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Key Points:

o Bulk dust backscattering property models for lidar wavelengths are devel-
oped.

e The lidar ratio is more sensitive to particle shape than to particle size.

o Computed spectral backscattering properties are reasonably consistent
with lidar observations of dust plumes.

Abstract

Sensitivities of the backscattering properties to microphysical properties (in
particular, size and shape) of mineral dust aerosols are examined based on
TAMUdust2020, a comprehensive single-scattering property database of irregu-
lar aerosol particles. We develop the bulk mineral dust particle models based on
size-resolved particle ensembles with randomly distorted shapes and spectrally
resolved complex refractive indices, which are constrained with in-situ observa-
tions reported in the literature. The lidar ratio is more sensitive to particle
shape than particle size, while the depolarization ratio is sensitive to particle
size. The simulated bulk backscattering properties (i.e., the lidar ratio and the
depolarization ratio) of typical mineral dust particles with effective radii of 0.5-
3 nm are reasonably consistent with lidar observations made during several field
campaigns. The dust bulk optical property models are applicable to lidar-based
remote sensing of dust aerosol properties.

Plain Language Summary

Lidar (Light Detection and Ranging) measurements help investigate atmo-
spheric mineral dust aerosol properties. However, it has long been a challenge to
interpret lidar signals, namely the backscattering properties, towards inferring
mineral dust particle properties. This study is aimed to develop appropriate
bulk mineral dust optical property models for simulating the backscattering
properties. The present simulations demonstrate the significant impacts of
mineral dust particle shape and size on backscattering by these particles. The
developed mineral dust particle models will benefit lidar-based remote sensing
of mineral dust plumes.

1 Introduction

Dust aerosol plumes have received significant attention over several decades due
to their complex role in Earth’s atmosphere energy system. Atmospheric mineral
dust particles modulate the direct radiative effect (DRE) through scattering and
absorption of atmospheric radiation (Kok et al., 2017) and their influence on
cloud microphysical processes, namely, aerosol-cloud interactions (DeMott et al.,
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2003; Bangert et al., 2012). These particles exhibit various sizes, shapes, and
mineralogical compositions (Reid et al., 2003a; Kandler et al., 2009), leading to
substantial regional variations of dust aerosol optical properties (Sokolik & Toon,
1999; Di Biagio et al., 2019). Due to dust emission events in small source regions
(Haywood et al., 2003) and intercontinental transport of dust plumes (Prospero
& Carlson, 1972; Duce et al., 1980), the impact of mineral dust aerosols spans
from regional to global scales. As a result, current estimates of the dust DRE
have significant uncertainties and potentially regional biases (Di Biagio et al.,
2020).

Ground-based, airborne, and spaceborne observations of mineral dust plumes
are essential to constrain the regional and global dust DRE. In contrast to pas-
sive sensor instruments, a lidar system can vertically resolve aerosol properties.
Historically, aerosol extinction profiles are converted from lidar measurements
by solving the lidar equation (Fernald et al., 1984; Klett, 1985), which requires
an empirically predetermined lidar ratio. To date, state-of-the-science lidar
systems incorporate capabilities of multiple channels, high-spectral resolution,
and polarization, thereby providing vertical profiles of the spectral extinction
coefficient, lidar ratio, and depolarization ratio of aerosol plumes (Grof} et al.,
2011; Haarig et al., 2018). These sophisticated lidar systems have been de-
ployed in ground-based lidar networks (Sugimoto et al., 2008; Ansmann et al.,
2003), aircraft-based field campaigns (Hair et al., 2008; Burton et al., 2015),
and spaceborne payloads (Yorks et al., 2016; Illingworth et al., 2015).

However, the theoretical interpretation of lidar backscattering properties of dust
plumes has long been a significant challenge due to computational difficulties
associated with particle nonsphericity and large sizes of mineral dust particles.
As the Lorenz—Mie theory applies only to spherical particles, the backscattering
properties of nonspherical mineral dust particles are computed with other light-
scattering computational methods (Mishchenko et al., 1997; Ishimoto et al.,
2010; Kahnert et al., 2020). These methods are practically limited to particles
with size parameters up to ~50 due to an enormous computational burden. The
size parameter limit, corresponding to a particle diameter of ~2.82 pm at 355 nm,
is much smaller than actual dust particles, many as large as 10-20 pm (Kandler
et al., 2009) and some >75 nm (van der Does et al., 2018). The conventional
geometric optics method applicable to the scattering property simulation of large
nonspherical particles leads to substantial uncertainties in the backscattering
simulations due to the inherent shortcomings of this method. Consequently,
the understanding of the relationship between mineral dust aerosol particles’
backscattering properties and microphysical properties remains inadequate.

Recently, light-scattering computational capabilities have been significantly en-
hanced toward more accurate modeling of the backscattering properties of non-
spherical particles in the entire size range from the Rayleigh regime to the
geometric optics regime (Yang et al. 2019), based on a combination of the in-
variant imbedding T-matrix method (Johnson, 1988; Bi et al. 2013) and the
physical geometric optics method (Yang & Liou, 1996, 1997; Bi et al., 2011; Sun



et al. 2017). With these advanced light-scattering computational capabilities
and a realistic nonspherical particle shape model, Saito et al. (2021) devel-
oped a comprehensive database of the single-scattering properties of irregular
aerosol particles, TAMUdust2020, covering the entire practical range of particle
sizes, wavelengths, and complex refractive indices (CRI) of mineral dust par-
ticles. Therefore, it is now feasible to develop a robust bulk optical property
model of mineral dust aerosols for lidar applications. This study attempts to
appropriately link the backscattering properties to the microphysical properties
of mineral dust aerosols using the TAMUdust2020 database. Sections 2, 3, and
4 describe the bulk optical property model, discuss the results, and summarize
the present findings, respectively.

2 Bulk dust aerosol optical property modeling
2.1 Assumptions and definitions of the particle size and shape

For robust simulations of the backscattering properties of mineral dust aerosols,
it is essential to use realistic particle characteristics and minimize inappropriate
assumptions. In this study, we postulate that 1) particles are randomly oriented,
2) particles have internally homogeneous compositions, and 3) an ensemble of 20
irregular hexahedral particles can approximate typical particle shapes of mineral
dust aerosols. The first postulate is well justified because typical dust particles
have small Reynolds numbers unless they undergo an extremely strong electric
field (Ulanowski et al., 2007). The second postulate may be arguable, as min-
eral dust particles exhibit complex inner structures with multiple mineralogical
compositions (Lindqvist et al., 2014). However, as such internal structural infor-
mation is not generally available, this postulate is essential. The third postulate
is partly verified through direct comparisons of the scattering properties of the
assumed particle shape models and observed counterparts (Bi et al., 2010; Saito
et al., 2021). However, the consistency of the geometric properties between the
assumed particles and those of observed particles is not yet adequately verified.

The particle aspect ratio is one of the essential factors determining the single-
scattering properties (Mishchenko et al., 1997; Huang et al., 2015) and the
terminal velocity of particles (Ginoux, 2003). However, typical aspect ratios
of mineral dust particles are uncertain because the definition of the aspect ra-
tio varies in the literature. Therefore, it is necessary to relate the geometric
properties of the assumed particle shape model to several particle aspect ratio
definitions to utilize the previous findings reported in the literature.

The TAMUdust2020 database defines the maximum diameter (D) in terms of
the smallest circumscribed sphere of a particle. In contrast, most previous
studies employ the projected area-equivalent sphere diameter (D,) to arrange
size-dependent particle aspect ratios. Three “aspect ratio” definitions are used
as, 1) the ratio of the maximum length to the perpendicular length of the two-

dimensional (2D) projected shape (e,,,,; = V?}’“”'_ ), 2) the ratio of the maximum
proj

length to the minor axis of an ellipsoid with the same projected area as the
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perpendicular length (L) of a particle (g4, = L%) As these aspect ratios
depend on particle orientations, we specify these aspect ratio definitions for

randomly oriented particles by considering numerous orientations.

particle (g4 =

), and 3) the ratio of the maximum length to its maximum

Figures 1 shows the geometric characteristics of 20 irregular hexahedral particles
defined by Saito et al. (2021). Unlike a sphere or spheroidal particle model, the
axis ratios of these particles are not unity (Figs. la-b). The aspect ratios
of these particles range over e, € [1.4, 2.4] and €,,,; € [1.1, 1.9] (Fig. lc).
Okada et al. (2001) suggested that most mineral dust particles sampled in
China have €,,,,; < 2. Also, Kandler et al. (2011) showed that typical particle
aspect ratios defined by an ellipsoidal fit (ey) fall within 1.3-2.5. Therefore,
the geometric properties of the present irregular hexahedral particle models are
fairly consistent with those of natural mineral dust particles, which confirms the
validity of the third assumption in this study. In addition, the aspect ratio of
individual convex particles can relate to the degree of sphericity (¥) (Fig. 1c),
defined as (Wadell, 1935)

1
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where V' and A, are the particle volume and total surface area, respectively.

Figure 1d illustrates the mixing ratio (f,,;,) of individual irregular hexahedral
particles for an ensemble model defined by the ensemble-weighted degree of
sphericity (¥ described as

ens)7

v = W%(Gvcns)% 2
ens — A ( )

where V:sns = ngl 6fmix,i‘/i’ As,ens = 2321 fmix,iAs,i’ and 21221 fmix,i =1
(Saito et al. 2021). Based on these particle geometries and mixing ratios, the
ensemble-weighted axis ratios and aspect ratios are computed for various irreg-
ular hexahedral ensemble models (Figs. le—f). Overall, the ensemble-weighted
axis ratios and aspect ratios increase as ¥, . decreases. These monotonic rela-
tionships directly relate various literature-reported aspect ratios to U, of the
irregular hexahedral ensemble models (the e-¥ . relation). In addition, the %

ratio varies with W, ., particularly when a 2D projected particle with a smaller
U is more aspherical (Fig. le).
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Figure 1. Geometric properties of 20 irregular hexahedral particles and those
ensemble models, including (a) rendered graphics, (b) axis ratios, and (c) re-
lation between the aspect ratio and the degree of sphericity of 20 irregular
hexahedral particles in the upper panels, and (d) particle mixing ratios of indi-
vidual particles for various ensemble models, (e) ensemble-weighted axis ratios
and size ratio, and (f) aspect ratios of these ensemble models. Colors in panels
(a—d) indicate individual irregular hexahedral particles.

2.2 Size-dependent particle shape ensemble model

To consider realistic geometric properties in this study, we review reported par-
ticle aspect ratios. Huang et al. (2020) compiled the median and geometric
standard deviation of mineral dust particle aspect ratios reported in the liter-
ature, assuming a modified lognormal distribution of aspect ratios (Kandler et
al., 2007). Among particle aspect ratio statistics available in Table S2 of Huang
et al. (2020), we choose 18 natural airborne mineral dust cases that did not
undergo any interaction with hydrometeors (e.g., ice nucleation or deposition
onto snow), as summarized in Table 1.

Table 1. List of the publications that report in-situ measured particle shapes
and complex refractive indices (CRIs) of mineral dust particles sampled across
the globe. The “Bins” column lists the number of size bins used in the literature,
and the size range of each bin is depicted in Fig. 2.



References Abbr. Particle size  Aspect ratio CRI ~ Sample location
Bins Def.
Okada et al. (1987) 087 1 Dy Eproj  N/A Nagoya, Japa
Okada et al. (2001) 001Qir 1 Dy Eproj  N/A Qira, China
001Zha 1 D, Eproj  N/A Zhangye, Chi
O01Hoh 1 Dy Eproj  N/A Hohhot, Chir
Reid E. A. et al. (2003) REA03 5 Dy €l N/A Puerto Rico
Reid J. S. et al. (2003) RJS03 1 Dy €el N/A Puerto Rico
Kandler et al. (2007) Ka07 6 Dy €el N/A Izana Tenerif
Chou et al. (2008) Cho08 5 Dy €l N/A Niger
Coz et al. (2009) Co09 2 D, €l N/A Madrid, Spai
Kandler et al. (2009) Ka09 1 Dy €l 2 cases Tinfou, Mora
Kandler et al. (2011) Kall 2 Dy €el N/A Cape Verde
Scheuvens et al. (2011) S11 4 Dy Eel N/A Ourzazate, N
Lieke et al. (2011) L11 5 Dy €l N/A Praia and Da
Klaver et al. (2011) KI111Nig 4 D, €l N/A Niger
KI11Mal 4 D, e, N/A Mali
Jeong et al. (2016) J16 1 D €geo  N/A Izana Tenerif
Rocha-Lima et al. (2018) RL18Alg 1 Dy €l N/A Bordj Badji !
RL18Mau 1 Dy el N/A Bir Moghrein
Di Biagio et al. (2019) DB19 N/A N/A N/A 19 cases Across the gl
As natural mineral dust particles can be concave, a direct e-¥_  conversion

may induce errors because ¥, . reflects both macroscopic and small-scale ge-
ometric properties of concave particles, while the particle aspect ratio reflects
only macroscopic properties. To reduce the influence of small-scale geometric
properties in the conversion, we newly define an effective degree of sphericity
from Egs. (1-2) by applying A, = 4A4_..; (Vouk 1948) as

proj

1 2
73 (6V)3
\Ileff = 4,£1pm>j ’ (3)

which retains the equivalency to ¥ for a convex particle and to ¥, for a convex
particle ensemble. By using e—¥_g conversions (see Appendix) with considering
various aspect ratio and particle size definitions, we compile the ¥ _g values of
the reported mineral dust particles in each particle maximum diameter bin.

Figure 2 shows the size-dependent ¥ g of mineral dust particles for the 18 cases
listed in Table 1. About 62% of size-representative U g values fall within the
prescribed W g range of the ensemble models. The other cases mainly have been
transported for a long-distance and have ¥ _g < 0.695 (Reid et al., 2003a, 2003b;
Coz et al., 2009), implying that more irregular or higher aspect ratio particles
may dominate. Note that the W g estimates lower than 0.695 are less precise
because they are based on extrapolation of the e~V g relationship. Although no
distinct size dependence of U 4 is found when all cases are integrated, most size-
resolved cases with D from 1-10 pm correspond to a slightly larger ¥ g than the



other size ranges (Kandler et al., 2007; Klaver et al., 2011; Scheuvens et al., 2011;
Lieke et al., 2011). Based on these observational constraints, we define three
size-dependent particle shape ensemble models: A compact model, moderately
irregular model, and severely irregular model (Model 1-3, respectively).
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Figure 2. Size-dependent effective degree of sphericity for mineral dust cases
in Table 1. Open and closed symbols indicate that mineral dust samples are
grouped into single and multiple size bins, respectively. Symbol colors indicate
dust samples (blue-purple) collected near the source regions, (green) transported
for a short distance, and (red-orange) transported for a long distance, according
to Huang et al. (2020). The horizontal bar describes the boundaries of size
bins, corrected by % specified in Fig. le. Short-dashed, dash-dot-dotted, and
long-dashed lines show size-dependent particle shape ensemble models used in
the following analyses.

2.3 Formulation of the bulk backscattering properties

We consider four wavelengths (355, 532, 710, and 1064 nm) at which typical
or sophisticated lidar systems can measure backscattering signals (Tesche et al.,
2009; Haarig et al., 2018). To take into account a realistic spectral dependence
of dust optical properties, we use spectrally resolved CRIs (T = m, — im;) of
21 mineral dust aerosol samples collected across the globe (Kandler et al., 2011;
Di Biagio et al., 2019). As the Di Biagio et al. spectral range is 370-950 nm,
we use the closest available wavelength for the simulations at 355 and 1064 nm.

To simulate the bulk backscattering properties, we integrate the single-scattering
properties of mineral dust particles over a particle size distribution (PSD) with
D ranging from 0.01-300 pm:

2( D
1 n*(52)
- \/ﬂln(a)exp |:7 21112(0') :|7 (4)
where D,, is the median particle diameter. We assume the geometric standard

deviation (o) to be 2.8 (d’Almeida & Schiitz, 1983; Goldstein et al., 2005).
Based on the PSD and particle shape ensemble models described in Section 2.2,

n(D)




we obtain the bulk mineral dust backscattering properties, including lidar ratios
(S) and depolarization ratios (§) for various effective radii (r.g), at wavelength
A as

S, = (Qext,\) , (5)

B (Qback,)\

_ <P11,A(TF>>—<P22,A(7")>
5)‘ T (Piya(m)+ (P2 a(m))? <6)

3 fDD;::X n(D)V[D,¥ (D)]dIn D

(7)

T =
o 4 ) (D) Aoy [D, W ege(D))d In D

where the bulk extinction efficiency (Q.,.), backscattering efficiency (Qpack)>
and phase matrix elements in the backscattering direction <PlJ (7r)> are described
as

2 12 (D) Ay 3 [y o 3(D)] Qg [ D, 5, W (D)) d In D

— “Dmin
(Qesxe) = Jp ™ (D) A pyos D Wogr(D))d In D )

Qo) — Sy % 12(D) Ay D0 (D) Quca D70 W (D)) Py [0=,D, 77, ¥ gz (D))d I D
back Al 4 [ (D) Ay (D, W o3 D)) Qe [D.ix Wogr (D)) 1n D ’
(P (7)) = Iy (D) A g [ D W (D)) Quca [ D5 Wy (D) Py 0=, D,y W (D) n D
A I % 12(D) A g [D,¥ (D) Quea D, ¥ o (D)]d 1n D '

(10)

The single-scattering properties of the extinction efficiency (@), the scatter-
ing efficiency (Qs,), and the phase matrix elements (P;) are obtained from the
TAMUdust2020 database. Furthermore, we analyze a total of 1260 bulk min-
eral dust optical properties based on combinations of 21 CRIs, three ensemble

models, and 20 effective radii ranging from 0.1-10 pm.
3 Backscattering property simulations of various mineral dust aerosols
3.1 Sensitivity to particle size

Figure 3 shows the lidar and depolarization ratios (hereinafter referred to as the
S—§ diagram) for various mineral dust particles at wavelength 532 nm. The S—§
diagram exhibits two domains in terms of the single-scattering albedo (SSA):
non-absorbing (SSA 0.95) and absorbing. For non-absorbing particles, as r.g
increases, S moderately decreases (Fig. 3b), and § increases (Fig. 3c). For ab-
sorbing particles, J slightly decreases with increased r.g. In contrast, S rapidly
increases with increased r.q (Fig. 3d) due to the decrease of SSA and Py, (7),
consistent with the field observations (Ryder et al., 2013) that show the strong
negative correlation between SSA and r.g of mineral dust particles. As mineral
dust particles with low SSA (~0.8) are present according to the field campaigns
(Otto et al., 2009; Di Biagio et al., 2019), both particle domains need to be
considered to interpret the dust aerosol backscattering properties.
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3.2 Sensitivity to particle shape

The impact of particle shape on S is more significant than that of r.4 for non-
absorbing particles (Fig. 3c). The difference between the compact and severely
irregular models (Models 1 and 3) can be ~20 sr, which is almost as large as
that caused by the regional m, difference of mineral dust particles (Schuster et
al., 2012; Hofer et al., 2017). This impact is pronounced for absorptive particles
(Fig. 3d). These results indicate that knowledge of the particle shape is essen-
tial to determine S of mineral dust aerosols, as suggested by earlier studies of
small particles (Gasteiger et al., 2011). However, ¢ shows little sensitivity to
particle shape, implying that some important characteristics are omitted from
the present model, such as particle roundness (Bi et al., 2018) and small-scale
particle surface irregularities (Kahnert et al., 2020). Further investigation to
characterize the mineral dust particle shape is necessary. Saito et al. (2021) in-
dicate that degree of sphericity 0.71 achieves excellent consistency in the phase
matrix elements of mineral dust particles between laboratory measurements and
simulations. Thus, the severely irregular model (i.e., Model 3) is among the best
particle shape models.

3.3 Spectral dependence

Figure 4 shows the backscattering properties of the various mineral dust aerosols
based on the severely irregular model at wavelengths 355, 532, 710, and 1064
nm. The S—§ diagram shows that non-absorbing particles dominate at longer
wavelengths (Fig. 4a—d) due to smaller size parameters and lower m; of particles
(Fig. 4f). Asaresult, backscattering properties of mineral dust aerosols at longer
wavelengths tend to be simpler and show monotonic relations with r.g.

The spectral dependence of S varies moderately with r.g due to distinct con-
tributions from CRI in different size domains. S is highly anti-correlated with
m, for non-absorbing particles (Schuster et al., 2012), while S is theoretically
correlated with m,; for larger absorptive ones. Consequently, typical size dis-
tributions of mineral dust particles show U-shaped spectral dependences of S
(Gasteiger et al., 2011) associated with correlations with CRI (Figs. 4e-g). In
addition, the spectral dependence of ¢ is weak, but the J values vary with r g
(Fig 4h). Therefore, knowledge of r.g is essential to determine the spectrally
dependent backscattering properties of mineral dust plumes.

10
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Figure 4. (Left panels a-d) Similar to upper panels in Fig. 3, but for backscat-
tering properties based on Model 3 at four wavelengths including (a) 355 nm,
(b) 532 nm, (c) 710 nm, and (d) 1064 nm. Colored rectangles in (a-d) are S—¢
ranges for particle samples in field campaigns indicated in the box (Right panels
e-h) Median values of (e) the real and (f) imaginary parts of the complex re-
fractive indices (CRI) of various mineral dust particles for the four wavelengths,
and the size-bin averaged spectral (g) lidar ratios and (h) depolarization ratios
of selected bulk dust optical properties. Gray-shaded ranges and solid lines in
panels (e-f) indicate the range and median values of the spectral CRI of 21 min-
eral dust particle samples. Solid lines and error bars in the panels (a-d, g-h)
are bin-averaged backscattering properties and their standard deviations. Color
coding in dots and circles in these panels indicates the effective radius.

3.4 Comparison with lidar observations
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The simulations of the backscattering properties of mineral dust aerosols are
compared to statistics obtained from several field campaigns targeting Saharan
(Tesche et al., 2009, 2011; Freudenthaler et al., 2009; Grof et al., 2011, 2015;
Haarig et al., 2017) and Asian dust plumes (Hu et al., 2020). Overall, the
observed backscattering properties are reasonably consistent with those simu-
lations for r. g ranging from 0.3-1.5 pm, but exhibit slightly lower S at 355
nm (Figs. 4a—d). Moreover, some simulations of mineral dust aerosols with
Teg > 1.5 pm show & beyond the observed range.

The simulations of the depolarization ratio of mineral dust particles at shorter
wavelengths such as 355 nm remain a challenge due to large size parameters,
leading to more sensitivity to particle shapes and CRI. In addition, a dust plume
may include non-dust particles that could noticeably affect the lidar signals.
Such factors could lead to an inconsistency in the backscattering properties
between observations and simulations at shorter wavelengths.

4 Conclusions and remarks

This study investigates the mineral dust particles’ backscattering properties to-
wards elevating the current knowledge of the relationship between the backscat-
tering properties and microphysical properties of mineral dust aerosols. Us-
ing an existing single-scattering property database of irregular aerosol particles
(TAMUdust2020), we develop robust bulk backscattering property models of
mineral dust aerosols. In particular, we constrain the model using reported size-
resolved dust particle shape measurements and spectrally resolved dust aerosol
CRI measurements made during several field campaigns.

The present results manifest the importance of particle size and shape on the
spectral lidar and depolarization ratios. In particular, an appropriate particle
shape model is essential to reduce systematic biases in computational lidar ratios.
In addition, the effective radius is a crucial factor needed to compute the spectral
lidar and depolarization ratios of mineral dust particles. Comparisons with
several lidar measurement campaigns confirm the reliability of the bulk dust
particle models that achieve spectrally consistent backscattering properties with
these measurements.

This study enables the physical interpretation of the backscattering properties
of dust plumes to infer microphysical properties of mineral dust aerosols, which
has been a challenge for decades. The developed bulk backscattering property
models of mineral dust aerosols are applicable to ground-based, aircraft-based,
and spaceborne lidar measurements targeting dust plumes (e.g., Ansmann et al.,
2003; Winker et al., 2013; Illingworth et al., 2015). In addition, these models
are useful for further algorithm development of dust optical property retrievals
based on past, current, and future lidar instrument observations.
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Appendix: Polynomial fitting of the degree of sphericity and size ratio

The degree of sphericity (V) and size ratio (D—DA) are fitted in terms of quadratic

functions as follows:
U = qy + ase + aye?, (Al)
B = by + bW + by 0%, (A2)

where the coefficients are ag ,.,; = 0.75325, ay ,,,; = 0.16578, and as ,.; =
—0.11604 for €,,,;; ag o = 0.40526, a; o; = 0.60626, and a, o, = —0.22301 for £;

g geo = 0.8627, a; 40, = 0.035261, and a, ., = —0.085483 for ¢,,, in Eq. (Al);
and by = —2.8487, b, = 15.803, and b, = —13.224 in Eq. (A2).
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