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ABSTRACT
Cookstoves are a major source of black carbon (BC) particles and associated organic compounds,
which influence the atmospheric radiative balance. We present results from experiments that
characterize BC emissions from a rocket stove coated with secondary organic aerosol. Optical
properties, namely, BC mass absorption cross-section (MACBC) and mass scattering cross-section
(MSC), as a function of the organic-to-black carbon ratio (OA:BC) of fresh and aged cookstove
emissions were compared with Mie and Rayleigh–Debye–Gans (RDG) calculations. Mie theory
reproduced the measured MACBC across the entire OA:BC range. However, Mie theory failed to
capture the MSC at low OA:BC, where the data agreed better with RDG, consistent with a fractal
morphology of fresh BC aggregates. As the OA:BC increased, the MSC approached Mie predictions
indicating that BC-containing particles approach a core–shell structure as BC cores become heavily
coated. To gain insight into the implications of our findings, we calculated the spectral simple
forcing efficiency (dSFE) using measured and modeled optical properties as inputs. Good
agreement between dSFE estimates calculated from measurements and Mie-modeled dSFE across
the entire OA:BC range suggests that Mie theory can be used to simulate the optical properties of
aged cookstove emissions.

EDITOR
Thomas Kirchstetter

1. Introduction

Combustion of biofuels for residential heating and cook-
ing (cookstoves) contributes around 20% of both BC and
primary organic aerosols emissions globally (Bond et al.
2013), with wide variability in total emissions of stoves
depending on operation (user, fuel, and burning condi-
tions), and design. Previous studies report data for emis-
sions (Jetter et al. 2012; Just et al. 2013), optical
properties (Chen et al. 2012; Preble et al. 2014), and cli-
mate implication (MacCarty et al. 2008) of fresh emis-
sions from a variety of stove designs. Some “improved
stoves” show lower PM emissions than the traditional
three-stone fire (Adkins et al. 2010; Preble et al. 2014),
though the reduced PM emissions may be relatively BC-
rich (Preble et al. 2014). However, less work has exam-
ined the optical properties of aged cookstove emissions.
The evidence for BC-rich PM emissions from improved
cookstoves warrants the need for more study of these BC
emitters.

The rocket stove is an “improved” stove design with
lower overall PM emissions but relatively higher BC
emission (Just et al. 2013), which can lead to stronger
positive radiative forcing (Jacobson 2001; Ramanathan
and Carmichael 2008; Bond et al. 2013). The improved
efficiency is due to their small and insulated chimney
(acting as the combustion chamber) and to the natural
air draft through the chamber.

There is growing evidence of the importance of bio-
fuel emissions and more specifically “improved” cook-
stove emissions and their climate effects (Kodros et al.
2015; Saleh et al. 2015; Wilson et al. 2016). However,
there is substantial uncertainty associated with this effect
partly due to the poorly constrained mixing state
(the degree to which non-BC material is mixed with BC
particles, the two extremes being homogenous internal
and an external mixture) and morphology (structure of
the particles) of emitted BC particles as they age in the
atmosphere. The initial morphology of BC aggregates is
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determined by the combustion process; and then evolve
in the atmosphere as BC particles mix with other compo-
nents, which occurs on the time scale of hours or days
after emissions (Riemer et al. 2004; Moteki et al. 2007;
Moffet and Prather 2009; Subramanian et al. 2010; China
et al. 2013). The presence of a coating can alter the mor-
phology of a BC aggregate on the one hand by causing it
to collapse (Reid and Hobbs 1998; Zhang et al. 2008;
Cross et al. 2010; China et al. 2013), and increase the
absorption efficiency of BC on the other hand, a phe-
nomenon often referred to as lensing (Fuller 1995; Fuller
et al. 1999; Lack and Cappa 2010). This absorption
enhancement has been observed in field studies (Wang
et al. 2014) as well as various laboratory studies for
coated diesel and laboratory-generated BC aggregates
(Schnaiter 2005; Zhang et al. 2008; Lack et al. 2009; Shir-
aiwa et al. 2010; Cross et al. 2010) though lensing from
coated BC particles emitted from cookstoves has not
been extensively investigated. However, the field meas-
urements of urban aged BC particles by Cappa et al.
(2012) showed negligible absorption enhancement,
which was attributed to BC residing on the edge of the
particles leading to minimal lensing effect (Fuller et al.
1999; Adachi et al. 2010; Sedlacek et al. 2012; Liu et al.
2015).

Even if the BC particle morphology is well con-
strained, computing exact electromagnetic solutions of
optical properties for fractal aggregates is too computa-
tionally expensive to be incorporated into global radia-
tive transfer models. Consequently, treatments of
light-absorbing aerosols in radiative transfer models
have been mostly based on Mie theory (Jaconbon 2000,
2001, 2010; Feng et al. 2013; Saleh et al. 2015; Kodros
et al. 2015), which assume that BC is compacted into
homogenous spheres coated with non-BC components
in a core–shell morphology, or by applying a constant
enhancement factor (Wang et al. 2014). However, these
assumptions can lead to overestimation of absorption by
BC (Fuller 1995; Fuller et al. 1999; Sorensen 2001; Ada-
chi et al. 2010; China et al. 2013; Scarnato et al. 2013).
Another theoretical framework that could potentially
capture the fractal nature of BC particles is the Rayleigh–
Debye–Gans (RDG) model (Sorensen 2001; Chakrabarty
et al. 2007), however its performance on coated BC par-
ticles has not been extensively reported in the literature.

Comparing measured optical properties with model
predictions (such as Mie theory) provides a way to evalu-
ate the applicability of either Mie theory or RDG in a
modeling framework to determine atmospheric radiative
impacts of cookstove emissions as they are emitted and
then aged during atmospheric transformation. In
this study, we measured optical properties, namely,
light-absorption and scattering coefficients, of fresh BC

particles, emitted from a rocket stove, and subsequently
coated with secondary organic aerosols (SOA) from the
photo-oxidative ozonolysis of a-pinene. Unlike previous
studies, we use measured BC core sizes as input to the
Mie and RDG models; thus, the model results are inde-
pendent of, and not forced to fit, the experimentally
observed optical properties. We then compare mass scat-
tering cross-section (MSC) and BC mass absorption
cross-section (MACBC) to predictions by both Mie and
RDG models as the particles age and are coated with
SOA. Finally, we examine the radiative impacts of cook-
stove emissions using the simple forcing efficiency.

2. Methods

Several studies have previously investigated BC coating
process, but they either use flame-generated soot or other
BC proxies (Lack et al. 2006; Cross et al. 2010; Shiraiwa
et al. 2010), which may not be representative of cook-
stove emissions, and/or did not use advanced instru-
ments for in situ measurements of BC core size and
optical properties that have become available only in the
last few years (Schnaiter 2005). We investigated the opti-
cal properties of fresh BC aggregates, emitted from a
commercially available rocket stove (EnviroFit G-3300)
using European White birch bark as a fuel. This work
uses a more atmospherically relevant system (actual
cookstove emissions) as a source of BC particles com-
pared to other studies that have used other BC proxies.
The use of a more complex fuel (wood bark) and nearly
uncontrolled combustion conditions inside the cook-
stove, we believe, should produce more representative
BC particles. Although emissions from the rocket stove
may have varied substantially between experiments, in
this study we were concerned with the characterization
of intensive optical properties and not total emissions.

The experiments were conducted with size-selected
BC particles to simplify model calculations by constrain-
ing the mass distributions. This allowed us to systemati-
cally vary core sizes and coating thicknesses, thus
allowing for a relatively direct comparison with Mie the-
ory. To focus on BC emissions from cookstoves, we used
pieces of European White Birch bark pieces (typically 1–
200 wide and a few inches long), which was experimen-
tally found to produce sustained flaming combustion
with BC-rich PM emissions (unlike the non-bark com-
ponents of the fire wood). After characterization of the
fresh emissions, the particles were then coated with sec-
ondary organic aerosol (SOA) formed from the photo-
oxidative ozonolysis of a-pinene in a smog chamber.

We compared measured optical properties to model
predictions (Mie and RDG) using an ensemble parame-
ter: the total internally mixed organic aerosol to BC mass
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ratio (OA:BC), a measure of coating thickness. We chose
the OA:BC ratio instead of the shell/core ratio (Bond
et al. 2006) because it is trackable in climate models and
is independent of the assumption of a core–shell particle
morphology. The OA:BC ratio in this study is also a sur-
rogate for the non-BC to BC ratio in ambient aerosol
where the non-BC material includes sulfates, nitrates,
organic matter, and water.

2.1. Particle generation and coating

Figure 1 shows a schematic of the experimental setup.
The rocket stove emissions were sampled using a dia-
phragm pump through an activated carbon denuder to
reduce the co-emitted volatile organic compounds.
Although there are some particle losses in the pump, this
study characterizes intensive optical properties and not
absolute emission rates. The emissions then passed
through a DMA (Model 3080 TSI, Inc., Shoreview, MN,
USA) used for size selection and into a 2m3 Teflon
chamber. Experiments were performed with three differ-
ent BC mobility diameters of: 140 nm (experiment 1),
210 nm (experiment 2), and 180 nm (experiment 3). Size
distributions inside the chamber were measured using a
scanning mobility particle sizer (SMPS, TSI, Inc., 3080/
3771). Figure 2 shows a typical SMPS size distribution of
fresh emissions, for experiment 1.

After characterizing the fresh emissions in the chamber,
we initiated SOA formation via the reaction of a-pinene
with ozone (around 300 ppb) as well as photo-oxidation
using UV lights following established procedures of Presto
et al. (2005) and Presto and Donahue (2006). The OA:BC

ratio (and thus coating thickness) was increased incremen-
tally by sequentially injecting additional a-pinene into the
chamber in a stepwise fashion.

We chose a-pinene SOA primarily due to its non-
light absorptive properties (Schnaiter 2005), which ena-
bles us to reduce modeling complexity by focusing on
lensing rather than effects such as brown carbon
(Andreae and Gelencs�er 2006; Saleh et al. 2014;
Chakrabarty et al. 2016).

2.2. Absorption and scattering coefficients

Absorption and scattering coefficients were measured
using two Photo-Acoustic Extinctiometers (PAX, Drop-
let Measurement Technologies) operating at wavelengths
of 405 nm and 532 nm (Arnott et al. 1999). Scattering
and absorption measurements of both PAXs were cali-
brated using PSL spheres and fullerene soot, respectively.
Briefly, scattering calibration was performed by nebuliz-
ing a high concentration of non-absorbing PSL spheres
and comparing measured scattering coefficients with
extinction coefficients calculated from the drop in laser
power within the extinctiometer cell. Absorption calibra-
tion was performed by nebulizing fullerene soot particles
and comparing measured absorption coefficients with
the difference between calculated extinction coefficients
and calibrated scattering coefficients (Arnott et al. 2000;
Sharma et al. 2013). Using fullerene soot instead of NO2

gas for absorption calibration does not require account-
ing for NO2 photo-dissociation, which occurs at wave-
lengths below »420 nm (Roehl et al. 1994; Arnott et al.
2000; Sharma et al. 2013).

2.3. BC mass concentrations and size distribution
measurements

We measured refractory BC (rBC) mass and size distri-
butions using a Single Particle Soot Photometer (SP2,
Droplet Measurement Technologies; Schwarz et al. 2006;
Moteki and Kondo 2010; Subramanian et al. 2010),
which was calibrated using Fullerene soot (Gysel et al.
2011). The calibration was verified with targeted experi-
ments using a centrifugal particle mass analyzer (CPMA,
Cambustion; Olfert and Collings 2005). Good agreement
between the SP2 rBC mode mass and the CPMA mode
mass was observed as shown in Figure S1 in the online
supplementary information (SI) with a linear regression
slope of 1.1 (R2 D 0.99). For typical initial chamber con-
centrations of around 2000 # cm¡3, we expect coinci-
dence errors inside the SP2 to be negligible, and this was
verified using the code from Holder et al. (2014)
(Figure S2 in the SI).

Figure 1. Experimental setup. TEM samples were taken from a
separate set of experiments and are shown here for reference
only.
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2.4. Estimating organic mass of BC-containing
aerosols

To determine the mass scattering cross-section and the
OA:BC ratio of each experiment, we need the organic
aerosol mass of BC-containing aerosols. This OA mass
was estimated based on the difference between the total
mass concentrations, inferred from SMPS measure-
ments, and the BC mass concentrations from SP2 meas-
urements. The challenge is that the SMPS measures
electrical mobility diameter, and thus the inferred mass
concentrations are sensitive to particle morphology. We
consider two limiting cases to constrain the OA mass
concentrations, and report the OA mass and the result-
ing OA:BC ratio as the average of these two cases (the
two bounds are shown as error bars in Figures 4, 5, and
6 and measurement uncertainty of OA mass is discussed
in Section 7 in the SI). These cases provide conservative
bounds of the true OA:BC ratio.

In the first case (referred to as case 1), we assume that
nascent BC particles are spherical and void-free, with a
material density of rmat

BC D 1.8 g.cm¡3 (Bond and Berg-
strom 2006). Consequently, any difference between
SMPS and SP2 size distributions is solely attributed to
coating (Figure 2). Case 1 minimizes the contribution of

BC to the total volume measured by the SMPS and thus
represents the upper limit on chamber OA mass concen-
trations. We therefore, can simply compute the OA mass
concentration by subtracting the total rBC volume

(VrBC tð ÞD mrBC tð Þ
rmat
BC

/ from the total SMPS volume and

multiplying the difference by the OA material density
assumed to be rOAD 1.2 g.cm¡3:

mcase1
OA tð Þ D rOA

X
p

6
d3mobdNi tð Þ¡ mrBC tð Þ

rmat
BC

� �
½1�

Case 2 represents the lower limit on OA mass concen-
trations by maximizing the potential contribution of BC
particles to the total volume measured by the SMPS. We
assume that BC particles are spherical with a diameter
equal to the mobility diameter obtained from the SMPS
size distribution of the fresh emissions, i.e., we assume
that fresh emissions consist solely of BC. We also assume
that BC particles do not restructure as a result of coating
(i.e., the effective density of BC particles remains con-
stant and does not increase due to compaction during
later coating events). Then, the difference between the
SP2 and SMPS size distributions for fresh emissions is
only due to the fractal nature of BC aggregates (Figure 2).

Figure 2. Normalized size distribution of rBC (SP2, black line), fresh SMPS (dashed [blue] line), and SMPS after first coating ([green] line)
for experiment 1. The main peaks in all distributions are singly charged (q1) particles and the second peaks on the right are doubly
charged (q2) particles. For Case 1 OA mass calculations, any difference between the SP2 and SMPS distributions is attributed to non-BC
coating. For Case 2 OA mass calculations, fresh emissions are assumed to consist only of BC particles with a mobility size distribution
equal to the fresh SMPS distribution, hence the difference between fresh SMPS and coated SMPS distributions is attributed to coating.
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We constrain the BC effective density (reffBC) as (DeCarlo
and Slowik 2004)

reffBCD
mrBC

VSMPS
fresh

<
mrBC

VBC
fresh

Dreff ;trueBC : ½2�

We then calculate the OA mass concentrations during
subsequent SOA coating events by subtracting the rBC

volume (VrBC tð Þ D mrBC tð Þ
reffBC

) from the total SMPS particle

volume and multiplying the difference by the OA mate-
rial density:

mcase2
OA tð Þ D rOA

X
p

6
d3mobdNi tð Þ¡ mrBC tð Þ

reffBC

� �
: ½3�

Case 2VrBC tð Þ is equal to the wall-loss uncorrected fresh
SMPS volume. We wrote Equation (3) in terms of VrBC tð Þ
and not VSMPS

fresh because we use the total measured SMPS
particle volume at later times, which is not wall-loss cor-
rected. As BC particles are coated by sequential a-pinene
injections, imbalances in capillary forces can cause the BC
aggregate to collapse to create a more spherical and com-
pacted geometry as found also in the atmosphere, due to
the condensation of different materials, including water
(Schnaiter 2005; Cross et al. 2010; Schnitzler et al. 2014).
Thus, true chamber OA:BC will always be smaller than,
but will converge toward, the OA:BC calculated using case
1, if collapse of the BC aggregates were to occur.

2.5. Optical properties from measurements

The absorption and scattering efficiencies of cookstove
emissions were quantified as MACBC and MSC (m2.g¡1).
MACBC is the absorption cross-section per unit BC
mass; the MSC is the scattering cross-section per unit
total mass. We calculated MACBC and MSC as the ratio
of the PAX absorption (babs) and scattering (bscat) to the
SP2 rBC mass and the average (from case 1 and case 2)
SMPS volume-based total mass, respectively. Measure-
ment uncertainties of both MACBC and MSC are dis-
cussed in Section 7 in the SI:

MACBC D babs
mrBC

;

MSC D bscat
mtot

: ½4�

3. Theoretical calculations

3.1. Mie theory

Mie theory assumes that the BC core and non-BC coating
have a core–shell morphology of isotropic concentric
spheres (Bohren and Huffman 1983). In this study, we used
a Mie model based on the formulation of Bohren and

Huffman (1983) to calculate optical properties at two wave-
lengths: 405 nm and 532 nm. Inputs for Mie calculations
are: (1) the core (BC) size distribution (SP2), (2) the shell
diameter for every core size (i.e., the coated distribution),
and (3) the core (BC) refractive index nBC D 1:95¡ 0:79i,
which represents BC with little or no voids (Bond and
Bergstrom 2006). Mie calculations are performed indepen-
dently of the two cases presented in Section 2.4, and the
use of the BC “void-free” refractive index is justified
because we use as input to Mie calculations the SP2-based
BC mass-equivalent number distributions (which assume a
bulk density of 1.8 g cm¡3 closer to void-free BC). (4) The
shell refractive index assumed to be nshellD 1:5¡ 0i, i.e., a
non-absorbing shell (Schnaiter 2005).

To model optical properties (MACBC and MSC) as a
function of the OA:BC ratio, we need to compute the
coated number distribution at every OA:BC ratio. To do
this, we calculate the shell diameter (dshell;i ) for every
core diameter in the SP2 distribution (dBC;i) assuming
complete internal mixture, a BC material density of
1.8 g.cm¡3, and an OA material density of 1.2 g.cm¡3:

dshell;i D dBC;i :

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rmat
BC

rOA
:
OA
BC

C 1

� �
3

s
: ½5�

3.2. Rayleigh–Debye–Gans (RDG) theory

RDG assumes that each monomer in the aggregate
interacts independently with radiation, by neglecting
multiple scattering and shadowing (Farias et al. 1996;
Sorensen 2001; Moosm€uller and Arnott 2009).
Absorption is an incoherent process and as a result
the absorption of the aggregate is equal to the num-
ber of monomers, N, times the absorption of a single
monomer. Consequently, MACagg

BC of the aggregate is
equal to MACm

BC of a single monomer and the mass
absorption cross-section of a fractal like aggregate is
independent of the aggregate size.

Transmission electron microscopy (TEM) imaging
suggests that the fresh soot emissions are composed of
primary spherules with a diameter of 33.2 § 5.4 nm
(average § standard deviation, see Section 3 in the SI for
more information). Hence, we use a simplified RDG
treatment by assuming that: (1) the monomers scatter in
the Rayleigh regime, i.e., have a size parameter, xm, small
compared to unity (xm << 1) and (2) the structure factor
of the BC aggregate is unity (Sorensen 2001). This
implies that scattering of the aggregate is independent of
the exact arrangement of the monomers in the aggregate
and is equal to N2 times scattering of a single monomer.
For RDG model to be a viable alternative to Mie theory
in climate calculations, RDG scattering calculations need
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to be treated in this or another simplified form since the
detailed treatment requires knowledge of the structure
factor of the BC aggregates, which is not available for
large-scale climate calculations.

As the coating thickness around the monomer
increases, the Rayleigh scattering assumption, thus
RDG, breaks down. Also, as the size of the aggregate
increases, monomer interactions become more preva-
lent and the central assumptions that all monomers
scatter in-phase becomes less robust. However, during
our experiments the highest measured OA:BC was
less than 10, for which the coated monomer size
parameter, xm, is 0.46 at 532 nm. Previous compari-
son of RDG with more exact numerical solutions
have reported that the error associated in treating the
monomer as scattering in the Rayleigh regime, for xm
< 0.3, is small for coated monomers with a clear
coating, and RDG may still be applicable even up to
xm < 0.5 (Farias et al. 1996).

RDG calculations were performed using the Mie
code based on the formulation of Bohren and Huffman
(1983) and using the same input parameters (refractive
indices of both the core and the shell) as Mie calcula-
tions (Section 3.1) with the exception of the BC core
distribution, which is replaced with the mode monomer

diameter (dm) from TEM measurements. MSC is pro-
portional to the number of monomers (N) forming the
BC aggregate, thus RDG modeling of the MSC requires
the input of N for each experiment. The total number
of monomers, N, is calculated by dividing the BC aggre-
gate mass (from SP2) by the mass of a single monomer.
We calculate an average number of monomer per
aggregate, N, of 30, 60, and 100 for experiments 1, 2,
and 3, respectively.

4. Results and discussions

Figure 3 shows the results from a typical experiment,
with time series of absorption coefficients (babs) mea-
sured by the PAXs at two wavelengths of 405 nm and
532 nm. Superimposed on the same graph are rBC mass
concentrations, measured by the SP2. The absorption
coefficients (babs) and rBC mass concentrations decrease
over time due to particles loss to the chamber walls.
Gaps in the PAX data correspond to a-pinene injections
when samples were not drawn from the chamber to pre-
serve sample volume inside the chamber.

Figure 3b shows the increase in SMPS measured mode
mobility diameter Dmobð Þ indicating that the a-pinene
SOA coats the BC aggregates. Increase in mobility

Figure 3. (a) Absorption coefficients (Mm¡1) at wavelengths of 405 nm and 532 nm measured with PAXs and BC mass concentration
measured with SP2. Gaps in the PAX data indicate periods of a-pinene and ozone injections (shown by vertical light olive bars in all pan-
els) when the PAXs were not sampling from the chamber. (b) Mobility diameter as a function of time. Each point corresponds to the
average data for each a-pinene injection, and error bars indicate a §10% uncertainty in mobility diameter. (c) MAC time series calcu-
lated at 405 nm and 532 nm. The decrease in measured MACBC-532 after the last injection period could potentially be due to a noisier
532 nm laser at low chamber babs.
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diameter as a result of coagulation is expected to be neg-
ligible under our experimental conditions. In this experi-
ment, the mode of the mobility diameter increased from
180 § 18 nm (fresh emissions) to 322 § 32 nm after
four a-pinene injections.

4.1. Fresh OA:BC

For experiments 1, 2, and 3, the OA:BC ratio of fresh
emissions was 0.34, 0.44, and 0.56, respectively, calcu-
lated as the average of the two limiting cases (Section 2.4).
These values are broadly consistent with values reported
in the literature given the known variability in emissions
with cookstove operation (Roden et al. 2009), fuel (Li
et al. 2009; L’Orange et al. 2012), and stove design (Jetter
et al. 2012; Preble et al. 2014). For example, MacCarty
et al. (2008) report that elemental carbon (EC) contrib-
utes 68% of total particulate matter (PM) emissions of a
rocket stove operating in flaming conditions, which
translates to a non-EC to EC mass ratio of 0.47. Simi-
larly, Just et al. (2013) report that EC constitutes around
53% of total PM emitted from a rocket stove, corre-
sponding to a non-EC to EC mass ratio of 0.88.

4.2. Measured optical properties

Fresh emissions exhibited single scattering albedo
(SSA)—ratio of scattering to extinction—of 0.16, 0.26,
and 0.20 at 532 nm for experiments 1, 2, and 3, respec-
tively. These values agree with the range reported in
Bond and Bergstrom (2006) of 0.2–0.3 for fresh BC and
are lower than the SSA of 0.36 for the Berkley–Darfur
Stove measured by Preble et al. (2014), as expected since
our experiments are focused on BC-rich emissions. Also,
we measured a fresh MACBC¡ 532 of 8.5 m2.g¡1, 7.2 m2.
g¡1, and 7.4 m2.g¡1 for experiments 1, 2, and 3, respec-
tively, which are similar to central values reported by
Bond and Bergstrom (2006) of 7.5 § 1.2 m2.g¡1 at
550 nm for fresh combustion soot (assuming an inverse
wavelength dependence). These results indicate that
fresh emissions consisted mainly of BC.

The measured MACBC time series are shown in
Figure 3c. The first segment of data corresponds to
MACBC of fresh emissions and the other segments cor-
respond to MACBC after different amounts of SOA for-
mation. Condensation of SOA on the BC seeds
increased the average MACBC¡ 532 by a factor of two,
from 7.4 § 0.35 m2.g¡1 to 14.4 § 0.7 m2.g¡1, indicating
absorption enhancement by lensing induced by the
SOA coating. The increase is most dramatic at low OA:
BC ratios. Similar enhancement has been reported by
previous laboratory studies, including diesel engine BC
particles coated with a-pinene SOA (Schnaiter 2005),

and ethylene flame BC particles coated with dioctyl
sebacate (DOS; Cappa et al. 2012).

Figures 4 and 5 show the MACBC¡ 532 and MSC at
532 nm versus the OA:BC each averaged over time inter-
vals between different injection periods. We focus on
results at 532 nm in the main text because the Rayleigh
criterion (xm << 1) is more robust at 532 nm than at
405 nm. Results for 405 nm are shown in Figures S5 and
S6 in the SI. At small OA:BC ratios (OA:BC < 2), the
MSC (Figure 5) exhibits a sharp increase. However, as the
OA:BC (coating thickness) further increases, MSC plateau
and then starts to decrease.

4.3. Comparison of measured and modeled optical
properties

In this section, we compare Mie and our simplified
RDG predictions to the measured absorption and
scattering efficiencies. MACBC modeled with Mie the-
ory depends on the initial BC size distribution and
therefore varied from experiment to experiment.
However, MACBC predicted from RDG theory only
depends on the monomer diameter, hence a single
RDG calculation line represents all three experiments.
On the other hand, MSC modeled with the simplified

Figure 4. Measured and modeled mass absorption cross-section, at
532 nm, as a function of the OA:BC ratio. Data points represent mea-
sured MACBC-532. Horizontal error bars correspond to the OA:BC
range from cases 1 and 2, and vertical error bars correspond to mea-
surement uncertainty in MACBC calculations. Measurement uncer-
tainty on the OA:BC ratio is around 30% of the plotted values and is
not shown on this plot. Star (magenta), triangle (green), and dia-
mond (blue) data points correspond to experiment 1, 2, and 3,
respectively. Similarly, colored solid lines correspond to Mie calcula-
tions for the respective experiments. Solid black line corresponds to
RDG MACBC calculations, which are only dependent on the mono-
mer diameter and common for all experiments. Across the entire
OA:BC range measured absorption is consistent with Mie theory
predictions.
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RDG theory depends on the number of monomers,
which were different across experiments; therefore,
three different calculation lines represent the three
different experiments.

4.3.1. Absorption
Comparison between measured and Mie-predicted
MACBC¡ 532 as a function of OA:BC is shown in Figure 4
(results at 405 nm are shown in Figure S5). For all
experiments, Mie theory MACBC-532 are within 2% (R2 D
0.91, see Figure S7) of measured MACBC-532. Mie predic-
tions underestimate measured MACBC-405 by 12%
(R2 D 0.93, see Figure S7). The better agreement of mea-
sured fresh MACBC-532 with Mie prediction, for experi-
ment 1 (magenta data points), may reflect differences in
particle shape.

Figure 4 also shows the RDG predictions of MACBC-532

(comparison at 405 nm is shown in Figure S5). The
divergence between Mie and RDG MACBC predictions in
Figure 4 for nascent BC particles (OA:BC!0) agrees with
Bond and Bergstrom (2006). Measured values for fresh
MACBC-532 fall between RDG and Mie prediction lines for
experiments 2 and 3 (blue and green data points) and are
higher than RDG predictions by up to 20%. This agrees
with Farias et al. (1996) who report (for N between 30 and
100, jnBC – 1j D 1.23, and xm D 0.2) that the error in using
RDG for absorption treatment is between 10% and 30% of
more exact model calculations. As the OA:BC ratio
increases, RDG under-predicts the measured absorption,
indicating that the absorption behavior of BC particles fol-
lows that of a core–shell morphology.

4.3.2. Scattering
Figure 5 shows a comparison of measured and modeled
MSC using Mie and the simplified RDG simulations at
532 nm (results at 405 nm are shown in Figure S6 of the
SI). When OA:BC > 2, Mie theory reproduces the mea-
sured MSC from experiments 1 and 3 (magenta and blue
data points in Figure 5). Similar behavior is observed for
experiment 2 (green data points), however, Mie theory
only reproduced the data at a higher OA:BC (OA:BC >

4). This could be due to BC particles from experiment 2
having a more fractal-like shape (lower fractal dimension)
than BC aggregates from the other experiments, as fresh
BC aggregates from experiment 2 had the largest differ-
ence between their fresh mobility diameter (210 nm) and
their fresh mass equivalent diameter (130 nm). Similarly,
at 405 nm (Figure S6), measured MSC converges toward
Mie prediction lines for OA:BC> 5.

We also compare the simplified RDG predictions to
the measured MSC, at 532 nm, for small OA:BC ratios
where Mie theory fails to capture the sharp increase in
MSC, presumably due to the fractal shape of the BC

containing particles at small coating thicknesses
(Figure 5). The simple RDG formulation is able to capture
measured MSC for experiments 1 and 2 (magenta and
green data points in Figure 5), consistent with a fractal
shape of fresh and lightly coated BC aggregates. The better
RDG agreement exhibited with measured MSC rather
than with measured MACBC is potentially due to a higher
sensitivity of scattering on shape, which RDG is able to
capture. RDG predictions grossly over-predict measured
MSC for experiment 3 (diamond data points in Figure 5).
This may be due to BC aggregates having the largest num-
ber of monomers (N D 100), which makes our simplified
RDG treatment less applicable (Section 3.2). As expected,
at 405 nm (Figure S6), larger discrepancies are observed
between measured and RDG predicted MSC. This is
because the Rayleigh criteria are better satisfied at smaller
monomer diameter to wavelength ratios (xm<< 1).

4.4. Radiative forcing implications

To illustrate the potential radiative forcing implications
of our findings, we calculate the spectral simple forcing
efficiency (dSFE; Chylek and Wong 1995) using MAC
and MSC values (1) derived from measurements, (2) cal-
culated using Mie theory, and (3) calculated using RDG

Figure 5. Measured and modeled mass scattering cross-section,
at 532 nm, as a function of the chamber OA:BC. Symbols repre-
sent average measured MSC after each a-pinene injection. Hori-
zontal error bars correspond to the OA:BC range from cases 1
and 2, and vertical error bars correspond to measurement uncer-
tainty in MSC. Measurement uncertainty on the OA:BC is around
30% of the plotted values and is not shown on this plot. Solid
lines correspond to Mie calculations and dashed lines correspond
to RDG calculations. MSC of fresh stove emissions fall below Mie
predictions, presumably due to the fractal shape of the aggre-
gates. As non-BC coating thickness increases, MSC converges
toward Mie predictions, suggesting that the BC-containing par-
ticles assume a spherical geometry.
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theory. dSFE is a simple representation based on a two
layer radiative model and valid in the optically thin limit,
but provides insight on the performance of the optical
models (Chen and Bond 2010; Saleh et al. 2014; Hassan
et al. 2015). Spectral SFE (dSFE) is given by (Chylek and
Wong 1995):

dSFE
dλ

D ¡ 1
4
S λð Þ
dλ

t2atm λð Þ 1¡ Fcð Þ
� ½2 1¡ asð Þ2b λð Þ ¢MSC λð Þ¡ 4as ¢MAC λð Þ�;

½6�

where S λð Þ
dλ is the spectral solar irradiance (taken to be

1.85 W.m¡2.nm¡1 and 1.75 W.m¡2.nm¡1 at 532 nm and
405 nm, respectively). The other parameters in Equation (6)
are the atmospheric transmissivity (tatm : 0.79), the cloud
fraction (Fc : 0.6), the average surface albedo (as: 0.19)
(Chen and Bond 2010). The backscatter was assumed to be
wavelength and size independent (b λð Þ : 0.15).

Figure 6 shows the comparison between dSFE calcu-
lated MAC and MSC inferred from measurements
(dSFEmeasure) and dSFEs calculated using modeled MAC
and MSC from Mie (dSFEMie) and RDG (dSFERDG) theo-
ries at 532 nm for all experiments (results at 405 nm are
shown in Figure S8). Fresh cookstove emissions exhib-
ited strong positive forcing. However, as we coated

(aged) the emissions with a-pinene SOA, forcing of aged
rocket stove emissions decreases, approaching a zero net
radiative effect at OA:BC ratios close to 10.

Across the entire OA:BC range, dSFEmeasure and
dSFEMie agree. This is not surprising for OA:BC > 2,
since Mie theory reproduced measured MAC and MSC
of aged BC aggregates. However, the good agreement at
lower OA:BC is somewhat unexpected since Mie theory
failed to reproduce the sharp increase in measured MSC,
and the agreement can be explained by the stronger
dependence of dSFE calculations, given the choice of
constants in Equation (6).

In contrast to Mie theory, the simplified RDG under-
predicts the spectral forcing efficiency of BC particles
emitted from cookstove operation, across the entire OA:
BC range. This is not surprising at high OA:BC where
the Rayleigh assumption breaks down. However, at low
OA:BC where RDG is in relatively good agreement with
measured MSC, we expected better agreement. The poor
agreement between dSFERDG and dSFEmeasure is due to
the poor agreement between RDG-predicted MAC and
measurements, since dSFE has a stronger dependence on
absorption than on scattering.

One potential weakness of these RDG simulations is
that the monomer sizes were obtained from a separate
set of experiments (Section 3 in the SI), and the evalua-
tion would have been more rigorous with TEM images
captured during these particular set of experiments.
However, the ability of a simple model—Mie theory—to
better reproduce observed experimental results perhaps
obviates the need for a rigorous examination of RDG
when considering aged cookstove BC.

5. Conclusion

We characterized the optical properties of BC-rich parti-
cle emissions from a rocket stove operating under flam-
ing conditions, both in the fresh state and coated with
a-pinene SOA (representative of non-absorbing OA) to
reflect atmospherically aged BC. We explored a wide
range of OA:BC ratios encompassing most of the
variability of atmospheric values, which can vary sub-
stantially depending on the source and location
(Schwarz et al. 2008; Cappa et al. 2012). BC emitted
from the cookstove exhibited lensing when coated with
a-pinene SOA, which enhanced the absorption potency
of BC particles by up a factor of about two and the scat-
tering up to a factor of about four.

The simplified RDG treatment exhibited relatively
good agreement with the MSC inferred from measure-
ments, at 532 nm, for BC aggregates with N < 60 (the
simplified RDG scattering predictions degraded for BC
aggregates with N D 100) and at low coating thicknesses,

Figure 6. Spectral simple forcing efficiency (dSFE), at 532 nm, as
a function of the chamber OA:BC. Symbols indicate estimates
derived from measured data (dSFEmeasure) for all experiments.
Solid/dashed colored lines correspond to predictions from Mie
theory (dSFEMie)/RDG theory (dSFERDG) for experiments 1, 2, and
3, respectively. RDG model lines represent experiments with
increasing number of monomers per aggregates (N D 30, 60,
and 100 for experiments 1, 2, and 3, respectively). Mie theory
simple forcing estimates are in good agreement across the entire
OA:BC ratio. RDG forcing estimates increasingly overestimate the
cooling effect of coated BC particles, and this is because our sim-
ple RDG formulations break down at high OA:BC ratios.
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unlike Mie theory that did not capture the initial sharp
increase in MSC. This is likely due to the fractal shape of
fresh and lightly coated BC aggregates. However, RDG
greatly underestimated measured MACBC across the
entire OA:BC range. Mie theory exhibited good agree-
ment with the measured MACBC across the entire mea-
surement range, and MSC for OA:BC > 4 (for all
experiments). Although good agreement between mea-
sured and Mie-modeled MSC is exhibited at OA:BC > 4,
it must be emphasized that larger OA:BC values are
more representative of aged carbonaceous aerosols in the
atmosphere. Cappa et al. (2012) measured non-BC to BC
ratios greater than 3 (for fresh emissions) and up to 15
(for aged BC containing particles) in California. Simi-
larly, Saleh et al. (2015) calculated that BC-containing
particles emitted from biomass burning had non-BC:BC
ratios greater than 3. This indicates that away from sour-
ces, BC particles emitted from cookstove emissions will
be heavily coated, supporting the simple core–shell mor-
phology as being a good representation of aged cook-
stove emissions in regional air masses.

Mie-Modeled dSFE exhibited good agreement with
dSFE calculated from measured quantities across the
entire OA:BC range. Although this simple forcing esti-
mate lacks spatial and temporal resolutions, it still sheds
light on the poor performance of our simplified RDG
formulation. The simplified RDG model degrades as the
coating thickness around the aggregates increases
(increasing OA:BC) and as the number of monomer
per-aggregate (N) increases. Previous studies reported
good agreement between RDG and measured absorption
for fresh diesel soot (Adler et al. 2009) and BC from
inverted burner (Chakrabarty et al. 2007). However, our
results indicate that our simplified RDG treatment is not
a viable alternative to Mie theory to estimate forcing of
aged and coated cookstove soot particles (which are gen-
erally larger than diesel soot particles) in climate models.
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