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Abstract. There is great uncertainty regarding the role of
mineral dust aerosols in Earth’s climate system. One rea-
son for this uncertainty is that the optical properties of min-
eral dust, such as its single scattering albedo (the ratio of
scattering to total extinction), are poorly constrained because
ground observations are limited to a few locations and satel-
lite standard products are not available due to the excessively
bright surface of the desert in the visible wavelength, which
makes robust retrievals difficult. Here, we develop a method
to estimate the spatial distributions of the aerosol single scat-
tering albedo (ω0) and optical depth (τa), with daily 1◦

× 1◦

spatial resolution using data from the Moderate Resolution
Imaging Spectroradiometer (MODIS) as well as model sim-
ulations of radiative transfer. This approach is based on the
“critical surface reflectance” method developed in the liter-
ature, which estimatesω0 from the top of the atmospheric
radiance. We estimate the uncertainties inω0 over the Sa-
hara (Asia) to be approximately 0.020 and 0.010 (0.023 and
0.017) for bands 9 and 1, respectively, while the uncertainty
in τa is approximately 0.235 and 0.228 (0.464 and 0.370)
for bands 9 and 1, respectively. The 5–95 % range of the
spatial distribution ofω0 over the Sahara (Asia) is approx-
imately 0.90–0.94 and 0.96–0.99 (0.87–0.94 and 0.89–0.97)
for bands 9 and 1, respectively, and that ofτa over the Sa-
hara (Asia) is approximately 0.8–1.4 and 0.8–1.7 (0.7–2.0
and 0.7–1.9) for bands 9 and 1, respectively. The results for

the Sahara indicate a good correlation betweenω0 and the
surface reflectance, and betweenω0 andτa. However, the re-
lationships betweenω0, τa, and surface reflectance are less
clear in Asia than in the Sahara, and theω0 values are smaller
than those in the Sahara. The regions with smallω0 values
are consistent with the regions where coal-burning smoke
and carbonaceous aerosols are reported to be transported in
previous studies. Because the coal-burning and carbonaceous
aerosols are known to be more absorptive and have smaller
ω0 values than dust aerosols, our results indicate that the dust
aerosols in Asia are contaminated by these anthropogenic
aerosols. The spatial distribution of dust optical properties
obtained in our work could be useful in understanding the
role of dust aerosols in Earth’s climate system, most likely
through future collaboration with regional and global mod-
elling studies.

1 Introduction

Aerosols are one of the most uncertain factors in determining
the energy budget of the earth’s climate system. Species of
aerosols with significant radiative forcing include sulphates,
fossil fuel organics, black carbon, biomass burning, nitrates,
and mineral dust (Forster et al., 2007). Among these species,
mineral dust can both scatter and absorb solar radiation and
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absorb and emit terrestrial radiation (e.g., Andreae, 1995).
Measurements of mineral dust’s direct radiative effect (DRE)
over the ocean have suggested that local DRE could be ex-
tremely strong (Forster et al., 2007). The global DRE of
mineral dust based on recent model simulations ranges from
−0.56 to+0.1 W m−2, indicating major uncertainty regard-
ing the role of mineral dust in the climate system (Forster et
al., 2007).

One reason for this uncertainty about the radiative effect
of mineral dust is that mineral dust’s optical properties are
poorly understood and poorly characterised (e.g., Sokolik et
al., 2001). Among dust optical parameters, the single scat-
tering albedo (the ratio of scattering to total extinction cross
sections) is particularly important for quantifying radiative
forcing. For example, Hansen et al. (1997) found that the crit-
ical single scattering albedo at which the aerosol’s impact on
the global mean surface temperature shifted from cooling to
heating was approximately 0.91 in the visible spectrum when
“semidirect” aerosol effects were included (i.e., that aerosol
absorption causes a positive climate feedback by reducing
local large-scale cloud cover).

The World Meteorological Organisation (WMO) recom-
mended an imaginary refractive index of 0.008, correspond-
ing to dust’s single scattering albedo (ω0) of 0.653 at 0.55 µm
(WMO, 1983). However, observations from the ground and
from aircraft over the Sahara suggest significantly smaller
dust absorption values than those given by the WMO. Hay-
wood et al. (2003) reported values of 0.95–0.99 from the
Saharan Dust Experiment (SHADE, Tanré et al., 2003), and
McConnell et al. (2008) reported a range of 0.95–0.99 dur-
ing the Dust Outflow and Deposition to the Ocean (DODO,
McConnell et al., 2008) experiment. Osborne et al. (2008)
estimated theω0 for pure dust aerosol during the Dust
and Biomass-burning Experiment (DABEX, Haywood et al.,
2008) to be consistently high, within a range of 0.98–0.99.
According to Johnson and Osborne (2011),ω0 values at
0.55 µm were measured within the range of 0.92–0.99 during
the Geostationary Earth Radiation Budget Intercomparison
of Long-wave and Short-wave (GERBILS) radiation (Hay-
wood et al., 2011) campaign. More recently,ω0 was mea-
sured very close to fresh dust sources during the Fennec pro-
gram, and the 0.55 µm values ranged from 0.7 to 0.97, due to
the presence of a significant number of large particles (Ry-
der et al., 2013). Analyses of theω0 values of Saharan dust
from the Aerosol Robotic Network (AERONET, Holben et
al., 1998) suggested an average of 0.95 at 0.67 µm (Dubovik
et al., 2002).

Ground observations ofω0 were also performed over the
Asian region. Unpolluted Asian dust analysed during the Ae-
olian Dust Experiment on Climate (ADEC, Mikami et al.,
2006) had an averageω0 of 0.93 at 0.67 µm, andω0 values
of 0.90 and 0.89 were obtained from ground-based radiation
measurements (Kim et al., 2004, 2005). Based on observa-
tions at the dust source and surrounding regions, dust over
Asia was reported to mix with soot particles produced over

industrial areas, leading to stronger absorption and a reduced
ω0 (Kim et al., 2004, 2005; Sohn et al., 2007).

In addition to these ground observations, optical prop-
erties of dust have been estimated from satellite observa-
tions. While satellite data can, in the absence of clouds, pro-
vide continuous observations over large areas with low re-
flectance, it is not easy to provide aerosol properties over an
entire desert area because the desert’s surface is too bright
in the visible wavelengths. Kaufman et al. (2001) estimated
theω0 over the Sahara using the “critical surface reflectance”
method, which requires information on aerosol optical depth
(τa), but their analysis was limited to a particular location
over the Sahara because they had to use aτa value derived
from independent ground measurements. The Deep Blue al-
gorithm (Hsu et al., 2004) retrieved aerosol properties from
satellite data over bright surfaces such as arid and semiarid
areas, but theω0 was only estimated at wavelengths below
500 nm by assuming that it was constant at 670 nm. More re-
cently, Zhu et al. (2011) estimated the spatial distribution of
absorption by aerosols produced during biomass burning us-
ing the critical surface reflectance method described above,
but their method cannot be applied to desert areas because
information onτa values is not available for such areas.

In summary, studies of the optical properties of dust ob-
tained over desert areas have been limited to certain locations
due to the difficulty of performing ground and satellite ob-
servations. Therefore, the spatial and temporal distributions
of dust’s optical properties have not yet been extensively es-
timated. The chemical properties of mineral dust at Earth’s
surface vary over space and time, and dust aerosols can be
mixed with other aerosols during transportation. Therefore,
the spatial and temporal distributions of dust’s optical prop-
erties may affect the climate states over and around desert ar-
eas. The impact of geographical variations in chemical com-
position and hence in optical properties has not yet been con-
sidered in global or regional models (Forster et al., 2007).

In the present study, we investigate the spatial distribution
of dust optical properties (such asω0 andτa) over desert areas
using nine years of data from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) on board the Aqua satellite.
Special attention is given to the optical properties of dust over
the Saharan and Asian desert regions. The general features of
the dust aerosol’s optical properties are discussed by compar-
ing the optical properties of these different regions.

Our methodology is based on the theory that the critical
surface reflectance, the observed radiance of which is unin-
fluenced by the variability in dust’s optical depth, depends
on ω0 (Kaufman, 1987; Kaufman et al., 2001). Yoshida and
Murakami (2008) also used the critical surface reflectance
method and investigated the mean value ofω0 over the Sa-
haran region using long-term MODIS satellite data. We ex-
tend the approach of Yoshida and Murakami (2008) and ex-
plore the spatial distribution ofω0 andτa at resolutions of 1◦

longitude and 1◦ latitude using daily MODIS data. The de-
tails of our methodology are explained in Sect. 2, and Sect. 3
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gives the optical properties of the dust that we estimated over
the Sahara and Asia. Finally, our results are summarised in
Sect. 4.

2 Methodology

We estimate the single scattering albedo and optical depth
of dust using MODIS satellite data and model simulations
based on the method developed by Kaufman (1987) and
Kaufman et al. (2001). The basic concept of our methodol-
ogy is given in Sect. 2.1. Descriptions of the MODIS satel-
lite data and radiative transfer model simulations are given in
Sects. 2.2 and 2.3, respectively. Details on the procedure for
retrievingτa andω0 are given in Sect. 2.4.

2.1 Basic concept

The basic concept of our methodology is illustrated in Fig. 1.
The reflectance at the top of the atmosphere (TOA) is simu-
lated using the radiative transfer model described in Sect. 2.3
under hazy and clear conditions (the definition of hazy and
clear conditions is given in Sect. 2.4). Figure 1 shows the
difference between the TOA reflectances in hazy and clear
conditions (1ρt) as a function of the TOA reflectance in
clear conditions (ρt

clear), using the radiative transfer model
by changing the surface reflectance from 0.0 to 0.6 in the
simulation. The single scattering albedo (ω0) and optical
depth (τa) of dust are perturbed in Fig. 1. The results for
ω0 = 0.970 (dashed) and 0.901 (solid) andτa = 1.0 (blue),
2.0 (green), and 3.0 (red) are shown in Fig. 1.

Figure 1 shows that for dark surfaces (smallρt
clear in Fig. 1)

the TOA reflectance increases as the dust’s optical depth in-
creases, whereas for bright surfaces (largeρt

clear in Fig. 1)
the TOA reflectance decreases as the dust’s optical depth in-
creases. As shown in Fig. 1, the critical surface reflectance
(ρc), for which the TOA reflectance (critical TOA reflectance
ρt

c) is uninfluenced by the variability in the dust’s optical
depth, depends onω0. At ρc, there is a balance between the
brightening of the surface by atmospheric scattering and the
darkening of the surface by aerosol absorption (Kaufman,
1987; Haywood and Shine, 1995).ρc andρt

c can be obtained
by satellite observation; thus, we can estimate theω0 of the
dust based on the radiative transfer model simulations.

In Kaufman (1987) and Kaufman et al. (2001), theτa val-
ues are based on independent ground measurements. In gen-
eral, the number of ground measurements in the desert re-
gions was very small, andτa was not estimated over desert
areas in the standard satellite products of the visible wave-
lengths because the surface albedo of the desert was too
high. In this study,τa is estimated along withω0, making
our method advantageous compared with previous studies
because we can estimateτa andω0 simultaneously whenever
the appropriate satellite data are available, thus providing far
greater spatial coverage.

Fig. 1.A sample radiative transfer model simulation illustrating the
essence of the “critical surface reflectance” method developed by
Kaufman (1987). The horizontal axis is the top-of-the-atmosphere
(TOA) reflectance in clear conditions (ρt

clear), and the vertical axis
is the difference between TOA reflectance during hazy and clear
conditions (ρt-ρt

clear= 1ρt). The lines in the diagram are calcu-
lated by changing the surface reflectance from 0.0 to 0.6 (intervals
of 0.01) in the model simulations. The dust optical parameters, such
as the single scattering albedo (ω0) and optical depth (τa), are per-
turbed in the model simulations. The dashed line represents the sim-
ulation withω0 = 0.970 (ω0 is perturbed through the imaginary re-
fractive index,mi , and in this casemi = 0.001), and the solid line is
that withω0 = 0.901 (mi = 0.004). The optical depths of the dust
aerosols used in the simulations are 1.0 (blue), 2.0 (green), and 3.0
(red). The simulations are performed at a solar zenith angle of 10◦,
a satellite zenith angle of 30◦, and a relative azimuth angle of 180◦,
and the wavelength is 0.443 µm. The model parameters related to
the dust aerosols are given by the mean values in Table 1.

The method we devised in this study is as follows. As il-
lustrated in Fig. 1, the slope of theρt

− ρt
clear(1ρt) versus

ρt
clear diagram depends onτa: the absolute value of the slope

is greater for largerτa values because, if the dust aerosol
is thick enough (i.e.,τa is large), when we change the sur-
face albedo, the difference in the TOA reflectance between
hazy and clear skies (1ρt) changes accordingly. We estimate
the τa andω0 values based on the fact that the features of
the ρt

clear versus1ρt diagram are dependent onτa andω0.
The relationship between the slope of theρt

clear versus1ρt

diagram (α) and τa is derived in the Appendix. While the
methodological concepts are explained using approximation
theory in the Appendix, the computations in Sects. 2 and 3
are performed using a rigorous radiative transfer as described
in Sect. 2.3. Theρt

clear versus1ρt diagram is created using
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Table 1.Mean values and standard deviations of the aerosol model parameters calculated from AERONET data.

Model parameters Sahara Asia

Mean Standard deviation Mean Standard deviation

Volume median radius [µm] Fine mode (rv,1) 0.183 0.040 0.155 0.034
Coarse mode (rv,2) 2.127 0.309 2.355 0.450

Standard deviation Fine mode (σ1) 1.865 – 1.751 –
Coarse mode (σ2) 1.785 – 1.845 –

Particle volume concentration [µm3/µm2] Fine mode (Cv,1) 0.026 0.011 0.062 0.055
Coarse mode (Cv,2) 0.385 0.240 0.486 0.431

Real part of the refractive index Band 9 (mr) 1.497 0.045 1.523 0.062
Band 1 (mr) 1.508 0.038 1.534 0.051

Aerosol optical depth for clear conditions Band 9 (τa_clear) 0.254 0.114 0.241 0.126
Band 1 (τa_clear) 0.212 0.116 0.196 0.134

the daily 1◦ × 1◦ latitude-longitude data from the MODIS
satellite, allowing us to estimateτa and ω0 at these space
and time resolutions. The estimatedτa andω0 can be con-
sidered the average of a 1◦

× 1◦ grid. We also evaluate the
uncertainties of our estimation in Sect. 3.1.

2.2 Satellite data

We use Level-1B radiance data sub-sampled at 5 km by
MODIS on board the NASA EOS Aqua spacecraft (http://
modis.gsfc.nasa.gov/). The MODIS data for bands 9 (0.438–
0.448 µm) and 1 (0.620–0.670 µm) are used for this analysis
because bands 1 and 9 are the bands at which the optical
properties of AERONET ground observations are available
(Holben et al., 1998). The target area for the analysis is the
land area from 10◦ to 35◦ north and 20◦ west to 30◦ east over
the Sahara and from 34◦ to 45◦ north and 75◦ to 145◦ east
over Asia. We use nine years of data (from 2003 to 2011 and
select May–August in the Sahara and March–May in Asia
because dust events often occur during these months in each
region. Additionally, peak biomass burning emissions from
the Sahel that are advected over the Sahara in December–
February are avoided (Haywood et al., 2008, 2011). To select
clear-sky (i.e., cloud-free) conditions, we use the cloud mask
from Level-2 MODIS atmosphere products (Ackerman et al.,
1998). To distinguish between clear and hazy conditions, we
use the aerosol index values (Herman et al., 1997; Torres et
al., 1998) from the Earth Probe’s Total Ozone Mapping Spec-
trometer (TOMS) for 2003–2005 and those from an Ozone
Monitoring Instrument (OMI) for 2006–2011 (Torres et al.,
2002, 2007).

2.3 Simulations with a radiative transfer model

We use a radiative transfer code called System for the Trans-
fer of Atmospheric Radiation developed at the University of
Tokyo (RSTAR, Nakajima and Tanaka, 1986, 1988; Stamnes
et al., 1988) for the model simulations. Because many studies
indicate that a bimodal lognormal function is the most appro-

priate model for aerosol particle size distribution (cf. Whitby,
1978; Shettle and Fenn, 1979; Remer and Kaufman, 1998),
we use the following dust size (rd) distribution:

dV (rd)

dlnrd
=

2∑
i=1

Cv,i
√

2π lnσi

exp

[
−

(lnrd − lnrv,i)
2

2ln2σi

]
, (1)

where indexi denotes the fine (i = 1) and coarse (i = 2)
modes of the aerosol,Cv,i is the particle volume concentra-
tion, rv,i is the volume median radius, andσi is the standard
deviation. For the shape of the aerosol, we assume a non-
spherical yellow dust model (Nakajima et al., 1989), employ-
ing the non-spherical parameters from a semi-empirical the-
ory by Pollack and Cuzzi (1980) with anr of 1.1, anX0 of
7, and aG of 10.

The aerosol size distribution parameters (Cv,1, rv,1, σ1,
Cv,2, rv,2, σ2) and the real part of the refractive index (mr)

in the model simulation are derived from AERONET Level
2.0 inversion data (Dubovik and King, 2000,http://aeronet.
gsfc.nasa.gov) for hazy conditions. Non-spherical aerosol is
assumed in the inversion of the AERONET data (Dubovik et
al., 2006). The aerosol’s optical depth for clear conditions
(τa_clear) is also derived from AERONET Level 2.0 direct
sun algorithm data (O’Neill et al., 2003) in clear conditions.
These values are distinguished as hazy conditions (aerosol
index greater than 3) and clear conditions (aerosol index less
than or equal to 2) using the corresponding TOMS or OMI
data. Here, we use the TOMS and OMI data for the classifica-
tion of clear and hazy conditions because of the consistency
with the classification of MODIS satellite data used for the
analysis, as described in Sect. 2.4.

The values of the model parameters are shown as the mean
listed in Table 1. Here,Cv,1 andCv,2 are used to determine
the ratio of volume concentration between the fine and the
coarse mode, and the aerosol’s total column density is deter-
mined by the aerosol’s optical depth. In the present study, un-
certainties of the model parameters are considered using the
standard deviation listed in Table 1. The mean and standard
deviation values in Table 1 are derived from the AERONET
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data using the observational sites shown in Fig. 4 for the Sa-
hara and Fig. 9 for Asia. The uncertainties in the model sim-
ulations concerning the estimation ofτa andω0 are described
in Sect. 3.1.

In the radiative transfer simulations, we consider the al-
titude of the surface over the Sahara and Asia using the
ETOPO1 global relief model (Amante and Eakins, 2009).
Original ETOPO1 data with a 1 min spatial resolution are av-
eraged to a 1◦ resolution for the calculation.

2.4 Procedure for estimatingτa and ω0

This section describes the procedures used to estimateτa
andω0. First, we sample the TOA reflectance from the daily
MODIS satellite data in clear and hazy conditions with vari-
ous surface reflectances within 1◦ longitude and 1◦ latitude.
We then create a scatter plot of theρt

clearversus1ρt diagram
and derive the critical TOA reflectance (ρt

c) and slope of the
diagram (α), as illustrated in Fig. 2. The points in Fig. 2 are
obtained from 0.05◦ × 0.05◦ MODIS satellite data within the
1◦

× 1◦ grid (thus, the maximin number of points is 400).
Because the surface reflectance varies spatially, we can ob-
tain the scatter plot shown in Fig. 2 with the daily 1◦

× 1◦

resolution.
For clear conditions, we use the inclusion criterion that the

aerosol index obtained from TOMS or OMI on the same day
be less than or equal to 2.ρt

clear is derived from the time av-
erage of TOA reflectance during clear conditions. The time
average is derived from data for every 16 days (the MODIS
recurrence period) due to the surface’s bidirectional charac-
teristics and the differences in atmospheric path length and
scattering phase function. Therefore, we have 16 different
ρt

clear values according to the MODIS geometry.
For hazy conditions, we consider the criterion that the

aerosol index is greater than 3. We chose a threshold value
of 3 because it is the value at which we can obtain a suf-
ficient difference betweenρt andρt

clear and because it pro-
vides a sufficient number of data points for the analysis. We
evaluate the average of the AERONET data and find that
aerosol indexes 2 and 3 correspond to aerosol optical depths
of 0.39 and 0.57, respectively, at 0.440 µm. Here, we choose
the 0.05◦ × 0.05◦ data with a MODIS cloud mask to be “con-
fidently clear” in the selection of both clear and hazy condi-
tions. For the calculation of1ρt

= ρt
−ρt

clear, we use aρt
clear

value with a sensor zenith angle identical to that of theρt

during hazy conditions.
From the scatter plot in theρt

clear versus1ρt diagram, we
derive the critical TOA reflectance (ρt

c) and slope (α). In this
method, it is important to have a reasonable spread inρt

clear in
order to make reliable estimations ofρt

c andα. Therefore, we
do not include grids with homogeneous surface reflectance;
thus, the spread inρt

clear is very small. For this purpose, we
divide ρt

clear into bins with 0.05 widths, and we select grids
whose data span more than 5 bins (the number of data in each
bin is more than 7). Then, bothρt

c andα are estimated only
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13 

Fig. 2. This figure is identical to Fig. 1 but is created from the
MODIS satellite data. Each dot is calculated from TOA reflectances
on 10 May 2010 with 0.05◦ × 0.05◦ data. The mean observed ge-
ometry is a solar zenith angle of 17.1◦, a satellite zenith angle of
42.4◦, and a relative azimuth angle of 159.8◦, and the wavelength
is 0.443 µm. This diagram is created using daily TOA reflectance
data within a 1◦ × 1◦ grid box, and thus, the maximum number of
points in a diagram is 400. The fitted line (blue) is calculated with
the least-squares method, after which thex intercept (critical TOA
reflectanceρt

c) and slope (α) are estimated. From the look-up table
for the relationship between [ρt

c, α] and [single scattering albedo
(ω0), optical depth (τa)] as shown in Fig. 3, theω0 andτa values
are estimated from the daily 1◦

× 1◦ resolution.

when they are statistically significant using the least-squares
method. The results are deemed statistically significant when
the null hypothesis (population regression coefficientα = 0)
is rejected with a significance level of 0.05. The test of null
hypothesisα = 0 is performed under the assumption that the
F statistic described below follows anF distribution with (k,
n − k − 1) degrees of freedom:

F =

SR
k
SE

n−k−1

=

R2

k

1−R2

n−k−1

, (2)

whereSR is the square sum of the regression,SE is the square
sum of errors,R is the multiple correlation coefficient, and
n andk are the number of data points and explanatory vari-
ables, respectively. Using this statistical test, we can reject
the case where the spread in the scatter plot is too large, with
the result thatρt

c (x intercept) andα (slope) are not properly
estimated. Although the regression line is deemed statisti-
cally significant, the spread in the scatter plot causes uncer-
tainties in the estimation ofρt

c andα, which yields uncer-
tainties in the estimation of aerosol optical properties (τa and
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Figure 3. An example of a look-up table (LUT) calculated from the radiative transfer model 2 

simulations. The LUT is used to estimate the dust’s single scattering albedo (0) and optical 3 

depth (a) from the values of the x-intercept (critical surface reflectance c
t
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t
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 9 

Fig. 3. An example of a look-up table (LUT) calculated from the
radiative transfer model simulations. The LUT is used to estimate
the dust’s single scattering albedo (ω0) and optical depth (τa) from
the values of thex intercept (critical TOA reflectanceρt

c) and the
slope (α) as defined in Fig. 2. Here, we give 100 differentω0 values
(through perturbing the imaginary part of the refractive index) and
57 differentτa values in the model simulation. We then calculate
the ρt

c and α values as demonstrated in Fig. 1. The satellite and
solar geometry, the aerosol model parameters, and the wavelength
are the same as those in Fig. 2.

ω0). The uncertainties inτa andω0 are evaluated in Sect. 3.2
(Tables 2 and 3). To connect the values of [ρt

c, α] obtained
from the scatter plot to the [ω0, τa] values, we perform the
model simulations described in Sect. 2.3 in advance and cre-
ate the look-up tables (LUTs) shown in Fig. 3. To calculate
the LUTs, we calculate1ρt andρt

clear by perturbing the sur-
face reflectance and then calculate [ρt

c, α] from theρt
clearver-

sus1ρt diagram. In the LUT calculation, we use the two
wavelengths corresponding to bands 1 and 9 with various ge-
ometries (solar and satellite zenith angles and the azimuth
angle between the sun and satellite).

When the surface reflectance is low enough and there are
no data with1ρt

= 0 (and thusρt
c), the regression line of

the scatter plot is extrapolated to findρt
c, where1ρt

= 0. As
shown in Fig. 1, the relationship betweenρt

clear and1ρt is
nearly linear, but it includes non-linear components. There-
fore, we create four different LUTs for four differentρt

clear
ranges (ρt

clear of <0.15, 0.15–0.20, 0.20–0.25, > 0.25 at band
9, andρt

clear of < 0.20, 0.20–0.30, 0.30–0.40, > 0.40 at band
1).

In the present study, the aerosol’s optical properties, esti-
mated as described above, are compared with the ground ob-
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Figure 4. Spatial distribution of the total uncertainties in band 9 for the estimation of the (a) 2 
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Fig. 4. Spatial distribution of the total uncertainties in band 9 for
the estimation of(a) the single scattering albedoω0 and (b) the
optical depthτa over the Sahara. The AERONET sites of Agoufou,
Banizoumbou, Saada, and Tamanrasset are also shown.

servations in Sect. 3.2. For the Sahara, the AERONET data
(site locations indicated in Fig. 4) are used for the validation.
For Asia, the observational data from the Skyradiometer Net-
work (SKYNET,http://atmos.cr.chiba-u.ac.jp/) are used (site
locations shown in Fig. 9).

3 Results and discussion

Uncertainties in our estimation are investigated in Sect. 3.1.
In Sect. 3.2 we then evaluate our method by comparing the
dust properties we estimated with ground observations. The
results of the spatial distribution of aerosol optical proper-
ties over the Sahara and Asia are presented in Sect. 3.3. The
reasons for the difference between the two regions’ optical
properties are discussed in Sect. 3.4.

3.1 Uncertainties in the estimation of dust’s optical
properties

This section examines the uncertainties in our estimation of
dust’sω0 andτa values. There are eleven possible reasons for
the uncertainties in our method, and they can be classified
into two types: uncertainties related to the observations (1
to 7 described below) and uncertainties related to the model
simulations (8 to 11). The uncertainty from each component
and the total uncertainty over the Sahara and Asia are sum-
marised in Tables 2 and 3, respectively.
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Table 2. Uncertainties inω0 andτa due to error sources shown from (1) to (11) for bands 9 and 1 over the Sahara. The total uncertainties
are shown in the rightmost column. The uncertainties related to the observations are (1)–(2) variation in surface reflectance; (3)–(5) spatial
variation in aerosol optical characteristics and geometry; (6) variation in solar zenith angle; and (7) satellite calibration error. The uncertainties
related to the model simulations are those in model parameters (8), (9), (10), and (11). Details regarding each factor are described in the main
text.

Error sources

Satellite data Model parameters Total

Optical (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m)
properties Surface reflectance ρt

c α Solar zenith angle Satellite Calibrationτa_clear rv,1 rv,2 Cv,1 Cv,2 mr Altitude Total
(1), (2) (3)–(5) (3)–(5) (6) (7) (8) (9) (9) (9) (9) (10) (11)

ω0 band 9 0.012 0.004 0.001 0.003 0.007 0.002 0.002 0.002 0.002 0.004 0.008 0.0090.020
ω0 band 1 0.007 0.003 0.002 0.001 0.003 0.003 0.001 0.002 0.001 0.001 0.003 0.0020.010
τa band 9 0.049 0.032 0.156 0.028 0.054 0.099 0.040 0.026 0.036 0.049 0.062 0.0660.235
τa band 1 0.059 0.041 0.154 0.028 0.054 0.079 0.042 0.043 0.042 0.055 0.061 0.0370.228

Table 3.Same as Table 2, but for Asia.

Error sources

Satellite data Model parameters Total

Optical (a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m)
properties Surface reflectance ρt

c α Solar zenith angle Satellite Calibrationτa_clear rv,1 rv,2 Cv,1 Cv,2 mr Altitude Total
(1), (2) (3)–(5) (3)–(5) (6) (7) (8) (9) (9) (9) (9) (10) (11)

ω0 band 9 0.012 0.006 0.001 0.003 0.007 0.001 0.004 0.001 0.009 0.004 0.006 0.0120.023
ω0 band 1 0.012 0.005 0.003 0.001 0.005 0.003 0.003 0.002 0.005 0.005 0.003 0.0020.017
τa band 9 0.055 0.042 0.397 0.026 0.059 0.111 0.062 0.012 0.121 0.066 0.085 0.0810.464
τa band 1 0.059 0.042 0.284 0.016 0.057 0.096 0.057 0.030 0.120 0.121 0.067 0.0200.370

3.1.1 Sources of uncertainty

In our method, we assume that the surface reflectance is iden-
tical under hazy and clear conditions. We then estimate the
daily values ofω0 andτa in 1◦

× 1◦ grid points. Therefore,
the uncertainties related to the observations are due to the fol-
lowing factors: variations in surface reflectance through (1)
variation in the surface reflectance between hazy and clear
conditions and (2) bidirectional characteristics of the sur-
face combined with slight variations in the solar zenith an-
gle between hazy and clear conditions; spatial variations in
aerosol optical characteristics and geometry (variation in 1◦

× 1◦ grid points for (3)ω0, (4) τa, and (5) the geometry); (6)
difference in solar zenith angle between clear-sky and hazy
conditions; and (7) satellite calibration errors. The inherent
error of the radiative transfer calculation in the model simu-
lations is approximately 0.4 % during hazy and clear condi-
tions if the aerosol model is correct (Nakajima and Tanaka,
1988). Therefore, the uncertainties due to the assumptions of
the aerosol model are important. Possible sources of uncer-
tainty include uncertainties in the aerosol model parameters:
(8) the optical depth of clear conditions, (9) the aerosol size
distribution (volume median radius and the ratio of volume
concentration between the fine and coarse mode), (10) the
real part of the aerosol refractive index, and (11) the dust al-
titude.

Uncertainties in the surface reflectance, represented by
categories (1) and (2), are caused by the variation of the

surface reflectance. These variations are evaluated using the
MODIS surface reflectance Daily L3 Global 0.05 deg CMG
data (MYD09CMG). As described in Sect. 2.4, differences
in the TOA reflectance between the hazy and clear conditions
are derived from 16 day intervals of data based on the satel-
lite geometry. Therefore, we estimate the variation in the sur-
face reflectance between the hazy and clear conditions from
the standard deviation of the surface reflectance at each grid
point using the clear-sky data at intervals of 16 days. Because
the data with wavelengths in band 9 (0.438–0.448 µm) are
not available in MYD09CMG, we use the surface reflectance
data with the nearest wavelengths (band 3, 0.459–0.479 µm).
The standard deviations of the surface reflectance over the
Sahara are 0.0077 (band 1) and 0.0083 (band 3), and those
over Asia are 0.0131 (band 1) and 0.0135 (band 3). Uncer-
tainties in the estimation ofω0 andτa are calculated by per-
turbing the surface reflectance by±the standard deviation.

Uncertainties in aerosol optical characteristics and geom-
etry, represented by categories (3)–(5), are caused by aerosol
optical characeristics and geometry spatial variations in the
1◦

× 1◦ grid. These variations are represented by the spread
of the scatter plot in theρt

clear versus1ρt diagram. This
spread is also caused by the measurement noise and unde-
tected clouds; thus, categories (3)–(5) include these effects.
The uncertainties inω0 and τa are due to their estimation
from the slope (α) andx intercept (ρt

c) in the scatter plot by
the least-squares method, as shown in Fig. 2. The errors from
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α andρt
c caused by the least-squares method are shown in (b)

and (c) of Tables 2 and 3, respectively.
For category (6), the standard deviation of the differences

in solar zenith angle between clear and hazy conditions in
our analysis is 2.3◦. The uncertainty inω0 andτa due to the
difference in solar zenith angle of 2.3◦ is shown in (d) of
Tables 2 and 3.

Category (7), concerning satellite calibration error, ex-
hibits uncertainty in the TOA reflectance andρt

c values. As-
suming the calibration error of the MODIS satellite is 5 %,
the uncertainty inρt

c should also be 5 %. The uncertainty in
ω0 andτa due to the satellite calibration is shown in (e) of
Tables 2 and 3.

Uncertainties in aerosol model parameters, represented by
categories (8)–(10), are calculated by perturbing the aerosol
model parameters by the standard deviation, as shown in Ta-
ble 1. The uncertainties in the model parameters, namely, the
aerosol’s optical depth during clear conditions (τa_clear), the
fine and coarse modes of the volume median radius (rv1, rv2),
the fine and coarse modes of the volume concentration (Cv1,
Cv2), and the real part of the refractive index (mr), are shown
in (f), (g), (h), (i), (j), and (k) of Tables 2 and 3, respectively.

Here, the uncertainties in the aerosol model parameters
are derived from the standard deviation of the AERONET
retrievals, as shown in Table 1. However, recent aircraft mea-
surements have found a wider range of aerosol size distribu-
tions. We performed a sensitivity test with the coarse mode
of the volume median radius of 10 µm observed in the Sa-
haran Mineral Dust Experiment (SAMUM: Heintzenberg,
2009). The estimated uncertainty inω0 was 0.006 (band 9)
and 0.003 (band 1), and the uncertainty inτa was 0.06 (band
9) and 0.06 (band 1). These uncertainties do not significantly
affect the total uncertainty.

Finally, the uncertainties in dust altitude described by cat-
egory (11) are addressed by changing the dust layer in the
model simulation. In our standard model, we assume that the
aerosol layer is at an altitude of 4–8 km. Recent work has
found that dust exists at altitudes below 5–6 km (e.g., John-
son and Osborne, 2011; Ryder et al., 2013). We perform the
sensitivity test by changing the dust layer to lower (1–5 km)
and higher (7–11 km) altitudes. The uncertainty due to the
dust altitude is shown in (l) of Tables 2 and 3.

In addition to the uncertainties in the aerosol model dis-
cussed above, the spatial variation of ozone concentration
can be a source of uncertainty in our radiative transfer sim-
ulation. The annual average of total-column ozone over the
northern part of the Sahara is approximately 270 DU, while
that over the southern part is approximately 310 DU (WMO,
2011). We performed a sensitivity test with the total-column
ozone of 270 DU and 310 DU, but the uncertainty did not af-
fect the total uncertainty discussed above.

3.1.2 Uncertainty in the estimations

The uncertainty components and total uncertainty in the es-
timation ofω0 andτa over the Sahara and Asia are shown in
Tables 2 and 3, respectively. When estimatingω0, the largest
contribution to the total uncertainty is the variation in surface
reflectance (categories 1 and 2), as shown in (a) of Tables 2
and 3. The largest contribution to the total uncertainty in the
estimation ofτa is the spatial variation in aerosol optical char-
acteristics (categories 3–5), as shown in (c) of Tables 2 and 3.

We should note that the uncertainty inω0 caused by the
variation in surface reflectance increases for smallerτa values
because the uncertainties inρt

c (the x intercept in theρt
clear

versus1ρt diagram) increase with decreasingτa, for which
the absolute value of the slope (α) decreases. For this reason,
we use only MODIS satellite data withτa > 0.5 in order to
reduce the uncertainties in this study’s estimation ofω0.

The spatial distribution of the total uncertainties in the es-
timation ofω0 andτa over the Sahara and Asia are shown in
Figs. 4 and 5, respectively. The total uncertainty ofω0 be-
comes large over the northwestern region of the Sahara be-
cause the dust’s optical depthτa is not large enough. The to-
tal uncertainty ofτa becomes large over the southern region,
which contains AERONET sites. In this region, the uncer-
tainties in categories (3)–(5) are large, most likely because
the estimated value ofτa is large.

In Asia, the total uncertainty inω0 is larger in the east of
the Takla Makan Desert compared with that over the Takla
Makan Desert region (Fig. 5) because uncertainties due to the
variation in the surface reflectance (categories 1 and 2) and to
the dust altitude (categories 11) are large there. As in the case
of the Sahara, uncertainty inω0 due to the variation in surface
reflectance is large over the regions whereτa is small. By
contrast, the uncertainty inτa is large over the Takla Makan
Desert.

As shown in Table 2 (m) and Table 3 (m), the total un-
certainty inω0 over the Sahara (Asia) is 0.020 and 0.010
(0.023 and 0.017) for bands 9 and 1, respectively, and the to-
tal uncertainty inτa is 0.235 and 0.228 (0.464 and 0.370) for
bands 9 and 1, respectively. The 5–95 % range of the spatial
distribution ofω0 over the Sahara (Asia), as investigated in
Sect. 3.3, is approximately 0.90–0.94 and 0.96–0.99 (0.87–
0.94 and 0.89–0.97) for bands 9 and 1, respectively, and that
of τa over the Sahara (Asia) is approximately 0.8–1.4 and
0.8–1.7 (0.7–2.0 and 0.7–1.9) for bands 9 and 1, respectively.
Therefore, the total uncertainties shown in Tables 2 and 3 are
suitably minor compared with the spatial distribution over
the Sahara and Asia.
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 1 

Figure 5. Same as Fig. 4, but over Asia. 2 

3 

Fig. 5.This figure is identical to Fig. 4, but shows the results for Asia.

3.2 Comparison of dust’s optical properties with
ground observations

3.2.1 The Sahara

We evaluate our method by comparing the calculatedω0 and
τa values with ground observations. We use Level 2.0 inver-
sion data forω0 (http://aeronet.gsfc.nasa.gov) and the direct
sun algorithm forτa (O’Neill et al., 2003) at the AERONET
site over the Sahara (the site locations are indicated in Fig. 4).
In Fig. 6, theω0 andτa values estimated with our method are
compared with the AERONET data observed on the same
day. We use the AERONETω0 observed at the nearest time
to the MODIS observation time. We also use the AERONET
τa data averaged over 30 min before and after the MODIS
observation time. The error bars in Fig. 6 represent the total
uncertainty calculated at each point described in Sect. 3.1.
The AERONET data at 0.440 µm and 0.675 µm are com-
pared with MODIS bands 9 (0.438–0.448 µm) and 1 (0.620–
0.670 µm), respectively.

The ω0 data from the ground observations are consistent
with our estimations, as shown in Fig. 6. The spread in the
AERONET data is larger than that in the MODIS data, most
likely because the former is in the form of point observations,
while the latter is in the form of spatial averages over 1◦

× 1◦.
However, the estimatedτa values are larger than those from
the AERONET observations, especially for a smallτa. Al-
though our method tends to overestimateτa, our estimations
correlate with the AERONET observations (the correlation
coefficients are 0.462 and 0.311 at bands 9 and 1, respec-
tively).

In general, when theτa of the MODIS data is consistent
with that of the AERONET observations (points around the
y = x line), the error bars of the MODIS data tend to be
small, as shown in Fig. 6. On the other hand, when theτa
of the MODIS data is larger than that of the AERONET ob-
servations (points well above they = x line), the error bars
tend to be large. Therefore, we calculate the regression line

by considering the error bars ofτa in Fig. 6 as the “measure-
ment error” and giving larger (smaller) weights to the data
with smaller (larger) error bars. The regression line that con-
siders the measurement error ofτa (red line in Fig. 6) is more
consistent with the AERONET observations than the line that
does not consider measurement error (blue line).

As discussed in Sect. 3.1, the uncertainties inτa are mainly
caused by the spread in theρt

clear versus1ρt diagram, as
shown in Table 2 (c). As shown in Fig. 6, theτa values es-
timated from MODIS show a large spread. In general, the
data with small slopesα (and smallτa) tend to be rejected
by the statistical test in our method using the null hypothe-
sis ofα = 0 because a very smallα is indistinguishable from
zero. On the other hand, AERONET data with a smallτa are
not rejected in Fig. 6. Therefore, one of the reasons for the
overestimation ofτa in the MODIS data compared with the
AERONET observations is that the data with a smallτa are
not often sampled in Fig. 6.

We should note that recent work has found that
AERONET retrievals ofω0 are different from those of air-
craft measurements (Johnson and Osborne, 2011; Müller
et al., 2010, 2012). This finding might call into question
the ability of AERONET to provide reliableω0, but filter-
based aircraft measurements of absorption have their own
problems, artifacts and uncertainties (Johnson and Osborne,
2011; Bond et al., 2013).

3.2.2 Asia

Ground observations are available for the AERONET sites
at Dalanzadgad and Issyk-Kul and for the SKYNET site at
Dunhuang, as shown in Fig. 9. However, the observational
data synchronised with our MODIS data are available only
at Dunhuang (a SKYNET site) on 25 April 2004. We use
ω0 andτa from the SKYNET data derived by Hashimoto et
al. (2012) for our analysis. Because the radiation bands of the
MODIS satellite are not the same as those of SKYNET, we
use SKYNET data at 0.400 µm and 0.500 µm and interpolate
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Figure 6. Comparison of the single scattering albedo (0) and optical depth (a) values we 3 

estimated from the MODIS satellite data and the model simulations with the AERONET 4 

ground observation data. The error bars are the total uncertainty described in Section 3.1. We 5 

sample the results of grid boxes that include the AERONET sites Agoufou (blue), 6 

Banizoumbou (light blue), Saada (green), Tamanrasset_INM (orange), and 7 

Tamanrasset_TMP (red). The lines indicate the regression by considering the error bars as the 8 

“measurement error” (red) and not considering the measurement error (blue), the details of 9 

which are described in the main text.  10 

11 

Fig. 6. Comparison of the single scattering albedo (ω0) and optical depth (τa) values we estimated from the MODIS satellite data and the
model simulations with the AERONET ground observation data. The error bars represent the total uncertainty described in Sect. 3.1. We sam-
ple the results of grid boxes that include the AERONET sites Agoufou (blue), Banizoumbou (light blue), Saada (green), Tamanrasset_INM
(orange), and Tamanrasset_TMP (red). The lines indicate the regression by considering the error bars as the “measurement error” (red) and
not considering the measurement error (blue), the details of which are described in the main text.

them to determine the value at 0.443 µm for comparison with
our data at MODIS band 9 (0.438–0.448 µm, midpoint=

0.443 µm). We also use SKYNET data at 0.675 µm for com-
parison with our MODIS band 1 (0.620–0.670 µm) data.

Our estimates ofω0 using the MODIS satellite data at
Dunhuang on 25 April 2004 are 0.93 (band 9) and 0.99 (band
1), while those using the SKYNET data are 0.89 (band 9)
and 0.94 (band 1). Our estimates ofτa at Dunhuang on that
day are 1.60 (band 9) and 1.00 (band 1) using MODIS data,
while those using SKYNET data are 0.46 (band 9) and 0.45
(band 1). Our calculated results forω0 slightly overestimate
the SKYNET observations, and those forτa are larger than
the observation results.

In addition to using the SKYNET observations, we com-
pare our estimates ofω0 with other observations, although
these comparisons are not synchronised. Theω0 values at
0.5 µm reported at Dunhuang during the years 1998–2000
were 0.89 (Kim et al., 2005) and 0.90 (Kim et al., 2004),
and those at Anmyon in the years 1998 and 2000 were 0.86
(Kim et al., 2005) and 0.87 (Kim et al., 2004). Furthermore,
the ω0 at 0.5 µm reported at Anmyon was 0.91 on 7 April
2000 (Sohn et al., 2007). Our estimation of theω0 around
Dunhuang is approximately 0.90–0.95, and our estimation of
ω0 around Anmyon is approximately 0.86–0.93. Therefore,

ourω0 results are consistent with or slightly larger than those
in previous studies.

In conclusion, our estimation ofω0 in the Asian region is
nearly consistent with the ground observations;τa, by con-
trast, is overestimated. These results are similar to those ob-
tained in the Sahara region.

3.2.3 Effect of overestimating optical depth on the
estimation of the single scattering albedo

As described in Sects. 3.2.1 and 3.2.2, our estimation ofω0
is generally consistent with existing observations, while our
estimation ofτa is overestimated. Therefore, theτa estimated
from MODIS may not give useful information about dust’s
optical properties. In addition, this overestimation ofτa may
affect the estimation ofω0, so we validate this relationship in
Fig. 7. Because the overestimation ofτa is generally caused
by the overestimation ofα, as demonstrated in Fig. 2, we re-
duce the value ofα by two standard deviations and estimate
the value ofω0. As shown in Fig. 7, this reduction ofα does
not affect the estimation ofω0 in our method. This result is
entirely consistent with the conceptual framework shown in
Fig. 1 and the LUT shown in Fig. 3: an increase inτa changes
α, but has little impact on the critical TOA reflectance. Thus,
once the critical surface reflectance is obtained,ω0 is rela-
tively well constrained. Therefore, it is reasonable to assume
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Figure 7. The effect of overestimating the aerosol optical depth (a) on the estimation of the 2 

single scattering albedo (0) in band 9. The horizontal axis represents the observed aerosol 3 

optical properties at the AERONET sites (the colours are the same as those in Fig. 6). (a) a 4 

calculated by reducing the slope in Fig. 2 by two standard deviations. (b) The same 0 as in 5 

Fig. 6, but the error bars represent the difference between the value in Fig. 6 and the 0 value 6 

estimated by reducing  by two standard deviations. The standard deviations are estimated 7 

from the uncertainty in  as described in Section 3.1. 8 

Fig. 7. The effect of overestimating the aerosol optical depth (τa)

on the estimation of the single scattering albedo (ω0) in band 9. The
horizontal axis represents the observed aerosol optical properties at
the AERONET sites (the colours are the same as those in Fig. 6).
(a) τa calculated by reducing the slopeα in Fig. 2 by two standard
deviations.(b) The sameω0 as in Fig. 6, but the error bars represent
the difference between the value in Fig. 6 and theω0 value estimated
by reducingα by two standard deviations. The standard deviations
are estimated from the uncertainty inα as described in Sect. 3.1.

that the overestimation ofτa does not affect the estimation of
ω0, and thatω0 is consistent with the ground observations.

3.3 Spatial distribution of aerosol’s optical properties
over the Sahara and Asia

The spatial distributions of optical properties over the Sahara
and Asia are shown in Figs. 8 and 9, respectively. The spatial
resolution in these figures is 1◦

× 1◦, with the time average
taken using dailyω0 andτa values estimated with the 2003–
2011 MODIS data. We take the temporal average ofω0 and
τa weighted by the total uncertainty at each grid.

As shown in Figs. 8 and 9, neitherω0 nor τa are spa-
tially uniform. Compared with the magnitudes of the spatial
variations in these figures, the total uncertainties estimated
in Sect. 3.1 are suitably small in both the Sahara and Asia.
Therefore, we can consider the spatial variations shown in
Figs. 8 and 9 to be significant. However, as previously noted,

while the retrieval ofω0 appears relatively robust, there ap-
pears to be a significant overestimate ofτa when compared
with AERONET measurements.

To investigate the factors determining the spatial distri-
butions of dust’s optical properties, we compare the spatial
distributions of dust’s optical properties with that of surface
reflectance. We use the bihemispherical reflectance (white-
sky albedo) of the MODIS albedo product 16-Day L3 data
(MCD43C3), and we take the time average using the same
term as that employed with the MODIS data used to deter-
mineω0 andτa as described in Sect. 2.2. Because data with
wavelengths in band 9 (0.438–0.448 µm) are not available in
MCD43C3, we use band 3 data (0.459–0.479 µm), which has
the wavelength range closest to that of band 9. Note that we
do not use the MODIS products for the surface albedo in
our the estimation ofω0 andτa; instead, we use the TOA re-
flectance of clear and hazy conditions (ρt

clearand1ρt) in our
analysis.

Fig. 10 shows the scatter plot ofω0 and the surface re-
flectance.ω0 increases in both the Sahara and Asia when the
surface reflectance increases. The correlation coefficients be-
tweenω0 and the surface reflectance over the Sahara are 0.63
and 0.76 for bands 9 and 1, respectively; over Asia, they are
0.54 and 0.68 for bands 9 and 1, respectively. These correla-
tions are both significant, but the correlation of the data for
the Sahara is higher than that of the data for Asia. The upper
end of theω0 in Asia is approximately the same as that in
the Sahara, while there are many points withω0 values lower
than those in the Sahara (Fig. 10). As shown in the Introduc-
tion, previous studies suggest that the observedω0 over the
Sahara is higher than that over Asia. These results are consis-
tent with our results shown in Fig. 10, in which the average
of ω0 over the Sahara is higher than that over Asia.

One may inquire whether the correlation betweenω0 and
the surface reflectance in Fig. 10 was caused by errors in-
herent in this method. Possible sources of errors related to
the surface reflectance are (i) the spread in the scatter plot in
Fig. 2, (ii) the errors in the sensor calibration, and (iii) the
nonlinearity of the scatter plot in Fig. 2. The error source
of (i) is investigated by categories (3)–(5) and that of (ii) is
investigated by category (7), as described in Sect. 3.1. The
error source of (iii) is treated by creating the four differ-
ent LUTs for the four differentρt

clear ranges, as described
in Sect. 2.4. Therefore, the correlation betweenω0 and the
surface reflectance in Fig. 10 may not be spurious structural
bias.

One possible reason for the correlation betweenω0 and
the surface reflectance could be that theω0 of airborne dust is
determined by the mineral composition of the ground surface
in arid areas. If the dust on a surface with high reflectivity
is transported to the atmosphere,ω0 should become large.
As shown in Fig. 8a, the spectral variation inω0 is larger in
the western part of the Sahara than in the eastern part. This
result is consistent with the feature of spectral variation in the
surface reflectance shown in Fig. 8c.
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Figure 8. The spatial distribution of (a) single scattering albedo 0, (b) aerosol optical depth a, 3 

and (c) surface reflectance in the Sahara. (a) and (b) are estimated by our method using the 9-4 

year (2003-2012) May-August data from MODIS and model simulations. (c) is obtained from 5 

the MODIS albedo 16Day L3 data product (MCD43C3, bihemispherical reflectance). The 6 

spatial resolution is 1 degree by 1 degree, and the results are based on the time average. The 7 

number of MODIS data points in the white grid boxes that satisfy the conditions described in 8 

Section 2 is less than two. The AERONET sites of Agoufou, Banizoumbou, Saad, and 9 

Tamanrasset are also shown. 10 

11 

Fig. 8. The spatial distribution of(a) single scattering albedoω0, (b) aerosol optical depthτa, and(c) surface reflectance in the Sahara.(a)
and(b) are estimated by our method using the 9 yr (2003–2011) May–August data from MODIS and model simulations.(c) is obtained from
the MODIS albedo 16-Day L3 data product (MCD43C3, bihemispherical reflectance). The spatial resolution is 1◦

× 1◦, and the results are
based on the time average. The number of MODIS data points in the white grid boxes that satisfy the conditions described in Section 2 is
less than two. The AERONET sites of Agoufou, Banizoumbou, Saada, and Tamanrasset are also shown.

We should note that there are regions that are not dust
sources. In addition, dust can be transported over a consid-
erable distance. The areas shown in Figs. 8 and 9 contain
the vegetation and bedrock, which cannot be considered as
the dust source regions. In these areas, theω0 we estimated
may not be related to the dust on the surface. To identify
regions that can be dust source regions, we compared the
spatial distribution of the surface reflectance with the soil
map of FAO/Unesco (FAO, 1991) as shown in Fig. 11. The
soil properties in the Sahara and Asia regions mainly con-
sist of dunes/shifting sand, rock debris, Yermosols, Lithosols,
Regosols, Arenosols, Kastanozems, and Cambisols (Fig. 11).
The regions with dunes/shifting sand and Yermosols can be
considered the dust source regions (FAO, 1991). When we
compare the soil maps with the spatial distribution of the sur-
face reflectance (Figs. 8 and 9), the regions with these cate-
gories (dunes/shifting sand and Yermosols) tend to have high
surface reflectance, especially at band 1.

The regions with rock debris and Lithosols tend to have a
low surface reflectance of less than approximately 0.12 (band
9) and 0.25 (band 1). For these regions, we cannot discuss the
relationship between the surface mineral composition andω0
because the atmospheric aerosol should not be related to the
surface reflectance.

In addition to the relationships betweenω0 and the sur-
face reflectance, the relationships betweenω0 andτa are also
shown in Fig. 10.ω0 decreases for largeτa values in the Sa-
hara (the correlation coefficients are−0.51 and−0.36 for
bands 9 and 1, respectively). On the other hand, the correla-
tions betweenω0 andτa are very small in Asia (−0.10 and
0.03 for bands 9 and 1, respectively).

In the theory of light scattering by small particles,ω0 de-
creases for larger particle radii at a constant refractive in-
dex. The correlation betweenω0 and the particle radius be-
comes larger at smaller wavelengths. Therefore, one possi-
ble reason for the good correlation betweenω0 andτa over
the Sahara (especially at band 9), although other reasons ex-
ist, is that the wind is strong and/or there are sufficient dust
sources in regions with large dust optical depths. In these re-
gions, large dust particles are often transported to the atmo-
sphere, decreasing the value ofω0. The relationship between
ω0 andτa shown in Fig. 10 might be consistent with recent
work by Ryder et al. (2013), who found that particle size de-
creased with dust age during transport. Because smaller par-
ticles contribute to a largerω0, this would suggest an increase
in ω0 asτa decreases with dust age.

It should be noted that we cannot validate the spatial
distribution of aerosol optical properties and the relation-
ship betweenω0, τa, and the surface reflectance because
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 1 

Band 1 (0.645m)

 2 

Figure 9. This figure is identical to Fig. 8 but shows the results for Asia. The months used for 3 

the estimation are March-May because the season of dust activity is different than in the 4 

Sahara. The ground observation sites for (A) AERONET and (S) SKYNET are also shown. 5 

The triangle indicates the observation sites from Kim et al. (2004), Kim et al. (2005), and 6 

Sohn et al. (2007).  7 

Fig. 9. This figure is identical to Fig. 8 but shows the results for
Asia. The months used for the estimation are March-May because
the season of dust activity is different than in the Sahara. The ground
observation sites for (A) AERONET and (S) SKYNET are also
shown. The triangle indicates the observation sites from Kim et
al. (2004, 2005) and Sohn et al. (2007).

the number of ground observations is limited (only four
AERONET sites). To investigate the relationship more care-
fully, we compare the relationship betweenω0 and τa us-
ing the daily 1◦ × 1◦ MODIS data and AERONET data. As
shown in Fig. 12, the relationships ofω0 and τa are con-
sistent enough between MODIS and AERONET data. The
correlations betweenω0 and τa are not significant except
for AERONET Agoufou at band 1. Data are only available
for the Agoufou and Banizoumbou AERONET sites because
the matched data between MODIS and AERONET are very
limited; thus, we cannot find the significant difference be-
tween the satellite retrievals and the ground observation at
this stage. Increasing the number of observation sites would
help us validate the spatial distribution and the relationships
among the aerosol optical properties.

3.4 Comparison of dust’s optical properties between the
Sahara and Asia

Figure 10 shows the good correlations betweenω0 and sur-
face reflectance and betweenω0 and τa over the Sahara.
Therefore, theω0 of airborne dust is determined by the min-
eral composition of the surface and by the optical depth. By
contrast, the correlation coefficient betweenω0 and the sur-
face reflectance is slightly smaller in Asia, and the spread
of ω0 values is large compared with that of the Sahara. In
addition, the correlation coefficient betweenω0 andτa is in-
significant in Asia. Accordingly, there should be additional
factors affectingω0 in Asia.

To investigate the factors that cause the different features
of ω0 in Asia, we compare the spatial distribution ofω0 to
that of the dust emission flux as determined by Mukai et
al. (2004). The dust emission flux averaged over 1981–2001
in Mukai et al. (2004) was estimated using a global aerosol
transport model (Takemura et al., 2000, 2002a, b). Figure 13
shows the region with large dust emissions in Fig. 4 of Mukai
et al. (2004), which can be considered a dust source region
and is indicated by red circles. This region is also consistent
with the region containing the large vertical dust flux esti-
mated in Kang et al. (2011) on 30 March 2007. As shown in
Fig. 13, the dust source region in Mukai et al. (2004) is in
good agreement with the region identified as having largeω0
values in our study. This region also corresponds to the Takla
Makan and Gobi deserts on geological maps.

In general, dust is transported eastward from the source
region at these latitudes (e.g., Huang et al., 2008). We inves-
tigate the daily feature of the OMI aerosol index and confirm
that the dust clouds formed around the source region are of-
ten transported eastward to eastern China, Korea, or Japan
(not shown).

The spatial features of the dust aerosol’sω0 value, as
shown in Fig. 13, are consistent with the findings of Kim
et al. (2004, 2005), in which theω0 values observed around
dust source regions such as Dunhuang were large compared
with the ω0 values in areas located farther from the source
region, such as Anmyon, Gosan, and Amami-Ōshima. Coal-
burning smoke mixed with dust was also observed in the re-
gions surrounded by a blue box in Fig. 13 (Herman et al.,
1997). Mukai et al. (2004) also estimated that carbonaceous
and dust aerosols were transported around the region with the
blue box in Fig. 13.

It is well known that coal-burning smoke and carbona-
ceous aerosols have relatively large absorptivities compared
with dust aerosols (Forster et al., 2007). In our results, the
ω0 values around the blue box in Fig. 13 are small compared
with those in the dust source region. Therefore, it is reason-
able to assume that the dust transported from the source re-
gion is contaminated by coal-burning smoke and/or carbona-
ceous aerosols around the downstream region indicated by
the blue box in Fig. 13. These features are also evident in
the scatter plots shown in Fig. 10. In Asia, the spread of the
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Figure 10. Scatter plot between (a) the single scattering albedo 0 and the surface reflectance 2 

and (b) 0 and the aerosol optical depth a. The red dots indicate the results in Asia and the 3 

blue dots indicate those in the Sahara. Each dot in the scatter plot corresponds to the value for 4 

1 degree by 1 degree of resolution, as shown in Figs. 8 and 9. The MODIS data used for the 5 

analysis are the same as those in Figs. 8 and 9. 6 

Fig. 10.Scatter plot between(a) the single scattering albedoω0 and the surface reflectance and(b) ω0 and the aerosol optical depthτa. The
red dots indicate the results in Asia and the blue dots indicate those in the Sahara. Each dot in the scatter plot corresponds to the value for 1◦

× 1◦ of resolution, as shown in Figs. 8 and 9. The MODIS data used for the analysis are the same as those used in Figs. 8 and 9.

Fig. 11.Soil map for(a) the Sahara and(b) Asia using the database
of FAO/Unesco (FAO, 1991).

ω0 scatter plot is large compared with that in the Sahara, and
theω0 values in Asia are generally smaller than those in the
Sahara. The lack of correlation betweenω0 andτa also sug-
gests that theω0 values in Asia are not strongly influenced by
the dust’s optical depth or particle radius, although these are
important factors in determining theω0 values in the Sahara.

Another possible interpretation of Figs. 10 and 13 is that
we sample only the carbonaceous aerosols (or aerosols other
than dust) around or at the east side of the blue box in Fig. 13.
To test this hypothesis, we count the number of samples of
daily data that satisfy the criteria in the analysis (Fig. 14).
In the present study, we use the daily data with the TOMS
aerosol index (AI) > 3 for the dust conditions in spring (from
March to May) as described in Sect. 2. Figure 14 shows
the number of samples of daily data with the TOMS AI > 3
in spring and the other seasons: winter (from December to
February), summer (from June to August), and autumn (from
September to November).

As shown in Fig. 14, the number of samples with TOMS
AI > 3 is large in spring, especially around the Takla Makan
Desert and the east side of the Gobi Desert. However, the
number of samples in winter, summer, and autumn is very
small, except around the Takla Makan Desert in summer.
Dust storms often occur in spring (Herman et al., 1997), and
Mukai et al. (2004) reported that the optical thickness of dust
aerosols becomes large from March to May in these regions.
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Figure 12. Scatter plot of  the single scattering albedo 0 and the aerosol optical depth a 2 

using the daily 1 x 1 degree MODIS data (cross) and the AERONET data (dot). The colors 3 

are the same as those in Fig. 6. We only show the matched-up data between MODIS and 4 

AERONET. The correlations between 0 and a of MODIS (AERONET) are -0.422 (0.227) 5 

and -0.016 (0.508) for Banizoumbou (light blue) and Agoufou (blue) at band 1, and those are 6 

-0.337 (-0.018) and -0.09 (0.166) at band 9. The numbers of the matched-up data at 7 

Banizombou and Agoufou at band 1 (band 9) are 21 and 18 (24 and 27), respectively.  8 
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11 

Fig. 12. Scatter plot of the single scattering albedoω0 and the
aerosol optical depthτa using the daily 1◦ × 1◦ MODIS data (cross)
and the AERONET data (dot). The colours are the same as those
in Fig. 6. We only show the matched-up data between MODIS
and AERONET. The correlations betweenω0 and τa of MODIS
(AERONET) are−0.422 (0.227) and−0.016 (0.508) for Bani-
zoumbou (light blue) and Agoufou (blue) at band 1, and−0.337
(−0.018) and−0.09 (0.166) at band 9. The numbers of the matched-
data at Banizoumbou and Agoufou at band 1 (band 9) are 21 and 18
(24 and 27), respectively.

On the other hand, Mukai et al. (2004) suggested that the
carbonaceous aerosols are emitted and transported more in
winter (from December to February) than in other seasons
in the eastern part of the Asian region. However, the number
of samples with TOMS AI > 3 is small in winter compared
with that in spring (Fig. 14). Therefore, it is likely that the
majority of the daily data with TOMS AI > 3 in the spring
used for the analysis corresponds to the dust aerosols or a
mixture of dust and other aerosols.

4 Summary

In this study, we develop a method for estimating the opti-
cal properties of aerosols, including single scattering albedo
(ω0) and optical depth (τa), with a daily 1◦ × 1◦ resolu-
tion. This approach is based on the critical surface reflectance
method developed by Kaufman et al. (1987). By estimating
τa andω0 simultaneously, we can estimate the spatial dis-
tributions ofω0 over inland desert areas for which limited
observations are available. We estimate the spatial distribu-
tions ofω0 andτa over the Sahara and Asia using nine years

of MODIS satellite data from bands 9 (0.438–0.448 µm) and
1 (0.620–0.670 µm).

Our method uses model simulations of radiative transfer to
estimate the aerosol’s optical properties from the critical sur-
face reflectance obtained with the satellite data. To validate
the significance of our results, we also investigate the un-
certainties of our estimation based on possible error sources
related to the satellite data and model simulations. We cal-
culate the uncertainties inω0 over the Sahara (Asia) to be
approximately 0.020 and 0.010 (0.023 and 0.017) for bands
9 and 1, respectively, while the uncertainty inτa is approxi-
mately 0.235 and 0.228 (0.464 and 0.370) for bands 9 and 1,
respectively.

To validate our results, we compare our estimations ofω0
andτa with ground observations and find thatω0 is consis-
tent with the observations, whereasτa is significantly over-
estimated. This overestimation is most likely due to the large
spread in the estimatedτa values and the fact that smallτa
values tend to be rejected by the significance test. However,
the theoretical framework developed here confirms that the
overestimation ofτa does not affect the results forω0.

We find significant spatial distributions ofω0 andτa over
the Sahara and Asia, as shown in Figs. 8 and 9. To inter-
pret the features of these spatial distributions, we investigate
the relationship betweenω0, τa, and the surface reflectance
(Fig. 10), and we observe a good correlation betweenω0
and the surface reflectance in both the Sahara (0.63 and 0.76
for bands 9 and 1, respectively) and Asia (0.54 and 0.68 for
bands 9 and 1, respectively). The spread ofω0 is larger and
the value ofω0 is smaller in Asia than in the Sahara when
the surface reflectance is kept constant (Fig. 10). In addition,
the correlation betweenω0 andτa is significant in the Sahara
(with correlation coefficients of−0.51 and−0.36 for bands
9 and 1, respectively) but is very small in Asia (−0.10 and
0.03 for bands 9 and 1, respectively).

The good correlations betweenω0 and the surface re-
flectance and betweenω0 andτa in the Sahara suggest that
the temporal average ofω0 is largely affected by the underly-
ing mineral composition and the optical depth of the airborne
dust, although there should be many complicating factors in
determining the individualω0.

On the other hand, the relationships betweenω0, τa, and
the surface reflectance in Asia are less clear than those in the
Sahara, and theω0 values are generally smaller than those
in the Sahara (Fig. 10). In terms of the spatial distribution of
ω0, the regions with highω0 value correspond well with the
Takla Makan and Gobi Desert regions as well as the source
region of dust aerosols estimated by a global aerosol trans-
port model in Mukai et al. (2004), as shown by the red circles
in Fig. 13. In addition, theω0 values are small around the re-
gions in which coal-burning smoke was observed (Herman
et al., 1997), and the carbonaceous aerosols were transported
in a global model (Mukai et al., 2004), as shown by the blue
box in Fig. 13. Considering that anthropogenic aerosols have
relatively large absorptivity and therefore smallerω0 values
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Figure 13. This figure is identical to Fig. 9 (a), with the spatial distribution of the single 2 

scattering albedo in band 9 over Asia, but it shows the areas of typical behaviours of 3 

particular aerosols reported in previous studies, denoted by the red circles and blue box. The 4 

red circles correspond to the region with the large dust emissions calculated by a global 5 

aerosol transport model (Mukai et al., 2004). The blue box corresponds to the region in which 6 

coal-burning smoke mixed with dust was observed with Ozone Monitoring Instrument 7 

observation (Herman et al., 1997).  8 

9 

Fig. 13.This figure is identical to Fig. 9a in its depiction of the spatial distribution of the single scattering albedo in band 9 over Asia, but
it shows the areas of typical behaviours of particular aerosols reported in previous studies, denoted by the red circles and blue box. The red
circles correspond to the regions with the large dust emissions calculated by a global aerosol transport model (Mukai et al., 2004). The blue
box corresponds to the region in which coal-burning smoke mixed with dust was observed with the Ozone Monitoring Instrument (Herman
et al., 1997).
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Figure 14. Number of samples of daily data with TOMS aerosol index (AI) > 3 in (a) winter 3 

(December-February), (b) spring (March-May), (c) summer (June-August), and (d) autumn 4 

(September-November) using the 2005-2009 data. The region used for the analysis of dust 5 

optical properties in Figs. 9, 10, 13 is indicated by the red lines.  6 

Fig. 14.Number of samples of daily data with TOMS aerosol index
(AI) > 3 in (a) winter (December–February),(b) spring (March–
May), (c) summer (June–August), and(d) autumn (September–
November) using the 2005–2009 data. The region used for the anal-
ysis of dust optical properties in Figs. 9, 10, 13 is indicated by the
red lines.

compared with dust aerosols (Forster et al., 2007), our results
indicate that dust aerosols are contaminated by these anthro-
pogenic aerosols in adjacent regions.

Our analysis reveals distinct differences in the spatial dis-
tributions of dust properties in the Saharan versus Asian re-
gions. Our results concerning dust’s optical properties may
be useful in understanding the roles of dust aerosols in
Earth’s climate system, as discussed in Sect. 1. The spatial
distribution ofω0 we estimated over Asia could also be help-

ful in understanding the mixing processes of dust and anthro-
pogenic aerosols, such as smoke and carbonaceous aerosols.
Finally, our method allows the optical properties of aerosols
to be estimated on a daily basis with spatial distributions of
1◦

× 1◦ when satellite data with appropriate conditions are
available. For instance, the time evolution of aerosol optical
properties might be investigated if combined with informa-
tion on dust age (e.g., Ryder et al., 2013). If the quality and
quantity of satellite data are improved in the future, analyses
using the method proposed in this paper will advance knowl-
edge regarding the uncertainties of aerosol’s optical proper-
ties.

Appendix A

Interpretation of the proposed method with
approximated equations

To interpret our method for the estimation of dust aerosol’s
optical properties, we derive the relationship between [ω0,
τa] and [ρt

c, α] with approximated equations that can be
obtained under simple conditions. The interpretation of the
model simulations using approximated equations for the re-
lationship betweenω0 andρt

c was given in Kaufman (1987),
so we focus our attention on the interpretation ofτa. The
relationship between the TOA reflectance (ρt) and the re-
flectance of a Lambert surface (ρg) is the following (Chan-
drasekhar, 1960):

ρt
= ρt

0 + TdTuρg
/(

1− sρg
)
, (A1)

whereρ0 is the reflectance of the atmosphere if the ground
is non-reflecting (ρg = 0), Td is the total transmittance from
the top of the atmosphere to the ground,Tu is the total trans-
mittance from the ground to the top of the atmosphere, and
s is the fraction of the upward flux reflected back to the sur-
face by the atmosphere. An expression for atmospheric trans-
mission (Td andTu) is formulated as (Meador and Weaver,
1980):

Td = exp
{
{−secθ0}

{
τa

[
1− ω0

(
1− βa)]

+ τm
/

2
}}

, (A2)

Atmos. Chem. Phys., 13, 10827–10845, 2013 www.atmos-chem-phys.net/13/10827/2013/



M. Yoshida et al.: Spatial distribution of dust’s optical properties over the Sahara and Asia 10843

Tu = exp
{
{−secθ}

{
τa

[
1− ω0

(
1− βa)]

+ τm
/

2
}}

, (A3)

whereτm is the molecular optical depth,τa is the aerosol
optical depth, andβa is the aerosol backscattering fraction
(Coakley and Chylek, 1974). By substituting Eqs. (A2)–(A3)
in Eq. (A1):

ρt
= ρt

0 +
ρg(

1− sρg
) (A4)

exp
{{

−τa
[
1− ω0

(
1− βa)]

− τm
/

2
}
{secθ0 + secθ}

}
.

The TOA reflectance during clear conditions can be formu-
lated in the same manner:

ρt
clear= ρt

0_clear+
ρg(

1− sρg
) (A5)

exp
{{

−τa_clear
[
1− ω0

(
1− βa)]

− τm
/

2
}
{secθ0 + secθ}

}
,

where τclear and τa_clear are the total and aerosol optical
depths during clear conditions, respectively, andρt

0_clear is
the same asρt

0 but during clear conditions. The relationship
between1ρt andρt

clear is then calculated using Eqs. (A4) and
(A5):

1ρt
= ρt

− ρt
clear= αρt

clear+ β. (A6)

α andβ in Eq. (A6) are calculated as follows:

α=exp
{
−(secθ0+secθ)

(
τa−τa_clear

)[
1−ω0

(
1−βa)]}

−1, (A7)

β = ρt
0 (A8)

−
{
−exp

{
−(secθ0+secθ)

(
τa−τa_clear

)[
1−ω0

(
1−βa)]}}

ρt
0_clear.

Here, we assume that the values ofω0 and βa are remain
constant in both hazy and clear conditions. In addition, the
variation ofsρg due to an additional aerosol layer is ignored
because the termsρg itself is usually relatively small.α in
Eq. (A7) is dependent onτa, andτa increases if the absolute
value ofα is large.
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