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Abstract The backscattering optical properties of an ensemble of randomly oriented dust particles at a
wavelength of 355 nm were comprehensively studied by examining the invariant imbedding T-matrix results
of the super-spheroid dust model. In particular, we focused on the lidar ratio (§') and depolarization ratio

(6) relations of dust aerosols to aid interpretation of data from the Atmospheric Lidar (ATLID) instrument
that will be onboard the Earth Cloud, Aerosol and Radiation Explorer (EarthCARE) satellite. Super-spheroid
models with various aspect ratios («), roundness parameters (n), and refractive indices were investigated over
a wide range of particle sizes and compared to the observation data of the National Aeronautics and Space
Administration (NASA) Langley 355-nm airborne high spectral resolution lidar. We found that super-spheroid
dust particles with different sets of n and a could be used to model almost the entire range of the observed
joint distributions of S and §. The .S’ — 6 relation could effectively discriminate among dust particle types. The
observed S and § values with the largest population density were best covered by models with n > 2, especially
by those with n varying from 2.4 to 3.0.

Plain Language Summary Dust aerosols are irregularly shaped. Dust shape has a significant
impact on the modeling of lidar observations. In this work, super-spheroid models (the conventional spheroid
model is a special case) were used to study the impacts of nonsphericity and irregularity on lidar observations.
In particular, we were interested in the lidar and depolarization ratios, because these ratios have proven useful
for distinguishing among aerosol types in the atmosphere and will be measurable by the future Earth Cloud,
Aerosol, and Radiation Explorer (EarthCARE) satellite. Because the lidar and depolarization ratios can be
affected by multiple factors, including dust shape, refractive indices, and particle sizes, systematic theoretical
studies related to these factors were conducted. Furthermore, we compared the theoretical simulations with
NASA Langley airborne high spectral resolution lidar data, and found that super-spheroid models could be used
to explain the wide variation of dust optical properties found in the lidar data. The present study confirmed that
dust particles represented by super-spheroid models can be useful in lidar remote sensing applications. Based
on this, the optimal parameters of super-spheroid models can be used to parameterize dust shapes.

1. Introduction

Dust, as one of the most important atmospheric aerosols (Tegen et al., 1997) exerts an enormous influence on
both the climate and human health because of its large mass loading and wide spatial distribution. For example,
exposure to fine particulate matter (PM, ;), including dust, can harm human health by causing respiratory and
cardiovascular diseases (Brunekreef & Holgate, 2002). Moreover, the transport of dust aerosols containing nutri-
ents influences biogeochemical cycles on Earth, which could be a major factor in the variation of atmospheric
carbon dioxide levels (Duce et al., 1991; Mahowald et al., 1999, 2005; Martin, 1990). Dust aerosols also affect
the radiation budget of the Earth by directly influencing radiation absorption and scattering, and indirectly influ-
encing liquid and ice clouds in the form of cloud condensation and ice nuclei, which fundamentally impact the
lifetime of clouds and precipitation processes (Andreae & Rosenfeld, 2008; Kok et al., 2017; Levin et al., 1996;
Mahowald et al., 2014).

Both remote sensing and radiative effect studies of dust aerosols rely on accurate characterization of the opti-
cal properties of dust particles. However, large uncertainties related to particle irregularity and refractive indi-
ces exist in estimations of the optical properties of dust, which complicates interpretations of remote sensing
observations and assessments of dust radiative forcing in atmospheric models (Aoki et al., 2005; Bi et al., 2020;
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Kok et al., 2017; Sokolik & Toon, 1999). Consequently, concerted efforts are being dedicated to investigat-
ing the optical properties, distribution, and transport of dust, and to developing appropriate models to improve
remote sensing accuracy and the accuracy of climate models (Dentener et al., 1996; Di Biagio et al., 2014;
Dubovik & King, 2000; Ginoux et al., 2001; Hess et al., 1998; Linke et al., 2006; Péré et al., 2018; Prospero
et al., 2002; Rocha-Lima et al., 2018; Zender et al., 2003).

Global observation of aerosols has been performed by the Cloud—Aerosol Lidar with Orthogonal Polari-
zation (CALIOP) lidar, which is a dual-wavelength polarization lidar onboard the Cloud—Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) satellite that has been operational since 2006 (Winker
et al., 2010). Interpretation of lidar signals requires a theoretical understanding of the backscattering properties
of such particles. The depolarization ratio (Kaufman et al., 2003; Nishizawa et al., 2007, 2011) contains impor-
tant information about atmospheric particles, such as particle shapes, sizes, components, and refractive indices
(Ansmann et al., 2005; Mishchenko & Sassen, 1998; Miiller et al., 1999, 2007; Veselovskii et al., 2012). One
effective approach for relating particle microphysics to particle optical properties is through laboratory exper-
iments. However, in the context of lidar signals, it has been difficult to precisely characterize backscattering at
180°. For example, in the Amsterdam Light Scattering Database (Muiloz et al., 2012), the scattering matrices
of dust aerosols at 441.6 and 632.8 nm have been measured in the scattering angle ranges of 3°-5° to 174°.
Sakai et al. (2010) obtained dust depolarization ratios at scattering angles of 178.8°-179.6° at 532 nm. Jarvinen
et al. (2016) presented laboratory measurements of linear and circular near-backscattering depolarization ratios
of dust at 488 and 552 nm wavelengths at 178°. Recently, depolarization ratios at the near-exact backscattering
angle of 180° + 0.2° were measured in the laboratory using Arizona Test Dust particles (Miffre et al., 2016). In
Miffre et al. (2016), depolarization ratios up to 37.5% and 35.5% were obtained for sub-micron-size particles at
wavelengths of 355 and 532 nm, respectively. Because CALIPSO has a conventional backscatter lidar, it provides
an attenuated backscattering coefficient and the lidar ratio cannot be obtained directly. Aerosol classification
and extinction retrieval from CALIOP are performed using either single wavelength (Omar et al., 2009; Kim
et al., 2018) or dual wavelength (Nishizawa et al., 2011; Nishizawa, Okamoto, et al., 2008) data.

High spectral resolution lidar (HSRL) is a powerful technique that can independently measure the extinc-
tion and backscatter coefficients of aerosols and clouds, allowing the lidar ratio (defined as the extinction to
backscatter ratio) to be obtained (Freudenthaler et al., 2009; Hair et al., 2008; Jin et al., 2020; Liu et al., 2002;
Mona et al., 2012; Sroga et al., 1983). The lidar ratio and depolarization ratio relation is used to distinguish
aerosol (Burton et al., 2012) and ice particle types (Okamoto et al., 2019, 2020). The Earth Cloud, Aerosol,
and Radiation Explorer (EarthCARE) satellite is a joint venture between the European Space Agency (ESA)
and Japanese Aerospace Exploration Agency (JAXA) scheduled for launch in 2023. Global cloud and aerosol
profiles will be retrievable from the instruments on this satellite, including a 94-GHz cloud profiling radar with
Doppler capability, Atmospheric Lidar (ATLID) instrument, multispectral imager, and a broadband radiometer
(Nishizawa, Sugimoto, et al., 2008; Sato et al., 2009, 2018, 2019; Sato & Okamoto, 2011). ATLID is a 355-nm
HSRL with a linear depolarization channel. The lidar ratio—depolarization ratio relations will be used for aerosol
typing in conjunction with the EarthCARE level 2 aerosol-type product (Illingworth et al., 2015). Furthermore,
extinction profiles for each aerosol component will be derived from ATLID, where a fixed shape is assumed for
dust (Nishizawa, Sugimoto, et al., 2008). Advanced theoretical analysis of the lidar ratio—depolarization ratio
with respect to dust shape, size, and refractive index is expected to facilitate the retrieval of dust microphysics at
the wavelength of 355 nm, but this has not been fully investigated theoretically.

From a theoretical perspective, modeling nonspherical particles is a complex procedure because the optical
equivalence between modeled and actual particles is not obvious. The use of spherical dust models obviously
leads to error because of the zero depolarization. Extensive research on dust backscattering using spheroid
models has been conducted (Dubovik et al., 2006; Mishchenko & Hovenier, 1995; Nishizawa et al., 2011;
Veselovskii et al., 2010). A spatial Poisson-Voronoi tessellation was considered to model irregular mineral dust
particles (Ishimoto et al., 2010). Gasteiger et al. (2011) simulated S and 6 for six irregular dust models at four
wavelengths of 355, 532, 710, and 1,064 nm for small and moderate particles. Saito and Yang (2021) investi-
gated the shape and wavelength dependence of backscattering properties of dust by using 21 irregular hexahedral
particles in a full aerosol size range. Furthermore, super-spheroids, which can model various particle shapes,
have been proposed (Bi, Lin, Liu, & Zhang, 2018, Bin, Lin, Wang, et al., 2018). In recent studies, the scattering
matrices of dust calculated with super-spheroids have been shown to have good consistency with those of the
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Reflectances for Atmospheric Sciences coupled with Observations from a
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complex refractive indices and shapes of atmospheric aerosols (Bi, Lin, Liu,
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Roundness Parameter (n) In this study, we systematically investigated the backscattering properties

Figure 1. Super-spheroid models with different roundness parameters (1) and
aspect ratios (a). Fifteen shapes (n = 1.2, 1.6, 2.0, 2.6, 3.0 and @ = 0.5, 1.0,

2.0) were selected for illustration.

of dust at 355 nm over a wide range of particle shapes and effective sizes,
by applying super-spheroids for the interpretation of future data from the
EarthCARE ATLID. We aimed to assess, for the first time, the extent to
which super-spheroids can reproduce the large variations observed in the
joint distribution of the lidar ratio and depolarization ratio of HSRL obser-
vations for dust at 355 nm. To achieve this objective, the invariant imbed-
ding T-matrix method (II-TM) (Bi et al., 2013; Bi & Yang, 2014) was employed for theoretical simulations.
The ability to simulate the observed lidar ratio—depolarization ratio relationships using super-spheroid models
was further investigated by analyzing dust observation data obtained from the National Aeronautics and Space
Administration (NASA) Langley second-generation airborne High Spectral Resolution Lidar-2 (HSRL-2; Burton
et al., 2015; Redemann et al., 2021).

The remainder of this paper is organized as follows. In Section 2, we describe the methodology and data.
In Section 3, we comprehensively investigate the features of the lidar and depolarization ratios produced by
super-spheroid models with various particle shapes, over a wide range of effective radii. Then, we compare the
theoretical simulations with airborne HSRL observation data. Finally, we discuss the capability of super-spheroid
dust models to account for the observed two-dimensional distribution of the lidar ratio and depolarization ratio at
355 nm. A summary and conclusion are provided in Section 4.

2. Methods and Data
2.1. Theoretical Procedures

The general equation of a super-ellipsoid can be written as follows (Barr, 1981):

@G- ®

where a — c are the lengths of the three semi-major axes along the corresponding coordinate axes in the Cartesian
coordinate system, and e and » are roundness parameters. Here, to reduce computation time and model complex-
ity, we focus on the super-spheroidal model (where e = n and a = b) obtained by the following equation:

B+ @)+ ) -

As models with n < 1 are normally used to study cube-like sea salt aerosols (Bi, Lin, Wang, et al., 2018), we
employed models with 1 < n < 3 to study dust (Figure 1). The model with n = 2 is a standard octahedron. For
models with n < 2, the particle shapes are convex. For models with n > 2, the shapes are concave. a/c is defined
as the aspect ratio (), and n is the roundness parameter. The size parameter is defined as kx,,, in which k is the
modified wave number (27 /A, 4 is the wavelength) and x,, is the maximum of a and ¢, that is, the half maximum
dimension.

Single particle optical properties were calculated by the II-TM method, as described by Bi et al. (2013) and Bi
and Yang (2014), to ensure an acceptable computation time for relatively large kx,, range (0.1-50 for this study).
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Table 1

The Parameters of the Super-Spheroid Dust Models Used in This Study

Refractive index

Size Real
Computational ~ parameter part Imaginary
Purpose Method (kxm) Aspect ratio (a) Roundness parameter () (m,) part (m;)
Simulate dust particles II-T™M 0.1-50 0.5,0.6,0.7,0.8,09,1.0,1.2,1.4 1.6, 1.8, 2.0 1.2,14,1.6,1.38,2.0,22,2.4, 1.50 0.003
2.6,2.8,3.0
Test the uncertainty 0.1-50 0.5,0.6,0.7,0.8,09,1.0,1.2,1.4 1.6, 1.8, 2.0 1.2,14,1.6,1.38,2.0,22,2.4, 1.50 0.001, 0.005,
2.6,2.8,3.0 0.008
0.1-100 0.5, 1.0, 2.0 2.6,2.8,3.0 1.50 0.001, 0.005
IGOM 100-1,000 1.0 2.8 1.50  0.001, 0.005

Note. In the II-TM simulations, the step intervals of size parameters were 0.1, 0.2, 0.5, 1, 2, 5, 10 in the range of 0.1-10, 10-20, 20-30, 30—40, 40-50, 50-60, 60-100,
respectively. In the IGOM simulations, the step intervals of size parameters were 5 and 10 in the range of 100-200 and 200-1,000, respectively.

For a few selected models (Table 1), the maximum size parameter was extended to 100 to perform sensitivity
analysis. Besides, the results calculated by the improved geometric optical method (IGOM; Bi & Yang, 2017;
Yang & Liou, 1996) were also considered to investigate the lidar ratio—depolarization ratio relationships produced
by large super-spheroid dust up to kx,, = 1,000 as a reference. The parameters used in this study are listed in
Table 1. The refractive index m, + i - m; of dust at a wavelength of 355 nm was set to 1.50 + 0.003: according
to Di Biagio et al. (2019). Large uncertainty exists, especially for the imaginary part, in refractive indices of
mineral dust in the shortwave spectral range (Di Biagio et al., 2019; Dubovik et al., 2002; Haywood et al., 2003;
Miiller et al., 2009, 2011; Patterson et al., 1977; Shettle & Fenn, 1979; Wagner et al., 2012). Most recent studies
indicated that dust particles can be weakly absorptive (Di Biagio et al., 2019; Zong et al., 2021). The sensitivity
of the results to m; was discussed in Section 3.

The scattering matrix represents how the polarization state of the scattered light changes relative to the original
incident light beam. For this study, we considered an ensemble of randomly oriented super-spheroidal particles,
for which the scattering matrix is written as follows:

Pi(0) Pi(6) 0 0
Pia(0)  Pn(6) 0 0
3
0 0 Ps3(0) P34(6)
i 0 0 —P34(0) P44(9)_

In the above, # denotes the scattering angle. Considering the size distribution of particles ‘L—N, the bulk scattering
r
matrix elements ( P,;) are expressed as follows:

[ Py Caa) D
Fmin dr

(Py) = . 4)

, dN
max Csca _d
/ ) dr g

in which P;; denotes an arbitrary element of the scattering matrix in Equation 3. Cy,(r) is the particle scatter-
ing cross section, and r is the geometric radius of a sphere having the same volume as the actual particle (i.e.,
volume-equivalent sphere radius). In this study, the log-normal size distribution was used. It can be expressed as
below:

dN _ __ No g [——(lm_l"” 0 )
dr .y 2rlno, 2inc,)’

in which Nj is the total number of an ensemble of particles, ¢, denotes the geometric standard deviation, and y,
is the geometric mean. The value of Ny is irrelevant in this study and was assumed to be 1 ym=>. The o, reported
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Figure 2. The maximum volume equivalent sphere radius r,,,, (unit:ym) at a wavelength of 355 nm corresponding to the size
parameter of kx,, = 50 (a) and the ratio of two different effective radii (R/rx) (b) for super-spheroid models with different
roundness parameters (n) and aspect ratios (). The maximum dimension of the super spheroids at kx,, = 50 is 5.65 ym.

in the literature is within the range of 1.6-2.4 , and the majority of values are concentrated within 1.8-2.2 (Hess
et al., 1998; Mahowald et al., 2014; Reid, Reid, et al., 2003). A typical value for dust of 6, = 2.0 (Reid, Jonsson,
et al., 2003) was found to produce visible optical depth in good agreement with satellite observations (Schulz
et al., 1998). Therefore, we focused on the result where o, = 2.0, and o, = 1.6, 1.8, and 2.2 were used for the
sensitivity study. rmin and rpax are the minimum and maximum volume-equivalent sphere radius corresponding
to kx,, = 0.1 and 50, respectively, and u, varied within the range [Fmin, max] . Figure 2a shows rp. of super-
spheroid models with different n and @ corresponding to kx, = 50. The maximum dimension of the super-
spheroids at kx,, = 50 is 5.65 ym. The effect of ry. choice on the accuracy of bulk optical properties will be
discussed in Section 3.4. Lidar observables can be obtained from Equations 3-5. For linear polarized incident light
and a scattering angle of 180° (x), Pi»(x) is zero, and the depolarization ratio (§) can be obtained using Equation 6:

_ 1- (Pzz(ﬂ'»/(Pn(ﬂ))
1+ (Pu(n)) /(Pii(n))

(6

The lidar ratio is the ratio between the backscattering (f;) and extinction (c. ;) coefficients, and is given as

follows:
Sa = % ™
where
b= i ,:::xpl1,n,zCsca.A(")%d"s (8)
s = [} CoasD S dr. ©)

Cexi.2 denotes the particle extinction cross section, and 4 is the wavelength of the incident light. In the following,
A =355 nm, and we omit the wavelength subscripts. The size of an ensemble of dust is described by the effective
radius (rq), which can be calculated via the following definition (Hansen, 1971):

/;"max r3d—Ndr

ra= (10)
max 2220 dr
T'min dr
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Figure 3. Lidar ratio (a) and depolarization ratio (b) for single particle as a function of size parameter kx,, for all particles in
the first row of Table 1. Models with a maximum size parameter of 50 are included, and the wavelength is 355 nm. The black
line is the average of all models. The light-blue and light-red areas in (a and b), respectively, show the variation range of lidar
ratio and depolarization ratio. The dark-blue and dark-red areas in (a and b), refer to the standard deviation of lidar ratio and
depolarization ratio.

For nonspherical particles, another definition of effective radius (referred as R here) given in Equation 11 is also
often used (Hansen & Travis, 1974).

3 [ v N g,
_ "min dr
= N an
4 [ A——dr
"min dr

R

where V is the volume and A is the averaged projected area of an individual particle. In the following texts, we
used Equation 10 for data analysis. However, the ratios of the aforementioned two effective radii at different shape
parameters are shown in Figure 2b.

Figure 3 illustrates the variability of the simulated S and § at A = 355 nm for an individual particle before the size
integration of all super-spheroid models listed in Table 1. The S and § variabilities were large, indicating a large
probability to reproduce various observations using the super-spheroid models. In this sense, the present models
show potential superiority for simulating dust particles. The lidar ratio produced by different models ranged from
about 10 Sr to more than 150 Sr at size parameters >~0.2. Most of the § are smaller than 45%, although some of
them exceed 50%.

2.2. Airborne High Spectral Resolution Lidar Observations

Dust events observed by the NASA Langley second-generation airborne HSRL-2 during the Deriving Infor-
mation on Surface Conditions from Column and Vertically Resolved Observations Relevant to Air Quality
(DISCOVER-AQ) project (Burton et al., 2015) and the ObseRvations of Aerosols above CLouds and their intEr-
actionS-3 (ORACLES-3) campaign (Redemann et al., 2021) were used in this study. Details of the observations
are provided in Section 3.

3. Results: Lidar Ratio—Depolarization Ratio Relations of Atmospheric Dust Aerosols

First, we explore the shape (roundness parameter, aspect ratio) dependence of optical properties (S, §, oext, f) at
a wavelength of 355 nm. Next, we investigate the rer dependences of .S and 6. Then, the lidar and depolarization
ratio relations for super-spheroid models are examined.
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Figure 4. Extinction coefficient (c.,,), backscattering coefficient (), and lidar ratio (S) at a wavelength of 355 nm as
functions of the aspect ratio («) and roundness parameter (n). 4, = 0.5 pm was assumed.

3.1. Effects of the Shape Parameters on the Backscattering Properties of Super-Spheroid Models

The dependences of o and # on the shape parameters (n, ) were determined, as shown in Figures 4a and 4b,
to facilitate understanding of the features seen in S (Figures 4e and 4f). The geometric mean radius y, = 0.5 ym
was assumed.

As shown in Figure 4b, o, decreased with an increase of the roundness parameter (7). § generally showed a simi-
lar trend but with a steeper rate of decrease with n. Overall, S increased with n. Both o and f reached a peak at
a = 1 and decreased as « deviated from 1.0 (Figures 4a and 4c). The variation of o,y due to @ remained relatively
small particularly when @ > 1 (Figure 4a). The differences in o,y for the same « or n were within a factor of 2 (see
Figures 4a and 4b). However, g changed dramatically with « and n. For example, the maximum differences in §
for the same « or n exceeded one order of magnitude. Related to the ratio of oy and g, S was lowest at « close to
1 (range: 0.8-1.2) and increased as a deviated from 1.0. Both large » and deviation of « from 1.0 tend to produce
large S values.
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Figure S. Similar to Figures 4e and 4f, but representing the depolarization ratio (5).

Figure 5 shows the dependence of the depolarization ratio (6) on the aspect ratio («) and roundness parameter
(n). In Figure 5a, the 6 values of super-spheroid models are mainly concentrated in the range from 20% to 40%.
Generally, models with n > 2 produced larger 6 values than models with n < 2. Models with n > 2 seemed to
show less variability in 6 due to a compared to models with n < 2 for the size considered. Most of the models
showed a local minimum in § at @ = 1.0.

3.2. Dependence of the Lidar Ratio and Depolarization Ratio on r

Figures 6 and 7 show the r.; dependence of the lidar and depolarization ratios for super-spheroid models. § values
for models with different n are shown in Figure 6b. Generally, § depends on r.; and shape, but the r. dependence
is considered to weaken as r.; approaches the geometric optics region. The effective size range depends on n and
a. For models with n > 2, § was largely dependent on r; and increased with rer to about 40% in the size range
considered. The variability in § due to @ became relatively small for n > 2.4. Similarly, the variability in § due to
n was found to be small among the models with n > 2.4 (Figure 6a). For models with n < 2, § increased with ref,
and generally showed a weaker dependence on rey at rep > 0.4 ym and rep > 1 yum for a close to 1. For n < 2, the
maximum § produced by the models largely depended on « (Figure 6b) and n (Figure 6a). In Figure 7, lidar ratio
S peaked at around rer = 0.1-0.2 pm and then decreased to a lower value. Note that some models with a small n
showed a rebound of § at a large r.;. This phenomenon was fundamentally related to the fact that the absorption
became obvious when the particle size was large. The .S values of the models will show a dramatic increasing
trend at larger sizes for relatively high m;. As shown in Figure 4, .S generally increased with n (Figure 7a), and the
S values were smallest for models with « near 1 and largest for those with a deviating from 1.

3.3. Lidar Ratio (S)-Depolarization Ratio (6) Relations of Super-Spheroid Models and Airborne HSRL
Observations

To assess the capability of super-spheroid dust to simulate the two-dimensional distribution of .S and 6 observed
at 355 nm, two dust events observed by the NASA Langley HSRL-2 at 355 nm were investigated in this study.
The first dust event was observed in the Midwest USA on 13 July 2014, during the DISCOVER-AQ campaign
(Figures 8a—8d), and the second one was observed over the western Atlantic Ocean, during the ORACLES-3
campaign on 21 September 2018 (Figures 8e—8h). The observation in 2014 revealed a dust layer around the alti-
tude of 2 km (Burton et al., 2015), and the observation in 2018 indicated a lower dust layer between about 1 and
3 km. The majority of the S values observed by the airborne HSRL varied between 40 and 60 Sr (Figure 9a). Typi-
cally reported values of S for dust in the East Asian and Middle Eastern desert regions are in the range of 30-50 Sr
(Filioglou et al., 2020; Hofer et al., 2017, 2020; Mamouri et al., 2013; Noh et al., 2008), whereas the values of
40-65 Sr are more representative of Saharan regions (Grof et al., 2011, 2015; Mattis et al., 2002; Papayannis
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Figure 6. & for different super-spheroid models with « fixed (a) and n fixed (b) as a function of 7. a varies from 0.5 to 2.0 for each subplot in (a) and n varies from 1.2
to 3.0 for each subplot in (b). The wavelength was 355 nm.

etal., 2005; Preifler et al., 2011; Tesche et al., 2009; Veselovskii et al., 2016; Wiegner et al., 2011). The measured
& were mostly within the range for dust (20%—40%) reported in other studies (Burton et al., 2015; Freudenthaler
et al., 2009; Grop et al., 2011; Haarig et al., 2017; Mamouri & Ansmann, 2017; Wiegner et al., 2011). The maxi-
mum § at 355 nm in the 2014 measurements was approximately 28%, whereas the 2018 observation showed a
much higher § in the dust layer of up to about more than 45%. In this study, we considered cloud-screened aerosol
data at 355 nm, and further screened out data with depolarization ratio (532 nm) <25% (Burton et al., 2015) as
well as aerosols below 0.5 km to minimize the effect of non-dust aerosols. By using the method of Sugimoto and
Lee (2006), we calculated the dust mixing ratio (i.e., the contribution of dust to 532 nm backscattering) and the
result showed that dust aerosols accounted for more than 90% and 80% in the 2014 and 2018 observations, respec-
tively. That means, the two observational cases were dust-dominated. Figure 8 shows the measurement curtain of
the lidar observables reported at 10 s time interval and 15 m vertical resolution.

The § — § relation produced by the super-spheroid models exhibited a wide variation (Figure 9a). As illustrated,
the .§' — § domains of the HRSL measurements were well-covered by the super-spheroid models. A small portion
of the 5 observed at the edge of the dust layer was larger than 40% (see Figure 8g), and this portion was not
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Figure 7. Similar to Figure 6, but for lidar ratio S.

reproduced well by the models in the size range considered. Despite this, the super-spheroid models were typi-
cally capable of simulating the observed .S — § range of dust obtained from the HSRL at 355 nm.

Figures 9b—9k show the .S — § relations for 10 groups of super-spheroid models, respectively. For each group,
the results of super-spheroid models with the same roundness parameter but different aspect ratios are presented.
Compact models denote shapes with the aspect ratio close to unity (@ > 0.8 and « < 1.2), whereas extreme
models indicate particles with the aspect ratio deviating from unity (hereafter, extreme «), that is, @ = 0.5, 0.6,
0.7, 1.4, 1.6, 1.8, and 2.0. The § and .S showed different features among the models with n > 2 and n < 2, as
well as those with a near 1 and extreme a. Generally, the simulated .S values decreased with increasing § values
at § > 10% in all models, but a weaker dependence of .S on § was seen for the models with n < 2 and extreme
a. These models implied that dust with a large size had a relatively small §, which could be unrealistic for
modeling dust near source regions. The observed two-dimensional distributions of S and § with moderate .S
(3070 Sr) and 6 (20%—40%) values, which had the largest population density, were best covered by the models
with n > 2, and especially by considering those with n varying from 2.4 to 3.0. Considering the models with n =
2.4-3.0, the measurements in 2014 implied that the r.; of dust particles mostly fell into the range of 0.2-0.6 um,
while a portion of the measurements in 2018 indicated that dust particles could be larger than 0.8 ym. The
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Figure 8. Measurement curtain of the (a and e) particle backscatter coefficient, (b and f) aerosol extinction coefficient, (¢ and g) aerosol depolarization ratio, and (d
and h) lidar ratio at 355 nm obtained from the HSRL-2 instrument. (a—d) and (e-h) correspond to the observations in the Midwest USA (from 36.1°N 91.1°W to 39.5°N
102.6°W), on 13 July 2014, and from Delaware in the U.S. to South America (from 37.9°N 75.5°W to 14.3°N 60.2°W) on 21 September 2018, respectively.

positive correlations of S and § in lidar measurements might imply that the dust particles have various size and
shapes. However, a mixture with a small portion of other aerosols such as sea salt aerosols could also contribute
to this phenomenon.

For comparison purposes, we included the result of the Texas A&M University Comprehensive Dust Scattering
(TAMUdust2020) Database model 3 in Saito and Yang (2021) in Figure 9, which was shown to be optimal in
simulating dust backscattering properties. The model 3 (severely irregular model) of TAMUdust2020 slightly
overestimated .S of the measurements. Interestingly, for the range of § = 20%—40%, the TAMUdust2020 model
was similar to the present super-spheroid models with large n (e.g., » =2.8 and 3.0), and implied similar r.¢ values
for the range of § = 22%-36%. The .S and 6 relation for large dust sizes (rer > 2.0 um) in the TAMUdust2020
model showed dramatic rising trend in .S, which was out of the S5 range reported from the observation data
used in this study.

A portion of the region with § < 30% was also explainable by models with n < 2 and extreme «. For exam-
ple, models with n = 2.8, « = 1.0 and n = 1.6, « = 1.8 produced similar .S (=50 Sr) and 6 (= 25%) values at
rer = 0.5 pum (Figures 6 and 7). Additional information, such as observations at different wavelengths, may
provide an effective method for further investigating the differences among the models at § < 30%. In other S—6
regions of the observed two-dimensional histogram, results with small .S (<30 Sr) and 6 (<20%) values were
explainable by compact particles with « near 1 and n < 2. A small proportion of the observations showed large
6 (>40%) values at S > 60 Sr, and these were partly explained by a model having an extreme « at n = 2.0 for the
size range considered. The region with S > 60 Sr and small § (<25%) values was explainable by all categories of
n. The rer had a relatively small dependence on shape when § < 20%-25% and may be well inferred in this §
range (Figure 6a).

Note that the models with n = 1.2, 1.4, which were almost spheroid, were not sufficient to account for the
measurements with larger § values. In this regard, super-spheroid models with relatively large n were superior to
spheroid-like models (n = 1.2, 1.4) and spheroid models (n = 1.0) for simulating the large variation of .S and §
of atmospheric dust.
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Figure 9. Comparisons of .S — § relations obtained from the HSRL-2 at a wavelength of 355 nm and their counterparts
simulated using the super-spheroid models. (a) Shows the results of all super-spheroid models and the observation data. The
cyan scatters show the scatter plot of the lidar data obtained on 13 July 2014 while the green ones show those obtained on
21 September 2018 (the time interval was 10 s and the vertical resolution was 15 m). The upward-triangle and downward-
triangle with bars refer to the mean and standard deviation of lidar ratio in each depolarization-ratio bin. (b—k) Show the
results of 10 groups of super-spheroids. In each group, the roundness parameter is the same (indicated in the subplot), but
the aspect ratio (a) varies from 0.5 to 2.0. Compact models with 0.8 < a < 1.2 and extreme models witha > 1.2 or a < 0.8
are shown with circles and solid stars, respectively. The colors of stars and circles represent the r.; of the models at 25
discrete sizes (see the color bar on the top of panel). The square symbols with bars represent the model three in Saito and
Yang (2021), which remains the same in (b—k). Note, the definition of r.; in Equation 10 was applied to the TAMUdust2020
model 3.

Figure 10 further summarizes the .S — 6 relationship produced in four different super-spheroid categories: (1)
n<?2and anear 1; (2) n <2 and extreme a; (3)n > 2and anear 1;and (4) n > 2 and extreme a. Larger S
values in the observation were better modeled by super-spheroids with extreme a. Larger 6 values were better
modeled by super-spheroids with n > 2. It is apparent that most of the observed 6 range could be explained by
super-spheroid models with different sets of n and a. Category 1 could explain the observed .S—6 relation when

S <30 Srand § < 20%. Category 2 could explain those when § < 30%. Categories 3 and 4 could produce a wider
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Figure 10. .S — § relations for the super-spheroid models and observations for the four categories at a wavelength of 355 nm.
range of S—6 values and were representative of the majority of the observation data, which had moderate .S and
6 values.
3.4. Discussion
The standard deviation ¢, and complex refractive index can affect ' — 6 relations. The o, chosen in the study
was 2.0, which was regarded as typical for dust, and the refractive index was set to 1.50 + 0.003i at a wavelength
of 355 nm. However, both of these were influenced by the source region of the dust, as well as the altitude and
lifetime in the atmosphere. The measurements on 13 July 2014 were conducted in the Midwest USA, but the
back-trajectories indicated that the dust layer was probably transported over a long period of time from the Sahara
(Burton et al., 2015). The measurements on 21 September 2018 were conducted over the western Atlantic Ocean,
and showed a relatively lower dust layer in altitude and higher § values. The observed dust could be transported
from North Africa according to the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT;
Rolph et al., 2017; Stein et al., 2015).
Figure 11 shows the ¢, dependence on .S’ — 6 relationships of super-spheroid models. The difference in .S for a
given ¢ between models with o, = 1.8, 2.0, and 2.2 was nonsignificant. The difference between 6, = 1.8 and 2.2
was about 10%, meaning that ¢, variation in the reported range had little influence on the major findings of this
study.
The lidar ratio is sensitive to dust absorption. Thus, .S is significantly influenced by the imaginary part of the
refractive index (m;), which is related to the mineralogical composition that varies among different regions (Kim
etal., 2020; Mamouri et al., 2013; Nisantzi et al., 2015; Shi et al., 2005; Shin et al., 2018; Veselovskii et al., 2020).
The depolarization ratio § is also affected by particle absorption, although less strongly. Figure 12 shows the
influence of m; on the 6, .S and S — § relations for models with n = 2.8 and « = 1.0. As shown in Figures 12a
and 12b, § increased as m; decreased, while .S increased with m;.
KONG ET AL. 13 of 21
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Figure 11. ¢, dependence on .S — & relationships of super-spheroid models at a wavelength of 355 nm. The ¢, values chosen
are 1.6, 1.8, and 2.2.

Figure 12c shows that the difference between models with m; = 0.001and m; = 0.003 was nonsignificant, while the
difference for models with m; = 0.005 and 0.008 was large, and .S increased with m; for the same §. As the observa-
tions might have a Saharan origin, m; = 0.008 could be too high according to the imaginary part of the refractive
index, that is, [0.002, 0.003], reported at a wavelength of 355 nm by Stegmann and Yang (2017); and the mean
measurement value of 0.0033 at a wavelength of 370 nm noted by Di Biagio et al. (2019) might be appropriate.
Regarding 0.001 < m; < 0.005, the simulated .S mostly increases by about 0%—50%, depending on &, and models
with n = 2.4-3.0 and « with values near 1 are expected to produce suitable optical properties at larger § values
matching the majority of the HSRL-2 observations (Figure 9). These models have also shown good perfor-
mance with respect to producing the scattering matrices of dust obtained by laboratory measurements at proximal
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Figure 12. Lidar ratio .S (a) and depolarization ratio  (b) as a function of r.s, and the S — 6 (c) relationships for the super-
spheroid model with roundness parameter n = 2.8 and aspect ratio « = 1.0. Four imaginary parts of the refractive index
(m;) at a wavelength of 355 nm are considered. The real part of the refractive index is 1.5, and the maximum size parameter is
50.
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Figure 13. The relative error (R.E.) of lidar ratio .S (a) and depolarization ratio § (b) obtained by II-TMS50 in respect to
II-TM100 for the same ry. The horizontal axis shows the ratio of the reg value to the remax value for each super-spheroid
models (1007 /rermax)- The super-spheroid models with n = 2.6, 2.8, 3.0 and « = 0.5, 1.0, 2.0 were employed and indicated
by color lines. For each model, the average result for two different refractive indices (1.50 4+ 0.001: and 1.50 + 0.005:)

are shown. The average and standard deviation of the errors of all models at the same horizontal axis value is shown with
black lines and symbols for .S and 6 in (a and b). The S—6 relations (c) computed with different maximum size parameters
(kx,, =50, 100 and 1,000) for super-spheroid model with n =2.8 and a = 1.0. The refractive indices of red and pink lines
are 1.50 + 0.0017 and 1.50 + 0.0057, respectively. For the comparison purpose, the data from the TAMUdust2020 was also
included and the results calculated with (TAMUS0) and without (TAMUfull) truncating the size distribution at kx,, = 50 are
shown in (c).

wavelengths (e.g., 442 nm; Lin et al., 2018). Furthermore, this study found that these models could produce
realistic S — 6 joint distributions for lidar remote sensing applications at 355 nm.

As a sensitivity study, the relative errors in .S and § values due to truncating the size distribution at kx,, = 50 (here-
after, II-TM50 model) were investigated by using the II-TM results for kx,, = 100 (hereafter, II-TM100 model) in
Figures 13a and 13b. Here we considered super-spheroid models with n =2.6, 2.8, 3.0 and @ = 0.5, 1.0, 2.0 with
refractive indices of 1.50 + i0.001 and 1.50 + i0.005. The super-spheroid models considered in this paper had
maximum volume equivalent radius rp.x ranging from 1.0 to 2.6 and 2.0 to 5.2 ym at kx,, = 50 and kx,, = 100,
respectively (Figure 2a). These corresponded to a size parameter defined by X.q = 277ma/A ranging from about
17.7-46.0 and 35.4-92.0 at kx,, = 50 and kx,, = 100, respectively. Among them, the models having the following
rmax range were used for the sensitivity study, that is, rmax = 1.0-1.4 ym (Xeq = 17.7-24.8) and rpax = 2.0-2.8 ym
(Xeq = 35.4-49.6) at kx,, = 50 and kx,, = 100, respectively. The largest refr (refrmax) Values in each super-spheroid
models ranged from 0.6 to 1.2 ym for the II-TM50 case.

In Figures 13a and 13D, the relative errors (R.E) in .S and § values of II-TM50 in respect to II-TM100 evaluated
at the same r.g are shown for each super-spheroid models. The horizontal axis shows the ratio of the r.g value to
the refrmax Value for each super-spheroid models in the form, 100res/Fefimax- It Was found that the .S and § values
of II-TMS50 were generally underestimated and overestimated, respectively (Figures 13a and 13b). The relative
errors in § and § increased as ref/ Fefr,max approached one on average, and the mean relative error of all models was
about 10% for both .S and § at rer/remax = 1 (Figures 13a and 13b).
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In order to investigate the overall trends in S — § relation of large super-spheroid dust particles exceeding
kx, = 100, a combination of the II-TM (kx,, = 0.1-100) and IGOM (kx,, = 100-1,000) was used to compute the
optical properties for the super-spheroid model with n =2.8 and & = 1.0 as a reference (hereafter, II-TM + IGOM),
although the IGOM results are less accurate than the II-TM counterparts (Figure 13c). Note that the backscat-
tering phase functions of IGOM were adjusted by following Ding et al. (2016) and Zhou and Yang (2015). The
difference between the II-TM100 and II-TM + IGOM estimates in the r.; range covered by II-TM50 is much
smaller than those between II-TM100 and II-TM50 since large particles have less contribution to the results,
for example, relative uncertainty in S, § at refr.max (II-TMS50) ~1.0 ym for the super-spheroid model with n = 2.8,
a = 1.0 and m = 1.50 + 0.001i are smaller than 3%. This also supports the use of II'TM100 as a reference solution
for II-TM50 in Figures 13a and 13b.

The S — 6 relation for II-TMS50, II-TM100 and II-TM + IGOM was similar for small to moderate r.; until the
S — § relation for II-TM + IGOM showed dramatic bending and increasing trends in S at large dust particle
sizes (Figure 13c). Such turning point in the S — § trend appeared at § around 40% or larger, which corre-
sponded to rer > 2 um. The S — 6 relation calculated from the TAMUdust2020 model (0.1 < kx,, < 11,800,
m = 1.50 + 0.003i) for the case of degree of sphericity (¥) of 0.695 in Saito et al. (2021) is also shown in
Figure 13c with and without truncating the size distribution at kx,, = 50. Although the shapes of TAMUdust2020
model are different, the general behaviors with respect to size was similar with the super-spheroids. The turning
point of the S — § trend for TAMUdust2020 model occurred at § > 46%.

The S — § values for the super-spheroid models with m = 1.50 + 0.003; at large sizes are expected to be within
the range between those for m = 1.50 + 0.001i and m = 1.50 + 0.005i. The comparison of modeling results and
observations (see Figures 9 and 10) could be improved if the backscattering optical properties of super-spheroids
of large size parameters can be accurately obtained. Therefore, accurate computation of the backscattering prop-
erties of large super-spheroids is highly demanded and worthy of further studies.

4. Summary

We investigated the backscattering optical properties of dust at a wavelength of 355 nm, which has implications
for the interpretation of future data from the ATLID instrument on the EarthCARE satellite. By employing the
super-spheroid models, the optical properties of an ensemble of randomly oriented dust particles were calculated
by the II-TM method. Intensive measurements of .S and § joint distributions from the NASA Langley HSRL-2
were used to investigate the applicability of the super-spheroid models for analysis of ATLID data.

We systematically examined the variations of the depolarization ratio (8), lidar ratio (), extinction coefficient
(oext), and backscattering coefficient (8) of the super-spheroid models with respect to two morphological param-
eters: aspect ratio («) and roundness (r). In addition, the dependences of .S and § on the effective radius (re)
were examined. We found that oy and f generally decreased as n increased mainly due to the decreasing cross
section area. Additionally, the compact models with @ = 1 produced the largest o,y and g, whereas those with
extreme a produced the smallest values. Differences in f among the models for the same r.g exceeded one order
of magnitude. .S, which is the o,y to § ratio, increased with n. The models with « near 1 had the smallest .S while
those with extreme a had the largest. .S decreased with increasing size at rx > 0.1 ym. In general, § increased
with r.q. Particularly for models with small n (<2), § reached its maximum at a small size (e.g., rer = 0.4 um).
Then, the r.; dependence became weaker and 6 declined slightly with size. For models with larger n (>2), stended
to increase linearly with size. Overall, models with n > 2 produced larger 6 than those with n < 2, and the former
showed smaller variability in 6 due to a than the latter. .S’ — 6 relations were sensitive to the imaginary part of the
refractive index (m;). 6 increased as m; decreased, while .S increased with m;.

The super-spheroid models produced a wide range of .S — § relations. The majority of the S observed by HSRL
varied between 40 and 60 Sr, values reported to be representative of Saharan regions. The measured § values
were mostly within the range for dust (20%—40%) reported in other studies. The super-spheroid models with
different sets of n and a were capable of simulating the entire .S — § range of atmospheric dust obtained from the
HSRL measurement at 355 nm. The .S — § relation could effectively discriminate dust from other particle types.
The observed two-dimensional distribution of .S and § with moderate .S (30-70 Sr) and 6 (20%—40%) values,
which had the largest population density, was best accounted for by models with n > 2, and especially by those
with n varying from 2.4 to 3.0. The comparison of simulations with optimal shape parameters and the HSRL
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observations indicated that the effective radius of dust particles in the 2014 measurements was in the range of
0.2-0.6 ym, while dust particles could be larger than 0.8 ym in the 2018 measurements. In addition, we compared
the present model with the TAMUdust2020 model and found that the TAMUdust2020 results were similar to
those of super-spheroid models with large roundness parameters (e.g., 2.8 and 3.0) when 6 = 20%—40% (Figure 9).
Furthermore, when the sensitivity of the .§ — § relation to the imaginary part of the refractive index (m;) and the
truncation at kx,, = 50 was considered, the models with n = 2.4 to 3.0 and a near 1 were more optimal.

As S — § relations at 355 nm will be used for aerosol classification and aerosol extinction retrievals for Earth-
CARE ATLID, this study suggests that super-spheroid models could be useful in dust microphysics retrieval
and should be worthy of further applications. The super-spheroid models can be used not only for simulating
dust, but also for simulating other particles including sea salts and ice crystals (Bi, Lin, Wang, et al., 2018; Sun
et al., 2021). Thus, it may also be helpful to apply super-spheroid models to distinguish other aerosols and esti-
mate their mixing ratios. The limitations of this study are that it did not consider inhomogeneity of composition
and the size range of dust particles in the II-TM computation was relatively small. However, the components
are essential for aerosol backscattering due to the wide variation of the refractive index (Zong et al., 2021), and
inhomogeneous super-spheroid models are believed to exhibit a different .S and §, which could enhance the
performances of super-spheroid models in simulating mineral dust aerosols. This work requires a higher compu-
tational cost to calculate the optical properties of more complex models, and the more accurate refractive indices
of different mineral components are also demanding.

Data Availability Statement

The T-matrix data presented in this paper can be found at https://zenodo.org/record/5767741.
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