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Abstract

We describe a method of using the aerosol robotic network (AERONET) size distribu-
tions and complex refractive indices to retrieve the relative proportion of carbonaceous
aerosols and iron oxide minerals. We assume that soot carbon has a spectrally flat
refractive index, and that enhanced imaginary indices at the 440 nm wavelength are5

caused by brown carbon or hematite. Carbonaceous aerosols can be separated from
dust in imaginary refractive index space because 95 % of biomass burning aerosols
have imaginary indices greater than 0.0042 at the 675–1020 nm wavelengths, and 95 %
of dust has imaginary refractive indices of less than 0.0042 at those wavelengths. How-
ever, mixtures of these two types of particles can not be unambiguously partitioned on10

the basis of optical properties alone, so we also separate these particles by size. Re-
gional and seasonal results are consistent with expectations. Monthly climatologies of
fine mode soot carbon are less than 1.0 % by volume for West Africa and the Middle
East, but the southern Africa and South America biomass burning sites have peak
values of 3.0 and 1.7 %. Monthly-averaged fine mode brown carbon volume fractions15

have a peak value of 5.8 % for West Africa, 2.1 % for the Middle East, 3.7 % for south-
ern Africa, and 5.7 % for South America. Monthly climatologies of iron oxide volume
fractions show little seasonal variability, and range from about 1.1 to 1.7 % for coarse
mode aerosols in all four study regions. Finally, our sensitivity study indicates that the
soot carbon retrieval is not sensitive to the component refractive indices or densities20

assumed for carbonaceous and iron oxide aerosols, and differs by only 15.4 % when
these parameters are altered from our chosen baseline values. The associated soot
carbon absorption aerosol optical depth (AAOD) does not vary at all when these pa-
rameters are altered, however, because the retrieval is constrained by the AERONET
optical properties.25
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1 Introduction

Soot carbon (sC) is a byproduct of combustion that is composed of aggregated graphite
spheres (Andreae and Gelencsér, 2006). It is often called light absorbing carbon (LAC),
black carbon (BC), refractory black carbon (rBC), or elemental carbon (EC) in the
scientific literature (depending upon the measurement technique), but we prefer the5

carbonaceous aerosol definitions nicely presented by Andreae and Gelencsér (2006).
Thus, the term “soot carbon” presented here is equivalent to “light absorbing carbon”
in Bond and Bergstrom (2006) and “black carbon” or “refractory black carbon” in Bond
et al. (2013). We use the term brown carbon (BrC) for absorbing organic matter to
distinguish these species from organic compounds that do not absorb significantly at10

visible wavelengths (Jacobson, 1999; Kirchstetter et al., 2004; Kanakidou et al., 2005;
Hoffer et al., 2006; Schnaiter et al., 2006; Sun et al., 2007; Dinar et al., 2008; Chen
and Bond, 2010). Our BrC is equivalent to OM in Chung et al. (2012).

Atmospheric warming caused by sC is highly uncertain. The most recent Intergov-
ernmental Panel on Climate Change (IPCC; Boucher et al., 2013) estimate of the sC15

direct radiative forcing for fossil fuel and biofuel sC is +0.4 Wm−2 (with an uncertainty
range of +0.05 to +0.8 Wm−2); this estimate is based upon the Aerocom Phase II
model simulations of Myhre et al. (2013a) and the scaled absorption aerosol optical
depth (AAOD) findings of Bond et al. (2013). The direct effect does not capture all
forcing mechanisms, however, and Bond et al. (2013) estimate that the industrial-era20

climate forcing associated with sC is RFsC = +1.1 Wm−2, with an uncertainty range of
+0.17 to +2.1 Wm−2 when all forcing mechanisms are included. Soot carbon radiative
forcing is 2nd only to CO2 radiative forcing as a contributor to global warming (Ra-
manathan and Carmichael, 2008; Bond et al., 2013). Finally, although CO2 radiative
forcing is larger than sC radiative forcing (RFCO2

= 1.8±0.19 Wm−2, per Myhre et al.,25

2013b), the range of uncertainty for sC forcing is much larger than the range of uncer-
tainty for CO2 forcing.
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The cooling associated with all aerosols in the IPCC 5th assessment report is
−0.35±0.5 Wm−2; thus, soot carbon warming from the direct effect alone reduces
aerosol cooling by about 53 %, which has prompted suggestions that reducing sC could
be a viable method of mitigating global warming in the short term (Jacobson, 2010).
Others have noted that non-absorbing aerosols that are co-emitted with sC make this5

difficult in practice (Bond et al., 2013).
sC warming is uncertain because modeled sC concentrations and the associated

absorption are unconstrained by in situ measurements. The difficulty is the lack of
available sC data. The Interagency Monitoring of Protected Visual Environments (IM-
PROVE) network provides routine elemental carbon (EC) measurements at the surface10

in the United States, but mainly in remote areas (Malm et al., 1994). Some surface mea-
surements are also available in other parts of the world (Koch et al., 2009), but global
coverage of sC concentration and absorption is not available from satellite data.

Modeled sC concentrations are too high by a factor of 1.6 on average over North
America when compared to long term in situ measurements at the surface (Park et al.,15

2003; Koch et al., 2009), and too high by a factor of 5 to 7.9 when compared to aircraft
measurements during field campaigns over the United States, Canada, and the Pacific
Ocean (Koch et al., 2009; Schwarz et al., 2010). Modeled AAOD, on the other hand, is
lower than the aerosol robotic network (AERONET) and ozone monitoring instrument
(OMI) products by a factor of 0.69 and 0.85 over North America (Koch et al., 2009),20

and a factor of 2–4 lower than AERONET worldwide (Sato et al., 2003). Thus, the link
between sC emissions, sC concentrations, and AAOD is not straightforward, and the
low bias in modeled AAOD over North American source regions can not be simply
associated with errors in the sC emission inventories alone.

One problem is that sC is not the only absorbing aerosol in the atmosphere, as25

BrC and iron oxides in dust are significant absorbers at ultraviolet through mid-visible
wavelengths (Kerker et al., 1979; Chen and Cahan, 1981; Hsu and Matijević, 1985;
Gillespie and Lindberg, 1992; Bedidi and Cervelle, 1993; Kirchstetter et al., 2004; Sun
et al., 2007; Derimian et al., 2008; Chen and Bond, 2010). Separating the absorption
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associated with sC from the absorption associated with these other aerosols is not
trivial; this is especially true for absorption at the 550 nm wavelength favored by many
studies, since all of these aerosol species absorb at that wavelength.

Thus, there is a need for determining the relative proportions of sC, BrC, and iron
oxide in atmospheric aerosols. AERONET provides aerosol size distributions and com-5

plex refractive index at four wavelengths (440, 675, 870, and 1020 nm) at hundreds of
surface sites throughout the world (Holben et al., 1998, 2001; Dubovik and King, 2000;
Dubovik et al., 2000). This information can be used to retrieve the relative proportions
of carbonaceous aerosols and iron oxide minerals. Schuster et al. (2005) retrieved
sC from the aerosol complex refractive index provided in the AERONET database by10

assuming that all aerosol absorption is associated with sC. Arola et al. (2011) used
the spectral variability of the imaginary refractive index in the AERONET database to
retrieve BrC. Similarly, Li et al. (2013) used AERONET complex refractive indices to
retrieve sC, BrC, and dust over Beijing. Wang et al. (2013) added single-scatter albedo
(SSA) as an additional constraint to these refractive index approaches. Koven and Fung15

(2006) used the spectral variability of the imaginary index to retrieve hematite concen-
trations at dust sites. Other methods of retrieving sC from AERONET data include the
absorption Angstrom exponent (AAE) approach (Chung et al., 2012; Bahadur et al.,
2012) and the Bond et al. (2013) approach. However, these last two approaches as-
sume that all absorbing aerosols are externally mixed (which is inconsistent with the20

AERONET retrieval algorithm), and do not necessarily maintain a link to the measured
radiances (as discussed in Sect. 5 and Schuster et al., 2015).

Knowledge of both sC mixing ratios and AAOD are important for constraining how
sC is transported, removed, and mixed with other aerosols in the global models. Here.
we present a method of deriving column concentrations of sC mass and mixing ratios25

that are consistent with the AERONET AAODs, size distributions, and refractive in-
dices. The method is an improvement over previous methods because it uses different
mixtures of aerosol species for the fine mode than for the coarse mode. That is, we as-
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sume that the fine mode is dominated by carbonaceous absorbing aerosols, and that
the coarse mode is dominated by the iron oxides commonly found in mineral aerosols.

2 Method

There are four absorbing aerosols species that are commonly found in the atmosphere:
soot carbon (sC), brown carbon (BrC), hematite, and goethite. Soot carbon and brown5

carbon are produced by the same combustion sources, and generally coexist in aerosol
layers. Hematite and goethite are iron oxides that are different forms of “free” iron, and
typically appear together as well (Arimoto et al., 2002; Lafon et al., 2006; Shi et al.,
2012; Formenti et al., 2014). Our task is to separate the various contributions of these
absorbing aerosol species.10

Our approach utilizes imaginary refractive index, which we present for the common
absorbing aerosols in Fig. 1. Note that the BrC imaginary refractive index is substantial
at UV wavelengths, decreases dramatically as wavelength increases throughout the
visible, and absorbs negligibly at wavelengths longer than about 0.700 µm (Kirchstetter
et al., 2004; Hoffer et al., 2006; Sun et al., 2007; Dinar et al., 2008; Chakrabarty et al.,15

2010; Chen and Bond, 2010; Lack et al., 2012).
Dust particles containing hematite also have a strong spectral signature, with the

greatest absorption occurring at the UV and blue wavelengths. It is generally assumed
that hematite is spectrally flat in the near infrared region (∼ 0.700–1.0 µm), but mea-
surements are sparse at those wavelengths. Nonetheless, the AERONET climatologies20

shown in Fig. 1 corroborate a flat spectral signature at the 0.67–1.02 µm wavelengths
for absorbing dust, as does Dubovik et al. (2002); Kim et al. (2011); and Wagner et al.
(2012).

Since both BrC and hematite have strong spectral dependence for the imaginary
index, mixtures of carbonaceous aerosols and dust can not be unambiguously parti-25

tioned on the basis of the imaginary index alone. Fortunately, we can separate these
particles by size, since carbonaceous particles are dominated by fine mode particles
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and dust is dominated by coarse mode particles; thus, the retrieval initially populates
the fine mode with BrC and the coarse mode with dust. Unfortunately, the AERONET
imaginary indices over regions like west Africa often indicate greater spectral depen-
dencies than is observed in biomass burning aerosols (requiring BrC/sC mass ratios
greater than 15.2 in the fine mode). Likewise, the 675–1020 nm imaginary indices in5

the AERONET database are often greater than is observed in pure dust, and would
require free iron fractions greater than 10 % in the coarse mode (if no other absorbers
were present). We solve this difficulty by populating some of the fine mode with iron
oxide and some of the coarse mode with carbonaceous aerosols (which is consistent
with what is found in nature).10

The foundation of the retrieval is presented in Sect. 2.1, which demonstrates the
range of imaginary refractive indices that we can reasonably expect to observe for dust
or carbonaceous aerosols. Next, we use AERONET data to illustrate how the imagi-
nary refractive indices of dust and carbonaceous aerosols differ (Sect. 2.2). Finally, the
results of Sects. 2.1 and 2.2 are applied in Sect. 2.3 to retrieve the component volume15

fractions of sC, BrC, and free iron.

2.1 Aerosol layers with two absorbing species

If we know that we are observing “pure” dust or “pure” biomass burning aerosols, we
can use the imaginary refractive indices shown in Fig. 1 to retrieve the relative fractions
of hematite and goethite in the dust, or sC and BrC in the biomass burning aerosols.20

Later, we will discuss a technique for retrieving absorbing aerosol species in more
complex aerosol mixtures. The basic procedure is presented in Schuster et al. (2005),
which we briefly review here.

A schematic of our approach is illustrated in Fig. 2. The operational AERONET prod-
uct assumes that all particles have the same refractive index, which implies that all par-25

ticles are internally mixed. Thus, our task is to determine an internal mixture of aerosols
that produce the AERONET refractive indices at all available wavelengths. The com-
plex refractive index of an aerosol mixture that contains a non-absorbing host aerosol
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and two absorbing inclusions can be expressed as a function (F ) of the volume fraction
of the inclusions (fi ), the complex refractive index of the inclusions (mi = ni + iki ), and
the complex refractive index of the host aerosol (mhost):

mmix(λj ) = F (f1, f2,m1(λj ),m2(λj ),mhost(λj )), (1)

where λj represents wavelength of interest. In practice, Eq. (1) is implemented using5

the Maxwell Garnett effective medium approximation (EMA), the Bruggeman EMA, or
volume averaging (Bohren and Huffman, 1983; Schuster et al., 2005). Volume aver-
aging provides the simplest method for determining mmix (i.e., mmix =

∑
i fimi ), but the

Maxwell Garnett and Bruggeman EMAs are determined from the complex dielectric
constants of the host and inclusions, and therefore require additional equations for10

conversion to the refractive index (see Bohren and Huffman, 1983). The Maxwell Gar-
nett and Bruggeman EMAs differ by less than 5 % (Lesins et al., 2002), so we use the
Maxwell Garnett EMA because of its superior computational speed.

If the inclusion refractive indices (mi ) are known, we can compute the inclusion frac-
tions and the host refractive index that “best” matches the AERONET refractive indices15

(mrtr) by iterating fi and nhost until a minimum χ2 value is achieved (Schuster et al.,
2005):

χ2 =
4∑
j=1

(nrtr(λj )−nmix(λj ))
2

nrtr(λj )
+

(krtr(λj )−kmix(λj ))
2

krtr(λj )
→ 0, (2)

The solution is unique because the co-emitted absorbing aerosols that we consider
(sC and BrC or hematite and goethite) have different spectral signatures, as shown in20

Fig. 1. Thus, the sC mixing ratio in the fine mode is determined by the 670–1020 nm
wavelengths (since BrC exhibits little or no absorption in this spectral region). Likewise,
a unique combination of hematite and goethite exists that provides the “best” match to
the AERONET retrieved refractive indices for the coarse mode.
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Note that the host species is generally a mixture of components itself, with an un-
known refractive index. Thus, we allow the real refractive index nhost to be a free pa-
rameter that is retrieved (unlike in Schuster et al., 2005, where we assumed that the
host was water). We assume that all absorption is caused by sC, BrC, hematite, and
goethite, and that therefore the host species is non-absorbing (i.e. khost(λ) = 0). We5

also assume that the real refractive index of the host is spectrally flat (dnhost/dλ = 0).
Finally, the real refractive index of BrC is not well characterized, so we assume that it
has the same refractive index as the host aerosol (i.e., nBrC = nhost).

2.1.1 Imaginary refractive index space for dust

We can use the Maxwell Garnett effective medium approximation (Bohren and Huff-10

man, 1983) to determine the range of imaginary refractive indices expected for atmo-
spheric dust that contains only hematite and goethite as absorbing species (i.e., no
carbonaceous aerosols), which we present as the shaded area in Fig. 3. In this case,
f1 = fh is the volume fraction of hematite and f2 = fg is the volume fraction of goethite.
We use a real refractive index of 1.5 for the host aerosol, Chen and Cahan (1981) for15

the hematite refractive indices, Bedidi and Cervelle (1993) for the goethite refractive
indices (see Table 1), and assume that all other minerals present have negligible ab-
sorption throughout the UV-NIR range of wavelengths. (We discuss the repercussions
of using different refractive indices in the Sect. 4.) Field measurements indicate that
free iron mass concentrations are less than about 5 % (Lafon et al., 2004; Wagner20

et al., 2012), so we present the range of computed refractive indices associated with
up to 5 % free iron (by volume) as the shaded area in Fig. 3. The bottom border of
the shaded area represents an fh = 0 isoline and the top border represents an fg = 0
isoline. Finally, the numbers along the top of the shaded area indicate the total percent-
age of free iron (i.e., hematite + goethite) on the vertical isolines (we also include an25

additional isoline outside of the shaded area for 10 % free iron).

13615

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/13607/2015/acpd-15-13607-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/13607/2015/acpd-15-13607-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 13607–13656, 2015

Remote sensing of
different absorbing

aerosol species

G. L. Schuster et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.1.2 Imaginary refractive index space for carbonaceous aerosols

In order to complete our description of two co-emitted aerosol absorbers in k(440) vs.
k(670–1020) space, we similarly compute refractive indices for mixtures of carbona-
ceous aerosols. In this case, sC and BrC are the only absorbing species and f1 = fsC,
f2 = fBrC. We use a spectrally invariant imaginary index of msC = 1.95+0.79i for soot5

carbon (Bond and Bergstrom, 2006) and the Kirchstetter et al. (2004) measurements
for BrC (see Fig. 1). The solid black line in Fig. 3 is a 1 : 1 line, and represents the
spectrally invariant refractive index of soot carbon. The grey lines above the black line
in Fig. 3 denote the contribution of brown carbon, with BrC/sC mass mixing ratios rang-
ing from 1 to 20 (assuming that sC has a density of 1.8 gcm−3 and BrC has a density10

of 1.2 gcm−3, as in Bond and Bergstrom, 2006; Turpin and Lim, 2001).

2.2 Separation of dust and carbonaceous aerosols

We are now in a position to evaluate the composition of the AERONET retrievals.
We begin by assessing “pure” dust over the Middle East sites listed in Table 2, and
plot AERONET Level 2 retrievals in Fig. 4a. We define “pure” dust as retrievals with15

fine mode volume fractions fvf ≤ 0.05 and lidar depolarization ratios δp ≥ 0.2 at the
0.532 µm wavelength (Schuster et al., 2012). Note that all of the retrievals in Fig. 4a lie
in the shaded region, indicating that these AERONET retrievals are consistent with
the free iron fractions found in the literature and the refractive indices that we used to
compute the shaded region.20

Similarly, we plot the AERONET retrievals from the South American sites during the
peak of the biomass burning season in Fig. 4b. Note that these aerosols tend to have
much higher imaginary indices at the red and near-infrared wavelengths (krnir) than
the dust aerosols of Fig. 4a, and that most of the retrievals do not occupy the shaded
area. This is because biomass burning aerosols are generally more absorbing than25

dust at 0.670–1.020 µm. Also note that our retrieved BrC/sC mass ratio for biomass
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burning aerosols is always less than 15.2, which is an important constraint for retrieving
mixtures of dust with carbonaceous aerosols (described in Sect. 2.3).

There is a clear separation between the dust and biomass burning aerosols in Fig. 4
– the carbonaceous aerosols are much more absorbing at the red and near-infrared
wavelengths than the dust aerosols. Thus, we explore this phenomena as a means of5

separating dust from carbonaceous aerosols using the boxplots of Fig. 5. The biomass
burning sites in Fig. 5 are considered only during the peak of the biomass burning
seasons in order to minimize possible contamination by dust (August–September for
South America, July–September for South Africa). We have used two different tech-
niques to minimize carbonaceous aerosol contamination of dust. The middle pair of10

boxes in Fig. 5 are restricted to retrievals with fine volume fraction less than 0.05 and li-
dar depolarization ratios greater than 0.2 at the 0.532 µm wavelength (as in Fig. 4a and
Schuster et al., 2012). Some readers may desire a stricter constraint, so we also limit
the retrievals to AE ≤ 0 for the first pair of boxes in Fig. 5. This is a stringent require-
ment that demands high coarse mode concentrations, and therefore allows very little15

pollution or biomass burning in the dataset (Ginoux et al., 2012); unfortunately, this
restriction reduces the size of our dataset to ∼ 100 points (see the right axis of Fig. 5).
Both restrictions for dust result in similar medians, but the Schuster et al. (2012) re-
striction has larger upper limits than the AE ≤ 0 restriction (compare the leftmost pair
of boxplots to the middle pair of boxplots). Neither technique results in any overlap of20

the whiskers at the dust regions with the whiskers at the biomass burning regions in
Fig. 5.

Thus, there is less than 5 % overlap between any of the dust distributions with either
of the biomass burning distributions, and the horizontal dashed line at krnir = 0.0042
separates at least 95 % of the dust and biomass burning aerosols. Finally, we note25

that krnir = 0.0042 corresponds to a volume-averaged iron oxide content of about 3.4 %
when using the Chen and Cahan (1981) refractive indices for hematite and the Bedidi
and Cervelle (1993) refractive indices for goethite; this can also be inferred by the close
proximity of the krnir = 0.0042 line to the 3 % iron oxide isoline in Fig. 4. Note that 3.4 %
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iron oxide by volume is roughly equivalent to 6.8 % iron oxide by mass, since the density
of iron oxide is roughly twice that of other minerals (Formenti et al., 2014). Thus, this is
consistent with the maximum 6.5 % free iron content measured by Lafon et al. (2006).

2.3 Aerosol layers with up to four absorbing species

We outlined the imaginary refractive index space occupied by dust and carbonaceous5

aerosols in Sect. 2.1. The absorption for both of these aerosol types can be described
with two absorbing aerosol species (hematite and goethite for dust, organic and black
carbon for carbonaceous aerosols). However, mixtures of dust with biomass burning
require us to include four absorbers in the retrieval, which we discuss in this section.

Our basic approach is outlined in Fig. 6. Since carbonaceous aerosols are mainly10

found in the fine mode (radii. 0.6 µm), we initially assume that all sC and BrC are
located in that mode. Likewise, iron oxides are mainly internally mixed with other min-
erals, and are the dominant absorbers in coarse mode dust (Sokolik and Toon, 1999;
Lafon et al., 2006; Kandler et al., 2009; Wagner et al., 2012), so we initially assume
that all hematite and goethite are located in the coarse mode. Unfortunately, we can15

not maintain all carbon in the fine mode and all iron oxide in the coarse mode for all
aerosol retrievals; this is because AERONET provides a single refractive index for par-
ticles in both the fine and coarse modes, and sometimes the retrieved refractive indices
can not be achieved with reasonable concentrations of a two-absorber mixture.

This conundrum is illustrated in Fig. 7, where we present all level 2.0 AERONET20

retrievals at the west Africa sites in k440 vs. krnir space. Aerosols at these sites include
substantial concentrations of dust throughout the year, as well as seasonal biomass
burning (Derimian et al., 2008). The points above the uppermost grey line in Fig. 7
would require BrC/sC mass ratios higher than 20 for the fine mode with our scheme
(if we did not make an adjustment). However, the BrC/sC ratio is never greater than25

15.2 for the South America biomass burning aerosols in Fig. 4b (this is also true for
the South African biomass burning sites of Table 2). The retrievals with BrC/sC > 20
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in Fig. 7 are actually dominated by dust, so including extreme values of BrC in the fine
mode to obtain the correct spectral dependence for the imaginary index is not realistic.

Thus, we use hematite instead of BrC to represent the spectral dependence of the
fine mode when the BrC/sC ratio exceeds 15.2; this is diagrammed in the left flowchart
of Fig. 6. This is consistent with observations, as iron-rich dust is known to exist in the5

fine mode as well as the coarse mode when such dust is present (Kandler et al., 2007;
Derimian et al., 2008). This branch of the code is necessary for 12 % of the retrievals
in West Africa and 14 % of the retrievals in the Middle East, but is never called for the
retrievals in South America or southern Africa.

Likewise, AERONET retrievals with refractive indices to the right of the shaded area10

in Fig. 7 likely contain biomass burning aerosols (as in Fig. 4b). Attempting to model
the coarse mode without carbonaceous aerosols will require iron oxide concentrations
exceeding 5 % or even 10 % by volume for that mode (since these data fall to the right
of the 5 and 10 % iron oxide isolines in Fig. 7). This is unrealistic, so we separate
carbonaceous and iron oxide aerosol absorption at krnir = 0.0042, as inferred from the15

box plots of Fig. 5. That is, we fix the free iron volume concentration at 1 % for the
coarse mode when k(λr ) > 0.0042 (based upon the retrieved median for pure dust
at the West Africa and Middle East sites), as diagrammed in the right flowchart of
Fig. 6. Then the remainder of the absorption for that mode is accounted for with sC
and BrC. This branch of the code is necessary for 24 % of the retrievals in West Africa,20

17 % of the retrievals in the Middle East, and 96–98 % of the retrievals at the biomass
burning sites in South America and southern Africa. Although carbonaceous aerosols
are sometimes observed attached to coarse mode dust (Derimian et al., 2008; Hand
et al., 2010), it is also likely that the AERONET product redistributes some fine mode
absorption to the coarse mode (Schuster et al., 2015).25
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3 Results

We present climatological maps of the retrieved column mass of sC, BrC, and free iron
in Fig. 8. We begin our discussion with the right column of Fig. 8, which presents our
retrieved concentrations for the month of August. This is near the peak of the biomass
burning season at the Southern Hemisphere sites, and the retrieval indicates higher sC5

concentrations in those regions than in the rest of the world. The retrieval also indicates
elevated concentrations of BrC in those regions (right middle panel), consistent with
our expectations for biomass burning regions. Likewise, the urban regions of North
America, Europe, and Asia indicate intermediate concentrations of sC and little BrC.
Finally, we note that the West African sites indicate little or no carbonaceous aerosols10

during the month of August, consistent with the lack of biomass burning in that region
at that time. Note the elevated iron concentrations in West Africa, however, as well as
the high concentrations of iron in the Middle East, India, and parts of Europe (bottom
right panel).

The month of January tells a different story (left column of maps in Fig. 8). The West15

African sites have high concentrations of sC and BrC during this month, reflecting the
strong winter biomass burning signal that occurs there. The dust signal also remains
at those sites, however, as indicated by the large iron oxide concentrations shown in
the lower left map. Note that the Saudi Solar Village site on the Arabian Peninsula also
indicates high iron concentrations in both January and August, but that the carbona-20

ceous aerosol signal does not exist there in either month. Taken together, maps of
these two regions (West Africa and the Middle East) indicate that the retrieval is able
to discriminate dust aerosols from mixtures of dust and carbonaceous aerosols.

The monthly averaged absorbing aerosol concentrations for the two African regions
are shown in the upper panels of Fig. 9, broken down by species for each mode (see25

Table 2 for locations). Here, we see that the West African dust sites are dominated by
iron oxides, whereas the biomass burning sites of southern Africa are dominated by
carbonaceous aerosols. We also present the seasonal climatology of the component
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mixing ratios for these sites in the lower panels of Fig. 9. We show volume fractions
this time (instead of column concentrations) to illustrate the intrinsic properties of the
retrieval. Note that even though both African regions exhibit similar mixing ratios of iron
oxides throughout the year (as shown in the lower panels of Fig. 9), the West African
region has much higher iron oxide concentrations than the southern African region5

(as shown in the upper panels of Fig. 9). This is because the West African sites have
a much stronger coarse mode than the southern African sites.

The lower left panel of Fig. 9 indicates that the volume fraction of free iron remains
relatively constant in West Africa throughout the year (1.4–1.7 %). The carbonaceous
signals, on the other hand, show a very strong seasonal variability, with sC and BrC10

peaking at 1.0 and 5.8 % for the fine mode during the winter biomass burning season.
We see a similar pattern in southern Africa. That is, the coarse mode iron oxide mixing
ratios are still steady throughout the year (at 1.1–1.3 %), and there’s an obvious sea-
sonal signal in the carbonaceous components of both modes, peaking at 3.0 % for sC
and 3.7 % for BrC. The peak climatological volume mixing ratios for all four regions of15

Table 2 are listed in Table 3.
One can discern that BrC/sC volume ratio is always less than 2 at the South African

sites of Fig. 9, and is sometimes less than 1; indeed, the median BrC/sC mass ratio
is 0.7 during the peak of the biomass burning season. This is much lower than the or-
ganic/soot carbon mass ratios measured using in situ techniques, which typically range20

from 3 to 12 (Chen and Bond, 2010). However, in situ measurements are typically re-
ported for measurements obtained close to sources and during fire events, but monthly
averages represent periods between burns as well as the burn events; this could lower
the BrC/sC ratios.

Additionally, in situ measurements typically account for all organic carbon (OC),25

whereas our retrieval is responsive only to organic species that have significant ab-
sorption at 0.440 µm. That is, BrC is part of OC (Moosmüller et al., 2009), so BrC
concentrations are always less than OC concentrations, and BrC/sC <OC/sC. Alter-
natively, a greater proportion of OC could be encompassed by using a lower imaginary
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refractive index for BrC; for instance, the median retrieved BrC/sC volume ratio in-
creases from 1.5 to 2.7 for the South American biomass burning season when Chen
and Bond (2010) is used for the BrC refractive index instead of Kirchstetter et al. (2004).
However, the maximum BrC/sC value also increases from 15.2 to 27.5, and the latter
value is well outside of the range outlined by Chen and Bond (2010).5

Recently, some authors have attempted to use AAE to speciate carbonaceous
aerosols and dust (Chung et al., 2012; Bahadur et al., 2012), so we present AAE vs.
fine volume fraction (fvf) for the West Africa and South America sites in Fig. 10. The
color code in each of the panels represents the volume fraction of one of the absorbing
aerosol species with respect to the total volume of all absorbing aerosol species. The10

fraction of sC is presented in the top panel, BrC in the middle panel, and free iron in the
lower panel. Data on the left side of the panels correspond to low fvf, and therefore are
dominated by dust at the West African sites. Data on the right is dominated by biomass
burning at the South American sites.

It is immediately obvious that the AAE parameter is sensitive to the relative propor-15

tions of sC and BrC when carbonaceous aerosols dominate the retrievals, as shown
by the strong color gradients on the right side of the upper two panels. This is be-
cause of the strong spectral dependence of kBrC and the wavelength-independent re-
fractive index of sC shown in Fig. 1. The strong spectral dependence of kBrC enhances
the absorption at the shortest wavelengths, which increases AAE. Soot carbon has20

a wavelength-independent refractive index (Bond and Bergstrom, 2006; Bond et al.,
2013), so the AAE of pure sC is smaller than the AAE of pure BrC for particles of the
same size. Thus, both the AAE and our retrieved BrC are sensitive to the spectral de-
pendence of the retrieved imaginary index, and the color gradient for carbonaceous
aerosols in Fig. 10 reflects this.25

However, Fig. 10 also indicates that AAE is not useful for discriminating between dust
and carbonaceous aerosols. For instance, a retrieved AAE ∼ 1.2 can not discriminate
between the dust aerosols with fvf < 0.1 on the left side of Fig. 10 and the carbona-
ceous aerosols with fvf > 0.7 on the right side of Fig. 10. This is because the AAE of
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pure dust has a large range of possible values (from less than 0 to greater than 3),
depending upon the relative fractions of hematite and goethite. Thus, the AAE of dust
is not well separated from the AAE ofcarbonaceous aerosols along the vertical axis in
Fig. 10. This is discussed further in Schuster et al. (2015).

4 Sensitivity to component refractive indices5

The refractive indices that we use for this retrieval are outlined in the upper portion of
Table 1; refractive index uncertainty in any one of these components has an affect on
all of the absorbing components to some extent, which we assess in this section. We
assess this uncertainty by repeatedly retrieving sC, BrC, and hematite climatologies
using all of the refractive index sources listed in Table 1, and then compare the results to10

our baseline retrieval. In order to stress the algorithm, we seek locations with significant
concentrations of both dust and carbonaceous aerosols; thus, we use the month of
January at the West African sites of Table 2. Dust is always present at those sites, and
January is near the peak of the biomass burning season at those locations. We explain
our baseline refractive index choices in Sect. 4.1; the sensitivity studies for sC, BrC,15

and free iron are presented in Sects. 4.2 and 4.3.

4.1 Rationale for our choice of baseline refractive indices

Bond and Bergstrom (2006) did an extensive review of sC refractive indices, and con-
cluded that the available data was consistent with a constant refractive index at visible
wavelengths. They also hypothesized that “strongly absorbing carbon with a single20

refractive index exists, and that some of the variation in reported refractive indices re-
sults from void fractions in the material.” They recommended using k = 0.63–0.79 for
sC at visible wavelengths, favoring the larger extreme for highly graphitized carbon.
The spectrally invariant value of ksC = 0.79 was later adopted in Bond et al. (2013).
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Thus, we use msC = 1.95+0.79i at all wavelengths as our baseline complex refractive
index for sC.

Reported values for the imaginary index of BrC varies by more than an order of
magnitude at λ = 0.440 µm, as shown in Fig. 1 and Table 1. This is because BrC is
a generic term for many absorbing organic carbon particles, and does not represent5

a single aerosol species, per se. The refractive index of BrC depends upon combus-
tion conditions and the fuel source, and therefore can vary substantially between the
various AERONET sites. We require that our BrC retrieval produces reasonable BrC
fractions and BrC/sC ratios for all cases. So for instance, Table 4 indicates that using
the lower limit of Sun et al. (2007) can result in fBrC as high as 1.0 (i.e., 100 % brown10

carbon), which is clearly not acceptable. Fortunately, the refractive index of all BrC is
negligible at the 670–1020 nm wavelengths (see Fig. 1), so BrC refractive index does
not have a substantial impact on the retrieved sC mixing ratio (as shown in Sect. 4.2).
We use Kirchstetter et al. (2004) for our baseline refractive index of BrC because it pro-
vides reasonable maximum and median fBrC and BrC/sC ratios at the biomass burning15

sites.
Hematite also exhibits a large range of reported refractive indices, some of which are

noted in Table 1. Hematite and goethite are the two dominant absorbers in mineral dust,
and most of the spectral variability of dust absorption at visible wavelengths is associ-
ated with hematite. Consequently, we must choose a hematite source for our retrieval20

that has enough spectral variability to describe all of the AERONET retrievals. That is,
k440/krnir is often greater than 5 in the AERONET database, so we need to choose
hematite and goethite optical properties that can accomplish this spectral variability.
Since the only available goethite measurement has a positive spectral dependence
(i.e., dk/dλ > 0, per Bedidi and Cervelle, 1993), the hematite source that we choose25

must also indicate k440/krnir > 5.
Additionally, our choice of mineral refractive indices must produce retrieved hematite

and goethite fractions that are consistent with other work. In situ measurements indi-
cate that hematite and goethite constitute 2.8–6.5 % of mineral dust by mass (Alfaro
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et al., 2004; Lafon et al., 2004, 2006; Wagner et al., 2012; Formenti et al., 2014). This
corresponds to approximately 1.4–3.25 % by volume, since the density of iron oxide is
much greater than other common minerals (4.28 gcm−3 for goethite and 5.25 gcm−3

for hematite, as opposed to 2.65 gcm−3 for illite, kaolinite, quartz, and calcite; Formenti
et al., 2014), Additionally, the hematite fraction of of free iron ranges from 17 to 61 %5

(Ji et al., 2002, 2004; Shi et al., 2012; Formenti et al., 2014).
We implemented the retrieval at the West Africa sites of Table 2, considering only

“pure” dust (i.e., fine volume fractions less than 0.05 and depolarizations greater than
0.2), and present maximum and median results in Table 5. Here, we see that all of
our candidate refractive indices for hematite produce median free iron and hematite10

fractions that are consistent with the in situ measurements, but only the Chen and
Cahan (1981) refractive indices produce a maximum iron oxide fraction that is less
than 3.5 %. Thus, we choose Chen and Cahan (1981) for our baseline retrieval, but we
note that we have not scoured the literature for the most suitable hematite refractive
index. The sensitivity of the results to our choice of refractive indices is discussed in15

the following two sections.

4.2 Sensitivity of retrieved sC to other absorbers

The sC results are shown in Fig. 11, which presents the relative mean biases with
respect to the baseline value (i.e., sC/sCbase). The baseline retrieval is designated by
the diamond in Fig. 11; it utilizes BrC refractive indices from Kirchstetter et al. (2004),20

hematite refractive indices from Chen and Cahan (1981), and sC refractive indices
from Bond and Bergstrom (2006). We have included an additional six refractive indices
for sC, BrC and hematite (as listed in the lower portion of Table 1), and tested 18
combinations of these component refractive indices. All of the retrievals utilize Bedidi
and Cervelle (1993) for the refractive index of goethite, since that is the only source25

available for this mineral.
There are six groups of bars in Fig. 11. Each group of bars utilizes the same sC

and BrC refractive indices, but different hematite refractive indices. Thus, the small
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variability of the bars within each group indicates that the choice of hematite refractive
index (as indicated by color) has very little effect on the sC retrieval (. 1 %). There are
two reasons for this. (1) The retrieval initially assumes that sC and hematite are located
in different modes (i.e., fine vs. coarse), so the absorption interference associated with
these species is minimized; (2) the sC retrieval is mainly determined by the red and5

near-infrared wavelengths, and hematite has a much lower imaginary refractive index
than sC at those wavelengths.

The two leftmost groups of bars in Fig. 11 utilize the same BrC refractive indices
(i.e., Kirchstetter et al., 2004), so the dominant difference between these two groups
is caused by the different sC refractive indices used for the retrievals. Groups of bars10

labeled “L” utilizemsC = 1.75+0.63i , which is the low extreme from Bond and Bergstrom
(2006); groups labeled “H” utilizemsC = 1.95+0.79i , the highest recommended value of
Bond and Bergstrom (2006). Thus, the full range of sC refractive indices recommended
by Bond and Bergstrom (2006) produces a sC retrieval uncertainty of ≤ 14.2 %.

We can assess the effect of kBrC variability on the sC retrieval by observing all of the15

groups labeled “H” in Fig. 11. The retrievals in these four groups consistently use ksC =
0.79, and the color code corresponds to the hematite refractive index. Consequently,
the only differences between like-colored bars in the “H” groups is the BrC refractive
index. Thus, the dark blue bars indicate that using Sun et al. (2007) water soluble
organic carbon (WSOC) for the BrC refractive index produces the maximal relative20

bias of 5.8 % below our baseline Kirchstetter et al. (2004) retrievals.
Some authors expected this value to be substantially higher (Ganguly et al., 2009),

but BrC does not appreciably absorb radiation at red or near-infrared wavelengths (Ja-
cobson, 1999; Sato et al., 2003; Kanakidou et al., 2005). Hence, it is actually quite
easy to separate the effect of sC from BrC using refractive indices at the 670–1020 nm25

wavelengths, since sC absorption is more than 2 orders of magnitude greater than BrC
absorption in this spectral region (as shown in Fig. 1).

Overall, Fig. 11 indicates that relative bias in the sC retrieval ranges from −5.8 to
+14.2 % at the African dust sites during the biomass burning season. The largest
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uncertainty is driven by the uncertainty in the sC refractive index. Uncertainty in the
hematite refractive index has very little effect on the sC retrieval (< 1 %), and uncer-
tainty in the BrC refractive index alters the retrieval by less than 5.8 %. We also did
a similar sensitivity study for the month of August at the biomass burning sites of South
America (per Table 2) to determine performance when carbonaceous aerosols are the5

dominant particles, and found that both BrC and hematite refractive index uncertainties
alter the sC retrieval by less than 1 % (not shown). Additionally, measured sC densities
are well known (1.8gcm−3±6 %, per Bond and Bergstrom, 2006). Thus, the RMS error
in retrieving sC mass that is associated with sC density and the refractive indices of

sC, hematite, and BrC is
√

62 +14.22 = 15.4%.10

4.3 Senstivity of retrieved BrC and free iron to other absorbers

We can apply a similar analysis to BrC and hematite using Fig. 12. The top panel
indicates that sC and hematite refractive indices have a small effect on the BrC bias
(because all of the bars for a given BrC have similar magnitudes). However, the bias
can be as low as 50 % (using Sun et al., 2007, water insoluble OC for BrC) or as high15

as 440 % (using Sun et al., 2007, water soluble OC for BrC). This is because the range
of imaginary refractive indices for BrC varies by more than an order of magnitude at
the 0.440 µm wavelength (e.g., see Fig. 1), and this ambiguity propagates through the
retrieval.

The lower panel of Fig. 12 tells a similar story for iron. That is, all of the like-colored20

bars are similar in magnitude, indicating that the sC and BrC refractive indices have
a relatively small effect on the amount of iron retrieved. However, the retrieval changes
by 83 % if we use the Kerker et al. (1979) refractive indices (as tabulated by Hsu and
Matijević, 1985). It is doubtful that the various forms of hematite truly exhibit the large
range of refractive indices found in the literature, though, and the remote sensing com-25

munity could benefit from future work that narrows the range of plausible refractive
indices for hematite.
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5 A misconception in the Bond report

The Bond et al. (2013) report claims that the retrieval of sC AAOD from the AERONET
AAOD product requires fewer assumptions than retrieving sC column loadings from the
refractive index product (as in Schuster et al., 2005), which we refute here. We begin
by presenting a schematic of the operational AERONET algorithm in the grey shaded5

region of Fig. 13 (see also Dubovik and King, 2000). The basic concept is to find
the best set of aerosol microphysical properties that produce the measured radiance
field when utilized in a radiative transfer model. The operational algorithm assumes
a uniform aerosol layer throughout the atmosphere, and that particles of all sizes are
internally mixed and have the same complex refractive index.10

The size distribution and complex refractive index are the iterated parameters, as
designated by the circle in Fig. 13. Once an optimal size distribution and refractive
index are found, they are used to compute the AAOD, AAE, and other optical parame-
ters reported in the AERONET database. (Thus, claims that AAOD, AAE, or SSA are
somehow more robust than the retrieved refractive index are false, as all of these quan-15

tities are computed from the refractive index.) All of the parameters presented in the
AERONET database pertain to the entire atmospheric column.

After the aerosol microphysical and optical properties are reported in the AERONET
database, there are several documented methods of inferring the contribution of sC to
aerosol absorption (denoted by the red and blue shaded regions in Fig. 13). Chung20

et al. (2012) and Bahadur et al. (2012) use the spectral dependence of AAOD and
assumptions about the absorption Angstrom exponents (AAE) of component aerosols
to infer the AAOD of sC; we call this the AAE approach. Bond et al. (2013) assumes
an imaginary refractive index for dust to compute the coarse mode AAOD of dust, and
subtract this from the total AAOD reported by AERONET (that is, they reset the coarse25

mode refractive index provided in the AERONET database to m = 1.55+0.0015i ); we
call this the Bond approach. All of these methods inherently assume that the absorbing
aerosols are externally mixed, which contradicts the AERONET retrieval assumptions
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and severs the link to the radiation field. Consequently, no known aerosol microphysical
properties (i.e., component size distributions and complex refractive indices) can simul-
taneously describe the component AAODs that they report and the measured radiance
fields in the AERONET database.

This last point is very important. AERONET provides a set of microphysical aerosol5

properties that can be used to accurately compute the radiance field at the surface.
This link to the radiance field is the strength of the AERONET product, and therefore
must be respected when we interpret the AERONET results. Reformulating the model
assumptions in a manner that is not consistent with the original retrieval can produce
results that are inconsistent with the radiance measurements. Thus, this lack of con-10

sistency with the AERONET retrieval model is an unaccounted source of error that still
needs to be evaluated for the AAE and Bond techniques.

Our constrained refractive index approach is substantially different than the AAE and
Bond approaches. Since we are constraining our retrievals to the AERONET refractive
indices and using the same size distributions and forward modeling code to compute15

AAOD as the operational AERONET algorithm, our column AAODs are constrained
to the values reported by AERONET (and therefore have the same uncertainty). Be-
cause of this constraint, any uncertainty associated with sC refractive index or density
does not propagate into sC AAOD; rather, the retrieval adjusts the sC volume mixing
ratio to maintain a mixture that matches the AERONET column refractive indices (and20

therefore AAOD). Thus, the constrained refractive index approach results in identical
sC AAODs for any assumed sC refractive index and density.

Consequently, the 15.4 % uncertainty in sC volume fraction associated with uncer-
tainty in the sC density and component refractive indices that we reported in Sect. 4.2
does NOT carry forward into the AAOD computations. We can not emphasize this25

enough. That is, since our sC retrieval is constrained by the AERONET imaginary in-
dices at the red and near-infrared wavelengths where it is the only absorbing aerosol
species (e.g. Fig. 1, and Lindberg et al., 1993), the sC AAOD associated with our re-
trievals is unaltered by the choice of sC density or refractive index. Additionally, our
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approach provides a mass absorption cross section (MACsC) for each retrieval that
can be checked against measurements and models. Finally, since our mixtures main-
tain the AERONET internal mixture assumption and are constrained by the AERONET
refractive indices, our approach maintains a link to the measured radiance fields.

6 Conclusions5

We present a method of distinguishing the relative concentrations soot carbon (sC),
brown carbon, and iron oxide aerosol species in the atmosphere. The approach de-
termines a mixture of absorbing and scattering aerosols that is consistent with the
complex refractive indices provided by each AERONET retrieval. The method initially
assumes that all carbonaceous aerosols are located in the fine aerosol mode, and that10

all iron oxides are located in the coarse aerosol mode. However, the retrieval allows
some carbonaceous aerosols to populate the coarse mode, and some hematite to pop-
ulate the fine mode (if this is necessary to reproduce the AERONET refractive indices).
The solution for sC is unique because it is the only aerosol species with significant ab-
sorption at the red and near-infrared wavelengths. The solution for brown carbon and15

iron oxide is more ambiguous than the soot carbon retrieval, but the result for these
other absorbers could be improved with better characterization of the refractive indices
for those components.

The results show sensible regional and seasonal variability of the component
aerosols, with the highest proportion of carbonaceous aerosols occurring at the sea-20

sonal biomass burning sites. The iron oxide mixing ratios and hematite/goethite ratios
are also consistent with the values published in the scientific literature.

Our approach maintains the same internal mixture assumption that is employed by
the operational AERONET product, and is constrained by the AERONET refractive
indices; thus, there is a robust connection between our aerosol mixtures and the ra-25

diances measured with the AERONET sun photometers. This is not the case for the
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Bond et al. (2013) and AAE approaches, which utlize external mixture assumptions for
the absorbing aerosols.

We also present a sensitivity study, which indicates a 15.4 % uncertainty in retrieved
sC concentration that is mainly associated with ambiguity of the sC refractive index doc-
umented in Bond and Bergstrom (2006). We note that this uncertainty in soot carbon5

mass does not carry forward to the sC AAOD or radiative forcing uncertainty, though.
This is because the sC retrieval is constrained by the AERONET refractive indices
at the red and near infrared wavelengths, where it is essentially the only absorbing
aerosol. Consequently, the AAOD (and radiative forcing) computed using our sC re-
trieval and the AERONET size distribution matches the AERONET AAOD at those10

wavelengths, regardless of reasonable assumptions for the component aerosol refrac-
tive indices and densities.
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Table 1. Refractive indices used to test sensitivity of this retrieval to component aerosol optical
properties. The subscript “rnir” refers to the red and near infrared wavelengths, and krnir is the
average k for the 670–1020 nm wavelengths.

Species k(440) k(λrnir)
k(440)
k(λrnir)

λrnir (µm) Reference

This retrieval

Soot Carbon 0.790 0.790 1.0 0.670–1.020 Bond and Bergstrom (2006)
Brown Carbon 0.063 0.001 63.0 0.700 Kirchstetter et al. (2004)
Hematite 1.229 0.127 9.7 0.670–0.700 Chen and Cahan (1981)
Goethite 0.068 0.120 0.6 0.660–0.700 Bedidi and Cervelle (1993)

Other measurements

Soot Carbon 0.630 0.630 1.0 0.670–1.020 Bond and Bergstrom (2006), low extreme
Brown Carbon 0.127 0.006 21.2 0.670–0.700 Sun et al. (2007), WSOC
Brown Carbon 0.016 0.002 8.0 0.670–0.700 Sun et al. (2007), WIOC
Brown Carbon 0.035 0.001 35.0 0.600 Chen and Bond (2010)
Hematite 0.27 0.006 45.0 0.650 Kerker et al. (1979) ∗

Hematite 0.59 0.040 14.8 0.675 Gillespie and Lindberg (1992)

∗ As tabulated by Hsu and Matijević (1985).
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Table 2. AERONET sites used in this study.

West Africa (waf):
Agoufou, Banizoumbou, IER_Cinzana, DMN_Maine_Soroa,
Ouagadougou, Djougou, Saada, Capo_Verde, Dahkla, Dakar,
Ilorin, Quarzazate, Santa_Cruz_Tenerife, Tamanrasset_INM,
Tamanrasset_TMP.

Middle East (mea):
Solar_Village, Nes_Ziona, SEDE_BOKER, Dhabi, Hamim.

South Africa (saf):
Mongu, Skukuza.

South America (sam):
Alta_Floresta, Cuiaba, CUIABA-MIRANDA, Abracos_Hill,
Balbina, Belterra, SANTA_CRUZ.
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Table 3. Maximum monthly climatological averages for absorbing components of the fine (f)
or coarse (c) mode, in percent by volume. The AERONET sites are listed in Table 2 and the
regions correspond to West Africa (WAF), Middle East (MEA), South Africa (SAF), and South
America (SAM).

Mode WAF MEA SAF SAM

Soot carbon f 1.0 0.4 3.0 1.7
Brown carbon f 5.8 2.1 3.7 5.7
Iron c 1.7 1.6 1.3 1.3
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Table 4. Maximum and median BrC volume fractions, and BrC/sC mass ratios retrieved for fine
mode aerosols at the biomass burning sites during the peak of the burning seasons (August–
September for South America, July–September for southern Africa), using different BrC refrac-
tive indices. The refractive index used for sC is msC = 1.95+0.79i .

Maximums Medians

fBrC
BrC
sC fBrC

BrC
sC

South America
Sun et al. (2007) 1 0.183 8.0 0.014 0.8
Kirchstetter et al. (2004) 0.343 15.2 0.028 1.5
Chen and Bond (2010) 1 0.658 27.5 0.051 2.7
Sun et al. (2007) 2 1.000 47.7 0.116 6.5

Southern Africa
Sun et al. (2007) 1 0.111 5.8 0.012 0.4
Kirchstetter et al. (2004) 0.230 11.8 0.023 0.7
Chen and Bond (2010) 1 0.414 21.2 0.043 1.3
Sun et al. (2007) 2 0.842 45.2 0.105 3.2

1 Upper Limit; 2 Lower Limit.
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Table 5. Volume fractions of hematite, goethite, and free iron for “pure” dust, and the volume
percentage of iron associated with hematite (%H = Vhem/(Vhem+Vgoe)×100) at the West African
sites, using different refractive indices for hematite.

Maximums Medians

fhem fgoe firn %H fhem fgoe firn %H

Chen and Cahan (1981) 0.009 0.029 0.034 93 0.004 0.007 0.011 38
Gillespie and Lindberg (1992) 0.015 0.030 0.042 83 0.008 0.008 0.016 50
Hsu and Matijević (1985) 0.025 0.030 0.052 84 0.012 0.009 0.021 58
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Figure 1. Imaginary refractive index of several absorbing aerosols. Bon06 – soot carbon (Bond
and Bergstrom, 2006); Che81 – hematite (Chen and Cahan, 1981); Gil92 – hematite (Gillespie
and Lindberg, 1992); Hsu85 – hematite (Hsu and Matijević, 1985); Bed93 – goethite (Bedidi and
Cervelle, 1993); Sun07 – brown carbon (Sun et al., 2007); Kir04 – brown carbon (Kirchstetter
et al., 2004); Che10 – brown carbon (Chen and Bond, 2010); Dust – range of AERONET dust
climatologies over Africa and the Middle East.
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Bimodal Retrieval

Compute mixture 
refractive index 

(via Maxwell-Garnett):

f1, f2, fhost, nhost

Free 
Parameters:

f1, f2, fhost, nhost kmix
i

AERONET Mixing Model

Fine Coarse Fine Coarse

�2 ! �2
min?

No

Yes

Figure 2. Schematic illustrating carbonaceous aerosol retrieval (sC and BrC) for the fine mode
and free iron retrieval (goethite and hematite) for the coarse mode. AERONET provides refrac-
tive indices for uniform particles, and the retrieval uses different components for each mode to
find a mixture that matches the AERONET refractive indices.
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Figure 3. Shaded area indicates imaginary refractive indices at the AERONET wavelengths
that are possible with mixtures of 0–5 % by volume of iron oxide in the form of hematite and/or
goethite (as denoted by the orange isolines). The bottom border of the shaded area represents
a 0 % hematite isoline, and the top border represents a 0 % goethite isoline. The x axis is
an average for the 670, 870, and 1020 nm wavelengths. Solid black line presents spectrally
invariant refractive index, as expected for black carbon. Solid grey lines indicate OC/BC mass
mixing ratios of 1, 5, 10, and 20 when no absorbing dust is present.
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Figure 4. AERONET Level 2.0 imaginary refractive index at 440 nm vs. the 670–1020 nm av-
erage; color code corresponds to the absorption Angstrom exponent. Top panel: data over the
Middle East, filtered to retain only dust (i.e., require fine volume fractions less than 0.05 and
depolarizations greater than 0.2 at the 532 nm wavelength). Vertical magenta line denotes the
median. Bottom panel: South America biomass burning sites for August and September. The
vertical dashed line at k(670–1020) = 0.0042 separates 95 % of the two datasets. See Table 2
for a listing of AERONET sites used in these regions.
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Figure 5. Boxplots for the Level 2.0 imaginary refractive indices averaged over the 670–
1020 nm wavelengths at the AERONET sites listed in Table 2. Circles represent medians, box
edges are the 25th and 75th percentiles, whisker ends are the 5th and 95th percentiles. Grey
bars indicate the number of data points contributing to each boxplot. The Middle East (mea)
and west Africa (waf) sites are filtered for dust using two different methods. Biomass burning
sites are considered only during the peak of the biomass burning seasons (August–September
for South America, or sam; July–September for South Africa, or saf). The dashed blue line illus-
trates that krnir = 0.0042 separates at least 95 % of the dust and biomass imaginary refractive
indices.
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Figure 6. Flowchart showing absorbing aerosol retrieval process. Initially, all carbonaceous
species are assumed to occupy the fine mode and all iron oxide (hematite, goethite) is assumed
to occupy the coarse mode. If BrC/sC > 15.2 would be required for a 2-component mixture,
then hematite is used instead of BrC to characterize the spectral dependence of the refractive
index in the fine mode (branch A). Likewise, if the retrieved absorption at the red and near-
infrared wavelengths is above a threshold of krnir = 0.0042, then the hematite and goethite
fractions are fixed at the values we retrieved for “pure” African dust, and some carbonaceous
aerosol is assumed to occupy the coarse mode (branch D).
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Figure 7. All level 2.0 retrievals for the West African AERONET sites of Table 2, including
mixtures of biomass burning and dust. Many of the points are located above the uppermost
grey line, which would require BrC/sC ratios greater than 15.2 for a mixture containing only
carbonaceous aerosols. Likewise, retrievals to the right of the shaded area require iron oxide
volume mixing ratios greater than 5 % if no carbonaceous aerosol is included.
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Figure 8. Column mass concentrations of sC (top row), BrC (middle row), and iron oxide (bot-
tom row) retrieved from Level 2.0 AERONET data for January (left column) and August (right
column). Minimum number of retrievals is 25 for each site.
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Figure 9. Upper panels: monthly-averaged column concentrations of retrieved sC, BrC, and
free iron in the fine and coarse modes at the West Africa and southern African sites (fine mode
iron is negligible at these scales). Note the difference in y axis scales. Lower panels: monthly
averaged volume fractions at the same sites. Error bars represent the SD of the means. Number
of retrievals per month shown along upper axes; only months with more than 20 retrievals are
shown in plots.
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Figure 10. Colormaps showing the volume fraction of absorbing species associated with each
absorber. Data located mainly on the left is from the West African sites, data on the right
corresponds to the biomass burning season at the South American sites.
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Figure 11. Relative bias associated with component refractive index uncertainty, utilizing 18
combinations of the refractive indices listed in Table 1. Each group of bars utilizes either the
lowest (L) or highest (H) sC refractive index recommended by Bond and Bergstrom (2006).
Groups of bars are also labeled according to the four BrC refractive index sources in Table 1;
color code denotes hematite refractive index source. Baseline components are denoted by the
diamond. Note that the sC bias associated with refractive index uncertainty is always less than
15 %. See Table 1 for refractive index citations.
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Figure 12. Same as Fig. 11, except y axis is BrC (top panel) and free iron (bottom panel)
relative biases.
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Figure 13. Retrieval schematic for AERONET (gray shading) and subsequent sC retrievals re-
ported in the literature. The size distribution and the complex refractive index are the indepen-
dent variables that are iterated in the AERONET product; AAOD and AAE are computed from
these parameters. Maroon shading denotes various techniques that are based upon AAOD;
blue shading denotes this study, which is based upon the refractive index.
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