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Abstract Assessment of the impacts of brown carbon (BrC) requires accurate determination of its physical
properties, but a model must be invoked to derive these from instrument data. Ambient measurements
were made in London at a site inﬂuenced by trafﬁc and solid fuel (principally wood) burning, apportioned by
single particle soot photometer data and optical properties measured using multiwavelength photoacoustic
spectroscopy. Two models were applied: a commonly used Mie model treating the particles as single-coated
spheres and a Rayleigh-Debye-Gans approximation treating them as aggregates of smaller-coated monomers.
The derived solid fuel BrC parameters at 405 nm were found to be highly sensitive to the model treatment,
with a mass absorption cross section ranging from 0.47 to 1.81 m2/g and imaginary refractive index from 0.013
to 0.062. This demonstrates that a detailed knowledge of particle morphology must be obtained and invoked to
accurately parameterize BrC properties based on aerosol phase measurements.

1. Background
Optically absorbing soot in the atmosphere is characterized as being composed of a mixture of black carbon
(BC) [Bond et al., 2013] and brown carbon (BrC) [Andreae and Gelencsér, 2006]. These are both important to the
radiative properties of the atmosphere but have different wavelength-dependent characteristics. Attempts
to model the effect of BC and BrC are hindered by uncertainties in their fundamental properties. A key
parameter governing the effect of BrC is the imaginary part (kBrC) of the refractive index at short wavelengths,
and a large range of values have been derived through ﬁeld and laboratory studies, resulting in uncertainty
surrounding its impacts [Wang et al., 2014]. The absorption of brown carbon (σ abs,BrC) from a variety of biomass
burning sources has been assessed recently [e.g., Lack et al., 2012; Saleh et al., 2014] by subtracting the black
carbon absorption (σ abs,BC) from the total measured absorption (σ abs,total). The explicit calculation of σ abs,BC is
crucial for deriving σ abs,BrC, and therefore its mass absorption cross section (MAC) and kBrC. Therefore, the
accuracy of the derived BrC parameters depends on the accuracy by which the BC properties can be estimated,
which requires the invocation of an optical model treatment of the measured physical properties of the BC.
Mie-based models [Bohren and Huffman, 1983] has been widely used to model the absorption properties of
particles by treating them as concentric spheres; however, this model may not apply for BC particles close to
source regions as they often more resemble aggregates of many small monomers [e.g., Xiong and Friedlander,
2001; China et al., 2013]. These aggregates can be described [Filippov et al., 2000] by using parameters such
as the fractal dimension (Df ), monomer diameter (Ds), and number of monomers (Ns), which forms the
basis for a number of advanced models considering particle morphology, such as superposition T-matrix
[Mishchenko et al., 2013] and discrete dipole [Adachi et al., 2010] models. A simpliﬁed approach, invoking
Rayleigh-Debye-Gans (RDG) theory [Bonczyk and Hall, 1991], assumes that each monomer within the BC particle
can serve as an independent light absorber and the total particle absorption is the sum of each monomer,
based on which the MAC and absorption Ångström exponent (AAE) of the particle will thus entirely depend on
the monomer. RDG has been shown to accurately predict optical properties for fresh, fractal-like BC particles
[Chakrabarty et al., 2007; Adler et al., 2010], i.e., when Df < 2 [Bond and Bergstrom, 2005].
The results presented in this study are obtained within the London urban environment during the winter
season when the site was inﬂuenced by combined trafﬁc and complex solid fuel burning sources [Young et al.,
2014b], and hence, a range of BC microphysics conditions are expected. Parameters for BC and BrC are derived
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and the modeling approach is varied in order to
explore sensitivities in the derivation of these
parameters. The results obtained using Mie and RDG
are compared, as two extremes of the possible
model treatments available (a single-uniform object
versus many noninteracting objects).

2. Measurements and Data Analysis
The results presented in this study were obtained
during winter 2012 as part of the Clean Air for
London (ClearfLo) project [Bohnenstengel et al., 2014].
The sources of BC mass from this study have been
previously apportioned as BC from trafﬁc (BCtr) and
from solid fuel burning (BCsf ) at the single-particle
level using a single-particle soot photometer
(Droplet Measurement Technologies (DMT), SP2)
measurement [Liu et al., 2014]. The SP2 measures the
refractory BC (rBC) spherical equivalent core diameter
(Dc) and the coating thickness (particle diameter,
Dp, divided by the core diameter, Dp/Dc) for each
particle. The term BC-containing particle (BCc) is used
in the following text when referring to an entire
particle containing rBC.

Figure 1. The average values of parameters for each regime
sector (which are categorized by BCsf mass fraction). (a to e)
The BC mass, SFOA mass, BCsf mass fraction, BC core MMD,
and BCc Dp/Dc, respectively. Figure 1e shows the separated
BCsf and BCtr coating thicknesses shown as brown and
grey lines respectively, with black line showing the overall
coating thickness.

The methodology to determine the Dp/Dc is detailed
in Taylor et al. [2014] and Liu et al. [2014]. The
measured scattering cross section (CSca) of coated BC
was ﬁtted using a prescribed Mie lookup table at
the SP2 operational wavelength λ = 1064 nm. Within
the scope of this work, the effect of the particle
geometry on the SP2 scattering response is also
tested by applying the Rayleigh-Debye-Gans (RDG)
approximation as an extreme case of fractal particle
shape (Figure S1 and section S1 in the supporting
information). The uncertainty of the derived Dp/Dc
due to particle geometry is <6%.

Figure S2 gives an overview of the BC and BrC related properties during the experiment, as reported by
Liu et al. [2014]. The BCsf has a larger coating thickness and larger rBC core compared to BCtr. The
environment is categorized by six regimes (denoted as I to VI) representing progressively increased
contributions from BCsf. The upper bound for the BCsf mass fraction for regime I is the 10th percentile of all
data points. Likewise, the 25th, 50th, 75th, and 90th percentiles are upper bounds for the other ﬁve regimes.
Figure 1 shows the BCsf mass fraction increases from 11% to 54% from regime I to VI. Over the same range of
conditions, BC core mass median diameter (MMD) increases from 130 nm to 197 nm, particle bulk Dp /Dc
increases from 1.19 to 2.04 with BCtr showing a consistently low Dp /Dc and high Dp/Dc for BCsf throughout the
experiment, and the solid fuel organic aerosol (SFOA) mass loading increasing from 0.46 to 3.33 μg m3.
A thermodenuder (TD) [Huffman et al., 2008] with an activated charcoal denuder downstream was operated
at a maximum heating temperature of 250°C (referred to as TD250°C) to remove the volatile and semivolatile
components in the sample. The SP2 sampled alternately between ambient air and air modiﬁed by the TD.
Wavelength-dependent σ abs,total was measured by a photoacoustic soot spectrometer (PASS-3, DMT). The
PASS-3 green (532 nm) channel was calibrated using absorbing polystyrene spheres referenced to NO2
[Lack et al., 2009]. The blue (405 nm) and red (781 nm) channels were matched to the green using denuded,
trafﬁc dominated data, assuming an absorption Ångström exponent (AAE) of unity [e.g., Bergstrom et al.,
2002; Schnaiter et al., 2003; Kirchstetter et al., 2004]. The MACtotal was obtained by a least squares linear
LIU ET AL.
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regression of the PASS measured σ abs,total and the SP2 measured rBC mass for the data subset in each regime,
and for both ambient and TD250°C, as shown in section S3. The equivalent values downstream of the thermal
denuder indicate that the coatings associated with BC have not been completely removed (Figure S3b) [also
Liu et al., 2014, Figure 5], and the MACtotal follows an increasing trend when coating thickness is increased.
Figure S3c shows the variations of MACtotal as a function of coating thickness for both ambient and TD250°C air
are very similar, suggesting the SP2 measurement constrains the coating thickness under both conditions.

3. Modeling on BC Absorption Properties
A Mie model is applied to the SP2 single-particle data based on the BC core (Dc) size and coating thickness
(section S4). The fraction for a successful detection of coating thickness by the SP2 drops below unity when Dc is
smaller than 110 nm [Liu et al., 2014], which will bias the coating thickness data high in this size range; thus,
the coating thickness (relative to core diameter) distribution in the Dc range 110–150 nm is extrapolated to
particles with Dc < 110 nm. Figure S4 shows the Mie calculated MACBCc(Dc) at each Dc bin size within each
regime, which is then integrated over the entire Dc distribution to get the bulk MACBCc (section S4). From
regime I to regime VI, the modeled bulk MACBCc becomes higher because of the increased coating thickness.
The choice of the BC core refractive index (ncore) will considerably modify the MAC value, and the ncore could
be different for BCtr and BCsf and be dependent on λ. Given the main objective of this work is to explore the
particle shape effect on modeled optical properties, a consistent ncore is assumed. In line with many other
studies [e.g., Lack et al., 2012; Adler et al., 2010; Bond and Bergstrom, 2005], an ncore = 1.85 + 0.71i and coating
refractive index ncoat = 1.5 + 0i are used at all λ. The BrC may be internally mixed with BC and so the coating
will be absorbing, i.e., the kcoating (the imaginary part of ncoating) is >0. Given the coatings are mixtures of
organic and some other secondary nonabsorbing inorganic materials, an accurate kcoating is unknown. We
have tested the sensitivity of the calculation of absorption to kcoating by varying the latter from 0 to 0.015
at blue wavelengths, at the extreme case of this study Dp/Dc = 2.1, the absorption at blue wavelengths is increased
by less than 8%. Uncertainties in the measured mass and the diameters using the SP2 have previously been
explored in Liu et al., 2014.
A Rayleigh-Debye-Gans (RDG) approximation is invoked to simulate the soot aggregate composed of coated
monomers with varying sizes, as explained by equation (1).
σ abs ¼ Ns σ s;abs
3

Ns ¼ ðDc =Ds Þ

(1)
(2)

where σ s,abs is the absorption coefﬁcient of the monomer and Ns is the number of monomers in a single
fractal particle, which is determined from the volume ratio of the core size to the monomer size using an
assumed monomer diameter (Ds). The σ s,abs is calculated using Mie theory by applying the same particle bulk
Dp/Dc to the monomer assuming the coating is evenly distributed on each monomer [Adler et al., 2010]. We
make use of the source apportionment of BC mass at the single-particle level [Liu et al., 2014] to obtain
separate optical treatments of BCtr and BCsf.
To test the λ sensitivity for both model approaches under different BC core sizes, the AAE is shown in Figure 2,
for both uncoated BC and at the maximum coating thickness observed in this study (Dp/Dc = 2.1). For
uncoated BC, the Mie modeled AAEMie converges to 1 when BC core diameter (Dc) is small, gradually rising up
to Dc ~ 100 nm and sharply decreasing when Dc is larger than 120 nm. The observed Dc size range in this
study (Figure 1d, 120–195 nm, as shown in grey bar in Figure 2) is exactly located in the regime where the
AAEMie reduces markedly with core size; however, the monomer sizes used in the RDG calculation (as shown
in grey vertical lines in Figure 2) lie in the regime where AAERDG increases. This phenomenon will lead to
signiﬁcant λ discrepancy between the Mie and RDG models, which can be expected because photons at
shorter wavelengths will not penetrate the volume of a larger absorbing sphere as efﬁciently. This AAE
discrepancy is more acute when BC is coated: increased coating thickness signiﬁcantly increases the AAERDG;
however, it only slightly decreases AAEMie. To summarize, a larger BC core size and thicker coating thickness
will increase the λ discrepancy between Mie and RDG models.
The monomer diameter (Ds) of BCsf is highly uncertain as there was no electron microscopy data at this site
during the experiment, and the burning conditions were complex for the site during the wintertime [Young
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Figure 2. The AAEBCc calculated by Mie as a function of BC core diameter, showing uncoated BC and coated BCc at
Dp /Dc = 2.1; the grey bar denotes the measured MMD range observed in this study, and the three vertical grey lines are
the chosen monomer diameters for RDG models.

et al., 2014b]. We therefore varied the monomer size of BCsf (Ds = 30, 50, and 70 nm) to cover the range of
monomer sizes found in the literature [China et al., 2013]. Ds = 70 nm is tested as a “worst case” because the
modeled AAE reaches a maxima at the measured coating thickness, as shown in Figure 2. A narrower range of
Ds = 30–50 nm for diesel soot is reported by previous studies [e.g., Lammel and Novakov, 1995; Xiong and
Friedlander, 2001; Braun et al., 2004; Vander Wal et al., 2007; Adler et al., 2010], and it is assumed that this study
is consistent with this. Given the BCtr observed in this study is thinly coated throughout the experiment
(Figure 1e), a Ds shifting from 30 to 50 nm leads to only a minor sensitivity to AAE. Adler et al. [2010] reported a
best constrained model output using Ds = 50 nm for diesel soot, so we use this value for BCtr for a more
detailed sensitivity examination of the more complex BCsf.
The BC cores may have not been completely embedded within the coating but may be attached on the
surface or partly included in the coatings [e.g., Adachi et al., 2010]. To treat BC cores as complete concentric
inclusions within entire particles will necessarily overestimate the coating enhancement on absorption [Fuller
et al., 1999; Bond et al., 2006]. Therefore, in terms of BC microphysics, each of the models in this study will give
an upper estimate for the absorption of coated BC.

4. Results and Discussion
The measured MACtotal derived from the ratio of the PASS and SP2 is shown together with the modeled
MACBCc for different regimes in Figure 3. For particles exposed to TD250°C, it has not been possible to treat
the BCsf and BCtr separately because the single-particle source apportionment fails when the original BC
coating thickness is removed by the TD [see Liu et al., 2014, Figure 5a]; therefore, only Ds = 50 nm for all
groups of particles is used when TD250°C. Figure 3b shows the RDG with Ds = 50 nm matches well with the
measurement at all λ for regime I when the trafﬁc source dominates.
Under all conditions, the Mie-modeled MACBCc is higher than the RDG-modeled MACBCc at λ = 781 nm and
532 nm. This is also manifested by a threshold BC core size test that above which the RDG-derived absorption
is higher than that derived from the Mie: using the core refractive index ncore = 1.85 + 0.71i and coating
refractive index ncoat = 1.5 + 0i, for uncoated BC, RDG is only larger than Mie when Dc > 390 nm at λ = 781 nm,
Dc > 250 nm at λ = 532 nm and Dc > 190 nm at λ = 405 nm; for coated BCc with Dp/Dc = 2.1, the threshold Dc
to achieve RDG absorption greater than Mie absorption is enlarged to be 520 nm at λ = 781 nm, and 320 nm
at λ = 532 nm, but the RDG absorption at λ = 405 nm is highly sensitive to the chosen monomer size at
Dp /Dc = 2.1. For both ambient and TD250°C, at red wavelengths where BrC is deemed to be nonabsorbing,
RDG matches better than Mie with the measurement, in agreement with previous studies that show that
at λred RDG improves the prediction of optical properties compared to Mie for fractal ﬂame soot
[Chakrabarty et al., 2007].
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©2015. The Authors.

616

Geophysical Research Letters

10.1002/2014GL062443

Figure 3. The measured MACtotal derived by PASS/SP2 and modeled MACBC by Mie and RDG. (a) For ambient, (b) for TD250°C (note that only Ds = 50 nm is used for
RDG as the source apportionment was not available under this condition), and (c) for uncoated rBC core (model only). The blue, green, and red colors denote the
PASS operational wavelengths at 405 nm, 532 nm, and 781 nm, respectively, and this color scheme is used throughout the main text and supporting information.
Used in these calculations are ncore = 1.85 + 0.71i and ncoat = 1.50 + 0i. (d) The modeled AAEBCc and measured AAEtotal for ambient data.

The difference between the measured MACtotal and modeled MACBCc is assumed to be the absorption of
externally mixed BrC (σ abs,BrC). At λblue, this difference does appear to be positive regardless of the model
used, and it is noted that even at TD250°C, the σ abs,BrC still contributes. However, at λgreen, this is less well
deﬁned. A few studies [e.g., Lack et al., 2012; Adler et al., 2010] observed little or very weak σ abs,BrC at green λ,
although Saleh et al. [2014] reported kBrC = 0.01–0.04 at λ = 550 nm.
From regime I to regime VI, the modeled MACBCc for both ambient and TD250°C increases because of the
increased coating thickness (Figure S3b); however, the trend in increasing MACBCc calculated using the Mie
model becomes lower at λblue, because of the decreasing AAEMie (Figure 3d) with increasing BC core size.
The discrepancy between Mie and RDG becomes progressively larger from regions I to VI, and the RDG
output is highly sensitive to the chosen monomer size. These results are all consistent with the model
predicted AAE (Figure 2), and, as shown in Figure 3d, an increase of BC core size and coating thickness
increases the discrepancy between Mie and RDG.
Some fraction of the BrC mass may have been internally mixed within BC containing particles. A simpliﬁed
approach is conducted to estimate this fraction assuming the SFOA mass fraction contributing to the BC
coating is the same as that in the whole ambient particle population. Given this assumption, a fraction of
0.7–0.8 of SFOA is estimated to be externally mixed with BC, which is consistent with Lack et al. [2012], who
found about 80% of the BrC is externally mixed. A MACBrC was then obtained by dividing the σ abs,BrC with
the externally mixed BrC mass, which is then input into the Mie model to get kBrC. As Figure S5 and Table 1
show, for regime VI when BCsf contributes about 54% of the BC mass, the model discrepancies can lead
to MACBrC ranging from 0.47 to 1.81 m2/g (a factor of ~3.8 uncertainty) and the resulting kBrC ranges from
0.013 to 0.062 (a factor of ~4.7 uncertainty) at λ = 405 nm.

Table 1. The BrC Optical Parameters for Regime VI as Calculated by Different Model Approaches
BrC Optical Parameters

Mie

RDG With BCsf Ds = 30 nm

RDG With BCsf Ds = 50 nm

RDG With BCsf Ds = 70 nm

2

1.68
0.056

1.81
0.062

1.11
0.033

0.47
0.013

MACBrC(m /g)
kBrC
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The discrepancy between RDG and Mie essentially reﬂects a particle shape effect on the optical properties. Fresh
diesel soot particles have been long established to be fractal. A recent transmission electron microscopy (TEM)
study [China et al., 2013] revealed that fresh wildﬁre soot is also highly fractal with Df = 1.53–1.92 despite the high
organic coatings present which may act to collapse the core; therefore, it cannot be assumed that Mie is
appropriate for this aerosol type. A few laboratory studies [e.g., Cross et al., 2010; Zhang et al., 2008] have shown
that very thick coatings on aged soot particles or after the coatings are thermodenuded lead to compaction of
the particles. The complex morphology of BC may vary with time with varying BC sources and aging times:
although this is impossible to be examined in real time during this study, it is clear that neither the Mie nor
RDG models provide a complete model description of the optical properties but nevertheless provide two
extreme constraints on the effect of particle shape. This study was conducted in urban London during winter
season when the particles were mainly primary and the aging timescales tended to be short [Young et al., 2014a].
It is therefore expected that the BC particles observed in this study are thus closer to a more fractal shape.
To date many experimental studies have used Mie modeling to represent BrC optical properties, and this
representation is used in large-scale model studies with the optical parameters of BrC still bearing large
uncertainties [Wang et al., 2014]. The optical properties of carbonaceous aerosols have been largely derived
from the measurements close to sources assuming simpliﬁed soot morphology [e.g., Saleh et al., 2014; Lack
et al., 2012]. This study highlights the importance of particle morphology on affecting the model sensitivity
and the extent to which such uncertainty away from source regions remains to be explored. A model
framework for accurately describing ambient BC optical properties is not yet available and needs to address
these considerable uncertainties that presently exist.

5. Conclusions
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This study uses measurements of single-particle black carbon mass containing mixed trafﬁc and solid fuel
(SF) burning sources to evaluate the performance of optical models when applied to deriving key parameters
governing BC and BrC absorption. A simple Mie-based approach, as used in previous publications, was
compared against a Rayleigh-Debeye-Gans approximation of complex aggregates, with the monomer sizes
varied to investigate sensitivity. Large discrepancies among model results at shorter wavelength are found
when SF sources dominate due to the larger BC core size and thicker coating thickness. A BC mass fraction
from SF of 54% led to a factor of ~3.8 difference in MACBrC (from 0.47 to 1.81 m2/g) derived from Mie and RDG
models and a factor of ~4.7 difference in kBrC (from 0.013 to 0.062) derived from the two approaches. This
large discrepancy can be explained as a high sensitivity of BC absorption Ångström Exponent (AAEBC) to the
BC core size. If a spherical BC core is assumed for the BC mass, a core diameter of 110–200 nm has been
derived for a range of trafﬁc and biomass burning sources [e.g., Liu et al., 2014; McMeeking et al., 2010;
Schwarz et al., 2008; Kondo et al., 2011]. At these sizes, the Mie calculated AAEBC reduces markedly with size.
However, if the BC particle is made up of a number of smaller spherules, a much larger AAEBC will be derived.
This sensitivity is most acute for larger core sizes and thickly coatings, such as those commonly observed
in BC particles from biomass burning sources, and may be lessened for smaller and thinly coated BC from
fresh trafﬁc sources. The use of Mie calculation, which assume the freshly emitted biomass burning BC acts
as solid sphere, tends to underestimate the AAEBC and so causes the BrC absorption parameters to be
overestimated at shorter wavelengths. Advanced models, such as the superposition T-matrix [Mishchenko
et al., 2013] and discrete dipole [Adachi et al., 2010] models require explicit characterization of BC microphysics,
such as the monomer size and BC core position relative to the host coatings, although deriving speciﬁc
parameters for complex burn conditions will be challenging.
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