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Abstract

Aerosol Robotic Network (AERONET)-based nonspherical dust optical models are developed and
applied to the Satellite Ocean Aerosol Retrieval (SOAR) algorithm as part of the Version 1 Visible
Infrared Imaging Radiometer Suite (VIIRS) NASA ‘Deep Blue’ aerosol data product suite. The
optical models are created using Version 2 AERONET inversion data at six distinct sites
influenced frequently by dust aerosols from different source regions. The same spheroid shape
distribution as used in the AERONET inversion algorithm is assumed to account for the
nonspherical characteristics of mineral dust, which ensures the consistency between the bulk
scattering properties of the developed optical models with the AERONET-retrieved microphysical
and optical properties. For the Version 1 SOAR aerosol product, the dust optical models
representative for Capo Verde site are used, considering the strong influence of Saharan dust over
the global ocean in terms of amount and spatial coverage. Comparisons of the VIIRS-retrieved
aerosol optical properties against AERONET direct-Sun observations at three island/coastal sites
suggest that the use of nonspherical dust optical models significantly improves the retrievals of
aerosol optical depth (AOD) and Angstrém exponent by mitigating the well-known artifact of
scattering angle dependence of the variables observed when incorrectly assuming spherical dust.
The resulting removal of these artifacts results in a more natural spatial pattern of AOD along the
transport path of Saharan dust to the Atlantic Ocean; i.e., AOD decreases with increasing distance
transported, whereas the spherical assumption leads to a strong wave pattern due to the spurious
scattering angle dependence of AOD.
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1 Introduction

Mineral dust, among other aerosol types, is one of the key constituents in the terrestrial
atmosphere, producing important climate forcing through directly perturbing radiation
balance [Liao and Seinfeld, 1998; Li et al., 2004; Lee et al., 2014] and interacting with
clouds [ Yin et al., 2002; Yoshioka et al., 2007; Cziczo et al., 2013]. It contributes to a
significant portion of the global aerosol loadings thereby responsible for a large amount of
the aerosol radiative effect [ 7egen et al., 1997; Chin et al., 2014].

One of the important characteristics of mineral dust particles from light scattering
perspective are their nonspherical geometric shape, which makes the Lorenz-Mie theory
inappropriate for the calculation of their scattering properties. To overcome this issue,
numerous efforts have been made to accurately compute the light scattering of nonspherical
particles, including the T-matrix method [ Waterman, 1971; Mishchenko and Travis, 1994],
the discrete dipole approximation [Draine and Flatau, 1994; Yurkin et al., 2007], the finite-
difference time domain method [ Yee, 1966; Yang and Liou, 1995, 1996; Yang et al., 2000],
and geometric optics method [ Yang et al., 2007; Bi et al., 2009]. Each methodology has
different advantages and disadvantages in terms of computational time, and applicable
particle morphology and size regimes.

Although spheroid mixtures [e.g. Mishchenko et al., 1997] are not representative for ‘real’
dust in terms of geometric shape, they mimic the scattering and absorption characteristics of
realistic dust particles reasonably well if appropriate refractive indices and shape distribution
are used [Dubovik et al., 2006; Kemppinen et al., 2015]. Consequently, spheroid mixtures
have been used in aerosol inversion algorithms for ground-based and spaceborne instruments
given the fact that it is impractical to implement ever-changing dust morphologies in the
algorithms [ Kahn et al., 1997; Dubovik et al., 2006; Feng et al., 2009; Lee et al., 2012].

Since aerosols are ubiquitous and show complex spatiotemporal distributions over the globe,
satellite observations have been recognized as an important source of data, with the ability to
observe extensive areas at a high spatiotemporal resolution [ Kaufman et al., 2002]. Satellite
algorithms to retrieve aerosol optical properties using visible to shortwave infrared bands
generally incorporate lookup tables of calculated TOA (top of the atmosphere) reflectance
for various aerosol types (or aerosol optical models) to compare the simulated TOA
reflectance against the measurements made by the satellite sensors in their retrieval
implementations. Therefore, the simulation of the TOA reflectance needs to be highly
accurate, and thus demands realistic aerosol optical property models in the radiative transfer
calculations.

As one of the NASA’s operational aerosol retrieval algorithms, the Deep Blue aerosol
project (https://deepblue.gsfc.nasa.gov) has provided long-term global aerosol data records
over both land and water surfaces using Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
from 1997 to 2010 [Hsu et al., 2004, 2006, 2013; Sayer et al., 2012a, 2012b] and over land
using the twin Moderate Resolution Imaging Spectroradiometer (MODIS) sensors aboard
Terra from 2000 onwards and Aqua from 2002 onwards [Hsu et al., 2013; Sayer et al., 2013,
2014, 2015]. The Deep Blue algorithm is renowned for its application to bright land surfaces

J Geophys Res Atmos. Author manuscript; available in PMC 2018 October 16.


https://deepblue.gsfc.nasa.gov

1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Lee et al.

Page 3

such as desert, which is accomplished by the use of blue bands (412 and 470 nm for MODIS
or 490 nm for SeaWiFS) in the retrieval process. With the launch of the Suomi National
Polar-orbiting Partnership (S-NPP) satellite in late 2011, the algorithm now extends its
application to the measurements made by the Visible Infrared Imaging Radiometer Suite
(VIIRS) instrument to continue the Deep Blue aerosol data record beyond the Earth
Observing System era. Like SeaWiFS, the VIIRS Deep Blue will produce data over both
land and water surfaces as retrieved by the enhanced Deep Blue [ Hsu et al., 2013] and
Satellite Ocean Aerosol Retrieval (SOAR) algorithms [Sayer et al., 2017], respectively.

The Deep Blue algorithm applied to land surfaces includes a nonspherical dust optical model
with an empirical phase function that well matches the AERONET-derived dust phase
function in backscattering direction [Hsu et al., 2004]. However, the prior application of
SOAR only incorporated spherical dust, which resulted in biases in aerosol properties over
regions where dust aerosols are frequently observed. It is well known that the spherical
assumption leads to an unrealistic scattering angle dependence of aerosol optical depth
(AOD) (as well as Angstrém exponent) mainly due to poor representation of the shape of the
phase function [Masuda et al., 2002; Levy et al., 2003; Mishchenko et al., 2003; Wang et al.,
2003; Lee et al., 2012; Banks et al., 2016]; i.e., it results in an overestimation in the side-
scattering direction (80° < ® < 150°) and an underestimation in the backscattering direction
(® > 150°) with a bias as high as 50%.

The foci of the present study are to develop nonspherical dust optical models for SOAR, to
analyze the effects of the new optical models on the aerosol retrieval performance, and to
provide a further practical illustration of the type of artifacts which can arise from the
assumption of spherical dust in satellite remote sensing algorithms. Although the results are
illustrated for the application to SOAR and VIIRS data, these optical models are more
broadly applicable to any aerosol property retrieval. Section 2 summarizes the data and
methodology used, and section 3 addresses dust optical models developed for SOAR. In
section 4, the effects of the nonspherical dust optical model on retrieval performance are
discussed. Finally, the major findings of this study are summarized in section 5.

2 Data and Methods
2.1 AERONET direct-Sun and inversion data

Aerosol Robotic Network [AERONET, Holben et al., 1998] direct-Sun and inversion
products are used to develop dust optical models for use in the SOAR algorithm and validate
the SOAR-retrieved aerosol products. We only consider cloud-screened and quality-assured
Level 2 products to minimize potential errors due to cloud contamination and other error
sources [ Dubovik et al., 2000; Smirnov et al., 2000; Holben et al., 2006]. The main purpose
of the direct-Sun measurements is to provide spectral AOD (t); where A is wavelength) at
multiple wavelengths ranging from 340 to 1640 nm. The wavelength range and number of
channels within the range vary with the sites (440, 675, 870, and 1020 nm being standard).
Data are provided at a temporal resolution of ~5 — 15 min with an AOD uncertainty of 0.01
—0.02 [Holben et al., 1998; Eck et al., 1999]. ;\ngstrém exponent (hereafter denoted as AE
or a), a qualitative indicator of aerosol particle size [Angstrdm, 1929], can be derived as the
slope of spectral AOD across a certain wavelength range on a logarithmic scale,
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In this investigation AERONET a is defined across the spectral range 440 — 870 nm.

The AERONET inversion algorithm [ Dubovik and King, 2000; Dubovik et al., 2006] makes
use of sky radiance observations in the solar almucantar in combination with direct-Sun data
to retrieve the microphysical and optical properties of aerosols, which are required to
calculate their bulk scattering properties (as opposed to single-scattering properties for
individual particles). The bulk scattering properties include spectral AOD, the single-
scattering albedo (SSA), and the phase function (or the phase matrix for vector radiative
transfer model), which are the key parameters needed for radiative transfer calculations. The
inversion data include aerosol size distribution, spectral complex refractive indices at four
wavelengths, and percentage of scattering arising from spherical particles (also known as
“sphericity parameter”), retrieved as best matching the observed sky radiances in a wide
scattering angle range (2° — 2 x solar zenith angle), given spectral AOD observed by the
direct-Sun measurement.

The size distribution is binned at 22 logarithmically-spaced radii ranging from 0.05 — 15 pm.
Then, the size distribution parameters, including volume concentration (C,), volume median
radius (ry), geometric standard deviation (o), and effective radius (re), can be derived from
the retrieved size distribution. Although AERONET does not impose a distribution shape,
these parameters are often used to define a bimodal lognormal volume size distribution,
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Note that in the AERONET inversion, the fine and coarse modes are separated at the
inflection point within the size interval 0.439 — 0.992 um, and the size distribution
parameters are provided for each mode. The effective radius is defined as the ratio of the
third to second moments of the number size distribution, which represents mean particle
radius weighted by projected area, as first introduced by Hansen and Travis (1974) in the
form,
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Although the size distribution and effective radius of nonspherical particles can be
represented by more generalized forms, Egs. (2) and (3) are used in the AERONET
inversion, as it assumes volume-equivalent spheres for nonspherical particles [ Dubovik et
al., 2006].

Both the real and imaginary parts of the refractive index are provided at the four
wavelengths (440, 675, 870, and 1020 nm), assuming a single refractive index representative
for the whole size distribution range. Note that, while this may cause issues in the case
where both fine and coarse modes of different compositions contribute significantly to the
total AOD, but in the case of dust aerosols the coarse mode is typically optically dominant
and the aforementioned issue is much less concerned. The wavelength- and size mode-
independent sphericity parameter (100% — nonsphericity parameter) describes the degree of
aerosol nonsphericity, as it represents the relative contributions of spherical and nonspherical
particles to the final bulk scattering properties, given microphysical and optical properties
retrieved. A fixed spheroid shape distribution is assumed for the nonspherical component
(see Fig. 13 in Dubovik et al., 2006).

2.2 Aerosol single-scattering property database

Since AERONET inversions only provide aerosol bulk scattering properties at selected
wavelengths (and also do not provide the full phase matrix), they must be extended to VIIRS
wavelengths to create the lookup tables for the SOAR algorithm. To this end, we incorporate
a single-scattering property database for individual ellipsoidal particles (including spherical
and spheroidal particles) developed by Meng et al. [2010]. This saves tremendous
computational time that is required for calculating the single-scattering properties of
spheroids for wide ranges of particle sizes and aspect ratios. The databases were created by
employing four different computational methods for different particle size parameter and
shape regimes: Mie theory [ Bohren and Huftman, 1983] for spherical particles, T-matrix
method [ Mishchenko et al., 1997] and discrete dipole approximation [ Yurkin et al., 2007] for
spheroidal and ellipsoidal particles with small-to-moderate size parameters (up to 20 — 40),
respectively, and an improved geometric optics method [ Yang et al., 2007; Bi et al., 2009]
for ellipsoidal particles (including spheroids) with large size parameters (higher than 10 —
20).

The database takes in inputs that cover wide ranges of size parameters (0.025 — 1000),
refractive index (1.1 — 2.1 for the real part and 0.0005 — 0.5 for the imaginary part), and two
aspect ratios (0.3 — 1 describing deformation of spheres in both semi-major and semi-minor
axes), which are useful for various applications and cover the range of values expected for
terrestrial aerosol remote sensing/modeling [e.g. Lee et al., 2012; Colarco et al., 2014;
Buchard et al., 2015; Kemppinen et al., 2015]. A software package is also included in the
database to provide interpolated results in the case that the microphysical and optical
parameters are provided between the database node points, and to generate bulk scattering
properties integrated over certain particle size and shape distributions. Among other outputs,
we use the phase matrix, and extinction and scattering efficiencies of individual particles to
create bulk scattering properties for dust size distributions that will be derived later in this
work, given the AERONET’s spheroid shape distribution.
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Figure 1 shows an example of bulk scattering properties (AOD, SSA, and phase function)
from AERONET superimposed with those from the database assuming spherical particles
and sphere/spheroid mixtures as a function of the sphericity parameter (hereafter, “sphere/
spheroid mixture” will be referred to as simply “spheroid” for brevity). A severe dust event
observed at Capo Verde with the sphericity parameter of 0.69% was chosen. It is found that
the database accurately produces the AERONET-retrieved spectral AOD (generally within
1%), SSA (within 3% or better depending on wavelength), and the phase function (within
0.05 for scattering angles > 30°; note VIIRS and most other spaceborne sensors generally
observe scattering angles in the range ~80°-180°). The spherical assumption results in larger
differences than the spheroid case, particularly in the phase function, demonstrating possible
scattering angle-dependent errors in the satellite-retrieved aerosol optical properties for dust-
laden cases. The slight differences observed for the spheroid case are likely due to the
difference in handling the size distribution when integrating the single-scattering properties
(trapezoidal approximation for AERONET inversion [Dubovik et al., 2006] vs. linear
interpolation in this study). The difference in the single-scattering property databases used,
i.e., different node points for size parameter, refractive index, and aspect ratio between
AERONET inversion and this study, can also cause slightly differences in the final bulk
scattering properties due to the errors caused by interpolations between the node points.

2.3 SOAR algorithm for VIIRS

Here we provide a brief description of the VIIRS SOAR algorithm and its data products. The
initial application to SeaWiFS was described fully by Sayer et al. [2012b]; information on
the VIIRS application can be found in Sayer et al. [2017], and a full description of the
VIIRS application will be provided in a follow-up study.. SOAR provides aerosol optical
properties including AOD and fine-mode AOD fraction (FMF) at 550 nm, 440-870 nm AE,
aerosol type (marine, fine-dominated, or dust), and spectral AOD (at 488, 555, 672, 865,
1240, 1610, and 2250 nm). The data products are provided at a nominal spatial resolution of
6 km x 6 km (8 x 8 pixel aggregation) at the sub-satellite point over cloud- and snow/ice-
free water surfaces. The inversion procedure to convert the TOA reflectances measured by
VIIRS into aerosol optical properties incorporates lookup tables calculated for three aerosol
optical models for different AOD and FMF (both at 550 nm) regimes: marine model for
AOD range 0.001 — 0.25 and FMF range 0.0 — 0.9, fine-dominated model for AOD range
0.15 - 5.0 and FMF range 0.7 — 1.0, and dust model for AOD range 0.15 — 5.0and FMF
range 0.0 — 0.6. The minimization procedure tests the X2 statistic between observed and
calculated TOA reflectances to simultaneously retrieve AOD and FMF and to find best
aerosol optical model out of the three. No mixing between the optical models is assumed.

The dust optical model is developed in a way to minimize changes in the algorithm (and
lookup table) structure of SOAR (i.e., separated from other optical models as no
combination between models are assumed). In addition, it has flexibility to include different
fine-mode component when necessary. Sayer et al. [2014] suggested that biomass burning
smoke aerosols from different sources and burning types can show significantly different
optical properties from one another and also from the fine-dominated optical model assumed
in the SOAR algorithm. This has implications that AOD biases over certain regions can be
due to this variety of optical properties and thus can be reduced if more appropriate aerosol
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models are used. For future implementation of this variety, bulk scattering properties of fine-
and coarse-mode are created separately under the assumption of bimodal lognormal size
distribution, and are combined as a function of FMF for the bulk scattering properties. This
facilitates future creation of dust optical models mixed with various fine-mode aerosols,
such as urban pollution and biomass burning smoke from various sources. In addition, when
creating optical models with intermediate FMF, we can avoid using the inversion data for
fine/coarse mixed conditions, for which the inversion data are thought to be less accurate
due to the assumption of homogeneous particles (i.e., a single refractive index for particles
of all sizes) [ Dubovik and King, 2000].

3 Creating Dust Optical Models for SOAR

We derive the microphysical and optical properties of coarse-mode dust from different
source regions based on AERONET inversion data. The properties are then used for
obtaining bulk scattering properties through the single-scattering property database, which
will eventually be used in creating the dust lookup table for SOAR.

3.1 Microphysical and optical properties of dust as seen by AERONET

To analyze microphysical and optical properties of dust-dominated aerosols, global
AERONET inversion data are filtered first for FMF (550 nm) < 0.2, coarse-mode AOD (550
nm) > 0.5, and sphericity parameter < 1%. The choice of these thresholds is to minimize the
effects of fine-mode aerosols that are chemically different from dust (small FMF), the
uncertainty in the inversion algorithm (high AOD), and non-dust coarse-mode aerosols (low
sphericity) on the inversion products for dust properties while maintaining sufficient number
of data points [cf. Dubovik et al., 2000; Lee et al., 2012; Schuster et al., 2016]. Although
these thresholds are somewhat subjective, variations within a reasonable range only
negligibly affect the resulting models. Then, medians are used to represent the dust aerosols
observed at each AERONET site, to reduce the sensitivity to anomalous conditions or
AERONET retrieval errors.

Figure 2 shows a large-scale view of dust microphysical and optical properties at locations
where dust aerosols, defined by the above filters, are frequently observed (number of data
points > 30). The median coarse-mode effective radius suggests larger particle sizes over
India and China than over North Africa and the Arabian Peninsula, possibly due to
differences in transport distance and wind speed [ Kok, 2011]. It is worthwhile to note that a
decreasing tendency of particle size of dust generated in the Bodélé Depression (decreasing
effective radius from east to west over North Africa) is detected during the transport likely
due to faster dry deposition of larger particles [ Giorgi, 1986; Lin et al., 1994]. In addition,
the smaller effective radii in the coastal regions imply that using data from inland
AERONET sites for ocean algorithm could lead to an overestimation of particle size, which
can in turn result in an overestimation in the satellite-retrieved AOD due to an
underestimation in the aerosol backscattering fraction (the larger the particle size, the lower
the backscattering fraction).

The SSA at 440 nm, where strong absorption by mineral dust occurs, generally ranges from
0.87 to 0.93, showing a minimum of ~0.875 at Xianghe, China. The low SSA at Xianghe is
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mainly due to the effect of the reddish (as opposed to whitish) dust (strong absorption in
blue wavelength) from Inner Mongolia as well as possible internal mixing with
carbonaceous aerosols [Scarnato et al., 2015; Sugimoto et al., 2015]. The maxima of ~0.925
at Mezaira, Abu Dhabi and Karachi, Pakistan are associated with the relatively bright
(whitish) dust from southeastern Arabian Desert [e.g. Eck ef al., 2008] and both transported
Arabian dust and dust from local sources in Pakistan and Afghanistan [e.g. Alam et al.,
2011], respectively. Aside from the two extremes, 440 nm SSA are generally within the
range of 0.89-0.91, suggesting that 440nm SSA of 0.90 can be a reasonable first guess for
satellite algorithms.

The asymmetry parameter g (cosine-weighted mean of phase function) by definition
represents the degree of deviation of scattering from the forward direction, varying from —1
(pure backward scattering) to 1 (pure forward scattering). It is one of the factors determining
direct radiative effects of aerosols. From light scattering theory, g depends on particle size
(larger particle corresponds to higher g) and refractive index (higher real/imaginary part of
the refractive index correspond to lower/higher g, respectively). It shows higher values in
North Africa than Asia, demonstrating the real part of the refractive index being stronger
than effective radius at controlling the g, which is likely due to the small differences in the
effective radii between the sites. Although the complex refractive index is determined by
chemical composition of mineral dust, geometric shapes can also be a factor that changes the
apparent refractive index, as the AERONET inversion assumes a fixed spheroid shape
distribution in the retrieval process [cf. Kemppinen et al., 2015].

Figure 3 shows the microphysical and optical properties of dust at six distinct locations
(Capo Verde, Solar Village, Mezaira, Kanpur, SACOL; Semi-Arid Climate Observatory, and
Xianghe), for which dust optical models are created. The locations are selected to represent
dust from different source regions; i.e., Saharan dust for Capo Verde, Arabian dust from
different regions for Solar Village and Mezaira, dust from Thar Desert for Kanpur, from
Taklimakan and Gobi Desert for SACOL, and from Taklimakan, Gobi, and Inner Mongolia
for Xianghe. It is revealed that despite the different sources, some of the properties are
similar between different locations, such as the binned volume size distributions peaking at
2.24 ym (with some differences in geometric standard deviations) and rather flat spectral
AOD due to coarse-mode optical dominance. However, the 440 nm SSA (and corresponding
imaginary part of the refractive index), asymmetry parameter, and the real part of the
refractive index denote different optical characteristics of dust from different source regions.
The range of SSA for different sites decreases with wavelength, and is only ~0.01 at 870 and
1020 nm. This indicates possible use of a simple SSA assumption for the longer
wavelengths. The asymmetry parameter generally decreases with wavelength and flattens for
wavelength > 675 nm, still showing strong forward scattering even at the longer wavelengths
(g> 0.7). The real part of the refractive index generally decreases with wavelength in a
magnitude of ~0.04, and the imaginary part, which is highly related to SSA, shows a wide
range (0.0027 — 0.0044) at 440 nm and lower values with narrower ranges (0.0007-0.0012)
at the longer wavelengths.

We assume that the refractive index of the dust-dominated cases represents coarse-mode dust
properties (i.e. the small contribution from the fine-mode for these cases does not
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significantly affect the average retrieved refractive index). For size distribution, we use
AERONET-derived size distribution parameters for coarse-mode (volume median radii and
geometric standard deviations) rather than the median size distributions itself, as we intend
to create coarse-mode only dust optical models, and the small volume concentrations of the
fine-modes (Figure 3a) can make the inflection point separating fine- and coarse-modes
ambiguous for the dust-dominated cases. For fine-mode, the same fine-mode optical model
used in SOAR for fine-dominated model [Sayer et al., 2012b] is adopted but with reduced
imaginary part of the refractive index (from 0.0075 to 0.001). This is to account for the
lower imaginary part of the refractive index derived from AERONET for dust-dominated
cases (0.0027-0.0044 for 440 nm and 0.0007-0.0014 for A >675 nm). Tables 1 and 2
summarize the microphysical and optical properties of coarse-mode dust at the six locations
and those of fine-mode, respectively.

3.2 Bulk scattering properties of dust optical model

Given the size distribution parameters and complex refractive index in Tables 1 and 2, we
derive bulk scattering properties by integrating the single-scattering properties of individual
particles over the size distribution for fine-mode (spheres) and both size distribution and
aspect ratio for coarse-mode (spheroids). As mentioned previously, we assume the same
spheroid shape distribution as used in the AERONET inversion algorithm for the coarse-
mode (dust), such that the optical model can be consistent with the sky radiance
measurements made by AERONET. The fine- and coarse-mode optical models are created
separately and then mixed together in the radiative transfer model (VLIDORT; Spurr, 2006)
for calculating the lookup table for the various FMF values (0.0 — 0.6 with an increment of
0.1). The integration is performed for logarithmically distributed node points; 1000 size
parameter nodes between 0.03 and 999 for the fine-mode; 100 size parameter nodes between
0.03 and 999 and 9 reciprocal aspect ratio nodes between 0.3349 and 0.6944 for prolate and
oblate particles for the coarse-mode. This integration node density is sufficient to avoid
artificial oscillations in the calculated phase matrix elements resulting from lack of
convergence. Then, spectral extinction coefficient, SSA, and phase matrix are used for the
radiative transfer calculations. For SOAR Version 1 data processing, we assume dust
properties representative for Capo Verde site for the coarse-mode, considering the significant
contribution of the Saharan dust over the global ocean in terms of amount and spatial
coverage. Future versions of the SOAR/Deep Blue product may consider additional dust
optical models.

Figure 4 shows medians and central 68% intervals of the bulk scattering properties (spectral
AQOD relative to 550 nm, SSA, and asymmetry parameter representative of the phase
function) of the dust optical model together with those derived from AERONET inversion
data at the six locations, for various FMF ranges. The bulk scattering properties of the
optical model are calculated by combining the values of the fine- and coarse-mode according
to FMF of the individual inversions from all of the AERONET sites used. The comparisons
suggest that the dust model represents the dust properties from various source regions well,
generally showing intermediate values, although it is based only on Capo Verde input data
(Figure 4a—4c). This is likely due to the use of the separate fine-mode optical model of
which microphysical and optical properties are different from those of Capo Verde and
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partly due to the fixed size distribution used. The uncertainty in FMF in the inversion data
arising from the determination of the inflection point in the retrieved size distribution [cf.
O’Neill et al., 2003] can also affect the spectral features, but it does not seem to be a
significant factor here. The dust model, as expected, has weaknesses in reproducing optical
properties, particularly SSA, for the higher FMF regime (Figure 4k) due to increased
influences of fine-mode aerosols with various optical properties depending on locations [e.g.
Dubovik et al., 2002], as well as decreased performance of AERONET inversion data for
fine/coarse mixed conditions. This discrepancy can be reduced by including more absorbing
fine-mode model such as the one used in the SOAR for fine-dominated aerosols [.Sayer et
al., 2012b] or even more absorbing ones suggested by Sayer et al. [2014]. This will be a
subject of future study once error characteristics of VIIRS SOAR product have been
examined through a long-term global evaluation of the data set. It should be noted that FMF
of dust is typically lower than 0.4 (although severe anthropogenic aerosol event mixed with
dust can increase the value) [cf. Dubovik et al., 2002; Eck et al., 2010], and fine-dominated
model instead of dust is used for FMF > 0.6, such that the impact of using the weakly
absorbing fine-mode for the dust optical model can be insignificant.

3.3 Extension to VIIRS wavelengths and fine-tuning for optimal performance

Since the complex refractive indices from AERONET inversion are limited to wavelength
range 440 — 1020 nm, they must be somehow extended to the relevant VIIRS bands (seven
bands centered at 488, 555, 672, 865, 1240, 1610, and 2250 nm). The extension for the fine-
mode can be done relatively easily because (1) we assume fixed refractive index within the
AERONET wavelength range (thus the same real and imaginary values can be used for the
VIIRS bands within the range), and (2) contribution of fine-mode aerosols to TOA
reflectance is small at the longer wavelengths (A > 1020 nm) (thus change in refractive
index has marginal impact at the longer wavelengths). As a result, we assume the same
imaginary part of the refractive index throughout the VIIRS bands, and slightly reduced real
part of the refractive index for A > 1020 nm, according to the water-soluble aerosol
component at 70% relative humidity introduced in Hess et al. [1998].

The extension for coarse-mode, however, should be handled carefully because both real and
imaginary parts of the refractive index vary within the AERONET wavelength range, and are
expected to change outside the range as well. In addition, it has strong effects on TOA
reflectance even at longer wavelengths due to the large particle size. It is well known that the
imaginary part of the refractive index of dust increases (SSA decreases) towards ultraviolet
(UV) wavelengths while showing small values (SSA generally higher than 0.95 based on
AERONET inversions) for A > ~600 nm, as iron oxides in dust particles significantly absorb
radiation in UV through mid-visible wavelength range [ Gillespie and Lindberg, 1992;
Sokolik and Toon, 1999]. Wagner et al. [2012] suggest that the increase in the imaginary
part of the refractive index with decreasing wavelength can be characterized by a linear fit in
both linear and logarithmic scale. Accordingly, a linear interpolation/extrapolation in
logarithmic scale is assumed for the imaginary part of the refractive index while restraining
the values higher than 0.0005 to keep the value within the range that the single-scattering
property database can handle. For real part, a linear interpolation within 440 — 1020 nm and
slightly reduced values for A > 1020 nm are used according to the spectral shape of feldspar
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particles [ Egan and Hilgeman, 1979; Smith and Grainger, 2014], which is the most abundant
mineral group on Earth and is used as validation target for the AERONET inversion
algorithm.

Finally, the real and imaginary parts of the refractive index are increased and decreased by
5% and 40%, respectively. Final values used in SOAR are shown in Table 3. These
adjustments are semi-empirical and improve the agreement with independent AERONET
direct-Sun AOD/AE data. The real parts of the refractive indices remain in-family, while the
imaginary counterparts decrease somewhat; however, the magnitudes are reasonable as they
are smaller than the level of uncertainties in AERONET refractive index [ Dubovik et al.,
2000, 2006], i.e. £0.04 and +50% for real and imaginary parts respectively. While empirical
adjustments are best avoided where possible, the AERONET inversions have some
limitations which can lead to suboptimal performance when results are applied to different
studies. Of particular relevance to the present study are that:

1. The current version 2 inversions use a scalar radiative transfer code (rather than a
vector code like VLIDORT). Scalar codes lead to biases in simulations of
absorbing aerosols, such as dust [e.g. Levy et al., 2004]. A future AERONET
version 3 will use a vector code [S. Korkin/A. Sinyuk, personal communication,
2017], which should remove this error source.

2. The spheroidal aspect ratio distribution used by the AERONET team is itself
empirical, as it was optimized to match observations of real dust (which is
neither spherical nor truly spheroidal) phase functions in the midvisible spectral
region [Dubovik et al., 2006]. The resulting particle shape distribution, which is
also adopted in the current study, may therefore be less appropriate for
simulations of dust at longer wavelengths. In this regard, adjusting the assumed
refractive indices at these wavelengths can ameliorate these errors.

3. As noted earlier, AERONET assumes particles of all sizes to have the same
refractive index, even though they may be of chemically distinct origins. In the
present study the influence of this assumption was reduced by filtering
AERONET inversions based on FMF to isolate dust-dominated scenes, although
it could still be a factor.

Thus, while the AERONET inversions provide an excellent baseline from which to start, it is
reasonable to make adjustments within this magnitude to improve the agreement with
validation data (the AERONET direct-Sun data being independent of the AERONET
inversions). It is hoped that revisiting the analysis with a future AERONET version may
reduce or remove the extent to which empirical adjustments are necessary.

4 Effects of New Dust Optical Model on SOAR Aerosol Product
4.1 Validation against AERONET

VIIRS SOAR retrievals are evaluated at Capo Verde, Gosan (South Korea), KAUST Campus
(Saudi Arabia), Karachi (Pakistan), and Lampedusa (Italy) AERONET sites where dust
events are observed to greater or lesser extents. To this end, a spherical dust optical model
(and lookup table) is also created using the same microphysical and optical properties as the
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spheroidal counterpart except for the particle shape. The SOAR retrievals between
spheroidal and spherical dust optical models are then compared to examine the effects of the
new optical models on the retrieval performance. We only consider the quality-assured Level
2 aerosol product (quality flag = 3) for VIIRS, and the VIIRS data within 25 km of
AERONET sites and AERONET data within £30 min of VIIRS overpass time are averaged
and compared. AERONET AOD is interpolated to 550 nm using the spectrally-closest
wavelength and AERONET AE, which introduces negligible additional uncertainty. This has
been the standard validation protocol for SOAR and many other satellite aerosol data
products [e.g. Sayer et al., 2012b, and references therein]. Note that the full SOAR algorithm
is run, in which the retrieval selects the best-fitting aerosol optical model and there is no
regional tuning. Thus, the retrieval is not forced to choose the dust model for these
comparisons.

Tables 4 and 5 summarize the comparison statistics of AOD at 550 nm and AE, respectively,
at the five locations. There are unfortunately only a limited number of AERONET coastal/
island sites in dust-dominated areas available in the S-NPP era; those chosen cover several
different dust aerosol source/transport regions. A forthcoming companion paper which
describes the implementation of SOAR to VIIRS will include more validation results against
global ship-based AOD measurements, including some dust areas. The comparison results
reveal better performance of the spheroidal optical model than the spherical counterpart for
these sites. Depending on site, for AOD (AE), the Pearson coefficient increases from 0.76 —
0.93 (-0.02 — 0.71) for spherical model to 0.90 — 0.98 (0.52 — 0.80) for spheroidal model,
the root-mean-square error (RMSE) decreases from 0.05 — 0.16 (0.34 — 0.50) to 0.04 — 0.13
(0.21 - 0.39), and the fraction within the expected error (EE, £0.03£10% for AOD)
increases from 42% — 80% to 49% — 83%. Note that the EE refers to a confidence interval in
which one standard deviation (~68%) of points are expected to lie with respect to a ground
truth. This concept is the same as in other applications of SOAR and Deep Blue, and its
values come from a combination of retrieval simulations and experience with similar
algorithms and sensors [e.g. Sayer et al., 2012a,b, 2013, 2014, 2015, 2017]. Thus, the target
value overall for agreement within EE is ~68%; significantly more indicates retrieval errors
are significantly smaller than expected, and vice versa.

For AOD, the median bias (MB) does not show significant differences between the two
models likely due to cancelation of positive and negative biases when averaging. This
implies that climatological AOD from the spherical model might not be significantly
different from those of spheroidal model, although it is not immediately clear how long a
data record must be aggregated to acquire unbiased results for the spherical model. Note that
the smaller improvements at Gosan, Lampedusa, and Karachi than Capo Verde and KAUST
Campus are associated with the smaller number of dust events for the former two sites, and
local aerosol sources for Karachi (it is located in farther inland, and in a city of over 9
million people). The spheroidal model still slightly improves data quality at these locations
where dust is less frequent (Gosan and Lampedusa); this also implies that the new dust
model does not lead to a decreased performance for non-dust cases, for instance by choosing
wrong aerosol model in the retrieval process.
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Figure 5 shows scatterplots of AOD and AE at Capo Verde for which the current dust optical
model was created (thus, potentially showing the best results). Because other sites show
similar patterns, the same conclusions can be applied to them as well. First of all, we see that
the small difference in AOD MB between spherical and spheroidal models is indeed due to
cancelation of positive and negative errors when averaging. The scatterplot for spherical
model demonstrates larger scatter, with weak overestimation of a larger number of data
points and strong underestimation of a smaller number of data points, which resulted in a
small positive MB of 0.02. Next, it seems that the spherical dust model works reasonably
well for AOD of 0 to about 0.25 or 0.30, because in this AOD regime dust is likely mixed
with spherical marine and/or other background aerosol types. Finally, the impact of using the
spheroidal dust optical model is significant for AE, which implies that inaccurate FMF
retrievals (as well as unrealistic phase function) from using the spherical assumption can
exacerbate the biases in spectral AOD. This is consistent with other studies [e.g. Levy et al.
2003; Remer et al., 2005; Banks et al. 2016].

To further examine the effects of the spheroidal dust optical models, Figure 6 illustrates the
retrieval errors as a function of scattering angle and AE (as a proxy of dust fraction, i.e.,
lower AE corresponds to higher dust fraction). We find that the spheroidal optical model
effectively mitigates the well-known scattering angle dependence of AOD (positive bias in
the side-scattering direction and low negative in the backscattering direction) of the spherical
assumption. The spheroidal model results in a slight positive bias regardless of scattering
angle, which is likely related to the slight positive bias in AE (Figure 5d). Although the bias
can be further improved by adjusting the mode radius and/or refractive index of the coarse-
mode dust optical model, additional adjustment is not made as the single optical model is
used for dust over the global water surfaces in this version of the algorithm.

The results as a function of AE reveal that the spherical model leads to a larger AOD scatter
in lower AE regime (AE < 0.3) due to an inaccurate representation of dust phase function
(and particle size), which is significantly improved in the case of the spheroidal model. The
increasing positive bias with decreasing AE for the spheroidal model case implies a
limitation of the fixed size distribution and refractive index of the dust optical model. As it is
not clear how accurately the changing microphysical and optical properties can be modeled
as a function of various parameters (AOD, transport distance, etc.), further investigations are

underway.

4.2 Spatial distribution

The scattering angle dependence of AOD resulting from the spherical assumption creates an
artificial spatial pattern in AOD maps, since the scattering angle changes significantly with
the satellite viewing geometry. For satellite sensors in Sun-synchronous orbits such as
VIIRS, the scattering angle, thus AOD bias, depends heavily on the cross-track scan angle,
causing a characteristic east-west pattern of AOD. At low to mid-latitudes the largest
scattering angle occurs near the sub-satellite point, slightly shifted toward east side of the
scan for VIIRS, and it decreases with increasing scan angle in both directions. Therefore,
AOD retrieved using a spherical dust optical model can show an artificial wave-like pattern
due to the scattering angle change.
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Figure 7 shows an example of the artificial spatial pattern for a dust event observed on 17
July 2012, which is significantly lessened with the use of the spheroidal optical model. As
inferred from the scattering angle dependence of AOD, the spherical assumption leads to a
significant underestimation of AOD (as high as 0.5 or 50%) in the eastern part of the Sun
glint region, which occurs near the sub-satellite point shifted toward west, and a less
significant overestimation (~0.1 or 20%) in the western part of Sun glint due to smaller
difference in the phase function between the spherical and spheroidal dust optical models
(Figure 7c). This creates a sudden dip and jump in AOD before and after crossing the sun
glint region, causing an unnatural wave pattern in AOD. As inferred from Panels b and d in
Figure 7, the spheroidal model creates a more natural AOD gradient along the transport path
of the Saharan dust (AOD decreasing with transport distance), which has implications for
satellite-based dust transport studies [e.g. Yu et al, 2013].

While Figure 7 shows angular artifacts from the spherical assumption on an instantaneous
basis, it is relevant to consider whether such artifacts persist in temporally-aggregated data.
Monthly mean AOD shown in Figure 8 suggests that the spherical model leads to
nonnegligible biases up to 25% as compared to the spheroidal model, although the absolute
error is much smaller than the instantaneous case. In this specific case, the biases seem to
exacerbate the inherent wave pattern in AOD, as the spherical assumption tends to
overestimate (underestimates) AOD over regions with high (low) AOD. This implies that
monthly means, which are frequently used for various scientific applications, might not be
sufficient for these biases from spherical assumption to cancel out. In addition, it is not clear
to what extent aggregations over longer periods of time will improve the bias. It should be
noted that the spheroidal model does not fully eliminate the wave pattern, which arises as a
result of sampling due to the interaction between the orbital characteristics of S-NPP (and
other polar-orbiting platforms) and timescales of dust transport and synoptic scale weather

patterns.

5 Summary and Conclusions

We presented a methodology for developing nonspherical dust optical models based on
AERONET inversion data for use in the SOAR algorithm that will create the Version 1
VIIRS Deep Blue aerosol data product, which is planned to be released to the public in late
2017. These models can be used for other aerosol remote sensing or modeling purposes as
well. We account for nonsphericity of dust particles by incorporating the same spheroid
shape distribution as used in the AERONET inversion algorithm when integrating the optical
properties of the single particle database used in this development. By doing so, the
consistency between the aerosol optical models and sky radiances observed by AERONET
could be preserved.

Considering the significant contribution of Saharan dust over the global ocean, we use the
coarse-mode dust optical model optimized for the Capo Verde site combined with the
weakly absorbing fine-mode model, for the initial data processing. It was found that the dust
optical model, although optimized for a specific site, is representative for dust from various
source regions, showing intermediate properties of them. Preliminary validation against
AERONET direct-Sun observations (independent from the inversions used to develop the
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optical model) suggested that the new dust optical model effectively mitigates the artificial
scattering angle dependence of AOD (and AE) found when spherical dust is assumed,
resulting in significant improvements in comparison statistics except for median bias. The
similar median bias between spherical and spheroidal models implied that climatological
data from spherical assumption might be as useful as those from more advanced spheroidal
assumption. However, it was revealed that there was still noticeable difference between the
two in monthly mean data sets. Although averaging for a longer-term period might reduce
the difference further, it also limits applications due to the averaging of the temporal
signature of dust storms. Thus, the spheroidal assumption is superior in a climatological
sense as well. In addition to AOD, the spheroidal model reduces the bias in AE (or FMF),
which has implications for scientific applications where aerosol size information is of

importance.

The scattering angle dependence of AOD also caused an artificial spatial pattern, which was
improved when considering spheroidal model, in daily and monthly AOD maps. The
improvement is expected to contribute to more accurate quantification of dust transport with
the VIIRS’ broad (3,040 km) swaths.

Since present approach is limited by the availability of AERONET inversion data, it is not
trivial to create optical models for the dust sources that are not well-sampled by AERONET
(e.g. Namib/Kalahari deserts, central Australia, Patagonia, Alaska). Thus, future attention to
these regions is desired to achieve more complete set of dust optical models over the globe.

Although this study only focused on implementing the dust optical models in the VIIRS
SOAR algorithm, ongoing development of the Deep Blue land algorithm also shows
promising results when incorporating similar optical models. More tests are underway to
find an optimal utilization of the new optical models in the land algorithm. With the
inclusion of data over water surfaces, improved performance, and wider swath than MODIS,
the VIIRS Deep Blue product suite will provide an enhanced view of global aerosol

properties.
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Key Points

o AERONET-based nonspherical dust optical property model for use in
NASA’s VIIRS Deep Blue/SOAR over-water algorithm

. Significant improvements in SOAR aerosol product over dust layers

o Enhanced view of global aerosol properties by VIIRS Deep Blue algorithm
suite
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(a) AERONET size distribution, (b) spectral AOD relative to 550 nm, (c) spectral SSA, and
(d) phase function at 440 nm for a dust case observed at Capo Verde at 10:24 a.m. UTC, 9
March 2006. Aerosol optical properties derived from the single-scattering property database

are superimposed in (b-d) for spherical (red) and spheroidal (blue) models.
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(b) SSA (440 nm)

= L L TTTT—
0.87 0.88 0.89 0.91 0.92 0.93

(d) Real Refractive Index (440 nm)

1.45 1.47 1.49 1.51 1.53 1.55

Median (a) effective radius (coarse-mode), (b) SSA, (c) asymmetry parameter, and (d) the
real part of the refractive index of dust-dominated aerosols derived from AERONET

inversion data over various locations. Values in (b-d) are for 440 nm. Sites are shown only if

the number of data points that meet the requirement for dust-dominated case (discussed in

the text) is higher than 30.
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AERONET-derived median (a) size distribution, (b) spectral AOD relative to 550 nm, (c)
SSA, (d) asymmetry parameter, and (e) real and (f) the imaginary part of the refractive index
for dust-dominated aerosols at six locations influenced by different source regions.
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AERONET (colored symbols) and dust optical model derived (black symbol) spectral AOD
relative to 550 nm (left), SSA (middle), and asymmetry parameter (right) for different FMF
ranges: (a-c) 0.0 < FMF <0.6, (d-f) 0.0 < FMF <0.2, (g-i) 0.2 < FMF <0.4, and (j-1) 0.4 <
FMF <0.6. AERONET data are for Capo Verde (purple), Solar Village (blue), Mezaira
(cyan), Kanpur (green), SACOL (yellow), and Xianghe (red) sites. Note that the colored
symbols are purposely offset along the x-axis for a clear illustration, and do not imply actual

differences in wavelength. Median and central 68% interval are shown.
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Scatter plots of (a, b) AOD at 550 nm and (c, d) AE between AERONET and VIIRS SOAR
at Capo Verde from March 2012 to December 2016. SOAR results are shown assuming (a,
¢) spherical and (b, d) spheroidal dust optical models. Colors represent the best-fit aerosol
optical model determined by SOAR for each case; dust is in yellow, marine in blue, and fine-
dominated (rare for this site) in red. For AOD comparisons, dashed lines show the expected

error interval.
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optical models. Data in 10 equal-number-of-data bins are shown with mean AERONET

AOD in triangle (corresponding to the right y-axis). Shaded area is the expected error

envelope for the mean AOD.

J Geophys Res Atmos. Author manuscript; available in PMC 2018 October 16.

0.8



1duosnueiN Joyiny YSYN 1dudsnuey Joyiny YSYN

1duosnuel Joyiny VSN

Lee et al.

VIIRS DB AOD (550 nm, Sphere) - 17 JUL 2012

Page 27

VIIRS DB AOD (550 nm, Spheroid) - 17 JUL 2012
-50 -40 -0 -50 -40 -30 -20 -10

-20 -10

4 8 12 16 20 24 28

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
AOD (Sphere - Spheroid) - 17 JUL 2012 AOD (Sphere vs. Spheroid)
50 40 3020 -10 1.2 ; : ;
R r Sphere d .
1.0+ Spheroid ]

AOD (550 nm)
o
>

04Ff
0.2 8
; 0.0 . ; . ]
-50 -40 -30 -20 -10
-0.4 -0.2 0.0 0.2 0.4 Longitude (degrees)
Figure 7.

SOAR AOD map using (a) spherical and (b) spheroidal dust optical models for a Saharan
dust event on 17 July 2012, (c) AOD difference (spherical — spheroidal), and (d) AOD
longitudinal cross section from —50°E ~ —15°E at 23.75°N, for data gridded at 0.5°
resolution.
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Figure 8.
Monthly mean SOAR AOD maps from (a) spherical and (b) spheroidal dust optical models

over the Atlantic Ocean in July 2012, and the (c) absolute and (d) relative AOD error of the
spherical model as compared to the spheroidal model. The relative error is shown in
percentage. Data gridded at 0.5° resolution are shown.
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