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Abstract Mie theory is widely employed in aerosol top-of-the-atmosphere direct radiative effect (DRE)
calculations and to retrieve the absorptivity of light-absorbing organic aerosol (OA) frommeasurements.
However, when OA is internally mixed with black carbon, it may exhibit complex morphologies whose optical
behavior is imperfectly predicted byMie theory, introducing bias in the retrieved absorptivities. We performed
numerical experiments and global radiative transfer modeling (RTM) to investigate the effect of this bias on
the calculated absorption and thus the DRE. We show that using true OA absorptivity, retrieved with a realistic
representation of the complex morphology, leads to significant errors in DRE when the RTM employs the
simplifiedMie theory. On the other hand, whenMie theory is consistently applied in both OA absorptivity
retrieval and theRTM, theerrors largely cancelout, yieldingaccurateDRE.As longasglobalRTMsuseMie theory,
they should implement parametrizations of light-absorbing OA derived from retrievals based on Mie theory.

1. Introduction

Light absorption by organic aerosol (OA) due to the presence of brown carbon (BrC) [Andreae and Gelencser,
2006] has been shown to be an important contributor to the global aerosol direct radiative effect (DRE)
[Jacobson, 2012, 2014; Feng et al., 2013; Lin et al., 2014; Wang et al., 2014; Kordos et al., 2015; Saleh et al.,
2015]. However, there are major uncertainties compromising the accuracy of estimates of the climate effect
of light-absorbing OA. Two important sources of this uncertainty stem from the difficulties associated with
(1) retrieving OA absorptivity (imaginary part of the refractive index) frommeasurements and (2) constraining
the morphology of OA-containing particles and the extent of the associated absorption enhancement by
lensing due to OA coating over black carbon (BC) cores [Schnaiter, 2005; Bond et al., 2006; Zhang et al.,
2008; Adachi et al., 2010; Lack and Cappa, 2010; Cappa et al., 2012; Saleh et al., 2013, 2014]. Crucially, these
two sources of uncertainty are interdependent. This interdependence, which is the focus of this paper, is
manifested both in the retrieval of optical properties from measurements [D. Liu et al., 2015] as well as in
global radiative transfer calculations [Saleh et al., 2015].

Measurement of the absorptivity of light-absorbing OA is challenging mainly because it is usually coemitted
with BC. One must decouple the absorption by these two components in order to isolate the optical proper-
ties of each. Two approaches are commonly employed to achieve this. One approach relies on physically
separating OA from BC by extracting the OA from filter samples using a solvent (e.g., water or methanol)
and measuring the OA absorptivity in the resulting solution [Kirchstetter et al., 2004; Adler et al., 2010; Chen
and Bond, 2010; Di Lorenzo and Young, 2016]. While this method provides accurate absorptivity measure-
ments of the extracts, the drawbacks are low time resolution and the potential for bias because a significant
fraction of BrC might be either nonextractable or chemically altered by solvents. In the second approach, OA
absorptivity is retrieved by fitting an absorption model to real-time absorption measurements [Lack et al.,
2012; Saleh et al., 2013, 2014]. This method has high time resolution and avoids chemical extraction.
However, absorption calculations require knowledge of the morphology, which is usually poorly constrained.
This can introduce large uncertainties. D. Liu et al. [2015] investigated the effect of assumed particle morphol-
ogy on the retrieved absorptivity of light-absorbing OA emitted by wood burning in London. They treated
the carbonaceous particles as either spherical with a core (BC)-shell (OA) morphology, which they modeled
usingMie theory [Bohren and Huffman, 1983] or aggregates of BC spherules coated with OA, which theymod-
eled using Rayleigh-Debye-Gans (RDG) approximation [Sorensen, 2001; Moosmüller and Arnott, 2009]. The
retrieved absorptivities varied by a factor of 4 depending on the assumed morphology.
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The interplay between morphology and OA absorption also affects atmospheric radiative transfer calcula-
tions. Saleh et al. [2015] calculated the global DRE of carbonaceous biomass-burning aerosol with two mixing
state/morphology assumptions—either internally mixed with core-shell morphology or externally mixed. In
terms of optical behavior, the internally mixed core-shell case exhibits absorption enhancement by lensing,
while the externally mixed case is similar to an internally mixed case with the BC residing on the edge of OA
particles, thus exhibiting negligible lensing [Adachi et al., 2010; Cappa et al., 2012]. Due to the lensing effect,
the mean global DRE increased by +0.29W/m2 for the core-shell case over the externally mixed case; how-
ever, the contribution of OA absorption dropped from +0.22W/m2 to +0.12W/m2. The reason for this—per-
haps counterintuitive—result is that an absorbing OA coating diminishes the intensity of light refracted into
the BC core [Lack and Cappa, 2010], thus reducing the lensing effect (see Figure 4 and discussion in Saleh et al.
[2015]). Consequently, a portion of the OA absorption is offset by the decrease in lensing, causing the overall
effect of OA absorption to be smaller in the core-shell case relative to the externally mixed case.

While large-scale radiative transfer models (RTMs) mostly assume spherical carbonaceous particles and use
Mie theory to calculate their optical properties, the true morphology of BC-containing particles in the atmo-
sphere is widely debated. There is growing evidence that BC-containing particles can exhibit complex
morphologies [e.g., Fu et al., 2012; China et al., 2013; Zhu et al., 2013; Chakrabarty et al., 2014; Giordano
et al., 2015], which are imperfectly represented using Mie theory [Adachi et al., 2010; Cappa et al., 2012].
Consequently, a growing body of literature has focused on constraining these morphologies and developing
appropriate mathematical models to represent their absorption [Adachi et al., 2010; Yurkin and Hoekstra,
2011; Mishchenko et al., 2013; Wu et al., 2016].

To summarize, (1) light-absorbing OA plays an important role in governing the aerosol climate effect; (2) the
morphology of carbonaceous particles is both complex and variable; and (3) both global DRE estimates and
retrievals of light-absorbing OA absorptivities are sensitive to the assumed morphology. It is expected that
new studies will focus on retrieving absorptivities of atmospheric light-absorbing OA and that these studies
will strive to account for the complex particle morphology in their analysis. These endeavors will require the
application of sophisticated imaging techniques (e.g., electron microscopy) and optical modeling (e.g., dis-
crete dipole approximation). One objective of these studies will be to provide these OA optical properties
to modelers for use in RTMs.

Although it is possible that these studies will succeed in their complex task, embedding such sophisticated
treatments in large-scale RTMs might be prohibitively expensive. It requires tracking the spatial and temporal
diversity of particle morphologies and performing the associated complex optical calculations. Therefore,
even though the treatment of the complex morphology of BC-containing particles may become common
in studies retrieving OA absorptivities from measurements, it is highly likely that the simplified spherical
assumption (Mie theory) will still be the model of choice in large-scale RTMs, at least for the near future.

In this paper, we investigate potential biases in calculated absorption, and thus DRE estimates, caused by this
inconsistency in the treatment of morphology between OA absorptivity retrievals and RTM calculations. In
the subsequent sections, we describe the results from a thought experiment, involving numerical measure-
ments and RTM calculations. We focus on emissions from biomass burning, the largest global contributor of
atmospheric carbonaceous aerosols [Bond et al., 2004].

2. The Thought Experiment

To investigate the effect of assumed particle morphology on the DRE of biomass-burning carbonaceous
aerosols, we designed a thought experiment involving the following steps. First, we generated numerical
pseudo “measurements” of absorption by carbonaceous (BC+OA) biomass-burning particles that simulated
common measurements performed in the laboratory [e.g., Lambe et al., 2013; Saleh et al., 2013, 2014;
Liu et al., 2014] or in the field [e.g., Cappa et al., 2012; Lack et al., 2012; D. Liu et al., 2015; S. Liu et al., 2015].
We then retrieved the absorptivity (imaginary part of the refractive indices; kOA) of OA using two optical models:
(1) a realistic model based on the “true” complex particle morphology and (2) a simplified model based on
spherical core-shell morphology. We used the resulting kOA,true and kOA,simplified as inputs to a global RTM to
calculate the DRE of biomass-burning carbonaceous aerosols. We performed three RTM simulations with
(1) realistic treatment of the morphology and kOA,true (true and true), (2) simplified treatment of the
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morphology and kOA,true (simplified and
true), and (3) simplified treatment of the
morphology and kOA,simplified (simplified
and simplified). The first case (true and
true) yields the true DRE within the
context of this thought experiment.
We compared the DRE values obtained
from the other two cases with this
true case to assess parameterization
biases.

Due to the high computational cost, we
considered only a single complex mor-
phology in the global RTM calculations.
We explored the effect of a wide range
ofmorphologies by performing simplified
radiative transfer (RT) calculations.

3. Mixing State and
Optical Morphology

The kOA retrievals (from the pseudo
measurements) and the RTM calculations
outlined in section 2 both require
representation of the mixing state
and morphology of the biomass-burning
particles.

Treatment of the mixing state of BC and
OA (the fraction of internally versus

externally mixed particles) was consistent between the kOA retrievals and the RTM. We parameterized the
mixing state based on the expectation that it depends on the relative abundance of the two components.
BC particles form inside the flame zone, and as the emissions cool, organic vapors become supersaturated
and condense (form OA). The BC particles provide surface area onto which supersaturated vapors condense,
forming internally mixed particles. A portion of the organics can also nucleate and form externally mixed
particles. The relative abundance of externally and internally mixed OA depends on the condensation sink
provided by BC particles and the energy barrier for nucleation. Since biomass-burning emissions have
relatively high OA loadings, most of the BC is expected to be internally mixed with OA, while a
fraction of the OA would be externally mixed [Schwarz et al., 2008; Lack et al., 2012; China et al., 2013;
Saleh et al., 2013, 2014]. We parameterized the mixing state as a function of the mass BC-to-OA ratio as
shown in Figure 1. The 0.05–0.5 bounds for the BC-to-OA ratio are representative of biomass-burning
emissions [Saleh et al., 2015]. To simplify the calculations, we assumed all OA to be internally mixed with
BC at BC-to-OA ratio of 0.5. For smaller BC-to-OA ratios, we assumed that the excess OA formed externally
mixed particles with a size of 150 nm. For the internally mixed particles, we calculated the OA coating
thickness corresponding to a BC-to-OA ratio of 0.5 and assumed the same coating thickness for smaller
BC-to-OA ratios (i.e., all the additional OA formed externally mixed particles).

We assumed that the morphology of biomass-burning particles featured BC aggregates engulfed in OA. We
explored a range of BC monomer sizes (10 nm–50 nm) and fraction of BC monomers coated by OA (0.1–1) in
the simplified RT calculations. In the global RTM, we focused on a single configuration (30 nm BC monomers
with 50% coated by OA). From the perspective of kOA retrieval and RTM calculations, the morphology of a
particle affects its optical behavior. It is therefore useful to define “optical morphology” as the morphology
assumed so that a certain optical model can be applied to represent the optical behavior of a particle
having a complex morphology. As outlined in section 2, we considered two optical morphologies in the
kOA retrievals and RTM calculations (Figure 1):

Figure 1. (top) BC and OAmixing state and (bottom) optical morphology
assumed in the retrieval of OA imaginary part of the refractive indices
and global radiative transfer calculations.
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1. We assumed that the BC monomers
forming the aggregates behaved as
independent absorbers for which
the RDG approximation [Sorensen,
2001; Moosmüller and Arnott, 2009]
was valid. The OA coating was dis-
tributed equally across the engulfed
monomers, which we treated as
spherical core-shell [D. Liu et al.,
2015]. We assumed that this optical
morphology exactly predicted light
absorption by the biomass-burning
particles. This is justified because
the purpose of our thought expe-
riment is to investigate the effect
of adopting a simplified optical
morphology to represent absorption
by particles with a complex
morphology. The type of optical
morphology representing the “true
behavior” of the particles in this
thought experiment is not important
as long as the simplified and true
optical morphologies exhibit a
significant enough divergence in
behavior to present a stringent test
to the effect of inconsistency in
assumed optical morphology. As will
be shown in section 4 and section 5,
using RDG as the true optical
morphology fulfills this condition.
Therefore, adopting the straight-
forward RDG model instead of
a more computationally involved
model is sensible. In the subsequent
sections, this optical morphology,
and the kOA and DRE values
obtained using this optical morpho-
logy, are labeled true.

2. We adopted the simplified core-shell
Mie theory as the optical morphology.
In this simplified treatment, the
biomass-burning particles were com-

prised of 100 nm spherical BC cores with OA forming uniform spherical coatings around the BC cores.
In the subsequent sections, this optical morphology, and the kOA and DRE values obtained using this
optical morphology, are labeled “simplified.”

4. Retrieval of OA Imaginary Part of the Refractive Indices

We retrieved biomass-burning kOA values from numerical light absorption pseudo measurements using
optical closure [Lack et al., 2012; Saleh et al., 2013, 2014; D. Liu et al., 2015]. We generated pseudo
measurements of aerosol mass absorption cross sections (total absorption cross section per unit total aerosol
mass; MAC (m2/g)) at three wavelengths of 405, 532, and 781 nm. We chose these wavelengths to simulate
data obtained from the widely used photoacoustic soot spectrometer (PASS-3, DMT). We then fitted the

Figure 2. Results from the numerical experiments. Symbols are MAC
values derived from numerical pseudo measurements that covered a
range of BC-to-OA ratios (0.05–0.5) at (a) violet, (b) green, and (c) red
wavelengths. Lines are calculated MAC values assuming nonabsorbing
OA and either true (dotted) or simplified (solid) optical morphologies.
The difference between the lines and symbols corresponds to the
contribution of BrC to absorption. At all wavelengths, MAC calculated
using the simplified optical morphology is larger than using the true
morphology. Thus, performing optical closure with the true optical
morphology would yield larger kOA values than simplified optical
morphology.
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measurements using optical calculations,
with kOA as the free parameter. The
optical calculations require the following
inputs: BC refractive index (assumed to
be 1.85 + 0.71i) [Bond and Bergstrom,
2005]; OA real part of the refractive index
(assumed to be 1.7) [Saleh et al., 2014];
and, finally, the optical morphology and
BC and OA mixing state, which we
obtained as described in section 3.

Numerical pseudo measurements of
MAC as a function of BC-to-OA ratio at
the three wavelengths (405, 532, and
781 nm) are shown in Figure 2. Also
shown are model calculations, assuming
nonabsorbing OA (i.e., kOA = 0), for both
the true and simplified optical morp-
hologies described in section 3. We show
results only for one of the morphology
cases (30 nm BC monomers with OA
coating half of the monomers). The differ-
ence between the model calculations and
the pseudo measurements is due to OA
(BrC) absorption. The kOA retrieval pro-
cess involves optimizing for the kOA
values that yield the best agreement

between model calculations and measurements. As evident in Figure 2, absorption by the BC portion of
the particles (including absorption enhancement by lensing) is smaller for the true optical morphology than
for the simplified optical morphology. Consequently, performing the retrieval using the true optical mor-
phology results in a larger BrC effect (larger retrieved kOA values). The retrieved kOA as function of BC-to-
OA ratio for the true (kOA,true) and simplified (kOA,simplified) optical morphologies is shown in Figure 3.
Following Saleh et al. [2013], Figure 3a shows kOA at wavelength (λ) of 550 nm (kOA,550) and Figure 3b shows
the wavelength dependence of kOA (w; where kOA= kOA,550 × [550/λ]w). Saleh et al. [2014] showed that kOA of
biomass-burning emissions increases with increasing BC-to-OA ratio. We designed the thought experiment
in this study such that the retrieved kOA would exhibit a similar dependence on the BC-to-OA ratio.
Furthermore, we generated the pseudo measurements by calculating MAC values assuming core-shell Mie
theory and the kOA values of Saleh et al. [2014]. In other words, we generated the pseudo measurement such
that the simplified optical morphology would yield the same kOA values as the parameterization of Saleh
et al. [2014], which was developed using Mie theory (i.e., the simplified optical morphology). As expected
from the model-measurement comparison in Figure 2, the kOA values retrieved using the true optical
morphology are larger than those retrieved using the simplified optical morphology. The deviation between
the two increases with increasing BC-to-OA ratio, because the fraction of externally mixed OA decreases
(Figure 1), adding more weight to the effect of the morphology of the internally mixed particles. We note
that kOA,true is true only in the context of this thought experiment because the true optical morphology used
to retrieve kOA,true is not necessarily an accurate representation of real-life biomass-burning particles.
However, as we emphasized in section 3 and as Figure 3 clearly shows, there is significant difference
between kOA,simplified and kOA,true, thus presenting a stringent test to the effect of inconsistency in assumed
optical morphology.

5. Radiative Transfer Modeling

The next step in the thought experiment was to perform global RTM simulations using the retrieved kOA,true
and kOA,simplified values.

Figure 3. Imaginary part of the (a) refractive indices at 550 nm and their
(b) wavelength dependence as a function of BC-to-OA ratio retrieved
from the numerical experiments using true and simplified optical
morphologies.

Geophysical Research Letters 10.1002/2016GL069786

SALEH ET AL. MORPHOLOGY AND OA ABSORPTION 8739



The global RTM simulations fol-
lowed the procedure of Saleh
et al. [2015]; here we provide only
a brief description. We simulated
monthly averages, for the year
2005, of the global distribution of
speciated aerosol concentrations
(horizontal resolution of 4° lati-
tude × 5° longitude and 47 vertical
layers) using v9-01-03 of the global
chemical-transport model GEOS-
Chem. To determine the concen-
tration of carbonaceous aerosols
emitted by biomass burning, we
ran GEOS-Chem twice, once with
and once without the biomass-
burning emissions. We attributed
the difference in BC and OA con-
centrations between the two simu-
lations to biomass burning. The
yearly mean of the global distribu-
tion of biomass-burning BC-to-OA
ratios is shown in Figure S1. The
water content of the aerosol parti-
cles was estimated using k-Köhler
theory [Petters and Kreidenweis,
2007]. The Kappa parameter values
for different components are given
in Saleh et al. [2015]. We assumed
that biomass-burning OA was well
mixed with OA from other sources
as well as with inorganic sulfates
and nitrates, and we calculated
the average refractive index of the
mixture using the volume mixing
rule. The refractive indices of the
different components are given in
Saleh et al. [2015].

We used monthly averages of the
aerosol fields to calculate the aero-
sol optical properties needed for

RTM calculations. These properties included the absorption coefficients (babs: total absorption cross section
per unit volume of air), scattering coefficients (bsca: total scattering cross section per unit volume of air),
and asymmetry parameters (g, which represents the angular distribution of scattering). We calculated babs
using the three cases described in section 2: (1) true optical morphology and kOA,true (true and true),
(2) simplified optical morphology and kOA,true (simplified and true), and (3) simplified optical morphology
and kOA,simplified (simplified and simplified). To isolate the effect of the interplay between morphology and
OA absorption, which is the focus of this paper, we calculated bsca and g using the simplified optical
morphology for all cases. In these calculations, we applied the mixing state parameterization in Figure 1
to BC and OA from all sources, as well as inorganic sulfates and nitrates. In other words, we replaced
the BC-to-OA ratio in Figure 1 with the BC-to-“non-BC” ratio.

We used the global fields of optical properties (babs, bsca, and g) as input to the RTM libRadtran [Mayer and
Kylling, 2005] to calculate the biomass-burning carbonaceous aerosol DRE for the three cases. libRadtran

Figure 4. Effect of the optical morphology and OA imaginary part of the
refractive indices (kOA) on the global distribution of DRE of carbonaceous
aerosols emitted by biomass burning. Numbers in parentheses are global
averages. (a) The true DRE (DREtrue) calculated using the true optical mor-
phology and true kOA (kOA,true; retrieved using the true optical morphology).
(b) The difference between DRE calculated using the simplified optical mor-
phology and kOA,true (DREsimplified&true) and DREtrue. (c) The difference
between DRE calculated using the simplified optical morphology and kOA,
simplified (DREsimplified&simplified) and DREtrue.
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solves the radiative transfer equation using the six-stream solver developed by Stamnes et al. [2000]. The col-
umn distributions of pressure, temperature, as well as densities of ozone, oxygen, water vapor, CO2, and NO2

were based on the spatial and temporal distributions specified by Anderson et al. [1986]. We obtained the
cloud coverage from observations by NASA’s International Satellite Cloud Climatology Project at a horizontal
resolution of 2.5° × 2.5° and downgraded to the GEOS-Chem grid (4° × 5°). We accounted for cloud overlap
using the maximum random overlap assumption.

We averagedmonthly biomass-burningDRE values to obtain the yearlymeanDRE (for the year 2005) depicted
in Figure 4. Figure 4a shows DRE calculated with kOA retrieved using the true optical morphology (kOA,true), as
well as using the true opticalmorphology in the RTMcalculations. This case yields the trueDRE (DREtrue), which
had a global mean value of +0.28W/m2. As expected, larger DRE values were obtained in global biomass-
burning hotspots, namely, South America, Africa, and South and Southeast Asia. We note that DREtrue is true
only in the context of our thought experiment becausewe calculated both bsca and g using the simplified opti-
calmorphology. Figure 4b shows the difference betweenDREtrue andDRE calculated using the simplified opti-
cal morphology (Mie theory) in the RTM calculations and kOA,true (DREsimplified&true). Even though the two
simulations use kOA,true, DREsimplified&true is substantially larger than DREtrue, with a global mean difference of
+0.11W/m2 (40%), because the simplifiedopticalmorphology yields larger BC andOAabsorption than the true
optical morphology. On the other hand, when we use the simplified optical morphology both to retrieve kOA
and in the RTM calculations, the resulting DRE (DREsimplified&simplified) approaches DREtrue (globalmean relative
error< 4%). This indicates that whenusing a consistent simplified opticalmorphology both in the kOA retrieval
process and the RTM calculations, the underestimation of kOA, thus OA absorption, is almost exactly counter-
balancedby the overestimationof the total carbonaceous aerosol absorption. Simply put, the errors associated
with consistently usingoverly simplifiedopticalmorphology aremuch smaller than those that result frommea-
surement and modeling groups using different optical morphologies.

Due to the high computational cost, we performed detailed global RTM simulations for only a singlemorphol-
ogy. To investigate thevalidity of our results for othermorphologies,weperformed simplified radiative transfer
calculations using the formulation ofChen and Bond [2010] (see supporting information for details) to calculate
the simple forcing efficiency (SFE). We explored a range of BCmonomer size (10 nm–50 nm) and fraction of BC
coatedbyOA (0.1–1). For eachmorphology in this 2-D space,we retrieved kOA,true and kOA,simplified as described
in section 4. Similar to the detailed global simulations, we calculated SFE for the three cases: (1) true optical
morphology and kOA,true (SFEtrue), (2) simplified optical morphology and kOA,true (SFEsimplified&true), and (3) sim-
plifiedopticalmorphologyandkOA,simplified (SFEsimplified&simplified).As showninFigureS2, therelativeerror in the
mismatch case (SFEsimplified&true) rangedbetween 35%and75%,while the relative error in SFEsimplified&simplified

was less than 3% regardless of the morphology, confirming the detailed global RTM results.

6. Discussion

To obtain accurate estimates of the DRE of carbonaceous aerosols containing light-absorbing OA, consis-
tency in the assumed optical morphology between RTM calculations and the retrieval of OA light absorption
properties from measurements is more important than the validity of the assumed optical morphology. This
result indicates that Mie theory is an efficient transfer function to convert OA light absorption measurements
to global DRE. On the other hand, using the true kOA (retrieved using a realistic optical morphology) can lead
to substantial errors in DRE calculated based on Mie theory, if the morphology of the particles substantially
deviates from the simplified spherical representation. Therefore, as long as RTMs base their aerosol optical
calculations on Mie theory, we recommend that the parametrizations of kOA applied in these models be
based on retrievals that also use Mie theory.

We stress that the call for consistency between measurement and RTM calculations is by no means a call for
abandoning the investigation of themorphology of carbonaceous particles. This study focuses on the climate
effect of OA light absorption, and the conclusions do not necessarily apply to other climate-relevant proper-
ties (e.g., cloud condensation nuclei activation) [Giordano et al., 2015]. Furthermore, understanding the evo-
lution of morphology upon atmospheric aging is of major importance. This work relies on the premise that
there is no difference in morphologies observed during measurements and at climate-relevant atmospheric
residence times. This premise would be challenged for near-source measurements if the morphology evolves
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significantly upon aging in the atmosphere. However, while such evolution in morphology is expected for
relatively pure BC aggregates (say in diesel emissions) as they mix with other species in the atmosphere,
BC is usually already mixed with significant amounts of OA in biomass-burning emissions (the focus of this
study). Therefore, we do not expect the optical morphology of biomass-burning particles to evolve signifi-
cantly as a function of atmospheric age. Our findings do suggest that as these more complex life cycle
changes are explored, it will be important for consistent treatments to be applied both for optical properties
retrievals and for their representation in large-scale models.
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