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Abstract

The presence of clear coatings on atmospheric black carbon (BC) particles is known to
enhance the magnitude of light absorption by the BC cores. Based on calculations us-
ing core/shell Mie theory, we demonstrate the enhancement of light absorption (Eps)
by atmospheric black carbon (BC) when coated in mildly absorbing material (Cg,oun) iS
reduced, relative to the enhancement by non-absorbing coatings (Cge,,)- This reduc-
tion, sensitive to Cg,,,, Shell thickness and imaginary refractive index (RI), can be up to
50% for 400 nm radiation and 25% averaged across the visible radiation spectrum for
reasonable core/shell diameters. The enhanced direct radiative forcing possible due to
the enhancement effect of Cge,, is therefore reduced if the coating is absorbing. Addi-
tionally, the need to explicitly treat BC as an internal, as opposed to external, mixture
with Cg,own i Shown to be important to the calculated single scatter albedo only when
models treat BC as large spherical cores (>50nm). For smaller BC cores (or fractal
agglomerates) consideration of the BC and Cg,,,,, as an external mixture leads to rel-
atively small errors in the particle single scatter albedo of <0.03. It is often assumed
that observation of an absorption Angstrom exponent (AAE) >1 indicates non-BC ab-
sorption. Here, it is shown that BC cores coated in Cg .., Can reasonably have an AAE
of up to 1.6, a result that complicates the attribution of observed light absorption to
Cgrown Within ambient particles. However, an AAE<1.6 does not exclude the possibility
of Cgown: rather Cg,own cannot be confidently assigned unless AAE>1.6. Comparison
of these results to some ambient AAE data shows that large-scale attribution of Cg,gyn
is a challenging task using current in-situ measurement methods. We suggest that
coincident measurements of particle core and shell sizes along with the AAE may be
necessary to distinguish absorbing and non-absorbing OC.
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1 Introduction
1.1 Black carbon and clear coatings

The absorption of solar radiation by atmospheric black carbon (BC) is thought to lead
to positive top-of-atmosphere radiative forcing (i.e. atmospheric warming) about 1/4 of
the magnitude of anthropogenic CO, (IPCC, 2007). Accordingly, the sources, emission
strengths and climate impact of BC are a topic of significant research.

The impact of other atmospheric particulate components on BC absorption, in the
form of internal mixtures of BC with primary and secondary organic aerosol (POA,
SOA) and inorganic salts such at sulfate, has also drawn significant attention (e.g.,
Bond et al., 2006; Jacobson, 2001; Zhang et al., 2008). This is because the light
absorption by an absorbing core can be enhanced when coated with a purely scattering
shell (Fuller et al., 1999). The shell acts as a lens and focuses more photons onto the
core than would reach it otherwise. This lensing effect has been shown theoretically
to increase the absorption by an individual BC particle by 50—100% for core and shell
sizes typical of the atmosphere (Bond et al., 2006) and is thought to have an important
influence on the radiative forcing by BC (Jacobson, 2001). Absorption enhancement
due to lensing has been observed for BC particles coated with SOA (Schnaiter et al.,
2005) or sulfuric acid (Zhang et al., 2008), for absorbing polystyrene spheres coated
with organic material (Lack et al., 2009a) and for absorbing mineral dust coated in
aqueous inorganic material (Lack et al., 2009b). The absorption enhancement, £,
is defined as the ratio of the absorption cross section, o,,s, Of a coated absorbing
particle (usually BC) to an equivalent uncoated particle (see Eq. 1 below).

Opabs— -
EAbs= Abs-Core—-Shell (1)
OAbs-Core
Evaluation of recent field data of particulate organic matter (POM) concentrations
show that POM is often present with abundances similar to or larger than that of in-

organic particulate matter, such as sulfate and nitrate salts (e.g., Zhang et al., 2007).
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In particular, a large amount of directly emitted POM is internally mixed with BC from
sources such as biomass and biofuel combustion (Alexander et al., 2008; Gustafsson
et al., 2009; Roden et al., 2006), and BC from internal combustion engines can become
thickly coated in condensable material within hours to days of emission (e.g., Quinn et
al., 2004). It is therefore reasonable to expect that a significant amount of atmospheric
BC is internally mixed with POM, which therefore provides a significant opportunity for
absorption enhancement and is thus the focus of current research on the evolution of
mixing state of BC (e.g., Moteki et al., 2007; Schwarz et al., 2008).

1.2 Black carbon and brown coatings

Emerging research suggests that a variety of POM can absorb radiation, particularly
at the shorter visible and UV wavelengths (Barnard et al., 2008; Hoffer et al., 2006;
Kirchstetter et al., 2004; Rincon et al., 2009; Roden et al., 2006; Schnaiter et al., 2006;
Schwier et al., 2009; Shapiro et al., 2009; Sun et al., 2007; Yang et al., 2009). In
fact the mass absorption cross-section (MAC) of this so-called “brown carbon” (Cg,own)
(Andreae and Gelencsér, 2006) has been estimated to be of the same order as BC at
400 nm (Barnard et al., 2008; Clarke et al., 2007). Given the large abundance of POM
relative to BC in the atmosphere, this suggests that absorption by Cg,,,,, Mmay be a sig-
nificant fraction of total atmospheric light absorption (Clarke et al., 2007). Despite the
potential contributions of Cg,,,, t0 absorption of solar radiation, all theoretical studies
to date of the lensing-induced E ., have focused solely on the role of non-absorbing
coatings. In the present study, we directly address how the presence of Cg,,,,,, COat-
ings (i.e. coatings that are not purely scattering) on BC cores influence the magnitude
of Epps-

A wide range of MAC and imaginary Rl values for Cg/oun (Kgrown) have been re-
ported in the literature. Reported Ag,own Values (at ~550 nm) range from 0.002 to 0.27
(Alexander et al., 2008; Hoffer et al., 2006), which compare to a value of ca. 0.71
for pure BC (Bond and Bergstrom, 2006). MACs vary from 0.02 to 2m? g_1 at mid
visible wavelengths and from 1 to 10m? g'1 at 350nm. These values were derived
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from field measurements of POM observed from Asian pollution outflow (Yang et al.,
2009), African biomass combustion (Kirchstetter et al., 2004), Mexico City pollution
(Barnard et al., 2008) and humic-like substances (HULIS) extracted from Amazonian
biomass combustion particles (Hoffer et al., 2006). These Cg,oun MACs compare to
a BC MAC of ca. 7.5m?g™" at 550nm or ca. 12m?g~" at 350 nm (calculated assum-
ing an absorption Angstrom exponent=1 and extrapolating from Bond and Bergstrom,
2006; see Eq. 2). The large variability in MAC for POM is likely related to the variability
in the composition of the particle POM fraction, which can include HULIS, lignin and
polycyclic aromatic compounds (Andreae and Gelencsér, 2006).

Attribution of observed atmospheric light absorption to Cg,,, IS @an important step
in understanding the overall climate effects of aerosol. Some studies have attempted
this attribution based on assumptions as to the wavelength dependence of absorption
(e.g., Favez et al., 2009; Yang et al., 2009). It is often assumed that the imaginary
RI for BC is wavelength (1) independent and that the absorption cross-section for BC
varies as 1~ (Bond and Bergstrom, 2006) (discussed further below). The variation
of absorption with wavelength is characterized by the absorption Angstrom exponent
(AAE), defined as

AAE = <|n(GAbs—A1 /UAbs—Az)> @
In(14/25)
where o0, is the absorption cross-section (or observed absorption). An AAE=1 cor-
responds to a A dependence of absorption. It is thought that Cg,,,, shows strong
deviations from the 1~ relationship and it has therefore been assumed that the ob-
servation of an AAE larger than 1 is an indication of absorption by Cgo, (Or dust if
present). However, as mentioned by Gyawali et al. (2009), the AAE of BC cores with
>10nm diameter and of BC cores that are coated in scattering shells may deviate from
the typically assumed AAE=1 relationship. For example, the AAE for BC alone can be
greater or less than 1, depending on the modeled core size. This must be explicitly
kept in mind when assigning contributions to light absorption to Cg,own-
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As research into the absorption properties and ubiquity of Cg,,,, Progresses, it is
prudent to consider what the impact of Cg,,, iS On the lensing-induced absorption
enhancement for BC. Consider that whereas absorption by a BC core with a purely
scattering shell will have contributions to absorption by the core and E ¢ by the lens-
ing effect, a BC core coated in Cg,,,, Will have absorption contributions from the core,
the absorbing shell and the £, from the lensing effect (see Fig. 1 for a schematic of
this effect). Given the different optical properties of Cg,,,,, cOmpared to a purely scat-
tering shell, the E, is very likely to be dependent on the wavelength of light and the
absorption properties of the Cg,,un- In @n effort to address the above issue, we present
here a series of calculations performed using core-shell Mie theory (Bohren and Huff-
man, 1983) wherein we investigate the impact of a slightly absorbing, rather than purely
scattering, shell on the absorption enhancement factor, £, and aerosol single scatter
albedo (SSA). This modeling study builds on the work of Bond et al. (2006) and we
remain consistent with that study by using many of the same terms, modeling parame-
ters and discussion points. We also investigate the impact of BC cores coated in purely
scattering shells on the AAE to provide further insight and recommendations for future
studies attempting to elucidate the contribution of BC, Cg,, and purely scattering
shells.

2 Modeling

To model the absorption enhancement impact of Cg,,,, We remain consistent with the
study of Bond et al. (2006) and use a Rl for BC of 1.85-0.71i and a real Rl of 1.55 for
the non-absorbing shell (defined here as a clear coating, Cgeo,)- The BC core is mod-
eled as a lognormal (LN) distribution of cores having a geometric standard deviation
(GSD) of 1.1 (unless otherwise stated). The “core” and “shell” diameters, dy, oo @and
d, sneil» refer the central sizes in the LN particle distribution. The core diameter refers
to the diameter of the core alone, while the shell diameter is the diameter of the entire

particle, i.e. core+shell (dj, she=0p particie)- The LN distribution is coated by applying
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the central shell-to-core diameter ratio to each core of the LN distribution (i.e. the ratio
0 sheil/ dp core 1S CONSErVEd).

The Rl of Cg,un IS €xpected to vary with wavelength and so we model across the vis-
ible radiation spectrum (380—-750 nm). Wavelength-dependent kg, Values have been
estimated from literature observations. The SSA of POM was measured by Barnard et
al. (2008) to be 0.75 (at 380 nm) and is used to calculate kg,q,, at 380 nm. To do this
we assume a particle diameter of 200 nm, a real Rl of 1.55 and calculate the kggun
(using Mie theory) required to achieve an SSA of 0.75 at 380 nm; the calculated Ag,oun
is 0.06 at 380 nm. We then apply the form of the MAC vs. wavelength curve modeled by
Sun et al. (2007) (and similar to that measured by Kirchstetter et al., 2004) to produce
a wavelength dependant kg, (Fig. 2). The actual kg, remains somewhat uncer-
tain and may vary with location and source. To approximately account for this, we have
also investigated the sensitivity of the results to the chosen kg, by @) increasing the
original kg,own bY 50% and b) subtracting 0.03 from the original kg, Which simulates
the less absorbing POM measured in some studies (Hoffer et al., 2006; Schnaiter et
al., 2006) (Fig. 2).

3 Defining absorption enhancement — Epps

The E,ps Of a core—shell system is defined as the ratio of absorption cross-sections
(oaps) Of the coated and uncoated particles (Eqg. 1). The physical interpretation of £
for a BC core with a Cg e, shell is relatively straight forward compared to systems
with absorbing shells because the addition of a Cg ., shell leads to an increase in
absorption by lensing only. However, when the shell also has an absorbing compo-
nent, absorption from both the shell material and the lensing effect created by the shell
contribute and must be accounted for. Here we attempt to distinguish between the con-
tributions from the two Cg,,, @absorption effects. First, the o, Of a core/shell system
is calculated where the shell is Cg ., but the core is assumed to be purely scattering
with the same real Rl as Cg,,,,- This provides a measure of the absorption by the
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Cgrown CoOating, where the inclusion of a non-absorbing core accounts for the size de-
pendence of absorption and scattering. This absorption by Cg,,n i then subtracted
from o, calculated for a BC core with the same Cg,,,,, coating (and where the core
diameter=non-absorbing core diameter as above, see Table 1). The resultant quantity
is the absorption by the BC core including lensing (but not absorption) by Cgyun, and
the calculated E ¢ provides an estimate of the lensing effect of the Cgq,n- Figure 3
shows the calculated E ¢ for 3 systems; 1) Epps-cL: the “standard” E g for a BC core
and Cgear shell 2) Epps-pr: the Eppg for a BC core and Cgq,n shell including both
the absorption and lensing components of the Cg,oyn, and 3) Eaps-gr-x: the Eapg for
a BC core and Cg,,,, Shell with the absorption contribution of the Cg,,,,, removed as
described above.

Based on these definitions (given explicitly in Table 1), Eaps-gr-x Provides informa-
tion on the magnitude of the lensing effect of Cg,oun ONlY. Eaps-r-x May differ from
Epps-cL due to either (i) modification of the photon path through the particle due to the
absorbing coating, thus causing fewer (or more) photons to be focused towards the
core, or (ii) absorption of photons by the coating material, thus causing fewer photons
to reach the core. In this second case, the total absorption by the coated particle will
be conserved (i.e. it does not matter whether a photon is absorbed within the coating
or the core), but the magnitude of E,,s has been decreased. When Epps-gr-x>1, this
indicates that photons are still being focused onto the core due to the lensing effect.
However, when E-gr-x<1, this is an indication that the enhancement due to the lens-
ing effect is overwhelmed by absorption by the coating material. In the limit of a strongly
absorbing, thick coating no photons will make it to the core and Epps-gr-x—0.

As an illustrative example, we consider a system with a BC core diameter of 300 nm
and a shell diameter of 500 nm. For these conditions, it is found that £y is €ssen-
tially wavelength independent with a value of ca. 1.8 (Fig. 3). In contrast, the Epps-gr
varies between 1.7 and 2.4 across the visible spectrum. This larger Epps-gg results
from absorption by Cg,own- When the absorption of the Cg,.,,, shell is accounted for
we see that the adjusted enhancement, Epps-gr-x, iS reduced below the E,p-¢ at all
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wavelengths. The wavelength dependence of E,,s-gr derives from the wavelength de-
pendence of the Cg,,,, absorption, described above. The reduction in E,,g for any
conditions is characterized by calculating the remaining enhancement, Eaps-gemaining:
as defined in Table 1.

4 Results

In this section we use the definitions of the five core/shell diameter regimes given by
Bond et al. (2006) to provide insights into the “E g lost” (presented as Eaps-remaining)
that results from the coating being Cg o, rather than Cg .. Of these Bond regimes the
most common expected in the atmosphere are regimes 3 and 4 (see Fig. 4). Regime
3 corresponds to particles with core diameters<175nm and thick shells (relative to the
core size, With dyyre/dshei>0.55 but dgp,e <500 nm) while regime 4 corresponds to thin
shells (dgore/dshei<0.55) on cores of all sizes. Regime numbers are labeled in Fig. 5a
and the central core and shell diameters used elsewhere in the text (e.g., Table 1) are
indicated by the position of the numbers of each regime in Fig. 4a.

4.1 Impact of Cgrown shell thickness and BC core size

For a given wavelength and kg, @s the thickness of the Cg,,, Shell increases £
decreases. For example, for 400 nm wavelength radiation in regimes 3 and 4 (Fig. 4a),
Epps l0ss can be up to 50%. For very thin shells (regime 4) the E,,¢ loss can be up
to 10%. For much thicker shells E,s can be reduced by 80% or more (i.e. in regimes
1, 2 or 5). When averaged across all visible wavelengths (from 380-750 nm, Fig. 4b)
the Epps l0ss is 20-25% in regimes 3 and 4 and ~30-50% in regimes 1, 2 and 5.
The difference between 400 nm E,,; and the wavelength averaged £, results from
the assumed wavelength dependence of absorption by Cg,own- The Eaps 10Ss depends
only weakly on BC core size (Fig. 4), indicating that for a given wavelength (i.e. kg;own)
the £, loss is predominantly a function of the amount of Cg,yn-
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4.2 Core shell regimes from Bond et al. (2006)

Here we use core and shell diameters that form the central value of each of the five
Bond et al. (2006) regimes (Fig. 5a and Table 1) and the central values for kg,q,,, from
Fig. 2 to gain further insight into the effect of Cg,o,, ON Eaps- Figure 5 presents these
results with regime numbers given in the top left of each plot. As discussed above it
is clear that Ep is reduced for very thick Cg,,wn shells (Fig. 5a, b and e). It is also
evident that not only does the Cg,, Shell reduce the number of additional photons
being directed to the core (i.e. reduction in lensing), but sufficiently thick Cg,ou, shells
also prevent photons from reaching the BC core. This is evidenced by Eps-gr-x reach-
ing below 1 and progressing towards zero at short wavelengths where absorption by
Cgown IS @assumed to become large (this would indicate no photons reaching the core).
However, E5ps-gr-x ONly goes to zero for regimes 1, 2 and 5, which were described as
generally unrealistic in the atmosphere. Within the more realistic regimes (regimes 3
and 4, Fig. 5¢ and d) E s is reduced from the clear coating case by 30-50% at 400 nm
wavelength but £,,s-gr-x remains >1 indicating that the lensing effect is still occurring
despite the attenuation of photons by the Cg,,,,, material.

4.3 Impact of Imaginary Rl of Cgrown

The results presented so far are calculated with an assumed kg, based on exper-
imental and theoretical results (Kirchstetter et al., 2004; Barnard et al., 2008; Sun et
al., 2007). A wide range of both imaginary Rl and MAC for Cg,,,, have been found and
so here we investigate the sensitivity of £, loss to the assumed kg, Using the
ranges of Kgoun from Fig. 2 we model the £ pps-pemaining for @ 60 nm diameter BC core
(central core diameter of regime 3) coated in Cg,,,, at 400 nm wavelength. Figure 6
Shows E pps-Remaining @S @ function of coating thickness and kgqn- In these simulations
increasing the 400 nm kg, from the lower bound kg, (0.02) to the base case Ag,oun
(0.05) increases the E g loss by 20-30%. Increasing the kg,y,n from the base case by
50% (from 0.05 to 0.075) increases the E s loss by 10-15%. Further calculations (not

794

ACPD
10, 785-819, 2010

Black, brown and
clear carbon

D. A. Lack and
C. D. Cappa

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/785/2010/acpd-10-785-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/785/2010/acpd-10-785-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

shown) indicate that this conclusion is generally independent of the BC core diameter
used.

4.4 Consideration of mixing state

Even though Eps-gr Can be large under some conditions (e.g., when Cg,,, COatings
are thick), our focus has been on the influence of Cg,,,, 0n the lensing effect. It has
tacitly been assumed that absorption by Cg,,.n, Whether considered as an internal or
external mixture with BC, would be accounted for and quantified (for example in mod-
els) by the mass and MAC of the Cg,,wn,- We now consider how a reduction in the
lensing effect (due to Cgqyn) for an internal mixture will influence the SSA and how
this compares to an external mixture of BC and Cg,,,. A reduction in lensing means
that the fraction of absorption due to the BC core will be reduced and, depending on
how the contribution from Cg,,,,, is considered in a model, this may lead to uncertainty
in the calculated SSA, which is the primary parameter that determines the sign of the
radiative forcing by particles. For example, Jacobson (2000, 2001) showed that fail-
ure to consider the lensing effect due to clear coatings (i.e. treatment of the aerosol
population as an external rather than an internal mixture) may lead to an underestima-
tion of the radiative forcing of BC by a factor of 2—3. However, if the lensing effect is
reduced due to absorption by Cg,,.n then this underestimation of radiative forcing will
be similarly reduced, with the actual reduction dependent on the assumed wavelength
dependence of the Cg,oun-

4.41 Mixing state assumptions and single scatter albedo (SSA)

One way to interpret the lensing effect is to recognize that it corresponds to a decrease
in the SSA when compared to an equivalent mass external mixture. We have cal-
culated the difference in SSA values between an external and an internal mixture of
BC and Cg,oyn (@t 400 nm assuming an kg,q,n Of 0.05 and GSD=1.1) and similarly for
BC and Cgjear(ASSAgt-int=SSA6-SSA;,, Where the ext and int indicate external and
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internal mixtures, respectively; Fig. 7). For the Cg,,,, case (Fig. 7a), at small core sizes
(<50 nm) the difference between the internal and external mixture SSA values is small
(<0.08). For the Cg e, case, for small core sizes certain coating thicknesses will give
somewhat larger ASSA (see Fig. 7b), but for most core/shell combinations ASSA;-int
is small. Additionally, ASSA.,;-int is small when the coating is very thick (i.e. within
regimes 1 and 2). However, for larger assumed BC core sizes the difference can be-
come large, especially for intermediate coating thicknesses. This indicates that even
though the E,,¢ is generally largest for small BC cores and/or very thick coatings (cf.
Fig. 5in Bond et al., 2006), in these regimes accurate specification of the mixing state
will not strongly influence the radiative properties of BC and Cg,q,,- The main influ-
ence of mixing state in these regimes is to increase the overall particle size (i.e. cross
section), which will tend to increase the total light extinction, but this will have minimal
influence on the balance between absorption and scattering. However, when larger BC
core sizes are used within a model, mixing state is seen to be an important factor. This
is generally true whether Cg,,un OF Cclear COatings are considered, although for Cg,oun
coatings the importance of mixing state is lessened (consistent with the reduction in
the lensing effect identified above).

4.4.2 Mixing state and micro-physical model assumptions

To our knowledge, no atmospheric models explicitly account the fact that BC is actu-
ally a fractal agglomerate composed of many small (10’s of nm in diameter) spherules
(van Poppel et al., 2005). BC is instead represented as spherical particles of some
size (or with some size distribution), and the optical properties are calculated based on
the spherical particle size. Rayleigh-Debye-Gans (RDG) theory posits that for a frac-
tal particle such as BC the absorption behavior is instead dictated by the size of the
individual (small) spherules, and not by the agglomerated particle as a whole, i.e. that
absorption is additive (Sorensen, 2000). If coated BC particles should be treated in
accordance with RDG theory (i.e. as aggregates of 20—-30 nm spheres), rather than as
larger spherical particles, then the above discussion suggests that the importance of
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treating BC as an internal mixture may be limited in terms of the direct radiative effects
even though E,,s may be relatively large. However, the fact that models tend to use BC
particles with relatively large diameters (i.e. >80nm) (e.g., Kinne et al., 2003) means
that the calculated radiative properties may be particularly sensitive to the choice and
represenation of BC mixing state.

In part, it is for the above reasons that we believe it remains a useful exercise to con-
sider core-shell Mie theory results using BC core diameters that go beyond the typical
spherule size range when calculating £E,,5, SSA and AAE values for coated BC parti-
cles. Furthermore, what few experimental measurements that exist of £, for coated
soot appear more consistent with the soot particles being single large spheres rather
than small spherules (Schnaiter et al., 2003; Zhang et al., 2008). Additionally, AAE
values <1 are routinely observed in ambient measurements (Bergstrom et al., 2007;
Lack et al., 2008), a result that is theoretically predicted for BC spheres that are larger
than ~150nm. Certainly more work is necessary to establish what the appropriate
core size is for use in £, and AAE calculations in order to facilitate both interpretation
of ambient measurements and accurate calculation of the radiative effects of BC (and
Cgrown) in models.

4.5 Absorption wavelength dependence

The wavelength dependence of absorption is typically characterized by the absorption
Angstrom exponent (AAE, Eq. 2). For “pure” BC in the atmosphere the AAE is assumed
to be 1 (Bond and Bergstrom, 2006) and observations of AAE>1 are often taken as
evidence of Cg,,, (Or dust). In actuality, for AAE=1 the BC must be of sufficiently
small diameter (e.g., 10 nm) or, following from RDG theory, a BC core must be a fractal
agglomerate composed of many sufficiently small individual spherules. As discussed
above, some ambient data provides evidence of large BC cores (i.e. with AAE of <1). In
addition, AAE values >1 are theoretically possible for BC coated in Cggqr (NOt Cgrown)
as discussed in Gyawali et al. (2009). Therefore, an assumed AAE=1 to anchor BC
absorption, and attribute Cg,,,,, @bsorption contains significant potential errors.
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4.5.1 AAE variability of BC with Ccjear

Here we extend the calculations of Gyawali et al. (2009) in order to make clearer the
need for caution in the use of the AAE when attributing light absorption to Cggun-
Figure 8a shows the AAEjzg).m-750nm Calculated for spherical BC cores and the
AAEz50,m-750nm Calculated for that core coated in various thicknesses of Cgeor- The Rl
used are the same as presented in the sections above, while a larger GSD of 1.7 is as-
sumed for the LN distribution, which represents a particle size distribution from biofuel
or biomass combustion (Bond et al., 2006). Figure 8a shows that the AAEzg0 1m_750nm
for BC cores coated in Cg o, iS reasonably constant within 4 of the 5 core-shell regimes
(regimes 1-3 and 5). Regime 4 (thin coatings on all core sizes) shows a large variability
in AAE3g01m-750nm> fanging from —0.2 to 1.7, similar to the AAE behavior of uncoated
BC. For the other “realistic” regime (regime 3), the AAE3gqnm_750nm IS generally in the
range 1.4—1.6. Therefore one can only attribute absorption to Cg,,,, With confidence if
the AAE3g0nm-750nm IS greater than 1.4—1.6; consistent with the findings of Gyawali et
al. (2009).

4.5.2 AAE variability of BC with Cgrown

If AAEsg00m-750nm IS Measured to be less than ~1.6 this does not necessarily rule out
Cgrown @s a significant contributor to the observed absorption. For certain core/shell
size pairings, the AAEsgynm-_750nm for BC cores with Cg,,,, COatings can actually be
close to (or even less than) unity, dependent upon the assumed Ag,,,,- We consider
this in more detail by determining how the AAEsg4,m-750nm depends on the assumed
(kgrown) ©N BC cores. This is important to consider because, even if kg,ou, IS large,
only in certain regions (e.g., downwind of a forest fire), will the ambient aerosol be
predominately composed of BC and OC. More common will be situations where inor-
ganic ions (or non-absorbing OC) also contribute to the aerosol burden, thus decreas-
ing the effective imaginary Rl of the coating. As expected, the relationship between
AAEz500m-750nm @nd Kgown depends explicitly on the core and shell diameters (Fig. 9).
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We have investigated three specific cases where the shell/core ratio has been varied,;
case 1: dp,particle/dp,core=2; case 2: dp,particle/dp,core=3; case 3: dp,particle/dp,core=4-
This equates to shell/core volume ratios of 7, 26 and 63, respectively. For comparison,
BC has often been found in ambient samples to be ca. 5—10% of the total particle mass
(Quinn et al., 2002; Quinn et al., 2004), corresponding approximately to cases 1 and
2, although BC mass fraction can vary greatly depending on proximity to sources.

Considering case 1 (Fig. 9a), it is apparent that for many core sizes the
AAE3g0nm_750nm d0es not rise above 1.6 until the kg, is at least >0.03 and for
dy core2125nm the AAEgzg,m-750nm IS NOt >1.6 even when kg,,,=0.06. However,
for particles with 50<d}, ., <100nm the AAE is noticeably greater than 1.6 after
Kgrown>0.02. Thus, in a region where the coatings on BC particles are relatively thin it is
necessary to have relatively large kg,o,n in Order to confidently distinguish contributions
of Cgown from the generic influence of Cge,, cOatings on the AAE. As the shell/core
volume ratio is increased the minimum kg, Needed to give AAE3g01m-750nm>1-6 is
reduced. For example, for case 3 the minimum kg, is ~0.01 for all core diameter
sizes considered. This is because as the coating amount is increased the absorption
due to the coating (as opposed to the core) is increased in proportion. Thus, for re-
gions where the coatings on BC particles are thick it may be possible to identify Cg,qwn
through the AAE.

The above discussion focuses on what conditions will allow for attribution of Cggun
to observed absorption. However, Fig. 9 also indicates that observation of AAE val-
ues around 1 does not definitively indicate that absorption is due to BC only. Instead,
it is found that relatively significant absorption by Cg,.., can still result in AAE val-
ues around 1. (Note that “significant” does not have a precise definition. Here we
arbitrarily interpret significant to mean the minimum kg, Needed to give a calcu-
lated SSAz50,m<0.95 for a 200nm d, Cgyn particle. Thus, with this definition we
see that significant absorption by Cg,., 0ccurs when kg,,,,>0.01. This value can
be compared to the kg, that would give a “noticeable” deviation in the SSA from
unity (i.e. SSA<0.98), which occurs for kg,,,>0.003. For reference, the SSA values
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corresponding to a particular kg, for these 200 nm particles are shown in Fig. 9.)
Consistent with the above discussion, significant contributions of Cg,,,,, t0o absorption
that still result in AAEzg0,m-_750nm~1 are most common for thinner coatings but still
have a reasonable probability of occurring for thicker coatings. And in the absence of
specific knowledge about the actual BC size distribution and coating thickness from
measurements it is really more appropriate to consider the AAE3gq nm_750nm limit of 1.6
(instead of 1), in which case it is difficult to rule out contributions of Cg,,,, to observed
absorption for nearly any reasonable core/shell combination. However, if simultane-
ous measurements of the total particle size distribution, BC size distribution and/or the
BC mass fraction are made the above-identified limitations on Cg,,,, identification may
be relaxed somewhat. This is because then one would know where on the d ¢o5t VS.

d,, core AAE contour the measurements should be compared.

4.5.3 Comparing modeled AAE with ambient measurements

It is interesting to consider that almost 90% of AAE measurements over 2 months of
ambient sampling during the GoMACCS field campaign (SE USA, Bates et al., 2008)
were less than 1.6 (Bergstrom et al., 2007). Additionally, our own analysis indicates
that AAE values during the 2002 and 2004 NEAQS campaigns (NE USA, Bates et
al., 2005; Sierau et al., 2006) were less than 1.6 ~75% and 100% of the time, re-
spectively. The campaign average AAE37q,,m-950nm from Yang et al. (2009) (East Asia)
was 1.46(+0.27) and was only 1.49(+0.08) during periods identified as being influ-
enced by biomass burning, where Cg,,,, is expected. Favez et al. (2009) sampled
agricultural biomass combustion and rareley saw AAE>1.5 in over a week of sampling.
Again, these are combustion conditions where Cg,,,, iS SOmewhat expected. Gyawali
et al. (2009) found that the AAE 5 1m-s70nm during a month very strongly impacted by
biomass burning fires was above the 1.6 limit ~75% of the time (60% after accounting
for the uncertainty in the measurements). Taken all together, this indicates that very
few ambient AAE measurements (in the diverse regions studied) are above the 1.6
limit and therefore cannot provide certain Cg,,,,, attribution (at least in the absence of
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more specific knowledge of the core and shell sizes during the measurement periods).
However, at the same time none of these observations can rule out the possibility that
Cgrown IS @ pervasive contributor to sub-micron aerosol light absorption.

It is therefore significant to consider, when attempting to investigate the impact of
Cgrown ©n BC mixing state that the underlying core shape, spherule density, shell di-
ameter, AAE and SSA before any reliable quantification can be undertaken. Related to
this is whether in-situ filter-based methods of measuring absorption appropriatley rep-
resent AAE. Given that AAE is sensitive to both Cgg,, and Cg,n COating thickness and
that there is some evidence that filter based methods suffer from biases under elevated
OC content (Cappa et al., 2008; Kondo et al., 2009; Lack et al., 2008), caution must be
applied to these measurement methods and the derived parameters such as AAE. It
must be also noted here that that the AAE is dependent on the choice of wavelengths
(as shown in Fig. 8b). Our discussion above is based on 380 nm and 750 nm radiation,
the extreme wavelengths of the visible light spectrum.

4.5.4 Measurement and analysis of ambient AAE

As a final consideration, we mention that care must be taken in extracting AAE val-
ues from measurements when absorption is measured at more than two wavelengths.
In addition to Eq. (2), AAE values have been determined from the linear-fit slope of
a log-log plot of absorption vs. wavelength (e.g., Bergstrom et al., 2007). When there
are many wavelengths considered (such as from sun photometer measurements), it is
likely that the fitting method will give “good” results. However, if absorption is measured
at only three wavelengths (as is commonly done) the fit results can give both qualitative
and quantitatively different results than if wavelength pairs are used (Eq. 2). Take as an
example the laboratory measurements of Schnaiter et al. (2005) where the influence
of coatings of a-pinene+ozone SOA on BC absorption was investigated. Based on the
fitting method, they reported that the addition of the SOA coatings led to a decrease in
the AAE, from 1.13 for uncoated BC to 0.8 for thickly coated BC. In contrast, we esti-
mate (from their Fig. 9) that if the AAE had instead been determined using Eq. (2), it
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would have been found to increase with the addition of SOA coatings, from ~0.8 to 1.5
(for 450 nm—550 nm) and from ~0.9 to 1.2 (for 450 nm—700 nm). Thus, any discussion
of AAE’s deduced from measurement must always be considered in the context of the
analysis methodology.

5 Summary, conclusions and recommendations

Purely scattering shells on black Carbon(BC) can significantly enhance the absorption
by that core as a result of focusing of light towards the BC core by the shell mate-
rial (Bond et al., 2006). However, if those shells are mildly absorbing (CBrown) this
enhancement EAbs can be reduced, with the specific extent of reduction dependent
upon the radiation wavelength and imaginary Rl (KBrown) of the shell. Estimates of
the absorption strength of Cg,,,,, from the literature are highly variable, likely depend-
ing on the Cg,,,n SOUrce and composition; certainly further research is required to fully
understand this variability. Nonetheless, using a mid-range estimate for kg, We have
shown, using core/shell Mie theory calculations, that £,,s can be reasonably reduced
from the clear coating case by up to 50% at 400 nm radiation and up to 25-30% av-
eraged across the visible radiation spectrum. This could be a significant reduction of
predicted EAbs depending on the ubiquity of Cg,,,n- The magnitude of the £, reduc-
tion is sensitive to both the thickness of the Cg,,,,, shell and the KBrown but is relatively
insensitive to BC core size for a given coating thickness. At the extreme limit of thick
Cgrown shells, the Cg,,un Can eliminate £,y entirely by completely shielding the BC
core from photons.

We have also assessed the importance of considering Cg,,., @s an internal mix-
ture with BC, as opposed to an external mixture, in terms of the effect on the particle
single scatter albedo (SSA) (and ultimately the direct radiative forcing). Large differ-
ences in the calculated SSA between the internal and external mixtures are only found
when large BC cores are used. When small BC cores are used (or if it is assumed
that the larger particles are actually aggregates of small individual spherules) the SSA
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differences are found to be minor (ASSA<0.03). However, compared to the clear coat-
ing case, the potential mis-representation of the radiative forcing by not including the
absorption enhancement effect (i.e. external mixtures) is lessened due to the reduced
lensing impact of Cg,oun-

The absorption Angstrom exponent (AAE) is often used to identify atmospheric con-
tributions of Cg,,., 10 Visible light absorption from ambient particle optical property
measurements. Generally, this is done by assuming that only Cg,,,,, and dust have
AAE>1 and thus that any observation of AAE>1 indicates the presence of Cggun
and/or dust. However, the AAE for BC cores can vary around 1 (+0.2, —1.3) with sig-
nificant deviations from 1 occurring for assumed larger diameters, where it is uncertain
if the BC exists as a dense spherical particle. For BC particles coated in purely scatter-
ing material it is possible to obtain AAE values significantly greater than 1, with values
as large as 1.6 common (for the specific wavelength pairs considered here). Thus,
attribution of Cg,,, t0 the observed absorption can only be made with confidence if
the AAE is measured to be >1.6. Conversely, we have shown that the measurement
of AAE values close to 1 does not rule out significant contributions from Cg,q,,, t0 ab-
sorption. Our calculations suggest that attempts to quantitatively (or even qualitatively)
attribute light absorption to Cg,,,, from measurement of the wavelength dependence
of absorption will be most successful if conducted concurrent with measurements of
BC and total particle size distributions.
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Table 1. Parameter descriptions.
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Parameter Description Symbol Calculation method/equation
Absorption BC core OpbsCore Mie theory (Rlyoe=1.85+0.71/)
cross section BC core+Cgyeqr shell OppsCoreClear ~ COre  shell Mie theory (Rlgye=1.85+0.71/,

Absorption

enhancement

Absorption
enhancement loss

BC core+Cpgon, Shell

Colear €Ore+Caown Shell

BC core+Cgeqr shell

BC core+Cpgon, Shell

OppsCoreBrown

O pbsBrown

EAbs-CL

EAbs-BFl

BC core+Cgon Shell-Cpg o, @bsorption  Epps-pr-x

Difference between enhancement
With Cgjear @and Cgyown Shell

EAbs-Remaining

Rlgoat=1.55+0.0/)

Core shell Mie theory+brown carbon imaginary
RI (Kgrown) from Fig. 2. (Rlye=1.85+0.71/,
Rlgoat=1.55+Kp0wn)

Core shell Mie theory+brown carbon imagi-
nary Rl (Kgown) from Fig. 2. (Rlge=1.55+0.0/,
Rlcoar=1.55+Kg0un)

E, = ObsCoreClear
Abs-CL OppsCore
E — ZAbsCoreBrown
Abs-BR OppsCore
EAb BR-X= 'AbsCoreBrown~OAbsBrown
s-BR-X =

OppsCore
OnbsCoreBrown~OAbsBrown

EAbS-Remaining = OpbsCoreClear
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Table 2. Central core and shell diameters from the five £, regimes of Bond et al. (2006).
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Bond et al. (2006)  Central core Central shell
regime # diameter (nm) diameter (nm)
1 25 1500
2 100 1500
3 60 330
4 300 400
5 300 1500
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Fig. 1. Schematic of the effect of C,,, and Cg,,,r, Shells on BC absorption.
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MAC (m”g™) (

400

Fig. 2. Wavelength dependent mass absorption cross-section (MAC) of Cg,,\n With a form as
given by Sun et al. (2007) and where the absolute magnitude of the kg, (solid black line)
has been deduced from / Barnard et al. (2008). Dashed lines indicate kg, upper and lower

bounds for our modeling.
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Fig. 3. Example of calculated E ¢ for a BC core and Cg,, Shell (Eps-c» SOlid black), BC core
and Cgoun shell (Eaps-gr, dashed gray) and BC core and Cg,on Shell with Cg,,,,, absorption
contribution removed (E,-gr-x, SOlid gray). The reduction in the absorption enhancement in
going from a clear to an absorbing coating, £aps-remaining> IS Shown as the dashed black (right
axis). This is for a system having a 300 nm diameter core and a 500 nm shell diameter.
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Fig. 4. (a) Calculated Epps-gemaining for different BC core and Cg,,, shell diameters at 400 nm
wavelength. Regime numbers from Bond et al. (2006) and position of central values used for
these regimes also shown. (b) Same as (a) but integrated over all visible light wavelengths.
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dashed line) kg, values corresponding to Fig. 2.
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Fig. 7. Contour plots of the calculated difference in the SSA between an external mixture
and an internal mixture for a coated BC particle with a Cg.,, coating (a) and a Cg,,,, coOat-
ing (b) are shown as a function of core and shell diameter. Contours are shown only when
|ASSA-ini|>0.03. The color scale shown applies to both graphs. The actual SSA for the
BC/Cgeqr (€) and BC/Cg,,,, (d) internal mixtures are shown for reference. Note that absorption
by the Cg,,un Shell narrows the size region over which large differences between the internal
and external mixture are found.
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Fig. 8. (a) Modeled AAE3g,m_750nm fOr variable core diameter and Cgq,, shell thicknesses.
(b) Modeled AAE as a function of wavelength choice for a 60 nm core and 330 nm diameter
coating (central values of regime 3). The black square and black circle indicates wavelength
combinations used in this study and Bergstrom et al. (2007), respectively. x=y line (gray)
represents undefined AAE. 818
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Fig. 9. The AAEsg),m-750nm Calculated as a function of the imaginary Rl for different assumed
BC core diameters (indicated by the different color lines) and Cg,,,,, shell thicknesses. Cal-
culations were done using dy, pariicle/ p core €9qual to (a) 2, (b) 3 and (c) 4. The corresponding
volume ratios are given on the figure. For reference, the SSA values associated with the given
imaginary refractive indices are shown on the top axis (calculated for a d,=200 nm particle at
380nm). The gray regions in all panels indicate the area where 1<AAEzg),m_750nm<1.6 and
the green region where AAE 50 1m-750nm<1-
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