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Black carbon (BC) is functionally deﬁned as the absorbing component of atmospheric total carbonaceous aerosols (TC) and is
typically dominated by soot-like elemental carbon (EC). However,
organic carbon (OC) has also been shown to absorb strongly at
visible to UV wavelengths and the absorbing organics are referred
to as brown carbon (BrC), which is typically not represented in
climate models. We propose an observationally based analytical
method for rigorously partitioning measured absorption aerosol
optical depths (AAOD) and single scattering albedo (SSA) among
EC and BrC, using multiwavelength measurements of total (EC, OC,
and dust) absorption. EC is found to be strongly absorbing (SSA of
0.38) whereas the BrC SSA varies globally between 0.77 and 0.85.
The method is applied to the California region. We ﬁnd TC (EC +
BrC) contributes 81% of the total absorption at 675 nm and 84% at
440 nm. The BrC absorption at 440 nm is about 40% of the EC,
whereas at 675 nm it is less than 10% of EC. We ﬁnd an enhanced
absorption due to OC in the summer months and in southern California (related to forest ﬁres and secondary OC). The fractions and
trends are broadly consistent with aerosol chemical-transport models as well as with regional emission inventories, implying that we
have obtained a representative estimate for BrC absorption. The
results demonstrate that current climate models that treat OC as
nonabsorbing are underestimating the total warming effect of carbonaceous aerosols by neglecting part of the atmospheric heating,
particularly over biomass-burning regions that emit BrC.
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lack carbon (BC) emitted from combustion sources such as
automobile exhaust and biomass burning (1–3) absorbs solar
radiation in both the visible and the near-infrared spectra and is
estimated to be a principal contributor to global atmospheric
warming (4). The short atmospheric lifetime of BC aerosol particles, typically of the order of 1 wk (5, 6), compared with greenhouse gases (which have atmospheric lifetimes of several years or
decades) results in BC being not well mixed in the atmosphere
but instead geographically and temporally correlated to emission
sources. For this reason, reducing BC emissions is an attractive
control strategy for climate change that is expected to have a more
immediate and regional impact (4, 7, 8). The state of California
appears to be a successful example where aggressive control
policies for vehicular diesel emissions and domestic wood burning
have produced a near 50% decrease in BC concentrations (9).
This decline in conjunction with the near-static concentrations of
primarily scattering aerosol particles (such as sulfates) may have
led to a large negative change in the direct radiative forcing (9).
A simpliﬁcation in such model estimates of aerosol forcing is
that BC is considered to be equivalent to elemental carbon (EC),
and the organic fraction of carbonaceous aerosols [organic carbon (OC)] is treated as scattering and is therefore found to have
a cooling impact on the climate (10, 11). It is important to realize
not only that BC from all emission sources contains both elemental and organic fractions (12), but also that nonsoot OC,
particularly that emitted from biomass burning processes, has
a signiﬁcant absorbing component at short wavelengths that may
be comparable to the EC absorption (13–17). Consequently, OC
that is weakly absorbing in the visible and near-UV spectra may
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also contribute to the warming potential of aerosols. In addition
to their differing spectral dependence, the wide range of optical
properties reported for EC, OC, and mineral dust in the literature (18–22) leads to uncertainties in estimating the absorption
attributable to these species. Whereas the attribution of ambient
aerosol absorption to EC may be a reasonable approximation
in areas dominated by fresh soot emissions, it may lead to misleading estimates of the aerosol forcing when other light-absorbing particles are present.
In more complex environments, a separation of the total absorption into different chemical species is therefore essential,
both for constraining the large uncertainties in current aerosolforcing estimates (23) and for informing any emissions-based
control policy. Recent studies reporting the fractions of EC, OC,
and mineral dust absorption follow one of three general approaches. First, measured optical and size distribution properties
of the aerosol are related to spatial emission patterns to determine the dominant absorbing species (24–27); second, detailed
aerosol transport and chemistry models are used in conjunction
with assumed optical properties to estimate absorption that is
validated against measurements (28–33); and third, closure studies
are performed to relate collocated chemically resolved measurements of aerosol mass with optical measurements (34, 35). A
recent study by Chung et al. (36) exploited the wavelength dependence of the absorption aerosol optical depths (AAOD) of
BC, brown carbon (BrC), and dust aerosols to resolve their relative contribution to the observed absorption optical depths, but
used published values for the wavelength dependence of AAOD
for OC (brown carbon) and assumed the single scattering albedo
(SSA) for EC and OC instead of self-consistently determining
these critical properties from observations. This study uses the
formalism of Chung et al. without invoking the assumptions noted
above. Speciﬁcally, the present approach offers the following major improvements: (i) By solving for BC and BrC simultaneously
we eliminate the need for assumption of total carbonaceous aerosol (TC) properties that depend on source-speciﬁc compositions.
(ii) The OC AAE is determined empirically by exploiting measurements at the longer wavelengths of 870 and 1020 nm. (iii) We
consider scattering optical depths to better constrain the phase
space on the basis of size. (iv) Finally, we also offer empirical
estimates of the SSA. The proposed empirical scheme requires
only a single set of aerosol optical measurements, allowing for
spatial and temporal coverage on a nearly global scale. We provide a robust set of constraints that will allow climate modelers to
improve the estimation of the BrC aerosol forcing.
The remainder of this paper is organized as follows: We describe the equations composing our partitioning scheme; the
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equations are parameterized using an observational dataset as
input; the scheme uses observations from California as a test
case to determine EC, OC, and dust absorption; our estimates
are compared with model predictions and emission inventories;
and ﬁnally we comment on the limitations of our scheme and the
scope for future applications.
Partitioning AAOD
The total aerosol optical depth (AOD) represents the total light
extinction due to scattering and absorption by an aerosol and is
related to the AAOD through the SSA as
AAODðλÞ = ð1 − SSAðλÞÞ × AODðλÞ:

[1]

The AOD and AAOD are extensive properties that depend on
the total aerosol concentration, whereas the SSA (the fraction of
total aerosol extinction due to scattering) is an intensive property
that depends only on the aerosol composition; however, the
value of all three depends on the wavelength of the incident
light. The spectral dependence of the AOD and AAOD is related to reference values with an exponential dependence
AODðλÞ = AODref λ=λref

−EAE

AAODðλÞ = AAODref λ=λref

−AAE

:

The ground-based Aerosol Robotic Network (AERONET), a
globally distributed network of automated sun and sky radiometers
(41), provides long-term, continuous, and readily available measurements of aerosol optical properties that are an ideal resource
for this study. In addition to multiband retrievals of AOD between 340 and 1,020 nm from direct sun measurements, the inversion algorithm provides SSA (and corresponding AAOD)
estimates from sky radiance measurements at 440, 675, 870, and
1020 nm (42).
Absorption Angstrom Exponent
Because the primary focus of this work is partitioning absorption
in the visible and near-UV spectra, we select the three shortest
AERONET wavelengths for the remainder of our analysis. We
designate the angstrom exponents for AOD and AAOD between 440 and 675 nm as SAE1 and AAE1 and similarly the
angstrom exponents between 675 and 870 nm as SAE2 and
AAE2, respectively.
Several AERONET sites are dominated by emissions corresponding to a single absorbing aerosol (25). To determine the
angstrom exponents and SSA for the pure species in Eq. 4, we have
selected sites typically dominated by speciﬁc sources related to
dust, EC, and OC with details in Table S1. In addition to providing

[2]

In the classical formulation, the extinction angstrom exponent
(EAE) and absorption angstrom exponent (AAE) are thought to
be constants; however, recent studies have shown them to depend on the wavelength, particle size, and particle composition
(37–39). Because the total AAOD is an extensive property, the
contributions due to EC, OC, and dust are additive such that
AAODðλÞ = AAODEC ðλÞ + AAODOC ðλÞ + AAODdust ðλÞ: [3]
Eqs. 2 and 3 can be combined to generate a set of independent
equations that compose our primary formulation:
−AAEEC;i

+ AAODref;OC λi =λref

−AAEOC;i

+ AAODref;dust λi =λref

−AAEdust;i

[4]
:

If the AAOD is known in at least three wavelengths (i.e., i = 1, 2,
3), the three-part Eq. 4 can be solved for the three unknown
reference AAOD values corresponding to EC, OC, and dust,
which can then in turn be used to partition the AAOD at any
wavelength (Fig. S4). The complete set of AAE values parameterizes these equations and constrains the phase space in which
physically relevant solutions exist. There are only two inherent
assumptions in this formulation: First, the AAE values for the
component absorbing species EC, OC, and dust are intrinsic
properties that are not dependent on the mixing state; and second, the measured AAOD value represents a well-mixed sample
of these species.
The full implementation of this method requires knowledge
of the AAE values to partition the AAOD and of the SSA values
to determine the AOD. In theory a number of pathways can be
used to determine these parameters, but as stated in the introductory section, in this work we rely only on empirical values
derived from optical measurements of ambient aerosols. Finally,
because the absorption and scattering components of extinction
can be related to aerosol chemistry and size, respectively (40), we
use the scattering angstrom exponent (SAE) in place of the EAE
for the remainder of this work.
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AAODðλi Þ = AAODref;EC λi =λref

Fig. 1. (A–E) Scatter plots of AAE1 and SAE1 calculated from AERONET
measurements at (A) dust (DU), (B) BB, (C) UF, (D) NF, and (E) CA sites.
Dashed lines illustrate the threshold values of SAE1 = 0.5, SAE1 = 1.2, and
AAE1 = 1.5 used to separate dust-dominated and dust-free regimes.
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source, and the total aerosol concentration and therefore can be
considered robust representations of pure EC. Because both OC
and dust have a stronger spectral dependence than EC, any observed values of AAE lower than these mean values correspond
to BC-dominated aerosols, leading to our third constraint: If
AAE1 < 0.55 and AAE2 < 0.83, AAOD = AAODEC.
The calculation of OC absorption angstrom exponents requires one additional assumption. Because OC absorbs primarily
in the UV wavelength and at shorter visible (λ < 700 nm) wavelengths (13, 44), we modify Eq. 4 such that
AAODOC ð870Þ = 0:

Fig. 2. Mean value of AAE1 determined by averaging the frequency distribution for AERONET sites in Table S1. The dashed line shows a ﬁt to the
mean value.

insights into pure component properties, the varying geographic
location and sources associated with these sites allow us to test our
hypothesis that AAE and SSA are intrinsic properties.
Dust aerosols have a crustal origin distinct from the combustion-related origin of carbonaceous aerosols and have been shown
to have signiﬁcantly different wavelength dependences of absorption and scattering (25), allowing us to establish thresholds
in AAE1 and SAE1 for identifying dust-dominated and dust-free
measurements. We provide the detailed analysis and corresponding ﬁgures in SI Text. Measurements with SAE1 < 0.5 are
found to be dust dominated and for pure mineral dust we ﬁnd
AAE1 = 2.20 ± 0.50 and AAE2 = 1.15 ± 0.40. The conditions
SAE1 > 1.2 or AAE2/AAE1 > 0.8 correspond to dust-free (alternatively, carbon-dominated) measurements (Fig. S1) and AAE1
calculated for total carbon is found to be 1.06 [nonurban fossil fuel
(NF)], 1.14 [urban fossil fuel (UF)], and 1.28 [biomass burning
(BB)], agreeing well with the value of 1.0 typically reported for BC
(20). It is important to note two subtle yet important conclusions
based on these values. First, the similarity in magnitude across
varied geographical regions and emission sources (Figs. S3 and S4)
supports the hypothesis that the absorption angstrom exponent is
an inherent intrinsic property. Second, the differences can be attributed to different relative amounts of elemental and organic
carbon (43), with biomass-burning aerosols containing a larger
organic fraction and therefore having a larger absorption angstrom
exponent than fossil fuel aerosols.
Fig. 1 illustrates the relationship between AAE1 and SAE1 for
all AERONET measurements included in this study. Whereas
the separation between dust-dominated and dust-free measurements based on the threshold values is clear, all fossil fuel and
biomass-burning measurements occupy a continuous region of
the phase space and the separation of pure EC and pure OC
contributions requires additional analysis. Because EC has a
weaker spectral dependence than OC, we can posit that the lower
end of the AAE1 values reﬂects absorption due to EC. Fig. 2
illustrates the mean values of AAE1 calculated by averaging
different fractions of the total frequency distribution at the different AERONET sites. We ﬁnd that the mean AAE1 value asymptotically converges to 0.55 ± 0.24, representing the average
low-end baseline for the absorption angstrom exponent. We relate this value to pure EC, again noting that varying amounts of
co-occurring OC raise this value in ambient measurements. A
similar analysis gives us a value of AAE2 = 0.83 ± 0.40 for EC.
These values are found to be independent of the location, the
17368 | www.pnas.org/cgi/doi/10.1073/pnas.1205910109

[5]

In dust-free regions the total AAOD at 870 nm is entirely due to
EC, and the EC AAODs at 675 and 440 nm are calculated using
Eq. 2. Finally, Eq. 3 is used to calculate the OC AAODs at these
two wavelengths, and the value of AAE1 for OC can be determined (because we assume OC does not absorb at 870 nm,
AAE2 is undeﬁned). The frequency distribution of OC AAE1
determined in this fashion is illustrated in Fig. 3 and is found
to have a narrow distribution centered around 4.5 for all sites,
further supporting our hypotheses that the absorption angstrom
exponent is an intrinsic property. The mean value is found to be
4.55 ± 2.01.
Table 1 summarizes the values of absorption angstrom exponents determined in this work and compares them with the ranges
of values reported in the literature, both based on measurements
and determined from models using an assumed refractive index.
The AAE values for dust and total carbon lie within the ranges
reported in the literature and typically agree well with the central
values. The AAE values for EC determined in this study are lower
than literature values, and the values for OC lie toward the upper
end reported in the literature. This indicates that EC and OC
(treated as pure chemical species in this study) are typically
comingled in combustion studies, even close to the source. Recent
modeling studies have examined the effect of internal mixing
between EC and OC on the AAE using a Mie-scattering algorithm in conjunction with a core-shell assumption (38, 45). OC
coatings (representing internal mixing) are found to change the
AAE for BC from 0.7 (no particles coated) to 0.1 (all particles
coated), with this range being consistent with the value of 0.55 ±
0.24 calculated in this work. One ﬁnal caveat needs to be considered in our approach: Any absorption by ﬁne-mode dust (high

Fig. 3. Normalized frequency distribution of the OC absorption angstrom
exponent determined from biomass burning (BB), California (CA), nonurban
fossil fuel (NF), and urban fossil fuel (UF) sites between 440 and 675 nm.
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Table 1. Absorption angstrom exponents for dust, total carbon, BC, and OC determined in this
study and the ranges reported in the literature
This work
Species
Dust
Total carbon
BC/EC/soot
OC

Literature,
modeled

Literature, measured

AAE1

AAE2

AAE

Refs.

AAE

Refs.

±
±
±
±

1.15 ± 0.50
1.23 ± 0.40
0.85 ± 0.40
—

1.0–4.0
1.0–1.3
0.8–1.1
1.8–7.0

(22, 25, 50, 51)
(19, 25, 52, 53)
(35, 43)
(13, 19, 25, 35, 43, 54–56)

1.0–1.7
1.00
3.0–6.0

(38)
(38)
(28, 57)

2.20
1.17
0.55
4.55

0.50
0.40
0.24
2.01

AAE, high SAE) would be masked by absorption due to OC. Fig.
1A illustrates, however, that less than 1% of observations in
regions with signiﬁcant dust absorption lie in this phase space,
consistent with most mineral dust being found in the coarse mode
(46), and similarly less than 10% of points in the other regions fall
in the coarse-dust region. We therefore do not expect signiﬁcant
errors due to ﬁne-dust absorption.
Single Scattering Albedo
Whereas the total AAOD can be attributed to BC, OC, and dust
using Eq. 4, a similar partitioning of the AOD is not possible due
to the variable contribution of purely scattering aerosols. To
reconstruct the AOD for the absorbing species, we estimate the
pure species single scattering albedo by a recursive numerical
approach. The SSA is calculated at sites where each absorbing
species is expected to be dominant; for example, BC SSA is
determined only from fossil fuel-dominated sites. In summary,
the derived SSAs for dust and OC (Fig. S2) are consistent with
the range of values reported in the literature (Table S2) and both
become more absorbing at shorter wavelengths. The spectral
dependence of EC SSA on the other hand is weak and within the
error at each bar at each wavelength; therefore, we use the value
at 870 nm (with no OC and minimal dust absorption) for EC. We
ﬁnd a higher SSA for EC (0.38) than that typically reported by
measurements (0.15–0.30). The published estimates are for
aerosol particles generated in the laboratory or calculated in
models (GOCART) whereas our SSA is based on ambient
observations that are likely to reﬂect atmospherically processed
EC that may have contamination from internally and/or externally mixed organics. This mixing will tend to enhance the
aerosol SSA and therefore our SSA values should be considered
as an upper limit. Our analysis constrains the EC SSA at 440 nm
to values between 0.15 and 0.48, with an average value of 0.38. It
should be noted that the derived SSA does not inﬂuence the
absorption estimates because AAODs were derived independent
of the SSAs.

California Case Study
With the complete set of AAE and SSA values, Eq. 4 with its
associated constraints for dust-dominated, dust-free, and ECdominated regimes can be applied to any set of multiwavelength
absorption measurements. Here we apply this method to California, which provides an ideal test case due to varied aerosol
emissions sources and readily available aerosol measurements
and emission inventories. Although the CA AERONET dataset
with valid SSA measurements is of insufﬁcient size to construct
a complete climatology, we can assess the seasonal and regional
trends in aerosol properties and compare them to Goddard
Chemistry, Aerosol, Radiation, and Transport (GOCART) model
(29) predictions and regional emission estimates (47). The sensitivity of these results to the selected AAE parameterization is
examined in Table S2. We deﬁne north-central California to be
one region (north of 35 N) and southern California to be the
other, such that both contain ﬁve operational AERONET sites,
and the year is divided into two seasons: winter–spring from
December to May and summer–fall from June to November.
Table 2 summarizes the trends in AOD and AAOD for the absorbing species on the basis of the CA measurements and the
GOCART model. Because SSA retrievals are valid only when
the total AOD > 0.4 (42), comparing the absolute values results
in a signiﬁcant bias. We therefore report the AOD and AAOD
fractions normalized by the total. In the seasonal comparison, we
ﬁnd that dust contributes a higher fraction of the AAOD in the
winter–spring months (19% in northern California and 72% in
southern California) compared with the summer–fall months
(7% in northern California and 3% in southern California).
Although the southern winter value may be anomalously high
due to a few outliers, this general trend is consistent with transPaciﬁc transport of dust seen in California in the winter months
(48). We ﬁnd a much higher absorption attributed to OC in the
summer–fall months (27% in the north and 39% in the south)
compared with the winter–spring months (15% in the north and
9% in the south), which is consistent with the California wildﬁres

This work 440 nm

AAOD
Northern and central California (>35 N)
Southern California (<35 N)
AOD
Northern and central California (>35 N)
Southern California (<35 N)
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GOCART 550 nm

This work 675 nm

Season

n

Dust

OC

BC

Dust

OC

BC

Dust

OC

BC

December–May
June–November
December–May
June–November

77
150
35
66

0.19
0.07
0.72
0.03

0.15
0.27
0.09
0.39

0.66
0.65
0.18
0.57

0.51
0.46
0.50
0.38

0.11
0.11
0.10
0.11

0.38
0.43
0.40
0.52

0.12
0.05
0.64
0.02

0.03
0.07
0.03
0.11

0.84
0.88
0.33
0.87

December–May
June–November
December–May
June–November

26
87
35
66

0.11
0.05
0.52
0.01

0.05
0.11
0.03
0.14

0.08
0.10
0.03
0.07

0.25
0.23
0.25
0.19

0.05
0.05
0.05
0.05

0.02
0.02
0.02
0.03

0.04
0.02
0.36
0.01

0.01
0.01
0.01
0.03

0.06
0.09
0.05
0.12
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Table 2. Dust, OC, and BC fraction of the total AAOD and AOD as determined from AERONET (this work) and the GOCART model in
California

associated with these months (49). BC makes up between 57%
and 60% of the AAOD in all cases (Fig. S6), indicating that
there are no seasonal or regional trends in California fossil fuel
emissions. Regionally, dust comprises a higher fraction of the
AAOD in northern California (consistent with transport events)
and OC comprises a higher fraction in the south. The regional
pattern may be an indication of absorption due to secondary
organics that are typically present in high concentrations in the
urban areas of southern California. We ﬁnd good agreement in
the OC fraction between our observationally constrained method
and the GOCART predictions, with calculated values between
15% and 39% at 440 nm and 3% and 11% at 675 nm, bracketing
the modeled fraction of 11% at 550 nm. We ﬁnd a lower contribution and higher variability in the dust (7–72%) compared
with those of GOCART, which attributes between 38% and 51%
of AAOD to dust. One possible explanation for this difference is
that the AERONET sites are primarily located along the coast
and may not be sampling dust lofted from exposed lakebeds in
inland California and the desert regions of Nevada and Arizona.
Finally, we ﬁnd that the three absorbing species compose between 16% and 52% of the total AOD, which is typically lower
(except the anomalously high southern California winter value)
than the 27–32% predicted by GOCART, indicating that the
aerosol represented by AERONET measurements is more scattering. This difference can again be explained by the inﬂuence of
the coastal sites that typically have a larger fraction of optical
extinction due to purely scattering sea-salt and sulfate particles.
The total AOD and AAOD (at 675 nm) for dust, EC, and OC
are illustrated in Fig. 4 A and B, respectively: Although these are
based on high pollution events, they still agree with the regional
trends in emissions illustrated in Fig. 4C, indicating that our
method provides a reasonable partitioning between the three
species. Finally, Fig. 4D provides a unique wavelength-dependent

perspective on the relative contribution of OC absorption: Although it is negligible at long wavelengths, it comprises up to
50% of the EC absorption at short wavelengths, indicating that
the treatment of OC as being absorbing is critical for successful
estimations of aerosol forcing. This result is consistent with
measurements conducted in the Los Angeles basin that attributed between 25% and 30% of UV light absorption to organic
carbon species and between 50% and 62% to black carbon
particulates (17).
Conclusions
We have proposed an empirical method for determining the
fraction of aerosol absorption attributable to dust, OC, and EC
that exploits the differences in wavelength dependence for the
principal absorbing species. We have self-consistently determined the AAE and SSA values associated with these species
on the basis of a large global ensemble of AERONET measurements dominated by speciﬁc emission types. The parameter
values are based entirely on observations and therefore do not
require the assumption of aerosol chemical and physical properties such as refractive index, mixing state, or size distributions.
These values are found to be consistent with those reported in
the literature and in use in current aerosol models, in particular
the AAE value for total carbon close to the theoretical value of
1.0. The method has been applied to California as a test case,
where we ﬁnd an enhanced absorption due to dust in the winter
months and due to OC in the summer months. We ﬁnd that
OC on average contributes 28% to the total absorption at the
shortest wavelength (440 nm), providing a good ﬁrst-order estimate for the so-called brown carbon absorption that is presently
poorly quantiﬁed.
We conclude by commenting on the general applicability of
this method. Although we recommend values for the model

Fig. 4. (A–C) Species-resolved (A) AOD, (B) AAOD, and (C) emissions in California for EC, OC, and dust. (D) Wavelength-dependent relative absorption of
OC and EC.
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laboratory, ground-based, and remote satellite measurements.
Finally, the analyses indicate the existence of signiﬁcant BrC absorption that has been largely overlooked in climate models.

parameters based upon a global dataset, the equations can be
ﬁne tuned to any region by following the procedures outlined
here for determining the SSA and AAE values. Because the only
required input for the equation is a multiband measurement
of the total absorption depth, the AERONET results reported
here can be extended to the large ensembles of available diverse
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SI Text
Aerosol Robotic Network. The ground-based Aerosol Robotic

Network (AERONET), a globally distributed network of automated sun and sky radiometers (1), provides long-term, continuous, and readily available measurements of aerosol optical
properties that are an ideal resource for this study. In addition to
multiband retrievals of aerosol optical depth (AOD) between
340 and 1020 nm from direct sun measurements, the inversion
algorithm provides single scattering albedo (SSA) [and corresponding absorption aerosol optical depth (AAOD)] estimates
from sky radiance measurements at 440, 675, 870, and 1020 nm
(2). Several AERONET sites are dominated by emissions corresponding to a single absorbing aerosol (3). To parameterize
Eq. 4 with absorption angstrom exponent (AAE) values for elemental carbon (EC), we use fossil fuel-dominated sites separated
into urban and nonurban regions. Similarly, we use biomass-burning–dominated sites to parameterize organic carbon/brown carbon (OC/BrC)- and dust-dominated sites for dust. Table S1
provides the details of the sites selected for this analysis sorted
into regions dominated by dust (DU), biomass burning (BB),
urban fossil-fuel (UF), nonurban fossil-fuel (NF) emissions; and
geographically in the state of California (CA). We use the daily
average quality-assured data (designated as Version 2, Level 2.0)
in this work. This limits the total number of valid SSA (and corresponding AAOD) retrievals; however, there are signiﬁcant data
for the results to be statistically signiﬁcant.
Dust Absorption Angstrom Exponent. Because dust and carbonaceous aerosols have distinct sources and differing chemical and
physical properties (3), the determination of dust absorption
characteristics is the ﬁrst logical step in our analysis. However,
ambient dust is often mixed with anthropogenic and biogenic
pollution even at desert sites (and conversely, combustiondominated sites show inﬂuence of dust) (4) and the entire dataset
of measurements from dust dominated (DU) sites (Table S1)
cannot be used to determine properties for pure dust. Compared
with combustion aerosols that are predominantly in the ﬁne
(submicron) mode close to sources, dust particles are dominated
by coarse (supermicron) mode particles that have a weak spectral
dependence for the total extinction (5). At the same time, dust
particles absorb more strongly at shorter wavelengths, so we can
establish thresholds in AAE1 and scattering angstrom exponent
SAE1 for identifying dust-dominated (and dust-free) measurements (3). Fig. S1A shows the normalized probability distribution
of SAE1 determined from the AERONET data summarized in
Table S1. We ﬁnd a clear separation between the DU and biomass-burning (BB)/urban- and nonurban-sites fossil fuel (UF +
NF) measurements. A threshold value of 0.5 in SAE1 results in
a good separation, with 76% of DU measurements satisfying the
condition extinction angstrom exponent (EAE)1 < 0.5, compared with only 1% of BB/FF measurements. Fig. S1B shows a
larger overlap when only AAE1 is considered, with 72% of DU
measurements and 17% of BB/FF measurements satisfying the
condition AAE1 > 1.5. The AAE2 overlap for all datasets (Fig.
S1C), and there appears to be a separation when the AAE2/
AAE1 ratio is considered (Fig. S1D). Due to the existing overlaps in any one of these frequency distributions, we use a dual
threshold to rigorously identify dust-dominated measurements:
SAE1 < 0.5 and (AAE1 > 1.5 or AAE2/AAE1 < 0.4). This
condition is satisﬁed by 66% of the DU points and less than 0.5%
of BB/FF points. We calculate the angstrom exponents for pure
Bahadur et al. www.pnas.org/cgi/content/short/1205910109

dust by averaging these measurements and ﬁnd AAE1 = 2.20 ±
0.50 and AAE2 = 1.15 ± 0.40.
We follow a similar procedure for establishing threshold values
for identifying dust-free (alternatively, carbon-dominated) measurements. We select the conditions SAE1 > 1.2 or AAE2/AAE1 >
0.8 that are satisﬁed by 97% of all BB/FF measurements and 18%
of the DU measurements. The mean values for AAE1 calculated
from dust-free measurements for absorption due to total carbon
are 1.06 (FF), 1.14 [nonurban fossil fuel (NF)], and 1.28 (BB),
agreeing well with the value of 1.0 typically reported for black
carbon (6).
Sensitivity to AAE. Due to the exponential nature of Eq. 4, it is
possible that the choice of AAE for the three absorbing species
may have a signiﬁcant impact on the AAOD partition. Using the
California AERONET data as a comparative case study, we recalculate the AAOD for dust, OC (BrC), and black carbon (BC),
using the extreme values of AAE reported in Table 1 to determine the sensitivity of the partitioning method to the parameterization. The results are summarized in Table S2 at 440 nm.
For the various cases, we still ﬁnd that BC is the primary absorber
(except when we select the low extreme value for both the BC
and the OC AAE), contributing about 45% of the total AAOD,
with dust and OC making up the remainder. The partitioning for
dust is most stable, with dust AAOD varying between 0.005 and
0.011, and the highest variability is found in OC absorption, with
the AAOD varying between 0.000 (negligible) and 0.014. This
result is consistent with the SAE-AAE phase space we have
deﬁned, because dust absorption is clearly separated, whereas
OC/BC partitioning is less deﬁned.
Calculating Single Scattering Albedo. To fully parameterize our
partitioning method, we need to determine the SSA for the three
pure components. Unlike the AAE, the SSA cannot be determined from a simple average of observations because each measurement is inﬂuenced by (an unknown amount of) comingled
scattering species such as sulfates or nitrates. Instead, using an
ensemble of measurements we try to locate the limiting case via
extrapolation where the inﬂuence of scattering aerosols is negligible, and the SSA may be therefore be attributed to the absorbing species only. To determine this limit mathematically, we
ﬁrst need to establish a linear relationship between the SSA and
AOD. In a mixture of an absorbing aerosol A and nonabsorbing
aerosol N, the scattering optical depth, SAOD, and the absorption optical depth, AAOD, can be written as

SAOD ¼ SAODA þ SAODN

[S1]

AAOD ¼ AAODA þ AAODN :

[S2]

Furthermore, because SSA = SAOD/(SAOD + AAOD), we can
rewrite the above equations as
ðSSAÞAOD ¼ ðSSAA ÞAODA þ ðSSAN ÞAODN

[S1a]

ð1 − SSAÞAOD ¼ ð1 − SSAA ÞAODA þ ð1 − SSAN ÞAODN :
[S2a]
Realizing that SSAN = 1, the ratio of the two equations yields
1 of 8

SSA=ð1 − SSAÞ ¼ SSAA =ð1 − SSAA Þ
þ kðAOD − AODA Þ=AODA ;

[S3]

where k = 1/(1 − SSAA) and the limit of AOD = AODA represents the point where the aerosol consists entirely of a single
absorbing species (the limit of interest). The advantage of formulating the AOD as a difference in this manner is that this 0
limit allows us to mathematically isolate the contributions from
a single absorbing species (such as EC or BrC) whereas all absorbing species coexist to a certain degree even in emissions
dominated by a single species. The pure component SSA can be
calculated by applying Eq. S3 to sets of observations likely to be
dominated by a single absorbing species to minimize deviation
from the limit of AOD − AODA = 0; i.e., BC SSA is determined
from the fossil fuel-burning stations in Table S1, OC SSA is
determined from the biomass-burning stations, and dust SSA is
determined from the dust-dominated stations. As written, Eq. S3
cannot be directly solved because it contains two unknowns,
SSAA and AODA, with SSA and AOD composing the ensemble
of observations. Instead, we determine SSAA recursively, using a
least-squares regression with an assumed value of SSAA applied
to Eq. S3, treating observed SSA/(1 − SSA) as the y (dependent)
variable and (AOD − AODA)/AODA as the x (independent)
variable. For a given set of observations, values of SSA and
AAODA (based on our partition scheme) are known. We then
assume a (initial) value of SSAA from the literature (Table S3),
allowing us to calculate AODA and (recursively) determine the yintercept (corresponding to the limit of absorption by a single
species), and recalculate a new value of SSAA that is then treated
as the new “assumed’ value, and then the process is repeated.
When the assumed and calculated SSA values agree within a
tolerance of 10%, we consider the solution to have converged.
Fig. S2 illustrates the SSA (at 675 nm) calculated for EC, OC,
and dust, using AERONET sites grouped by region. We ﬁnd
similar values among the different regions, indicating that similar
to the AAE, the SSA appears to be an intrinsic chemical property
largely independent of the emission source and region. The
corresponding wavelength dependence is summarized in Table
S3, which also shows the range of corresponding measured values
and those currently used in the Goddard Chemistry, Aerosol,
Radiation, and Transport (GOCART) model.
Concentration Independence of Intrinsic Properties. A limitation of
the AERONET dataset used to tune the equations in this work
is that SSA retrievals are valid only when the AOD (440 nm) >
0.4, i.e., high pollution events. This raises the possibility that the
intrinsic properties we calculate—the AAE and the SSA—may
be biased and not universal for dust, EC, and OC. Fig. S3 illustrates the measured SSA and calculated AAE1 as a function
of the measured AOD for the AERONET sites listed in Table
S1. We ﬁnd that the AAE is independent of the measured AOD
1. Holben BN, et al. (2001) An emerging ground-based aerosol climatology: Aerosol
optical depth from AERONET. J Geophys Res Atmos 106(D11):12067–12097.
2. Dubovik O, King MD (2000) A ﬂexible inversion algorithm for retrieval of aerosol
optical properties from sun and sky radiance measurements. J Geophys Res Atmos 105
(D16):20673–20696.
3. Russell PB, et al. (2010) Absorption Angstrom Exponent in AERONET and related data
as an indicator of aerosol composition. Atmos Chem Phys 10:1155–1169.

Bahadur et al. www.pnas.org/cgi/content/short/1205910109

and that the biomass sites have the largest AAE, consistent with
a higher absorbing OC fraction at these sites, whereas the North
American urban sites have the lowest AAE, again consistent with
a larger EC fraction.
Similarly, the scatter plot shows the independence of SSA
relative to the AOD, although all measurements with SSA correspond to high pollution events; i.e., AOD > 0.4. We ﬁnd that
SSA at 675 nm is generally higher than SSA at 440 nm; this is
consistent with aerosols becoming less absorbing at longer
wavelengths, i.e., loss of absorption due to OC and dust. These
scatter plots suggests that there is no bias in the AERONET for
the SSA and AAE measurements.
In addition to regional averages, we have also examined the
dependence of AAE and SSA on the AOD at individual AERONET sites to isolate any bias. Again, we ﬁnd that these properties are independent of the total aerosol depth (Fig. S4) and are
likely a function only of the mixing state of the aerosols.
Error Estimation in Method. Fig. S5 illustrates the AAOD reconstructed from Eq. 4 compared with the AERONET measured
value using 675 nm as the reference wavelength. The discrepancy
in values corresponds to the error introduced by the partitioning
method. We ﬁnd that at 440 nm the AAOD is overestimated by
0.5% on average, and at 870 nm the AAOD is underestimated by
4.0%. Negative values of AAOD for at least one of the species
are predicted for 27 of the 342 measurements (7%); these values
are excluded from determining ensemble averages. These relatively small values of error indicate that the method based upon
a set of global measurements is fairly robust and applicable even
at the regional scale.
Overall, we ﬁnd that the partitioning scheme reproduces between 95% and 100% of the measured AAOD at all wavelengths
and produces nonphysical results for ∼8% of all measurements.
However, we contend that these uncertainties are not unreasonably large, and the method reproduces seasonal and regional
trends that are consistent with observed emission patterns.
Relative Absorption by EC, OC, and Dust. Fig. S6 illustrates the
relative contributions of dust, OC, and EC to the AAOD at 440
nm in California. We ﬁnd that dust is the weakest absorber in
California, but also has the highest variability, with a mean
AAOD of 0.005 ± 0.018. OC comprises the next highest fraction,
with a mean AAOD of 0.009 ± 0.014, and EC has an average
AAOD of 0.018 ± 0.012. The average contributions to the total
AAOD are 15% (dust), 28% (OC), and 56% (EC). Finally, only
measurements with a high AAE/low EAE have signiﬁcant dust
absorption, and correspondingly measurements with high AAE/
high EAE have signiﬁcant OC absorption, with BC absorption
being predominant at low AAE values. These trends are consistent with those expected for dust, biomass burning, and fossil
fuel aerosols, respectively (3).
4. Eck TF, et al. (2010) Climatological aspects of the optical properties of ﬁne/coarse mode
aerosol mixtures. J Geophys Res Atmos 115:D19205.
5. Kim D, et al. (2011) Dust optical properties over North Africa and Arabian Peninsula
derived from the AERONET dataset. Atmos Chem Phys 11:10733–10741.
6. Bond TC, Bergstrom RW (2006) Light absorption by carbonaceous particles: An
investigative review. Aerosol Sci Technol 40:27–67.
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Fig. S1. (A–D) Normalized frequency distributions for the (A) scattering angstrom exponent (440–675 nm); (B) absorption angstrom exponent (440–675 nm);
(C) absorption angstrom exponent (675–870 nm); and (D) AAE2/AAE1 ratio measured at DU (brown), BB (green), UF (red), and NF (blue) AERONET sites listed
in Table S1.
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Fig. S2. Calculated SSA value at 675 nm for EC, OC, and dust, using AERONET stations segregated into source regions as described in Table 1.
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Fig. S3. (A–D) The calculated AAE1 for the total aerosol as a function of AOD at (A) 440 nm and (B) 675 nm and the measured SSA at (C) 440 nm and (D) 675
nm from AERONET sites listed in Table S1.

Fig. S4. (A–C) Calculated AAE1 for the total aerosol as a function of AOD at 440 nm. (D–F) Measured SSA at 440 nm from selected AERONET sites listed
in Table S1.
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Fig. S5. (A–C) Comparison of AAOD from CA sites measured from AERONET and reconstructed from Eq. 4 at (A) 440 nm, (B) 675 nm, and (C) 870 nm.
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Fig. S6. (A–C) Fraction of AAOD in CA attributed to (A) dust, (B) OC, and (C) EC at 440 nm.

Table S1. AERONET sites used to obtain AOD and AAOD measurements
Group

Dominant emission source

DU

Dust

BB

Biomass burning

UF

Urban sites, fossil fuel
combustion

NF

Nonurban sites, fossil fuel
and mixed sources

CA

Mixed (all in California)

Sites
Tamanrasset (Algeria), Solar Village (Saudi Arabia),
Hamim (United Arab Emirates), Eilat (Israel)
Abracos Hill (Brazil), Alta Floresta (Brazil), Belterra (Brazil),
Campo Grande (Brazil), Petrolina (Brazil), Rio Branco (Brazil),
Mongu (Zambia), Skukuza (South Africa)
Billerica (MA, USA), City College of New York (NY, USA),
Fresno (CA, USA), Goddard Space Flight Center (MD, USA),
Halifax (Canada), MD Science Center (MD, USA), Hamburg (Germany),
Institute for Tropospheric Research Leipzig (Germany), Istituto per lo
Studio delle Dinamica delle Grandi Masse (Italy), Mainz (Germany),
Palaiseau (France), Rome (Italy), Hong Kong (China), Karachi (Pakistan),
New Delhi (India), Taipei Central Weather Bureau (Taiwan),
Kanpur (India)
Appledore Island (NH, USA), Bondville (IL, USA), Sioux Falls (SD, USA),
Walker Branch (MI, USA), Cleveland Area Rapid Transit Oklahoma (OK, USA),
Hyttiala (Finland), Tenerife (Spain), Toravere (Estonia), Villefranche (France),
Dongsha Island (China), Gandhi College (India), Pantnagar (India),
Xanthi (China)
Fresno, La Jolla, Jet Propulsion Laboratory, Monterey, Moss Landing,
San Nicholas, Table Mountain, Trinidad Head, University of California
Los Angeles, University of California Santa Barbara
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Valid SSA
retrievals

Reference

1,312

(1)

1,452

(2, 3)

2,105

(4)

1,385

(4)

342
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Table S2. Sensitivity of AAOD partitioning to choice of AAE for the California case study
Perturbation

Dust

OC

BC

California AAOD at 440 nm
Base conditions (AAE values listed in Table 1)
BC AAE1 = 0.79, AAE2 = 1.25
BC AAE1 = 0.31, AAE2 = 0.45
OC AAE1 = 6.56
OC AAE1 = 2.54
BC AAE1 = 0.79, OC AAE1 = 6.56
BC AAE1 = 0.31, OC AAE1 = 2.54
Dust AAE1 = 1.70, AAE2 = 0.65
Dust AAE1 = 2.70, AAE2 = 1.65

0.009
0.008
0.008
0.005
0.007
0.011
0.007
0.006
0.011

0.007
0.005
0.009
0.000
0.012
0.003
0.014
0.009
0.005

0.017
0.020
0.016
0.028
0.014
0.019
0.012
0.018
0.017

Table S3. Wavelength-dependent single scattering albedo determined in this work compared
with literature values
SSA, this work

BC
OC
Dust

SSA, measured

SSA, GOCART

440 nm

675 nm

870 nm

550 nm

Ref.

550 nm

Ref.

0.480
0.772
0.870

0.428
0.801
0.901

0.386
1.000
0.941

0.15–0.30
0.85–0.95
0.90–0.95

(1–4)
(2, 6, 7)
(6–8)

0.20–0.50
0.90–1.00
0.60–0.90

(5)
(5)
(5)
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