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Abstract. Recent results from diverse air, ground, and lab-
oratory studies using both radiometric and in situ techniques
show that the fractions of black carbon, organic matter, and
mineral dust in atmospheric aerosols determine the wave-
length dependence of absorption (often expressed as Absorp-
tion Angstrom Exponent, or AAE). Taken together, these re-
sults hold promise of improving information on aerosol com-
position from remote measurements. The main purpose of
this paper is to show that AAE values for an Aerosol Robotic
Network (AERONET) set of retrievals from Sun-sky mea-
surements describing full aerosol vertical columns are also
strongly correlated with aerosol composition or type. In par-
ticular, we find AAE values near 1 (the theoretical value
for black carbon) for AERONET-measured aerosol columns
dominated by urban-industrial aerosol, larger AAE values
for biomass burning aerosols, and the largest AAE values
for Sahara dust aerosols. These AERONET results are con-
sistent with results from other, very different, techniques,
including solar flux-aerosol optical depth (AOD) analyses
and airborne in situ analyses examined in this paper, as
well as many other previous results. Ambiguities in aerosol
composition or mixtures thereof, resulting from intermedi-
ate AAE values, can be reduced via cluster analyses that
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supplement AAE with other variables, for example Extinc-
tion Angstrom Exponent (EAE), which is an indicator of
particle size. Together with previous results, these results
strengthen prospects for determining aerosol composition
from space, for example using the Glory Aerosol Polarime-
try Sensor (APS), which seeks to provide retrievals of multi-
wavelength single-scattering albedo (SSA) and aerosol op-
tical depth (and therefore aerosol absorption optical depth
(AAOD) and AAE), as well as shape and other aerosol prop-
erties. Multidimensional cluster analyses promise additional
information content, for example by using the Ozone Mon-
itoring Instrument (OMI) to add AAOD in the near ultravi-
olet and CALIPSO aerosol layer heights to reduce height-
absorption ambiguity.

1 Previous results on connections between aerosol type
and remotely sensible properties

Recent research (e.g., IPCC 2007; Myhre, 2009) has em-
phasized that assessments of aerosol effects on climate re-
quire globally distributed information not just on aerosol
amount (as conveyed, e.g., by maps of aerosol optical depth
(AOD)), but also on aerosol characteristics such as size,
composition and optical properties, including especially ab-
sorption. Kaufman et al. (2002) and Yu et al. (2009) have
shown that it is possible to retrieve useful information on
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Table 1. Attributes of the campaigns that produced the results in Figs. 1–3.

Campaign name Acronym Location Dates Research focus

Tropospheric Aerosol Radiative
Forcing Observational Experi-
ment

TARFOX US Atlantic coast Jul 1996 Aerosol radiative forcing

Puerto Rico Dust Experiment PRIDE Puerto Rico Jun–Jul 2000 Sahara dust in Caribbean
Southern Africa Regional Sci-
ence Initiative

SAFARI Southern Africa Aug–Sep 2000 Dry season aerosols

Aerosol Characterization
Experiment-Asia

ACE-Asia Asian Pacific coast Mar–May 2001 Asian Pacific aerosol

International Consortium for At-
mospheric Research on Transport
and Transformation

ICARTT New England Atlantic coast Jul–Aug 2004 NE US and downwind
aerosols

Megacity Initiative: Local and
Global Research Observations

MILAGRO Mexico City to Gulf of
Mexico

Mar 2006 Mexico City and downwind
aerosols

aerosol type, and indeed to help distinguish natural from an-
thropogenic aerosols, by using the aerosol size information
contained in the wavelength dependence of AOD retrieved
from the spaceborne instrument MODIS (see Appendix for
acronyms). Also, many recent suborbital measurements
have shown that there are persistent connections between
aerosol composition and the wavelength dependence of ab-
sorption. In this section we summarize previous results re-
lating aerosol composition and/or type to remotely sensible
properties, as an introduction to the Aerosol Robotic Net-
work (AERONET) results presented in Sect. 2.

1.1 The solar flux-AOD technique and results

The solar flux-AOD technique (Bergstrom et al., 2003, 2004,
2007, 2009) uses a radiative transfer model to solve for the
spectrum of aerosol single scattering albedo (SSA, the ra-
tio of scattering to extinction) that provides the best match
between measured and calculated spectra of atmospheric ab-
sorption of solar radiation. The measured absorption spec-
trum is obtained as the difference of net flux spectra mea-
sured at the top and bottom of an atmospheric aerosol layer
by Solar Spectral Flux Radiometer (SSFR, Pilewskie et al.,
2000, 2003). (A related technique uses flux measurements
only at layer bottom e.g., Redemann et al., 2006.) The cal-
culated absorption spectrum uses the layer AOD spectrum,
obtained as the difference between AOD spectra measured
at layer bottom and top by an Ames Airborne Tracking Sun-
photometer (AATS, Matsumoto et al., 1987, Russell et al.,
2005, 2007). The technique also provides the layer’s aerosol
absorption optical depth (AAOD) spectrum, obtained as

AAOD(λ) = [1−SSA(λ)] AOD(λ), (1)

whereλ is wavelength. The technique is applied in condi-
tions where little or no clouds are present to affect the solar
flux measurements.

Recently Bergstrom et al. (2007) showed that spectra of
aerosol SSA and AAOD obtained by the solar flux-AOD
technique in different regions of the world varied signifi-
cantly from region to region, in ways that could be ascribed
to regional aerosol composition. Figure 1 summarizes the
Bergstrom et al. (2007) results, and Table 1 summarizes lo-
cations and other characteristics of the campaigns in which
the results were obtained.

SSA spectra obtained by the solar flux-AOD technique
(Fig. 1 top left) have several desirable features:

1. They are obtained from direct measurements of radiant
absorption and AOD.

2. Results describe the layer aerosol in its ambient state
(without loss of large or small particles or condensed
volatiles like water, organics, and nitrates).

3. Results cover a wide wavelength range, from near-UV,
across the visible, and into the near-IR.

4. This wavelength range includes all or most aerosol-
measurement wavelengths of many spaceborne and air-
borne sensors (e.g., OMI, MISR, MODIS, CALIPSO,
HSRL, Glory APS, RSP, POLDER).

5. The radiative calculations use an albedo spectrum for
the surface-plus-atmosphere below the aircraft obtained
directly from SSFR-measured upwelling and down-
welling flux.

6. Use of the net flux difference between two altitudes to
obtain the intervening absorption greatly reduces sen-
sitivity to absorbing gases above and below the inter-
vening layer, as well as to aerosol scattering asymmetry
factor.

The difference in SSA spectral shapes and magnitudes from
region to region in Fig. 1 (top left frame) is striking. So

Atmos. Chem. Phys., 10, 1155–1169, 2010 www.atmos-chem-phys.net/10/1155/2010/



P. B. Russell et al.: Absorption Angstrom Exponent in AERONET 1157

acp-2009-484-manuscript-version3iAC.docPage 26 of 30 9:52 AM, 25 January 2010 
 

 

 
Figure 1. Top: Spectra of Single Scattering Albedo (SSA) derived by the solar flux-AOD 
technique, reproduced from Bergstrom et al. (2007), with corresponding Aerosol Absorption 
Optical Depth (AAOD) spectra. (See Appendix for experiment acronyms.) The TARFOX 
absorption results are from laboratory analysis of collected aerosol samples, since SSFR did not 
fly in TARFOX. Bottom: Absorption Angstrom Exponent (AAE) values for the AAOD spectra 
above. The two AAE values for SAFARI are for different wavelength ranges (1.45 for 325-1000 
nm, 1.11 for 325-1685 nm). 
 

325- 
1685  
nm 

325- 
1000  
nm 

Fig. 1. Top: Spectra of Single Scattering Albedo (SSA) derived by the solar flux-AOD technique, reproduced from Bergstrom et al. (2007),
with corresponding Aerosol Absorption Optical Depth (AAOD) spectra. (See Appendix for experiment acronyms.) The TARFOX absorption
results are from laboratory analysis of collected aerosol samples, since SSFR did not fly in TARFOX. Bottom: Absorption Angstrom
Exponent (AAE) values for the AAOD spectra above. The two AAE values for SAFARI are for different wavelength ranges (1.45 for
325–1000 nm, 1.11 for 325–1685 nm).
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Figure 2. Scatter plot of AAE vs. organic fraction of submicron non-refractory aerosol mass, 
color coded by scattering Angstrom exponent. Results are from in situ measurements of aerosols 
by absorption photometer, nephelometer, and aerosol mass spectrometer on the C-130 mostly 
over Central Mexico during MILAGRO in March 2006. (Shinozuka et al., 2008, 2009; DeCarlo 
et al., 2008; see Appendix for acronyms.) AAE and SAE are for total particles observed behind 
the aircraft inlet (i.e., not submicron aerosol). 

                    
                             

Correlation with  
organic mass  
fraction 

Shortwave 
absorption 
enhancement 
due to dust 

           

Organic fraction of submicron non-refactory mass 

Fig. 2. Scatter plot of AAE vs. organic fraction of submicron non-refractory aerosol mass, color coded by scattering Angstrom exponent.
Results are from in situ measurements of aerosols by absorption photometer, nephelometer, and aerosol mass spectrometer on the C-130
mostly over Central Mexico during MILAGRO in March 2006. (Shinozuka et al., 2008, 2009; DeCarlo et al., 2008; see Appendix for
acronyms.) AAE and SAE are for total particles observed behind the aircraft inlet (i.e., not submicron aerosol).

is the change in coalbedo (1 minus SSA) over a relatively
short wavelength range for some of the spectra. For exam-
ple, PRIDE coalbedo changes from∼0.24 to∼0.04 (a factor
of 6) between 315 and 700 nm.

Figure 1 (top right frame) shows the spectra of AAOD cor-
responding to the SSA spectra in the top left frame, with
the addition of TARFOX (US mid-Atlantic coast, urban-
industrial aerosol). (The TARFOX absorption results are
from laboratory analysis of collected aerosol samples, since
SSFR did not fly in TARFOX.) Another striking feature of
Fig. 1 is that the very different shapes of SSA spectra in the
top left frame all convert to AAOD spectra that can be fit-
ted, to first approximation, by straight lines on the log-log
plot. (We discuss departures from the straight-line fits later.)
These fits are power laws, given by

AAOD = Kλ−AAE, (2)

where AAE is Absorption Angstrom Exponent. What dis-
tinguishes the AAOD spectra in Fig. 1 from each other is
their slopes, i.e., their AAE values. The two experiments
conducted in summer off the US East coast, TARFOX and
ICARTT, have AAE close to 1. This is the theoretical AAE
value for black carbon (Bergstrom, 1973; Bohren and Huff-
man, 1983), suggesting that aerosol absorption for this lo-
cation and season is dominated by black carbon (a poten-
tial source of which is diesel exhaust). The next steeper
slope, AAE = 1.45 (for wavelengths 325 to 1000 nm), is for
biomass burning aerosols in southern Africa. And the steep-
est slopes, AAE = 2.27 and 2.34, are for aerosols containing

mineral dust, with the lesser of the two, 2.27, being for a mix
of Asian dust and pollution. Figure 1 (bottom frame) shows
AAE results from the five experiments.

1.2 Airborne in situ measurements of composition, ab-
sorption, and scattering

Figure 2 shows measurements made on the C-130 aircraft in
MILAGRO (Shinozuka et al., 2009; DeCarlo et al., 2008)
that show similar behavior to that in Fig. 1, even though they
were made entirely independently of the Fig. 1 results. The
horizontal axis in Fig. 2 is the organic fraction of submicron
non-refractory aerosol mass. Here “non-refractory” follows
the empirical definition of Shinozuka et al. (2009), i.e., con-
sisting of those species that evaporate in a few seconds under
high vacuum at 600 C; it includes essentially all the organic
species and most sulfates and nitrates, including their ammo-
nium salts. The vertical axis is AAE calculated as a best fit of
Eq. (2) to in situ aerosol absorption measurements at wave-
lengths 470, 530, and 660 nm (i.e., one straight line fitted to
three data points in log-log coordinates). The color code for
data points in Fig. 2 is scattering Angstrom exponent (SAE,
=−1lnσ /1lnλ, whereσ is scattering coefficient), which re-
lates inversely to particle size. AAE and SAE are for total
particles observed behind the aircraft inlet (i.e., not submi-
cron aerosol). Dark blue points indicate the smallest SAE
values (hence the largest size), indicative of the presence of
dust in this experiment. (See Fast et al., 2007 and Aiken et
al., 2009 for descriptions of likely dust sources near Mexico
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Figure 3. Representative spectra of SSA and absorption coefficient for selected OMF and AAE values in 
Figure 2. Error bars are from Shinozuka et al. (2009). 
 

Fig. 3. Representative spectra of SSA and absorption coefficient for selected OMF and AAE values in Fig. 2. Error bars are from Shinozuka
et al. (2009).

City, which include wind-blown bare soil, re-suspension by
vehicles, a cement plant, and a limestone quarry.) If the dark
blue points are excluded, the remaining points are described
fairly well by the straight line shown. Note that the line has
intercept AAE = 1, the value for pure black carbon. (The rar-
ity of data points with AAE = 1 is consistent with the elec-
tron microscope results of Adachi and Busek (2008), which
showed that most Mexico City particles containing black car-
bon were coated with organic matter and sulfates.) Thus, the
data in Fig. 2 show that:

– When neither dust nor organics are present (i.e., organic
fraction = 0 and dark blue points excluded), AAE = 1,
indicating black carbon is the dominant absorber;

– When dust is absent (dark blue points excluded), in-
creasing organic fraction is accompanied by increasing
AAE;

– For a given organic fraction, the presence of dust in-
creases AAE still more.

It should be noted that some of the trend in Fig. 2 of AAE
increase with OMF is likely due to different mixing of an ur-
ban (lower OMF, lower AAE) and biomass burning source
(higher OMF, higher AAE). This source mixing does not
change the observations given above. Although the wave-
length range of the Fig. 2 results is limited (λ = 470, 530,
660 nm) compared to Figure 1 (∼325–1670 nm), the similar-
ity of these Fig. 2 general results to those discussed in con-
nection with Figure 1 is noteworthy. Also noteworthy is the
great difference in techniques used to generate the two fig-
ures: Fig. 1 used radiometric measurements (solar flux and
AOD), and Fig. 2 used in situ measurements by nephelome-
ter, absorption photometer, and aerosol mass spectrometer.
Even the experiment locations differ: Fig. 1 comes from the

US Atlantic coast, Caribbean, East China Sea, and South
Africa, whereas Fig. 2 comes from Central Mexico and the
Gulf of Mexico (see Shinozuka et al. (2009) for related dis-
cussion).

Figure 3 shows another aspect of the recent MILAGRO
C-130 results that is consonant with the flux-AOD results:
although the SSA spectra (left frame) vary considerably in
slope and curvature, the corresponding absorption coefficient
spectra (right frame) are to first order all power laws (i.e.,
nearly straight lines on the log-log plot) with negative slope,
and increasing Organic Mass Fraction (OMF) yields larger
slopes (AAE values). The slight curvature of the absorption
coefficient spectra in Fig. 3 (right frame), characteristic of or-
ganics, is discussed further in Section 1.3. Note also that the
SSA spectra in Fig. 3 (left frame) change slope,1SSA/1λ,
from negative to positive as OMF increases from 0.3 to 0.7.
This also is discussed further in Sects. 1.3 and 2.

1.3 Additional in situ field and laboratory measure-
ments

The results in Figs. 1–3 are also consistent with several pre-
vious aerosol absorption results surveyed by Bergstrom et
al. (2007). These include both the laboratory studies of
Kirchstetter et al. (2004) and the field studies of Clarke et
al. (2007), Roden et al. (2006), Sierau et al. (2006), Virkkula
et al. (2006), and Schnaiter et al. (2006). These studies show
that not only is AAE for organic species (sometimes called
brown carbon) larger than for black carbon (e.g., Bond, 2001;
Kirchstetter et al., 2004; Schnaiter et al., 2003), AAE for
organic species can depend on wavelength (increasing for
decreasing wavelength), whereas it is independent of wave-
length for black carbon. The dependence of AAE on wave-
length can be seen in Fig. 1 for the SAFARI case: note that
AAE is 1.45 over the range 325–1000 nm, but 1.11 over
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the range 325–1685 nm. It is also evident in Fig. 3 (right
frame), increasingly so for increasing organic mass fraction.
Taking into account all the above and additional references,
Bergstrom et al. (2007) conclude that AAE can be as large
as 6, and they show some measurements of AAE<1, no-
tably for Houston during GoMACCS in 2006 (Bates et al.,
2008; Massoli et al., 2008). The GoMACCS measurements
of AAE<1 are from thousands of shipborne scattering and
absorption measurements that yielded a distribution ranging
from AAE ∼0.3 to 3 with median values of∼0.84, 0.91, &
1.07 for wavelength pairs 530 and 660, 467 and 660, and
467 and 530 nm, respectively. Gyawali, et al. (2009) show
that values of AAE<1 (and indeed>1) can result from black
carbon coated with either absorbing or nonabsorbing mate-
rial, a point explored further by the calculations of Lack and
Cappa (2010).

Other recent references showing large values of AAE for
organic species include McMeeking (2008), McMeeking et
al. (2008), Lewis et al. (2008), Barnard et al. (2008), San-
dradewi et al. (2008), Martins et al. (2009), and Yang et
al. (2009). Sandradewi et al. (2008) used the AAE difference
between BC and organics to determine the relative contribu-
tions of traffic and wood burning to the carbonaceous mass
of particulate matter in an Alpine valley town. McMeek-
ing’s work showed that the AAE values depended strongly
on modified combustion efficiency (MCE), a measure of fire
combustion conditions (flaming vs. smoldering). This de-
pendence, coupled with the above-mentioned dependence of
AAE on the proportion of black carbon vs. organic species
in aerosols, produced a strong dependence of AAE on MCE.
For example, as MCE increased from 0.8 to 1.0 (correspond-
ing to the change from smoldering to flaming pine needles),
AAE decreased from 4.6 to∼1. Simultaneously, the ratio of
elemental carbon to total carbon increased from∼0 to∼0.5.
These results offer the promise of using remote measure-
ments of AAE (ideally combined with other remotely sensed
variables) to determine whether a particular biomass smoke
layer resulted from flaming or smoldering combustion. Yang
et al. (2009) also apportioned the absorption by aerosols in
China to black carbon, brown carbon, and dust, attributing
the high AAE values of dust to the presence of ferric oxides.

Three recent papers (Barnard et al., 2008; Marley et al.,
2009; Corr et al., 2009) report enhanced absorption in the
300–500 nm wavelength range for aerosols in the Mexico
City area. Corr et al. (2009) find SSA having little or no
wavelength dependence for the wavelength pair 332 and
368 nm, with values varying between∼0.70 and∼0.86.
Barnard et al. (2008) also find SSA having little or no wave-
length dependence between∼300 and∼400 nm, with values
varying between∼0.67 and∼0.78. Barnard et al. (2008)
report a steep increase in SSA between∼400 and 500 nm,
with SSA(500 nm)∼0.87 to 0.95, and decreasing SSA from
500 to 870 nm, with SSA(870 nm)∼0.81 to∼0.93. They
attribute the enhanced absorption forλ <400 nm to organic
matter, as do Marley et al. (2009). (Strong UV absorp-

tion by very many organic species is documented by Jacob-
son (1998), although not expressed as SSA(λ).) The posi-
tive 1SSA/1λ found by Barnard et al. betweenλ=400 and
500 nm is similar to the positive1SSA/1λ shown in Fig. 3
(left frame) for MILAGRO C-130 results with OMF≥0.5,
although the different measurement wavelengths used by the
C-130 and Barnard et al. prevent exact comparisons.

AAOD spectra calculated from the SSA and AOD val-
ues in Barnard et al. (2008) do not follow a power law
with near-constant AAE over their wavelength range (300–
870 nm), and hence Barnard et al. find AAE values that are
strongly dependent on wavelength pair (3.2 to 5.1 for 300–
500 nm; 1.9 to 2.6 for 300–870 nm). In contrast, Marley et
al. (2009) find a different, and relatively restricted, range of
AAE (0.63 to 1.5 including both 2003 and 2006 field cam-
paigns) over the wavelength range 370 to 950 nm. Bergstrom
et al. (2009) report wavelength-dependent AAE from Solar
flux-AOD analyses of airborne measurements in the Mexico
City area and over the Gulf of Mexico. Hence, further re-
search is needed to understand the differences among these
Mexico City results, as well as the differences between the
Mexico City results and those in Fig. 1, which are for cases
relatively far from urban areas.

1.4 Recent efforts to derive information on aerosol com-
position from AERONET retrieved complex refrac-
tive index

The ground-based AERONET network of Sun-sky radiome-
ters (Holben et al., 2001) produces measurements of solar
direct-beam transmission and sky radiance that are inverted
to yield aerosol column size distributions and complex re-
fractive indices at four wavelengths: 440, 670, 870, and
1020 nm (e.g., Dubovik & King, 2000; Dubovik et al., 2000).
Recently, Schuster et al. (2005, 2009) have demonstrated the
use of AERONET-retrieved complex refractive index to de-
rive information about both aerosol black carbon content and
water uptake. In the following section we present results of a
different but related approach that assesses the usefulness of
AERONET-retrieved SSA, AAOD, and AAE as indicators of
aerosol composition, including black carbon, organic matter,
and mineral dust.

2 AAOD spectra and AAE values from AERONET
measurements of key aerosol types

Dubovik et al. (2002a) present representative aerosol size
distributions and SSA spectra derived from 8 years of mea-
surements by AERONET Sun-sky radiometers (Holben et
al., 2001) at locations around the world where key aerosol
types tend to prevail, especially during particular seasons.
The Dubovik et al. (2002a) results were derived using the
AERONET Version 1 retrieval, with cases restricted to large
AOD, so that results for SSA differ negligibly from results
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Table 2. Color coding of sites/periods in Fig. 4, with designations by Dubovik et al. (2002a). SSA retrievals were restricted to cases with
AOD(440 nm)>0.4 for Urban-industrial, mixed, and biomass burning aerosols, and AOD(1020 nm)>0.3 and EAE(440, 780 nm)<0.6 for
desert dust. See also footnotes for further restrictions and their effects.

Color Site Period Designation N*

Black Goddard Space Flight Center, Greenbelt,
MD

Jun–Sep 1993–2000 Urban-industrial 200

Black Creteil/Paris, France Jun–Sep 1999 Urban-industrial 40
Black Mexico City All months 1999–2000 Urban-industrial 300
Black Maldives (INDOEX) Jan–Apr 1999–2000 Mixed† 150
Green Amazonian forest Biomass burning 250

– Brazil Aug–Oct 1993–1994
– Bolivia Aug–Oct 1998–1999

Green South American cerrado, Brazil Aug–Oct 1993–1995 Biomass burning 315
Green African savanna, Zambia Aug–Nov 1995–2000 Biomass burning 700
Green Boreal forest, US and Canada Jun–Sep 1994–1998 Biomass burning 250
Red-brown Bahrain-Persian Gulf All months 1998–2000 Desert dust 100
Red-brown Solar Village, Saudi Arabia All months 1998–2000 Desert dust 250
Red-brown Cape Verde All months 1993–2000 Desert dust 300

∗ Number of SSA retrievals
† The restriction of SSA retrievals to conditions with AOD(440 nm)>0.4 effectively restricts Maldives retrievals to conditions of pollution
transport from India.

using the later-developed (and currently used) AERONET
Version 2 retrieval. (Specifically, cases shown in Fig. 1 of
Dubovik et al. (2002a) were restricted to AOD(440 nm)>0.7,
and SSA results in their Table 2 were restricted as described
in our Table 2. Version 1 does not account for nonsphericity
(introduced later by Dubovik et al., 2002b, 2006). However,
as discussed by Dubovik et al. (2000, 2002a) particle non-
sphericity does not affect SSA retrieval.)

Although AAOD results are not presented by Dubovik
et al. (2002a), results in their Table 2 for SSA spectra and
average AOD values at a particular wavelength (440 or
1020 nm), together with their Fig. 1 results for typical extinc-
tion Angstrom exponents, allow calculation of representative
AAOD spectra at those locations. Figure 4 shows results of
such calculations, along with the corresponding SSA spectra
from Table 2 of Dubovik et al. (2002a). We have color-coded
the results in Fig. 4 according to the aerosol type designations
of Dubovik et al. (2002a), which apply to SSA retrievals re-
stricted at some sites to certain months, as detailed in our
Table 2.

Noteworthy features of Fig. 4, which describe the full
aerosol vertical column, are:

– The SSA spectra for AERONET locations dominated
by desert dust (red-brown curves in Fig. 4) increase
with increasing wavelength, similar to the Bergstrom
et al. (2007) SSA spectra for dust-containing aerosols
(PRIDE and ACE-Asia, Fig. 1).

– The SSA spectra for AERONET locations dominated by
urban-industrial and biomass-burning aerosols (black

and green curves in Fig. 4) decrease with increasing
wavelength, similar to the Bergstrom et al. (2007) SSA
spectra for such aerosols (ICARTT and SAFARI, top
row of Fig. 1).

– Despite the variety of AERONET-derived SSA spectral
shapes in Fig. 4, they all convert to AAOD spectra (top
right frame) that can be fitted to first order by straight
lines in the log-log plot – i.e., by power laws, as in
Bergstrom et al. (2007; Fig. 1 of this paper).

– The AERONET desert dust locations (red-brown curves
and bars in Fig. 4) clearly have the steepest AAOD
slopes (i.e., largest AAE values), consistent with both
the Bergstrom et al. (2007) results in Fig. 1 and the in
situ MILAGRO C-130 results in Fig. 2.

– Both the urban-industrial and biomass-burning
AERONET sites (black and green bars in the bottom
frame of Fig. 4) show some wavelength dependence of
AAE (increasing for decreasing wavelength), which,
as noted above, Bergstrom et al. (2007) have stated is
characteristic of organic species.

Although the distinction in AAOD slopes between urban-
industrial (black curves) and biomass-burning (green curves)
sites in Fig. 4’s upper right frame is not as clear as might be
inferred from the Bergstrom and MILAGRO C-130 results
in Figs. 1 and 2, the bars in Fig. 4’s bottom frame do show
that the green group collectively has larger average AAE than
the black group. Moreover, locations within the black group
may have aerosols containing organic species, mineral dust,
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Figure 4. Top: Spectra of AERONET-derived Single Scattering Albedo (SSA) from Dubovik et al. 
(2002a), with corresponding Aerosol Absorption Optical Depth (AAOD) spectra. Black: 
Urban/Industrial or Mixed; Green: Biomass Burning; Red-Brown: Desert Dust.  Bottom: Absorption 
Angstrom Exponent (AAE) values for the AAOD spectra above. Shading for each location indicates 
wavelength pair (in nm) for AAE calculation. GSFC=Goddard Space Flight Center, Greenbelt, MD. 
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or both in addition to black carbon, especially considering
that the AERONET results describe the full vertical column,
which can contain several aerosol layers of different type. In-
deed, Fig. 2 shows that Mexico City aerosols typically con-
tain organic species, dust, or both, and Salcedo et al. (2006),
DeCarlo et al. (2008), and Aiken et al. (2009) document that
organic species consistently contribute about half the submi-
cron mass in Mexico City aerosols, which represents a larger
fraction of organic species than at locations in the US East
Coast (Zhang et al., 2007). The larger AERONET AAE val-
ues for Mexico City as compared to Goddard Space Flight
Center (GSFC, bottom row, Fig. 4) are thus consistent with
the Bergstrom results in Fig. 1 and the MILAGRO C-130 in
situ results in Fig. 2. (This follows from GSFC’s location
near the US Atlantic coast, site of TARFOX and ICARTT,
and the Bergstrom et al. AAE values from those experiments
(AAE = 1.12 and 1.05, smallest of all the Bergstrom AAE re-
sults, suggesting black carbon dominates aerosol absorption
there).

The AERONET AAE values<1 in Fig. 4, bottom frame
(GSFC and Maldives) are consistent with the shipborne
AAE<1 results for Houston during GoMACCS cited by
Bergstrom et al. (2007, see above) and also the Gyawali
et al. (2009) results showing that black carbon with either
absorbing or nonabsorbing coatings can produce AAE<1.
Moreover, the AERONET GSFC AAE values (0.81 to 0.94,
depending on wavelength pair) are close to 1, and the dif-
ferences from 1 may simply reflect the accuracy of the tech-
nique. The Maldives AERONET AAE values (0.87 to 1.07,
depending on wavelength pair) are closer still to 1. An-
other consideration is that the AERONET results in Fig. 4
are based on the location-averaged results in Dubovik et
al. (2002a), rather than results from individual AERONET
retrievals.

The negative slopes,dSSA/dλ <0, for AERONET
biomass burning locations in Fig. 4 (green curves, left frame)
are consistent with the negative slope for SAFARI biomass
burning smoke in Fig. 1 (green curve, left frame) from the
flux-AOD technique. However, because biomass smokes
contain organics, this raises the question of consistency
with the positive slope,dSSA/dλ>0, found by Barnard et
al. (2008) for Mexico City and attributed to organics. We
speculate that at least part of the explanation is the relative
amounts of BC and organics in wildfire smokes and in the
Mexico City aerosols observed by Barnard et al. Indeed,
Fig. 3 (left frame) shows that, for the Mexico aerosols sam-
pled by the C-130 in MILAGRO, increasing OMF causes the
slope,dSSA/dλ, to change from negative to positive. As
noted above, Salcedo et al. (2006), DeCarlo et al. (2008), and
Aiken et al. (2009) found that organic species contributed
about half the submicron mass in Mexico City aerosols, a
larger fraction than at US East Coast locations (Zhang et
al., 2007). We speculate that larger ratios of BC to or-
ganic matter in wildfire smokes could be responsible for
the BC (with dSSA/dλ <0) outweighing the organic mat-

ter (with dSSA/dλ >0), but this is clearly a subject for fur-
ther research. Effects of aerosol mixtures and evolution on
AERONET-retrieved SSA spectra are explored by Eck et
al. (2005) for Asian and mid-Pacific aerosols.

A note on seasalt aerosols.Seasalt aerosols can be impor-
tant at many coastal and oceanic sites, and indeed Dubovik
et al. (2002a) include results from a 12th site, Lanai, HI (not
shown in our Fig. 4 or Table 2), which they designate as
oceanic (i.e., expected to be dominated by aerosols of mar-
itime origin, with some influence of Asian dust and pollution
in Spring – as later documented by Eck et al., 2005). We
have excluded the Dubovik et al. (2002a) Lanai results from
this paper because many studies of seasalt optical properties
(e.g., Shettle and Fenn, 1979; WMO, 1983; Koepke et al.,
1997; Hess et al., 1998; Tanre et al., 1999) indicate negli-
gible absorption (hence undefined AAE) for the AERONET
wavelength range (440–1020 nm). Indeed, the AERONET-
retrieved SSA values at Lanai are within a standard deviation
of 1.00 (specifically, 0.98, 0.97, 0.97, 0.97±0.03 at 440, 670,
870, and 1020 nm, where the 0.03 is the standard deviation
of the 150 SSA retrievals at Lanai. Moreover, as pointed
out by Dubovik et al. (2002a), the small AOD at Lanai
(AOD(440 nm) usually less than 0.15) causes the AERONET
retrieval uncertainty for aerosol absorption and SSA to be
significantly larger than for the other sites, where SSA re-
trievals were restricted to cases with AOD(440 nm)≥0.4.
Thus, the technique emphasized in this paper, of using AAE
as an indicator of aerosol composition (or even combining
AAE and EAE, as in Sect. 3) is not applicable to pure seasalt
aerosol, because of undefined AAE. Even in the case of
seasalt mixed with enough absorbing material (BC, OC or
dust) to produce a well defined AAE, that AAE would be
characteristic of the absorbing material, not seasalt. How-
ever, another approach, applicable to the optical data sets
from AERONET and the other techniques described in this
paper, would be to identify as seasalt aerosol those cases with
SSA∼=1 and EAE small (hence particles large). As shown by
Figure 1 and Table 1 of Dubovik et al. (2002a), another char-
acteristic of the oceanic site Lanai is relatively small retrieved
values of both real and imaginary refractive index. This is an
example of information that could be used to identify seasalt
in multidimensional clustering analyses, described further in
the following section.

3 Additional information from clustering analyses

Ambiguities in aerosol composition or mixtures thereof, re-
sulting from intermediate AAE values, can be reduced via
cluster analyses that supplement AAE with other variables.
For example, Fig. 5 shows that a scatter plot of AAE vs ex-
tinction Angstrom exponent (EAE, for wavelengths 440 and
870 nm) for the 11 non-oceanic AERONET sites in Dubovik
et al. (2002a) has points grouped in clusters. Such an anal-
ysis clearly shows the distinction between the aerosol types
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Figure 5. Scatter plot of AERONET-derived AAE vs. EAE for the 11 non-oceanic sites in Dubovik et al. 
(2002a), showing the clustering by aerosol type that results.  
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Fig. 5. Scatter plot of AERONET-derived AAE vs. EAE for the 11
non-oceanic sites in Dubovik et al. (2002a), showing the clustering
by aerosol type that results.

at Solar Village/Saudi Arabia and at Boreal Forest, which
have similar AAE values (∼1.4 to 1.6), but very different
EAE values (∼0.4 and 1.9, respectively), reflecting the much
larger particle sizes at the former site. This is consonant with
the results in Fig. 2, which show that information on aerosol
type can come not only from the wavelength dependence of
absorption, but also from the size information in the wave-
length dependence of scattering. Indeed, Clarke et al. (2007)
have used this type of two-dimensional cluster analysis (plot-
ting SAE vs AAE) to distinguish dust, biomass burning, and
pollution plumes in airborne in situ data. They even find
evidence of a separation between scrubbed coal-fired power
plant plumes and regional strong urban pollution in AAE-
SAE space, which they attribute to the combined presence
of brown carbon and smaller particles in the power plant
plumes. Yang et al. (2009) show an SAE vs AAE plot for
their results for the EAST-AIRE field program near Beijing.
They conclude that dust generally had SAE close to zero due
to the large particle size, while its AAE was high but vari-
able. Fresh chimney plumes were characterized by a near-
unity AAE, which is expected for soot carbon. In compari-
son, coal pollution aerosols were much more variable in op-
tical characteristics, likely due to formation of brown carbon
and clay in addition to soot carbon.

In addition to differences in AAE, EAE, and SAE, the
slopes and shapes of SSA spectra in Figs. 1 and 4 show differ-
ences that correlate with aerosol type (e.g., dust SSA spectra
have positive slope and negative curvature, whereas urban-
industrial and biomass smoke SSA spectra have negative
slope). This suggests the value of combining several different
types of remotely sensed information in multi-dimensional
cluster analyses to derive the most information on aerosol
type (e.g., to reduce the ambiguity resulting from the par-
tial overlap of the biomass burning and urban-industrial clus-
ters in Fig. 5). Indeed, Cattrall et al. (2005) have de-
veloped an objective cluster analysis technique that com-
bines 4 different lidar-derived variables to classify aerosol
type, using as a basis retrievals of aerosol properties at 26

AERONET sites. This technique has been applied both by
Hostetler et al. (2008) to derive aerosol type from airborne
High Spectral Resolution Lidar (HSRL) measurements, and
by Reagan et al. (2004) to simulated spaceborne CALIOP
measurements. In the HSRL algorithm, the input vari-
ables are 4 intensive parameters: extinction/backscatter ratio
(sensitive to absorption), depolarization (shape), backscatter
color ratio (size), and depolarization color ratio (nonspheri-
cal/spherical size). The algorithm finds eight significant clus-
ters, designated Biomass+urban, Urban + biomass, Urban
(large), Urban biomass + large dust, Urban biomass + small
dust, Dust + urban, Dust (large), and Pure dust.

Another successful application of clustering was by Omar
et al. (2005) who used cluster analysis by partitioning (cf.
Kaufman and Rousseeuw, 1990) to classify global atmo-
spheric aerosols using the complete AERONET archive
(>143 000 data records from>250 sites) as of December
2002. They used as input 26 AERONET-derived parame-
ters (mean radius, width, and volume of 2 size modes, plus
real and imaginary refractive index, SSA, asymmetry fac-
tor, and extinction/backscatter ratio, each at 4 wavelengths)
and found six significant clusters of aerosol type, which
varied in prevalence with season at each site. In addition,
Levy et al. (2007) used cluster analysis to generate, from the
AERONET data base, aerosol classes that now are used in
the MODIS retrieval algorithm.

4 Potential for improved spaceborne determination of
aerosol composition or type

Kaufman et al. (2002) and Yu et al. (2009) have shown that
it is possible to retrieve useful information on aerosol type,
and indeed to help distinguish natural from anthropogenic
aerosols, by using the aerosol size information in MODIS-
retrieved values of EAE. Here we point out the potential to
improve this space-derived information on aerosol type, pro-
vided aerosol absorption wavelength dependence could be
determined from space. In fact, as displayed in Table 3, the
Glory Aerosol Polarimetry Sensor (APS; Mishchenko et al.,
2007) aims to provide retrievals of multiwavelength single-
scattering albedo (SSA) and aerosol optical depth (hence
aerosol absorption optical depth (AAOD) and AAE), as well
as shape and other aerosol properties. (Glory is scheduled for
launch no earlier than 1 October 2010http://www.nasa.gov/
missions/highlights/schedule.html.) The APS level-3 aerosol
data products listed in Table 3 will be retrieved from APS
measurements of the four Stokes parameters, I, Q, U, and V,
describing the intensity and polarization state of the received
radiation at wavelengths 410, 443, 555, 670, 865, 910, 1370,
1610, and 2250 nm. The high accuracy, polarization diver-
sity, and broad spectral range planned for APS are expected
to yield the uncertainties listed in Table 3, which will be a
significant step forward for space-based aerosol data prod-
ucts.
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Table 3. Glory Aerosol Polarimetry Sensor (APS) level-3 aerosol data products (adapted from Mishchenko et al., 2007).

Data product (fine and coarse modes) Range Uncertainty

Column spectral* aerosol optical depth 0–5 0.02 over ocean 0.04 over land
Aerosol effective radius 0.05–5µm 10%
Effective variance of aerosol size distribution 0–3 40%
Aerosol spectral* real refractive index 1.3–1.7 0.02
Aerosol spectral* single-scattering albedo 0–1 0.03
Aerosol morphology Spherical aerosols, irreg-

ular dust particles, soot
clusters

N/A

*At least in three spectral channels; relative accuracy better where AOD is larger (typically 410–865 nm).

As shown by Figs. 1 and 4, the Glory APS-derived re-
sults for AAOD(λ) and AAE should of themselves con-
tain improved information on aerosol composition. Combin-
ing APS-derived AAE with other APS-derived variables like
EAE, shape, and real refractive index in clustering analyses
like those described in the preceding section would provide
even further information on aerosol composition and type.
Information content could be further enhanced by using any
available near-coincident OMI-derived AAOD values to ex-
tend the Glory AAOD results to shorter wavelengths (343–
484 nm), thus providing more overlap with the airborne so-
lar flux-AOD results (∼325–1670 nm) and better coverage
of the near UV, where absorption by organics and dust is of-
ten strongest (see Fig. 1). Further, adding CALIPSO data on
aerosol layer height would reduce the ambiguity in aerosol
absorption that would otherwise apply (e.g., Torres et al.,
1998, 2005; Chowdhary et al., 2005; Waquet et al., 2009).

5 Summary, conclusions and recommendation

AAOD spectra calculated from the AERONET results of
Dubovik et al. (2002a) at 11 sites representative of dif-
ferent aerosol types show that AAE values describing the
full aerosol vertical column are strongly correlated with
aerosol composition or type. In particular, we find AAE
values near 1 (the theoretical value for black carbon) for
AERONET-measured aerosol columns dominated by urban-
industrial aerosol, with larger AAE values for biomass burn-
ing aerosols, and the largest AAE values for Sahara dust
aerosols. These results are consistent with, and extend, pre-
vious results from diverse air, ground, and laboratory studies
using both radiometric and in situ techniques, which showed
that the fractions of black carbon, organic species, and min-
eral dust in aerosols determine the wavelength dependence
of absorption. The AERONET results reported here extend
the previous results to a large, globally distributed data set
describing the full vertical column of aerosols, which can
contain layers of different aerosol types. The AERONET re-
sults represent a middle ground between passive downward-

viewing measurements from space and the previous in situ
and height-resolved results in that the AERONET results
describe the full vertical column of aerosols (like passive
downward-viewing measurements from space) while taking
advantage of combined measurements of scattered light and
direct-beam transmission (which passive downward-viewing
measurements from space cannot).

Ambiguities in aerosol composition or mixtures thereof,
resulting from intermediate AAE values, can be reduced
via cluster analyses that supplement AAE with other vari-
ables, for example extinction Angstrom exponent (EAE),
which is an indicator of particle size. Together with previ-
ous results, these results strengthen prospects for determi-
nation of aerosol composition from space, for example us-
ing the Glory Aerosol Polarimetry Sensor, which seeks to
provide retrievals of multiwavelength SSA and AOD (hence
AAOD and AAE), as well as shape and other aerosol prop-
erties. Multidimensional cluster analyses promise additional
information content, for example by using the Ozone Mon-
itoring Instrument to add AAOD in the near ultraviolet and
CALIPSO aerosol layer heights to reduce height-absorption
ambiguity.

Finally, we emphasize that the AERONET AAE results
reported here are derived from a specific AERONET data
set, namely the SSA and AOD values in Table 2 of Dubovik
et al. (2002a) and the EAE values in Fig. 1 of that paper,
all of which are from the AERONET Version 1 retrieval
(with the restrictions described in our Section 2 and Table 2).
Although that data set represents hundreds of retrievals at
eleven sites (or groups of sites—see our Table 2) widely dis-
tributed around the globe, much larger AERONET data sets,
derived using the Version 2 retrieval, are available athttp:
//aeronet.gsfc.nasa.gov/cgi-bin/webtooloperav2 inv. We
recommend further investigation of relationships between
AERONET-derived AAE and aerosol type using the larger
Version 2 data set, with particular attention to remaining
questions regarding aerosols of mixed type, as mentioned in
Sects. 1.3 and 2.
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Appendix A

Acronyms

AAE Absorption Angstrom Exponent
AAOD Aerosol Absorption Optical Depth
AATS Ames Airborne Tracking Sunpho-

tometer
ACE Aerosol Characterization Experi-

ment, or
Aerosol/Cloud/Ecosystems
(Decadal Survey Mission)

AERONET Aerosol Robotic Network
AOD Aerosol Optical Depth
APS Aerosol Polarimetry Sensor
CALIOP Cloud-Aerosol Lidar with Orthog-

onal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared

Pathfinder Satellite Observations
EAE Extinction Angstrom Exponent
EAST-AIRE East Asian Study of Tropospheric

Aerosols: an International Re-
gional Experiment

GoMACCS Gulf of Mexico Atmospheric Com-
position and Climate Study

GSFC Goddard Space Flight Center
HSRL High Spectral Resolution Lidar
ICARTT International Consortium for At-

mospheric Research on Transport
and Transformation

INDOEX
INTEX or
INTEX-NA

Indian Ocean Experiment
Intercontinental Chemical Trans-
port Experiment-North America

INTEX-A or -
B

Phase A or B of INTEX-NA

IR Infrared
MCE Modified Combustion Efficiency
MISR Multi-angle Imaging SpectroRa-

diometer
MODIS Moderate-resolution Imaging

Spectroradiometer
MILAGRO Megacity Initiative: Local and

Global Research Observations
NIR Near Infra-Red
OMF Organic Mass Fraction
OMI Ozone Monitoring Instrument
POLDER Polarization and Directionality of

Earth Radiances
PRIDE Puerto Rico Dust Experiment
RSP Research Scanning Polarimeter
SAE Scattering Angstrom exponent
SAFARI Southern Africa Regional Science

Initiative
SSA Single Scattering Albedo
SSFR Solar Spectral Flux Radiometer

TARFOX Tropospheric Aerosol Radiative
Forcing Observational Experiment

UV Ultraviolet
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