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Abstract. The presence of clear coatings on atmosphericlessAAE>1.6. Comparison of these model results to various
black carbon BC) particles is known to enhance the mag- ambientAAEmeasurements demonstrates that large-scale at-
nitude of light absorption by thBC cores. Based on calcula- tribution of Cgown is a challenging task using current in-situ
tions using core/shell Mie theory, we demonstrate that the enmeasurement methods. We suggest that coincident measure-
hancement of light absorptiorEfps) by atmospheric black  ments of particle core and shell sizes along withAlAd& may
carbon BC) when it is coated in mildly absorbing material be necessary to distinguish absorbing and non-absorbing OC.
(Cgrown) is reduced relative to the enhancement induced by
non-absorbing coating€¢ea). This reduction, sensitive to
both theCgown COating thickness and imaginary refractive
index RI), can be up to 50% for 400 nm radiation and 25%
averaged across the visible radiation spectrum for reasonablf 1 Black carbon and clear coatinas
core/shell diameters. The enhanced direct radiative forcing ™ 9
possible due to the enhancement effectCgfeqr is there-
fore reduced if the coating is absorbing. Additionally, the
need to explicitly treaBC as an internal, as opposed to ex-
ternal, mixture withCgrown iS sShown to be important to the
calculated single scatter albedo only when models B&at
as large spherical cores-(50 qm). For smalleBC cores BC are a topic of significant research.
(or fractal agglomerates) consideration of B@ andCgown The impact of oth i heri fculat N

: . . pact of other atmospheric particulate components
as an external mixture leads to relatively small errors in the

article single scatter albedo ef0.03. It has often been as- BC absorption, in the form of internal mixtures B
P 9 . T N with primary and secondary organic aerosol (POA, SOA) and
sumed that observation of an absorption Aniystiexponent . . S
- . .. inorganic salts such at sulfate, has also drawn significant at-
(AAE)>1 indicates absorption by a n@tc aerosol. Here, it ] ] )
) . tention (e.g. Bond et al., 2006; Jacobson, 2001; Zhang et al.,
is shown thaBC cores coated ilf'cjear can reasonably have

anAAE of up to 1.6, a result that complicates the attribution .2008)' This is because the light absorption by an absorb-

. . I . . ing core can be enhanced when coated with a purely scat-
of observed light absorption 6gown Within ambient parti- 9 purely

cles. However, ahAE<1.6 does not exclude the possibility tering shell (Fuller et al,, 1999).. The shell acts as a lens
) : : and focuses more photons onto the core than would reach
of Cgrown; ratherCgrown cannot be confidently assigned un-

it otherwise. This lensing effect has been shown theoreti-
cally to increase the absorption by an individ@C parti-
cle by 50-100% for core and shell sizes typical of the at-

Correspondence tdD. A. Lack mosphere (Bond et al., 2006) and is thought to have an im-
BY

(daniel.lack@noaa.gov) portant influence on the radiative forcing BZ (Jacobson,

1 Introduction

The absorption of solar radiation by atmospheric black car-
bon BC) is thought to lead to positive top-of-atmosphere ra-
diative forcing (i.e. atmospheric warming) abdy of the
magnitude of anthropogenic GQIPCC, 2007). Accord-
ingly, the sources, emission strengths and climate impact of
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2001). Absorption enhancement due to lensing has been obralues (at~550nm) range from 0.002 to 0.27 (Alexander et
served forBC particles coated with SOA (Schnaiter et al., al., 2008; Hoffer et al., 2006), which compare to a value of
2005) or sulfuric acid (Zhang et al., 2008), for absorbing ca. 0.71 for pureBC (Bond and Bergstrom, 2006 MACs
polystyrene spheres coated with organic material (Lack et al.yary from 0.02 to 2rAg—! at mid visible wavelengths and
2009a), graphite coated with oleic acid or glycerol (Shiraiwafrom 1-10nfg~! at 350nm. These values were derived
et al., 2009) and for absorbing mineral dust coated in aquefrom field measurements of particulate OM observed from
ous inorganic material (Lack et al., 2009b). The absorptionAsian pollution outflow (Yang et al., 2009), African biomass
enhancementEaps, is defined as the ratio of the absorption combustion (Kirchstetter et al., 2004), Mexico City pollution
cross sectiongaps, of a coated absorbing particle (usually (Barnard etal., 2008) and humic-like substan¢#3I(IS) ex-
BC) to an equivalent uncoated particle (see Eq. 1 below). tracted from Amazonian biomass combustion particles (Hof-
O Abs_Core_Shel fer et al., 2006). Thes€gyown MACs compare to 8C MAC
Epps= —————— (1) ofca 7.5mg tat550nm or ca. 12-13%g~! at~350 nm
OAbs—Core (from Adler et al., 2009) and calculated assuming an absorp-
Evaluation of recent field data of particulate organic mat- 10N Angstrom exponent=1 and extrapolating from Bond
ter (OM, including both primary and secondary aerosol) con-and Bergstrom (2006); see Eq. 2). The large variability in
centrations show that particulate OM is often present withMAC for particulateOM is likely related to the variability
abundances similar to or larger than that of inorganic particul" the composition of th&OM fraction, which can include
late matter, such as sulfate and nitrate salts (e.g. Zhang et afULIS, lignin and polycyclic aromatic compounds (Andreae
2007). In particular, a large amount of directly emitted OM @nd Gelencser, 2006). o _
is internally mixed withBC from sources such as biomass _ Attribution of observed atmospheric light absorption to
and biofuel combustion (Alexander et al., 2008; Gustafs-CBrown iS an important step in understanding the overall cli-
son et al., 2009; Roden et al., 2006), @@ from internal mate e'ffects of aerosol. Some studies have attempted this
combustion engines can become thickly coated in condens2ttribution based on assumptions as to the wavelength de-
able material within hours to days of emission (e.g. QuinnPendence of absorption (e.g. Favez et al., 2009; Yang et al,,
et al., 2004). It is therefore reasonable to expect that a sig2009)- It is often assumed that the imagin&yfor BC is
nificant amount of atmospher&C is internally mixed with ~ Wavelength {) independent and that the absorption cross-
OM, which therefore provides a significant opportunity for S€ction forBC varies as\~* (Bond and Bergstrom, 2006)
absorption enhancement and is thus the focus of current rddiscussed f_urther belov_v). The variation of_ absorption with
search on the evolution of mixing stateBE (e.g. Moteki et wavelength is characterized by the absorption Angstrom ex-

al., 2007; Schwarz et al., 2008). ponent BAE), defined as
1.2 Black carbon and brown coatings AAE — — In (UAbS—M/UAbS—Az) @)
IN(A1/A2)

Emerging research suggests that a variety of particulate OM
can absorb radiation, particularly at the shorter visible andwhereoaps is the absorption cross-section (or observed ab-
UV wavelengths (Adler et al., 2009; Barnard et al., 2008; Di- sorption). AnNAAE=1 corresponds to 2~* dependence of
nar et al., 2008; Hoffer et al., 2006; Kirchstetter et al., 2004;absorption. It is thought thag,own Shows strong deviations
Rincon etal., 2009; Roden et al., 2006; Schnaiter et al., 2006from the 1~ relationship and it has therefore been assumed
Schwier et al., 2009; Shapiro et al., 2009; Sun et al., 2007that the observation of aAAE larger than 1 is an indica-
Yang et al., 2009). In fact the mass absorption cross-sectiotion of absorption byCgrown (Or dust if present). However,
(MAC) of this so-called “brown carbon(grown) (Andreae  as mentioned by Gyawali et al. (2009), th&E of BC cores
and Gelencser, 2006) has been estimated to be of the saméth >10nm diameter and &C cores that are coated in scat-
order asBC at 400 nm (Barnard et al., 2008; Clarke et al., tering shells may deviate from the typically assumeédE=1
2007). Given the large abundance of particulate OM rela-relationship. For example, th&AE for BC alone can be
tive to BC in the atmosphere, this suggests that absorptiorgreater or less than 1, depending on the modeled core size.
by Cgrown May be a significant fraction of total atmospheric This must be explicitly kept in mind when assigning contri-
light absorption (Clarke et al., 2007). Despite the potentialbutions to light absorption tGgrown.
contributions ofCgrown to absorption of solar radiation, all As research into the absorption properties and ubiquity of
theoretical studies to date of the lensing-induéggs have Cgrown progresses, it is prudent to consider what the impact
focused solely on the role of non-absorbing coatings. Inof Cgrown is 0N the lensing-induced absorption enhancement
the present study, we directly address how the presence dbr BC. Consider that whereas absorption bB@ core with
Cgrown COatings (i.e. coatings that are not purely scattering)a purely scattering shell will have contributions to absorp-
onBC cores influence the magnitude Bjps. tion by the core andEaps by the lensing effect, 8C core

A wide range of MAC and imaginary RI values f6gown coated inCgrown Will have absorption contributions from the
(kBrown) have been reported in the literature. Repokiggwn core, the absorbing shell and thgps from the lensing effect
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distribution. The core diameter refers to the diameter of the
_ _ core alone, while the shell diameter is the diameter of the
Z;fs'olrbﬁg:emat'c of the effect fclear and Carown shells onBC o ire particle, i.e. core + shell{ sheli= d particid)- The LN
' distribution is coated by applying the central shell-to-core di-
ameter ratio to each core of thé&l distribution (i.e. the ratio

(see Fig. 1 for a schematic of this effect). Given the differentdl’’She”/d!’»wfe's cons_erved). _
optical properties 0grown compared to a purely scattering ' "€ Rl 0f Carown is expected to vary with wavelength
shell, theEaps is very likely to be dependent on the wave- and so we model across the visible radiation spectrgm (380-
length of light, the absorption properties of thgrown and 750 qm). We have also performeq some calcglatlons at a
shell thickness. In an effort to address the above issue, wePeCific wavelength of 400nm to illustrate a single wave-
present here a series of calculations performed using cord€ngth impact. Wavelengths around 400 nm are commonly
shell Mie theory (Bohren and Huffman, 1983) wherein we used in in-situ aerosol optical property measurements. In
investigate the impact of a slightly absorbing, rather than9€neral, the solar spectrum averaged results are more rele-
purely scattering, shell on the absorption enhancement factol/@nt for the overall climate impacts whereas the single wave-
Eaps and aerosol single scatter albe&S@. This modeling length results will assist in assessing in-situ measqrements.
study builds on the work of Bond et al. (2006) and we remain Wavelength-dependerigrown values have been estimated
consistent with that study by using many of the same termsfrom literature observations. The SSA of particulate OM was
modeling parameters and discussion points. We also investiné@sured by Barnard et al. (2008) to be 0.75 (at 380 nm)
gate the impact dBC cores coated in purely scattering shells @nd is used to calculat@rown at 380 nm. To do this we as-
on theAAE to provide further insight and recommendations SUMe & particle diameter of 200nm, a rédlof 1.55 and
for future studies attempting to elucidate the contribution of c@lculate thegrown (using Mie theory) required to achieve
BC, Carown and purely scattering shells. an SSA of 0.75 at 380 nm; the calculateglown 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 mea-
2 Modeling sured by Kirchstetter et al., 2004) to produce a wavelength

dependantgown (Fig. 2). The actuakgyown remains some-
To model the absorption enhancement impaoCgbwn we what uncertain and may vary with location and source. To
remain consistent with the study of Bond et al. (2006) andapproximately account for this, we have also investigated the
use aRl for BC of 1.85-0.71 and a reaRI of 1.55 for the  sensitivity of the results to the chosksiown by &) increasing
non-absorbing shell (defined here as a clear coatiggay). the originalkgrown by 50% and b) subtracting 0.03 from the
The BC core is modeled as a lognormalN) distribution of original kgrown. These changes simulate more and less ab-
cores having a geometric standard deviati@sD of 1.1 sorbing OM as measured in some studies (Adler et al., 2009;
(unless otherwise stated). The “core” and “shell” diameters,Dinar et al., 2008; Hoffer et al., 2006; Schnaiter et al., 2006)
dp, core aNdd), shell, refer the central sizes in tHeN particle (Fig. 2).
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We also note here that the use of Mie theory assumes 39— L L L L —1_——1 10
spherical particles. There is sufficient evidence that BC, usu- e
ally fractal when emitted from efficient combustion, can be- _ 25
come more compact and the overall particle spherical when 08 =
coated in other inorganic and organic material (Alexander ' 204 .-~ :
et al., 2008; Lewis et al., 2009; Zhang et al., 2008). Our . — 06 2
modeling mostly deals with coateBiC cores. In the limit 154 £
of thinly coated cores, where fractBIC is more likely, the 04 E
work of Liu et al. (2008) provides guidance on the differ- Z 1.0 8
ences in absorption for fractal vs. spherical BC. For smaller 2 w
(15nm) and larger (25 nmBC spherule sizes, absorption “' 54 0.2
will likely be overestimated by up to 10% and underesti-
mated by up to 20% if represented as spherical. Recent lab- .01 , , , , , , 0.0
oratory studies of spherical particles using absorbing cores 400 450 500 550 600 650 700 750

with non-absorbing coatings showed generally good agree- Wavelength (nm)
ment with predictions from Mie theory for absorption (Shi-
raiwa et al., 2009; Lack et al., 2009a) and extinction (Abo- Fig. 3. Example of calculatedEaps for a BC core andCciear

Riziq et al., 2008; Lang-Yona et al., 2010). However, when Shell Eapbs—cL, solid black) BC core andCgrown shell (Eaps-BR:

non-absorbing cores with slightly absorbing coatings weredashed gray) anBC core andCgrown shell with Crown absorption
ontribution removedKaps_gr—x. solid gray). The reduction in

considered the model/measurement agreement for extinctio . : : .
he absorption enhancement in going from a clear to an absorbing

measurements was found to be worse (Lang-Yona et al.(,:omingEAbyF«emaming is shown as the dashed black (right axis).

2010). Given the challenges with dealing even with spheri-ryjs is 'for a system having a 300nm diameter core and a 500 nm

cal particles, this suggests that the computational results préshe| diameter.
sented here should be considered as a guide to understanding
the general influence afgown ON aerosol absorption, but
that experimental verification will ultimately be needed. shows the calculatedaps (across all visible wavelengths)
for 3 systems; 1Faps_cL: the “standard’Eaps for a Cgrown
core andCcjearshell 2) Eaps—BR: the Eaps for aBC core and
3 Defining absorption enhancementk s Cgrown Shell including both the absorption and lensing com-
ponents of th&grown and 3) Eaps-Br-x: the Eaps for aBC
The Eaps Of a core-shell system is defined as the ratio of core and shell with the absorption contribution of @&own
absorption cross-sectionsaps) of the coated and uncoated removed as described above.
particles (Eg. 1) and here is calculated for all visible wave- Based on these definitions (given explicitly in Table 1),
lengths. The physical interpretation &f,s for a BC core Enps—Br—x provides information on the magnitude of the
with a Cclear Shell is relatively straight forward compared lensing effect ofCgrown Only. Eaps—r—x may differ from
to systems with absorbing shells because the addition of &ans—c1 due to either (i) modification of the photon path
Cclearshell leads to an increase in absorption by lensing onlythrough the particle due to the absorbing coating, thus caus-
However, when the shell also has an absorbing componening fewer (or more) photons to be focused towards the core,
absorption from both the shell material and the lensing ef-or (ii) absorption of photons by the coating material, thus
fect created by the shell contribute and must be accountedausing fewer photons to reach the core. In this second case,
for. Here we distinguish between the contributions from thethe total absorption by the coated particle will be conserved
two Cpgrown absorption effects. First, thenps of a homoge-  (i.e. it does not matter whether a photon is absorbed within
nous particle (with diameter,d.;;) of Cgrown (€.9. using  the shell or the core), but the magnitude f,s has been
Kgrown from Fig. 2) system is calculated across all visible decreased. WheBaps—sr—x > 1, this indicates that photons
wavelengths. This is repeated folCa,own particle with di- at that wavelength are still being focused onto the core due
ameterd, core The difference between these twgps pro- to the lensing effect. However, whefhps pr—x <1, this is
vides a measure of the absorption by €gown coating after  an indication that the enhancement due to the lensing effect
accounting for the size dependence of absorption and scats overwhelmed by absorption by the coating material. In the
tering. This absorption bygrown is then subtracted from limit of a strongly absorbing, thick coating no photons will
oaps calculated as for step 1 except using@core withthe  make it to the core anfiaps pr—x — 0.
sameCprown COating (and where the core diameter = non-  As an illustrative example, we consider a system with a
absorbing core diameter as above, see Table 1). The resultaB(C core diameter of 300 nm and a shell diameter of 500 nm.
guantity is the absorption by tH&C core including lensing  For these conditions, it is found th&lps—cL is essentially
(but not absorption) b¢'srown, @and the calculated aps pro- wavelength independent with a value of ca. 1.8 (Fig. 3).
vides an estimate of the lensing effect of igown. Figure 3 In contrast, theEaps_R varies between 1.7 and 2.4 across

Atmos. Chem. Phys., 10, 4204220 2010 www.atmos-chem-phys.net/10/4207/2010/
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Table 1. Parameter descriptions.

Parameter Description Symbol Calculation Method/Equation
Absorption BC Core O AbsCore Mie Theory (Rkore=1.85 + 0.71i)
Cross Section
BC Core & Cclear Shell 0 AbsCoreClear Core Shell Mie Theory (Rbre=1.85 + 0.71i, Rdpat=1.55 +
0.0i)
BC Core & Ggrown Shell o absCoreBrown ~ Core Shell Mie Theory + Brown Carbon Imaginary RI
(kBrown) from Flg 2. (Rl;orez 1.85 + 0.71i, Ripat=1.55 +
kBrown)
CBrown Particle of g, shell— Cerown Particle of g core O AbsBrown Core Shell Mie Theory + Brown Carbon Imaginary RI
(kgrown) from Fig. 2. (R1=1.55 + krown)
Absorption BC Core & Cqjear Shell Epbs—CL Epps—CL = %ﬂ‘ﬁ“’
Enhancement
BC Core & Cgrown Shell Epbs—BR Epbs—BR= %ﬂn
BC Core & Cgrown Shell — Ggrown Absorption Epbs—BR—X EAbs—BR—X = ZAbsCoreBrowT-0Absroun

OAbsCore
Absorption Difference between enhancement withriGr and Garown  EAbs—Remaining  EAbs—Remaining= ~A2sCoreBroutr7AbsBrouwn

OAbsCoreClear
Enhancement shell.
Loss

Table 2. Central core and shell diameters from the figgps
regimes of Bond et al. (2006)

Bond et al. (2006) Central Core Central Shell

Regime # Diameter Diameter £
(nm) (nm) £
[7]
1 25 1500 E
2 100 1500 3
3 60 330 3
4 300 400 »
5 300 1500
10 400 nm Wavelength B
2 3 4 5 6789 H 3 4 5
10 100

Core Diameter (nm)
00 02 04 06 08 10

the visible spectrum. This largeéfaps_gRr results from ab- Enve remaining a)
sorption by Cgrown. When the absorption of th€gown
shell is accounted for we see that the adjusted enhance- 1000

ment,Eaps_BR_X, IS reduced below thEaps_c at all wave- E
lengths. The wavelength dependenceFf,s pr derives 5
from the wavelength dependence of #ig,own absorption, E
described above. The reduction iiaps for any conditions a
is characterized by calculating the remaining enhancement, 3
EabsRemaining @s defined in Table 1. @
All Visible Wavelengths
2 3 4 5 6789 2 s
4 Results 10

Core Diameter (nm)

. . _ i 0.0 0.2 0.4 0.6 0.8 1.0
In this section we use the definitions of the five core/shell E b)

'‘Abs-Remainin
diameter regimes given by Bond et al. (2006) to provide in- )

4211

sights into the Eaps lost’ (presented a&'abs-Remaining that  Fig. 4. (a) CalculatedEapsRemainingfor different BC core and
results from the coating beinGgrown rather thanCcgiear Of Cgrown shell diameters at 400 nm wavelength. Regime numbers
these Bond regimes the most common expected in the atmdrom Bond et al. (2006) and position of central values used for
sphere are regimes 3 and 4 (see Fig. 4). Regime 3 corrghese regimes also show(b) Same as (a) but integrated over all

sponds to particles with core diameterd75nm and thick  Visible light wavelengths.
shells (relative to the core size, withorddsnel >0.55 but
dshell >500 nm) while regime 4 corresponds to thin shells
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Fig. 5. CalculatedEaps for BC cores havingCcleashells Eaps—cL, solid black) andCgyown shells Eaps—BR—_x, Solid gray). Each
numbered panel corresponds to the central conditions of the numbered regimes in Bond et al. (2006). The dashed Bagssh@ining

(dcorddsnhel >0.55) on cores of all sizes. Regime numbers length averaged:aps results from the assumed wavelength
are labeled in Fig. 4 and the central core and shell diameterdependence of absorption Bgrown. The Eaps l0ss depends
used elsewhere in the text (e.g. Table 1) are indicated by thenly weakly onBC core size (Fig. 4), indicating that for a
position of the numbers of each regime in Fig. 4a. given wavelength (i.&grown), the Eapsloss is predominantly

. . a function of the amount af'grown.
4.1 Impact of Cgrown shell thickness andBC core size

4.2 Core shell regimes from Bond et al. (2006)
For a given wavelength anisown, as the thickness of the
Cgrown Shell increasesaps decreases. For example, for Here we use core and shell diameters that form the central
400 nm wavelength radiation in regimes 3 and 4 (Fig. 4a),value of each of the five Bond et al. (2006) regimes (Fig. 4a
Enps loss can be up to 50%. For very thin shells (regime 4)and Table 1) and the central values f@fown from Fig. 2 to
the Eaps l0ss can be up to 10% and as shell thickness de-gain further insight into the effect afgrown ON Eaps. Fig-
creases, th&grwn coating behaves more lik€ciear FOr ure 5 presents these results with regime numbers given in
much thicker shells£aps can be reduced by 80% or more the top left of each plot. As discussed above it is clear that
(i.e. in regimes 1, 2 or 5). When averaged across all visi-Eaps is reduced for very thiclkCgrown shells (Fig. 5a, b and
ble wavelengths (from 380—750 nm, Fig. 4b) thg,slossis  e). It is also evident that not only does tfgrown shell re-
15-20% in regimes 3 and 4 aneB0-50% in regimes 1, 2 duce the number of additional photons being directed to the
and 5. The difference between 400rRps and the wave-  core (i.e. reduction in lensing), but sufficiently thi€lgyown

Atmos. Chem. Phys., 10, 4204220 2010 www.atmos-chem-phys.net/10/4207/2010/
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- . — P - . (not shown) indicate that this conclusion is generally inde-
Regimes 3 and 4 Regime 2 .
- pendent of théC core diameter used.

B 4.4 Consideration of mixing state

Even thoughEaps—gr can be large under some conditions
(e.g. whenCpgrown coatings are thick), our focus has been
on the influence ofg,own 0N the lensing effect. It has tac-
itly been assumed that absorption 6¥,own, Whether con-
sidered as an internal or external mixture Wig€, would
0.04 | be accounted for and quantified (for example in models) by
T 6789 2 3 4 567809 2 the mass an®1AC of the Cgrown. We now consider how a
Shell Diameter (nm) 10 reduction in the lensing effect (due @grown) for an inter-
nal mixture will influence th&sSAand how this compares to
Fig. 6. CalculatedEaps—Remainingfor @ 60 nm diameteBC core  an external mixture oBC and Cgrown. A reduction in lens-
and varyingCgrown Shell diameters at 400 nm and 532 nm wave- ing means that the fraction of absorption due toBli@core
length for high (thick dashed line), mid (solid black line) and low will be reduced and, depending on how the contribution from
(thin dashed line}grown values corresponding to Fig. 2. Carown is considered in a model, this may lead to uncertainty
in the calculatedsSA which is the primary parameter that
determines the sign of the radiative forcing by particles. For
shells also prevent photons from reaching@@core. This  example, Jacobson (2000, 2001) showed that failure to con-
is evidenced byEaps—Br—x reaching below 1 and progress- sider the lensing effect due to clear coatings (i.e. treatment
ing towards zero at short wavelengths where absorption byf the aerosol population as an external rather than an inter-
Cgrown is assumed to become large (this would indicate nonal mixture) may lead to an underestimation of the radiative
photons reaching the core). HowevErps gr—x Only goes  forcing of BC by a factor of 2-3. However, if the lensing
to zero for regimes 1, 2 and 5, which were described as geneffect is reduced due to absorption byrown then this un-
erally unrealistic in the atmosphere. Within the more real-derestimation of radiative forcing will be similarly reduced,
istic regimes (regimes 3 and 4, Fig. 5c, B)ps is reduced  with the actual reduction dependent on the assumed wave-
from the clear coating case by 30-50% at 400 nm wavelengthength dependence of ti@srguwn.
but Eaps—Br—x remains>1 indicating that the lensing effect
is still occurring despite the attenuation of photons by the4.4.1 Mixing state assumptions and Single Scatter
Cgrown Material. Albedo (SSA)

EAbsRemaining

4.3 Impact of Imaginary Rl of Cgrown One way to interpret the lensing effect is to recognize that
it corresponds to a decrease in tB8Awhen compared to
The results presented so far are calculated with an assumeth equivalent mass external mixture. We have calculated
kerown, based on experimental and theoretical results (Kirch-the difference in SSA values between an external and an
stetter et al., 2004; Barnard et al., 2008; Sun et al., 2007)internal mixture ofBC and Cgrown (at 400 nm assuming a
A wide range of both imaginarRl and MAC for Cgrown kerown Of 0.05 and GSD=1.1) and similarly fa&8C and
have been found and so here we investigate the sensitivity o€ cjeall ASSAxi—int = SSAxt — SSAnt, Where the ext and int
Enps l0ss to the assumégown. Using the ranges dfzrown indicate external and internal mixtures, respectively; Fig. 7).
from Fig. 2 we model th&Eaps_Remainingfor a 60 nm diam-  For theCgrown case (Fig. 7a), at small core sizes50 nm)
eter BC core (central core diameter of regime 3) coated inthe difference between the internal and external mixB8é
Cirown at 400 nm and 532 nm wavelength. Figure 6 showsvalues is small £0.03). For theCciear case, for small core
E Abs—Remaining@S @ function of particle diameter akgkown. sizes certain coating thicknesses will give somewhat larger
In these simulations, increasing the 400 kgpwn from the ASSA(see Fig. 7b), but for most core/shell combinations
lower boundkgrown (0.02) (similar to theékgrown reported by  ASSAyi—int IS small. Additionally, ASSAxtint is small
Dinar et al. 2008) to the base cdsgown (0.05) increases the when the coating is very thick (i.e. within regimes 1 and
Enps loss by 20-30%. Increasing therown from the base  2). However, for larger assumeRIC core sizes the differ-
case by 50% (from 0.05 to 0.075; again, near that measurednce can become large, especially for intermediate coating
by Dinar et al., 2008) increases tligps loss by a further  thicknesses. This indicates that even thoughRRe; is gen-
10-15%. At 532nm, an increase ig;own leads to an in-  erally largest for smalBC cores and/or very thick coatings
crease in th&aps loss of only a few percent for reasonable (c.f. Fig. 5 in Bond et al., 2006), in these regimes accurate
coating thicknesses<600 nm) but leads to larger increases specification of the mixing state will not strongly influence
when very thick coatings are present. Further calculationghe radiative properties d8C and Cgrown. We have also
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Fig. 7. Contour plots of the calculated difference in tB8Abetween an external mixture and an internal mixture for a cda@garticle

with a Cclear COating(a) and aCprown coating(b) are shown as a function of core and shell diameter. Contours are shown only when
|ASSAxtintl >0.03. The color scale shown applies to both graphs. The actual SSA f&GH&: ear (C) and BC/Crown (d) internal
mixtures are shown for reference. Note that absorption b #igwn shell narrows the size region over which large differences between the
internal and external mixture are found.

repeated these calculations at longer wavelengths (532 nrshould be treated in accordance wRBGtheory (i.e. as ag-
and 700 nm) and find that the general discussion given abovgregates of 20—30 nm spheres), rather than as larger spherical
remains valid even though the imaginary refractive index forparticles, then the above discussion suggests that the impor-
Cpgrown is smaller than at 400 nm. The main influence of mix- tance of treating3C as an internal mixture may be limited
ing state in these regimes is to increase the overall particlén terms of the direct radiative effects even thoutdys may
size (i.e. cross section), which will tend to increase the totalbe relatively large. However, the fact that models tend to
light extinction, but this will have minimal influence on the useBC particles with relatively large diameters (680 nm)
balance between absorption and scattering. However, whe(e.g. Kinne et al., 2003) means that the calculated radiative
largerBC core sizes are used within a model, mixing state isproperties may be particularly sensitive to the choice and rep-
seen to be an important factor. This is generally true whetheresentation oBC mixing state.
Cirown Of Cclearc0Oatings are considered, although€®;own In part, it is for the above reasons that we believe it re-
coatings the importance of mixing state is lessened (consismains a useful exercise to consider core-shell Mie theory
tent with the reduction in the lensing effect identified above). results usingBC core diameters that go beyond the typical
spherule size range when calculatifigys, SSAand AAE
4.4.2 Mixing state and micro-physical model values for coatedC particles. Furthermore, what few ex-
assumptions perimental measurements that existRfys for coated soot
appear more consistent with the soot particles being single
To our knowledge, no atmospheric models explicitly accountlarge spheres rather than small spherules (Schnaiter et al.,
the fact thatBC is actually a fractal agglomerate composed 2003; Zhang et al., 2008). AdditionallpAE values<1 are
of many small (10's of nm in diameter) spherules (van Pop-routinely observed in ambient measurements (Bergstrom et
pel et al., 2005)BC is instead represented as spherical par-al., 2007; Lack et al., 2008), a result that is theoretically pre-
ticles of some size (or with some size distribution), and thedicted forBC spheres that are larger thar150 nm. Certainly
optical properties are calculated based on the spherical partimore work is necessary to establish what the appropriate core
cle size. Rayleigh-Debye-GarRIDG) theory posits that for  size is for use irEaps andAAE calculations in order to facil-
a fractal particle such aBC the absorption behavior is in- itate both interpretation of ambient measurements and accu-
stead dictated by the size of the individual (small) spherulesrate calculation of the radiative effects®B€ (andCgrown) in
and not by the agglomerated particle as a whole, i.e. that abmodels.
sorption is additive (Sorensen, 2000). If coaBd particles
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4.5 Absorption wavelength dependence ! . R R

24

The wavelength dependence of absorption is typically char- %%
acterized by the absorption Angstrom expon@&® [ Eq. 2). 3
For “pure”BCin the atmosphere th®AEis assumed to be 1
(Bond and Bergstrom, 2006) and observation8AE>1 are
often taken as evidence Grown (Or dust). In actuality, for
AAE=1 theBC must be of sufficiently small diameter (e.g.
10 nm) or, following fromRDG theory, aBC core must be a ,
fractal agglomerate composed of many sufficiently small in- 10 |
dividual spherules. As discussed above, some ambient data 10 R I RN
provides evidence of largBC cores (i.e. WithAAE of <1). EE—— =SS Core Diameter (nm)

In addition, AAE values-1 are theoretically possible f@&C 00 A5 10 13
coated inCcjear (NOt Cerown) @s discussed in Gyawali et al. 750 I :
(2009). Therefore, an assum@AE=1 to anchoBC ab- 700
sorption, and attribut€gown absorption contains significant
potential errors.

4

2

100 E
8 E
6

Shell Diameter (nm)

380nm:750nm L | L L L L

650 -
600

4.5.1 AAE variability of BC with Ccjear 550 |

Wavelength (nm)

Here we extend the calculations of Gyawali et al. (2009) i
in order to make clearer the need for caution in the use of 3
the AAE when attributing light absorption tGgown. Fig- 400 SRTEN
ure 8a shows thé&AEsgonm-750nm calculated for spherical 400 450 500 550 600 680 700 750
BC cores coated in various thicknesses(iear The Rl Wavelg?gth (nm)

used are the same as presented in the sections above, while

a Ifarger GSD of 1.7 IS. aSSlilmed. fo.r tlh.'N dlsmbu.t'on’ Fig. 8. (a) Modeled AAEzgonm-750nm for variable core diameter
which represents a particle size distribution from biofuel or Cclear shell thicknesses (b) Modeled AAE as a function of

biomass combustion (Bond et al., 2006). Figure 8a showsyayelength choice for a 60nm core and 330 nm diameter coating
that the AAEsgonm-750nm for BC cores coated iCciear IS (central values of regime 3). The black square and black circle in-
reasonably constant within 4 of the 5 core-shell regimesdicates wavelength combinations used in this study and Bergstrom
(regimes 1-3 and 5). Regime 4 (thin coatings on all coreet al. (2007) respectively.

sizes) shows a large variability iAAEsgonm-750nm rang-

ing from —0.2 to 1.7, similar to théAAE behavior of un-

coatedBC. For the other “realistic” regime (regime 3), the den, thus decreasing the effective imaginRiyof the coat-
AAEsgonm-750nmis generally in the range 1.4-1.6. Therefore ing. As expected, the relationship betwe®fEzgonm-750nm

one can only attribute absorption@@rown With confidence if ~ andkgrown depends explicitly on the core and shell diameters
the AAEsgonm-750nmiS greater than 1.4-1.6; consistent with (Fig. 9). We have investigated three specific cases where the

450 1.

the findings of Gyawali et al. (2009). shell/core ratio has been varied; casé Lparticle/dp,core= 2;
case 2:d, particle/dp,core=3; case 3:.d particle/dp,core= 4.
4.5.2 AAE Variability of BC with Cgrown This equates to shell/core volume ratios of 7, 26 and 63,

respectively. For comparisoBC has often been found in
If AAE3gonm-750nmiS Mmeasured to be less thadl.6 this does  ambient samples to be ca. 5-10% of the total particle mass
not necessarily rule oufgrown as a significant contributor  (Quinn et al., 2002; Quinn et al., 2004), corresponding ap-
to the observed absorption. For certain core/shell size pairproximately to cases 1 and 2, althoug@ mass fraction can
ings, theAAEzgonm-750nm for BC cores withCgrown coat-  vary greatly depending on proximity to sources.
ings can actually be close to (or even less than) unity, de- Considering Case 1 (Fig. 9a), it is apparent that for many
pendent upon the assumkglown. We consider this in more  core sizes thé\AEsgonm-750nm does not rise above 1.6 un-
detail by determining how thAAEsgonm-750nm depends on il the kgrown is at least> 0.03 and ford), core>125 nm the
the assumedgown for Cgrown coatings orBC cores. This  AAEsgonm-750nmiS hot>1.6 even whetg own =0.06. How-
is important to consider because, everkgfown is large, ever, for particles with 50 nm& d, core<100 Nm theAAE is
only in certain regions (e.g. downwind of a forest fire) will noticeably greater than 1.6 aftes;own >0.02. Thus, in a re-
the ambient aerosol be predominately composeB@fnd  gion where the coatings dBC particles are relatively thin it
OC. More common will be situations where inorganic ions is necessary to have relatively larggown in order to con-
(or non-absorbingdC) also contribute to the aerosol bur- fidently distinguish contributions a@'grown from the generic
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influence ofCclear coatings on theAAE As the shell/core
Gy core = 25 1M — Ay core = 125nM volume ratio is increased the minimuigyown Needed to give
pcore = 50 NM p.core = 150 Nm .
—d o =750m dp e = 175 nm AAEssonm-7s0nm>1.6 is reduced. For example, for Case 3
—— dy core = 100 MM dp core = 200 N the minimumégrown is ~0.01 for all core diameter sizes con-
sidered. This is because as the coating amount is increased
Reference SSA . . .
0.99 0.98 094 090 083 074 the absorption due to the coating (as opposed to the core) is
(@) + T — T T 7T increased in proportion. Thus, for regions where the coat-
V. N =7 ings onBC particles are thick it may be possible to readily
core

coat

identify Cgrown through theAAE

24 The above discussion focuses on what conditions will al-
—-__—-—n:::% low for attribution of Cgrown to observed absorption. How-

w [ i / ever, Fig. 9 also indicates that observationA#E values

<

RN Ry P L LRy | around 1 does not definitively indicate that absorption is due
& to BC only. Instead, it is found that relatively significant
6 absorption byCgrown can still result inAAE values around
7 1. (Note that “significant” does not have a precise defini-
] tion. Here we arbitrarily interpret significant to mean the
S — T —— minimumkgrewn Needed to give a calculat&SAgonm>0.95
b) 4 for a 200nmd,, Cgrown particle. Thus, with this definition
(b) Veoat!Veore = 26 we see that significant absorption 6sown 0CCUrs when

kerown=>0.01. This value can be compared to thgown that
would give a “noticeable” deviation in the SSA from unity
(i.e. SSA<0.98), which occurs fokgrown >0.003. For refer-
ence, thesSAvalues corresponding to a particukgfown for
these 200 nm particles are shown in Fig. 9.) Consistent with
the above discussion, significant contributionsGgfown to
absorption that still result iMAEsgonm-750nm~1 are most
common for thinner coatings but still have a reasonable prob-
4- ability of occurring for thicker coatings. And in the absence
3 of specific knowledge about the actu&C size distribution
and coating thickness from measurements it is really more
appropriate to consider thAEssonm-750nm limit of 1.6 (in-
stead of 1), in which case it is difficult to rule out contribu-
tions of Cgrown t0 Observed absorption for nearly any rea-
sonable core/shell combination. However, if simultaneous
measurements of the total particle size distributi®@,size
distribution and/or th&C mass fraction are made the above-
identified limitations orCgrown identification may be relaxed
somewhat. This is because then one would know where on
thed, coatVs. dp,core AAE contour the measurements should
be compared.

(€)

AAE

T L 4.5.3 Comparing modeled AAE with ambient
0.001 0.01 measurements
Imaginary Refractive Index

~ -
o1 -
o -

Although anAAE of 1.6 is not an absolute reference point,
Fig. 9. The AAE3g0nm-750nmCalculated as a function of the imag- especially given the results from 4.5.2, at the wavelengths
inary RI for different assumeBC core diameters (indicated by the considered here it does serve as a general first approximation
different color lines) andgrown shell thicknesses. Calculations gnd lower limit to AAE for absolute attribution o Brown-
were done using), particlddp,core €qual to(a) 2, (b) 3 and (¢) 4. \wjith this in mind, it is interesting to consider that almost

The corresponding volume ratios are given on the figure. For ref-go% of AAE measurements over 2 months of ambient sam-
erence, the SSA values associated with the given imaginary refrac- ling during theGoMACCSield campaign (SE USA, Bates
tive indices are shown on the top axis (calculated fdp, & 200nm ping 9 paig ’

particle at 380nm). The gray regions in all panels indicates the®t al., 2008) were less than 1.6 (Bergstrom et al., 2007). Ad-

area where XAA E3gonm.-750nm> 1.6 and the green region where ditionally, our own analysis indicates thaAE values dur-
AA E380nm-750nm<L1. ing the 2002 and 2008IEAQScampaigns (NE USA, Bates
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et al., 2005; Sierau et al., 2006) were less than~176% sults can give both qualitative and quantitatively different re-
and 100% of the time, respectively. The campaign averageults than if wavelength pairs are used (Eqg. 2). Take as an ex-
AAEs70nm-950nm from Yang et al. (2009) (East Asia) was ample the laboratory measurements of Schnaiter et al. (2005)
1.46@0.27) and was only 1.490.08) during periods iden- where the influence of coatings @fpinene + 0zon&OAon
tified as being influenced by biomass burning, wh&ggwn BC absorption was investigated. Based on the fitting method,
is expected. Favez et al. (2009) sampled agricultural biomasthey reported that the addition of ti#Acoatings led to a
combustion and rareley sa?dAE>1.5 in over a week of sam- decreasen the AAE, from 1.13 for uncoate®C to 0.8 for
pling. Again, these are combustion conditions where contri-thickly coatedBC. In contrast, we estimate (from their Fig. 9)
butions fromCgown are somewhat expected. Gyawali et al. that if the AAE had instead been determined using Eq. (2), it
(2009) found that thé\AE405nm-g7onm during a month very  would have been found facreasewith the addition ofSOA
strongly impacted by biomass burning fires was above thecoatings, from~0.8 to 1.5 (for 450 nm—-550 nm) and from
1.6 limit ~75% of the time (60% after accounting for the ~0.9 to 1.2 (for 450 nm — 700 nm). Thus, any discussion of
uncertainty in the measurements). Although differences inAAEs deduced from measurement must always be consid-
particle morphology may contribute to the observed variabil-ered in the context of the analysis methodology.
ity in these ambierAAE observations, taken all together this
indicates that very few ambie®AE measurements (in the
diverse regions studied) are above the 1.6 limit and therefor& Summary, conclusions and recommendations
cannot provide certai@’gown attribution (at least in the ab-
sence of more specific knowledge of the core and shell size®urely scattering shells on black carb®0) cores can sig-
during the measurement periods). However, at the same timsificantly enhance the absorption by that core as a result of
none of these observations can rule out the possibility thafocusing of light towards th&C core by the shell material
Carown IS @ pervasive contributor to sub-micron aerosol light (Bond et al., 2006). However, if those shells are mildly ab-
absorption. sorbing Cgrown) this enhancementHaps) can be reduced,
Therefore, when attempting to investigate the impact ofwith the specific extent of reduction dependent upon the radi-
Crown ON AAE it is important to consider to some degree ation wavelength, imaginary Rkgrown) and thickness of the
the underlying core shape, spherule density, shell diameteghell. Estimates of the absorption strengtiCgfown from the
mixing state andSSAbefore any reliable quantification can literature are highly variable, likely depending on g own
be undertaken. The difficulty in simultaneously quantifying source and composition; certainly further research is required
these parameters in ambient experiments, particularly coréo fully understand this variability as the overall climate im-
shapes, spherule densities and coating thickness will be Bacts ofCgrown Will depend importantly on the exact wave-
challenging task. Related to this is whether in-situ filter- length dependence of the absorption (e.g. Flores et al., 2009).
based methods of measuring absorption appropriately repNonetheless, using a mid-range estimatekfgswn we have
resentAAE Given thatAAE is sensitive to botfCciearand ~ shown, using core/shell Mie theory calculations, thabs
Carown COating thickness and that there is some evidence thagan be reasonably reduced from the clear coating case by
filter based methods suffer from biases under elevated OCIp to 50% at 400nm radiation and up to 25-30% averaged
content (Cappa et al., 2008; Kondo et al., 2009; Lack et al.across the visible radiation spectrum. This could be a sig-
2008), caution must be applied to these measurement metthificant reduction of predictedaps depending on the ubig-
ods and the derived parameters suclAAE It must also be Uity of Cgrown. The Eaps reduction is sensitive to both the
noted here that that th®AE is dependent on the choice of thickness of th&Cgrown shell and thekgrown but is relatively
wavelengths (as shown in Fig. 8b). Our discussion above ignsensitive taBC core size for a given coating thickness. At
based on 380nm and 750 nm radiation, the extreme wavethe extreme limit of thickCgrown shells and shorter visible

lengths of the visible light spectrum. wavelengths, th€grown can eliminatef aps entirely by com-
pletely shielding th&C core from photons.
4.5.4 Measurement and analysis of ambierdAE We have also assessed the importance of considering

Cgrown @S an internal mixture witlBC, as opposed to an
As a final consideration, we mention that care must be takerexternal mixture, in terms of the effect on the particle sin-
in extractingAAE values from measurements when absorp-gle scatter albedoSSA, and ultimately the direct radiative
tion is measured at more than two wavelengths. In additiorforcing. Large differences in the calculated SSA between
to Eq. (2),AAEvalues have been determined from the linear- the internal and external mixtures are only found when large
fit slope of a log-log plot of absorption vs. wavelength (e.g. BC cores are used. When sm8IC cores are used (or if it
Bergstrom et al., 2007). When there are many wavelengthss assumed that the larger particles are actually aggregates
considered (such as from sun photometer measurements)f small individual spherules) the SSA differences are found
it is likely that the fitting method will give “good” results. to be minor ASSA<0.03). However, compared to the clear
However, if absorption is measured at only three wavelengthgoating case, the potential mis-representation of the radiative
(as is commonly done from in-situ measurements) the fit reforcing by not including the absorption enhancement effect
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(i.e. external mixtures) is lessened due to the reduced lensing and their role in aerosol light scattering, J. Geophys. Res., 110,

impact of Cgrown- D18202, doi:10.1029/2005jd005797, 2005.
The absorption Angstrom exponemtAE) is often used Bates, T. S., Quinn, P. K Coffman, D. J., Schulz, K., Coyert, D.
to identify atmospheric contributions @gown to Vvisible S., Johnson, J. E., Williams, E. J., Lerner, B. M., Angevine, W.

M., Tucker, S. C., Brewer, W. A., and Stohl, A.: Boundary Layer
Aerosol Chemistry during TexAQS/GoMACCS 2006: Insights
into Aerosol Sources and Transformation Processes, J. Geophys.
Res., 113, DOOF01, doi:10.1029/2008JD010023, 2008.

light absorption from ambient particle optical property mea-
surements. Generally, this is done by assuming that only
Cgrown and dust havéAAE >1 and thus that any observa-
tion of AAE>1 indicates the presence Ogrown and/or dust. Bergstrom, R. W., Pilewskie, P., Russell, P. B., Redemann, J., Bond,
However, theAAE for BC cores can vary around 0.2, T., Quinn, P. K., and Sierau, B.: Spectral Absorption Properties

+1.3) with significant deviations from 1 occurring for as-  of Atmospheric Aerosols, Atmos. Chem. Phys., 7, 5937-5943,

sumed larger diameters, where it is uncertain if B@ ex- 2007, http://www.atmos-chem-phys.net/7/5937/2007/
ists as a dense spherical particle. B& particles coated in  Bohren, C. F. and Huffman, D. R.: Absorption and Scattering of
purely scattering material it is possible to obt#AE val- Light by Small Particles, John Wiley & Sons, Inc, 530 pp., 1983.

ues significantly greater than 1, with values as large as 1.8ond, T., Habib, G., and Bergstrom, R. W.: Limitations in the En-
common (for the specific wavelength pairs considered here). hancement of Visible Light Absorption Due to Mixing State, J.
Thus, attribution ofCgrown to the observed absorption can Geophys. Res., 111, D20211,d0|.1_0.1029/200§JD007315, 2006.
only be made with confidence if th&AE is measured to Bond, T. C. and Bergstrom, R. W.: Light Absorption by Carbona-
be=1.6. Conversely, we have shown that the measurement ceous Particles: An Investigative Review, Aerosol Sci. Technol.,

f | | | anifi 40, 27-67, 2006.
of AAE values close to 1 does not rule out significant con- Cappa, C., Lack, D., Burkholder, J., and Ravishankara, A.: Bias

tributions fromCgrown to absorption. Our calculations sug- i, Filter Based Aerosol Light Absorption Measurements Due to

gest that attempts to quantitatively (or even qualitatively) at-  Organic Aerosol Loading: Evidence from Laboratory Measure-
tribute light absorption t@grown from measurement of the  ments, Aerosol Sci. Technol., 42, 1022-1032, 2008.

wavelength dependence of absorption will be most successzlarke, A., McNaughton, C., Kapustin, V., Shinozuka, Y., Howell,

ful if conducted concurrent with measurementsB& and S., Dibb, J., Zhou, J., Anderson, B., Brekhovskikh, V., Turner,

total particle size distributions. H., and Pinkerton, M.: Biomass Burning and Pollution Aerosol
over North America: Organic Components and Their Influence
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