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Abstract.

We use the radiative transfer model and chemistry transport model to improve our retrievals of
dust optical properties from satellite measurements. The optical depth and absorbing optical depth
of mineral dust can be obtained from our improved retrieval algorithm. We find the nonsphericity
and absorption of dust particles strongly affect the scattering signatures such as phase function and
polarization at the ultraviolet wavelengths. From our retrieval results, we find the high levels of dust
concentration occurred over most desert regions such as Saharan and Gobi deserts. The dust absorption
is found to be sensitive to mineral chemical composition, particularly the fraction of strongly absorbing
dust particles. The enhancement of polarization at the scattering angles exceeding 120 degree is found
for the nonspherical dust particles. If the polarization is neglected in the radiative transfer calculation,
a largest 50 percent of error is introduced for the case of forward scattering and 25 percent of error for
the case of backscattering. We suggest that the application of polarimeter at the ultraviolet wavelengths
has the great potential to improve the satellite retrievals of dust properties. Using refined optical model
and radiative transfer model to calculate the solar radiative forcing of dust aerosols can reduce the

uncertainties in aerosol radiative forcing assessment.



1. Introduction

Mineral dust particles are the most widespread natural and anthropogenic aerosols and play an
important role in climate forcing by altering the earth’s energy budget through the scattering and
absorption of radiation (Tegen et al., 1996; Sokolik and Toon, 1996), and changing the cloud formation
(Kaufman et al., 2005). In spite of decadal efforts, the detailed information on physical, chemical and
optical properties of mineral dust is still limited.

Satellite remote sensors have provided rich information on aerosol optical properties in recent
years (King et al., 1999; Mishchenko et al., 1999; Kaufman et al., 2002, Kahn et al., 2005). However,
the uncertainties stem from simplified assumptions of dust composition, dust profile, dust mixing state
and morphology used in retrieval algorithms. Several studies have demonstrated the significant effect
of nonsphericity on aerosol retrieval (Dubovik et al., 2002; Kalashnikova et al., 2005). The theoretical
computation of light scattering properties for the realistic nonspherical particles still remains a difficult
task and limited for a few particle shapes. Meanwhile, the dust particles are a complicated mixture of
various minerals with different optical properties (Sokolik and Toon, 1999). The mixing state of each
dust particle depends on the origin of the dust, on mobilization and on the chemical transformation
during its transport. Lack of such information leads to the limitation on the retrieval of complex
refractive index and size distribution from the satellite measurements.

The Total Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI) was used to detect the dust
sources because TOMS Al is sensitive to the absorbing dust particles (Herman et al., 1997; Torres et
al., 1998). Aside from the AI, Hsu et al. [2004] retrieved the aerosol properties over bright-reflecting
surfaces using measurements from Moderate Resolution Imaging Spectroradiometer (MODIS) and
Sea-viewing Wide Field of View Sensor(SeaWiFS). The outstanding issues relevant to dust optical
properties include the following: (1) How much does the dust size distribution affect the optical
properties? (2) How much can we know about the internal inhomogeneity of dust particles? (3) Is there
a robust spectral signal of optical quantities for nonspherical dust particles? (4) Can we extract more

optical information of dust particles from satellite measurements? In this study, we use TOMS, MODIS



and the Multiangle Imaging SpectroRadiometer (MISR) measurements to retrieve the optical properties
of dust particles. The additional information from global chemistry transport model (GEOS-Chem) is
used to improve the results of satellite retrievals of dust aerosol optical depth (AOD) and absorbing

aerosol optical depth (AAOD). The sensitivity of backscattered radiances measured by satellite sensors

to dust properties will be examined.

2. Methodology

The backscattered radiance measured by satellite sensors can be converted to aerosol optical
properties such as AOD and aerosol effective radius. In order to estimate the dust AOD, we use the
AOD data from the Moderate Resolution Imaging Spectrometer (MODIS) measurements (Chu et al,
2002, Remer et al., 2002). As the data over bright surface such as Saharan desert are removed, we use
the Multiangle Imaging Spectro-Radiometer (MISR) (Kahn et al., 2005) AOD data over these regions.

The calculation of dust AOD 74,4 is as follows:

Taust(A) = Ta(A) faust (1)

Where 7, is AOD at wavelength \ and fg,s is the fraction of dust aerosols. We use the aerosol
fraction values generated from GEOS-Chem model (Bey et al., 2001, Park 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 (GMAQO). The mineral dust simulation is based on
the Dust Entrainment and Deposition (DEAD) scheme Zender et al. (2003) as implemented by Fairlie
et al. [2006]. The size distribution of dust aerosols is assumed to be lognormals with four size bins
(Martin et al., 2003).

For dust aerosol absorption, we first retrieve the column effective aerosol single scattering albedo
(wo) that reproduces the Total Ozone Mapping Spectrometer (TOMS) or the current Ozone Monitoring
Indtrument (OMI) Aerosol Index (AI)(Torres et al., 2005), when constrained by MODIS and MISR

aerosol optical depth and by relative vertical profiles from GEOS-Chem model (Hu et al., 2007). The



Single Scattering Albedo (SSA), nonspherical fraction from MISR, coarse aerosol fraction from MODIS,
and AOD or absorbing AOD at the ultraviolet wavelengths from OMI are currently available. We use
a Mie scattering algorithm (Mie, 1908) for small spherical dust particles and the T-Matrix algorithm
(Mishchenko et al., 1995) for large non-spherical dust particles to calculate the optical quantities. Table
1 presents the imaginary refractive indices of dust particles dependent on the chemical compositions
such as Hematite or Quartz (Sokolik and Toon, 1999). We select different mixing types of dust particles
which are Quartz mixed with 1 percent or 10 percent of Hematite. We use modified Extended Effective
Medium Approximations (EEMAs) to calculate the refractive indices of mineral component mixture.
Our values are confirmed by the good agreement with other studies (Colarco et al., 2002). The total
backscattered radiance is calculated by the vector discrete ordinate radiative transfer model VLIDORT
(with polarization) for different dust shapes, sizes and chemical compositions (Spurr, 2007; Natraj
etal., 2006). A look-up table of backscattered radiances was developed for a variety of atmospheric and
surface conditions as the function of all sun-satellite viewing geometries. The calculated TOMS Al is
adjusted by particle number concentration, size and shape to match the observed TOMS AI. The most
likely solution is selected by a chi-squared minimization method for ambiguous solutions (Hu et al.,
2002). As we assume the external mixing state of aerosol components such as sulfate, soot, mineral
dust, sea salt and organics, the dust wy can be calculated from the column effective wy with the aerosol
fractions inputted from GEOS-Chem simulations. Then we can calculate the dust absorbing aerosol
optical depth (AAOD) from the dust AOD and wy. For the wavelength dependence of AOD, we use
Angstrom exponents to convert the dust optical depth at one wavelength to those at other wavelengths.
Finally, the instantaneous solar radiative forcing of dust particles at the top of atmosphere can be
calculated using radiative transfer model LIDORT, with 16 wavebands and 16 streams. The surface
albedo is adjusted for different wavebands based on the TOMS retrievals in the ultraviolet spectra
(Herman et al., 1997) and MODIS retrievals in the visible and near-infrared spectra (Schaaf et al.,
2002). The solar radiative fluxes at 16 wavebands are calculated over the solar zenith angles as the

function of latitude and time, then integrated to get the instantaneous solar radiative forcing.



3. Results

The vertical profiles of dust particles are determined from the GEOS-Chem simulations. We
performed dust simulation for the year 2003. Figure 1 presents the vertical profiles of dust particles
for different size bin at Dahkla, Western Sahara. We find that the dust particles can be lifted to high
level under the suitable meteorological condition. Interestingly, the peak altitudes of dust profiles for
particle radius between 0.1 and 3 pum are almost same.

Figure 2 illustrates the impact of particle shape and composition on the phase function at 360 nm.
The spheroid with aspect ratio of 1.5 is used to calculate the scattering properties of randomly oriented
nonspherical particles. The lognormal size distribution of dust particles is applied with the mean radius
of 0.5 pm and the standard deviation of 2.0. We find the distinct scattering signatures of nonspherical
particles from spherical particles when the scattering angle exceeds 120 degree. The mixtures of strong
absorbing dust particles such as Hematite can greatly change the scattering properties for the large
scattering angles. Similar features are also found for the degree of linear polarization (Figure 3). It is
interesting to find the enhancement of polarization for the strongly absorbing particles at the scattering
angle of around 50 degree. This distinct signature is very special for the ultraviolet wavelengths.
we suggest that the potential application of high-precision polarization in the ultraviolet radiance
measurements can increase the capability of detecting dust sources.

Figure 4 shows the dust aerosol radiances calculated by using VLIDORT with polarzation and
LIDORT without polarization. We find that neglecting polarization in the radiative transfer calculation
causes errors in the calculated radiances. The errors increase rapidly with scattering angle between
0 degree and 90 degrees. A largest error 50 percent is introduced for the case of forward scattering
and 25 percent error for the case of backscattering. Generally, the greater polarization induces greater
error. For this reason, it is important to understand the effect of neglecting polarization on dust aerosol
retrievals.

Figure 5 presents the TOMS Al contributed from only dust particles. We use the polarized

radiative transfer model to calculate the radiances at 331 nm and 360 nm. The large values of TOMS



AT occurred over most desert areas. The polarization effect on the calculation of TOMS Al is shown in
Figure 6. We find the error due to polarization effect increases as the dust particles loading increases.
The intensity increases due to greater scattering while the polarization decreases. Increasing the aerosol
loading leads to an increase of the total optical depth and causes more multiple scattering.

Figure 7 shows the dust AOD at 360 nm retrieved from MODIS and MISR during spring of 2003.
The high values of AOD are seen over Sahara, Gobi and Australia deserts with strong dust emission
sources. The enhancement of AOD over the part of Atlantic Ocean, East Asia, Pacific Ocean and
North America is the clear evidence that dust particles are long range transported far away from source
regions. The high levels of dust concentration over the Atlantic Ocean in the downwind of Saharan
region are consistent with previous studies (Prospero et al., 2002). The dust particles originated from
the seasonal dust storms are harmful to human health and create poor visibility in surrounding regions.

Figure 8 presents the dust AAOD derived from dust AOD and wy. High values of AAOD are found
over areas driven by dust storms. As the AAOD is less sensitive to cloud contamination and aerosol
humidification (Kaufman et al., 2006), it is very suitable to detect aerosol type such as dust particles.
The high values of dust AAOD have been found over the Atlantic Ocean in the downwind of Saharan
region. Considering the AAOD sensitive to the imaginary refractive indices, we use the external and
internal mixing approach to decide the imaginary refractive index values. However the values of
imaginary refractive indices of mineral dust vary widely among literature surveys. The difficulty of
setting correctly the values of the imaginary refractive indices is related to the uncertainty of dust
component fraction. Furthermore, the dust particles have also been observed to be mixed with other
absorbing aerosols such as black carbon or brown carbon (Liu and Mishchenko, 2007). This can lead to
the excessive absorption of mineral dust. More in situ measurements of dust chemical composition and
mixing state are crucial to reduce the uncertainty in the dust absorption estimation.

Figure 9 presents the instantaneous solar radiative forcing at the top of atmosphere. The figure
shows the mean values of solar radiative forcing during spring of 2003. We find strong negative solar

radiative forcing occurred over the most parts of deserts and near areas, particularly over Saharan



desert. The values are consistent with the measurements conducted over Saharan region (Haywood et
al., 2003). We realize that the solar radiative forcing calculation of dust particles from refined optical
model, chemistry transport model and radiative transfer model can reduce the uncertainty in radiative
forcing assessment.

The physical and chemical processes of dust formation, evolution and transport are very
complicated and this poses considerable challenges for model simulation and satellite retrieval.
Uncertainties exist in size distribution, refractive indices, morphology and mixing state of dust particles.
Indeed, there is no consensus on the radiative forcing of anthropogenic dust particles in the current
stage. Subsequent measurements from the ground-based, airborne and space-based instruments can
provide more information on the optical, microphysical, chemical properties, and the temporal and
spatial variation of dust particles. The combination of modeling and observation to improve our

understanding of dust properties is highly recommended.

4. Conclusions

Retrieval of dust properties over bright surface using satellite measurements at the visible
wavelengths such as MODIS is difficult task since the aerosol signal in apparent reflectance is diminished
over the bright surface. Although the UV measurements such as TOMS provide the valuable information
on the distribution of dust sources, TOMS Al is very sensitive to the altitude of dust loading. In order
to improve satellite retrievals, we synergistically use satellite measurements such as MODIS, MISR and
TOMS at the ultraviolet and visible channels to retrieve dust properties over the bright surface. The
additional information of vertical profiles generated from GEOS-Chem is used to constrain the retrieval
uncertainty. The AOD and AAOD of dust particles have been retrieved from such algorithm.

From the analysis of light scattering properties of dust particles, we find the enhancement of
backscattering and polarization for nonspherical particles when the scattering angles exceed 120
degree. The distinct signature of phase function and polarization of nonspherical dust particles at

the ultraviolet wavelengths is suggested to be great benefit for the implement of polarimeter at the



ultraviolet wavelengths. We find the high level of dust concentration occurred in the downwind of
Saharan region over the Atlantic Ocean. The dust scattering and absorption properties strongly depend
on the chemical composition of dust particles. The fraction of Hematite inside the dust particles is very
important to decide the imaginary refractive indices of mineral dust mixtures accurately. Furthermore,
the exact information of dust particles mixed with other kind of absorbing aerosols such as black carbon
or brown carbon are crucial for the retrieval of dust optical properties. The refined optical model,
chemistry transport model and radiative transfer model can be helpful to reduce the uncertainty of

aerosol radiative forcing assessment.
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Figure 1. The vertical profiles of dust particles simulated by GEOS-Chem at Dahkla.
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Figure 5. Calculated TOMS Aerosol Index contributed from dust particles.
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Figure 7. The dust aerosol optical depth retrieved from satellite measurements during spring of 2003.
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Figure 8. The dust AAOD retrieval from satellite measurements during spring of 2003.
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Figure 9. The solar radiative forcing (W/m2) of dust aerosols at TOA calculated from VLIDORT

during spring of 2003.



Table 1. Imaginary (mi) refractive indices at

360 nm of minerals

Mineral mi
Hematite -1.3
Illite -0.0017
Kaolinite -0.0055
Montmorillonite -0.00035
10 percent Hematite | -0.02

1 percent Hematite | -0.004

Quartz

from -10~8 to -10~°

Calcite

from -10~% to -10~°

Gypsum

from -10~8 to -10~°
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