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[1] We retrieve the global distribution of columnar single scattering albedo (w0) by taking
advantage of the high sensitivity of satellite measurements at ultraviolet channels by the
Total Ozone Mapping Spectrometer (TOMS) to both aerosol optical depth and w0 and
the high sensitivity of satellite measurements at visible channels by the Moderate
Resolution Imaging Spectroradiometer (MODIS) to aerosol optical depth. A radiative
transfer model (LIDORT) is used to calculate the local w0 that reproduces the TOMS
aerosol index, when constrained by MODIS aerosol optical depth and by relative vertical
profiles from a global chemical transport model (GEOS-CHEM). The simulated aerosol
profiles are evaluated with lidar measurements of aerosol extinction. The retrieved
w0 at 360 nm is near 1 over the remote ocean, in contrast with values of 0.75 to 0.9 over
regions dominated by biomass burning and mineral dust aerosol. The retrieval uncertainty
is 15%. We validate our retrieval with measurements from the Aerosol Robotic
Network (AERONET); the correlation coefficient, slope, and intercept are 0.75, 0.99, and
0.02 respectively.
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1. Introduction

[2] The lack of detailed knowledge of aerosol single
scattering albedo (w0), the fraction of intercepted radiation
that is scattered, is one of the largest uncertainties in climate
forcing assessments [Intergovernmental Panel on Climate
Change, 2001]. A decrease in w0 from 0.9 to 0.8 can often
change the sign of radiative forcing from negative to
positive, depending on the albedo of the underlying surface
and the altitude of the aerosols [Hansen et al., 1997].
Modeling of aerosol absorption is complicated by chemical
composition, size distribution and aerosol morphology.
Emissions of carbonaceous compounds (soot) from biomass
burning and industrial pollution remain a major source of
uncertainty affecting the aerosol absorption [Chylek et al.,
1995; Haywood and Shine, 1995; Penner et al., 1998; Li
and Kou, 1998; Ackerman et al., 2000; Ramanathan et al.,
2001; Kaufman et al., 2002b]. A global continuous mea-
surement of w0 could reduce significantly this uncertainty.
[3] Spaceborne measurements provide an opportunity to

capture the large spatial and temporal variation of w0 [King
et al., 1999]. Satellite instruments such as MODIS that
observe backscattered visible and infrared radiances reveal a

wealth of information about aerosol optical depth [Kaufman
et al., 2002b]; however, they are insensitive to w0 over dark
surfaces [Kaufman et al., 1997]. Over the oceans, Sun glint
can be used as a bright background against which aerosol
absorption can be measured from space [Kaufman et al.,
2002a]. Similarly, Rayleigh scattering acts as a bright
background in the ultraviolet so that the Total Ozone
Mapping Spectrometer (TOMS) aerosol index is sensitive
to the combination of aerosol optical depth and w0 [Herman
et al., 1997; Torres et al., 1998].
[4] Torres et al. [1998, 2005] pioneered the concept of

retrieving w0 from satellite measurements at ultraviolet
wavelengths. Their retrieval of w0 employs the magnitude
of the backscattered radiance in the ultraviolet, the ratio of
the two TOMS aerosol channels, and assumptions about the
aerosol vertical profile. The magnitude of backscattered
radiance is sensitive to subpixel cloud contamination over
the TOMS field of view. The effect of clouds will be
reduced in a forthcoming retrieval of w0 from the Ozone
Monitoring Instrument which offers five times better spatial
resolution than Earth Probe (EP) TOMS [Torres et al.,
2002]. Ginoux and Torres [2003] established an empirical
expression for the aerosol index as a function of surface
pressure, w0, aerosol optical depth, and the altitude of the
aerosol layer. Colarco et al. [2002] developed a retrieval of
aerosol single scattering albedo that is independent of
absolute backscattered radiance, by combining the TOMS
aerosol index with constraints on aerosol optical depth from
a chemical transport model.
[5] We extend these approaches here using cloud-filtered

observations of aerosol optical depth from the MODIS
satellite instrument and aerosol vertical profiles from a

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, D02204, doi:10.1029/2005JD006832, 2007

1Department of Physics and Atmospheric Science, Dalhousie Uni-
versity, Halifax, Nova Scotia, Canada.

2Also at Harvard-Smithsonian Center for Astrophysics, Cambridge,
Massachusetts, USA.

3NASA Langley Research Center, Hampton, Virginia, USA.
4Also at Department of Earth and Planetary Sciences and Division of

Engineering, Harvard University, Cambridge, Massachusetts, USA.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/2005JD006832

D02204 1 of 9



global chemical transport model (GEOS-CHEM). We
use the vector discrete ordinate radiative transfer model
VLIDORT (with polarization) [Natraj et al., 2007; R. J. D.
Spurr, VLIDORT: A linearized pseudo-spherical vector
discrete ordinate radiative transfer model for forward model
and retrieval studies in multilayer, multiple scattering me-
dia, submitted to Journal of Quantitative Spectroscopy and
Radiative Transfer, 2006, hereinafter referred to as Spurr,
submitted manuscript, 2006] for the calculation of the total
backscatter radiance. The retrieval of the global distribution
of w0 is done using spectral matching based on look-up
tables of simulated earthshine spectra for a range of the
ultraviolet, viewing geometries, atmospheric and surface
conditions. The retrieved w0 values are then validated with
ground-based retrievals from AERONET [Dubovik et al.,
2002] and in situ measurements.

2. Methodology

[6] The backscattered radiance measured by satellite
sensors is composed of contributions from the atmosphere
and surface. Scattering and absorption by aerosols produces
a signal in the backscattered radiance that can be used to
retrieve the aerosol properties. Our retrieval of w0 requires
prior information described below. The TOMS aerosol
index is the w0 sensitive measurement. Independent infor-
mation on aerosol optical depth and on the relative aerosol

vertical profile are used to constrain other parameters to
which the TOMS aerosol index is sensitive.

2.1. TOMS Aerosol Index

[7] The EP TOMS satellite instrument was launched in
July 1996 into a Sun-synchronous orbit with an equator
crossing time of 1115 LT. The field of view is 40 km by
40 km in the nadir and increases with scan angle. The
TOMS aerosol index (AI) measures the spectral contrast at
two different ultraviolet wavelengths [Herman et al., 1997;
Torres et al., 1998]:

AI ¼ 100 log10
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where I331
meas and I360

meas are the backscattered radiances
measured at 331 nm and 360 nm. I331(R331

meas)calc and
I360(R331

meas)calc are the backscattered radiances calculated
with reflectance R331 at reference wavelength 331nm. We
use here the EP TOMS version 8 level 2 data.
[8] Figure 1 shows the cloud-filtered aerosol index for

different seasons. The aerosol index increases with aerosol
absorption, aerosol abundance, and aerosol altitude
[Herman et al., 1997; Torres et al., 1998; Ginoux and
Torres, 2003; de Graaf et al., 2005]. The largest values
are found over regions with an abundance of mineral dust or

Figure 1. Seasonally averaged aerosol index from the TOMS satellite instrument for March–May 2000
(MAM), June–August 2000 (JJA), September–November 2000 (SON), and December 2000 to February
2001 (DJF). Scenes where the reflectivity at 331 nm exceeds 0.2 have been excluded from the average to
reduce the effects of clouds and snow.
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soot which absorbs in the ultraviolet. The aerosol index
reaches a seasonal maximum over the Sahara during sum-
mer, associated with surface cyclones that erode particles
from topographic depressions in desert regions and with
intense solar heating that transports particles into the free
troposphere through dry convection [Herman et al., 1997;
Ginoux et al., 2001; Ginoux and Torres, 2003]. The
seasonal variation in the aerosol index over biomass burning
regions is most apparent over South America [Hsu et al.,
1996] and central Africa [Herman et al., 1997]. The aerosol
index is also sensitive to clear water absorption [Litjens et
al., 1999; Torres et al., 2005] which contributes to enhance-
ments over the Pacific Ocean near 15�N during MAM and
JJA, and near 15�S during SON and DJF. Ocean color
retrievals [i.e., O’Reilly et al., 1998] reveal low chlorophyll
abundance in these regions. Small nonabsorbing aerosols
yield a negative aerosol index and large nonabsorbing
aerosols produce null values of the aerosol index. Low
values of the aerosol index are found over regions with a
high sulfate burden [Chin et al., 2000a, 2000b] such as the
northern midlatitudes and regions with enhanced sea salt
such as the high latitude oceans [Gong et al., 1997].
Similarly, the aerosol index is insensitive to clouds since
they produce little spectral contrast in the ultraviolet.
Absorbing aerosols can be detected over snow, ice and
clouds [Hsu et al., 1999].

2.2. Aerosol Optical Depth From MODIS

[9] The MODIS instrument was launched on board the
Terra satellite in December 1999 into a Sun-synchronous
orbit with an equator crossing time of 1030 LT. Aerosol
optical depth is determined from MODIS measurements
over ocean [Tanré et al., 1997] and dark land surfaces
[Kaufman et al., 1997] through observations at visible and
infrared wavelengths. Cloud screening [Martins et al.,
2002] occurs over both surface types. The 500 m spatial
resolution of MODIS greatly reduces subpixel cloud con-
tamination. Observations over bright land surfaces are
rejected. The optical depth determined by matching with
the values computed with precalculated look-up tables is
accurate to 20% ± 0.05 over land [Chu et al., 2002] and to
5% ± 0.03 over ocean [Remer et al., 2002].
[10] Relating the MODIS observations of aerosol optical

depth to the TOMS aerosol index involves accounting for
their different wavelengths of observation. The shortest
wavelength at which aerosol optical depth is available from
MODIS is 470 nm. AERONET collects extensive optical
and microphysical information about aerosols through
worldwide ground-based Sun and sky scanning radiometers
[Holben et al., 1998]. A filter wheel allows measurements
in up to 8 spectral bands centered at 0.34, 0.38, 0.44, 0.56,
0.67, 0.87, 0.94, and 1.02 mm. Typically, the Ångström
exponent a is defined by

a ¼ � ln tl1=tl2
ð Þ= ln l1=l2ð Þ ð2Þ

where tl1
and tl2

are the optical depths measured at two
wavelengths. We spatially interpolate the Ångström
exponents determined from AERONET measurements at
380 nm and 440 nm to produce a global field. This approach
would be improved with additional information on the

spatial variation in the Ångström exponent. Errors asso-
ciated with this approach are discussed in section 4.
[11] Figure 2 presents the aerosol optical depth at 360 nm

that we have determined from MODIS aerosol optical depth
at 470 nm and Ångström exponents from AERONET.
Values greater than one are found over regions with a high
abundance of submicron aerosols. High SO2 oxidation rates
during summer contribute to seasonal enhancements in
aerosol optical depth over the eastern United States, Europe,
and east Asia [Chin et al., 2000a, 2000b]. The seasonal
variation in aerosol optical depth over Africa is driven by
biomass burning [Chu et al., 2003]. Mineral dust contrib-
utes to enhancements over the northern tropical Atlantic
downwind of the Sahara, especially during JJA [Kaufman et
al., 2005]. High values of aerosol optical depth are seen
over East Asia and the western Pacific Ocean during spring
and summer, associated with dust storms and industrial
pollution [Chu et al., 2005]. Most deserts or snow/ice
regions are excluded due to high surface reflectivity [Chu
et al., 2002]. Comparison with Figure 1 shows that the
TOMS aerosol index is sensitive to absorbing aerosols (i.e.,
over regions of biomass burning and mineral dust), but
insensitive to scattering aerosols (i.e., over industrial
regions).

2.3. Aerosol Profiles From the GEOS-CHEM Model

[12] Our retrieval of w0 requires independent information
on the aerosol profile to account for the altitude dependence
of ultraviolet measurements. Given the lack of observational
data at the global scale, we use aerosol profiles calculated
with the GEOS-CHEM chemical transport model [Bey et
al., 2001; Park et al., 2004, 2005; Alexander et al., 2005].
The model is driven by assimilated meteorological data
from the Goddard Earth Observing System (GEOS-3) at the
NASA Global Modeling and Assimilation Office (GMAO).
Meteorological data for 2000 are available with 6-hour
temporal resolution (3-hour resolution for surface variables
and mixing depths), 1� � 1� horizontal resolution, and 48
sigma vertical layers. We use version 7-01-02, http://www-
as.harvard.edu/chemistry/trop/geos/index.html) at 2� � 2.5�
horizontal resolution. The lowest five model layers are
centered at 10, 50, 100, 200, and 400 m above the local
surface.
[13] The GEOS-CHEM aerosol simulation includes the

sulfate-nitrate-ammonium system, black carbon, primary
organics, mineral dust, and sea salt. The mineral dust
simulation is based on the Dust Entrainment and Deposition
(DEAD) scheme of Zender et al. [2003a, 2003b] as imple-
mented by Fairlie et al. [2006]. The simulation of carbo-
naceous aerosols treats hydrophobic and hydrophilic
aerosols as separate transported species [Park et al.,
2005]. The aerosol and oxidant simulations are coupled
through formation of sulfate and nitrate heterogeneous
chemistry [Jacob, 2000] and aerosol effects on photolysis
rates [Martin et al., 2003]. Wet deposition includes contri-
butions from scavenging in convective updrafts, rainout
from convective anvils, rainout and washout from large-
scale precipitation, and species-dependent release of gases
upon cloud droplets freezing [Liu et al., 2001]. Dry depo-
sition is simulated with a standard resistance-in-series
model dependent on local surface type and meteorological
conditions [Wang et al., 1998].
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[14] Of particular interest here is the simulation of the
aerosol vertical profile. Figure 3 compares vertical profiles
of aerosol extinction as calculated with GEOS-CHEM
versus measurements from lidar. Figure 3 (top) shows a
pronounced enhancement near the surface at the Atmo-
spheric Radiation Measurements (ARM) site in both simu-
lated and measured values throughout the year. In contrast,
measured and simulated extinction profiles in the model
values in South Korea are more evenly mixed throughout
the troposphere. The simulation reveals that the local
extinction during April is dominated by mineral dust in
the free troposphere and by sulfate near the surface.

2.4. Retrieval

[15] Our retrieval calculates the column effective w0

necessary to reproduce the observed TOMS aerosol index,
given the observed MODIS aerosol optical depth and the
modeled aerosol relative vertical distribution. It uses a look-
up table of backscattered radiances at two ultraviolet wave-
lengths (331 nm and 360 nm) for a variety of atmospheric
and surface conditions as a function of all Sun-satellite
viewing geometries. The radiative transfer model
VLIDORT [Natraj et al., 2007; Spurr, submitted manu-
script, 2006] is used to create radiances for the look-up
table. VLIDORT is a multiple scattering multilayer vector
discrete ordinate model that will return the Stokes vector for
polarized light at any optical depth and viewing geometry.
The model also has a pseudospherical treatment of the solar
beam in a curved spherical shell atmosphere [see, e.g.,
Spurr, 2002]. VLIDORT also has a multiple solar angle

computation facility, so that one call to the model will return
radiances for the complete range of solar and satellite-
viewing geometries used in the look-up table. The surface
is assumed to be Lambertian, based on surface albedo data
set determined from TOMS by Herman et al. [1997]. The
size distribution of aerosols is assumed to be lognormal with
mode radius and standard deviation used in GEOS-CHEM
[Martin et al., 2003]. The optical properties of aerosols are
characterized by the spectral extinction coefficient, w0 and
the phase function which is represented by the moments of
Legendre expansion polynomials. We use a Mie scattering
algorithm [Mie, 1908] for spherical particles and the T-Matrix
algorithm [Mishchenko et al., 1995] for nonspherical dust
particles to calculate the optical quantities.
[16] Table 1 presents the refractive indices of pure aerosol

types at 360 nm and 331 nm in this study. Refractive indices
of pure sulfate, soot, dust and sea salt are based on Toon et
al. [1976], d’Almeida et al. [1991], and Schuster et al.
[2005]. As the complex refractive index of dust aerosols is
quite variable [Sokolik and Toon, 1999] in regions domi-
nated by mineral dust, the refractive index at 360 nm is
allowed to vary from 0.004 [i.e., Colarco et al., 2002] to
0.02 [i.e., Patterson et al., 1977] with a step size of 0.002.
Following Colarco et al. [2002]; the value at 331 nm is set
to be 20% larger than the value at 360 nm.
[17] The look-up table is searched through all possible

combinations of either fraction of soot or the complex
refractive index of dust to match the observed TOMS aerosol
index. The dust refractive index is the free parameter in

Figure 2. Seasonally averaged aerosol optical depth at 360 nm based on measurements from the
MODIS satellite instrument. White areas indicate reflective regions where optical depth is not available.
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regions dominated by mineral dust. The soot fraction is the
free parameter elsewhere. Scenes with reflectivity greater
than 0.2 are excluded from the retrieval to reduce cloud
contamination. We use a chi-square (c2) minimization
method to select the most likely solution following Hu et
al. [2002]:

c2 ¼
X
j

AImeasure � AIcalc;j
� �

=s
� �2 ð3Þ

where AImeasure is the measured aerosol index, AIcalc,j is
calculated aerosol index for possible solution j and s is the

standard deviation of the measurements. The w0 is deter-
mined using the dust refractive index and soot abundance
that minimize c2.
[18] Seawater absorption of ultraviolet radiation is not

well quantified due to a paucity of reliable measurements
[Vasilkov et al., 2002]. We identify oceanic regions where
clear water absorption dominates the TOMS AI as locations
where the TOMS AI exceeds 0.5 and the MODIS AOD is
less than 0.25, and exclude such locations from the retrieval.

3. Results, Validation, and Discussion

[19] Figure 4 presents the retrieved w0 at 360 nm over
midlatitude and tropical regions. We find large spatial
variation in w0 due to aerosol composition. Values of w0

are near 1 over most regions of ocean where scattering sea
salt and sulfate aerosols often dominate [Chin et al., 2000a,
2000b]. A w0 of 0.89 to 0.93 at the midvisible was inferred
from airborne measurements as part of the Tropospheric
Aerosol Radiative Forcing Observational Experiment
(TARFOX) in July 1996 over the eastern United States
and western Atlantic Ocean [Russell et al., 1999; Hignett et
al., 1999]. We find similar values during summer over and
downwind of eastern North America, and more scattering
aerosols during the rest of year.
[20] The retrieved w0 exhibits strong seasonal variation.

Minimum values are associated with seasonal enhance-
ments in mineral dust and biomass burning aerosols [Torres
et al., 2005], as most apparent during MAM and JJA in the
Northern Hemisphere and during SON and DJF in the
Southern Hemisphere. The lower value of w0 occurring in
India during spring may be explained by seasonal biomass
burning [Duncan et al., 2003; Menon et al., 2002; Streets et
al., 2003] and dust particles transported from Sahara. The
seasonal minimum during spring over China is associated
with frequent dust storms and long-range transport to large
area of east Asia [Zhang et al., 2005].
[21] Values of 0.75 to 0.9 are found in biomass burning

regions of central Africa, South America, western North
America and eastern Asia. Such values are broadly consis-
tent with recent campaigns. Dubovik et al. [1998] retrieved
w0 from measurements as part of the Smoke Clouds
and Radiation-Brazil (SCAR-B) campaign in August and
September 1995 and found a value of 0.87 at 670 nm. Abel
et al. [2003] found a w0 of 0.84 to 0.9 at 550 nm in
September 2000 in the aged regional haze from an agricul-
tural fire in southern Africa during the Southern African
Regional science Initiative (SAFARI 2000). Torres et al.
[2005] found values of 0.85–0.95 in both TOMS retrievals
at 380 nm and AERONET retrievals at 440 nm. The w0

retrieved from pyrheliometers and pyranometers in northern
China between 1993 and 2001 ranged from 0.80 to 0.85 at
550 nm [Qiu et al., 2004].
[22] We validate our retrieval using coincident measure-

ments of w0 available from AERONET. Dubovik et al.
[1998] retrieved w0 from the spectral measurements of

Table 1. Refractive Indices of Pure Aerosol Chemical Components

Wavelength, nm Sulphate Black Carbon Sea Salt Dust Organics

360 1.45 + 0.0i 1.75 + 0.465i 1.39 + 0.0i from 1.53 + 0.004i to 1.53 + 0.02i 1.48 + 0.005i
331 1.46 + 0.0i 1.75 + 0.47i 1.385 + 0.0i 1.53 + i(1.2*Value360 nm) 1.48 + 0.005i

Figure 3. (a) Comparison of GEOS-CHEM simulations
(lines) with lidar profiles (symbols) measured at Southern
Great Plains, Lamont, Oklahoma (DOE/ARM site), for
March 2000 to February 2001. Dash-dotted and diamond,
MAM; long dashes and triangle, JJA; dashed and plus,
SON; dotted and square, DJF; solid and asterisk, annual
mean. (b) Comparison of GEOS-CHEM simulations (solid
line) with in situ lidar profiles (asterisk) measured at Cheju
island, South Korea in April 2000. Also shown are model
calculations of extinction from each aerosol type as given
by long dashes for dust, dotted for sulfate, dashed for black
carbon, plus for organic carbon, and dash-dotted for sea salt.
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Figure 4. Seasonally averaged aerosol single scattering albedo at 360 nm retrieved from TOMS and
MODIS measurements. Gray areas indicate regions where aerosol optical depth is not available from
MODIS or the aerosol index is strongly influenced by absorption by clear water.

Figure 5. Comparison of coincident aerosol single scattering albedo (SSA) retrieved here with
AERONET for March 2000 to February 2001 (square, MAM; asterisk, JJA; triangle, SON; plus, DJF).
The solid line represents the y = x line. The dashed line was calculated with organic regression [Hirsh and
Gilroy, 1984].
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direct and diffuse radiations using a radiative transfer code
which accounts for multiple scattering [Nakajima et al.,
1983]. The expected accuracy is 10–15%. We linearly
extrapolate the w0 at AERONET wavelengths to w0 at
TOMS wavelengths to account for the spectral dependence
of the w0 by least squares method. All Level 2 data which
are available in North America are used. Figure 5 compares
our retrieved w0 with that determined from AERONET for
the year of 2000. Both data sets exhibit a high degree of
consistency with a correlation coefficient of 0.75, a slope of
0.99, and an intercept of 0.02.

4. Uncertainty Analysis

[23] Table 2 identifies the major sources of error in the
retrieval and summarizes their individual contribution. We
estimate the sensitivity of retrieved w0 to uncertainty in
aerosol optical depth and surface reflectivity by conducting
a synthetic retrieval of w0 over a range of values and
subsequently examining its performance. Figure 6 shows
that the uncertainty of retrieved w0 decreases with increas-
ing aerosol optical depth. The MODIS retrieved aerosol
optical depth contains considerable uncertainties due to
assumed aerosol models, even though the aerosol models
were dynamically selected by the algorithms [Jeong et al.,
2005]. As discussed in section 2.2, the uncertainty in the
MODIS aerosol optical depth is 20% ± 0.05 over land [Chu
et al., 2002] and 5% ± 0.03 over ocean [Remer et al., 2002].
The corresponding error in our retrieval is spatially variable
with a typical value of ± 0.08. Uncertainty in surface
reflectivity results in a typical uncertainty in w0 of less than
0.02. The radiometric errors in the TOMS instrument are
less than 1% [Levelt et al., 2000], yielding a typical
uncertainty in w0 of 0.01.
[24] As discussed in section 2.2, we used the Ångström

exponents from AERONET to relate the MODIS optical
depth at 470 nm to ultraviolet wavelengths. However,
measurements are sparse, especially in oceanic regions.
Furthermore the AERONET Ångström exponent is deter-
mined from transmittance while TOMS and MODIS mea-
sure reflectance. An alternative is to substitute the values
over the ocean with the Ångström exponents from MODIS
measurements at 470 nm and 660 nm. These two methods
can lead to the difference of our retrieval results of 11%.
[25] Because of atmospheric scattering, the aerosol profile

also influences the backscattered radiance calculation and
the retrieved w0. Previous evaluation of the GEOS-CHEM
aerosol simulation by Park et al. [2005] found little bias in
the vertical profile for black carbon and sulfate-nitrate-
ammonium aerosols. Heald et al. [2005] found consistency

between measured and simulated organic aerosol in the
lower troposphere, but the model underestimates free tro-
pospheric organic aerosol by a factor of 10–100. Figure 3
shows that simulated and measured aerosol extinctions
often agree to better than 25%. We conduct a sensitivity
analysis to assess the model contribution to the retrieval by
using a global mean aerosol profile instead of the locally
varying profiles. Most regions show differences of less than
0.05.
[26] The retrieved w0 is sensitive to the refractive index.

Organic aerosols could be more absorbing in the ultraviolet
than assumed here if the aerosols contain chromophore
functional groups [Jacobson, 1999]. A sensitivity test in
which the imaginary part of the refractive index is doubled
changes the retrieved w0 by ± 0.02.
[27] Considering possible sources of uncertainty, our

retrievals can reach the accuracy to ± 15%. The Ångström
exponent makes the largest contribution to the retrieval
uncertainty at higher value of aerosol optical depth, and
the optical depth makes the largest uncertainty of retrieval at
lower value of aerosol optical depth.

5. Conclusions

[28] We present a new approach to retrieve the column
effective aerosol single scattering albedo (w0) from space-
based observations of backscattered radiance. The TOMS
aerosol index provides the w0 sensitive measurement.
Coincident observations of aerosol optical depth from the
MODIS satellite instrument and simulations of the aerosol
vertical profile with a chemical transport model (GEOS-
CHEM) constrain other parameters to which the TOMS
aerosol index is sensitive. The column effective w0 is
determined as the value that minimizes the difference
between the calculated and observed aerosol index.
[29] We evaluate the GEOS-CHEM aerosol simulation

with vertical profiles of aerosol extinction measured from
lidar at DOE/ARM site in Oklahoma and at Cheju Island in
South Korea. The simulated and observed profiles are

Table 2. Estimate of the Uncertainty in Retrieved w0

Parameter Input Uncertainty
Retrieval
Uncertainty

MODIS AOD 20% ±0.05 land 5%
±0.03 ocean

±0.08

Surface reflectivity ±0.01 ±0.02
Measured TOMS AI ±1% ±0.01
Angstrom exponent ±15% ±0.1
Profile ±25% ±0.05
Refractive index ±0.01 ±0.02
Combined ±0.15

Figure 6. Standard deviation of single scattering albedo
(SSA) between retrieved and synthetic values for testing our
retrieval method how sensitive to the aerosol optical depth.
Solid, surface reflectivity 0.05; dashed, surface reflectivity
0.08; dotted, surface reflectivity 0.15.
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highly consistent. Maximum differences are found at the
ARM site during winter when the observed values are a
factor of 2 lower than the simulated values.
[30] Our retrieved w0 at 360 nm shows values near 1 over

the remote oceans, where the aerosol burden is dominated
by sea salt. Lower values of w0 near 0.8 are found over
regions of biomass burning and mineral dust such as
northern Africa, the northern tropical Atlantic, and the
Middle East. Seasonal minima are found over East Asia
and South Asia during spring associated with both mineral
dust and biomass burning.
[31] We validate our retrieval using coincident observa-

tions from the Aerosol Robotic Network (AERONET) over
North America. The two data sets exhibit a high degree
of consistency with a correlation coefficient of 0.75, slope
of 0.99 and intercept of 0.02. We conduct a variety of
sensitivity analyses to assess the retrieval uncertainty. The
dominant terms are the Ångström exponent, the aerosol
optical depth and aerosol profiles contributing to a total
uncertainty of 15%. The retrieval uncertainty decreases
with increasing aerosol optical depth, suggesting that our
retrieval procedure works better in more turbid atmosphere.
Additional constraints on aerosol vertical profile from the
CALIPSO satellite [Winker et al., 2003] would improve
future retrievals of w0. Further characterization of seawater
absorption at ultraviolet wavelengths should improve
retrievals over ocean.
[32] Additional concerns in the current work are errors

introduced by using two satellite instruments with different
spatial resolution, slightly different observation times, and
different calibrations. Future design of a single satellite
instrument that has very high spatial resolution for cloud
clearing, and includes ultraviolet wavelengths, would
enable retrieval of w0 for individual scenes.
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and I. Slutsker (2002), Variability of absorption and optical properties of
key aerosol types observed in worldwide locations, J. Atmos. Sci., 59,
590–608.

Duncan, B. N., R. V. Martin, A. C. Staudt, R. Yevich, and J. A. Logan
(2003), Interannual and seasonal variability of biomass burning emissions
constrained by satellite observations, J. Geophys. Res., 108(D2), 4100,
doi:10.1029/2002JD002378.

Fairlie, T. D., D. J. Jacob, and R. J. Park (2006), The impact of trans-Pacific
transport of mineral dust in the United States, Atmos. Environ, in press.

Ginoux, P., and O. Torres (2003), Empirical TOMS index for dust aerosol:
Applications to model validation and source characterization, J. Geophys.
Res., 108(D17), 4534, doi:10.1029/2003JD003470.

Ginoux, P., M. Chin, I. Tegen, J. Prospero, B. Holben, O. Dubovik, and
S.-J. Lin (2001), Sources and distributions of dust aerosols simulated
with the GOCART model, J. Geophys. Res., 106, 20,555–20,273.

Gong, S. L., L. A. Barrie, and J.-P. Blanchet (1997), Modeling sea-salt
aerosols in the atmosphere: 1. Model development, J. Geophys. Res.,
102, 3805–3818.

Hansen, J. E., M. Sato, and R. Ruedy (1997), Radiative forcing and climate
response, J. Geophys. Res., 102, 6831–6864.

Haywood, J. M., and K. P. Shine (1995), The effect of anthropogenic
sulfate and soot on the clear sky planetary radiation budget, Geophys.
Res. Lett., 22, 603–606.

Heald, C. L., D. J. Jacob, R. J. Park, L. M. Russell, B. J. Huebert, J. H.
Seinfeld, H. Liao, and R. J. Weber (2005), A large organic aerosol source
in the free troposphere missing from current models, Geophys. Res. Lett.,
32, L18809, doi:10.1029/2005GL023831.

Herman, J. R., P. K. Bhartia, O. Torres, C. Hsu, C. Seftor, and E. Celarier
(1997), Global distribution of ultraviolet-absorbing aerosols from Nimbus
7-TOMS data, J. Geophys. Res., 102, 16,911–16,922.

Hignett, P., J. P. Taylor, P. N. Francis, and M. D. Glew (1999), Comparison
of observed and modelled direct aerosol forcing during TARFOX,
J. Geophys. Res., 104, 2279–2288.

Hirsh, R. M., and E. J. Gilroy (1984), Methods of fitting a straight line to
data: Examples in water resources, Water Res. Bull., 20, 705–711.

Holben, B. N., et al. (1998), AERONET—A federated instrument network
and data archive for aerosol characterization, Remote Sens. Environ., 66,
1–16.

Hsu, N. C., J. R. Herman, P. K. Bhartia, C. J. Seftor, O. Torres, A. M.
Thompson, J. F. Gleason, T. F. Eck, and B. N. Holben (1996), Detection
of biomass burning smoke from TOMS measurements, Geophys. Res.
Lett., 23, 745–748.

Hsu, N. C., J. R. Herman, O. Torres, B. N. Holben, D. Tanr, T. F. Eck,
A. Smirnov, B. Chatenet, and F. Lavenu (1999), Comparisons of the
TOMS aerosol index with Sun-photometer aerosol optical thickness:
Results and applications, J. Geophys. Res., 104, 6269–6279.

D02204 HU ET AL.: AEROSOL SINGLE SCATTERING ALBEDO

8 of 9

D02204



Hu, R.-M., K. S. Carslaw, C. Hostetler, L. R. Poole, B. Luo, T. Peter,
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(2005), Dust transport and deposition observed from the Terra-Moderate
Resolution Imaging Spectroradiometer (MODIS) spacecraft over the
Atlantic Ocean, J. Geophys. Res., 110, D10S12, doi:10.1029/
2003JD004436.

King, M. D., Y. J. Kaufman, D. Tanre, and T. Nakajima (1999), Remote
sensing of tropospheric aerosols from space: Past, present, and future,
Bull. Am. Meteorol. Soc., 80, 2229–2259.

Levelt, P. F., et al. (2000), Science Requirements Document for OMI-EOS,
RS-OMIE-KNMI-001, version 2, KNMI Publ. 193, R. Neth. Meteorol.
Inst., De Bilt, Netherlands.

Li, Z., and L. Kou (1998), The direct radiative effect of smoke aerosols on
atmospheric absorption of visible sunlight, Tellus, Ser. B., 50, 543–554.

Litjens, R. A. J., T. I. Quickenden, and C. G. Freeman (1999), Visible and
near-ultraviolet absorption spectrum of liquid water, Appl. Opt., 38(7),
1216–1223.

Liu, H., D. J. Jacob, I. Bey, and R. M. Yantosca (2001), Constraints from
210Pb and 7Be on wet deposition and transporting a global three-
dimensional chemical tracer model driven by assimilated meteorological
fields, J. Geophys. Res., 106, 12,109–12,128.

Martin, R. V., D. J. Jacob, R. M. Yantosca, M. Chin, and P. Ginoux (2003),
Global and regional decreases in tropospheric oxidants from
photochemical effects of aerosols, J. Geophys. Res., 108(D3), 4097,
doi:10.1029/2002JD002622.

Martins, J. V., D. Tanr, L. Remer, Y. Kaufman, S. Mattoo, and R. Levy
(2002), MODIS Cloud screening for remote sensing of aerosols over
oceans using spatial variability, Geophys. Res. Lett., 29(12), 8009,
doi:10.1029/2001GL013252.

Menon, S., J. Hansen, L. Nazarenko, and Y. Luo (2002), Climate effects of
black carbon aerosols in China and India, Science, 297, 2250–2253.

Mie, G. (1908), Beitrage zur Optik truber Medien, speziell Kolloidaler
Metallosungen, Ann. Phys., 25, 377–445.

Mishchenko, M. I., A. A. Lacis, B. E. Charlson, and L. D. Tavis (1995),
Nonsphericity of dust-like tropospheric aerosols: Implications for aerosol
remote sensing and climate modeling, Geophys. Res. Lett., 22, 1077–1080.

Nakajima, T., M. Tanaka, and T. Yamauchi (1983), Retrieval of the optical
properties of aerosols from aureole and extinction data, Appl. Opt., 22,
2951–2959.

Natraj, V., R. Spurr, H. Boesch, Y. Jiang, and Y. Yung (2007), Evaluation of
errors in neglecting polarization in the forward modeling of O2 A band
measurements from space, with relevance to CO2 column retrieval from
polarization sensitive instruments, J. Quant. Spectrosc. Radiat. Transfer,
103(2), 245–259.

O’Reilly, J. E., S. Maritorena, B. G. Mitchell, D. A. Siegel, K. L. Carder,
S. A. Garver, M. Kahru, and C. McClain (1998), Ocean color chlorophyll
algorithms for SeaWiFS, J. Geophys. Res., 103, 24,937–24,954.

Park, R. J., D. J. Jacob, B. D. Field, R. M. Yantosca, and M. Chin (2004),
Natural and transboundary pollution influences on sulfate-nitrate-
ammonium aerosols in the United States: Implications for policy, J. Geo-
phys. Res., 109, D15204, doi:10.1029/2003JD004473.

Park, R. J., et al. (2005), Export efficiency of black carbon aerosol in
continental outflow: Global implications, J. Geophys. Res., 110,
D11205, doi:10.1029/2004JD005432.

Patterson, E. M., D. A. Gillette, and B. H. Stockton (1977), Complex index
of refraction between 300 and 700 nm for Sahara aerosols, J. Geophys.
Res., 82, 3153–3160.

Penner, J. E., C. C. Chuang, and K. Grant (1998), Climate forcing by
carbonaceous and sulfate aerosols, Clim. Dyn., 14, 839–851.

Qiu, J., L. Yang, and X. Zhang (2004), Characteristics of the imaginary part
and single-scattering albedo of urban aerosols in northern China, Tellus,
Ser. B., 56, 276–284.

Ramanathan, V., P. J. Crutzen, J. T. Kiehl, and D. Rosenfeld (2001), Aero-
sol, climate, and hydrological cycle, Science, 294, 2119–2124.

Remer, L. A., et al. (2002), Validation of MODIS aerosol retrieval over
ocean, Geophys. Res. Lett., 29(12), 8008, doi:10.1029/2001GL013204.

Russell, P. B., P. V. Hobbs, and L. L. Stowe (1999), Aerosol properties and
radiative effects in the United States east coast haze plume: An overview
of the Tropospheric Aerosol Forcing Observational Experiment (TAR-
FOX), J. Geophys. Res., 104, 2213–2222.

Schuster, G. L., O. Dubovik, B. N. Holben, and E. E. Clothiaux (2005),
Inferring black carbon content and specific absorption from Aerosol Ro-
botic Network (AERONET) aerosol retrievals, J. Geophys. Res., 110,
D10S17, doi:10.1029/2004JD004548.

Sokolik, I. N., and O. B. Toon (1999), Incorporation of mineralogical
composition into models of the radiative properties of mineral aerosol
from UV to IR wavelengths, J. Geophys. Res., 104, 9423–9444.

Spurr, R. J. D. (2002), Simultaneous derivation of intensities and weighting
functions in a general pseudo-spherical discrete ordinate radiative transfer
treatment, J. Quant. Spectrosc. Radiat. Transfer, 75, 129–175.

Streets, D. G., et al. (2003), An inventory of gaseous and primary aerosol
emissions in Asia in the year 2000, J. Geophys. Res., 108(D21), 8809,
doi:10.1029/2002JD003093.
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