE values of 1 in the Rayleigh regime

by Liu et al. (2008 andKahnert and Devastha{@011). (550-1000 nm) are consistent with observations (&gs-
Compared to aggregates (cases D and E), the homogesell et al, 2010 and other theoretical result8g¢hren and

neous sphere approximation (HSA, case S) exhibits signifHuffman 1983 Bergstrom 1973.

icantly lower MAC below 550 nm and slightly higher MAC

www.atmos-chem-phys.net/13/5089/2013/ Atmos. Chem. Phys., 13, 5G3%4, 2013
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Fig. 2. Visual representation of modeled bare BC. The labels A—E are color coded to match the legend3.iG#&3g. A is a lacy structure
of 70 monomers with diameters of 40 nm. Case B is a compact structure of 64 monomers with diameters of 30nm. Case C is a compact
version of case A. Cases D and E are aggregates of 100 monomers with diameters of 40 nm, but with different compactness.

0
] 2
fr_ i - A:aeff=82 nm
i -6~ B: aeff=60 nm g i
C: aeff=82 nm
O A
3 -e- D: aeff=100 nm @
<’E © 4 E: aeff=100 nm % e
E S: aeff=100 nm D |
o
Se
g i
< - Q|
] O T T T T T
T T T : ? 200 400 600 800 1000
200 400 600 800 1000 lambda, [nm]

lambda, [nm]

(a) MAC for bare BC (b) SSA for bare BC

Fig. 3. (@) MAC in log-log scale andb) SSA for five bare BC aggregates (cases A—E) and one homogeneous sphere approximation with
equivalent volume of case D and E (HSA, case S). For a fixed number of the same sized monomers, compact aggregates exhibit lower MAC
and higher SSA than lacy aggregates. All the computed optical values are averaged over 1000 target orientations and 9 scattering planes ar
satisfy the conditionn |kd < 0.3. We usengc = 1.95—0.79 andpgc = 1.8 g cn 3. The spectral resolution is 100 nm. The characteristics

of the bare BC are described in Talileand Fig.2.

Predicted values of AAE were sensitive to aggregate com-between spherules. The SSA values for BC aggregates and
pactness and monomer size. Compact aggregates exhibitéde homogeneous sphere (HSA) differ markedly (compare
lower AAE values than lacy aggregates (compare cases Aases D, E and S). The 550 nm SSA for BC aggregates ranges
vs. C and cases D vs. E). Compact aggregates with the santeetween 0.16 and 0.27 as a function of compactness and size
monomer diameter (cases C and E), while having differentof the aggregate, in agreement with the suggested value of
aggregate size, have lower AAEs than the aggregate witl0.254+ 0.05 (Kahnert 20100 Fuller et al, 1999, while a
smaller diameter monomers (case B). AAE values are alsonuch higher SSA of 0.39 is predicted for the HSA case.
different for aggregates with the same porosity (cases B and It is noteworthy that, for the size of particles presented
E) but with different numbers of differently sized monomers. here, MAC values are sensitive to particle shape only at short

Predicted values of SSA are shown in Falp. Values of  wavelengths where incoming solar radiation is weak (due to
SSA are higher for compact aggregates than for lacy aggreabsorption of the ozone layer). On the other hand, the scat-
gates (compare cases D vs. E and A vs. C), in agreemenering coefficients are sensitive to particle shape over the full
with Kahnert and Devastha{@011). Compact aggregates are solar spectrum. As a result, aerosol SSA, and thus aerosol
characterized by a higher scattering cross section than lacyadiative forcing, is sensitive to particle shape. Further,
aggregates, also found lhyu et al. (2008, due to a stronger SSA is retrieved from remote sensing data, where retrieval
scattering interaction and stronger electromagnetic couplinglgorithms approximate particles as having homogeneous

Atmos. Chem. Phys., 13, 508%101, 2013 www.atmos-chem-phys.net/13/5089/2013/
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(a) BC immersion in NaCl (b) BC immersion in and surface  (c) NaCl immersion in BC
contact with NaCl

Fig. 4. TEM images of BC (lighter grey) mixed with NaCl (darker grefg) total inclusion of BC in NaCl(b) partial inclusion and partial
surface contact of BC in NaCl, arfd) total inclusion of NaCl in BC.

Table 2. Characteristics of the modeled bare BC and mixtures of BC and NaCl and optical properties predicted by DDSCAT. The core BC
has 70 monomers with diameter of 40 nm.

Cases  deff P Viact Vac AAE AAE AAE  MAC (550 mixture/ MAC (550)pare
[nm] (aeff shelaeff,cored  (200-550nm)  (288-550nm)  (550-1000nm)

F 82 0.86 - 0.92 0.92 0.93 -

G 82 0.60 - 0.58 0.68 0.93 -

FI 303 50 (3.7) 0.60 0.70 1.01 1.7

Gl 199 9.17 (2.42) 0.42 0.51 1.28 2.4

FIS 138 4.47 (1.68) 0.89 0.80 0.89 1.0

GIS 110 0.84 (1.34) 0.38 0.52 1.12 15
spherical or spheroidal shapBubovik et al, 2006 Mis- of BC inclusion and surface contact of BC on NaCl (FIS and

chenko et al.2000. Given the sensitivity of computed val- GIS). For comparison, we also modeled two cases (F and G)
ues of SSA to BC shape approximation (sphere or aggregatef lacy and compact BC aggregates in bare condition (i.e.,

of spheres) and aggregate porosity (shown in 8liJ, ambi-  not mixed with NaCl).

guities in aerosol composition or mixtures retrieved may be Predicted values of MAC are shown in Figa. Compared

expected. to bare BC aggregates, the MAC of BC mixed with NaCl
can be substantially larger, depending on the extent of mix-

3.2 BC internally mixed with NaCl ing and BC morphology. Absorption amplification factors

computed as MAQL) mixture/ MAC (A)pare at A = 550 nm are
The TEM images in Figd illustrate different types of internal  listed in Table2. We also computed absorption amplification
mixing: (a) total inclusion of BC in a NaCl particle, (b) par- factors averaged over the 200-1000 nm range, which were
tial inclusion and partial surface contact of BC on the NaCl 1.0+ 0.0 for lacy BC aggregates partially included in NaCl
surface, and (c) inclusion of NaCl in a larger BC aggregate.(case FIS), 7+0.1 for lacy BC aggregates fully included in
SEM images of aerosol samples from field campaigns, inNaCl (case FI), #+ 0.1 for compact BC with an inclusion
cluding the second Aerosol Characterization Experiment ( 0f NaCl (case GIS) and.2+0.2 for compact BC aggregates
et al, 2003 and the Carbonaceous Aerosol and Radiative Ef-fully immersed in NaCl (case GI).
fects Study [askin et al, 2012, show sea salt aerosol with ~ The amplification factors stated above correspond to op-
a smoothed cubic/rectangular prism shape, internal mixture§ical properties averaged over 1000 target orientations. Am-
of NaCl with BC aggregates, and NaCl/BC mixtures with Plification factors computed using 3000 target orientations
features similar to those observed in our samples, with a parwere the same. Amplification factors computed using 64 tar-
tial inclusion and partial surface contact of BC on the NaCl get orientations were the same as those stated above for com-
surface (Fig4b). As indicated in Tabl@ and Figs5and6,  pact BC aggregates (cases GIS and GI), but were slightly
we simulated these different possibilities: two cases of com-igher for lacy BC aggregates: 1kt 0.0 for case FIS and
plete BC inclusion in NaCl (cases Fl and GI) and two cases2.0£0.1 for case FI. This illustrated the significance of using

www.atmos-chem-phys.net/13/5089/2013/ Atmos. Chem. Phys., 13, 5G3%4, 2013
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(a) Bare lacy BC (F) (b) BC partial immersion and partial surface contact on (¢) BC immersion in NaCl (FI)
NaCl crystal (FIS)

Fig. 5. Visual representation of modeled internal mixtures of lacy BC aggregates and(®pChse F is a bare lacy BC aggregdts.Case

FIS shows a BC partial immersion and partial surface contact on NaCl crystal,(ajdlese Fl is a total inclusion of BC (lighter grey) in salt
particle (light blue). The points in light blue are the dipoles representing NaCl, while the circles in light grey represent the dipole positions
for BC. The dense number of dipoles finely characterizes the morphology of NaCl and of the BC aggregate.

(a) Bare compact BC (G) (b) NaCl immersion in BC (GIS) (c) BC immersion in NaCl (GI)

Fig. 6. Visual representation of modeled internal mixtures of compact BC aggregates and@&&Zise G is a bare compact BC aggregate.

(b) Case GIS shows a compact BC with an “inclusion” of NaCl, wiidecase Gl is a total inclusion of BC (lighter grey) in salt particle
(light blue). The points in light blue are the dipoles representing NaCl, while the circles in light grey represent the dipole positions for BC.
The dense number of dipoles finely characterizes the morphology of NaCl and of the BC aggregate.

a sufficient number of target orientations to converge on pre-et al.(2010 also discuss the effect of the position of BC in a
dicted optical properties using DDSCAT. host material.

The compactness of the BC aggregate influenced the MAC In the 550 to 1000 nm region, the AAE for coated particles
of BC-NaCl mixtures. Higher MAC amplification factors are increases as BC becomes increasingly embedded in NaCl. In
found for internally mixed compact BC (with even less coat- the region between 200 and 550 nm, AAE decreases when
ing amounts) than for internally mixed lacy BC. Compared to the embedding of BC in NaCl increases (see Tét)leAs
bare BC, the MAC of the mixtures increased because (i) BCwith bare BC, the AAE of BC internally mixed with NaCl is
is surrounded by NaCl, which has a larger refractive indexsmaller in the 200 to 550 nm range than in the 550 to 1000 nm
than the surrounding bulk medium (aiBg¢hren 1986 Flan- range.
ner etal, 2012 and (ii) light is internally reflected in the non- Predicted values of SSA are shown in Fi. The mixing
absorbing NaClRuller et al, 1999. Additionally, radiation = of BC with NaCl amplifies both absorption and scattering,
is focused near the center of the particle, enabling further abbut scattering increases more than absorption and, therefore,
sorption enhancement from inclusions that happen to resid&SA increases. For the cases studied, SSA tends to decrease
near the center of the mixtur8ohren (1986 and Adachi at wavelengths below 400 nm. This feature is a characteris-

tic of the size of this aerosol mixture, and it is also a feature
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index (n) of BC and NaCl has been considered constant in the spectral range between 200 and 1000 nmgwkeded5— 0.79 and
mpac) = 1.5 and the density of BCogc) is 1.89 cnr 3. All the computed optical values are averaged over 1000 particle orientations and
satisfy the conditiom|kd < 0.3. The spectral resolution is 100 nm.
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Fig. 8. Scattering phase function at 466 rfg) and 733 nm(b). Characteristics of the bare BC (cases F and G) and mixed BC-NaCl (cases
FI, Gl, FIS, and GIS) are described in Tal@and Figs5, and6. A scattering angle of 0 degrees corresponds to radiation that is scattered

in the forward direction (i.e., in the same direction as the incident radiation). A scattering angle of 180 degrees is backscattering. The coated
aggregates are departing from the Rayleigh regime, and therefore display some angular variation, with forward scattering increasing.

common to the optical properties of dust and organiusst F with FI and case G with GI). This effect is much less pro-

sell et al, 2010. nounced when BC is only partially embedded (compare case
F with FIS and case G with GIS). At 466 nm, increasing the
3.3 Scattering phase function and polarization mixing of BC with NaCl reduces the phase function in the

backscattering direction (compare case F with Fl and FIS and
Scattering phase functions at 466 and 733nm for bare andase G with GI and GIS). At 733 nm, scattering phase func-
coated BC are presented in Fi§. The phase function de- tjons are similar (despite the difference in size) for bare BC
scribes how much light is scattered in each direction. Theand BC particles that are not fully embedded in NaCl (cases
peak of the scattering phase function is connected to the sizg gnd FIS and cases G and GIS), and a marked reduction in
of the particle, where an increase in particle size leads to amackscatter is evident only when BC is completely embedded
increase in forward scattering. As shown in Fegthe phase i NaCl (cases Fl and GI).
function also depends on aggregate compactness and mixing The degree of linear polarization; S12(8)/S11(0), is
state. The phase function of lacy BC (case F) has a narroweshown in Fig.9. Perfectly polarized radiation has a degree
and stronger forward scattering peak than that of compachf linear polarization equal to 1, whereas unpolarized radia-

BC (case G). At both 466 and 773 nm, forward scattering in-tion has a degree of linear polarization equal to 0. At 466 and
creases when BC is totally embedded in NaCl (compare case

www.atmos-chem-phys.net/13/5089/2013/ Atmos. Chem. Phys., 13, 5GA%4, 2013
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Fig. 9. Degree of linear polarization at 466 (@) and 733 nnib). Characteristics of the bare BC (cases F and G) and mixed BC-NacCl (cases
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733 nm, the particles withs; between 82 and 130 nm exhibit fractive indexes of mixed composition particles (like the ef-
bell shape curves (Rayleigh regime), whereas larger particlefective medium theory).

closer to the radiation wavelength present multiple modes in- Key results include the following: (i) lacy aggregates have
cluding a negative degree of polarization at different anglesa higher MAC and lower SSA than compact aggregates,
This complex structure is characteristic of Mie scattering andwhich is consistent with other modeling studies. (i) Com-
due to interferences of partial waves originating from differ- puted MAC are consistent with measured values .&6+7

ent spatial regions inside the particle (i.e., different scatter-1.2 m? g—1. The amplification factors of MAC attributed to
ing angles) {yynelae et al.2007). The negative sign of de- the mixing of BC with NaCl vary from 1.0 to 2.4 depending
gree of linear polarization indicates that the scattered lighton the position of the BC aggregate in the NaCl and the com-
is polarized parallel to the reference plane, whereas a pogactness of the BC aggregate. Higher amplification factors
itive degree of polarization indicates that the light is polar- are found for compact aggregates completely embedded in
ized perpendicular to the reference plane. At 773 nm, negNacl. (iii) The variation in absorption with wavelength does
ative polarization features are evident only for the lacy BC not adhere precisely to a power law relationship over the 200
completely embedded in NaCl (case Fl wits = 303nm), to 1000 nm range. Consequently, the AAE depends on the
where—S12(0)/S11(6) shows a negative degree of polariza- wavelength range over which it is computed. The AAE of
tion between 80 and 120 degrees. The case Gl presentskamre BC aggregates is sensitive to the level of compactness
bell shaped curve with a peak at 120 instead of 90 degreeand monomer size, with smaller values for compact rather
At shorter wavelengths, when the size of the particle andthan lacy aggregates. (iv) SSA values are strongly sensitive to
wavelengths are more comparable$y2(6)/S11(6) shows  the particle shape approximation and porosity. Further, com-
more complicated features (resonances) than at 773 nm, withuted values of SSA at 550 nm range between 0.16 and 0.27
a negative degree of polarization starting at smaller anglegor lacy and compact aggregates, respectively, in agreement
(i.e., for the case FI). with reported experimental values 028+ 0.05. The SSA

of BC internally mixed with NaCl (100-300 nm in radius)

is higher than for bare BC and increases with embedding in
NaCl. The SSA (of internally mixed BC) decreases in the
200-400 nm wavelength range, a feature also typical of the
optical properties of dust and organics. (v) The linear polar-

In. ;his Stlljdy' modelsi of bare BC and BC internally.mixed ization of scattered sunlight is strongly dependent on particle
with NaCl were developed based on SEM and TEM IMageSyize and shape. Bare BC (with a radius of 80 nm) presents in

and optical properties including MAC, AAE, SSA, scattering ye jinear polarization a bell shape feature, which is a charac-

phase function, and polarization were predictgd over t.he 20Qeristic of the Rayleigh regime. When BC is internally mixed

fjo. 1?00 nm range using DDSCAT, ‘,Nh'Ch Ic’_:lpptl)lles the d'?‘?retewith NaCl (100 and 300 nm in radius), the linear polarization
'_pr? e approxmr]]anon (DDA). DDA is applicable to pa;]tllchesl presents complex features characteristic of Mie scattering.

with arbitrary shape and anisotropic composition, which al-"", - jiative transfer calculations that are used to interpret

Iolws Cﬁmp_utatlon ((;f opt|cz;\1l rIJropertlﬁs of partlﬁles with con;]- space or ground-based observations, various assumptions are
piex ¢ em|str¥ and morphology, whereas other approacher, e regarding the aerosol optical properties. It is common
require unrealistic simplifications such as averaging the re-

4 Summary and discussion
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to approximate aerosol shape as homogeneous spherical 8ohren, C.: Applicability of effective medium theories to problems
spheroidal particles, ignoring the effect of realistic morphol-  of scattering and absorption by nonhomogenous atmospheric
ogy and mixing with other aerosol compounds. The results particles, J. Atmos. Sci., 43, 468-475, 1986.
of this study indicate that there are significant differencesBohren, C. F..and Huffman, D. R.: Absorption and Scattering of
in the optical properties of BC when modeled as an aggre- b'gr: %g?a” Particles., John Wiley and Sons, New York, NY,
i optieal propertis of bare BC.and intemally mixed BC, 201 T and Bergstom. . Wi Light Absorpion by Carbonaceous
. . . . " Particles: An investigative Review, Aerosol Sci. Tecnol., 40, 27—

Therefore, assuming spherical instead of irregularly shaped 67, 2006.
particles in radiative transfer calculations can lead to signifi-gong, T. and Mikhailov, E.: Can reducing black carbon emissions
cant errors in retrieved parameters, such as the aerosol type, counteract global warming?, Environ. Sci. Technol., 39, 5921—
optical thickness, particles size distributions, and composi- 5926, 2005.
tion (seeDlugach and Petroy&2003for a complete discus- Bond, T., Streets, D., Yarber, K., and Nelson, S.: A tech-
sion of errors). Similarly, the SSA of BC coated with NaCl ~ nology based inventory of black and organic carbon
exhibits features that are common to the optical properties emissions from combustion, J. Geophys. Res., 108, 8823,
of dust and organics, which could be misleading when infer-  d0i:10.1029/2002JD003112004.
ring aerosol composition from measurements of SSA. LastlyBrasil: A.- M., Farias, T. L., Carvalho, M. G., and Koylu, U. O.: A
sinceJacobsorf2000 and others have demonstrated that BC Recipe for !mage characterization of Fractal-Like Aggregates, J.
mixing state strongly influences radiative forcing, deriving Aerosol Sci,, 30, 1379-1389, 1999, I

. . ) . ! Bruggeman, D.: Berechnung verschiedener physikalischer konstan-
optical properties that are consistent with the complex mor-

) . ten von heterogenen substanzen, Ann. Phys. (Leipzig), 636—679,
phology and mixing state of aerosols is warranted. The DDA 1935

model employed in this study, which has not yet been widelygyeno, P. A., Havey, D. K., Mulholland, G. W., Hodges, J. T., Gillis,
applied in climate assessments, may prove useful in addition K. A., Dickerson, R. R., and Zachariah, M. R.: Photoacoustic
to other more widely used models. Measurements of Amplification of the Absorption Cross Section
for Coated Soot Aerosols, Aerosol Sci. Technol., 45, 1217-1230,
doi:10.1080/02786826.2011.58742D11.
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