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Abstract. Lidar ratio (S), linear depolarization ratio (8), and single-scattering albedo (w) are central quantities
for dust typing and property retrieval in lidar remote sensing. We investigate their dependence on size parame-
ter (x) and iron oxide fraction of mineral dust using TAMUdust2020 and triaxial-ellipsoid calculations. Results
show a consistent asymptotic structure that is weakly sensitive to particle shape in both limits of scattering
theory. In the Rayleigh limit (x <« 1), S oc x 3 and w oc x3, while § remains small. In the geometrical-optics
limit (x > 1), § decreases toward low values and w — 1/2, whereas S increases because backscatter is reduced
relative to extinction by strong absorption and diffraction-dominated scattering. These asymptotic constraints
provide a unified physical interpretation of multiwavelength dust-lidar behavior and help explain observed spec-
tral variability of dust depolarization and lidar ratio. A key implication is that large, strongly absorbing dust
can produce optical signatures that overlap with weakly depolarizing aerosol classes, which may bias standard
classification and inversion schemes toward underestimation of coarse and super-coarse dust contributions.

1 Introduction

Mineral dust aerosols influence clouds, radiation, air qual-
ity, and biogeochemical cycles (DeMott et al., 2003; Kary-
dis et al., 2011; Song et al., 2018; Goudie, 2014; Yu et al.,
2015; Fussell and Kelly, 2021; Mahowald et al., 2005; Yu
et al., 2019). Because dust particles are typically nonspheri-
cal, polarization-sensitive lidar measurements are especially
valuable for dust identification and property retrieval. In
particular, linear depolarization ratio is sensitive to particle
shape and mixing state and is routinely used together with ex-
tinction, backscatter, and lidar ratio in aerosol typing and in-
version frameworks. These capabilities are provided by ma-
jor spaceborne systems (CALIOP, CATS, and ATLID) and by
long-term ground-based networks such as MPLNET (Winker

et al., 2009; Yorks et al., 2016; Donovan et al., 2024; Camp-
bell et al., 2002; Welton and Campbell, 2002).

To interpret lidar observations of mineral dust in physi-
cally meaningful terms, it is necessary to quantify how mi-
crophysical properties control measured signals. Dust lidar
observables (backscatter, extinction, lidar ratio, and depo-
larization ratio) reflect coupled effects of particle size dis-
tribution, shape, composition-dependent complex refractive
index, and mixing state. Understanding these dependencies
is therefore essential for robust retrieval development and for
attribution of observed variability.

Substantial effort has focused on particle-shape effects
in dust lidar properties. Mixtures of randomly oriented
spheroids reproduce key nonspherical scattering behavior
(Dubovik et al., 2006); more recent super-spheroidal and ir-
regular hexahedral models better match observed lidar-ratio—
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depolarization relationships and high-spectral-resolution li-
dar constraints (Kong et al., 2022; Saito et al., 2021); and re-
alistic morphology calculations now provide higher-fidelity
assessment of shape-induced biases (La Luna et al., 2025).
In contrast, the combined roles of particle size and mineral-
ogy, especially in controlling spectral behavior, remain less
systematically constrained.

Although Rayleigh-limit behavior of dust scattering prop-
erties has been documented in prior studies, corresponding
behavior in the geometrical-optics (GO) limit is still compar-
atively under-studied (Min et al., 2003; Adebiyi et al., 2023).
As a result, the community lacks a simple, unified theoret-
ical framework to interpret multiwavelength lidar observa-
tions across the full dust size spectrum. Filling this gap is
timely because it intersects with two active lines of inves-
tigation in the dust community. First, multiple field cam-
paigns have reported substantial contributions from coarse
and super-coarse dust (radii > 10 um), including observa-
tions during the FENNEC and SALTRACE campaigns and
evidence for persistence even during trans-Atlantic transport
(Ryder et al., 2013; Weinzierl et al., 2017; Zheng et al.,
2024). Underrepresentation of these large particles in mod-
els and retrievals can bias the partitioning of extinction and
backscatter across wavelengths and, more broadly, can lead
to errors in simulated radiative effects, including an over-
estimate of net shortwave cooling when dust is assumed to
be systematically smaller than observed (Kok et al., 2017).
The physical mechanisms that enable long-range transport
and sustained lofting of super-coarse particles remain insuf-
ficiently constrained, which further motivates observation-
based diagnostics that are sensitive to size.

Second, dust mineralogy is increasingly recognized as a
critical determinant of optical behavior and environmental
impacts, yet quantitative constraints have only recently be-
come available at relevant spatial scales. Mineral compo-
sition varies with source region and governs the complex
refractive index, particularly the absorptive component as-
sociated with iron-bearing minerals such as hematite and
goethite, which strongly affect absorption from the ultravi-
olet to the near-infrared (Zhang et al., 2024; Chang et al.,
2025, 2026). While mineralogy has long been implicated
in dust radiative forcing and in the delivery of bioavailable
iron to ocean ecosystems, the emergence of imaging spec-
troscopy products, especially from NASA’s EMIT mission,
enables spatially explicit mapping of surface mineralogy in
major source regions. These constraints can be incorporated
into emission and transport modeling frameworks to sim-
ulate composition-resolved airborne dust following mobi-
lization (Connelly et al., 2021; Green et al., 2023; Gémez
Maqueo Anaya et al., 2024, 2025). In light of these develop-
ments, improved understanding of how dust size and miner-
alogy modulate lidar observables, including their spectral de-
pendence, is both scientifically needed and practically valu-
able for advancing retrieval fidelity and for evaluating model
representation of dust across the full size spectrum.
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Recent observational studies have highlighted the diagnos-
tic value of multiwavelength lidar measurements for con-
straining dust properties. In particular, analyses of com-
bined 355, 532, and 1064 nm observations have shown that
the wavelength dependence of backscatter, lidar ratio, and
depolarization contains richer information for aerosol typ-
ing and retrieval compared to single-wavelength approaches
(Haarig et al., 2017, 2022, 2024). Nevertheless, several re-
curring spectral features reported by two-wavelength and
three-wavelength lidar systems remain only partially under-
stood, largely because the coupled influences of particle size
and mineralogical composition on lidar observables have not
been quantified systematically across realistic dust condi-
tions. A prominent example is the frequently observed in-
verse “v” spectral behavior of the particle depolarization ra-
tio, with a maximum at 532 nm relative to 355 and 1064 nm
(Haarig et al., 2024). While prior studies have proposed plau-
sible mechanisms involving wavelength-dependent absorp-
tion and size effects, the extent to which this pattern re-
flects variations in coarse and super-coarse mode contribu-
tions, source-dependent mineralogy, and their interactions
with nonsphericity is still not well constrained. Motivated by
ongoing community efforts to better represent the coarse tail
of dust and to incorporate mineralogical constraints, and en-
abled by the growing availability of multiwavelength lidar
observations, this study investigates how dust particle size
and mineralogical composition shape the spectral variation
of key lidar properties, with particular emphasis on the depo-
larization ratio and lidar ratio across 355, 532, and 1064 nm.

This study provides a focused, quantitative assessment of
how dust particle size and mineralogical composition influ-
ence lidar observations, with particular emphasis on spec-
tral variability. A central contribution is the development of
a theoretical framework, grounded in geometric optics, that
explains the asymptotic behavior of the lidar ratio (LR or ),
depolarization ratio (DPR or §), and single-scattering albedo
(SSA or w) for large, absorbing dust particles. Building on
this framework, we examine the combined effects of particle
size and mineral-dependent absorption, especially absorption
associated with iron oxides, on the spectral signatures of dust
lidar measurements at 355, 532, and 1064 nm. We then dis-
cuss the implications for identifying super-coarse-mode dust
and for constraining dust mineralogy using multiwavelength
lidar observations.

2 Data and Methodology

2.1 TAMUdust2020 and Triaxial Database

Dust particles are inherently nonspherical and morphologi-
cally complex. Previous studies have represented dust geom-
etry using a range of idealized shape models with varying
levels of approximation, spanning from simple spheroids to
more complex constructs such as Voronoi tessellations and
irregular hexahedra.
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In this study, single-scattering properties for specified re-
fractive index, particle size, wavelength, and nonspheric-
ity are obtained from two widely used databases. The first
is based on the triaxial spheroidal dust model of Meng
et al. (2010). The second is the TAMUdust2020 database,
which employs irregular hexahedral particles developed by
Saito et al. (2021). We additionally perform comparative
calculations using rotationally symmetric spheroids to as-
sess sensitivity to shape assumptions. Although neither the
spheroidal nor the irregular-hexahedral models can represent
the full diversity of natural dust morphologies, the compar-
isons demonstrate that the asymptotic behaviors presented in
Sect. 3 are largely insensitive to the specific shape represen-
tation. Following prior recommendations, we adopt a non-
sphericity index of W = 0.7 for TAMUdust2020.

2.2 Lidar Properties of Dust

In this study, we assume dust particles to be randomly ori-
ented with an equal number of mirror-image particles. The
scattering matrix (P) for randomly oriented nonspherical par-
ticles simplifies to a block-diagonal structure (Hulst, 1981;
Mishchenko and Yurkin, 2017; Yang et al., 2023):

Py P2 0 0

P, Py 0 0
0 0 Pz Py
0 0 —Pyy Py

P= (1

where P;; are scattering-matrix elements.
For single scattering, the lidar ratio () and linear depolar-
ization ratio (8) are
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Here, 6; = m denotes exact backscatter. While High Spec-
tral Resolution Lidar (HSRL) systems can retrieve S directly
(Miiller et al., 2007; Bambha et al., 2016), elastic backscat-
ter lidars generally require an assumed S to derive extinction
from backscatter (Young et al., 2018).

To represent realistic dust plumes, single-particle proper-
ties are integrated over a particle size distribution (PSD). We
use a lognormal PSD,

dn 1 (Inr — Inrm)?
= — —m —¢€X _—_
dinr o~ 27T P 202

where ry, is the volume median radius, defined as the me-
dian volume-equivalent-sphere radius of the particle size dis-
tribution and o is the geometric standard deviation. We set
o = 0.7 to represent a typical polydisperse dust plume (Saito
and Yang, 2021).
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Bulk scattering-matrix elements are computed as

_ ffooo Pi.i(rV)Csca(Vv)n(rv)dlnrv

Wijh = ffooocsca(rv)n(rv)dlnrv ®

with Cgea the scattering cross section. The bulk single-
scattering albedo is

_ (Csca) _ ffooocsca(r)n(r)dlnr

(o} = (Cext) B ffooocext(r)n(r)dlnr.

(6)

Using {(w) and (P;;), the size-averaged lidar ratio and de-
polarization ratio are

() 47
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2.3 Dust Mineralogy and Refractive Index

The complex refractive index (CRI) is a key determinant of
the scattering properties of dust particles. In the ultraviolet
to near-infrared spectral region, variability in the CRI, par-
ticularly in the imaginary part that controls absorption, is
governed largely by the abundance of iron oxides in dust
(e.g., hematite and goethite) (Sokolik et al., 1993; Sokolik
and Toon, 1999; Di Biagio et al., 2019; Zhang et al., 2024).
Accordingly, this study focuses on the role of iron-oxide
variability and examines how changes in iron-oxide content
modulate the CRI and the resulting dust scattering properties.
In previous studies, dust CRI is often derived by mixing
several iron oxides (e.g., hematite, goethite, and magnetite)
and other minerals using the effective medium theory from
the mineral compositions of dust particles (e.g., Di Biagio
et al., 2019; and more recently extending to longer wave-
lengths, Di Biagio et al., 2026). Such method is subject to
large uncertainties for several reasons. First, reported CRI for
key iron oxides in dust, such as hematite, vary substantially
across the literature (Scanza et al., 2015; Di Biagio et al.,
2019; Go et al., 2022). Moreover, the iron-oxide fraction in
natural dust is not a single phase but a heterogeneous mixture
of hematite, goethite, and magnetite, each with distinct and
comparatively less well constrained optical properties. Con-
sequently, using any single CRI dataset to represent a “pure”
iron oxide can introduce significant uncertainty into scatter-
ing calculations and, by extension, derived lidar quantities.
In this study, we adopt the CRI parameterization devel-
oped by Obiso et al. (2024). This dataset provides spectrally
resolved CRI constrained by laboratory measurements from
Di Biagio et al. (2019), which analyzed airborne dust gen-
erated from soil samples from eight major dust source re-
gions. While this method of parameterizing refractive index
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to iron oxide content does not directly consider specific iron-
based mineralogy, it instead utilizes a parameterization of
the mass fraction of iron oxide, defined to include hematite
and goethite, as measured in Di Biagio et al. (2019). This
method provides a more realistic representation of natural
dust compared to “pure” mineral models, as it captures the
inherent spectral signatures of heterogeneous soil mixtures
and avoids the uncertainty in hematite and goethite refractive
index through direct measurements of the pure mineral.

We vary the iron-oxide volume fraction from 0% to 10 %
to span the range commonly reported for natural dust. This
corresponds to approximately 0 %—17 % mass fraction due to
the higher density of iron compared to the host mineralogy.
This variation attempts to span the range of possible refrac-
tive index in a dust event. While most studies report aver-
aged mass iron oxide from about 2 % to 5 % (Lafon et al.,
2006; Di Biagio et al., 2019), there is variation in source re-
gion, with lower values in regions such as the Bodélé depres-
sion (Go et al., 2022) and higher values in Sahel, Australia,
and Brazil, as much as 15 % (Journet et al., 2014). Studies
on internal structure of individual particles of dust find iron
oxide presence further varied with greater extremes (Jeong
et al., 2016; Conny and Ortiz-Montalvo, 2017). So, while
most dust falls within the lower-middle range of iron oxide
values presented here, extending to 10 % serves to demon-
strate the asymptotic behavior of the lidar properties and de-
fine the physical boundaries of how iron-rich plume may be-
have. The use of volume-weighting in this study is due to
how an effective medium is chosen to determine the complex
refractive index.

The resulting spectral dependence of the real (n) and imag-
inary (k) parts of the refractive index is shown in Fig. 1.
Increasing the iron-oxide fraction from 0% to 10 % pri-
marily enhances k, by up to an order of magnitude, with
the largest changes occurring at shorter wavelengths (e.g.,
355nm). The increase in k beyond 2 um wavelength corre-
sponds with greater sensitivity to the host mineralogy as op-
posed to the iron content in dust, explaining the lack of vari-
ation with iron oxide in this region.

The real part of the refractive index is composed of a sim-
pler two-component volume weighted mixing rule using the
data from Scanza et al. (2015), as utilized in Obiso et al.
(2024). As illustrated in Fig. 1 and Table 1, the resulting CRI
exhibits distinct spectral sensitivities to iron content. The real
part (n) shows a characteristic peak at 550 nm and increases
in magnitude with higher iron oxide fractions. The imagi-
nary part (k) displays even greater sensitivity, particularly at
shorter wavelengths. This sensitivity diminishes as the wave-
length increases toward the near-infrared.

We acknowledge three primary sources of uncertainty
in the optical modeling framework described above. First,
the refractive indices used here are derived from an inver-
sion technique that minimizes the difference between opti-
cal measurements and Mie theory calculations (Di Biagio
et al., 2019). This reliance on a spherical model for retrieval
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has been shown to systematically underestimate the imagi-
nary refractive index of non-spherical dust particles (Kong
et al., 2024). Second, our simulations treat dust particles as
homogeneous media with a single effective refractive index.
This simplification neglects the complex internal structure of
dust, where highly absorbing iron oxides often exist as inclu-
sions or coatings rather than being uniformly mixed, a factor
known to influence absorption efficiency (Zong et al., 2021;
Kemppinen et al., 2015; Wang et al., 2023). Third, we assume
a mineralogically uniform dust plume where the refractive
index is constant across all particle sizes. This assumption
does not account for size-dependent mineralogy (e.g. Kan-
dler et al., 2007), variations in clay versus silt fractions) or
chemical aging processes that may alter composition during
transport (Shi et al., 2011; Royer et al., 2025).

3 Single-Particle Asymptotic Regimes of Dust Lidar
Properties

In this section, we examine how single-particle lidar-relevant
quantities (S, §, and w) vary with size parameter and iron-
oxide content. We first describe Rayleigh-regime behav-
ior and then derive the geometrical-optics (GO) limit. Bulk
(PSD-averaged) behavior is discussed in Sect. 4.

3.1 Rayleigh-Regime Behavior (x <« 1)

Figure 2 shows the single-scattering properties of hexa-
hedral dust particles computed using the TAMUdust2020
database as a function of size parameter (x = 2mr/A) and
iron-oxide content for three lidar parameters at 532 nm from
Rayleigh x = 1072 to GO regime x = 103 (results for 355
and 1064 nm exhibit similar asymptotic behavior and are pro-
vided in Fig. S1 in the Supplement).

The depolarization ratio (§) exhibits a consistent size-
dependent behavior across all wavelengths. For small size
parameters (x < 10), § increases rapidly with size, consistent
with the transition from the Rayleigh to the Mie scattering
regime. However, for larger particles (x > 10), the behavior
diverges based on absorptivity. For non-absorbing particles
(low iron oxide content), § reaches an asymptotic maximum.
In contrast, highly absorbing particles (high iron oxide con-
tent) exhibit a distinct peak followed by a sharp decrease in
depolarization as size increases.

The essential distinction among the three wavelength rows
in Fig. 2 is their different absorptivity at fixed iron-oxide
fraction (Fig. 1b), i.e., different imaginary refractive index
(k). For the same iron-oxide content, dust is most absorbing
at 355 nm (largest k), intermediate at 532 nm, and weakest
at 1064 nm. Consequently, absorption-driven suppression of
depolarization begins at smaller size parameter x at 355 nm,
while the damping of § is delayed to larger x at longer wave-
lengths.

The lidar ratio (S) and single-scattering albedo (w) also
display a strong dependence on the CRI. As the volume frac-
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Figure 1. Spectral dependence of the effective complex refractive index of mineral dust modeled with varying iron oxide volume fractions
(0% to 10 %). (Left) Real part and (right) Imaginary part of the refractive index. Vertical dashed lines correspond to 355, 532, and 1064 nm
wavelengths, three wavelengths of interest for lidar. Mixing of mineral mediums is described in Sect. 2.3.

Table 1. Effective complex refractive indices (m = n + ik) of mineral dust at varying iron oxide volume percentages determined through a
parameterization of ground sampled dust refractive index and mineral composition.

Iron Oxide 355nm \ 532nm \ 1064 nm
(Volume %) n k| n k| n k
0 1.4976  0.0009 | 1.4900 0.0004 | 1.4740 0.0005
1 1.5001 0.0030 | 1.4977 0.0012 | 1.4811 0.0008
2 1.5025 0.0052 | 1.5055 0.0019 | 1.4882 0.0010
3 1.5049 0.0073 | 1.5133 0.0027 | 1.4953 0.0012
4 1.5073  0.0094 | 1.5213 0.0035 | 1.5025 0.0015
5 1.5098 0.0116 | 1.5292 0.0043 | 1.5098 0.0017
6 1.5122 0.0137 | 1.5373 0.0051 | 1.5170 0.0019
7 1.5146  0.0159 | 1.5453 0.0059 | 1.5243 0.0022
8 1.5171 0.0180 | 1.5534 0.0067 | 1.5317 0.0024
9 1.5196  0.0202 | 1.5615 0.0075 | 1.5391 0.0027
10 1.5220 0.0223 | 1.5697 0.0084 | 1.5465 0.0029

tion of iron oxide increases, absorption enhances the lidar ra- scattering albedo

tio for large particles, driven by the suppression of backscat- 4

tered intensity relative to extinction. Conversely, the single- w= Osca ~r o (11)

scattering albedo decreases monotonically with increasing
size and iron content, reflecting the dominance of volumetric
absorption in the geometric optics regime.

The Rayleigh-limit scattering and absorption efficiencies
can be approximated as (Bohren and Huffman, 2008)

2
8 4n2—1
Qscazgx n2+2 s C))
Oube = 4xTm ol A (] (10)
= 4Xx _— _— —_— s
abs n242 3 n242

where x is the size parameter and n is the complex refractive
index. In the Rayleigh regime, the leading-order behavior is
Osca o x* while Qabs X X, 50 Qext & Qabs and the single-
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Because P is size independent according to Rayleigh-Gans
theory, it follows that S oc x 3, accounting for the negative
linear trend in Fig. 2 and the elevated lidar ratios of particles
that are small relative to the wavelength.

To verify the leading-order behavior in the Rayleigh
regime (x < 1), we performed a log-log regression of the
lidar ratio (S) against the size parameter for radii below
10~! um. Across all examined refractive indices and wave-
lengths, the numerical slope g}gf was found to be —2.88 &
0.08. These values are in close agreement with the theoret-
ical prediction of S i — x 73 derived from Egs. (2) and
(11), assuming Py is size-independent. The slight departure
from the ideal slope of —3 may reflect the transition toward
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Figure 2. Single-particle backscattering properties for hexahedral dust particles calculated via the TAMUdust2020 database at 532 nm.
Panels show the evolution of (a) depolarization ratio, (b) lidar ratio, and (c¢) single-scattering albedo as a function of size parameter.

the Mie regime and the inclusion of higher-order terms in the
power series expansion of the scattering coefficient or effects
of particle shape or index of refraction. Furthermore, the log-
log slope of the single-scattering albedo (w) was found to be
2.881+0.08, confirming that the spectral and size dependence
of the lidar ratio in this limit is almost entirely driven by the
absorption-dominated extinction.

For nonspherical particles, the Rayleigh-limit scattering
matrix is governed by the principal values of the polarizabil-
ity tensor, which can be summarized by a geometric factor M
described in Bohren and Huffman (2008). At the backscat-
tering angle (0 = 180°), the scattering matrix elements (Py1)
and (Ppp) are given by:

2+3M
5

The linear depolarization ratio (§) in the Rayleigh limit is
thus determined by the deviation of M from unity:

44 M
(P1(mr)) = (Pao(m)) o

_ (Pu@) = ({Pn@m) _1-M
(Pri(m)) + (Pn(m))  3+2M

For perfectly spherical particles, M = 1 and 6 = 0. For nat-
ural dust particles that are not extremely elongated, M is
slightly less than 1, resulting in a small, size-invariant base-
line depolarization.

Physically, very small particles are inefficient scatterers
compared to their absorption (when Im(n) # 0), so the scat-
tered intensity and polarization changes become negligible,
consistent with both § — 0 and w — 0 as x — 0.

3.2 Geometrical-Optics-Regime Behavior (x > 1)

To describe the physical mechanism responsible for sup-
pressed depolarization in large, strongly absorbing dust par-
ticles, we consider the geometric-optics limit (x > 1). In
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this regime the extinction cross section approaches twice
the geometrical projected area, i.e., Cexy & 2Cgeo (€quiva-
lently Qext & 2). The scattering cross section can be writ-
ten as the sum of a ray-tracing contribution and a diffrac-
tion contribution, Csca = CX, + C2,, where the superscripts
R and D denote geometrical rays and diffraction, respec-
tively. For sufficiently large particles, Babinet’s principle im-
plies Cga A Cgeo. Consistent with this separation, the com-
plex amplitude scattering matrix can be decomposed as (Cai
and Liou, 1982; Zhang et al., 2004; Macke et al., 1996; Yang
and Liou, 1996):

S Sy ]_[s} S% s? 0
RIS (2
The first term on the right-hand side represents the ray-
tracing (geometrical-optics) contribution, while the second
term represents diffraction. In this approximation the diffrac-

tion amplitude matrix is diagonal and can be written as Ping
and Liou (1998)

P 0 _k(%D cos6 + cos26 0 (13)
0 SP | 4n 0 1+cos6 |’

where 6 is the scattering angle, ko =27 /A is the vacuum
wavenumber, and D is a constant proportional to the parti-
cle projected area, defined as

D= f / exp(—ikoes - r)d*r (14)

where es is a unit vector pointing along the scattering direc-
tion. The above integration is over the particles’ projection on
a plane perpendicular to the incident direction. |D|?, a func-
tion of the scattering angle, largely determines the diffraction
pattern and is strongly peaked in the forward direction. Us-
ing the standard convention (6 = 0 forward scattering, 6 = &

https://doi.org/10.5194/acp-26-14487-2026
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backscattering), both S'23 and SF vanish at exact backscatter
@ =m).

The corresponding phase matrix elements can be written
in terms of the amplitude matrix elements. In particular,

1
Pu= 2 (1554 PP+ |5+ PP 4[58+ [s5F) a9

Pr= 1 (85 + 5P+ [k + PP~ |55~ [s5) a6)

In the ray-tracing contribution, an incident beam under-
goes reflection and refraction at the particle surface, and re-
fracted rays may experience further internal reflections be-
fore exiting. For large particles with substantial absorption,
however, internally transmitted rays are strongly attenuated
and the ray-tracing contribution is dominated by the first sur-
face reflection. Consequently, CSRCa & Cgeo and the polariza-
tion properties are largely controlled by Fresnel reflection. At
(or near) normal incidence, Fresnel reflection does not gen-
erate cross-polarized components, implying 3 ~ S f ~ 0 for
the surface-reflected field. Under these conditions, we ob-
tain the limiting approximations for large, strongly absorb-
ing dust particles. Because diffraction contributes Cge, to the
scattering cross-section, the single-scattering albedo limit be-
comes:

= Cia + Cga ~ Cia + Cgeo — l CsRca
Cext 2Cgeo 2 ZCgeO

a7

While C&a is small (representing only the integrated first-
surface reflection), it is strictly non-zero. Thus, the theo-
retical asymptote for real mineral dust will always remain
slightly elevated above 0.5, with its exact magnitude de-
pendent on macroscopic shape and random orientation. This
asymptotic limit can be expressed in closed form as ws =
(1+R)/2, where R is the projected-area-weighted Fresnel
reflectance of the particle. For the mineral dust refractive in-
dices used in this study (Table 1), R ~0.09 to 0.10, which
yields an asymptotic lower bound of w, ~ 0.546 to 0.549.
This analytical estimate closely matches the lower envelope
of our numerical bulk asymptotes (0.55 to 0.65), proving that
the elevation above 0.5 is entirely accounted for by integrated
first-surface Fresnel reflection. Additionally, the phase ma-
trix elements simplify to:

1
P11%P22%§<|S§|2+|SF|2) (18)

It follows from Eq. (18) that the linear depolarization ratio
tends to zero for large, strongly absorbing particles (§ & 0).
At the same time, because the ray-tracing contribution is lim-
ited to a weak single surface reflection and diffraction does
not contribute at exact backscatter, the backscatter phase
function (P;1) becomes small, yielding a large lidar ratio.

These derived limits provide a theoretical framework that
unifies and explains several previously disconnected obser-
vations. The absorption-driven suppression of depolarization
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has been noted numerically in ice-crystal systems (e.g., Kus-
tova et al., 2022) and measured in laboratory experiments
with hematite at exact backscatter (e.g., Miffre et al., 2023),
but previously lacked a complete backscatter-matrix deriva-
tion. Furthermore, this behavior shares a conceptual analog
with radar astronomy, where a low circular depolarization ra-
tio serves as the classical signature of polarization-preserving
quasi-specular reflection from smooth surfaces.

3.3 Sensitivity to Dust Particle Shape

To establish a robust physical framework for dust lidar prop-
erties, it is necessary to determine whether the observed
asymptotic behaviors are artifacts of a specific geometric
model or fundamental optical phenomena. Natural mineral
dust exhibits highly complex and irregular morphologies and
are not necessarily fully represented by the simplified models
available. However, by comparing the scattering properties of
distinct, idealized geometries, we can separate the baseline
optical responses from the fine-structure perturbations intro-
duced by specific surface facets and particle symmetries.

To test this sensitivity, we contrast the single-scattering
properties of sharp-edged, irregular hexahedrals in
TAMU?2020 database (shown previously in Fig. 2) with
those of smooth, rotationally symmetric spheroids with
an aspect ratio of 1.5, presented in Fig. 3. Despite the
vast geometric dissimilarity between faceted hexahedrals
and curved spheroids, the macroscopic overarching trends
remain remarkably consistent across both shape models.

In the Rayleigh regime (x < 1), the influence of particle
shape is theoretically expected to be minimal, as the parti-
cle is entirely encompassed by the incident electromagnetic
wave. Our spheroid calculations confirm the robust nature of
the limits established by the hexahedral model: the single-
scattering albedo closely follows w o x>, and the lidar ratio
scales as S oc x 3. Furthermore, the linear depolarization ra-
tio (8) remains near zero for both geometries, dictated by the
slight deviations of the polarizability tensor from that of a
perfect sphere rather than bulk macroscopic shape.

More importantly, the GO regime (x >> 1) exhibits highly
shape-insensitive asymptotic behavior when absorption is
introduced. For non-absorbing particles, shape significantly
dictates the saturation point of the depolarization ratio; for
instance, the absolute magnitude of § is generally lower for
spheroids than for hexahedrals due to differing degrees of
symmetry and internal ray-tracing dynamics. However, the
introduction of absorptive iron oxides fundamentally over-
rides these shape-specific differences. As particle size and
iron oxide content increase, both shape models demonstrate
a distinct peak in § followed by a sharp, asymptotic decrease.
This confirms that the suppression of depolarization in super-
coarse dust is a fundamental consequence of volumetric ab-
sorption attenuating the internal reflected rays that typically
generate cross-polarized signals, completely independent of
the particle’s external geometric smoothness or sharpness.

Atmos. Chem. Phys., 26, 14487-14506, 2026
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parameter.

Similarly, the transition of the single-scattering albedo
(w — 1/2) and the substantial enhancement of the lidar ratio
(S) for large, absorbing particles are preserved across both
the hexahedral and spheroidal databases.

While the transition into this high-absorption, high-lidar-
ratio regime is robust across both models, their exact tra-
jectories at the extreme upper bounds of the size parame-
ter (x > 103) do diverge, with spheroids appearing to level
off while hexahedra continue to increase. In the geometrical-
optics limit, internal rays are effectively absorbed, render-
ing exact backscatter highly dependent on first-surface Fres-
nel reflection. Consequently, the distinct surface geometries,
such as smooth curvature for spheroids versus flat facets and
sharp edges for hexahedra, yield different backscattering effi-
ciencies. It is difficult to define a universal asymptotic plateau
beyond this point due to the computational limits of the un-
derlying databases and the extreme sensitivity of surface re-
flection to the exact imaginary refractive index. Thus, while
the physical mechanism driving the suppression of depolar-
ization and the enhancement of the lidar ratio is independent
of shape, the absolute magnitude at extreme macroscopic
sizes remains shape-dependent.

While the asymptotic limits (x < 1 and x >> 1) and the
overarching functional form of the backscattering optical
properties are robust across shape models, we emphasize that
the intermediate size regime (x ~ 10-100) remains highly
shape-dependent. The absolute magnitude of the depolar-
ization ratio and the exact location of the peak in x-space
vary significantly between the two geometries. As shown
in our supplementary relative difference analysis (Fig. S2),
the absolute magnitude of § can differ by 0.1 to 0.4 be-
tween the hexahedral and spheroidal models in this transi-
tion zone. Because operational lidars at wavelengths between
355 and 1064 nm frequently sample coarse dust within this
exact size-parameter range, this shape-induced variance is
practically significant. Such absolute differences are large

Atmos. Chem. Phys., 26, 14487-14506, 2026

enough to shift aerosol-typing thresholds in standard re-
trieval algorithms (e.g., CALIOP, EarthCARE). The impor-
tance of shape selection in this intermediate regime aligns
with recent findings that the choice between hexahedral
and spheroidal models substantially impacts combined lidar-
polarimeter dust retrievals and that spheroids saturate at a
lower maximum depolarization ratio (Regmi et al., 2026, Fig.
C1-C3).

This convergence between such distinct morphologies
suggests that Rayleigh to GO regime transition of dust lidar
scattering properties is driven primarily by the size parame-
ter and fundamental electromagnetic absorption, rather than
the specific presence of sharp edges or smooth curvature.
Therefore, these asymptotic limits represent the fundamental
baseline physics for dust scattering. While detailed morpho-
logical complexity certainly modulates the exact magnitude
of these observables, particle shape acts only as a secondary
perturber to these primary optical drivers.

It is important to place these findings within the context of
established scattering theory. For strictly non-absorbing par-
ticles, the geometrical-optics limit is well-documented: the
depolarization ratio reaches a constant, elevated plateau that
is heavily dictated by the particle’s macroscopic shape. The
convergence of § — 0 observed here at large size parame-
ters is therefore not a general size rule for all nonspheri-
cal particles, but strictly an absorption-driven phenomenon.
Strong volumetric absorption attenuates the internal cross-
polarizing rays, effectively overriding the expected shape-
dependent plateau. As a result, while absolute magnitudes
differ substantially in the intermediate size regime (x ~ 10—
100) where shape uncertainty is highest, the introduction of
absorption forces fundamentally different shape models to
eventually converge.

https://doi.org/10.5194/acp-26-14487-2026



La Luna et al.: Lidar Scattering Properties of Absorbing Dust Aerosols

4 Backscattering Properties of PSD-averaged Dust
Particles

4.1 Dependence on the median size of PSD

We now transition from single-particle behavior to bulk opti-
cal properties representative of realistic dust plumes. Specif-
ically, single-particle scattering quantities are integrated over
the lognormal particle size distribution (Eq. 4) to account
for the polydisperse nature of atmospheric dust. The bulk
scattering-matrix elements ((P;;)) and bulk single-scattering
albedo ((w)) are then computed from size-dependent prop-
erties weighted by scattering and extinction cross sections
(Egs. 5 and 6). Finally, the PSD-averaged lidar ratio ({S))
and depolarization ratio ({(6)) are obtained from these inte-
grated quantities (Egs. 7 and 8). This framework links single-
particle microphysical sensitivities to the bulk observables
measured by lidar.

The general pattern of bulk scattering properties of dust
after PSD average demonstrate a strong dependence on min-
eralogy, specifically iron oxide content. Figure 4 illustrates
these bulk properties using the TAMUdust2020 hexahedral
model as a function of median radius of the PSD ry, in Eq.
(4). While non-absorptive, non-spherical particles generally
exhibit an asymptotic increase in depolarization ratio (8) with
size (La Luna et al., 2025), the introduction of absorptive
minerals fundamentally alters this behavior. As wavelength
decrease and iron oxide content increases, the depolarization
ratio peaks before declining significantly for super-coarse
particles (r > 10 um). This suppression of § is attributed to
the absorption of internal rays that would otherwise con-
tribute to cross-polarized backscattering. To facilitate direct
comparison with lidar field observations, a condensed sum-
mary of these absolute bulk optical properties (S, §, w) at key
size and composition extremes is provided in Table 2.

Similarly, the lidar ratio (S) demonstrates a sensitivity to
absorption when ryy, is large. For large particles, enhanced
absorption suppresses backscattering more effectively than
extinction, leading to a substantial increase in S. This effect
is most pronounced at 355 nm, where iron-oxide absorption
is strongest (Fig. 1). Given that S can span multiple orders
of magnitude depending on the source region and PSD, the
assumption of a uniform lidar ratio in elastic lidar retrievals,
particularly for missions such as CALIPSO, may introduce
significant uncertainties. Conversely, High Spectral Resolu-
tion Lidar (HSRL) missions, such as EarthCARE, measure
extinction and backscatter independently, allowing them to
directly observe this wide variability in S without relying
on assumed values. Furthermore, the single-scattering albedo
decreases monotonically with increasing size and iron con-
tent, approaching a theoretical asymptote determined by the
interplay of particle shape and the imaginary refractive index.

When ryy, becomes larger than about 10 um, particles with
size parameters in the GO regime dominate the PSD. As a
result, the bulk properties in Fig. 4 exhibit the same behavior
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predicted in Sect. 3.2. While weakly absorbing dusts tend to
approach a maximum depolarization ratio as size increases
(La Luna et al., 2025), stronger absorption causes § to peak
and then decrease toward zero for large, iron-rich particles.
Increased iron-oxide absorption also raises the lidar ratio for
large particles, with the strongest effect at 355 nm. Because
S spans multiple orders of magnitude, an accurate represen-
tation of this quantity is important for lidar retrievals, par-
ticularly at 355 nm, where source-dependent mineralogy and
PSD differences can strongly affect inferred values. The cou-
pling between size and the imaginary refractive index is also
reflected in the bulk single-scattering albedo: as median size
increases, SSA decreases monotonically toward an asymp-
tote. As established in Sect. 3.2, while strong absorption ef-
fectively extinguishes internally transmitted rays in super-
coarse particles, it does not eliminate first-surface Fresnel
reflection. Because mineral dust possesses a real refractive
index significantly different from air (e.g., n ~ 1.5), the in-
tegrated surface reflection across randomly oriented particles
adds a constant, non-negligible scattering contribution. Con-
sequently, the bulk SSA does not reach the absolute theoreti-
cal floor of 0.5, but instead converges to a slightly higher ele-
vated baseline (typically 0.55 to 0.65). The exact magnitude
of this final asymptote is explicitly governed by the interplay
of the real refractive index, macroscopic particle shape, and
random orientation.

To distinguish the influence of particle geometry from that
of mineral composition, we performed parallel calculations
using a spheroidal shape model with a fixed aspect ratio
of 1.5. The results are shown in Fig. 5. While the absolute
magnitude of the depolarization ratio is lower for spheroids
— likely because of shape-dependent saturation behavior —
the functional dependence on size and iron-oxide content re-
mains consistent with the hexahedral model. Specifically, the
decrease in § and increase in S for large, absorbing particles
are robust features, independent of the specific nonspherical
geometry used.

4.2 Spectral Variation of Lidar Properties Based on
ldeal PSD

In Sect. 4.1, we emphasized the size dependence of single-
particle and PSD-averaged lidar properties. Here, we shift
perspective to their spectral variation, because multiwave-
length behavior is the quantity directly observed by opera-
tional and research lidar systems. In particular, the physical
origin of tri-wavelength dust signatures reported by Haarig
et al. (2017, 2022, 2025) at 355, 532, and 1064 nm is not
yet fully constrained. To address this gap, we evaluate S and
§ at these three wavelengths for three representative median
radii (rp = 1, 5, and 10 um). These ry, values are selected to
emulate PSD evolution from source-dominated, coarse dust
to progressively transported dust with reduced coarse-mode
contribution.

Atmos. Chem. Phys., 26, 14487-14506, 2026
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Figure 4. (a, d, g) Depolarization ratio, (b, e, h) lidar ratio, and (c, f, i) single scatter albedo for mineral dust at (a—c) 355 nm, (d—f) 532 nm,

and (g-i) 1064 nm wavelength using the TAMUdust2020 database.

Figure 6 further elucidates these spectral dependencies by
isolating the lidar ratio across varying median radii (1, 5, and
10 um). At 1064 nm, the lidar ratio is shown to be largely
independent of both size and mineralogy. This suggests the
extinction errors will be lower at 1064 nm than 532 or 355 nm
wavelength for the backscatter lidar technique commonly
used in backscatter lidars. In stark contrast, at shorter wave-
lengths (355nm), both particle size and absorptivity drive
substantial increases in the lidar ratio. This spectral bifur-
cation highlights the critical need for wavelength-dependent
lidar ratio assumptions in remote sensing retrievals, rather
than the uniform values often applied across instruments.

These findings provide a theoretical basis for the “inverse-
v” spectral depolarization feature frequently observed in field
measurements. At longer wavelengths (1064 nm), absorption
by iron oxides is negligible; thus, the depolarization ratio is
primarily governed by particle size, exhibiting a positive cor-
relation with increasing radius. Conversely, at shorter wave-
lengths (355 nm), the signal is dominated by the refractive

Atmos. Chem. Phys., 26, 14487—14506, 2026

index. The high absorptivity of iron-rich super-coarse dust
effectively dampens the depolarization signal, causing 6355 to
drop below 8532 or §1p64. Consequently, the spectral peak of §
typically occurs between 355 and 1064 nm, with the precise
location determined by the complex interplay of mineralogy,
shape, and the presence of super-coarse modes.

4.3 Spectral Variation based on in situ measured PSD

The analysis above used idealized lognormal PSDs to isolate
how size, shape, and composition control lidar observables.
We now extend that framework to PSDs from in situ mea-
suremens from several field campaigns so the investigation
reflects measured dust populations and enables more direct
comparison with observations.

While generalized size distributions for dust at various
stages of transport have been documented in recent literature
(e.g., Formenti and Di Biagio, 2024), we specifically selected
the FENNEC, AER-D, and AERONET distributions for this

https://doi.org/10.5194/acp-26-14487-2026
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analysis. The normalized volume size distributions for the
three distributions are shown in Fig. 7. These datasets al-
low us to contrast a source-region profile, a mid-range trans-
ported plume, and a standard remote-sensing retrieval, while
leveraging the availability of relevant depolarization mea-
surements necessary to validate our theoretical framework.
First, the FENNEC campaign dataset represents a source-
region PSD measured in the Sahara, characterized by a
coarse-mode dominant profile with a substantial particle
fraction extending to radii of 10> um. Second, the AER-D
campaign data, collected off the coast of Western Africa
(Cabo Verde), represents a transported dust plume where
gravitational settling during transit has effectively depleted
the super-coarse fraction (> 100 um). Finally, we evaluate
the standard AERONET retrieval PSD (collected at Cabo
Verde), which is inherently constrained by an inversion al-
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gorithm that truncates particle radii at roughly 10-15 um and
enforces a bi-modal distribution structure.

The presence of super-coarse particles (r > 10 um) fun-
damentally alters the spectral depolarization signature. As
shown in Fig. 8, the FENNEC distribution, which includes
particles up to 100 pm, exhibits a significantly elevated § at
1064 nm (51064 > 0.4) compared to the AER-D distribution
(81064 =~ 0.25). This aligns with the geometric optics frame-
work established in Sect. 3.2: at longer wavelengths, absorp-
tion is minimal, and depolarization is positively correlated
with particle size. It may then be important for instruments
at 1064 nm wavelength to utilize different lidar ratio for lo-
cal and transported dust. Consequently, the reduction in §1¢4
observed in transported dust serves as a robust indicator of
gravitational settling and the loss of the super-coarse mode.

Atmos. Chem. Phys., 26, 14487—14506, 2026
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In contrast, the depolarization ratio at 355 nm is governed
primarily by mineralogy rather than size. To replicate the
low 8355 values observed in triple-wavelength lidar measure-
ments, significant fractions of absorptive iron oxides are re-
quired. This suggests that accurate lidar retrievals at ultra-
violet wavelengths cannot rely on global average refractive
indices but must account for regional mineralogical variabil-
1ty.

A critical finding of this study is the optical ambiguity in-
troduced by super-coarse, iron-rich particles. Conventional
AERONET inversions are constrained to radii < 15 pm and
typically model dust with a bi-modal distribution. Despite
this truncation, the spectral depolarization signature derived
from AERONET PSDs (Fig. 8f) is remarkably analogous to
that of the super-coarse FENNEC distribution (Fig. 8e).

This equivalence arises because super-coarse, absorbing
particles exhibit suppressed depolarization and enhanced ex-
tinction (as detailed in Sect. 4), optically mimicking the be-
havior of fine-mode dust. Consequently, a remote sensing
retrieval relying on AERONET as “ground truth” may con-
verge on a solution that accurately reproduces the optical sig-
nal but fundamentally misrepresents the underlying size dis-
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tribution. This “lidar ambiguity” suggests that super-coarse
dust may be systematically underestimated in current re-
trievals, as its optical signature is indistinguishable from fine-
mode aerosols in standard inversion schemes.

This ambiguity is further compounded by the lidar ratio.
While elastic lidar retrievals typically assume a static lidar
ratio for dust (e.g., S =~ 4044 sr for CALIOP, Kim et al.,
2018, and CATS, Yorks et al., 2016), our results indicate that
super-coarse, absorbing dust can exhibit lidar ratios exceed-
ing 300 sr at 355 nm (Fig. 8a—c). For example, a pure dust
plume characterized by the super-coarse FENNEC size dis-
tribution and a highly representative Saharan iron-oxide vol-
ume fraction of just 3 % yields a suppressed depolarization
ratio of approximately 0.18 at 355nm, alongside a highly
elevated lidar ratio. When placed into the CALIOP version
4 automated aerosol classification and lidar ratio selection
framework (Kim et al., 2018), an algorithm observing a layer
with high § and low § (= 0.18) will assign the plume to the
“Polluted Dust” or Dusty Marine’ subtypes based on the re-
spective surface type. This highlights the necessity of using
multiwavelength depolarization information for aerosol typ-
ing in classification algorithms (Shang et al., 2026).

Atmos. Chem. Phys., 26, 14487-14506, 2026
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It is important to contextualize these modeled values
against field observations. For instance, Veselovskii et al.
(2020) report typical bulk dust lidar ratios at 355 nm in the
range of 50 to 80sr. The divergence between our theoreti-
cal upper limits (> 300 sr) and these observational baselines
likely stems from two possible factors. First, accurately com-
puting the exact backscatter phase matrix element (Py1) re-
mains a notoriously difficult challenge for idealized shape
models, which can sometimes underestimate backscatter and
artificially inflate the lidar ratio. Second, natural dust plumes
are rarely composed entirely of pure, iron-rich super-coarse
particles. Rather, they are physically and chemically hetero-
geneous mixtures. The blending of this extreme absorbing
fraction with finer, less absorptive dust and background at-
mospheric aerosols dilutes the macroscopic lidar ratio down
to the ranges commonly observed by operational systems.

These theoretical sensitivities help reconcile apparent dis-
crepancies in recent field observations. For instance, Gémez
Maqueo Anaya et al. (2025) reported no statistically sig-
nificant correlation between dust hematite content and in-
tensive optical properties across 22 transport cases in Cabo
Verde. Within our framework, this behavior is expected when
plumes fall outside the super-coarse regime; when volume
median radii remain below roughly 3 pm and iron-oxide vari-
ations stay within a moderate range (2 %-3 %), the opti-
cal signature is dominated by size and shape, rendering mi-
nor mineralogical shifts difficult to isolate. Conversely, when
super-coarse modes are heavily preserved compositional dif-
ferences drive pronounced spectral divergence, aligning with
the multiwavelength variability reported by Haarig et al.
(2022, 2025).

4.4 A Conceptual framework to understand the spectral
variation

Building on Sect. 4.1 and 4.2, we develop a conceptual
framework to explain the spectral variation of dust depolar-
ization ratio (8) at 355, 532, and 1064 nm. As illustrated in
Fig. 9a, this framework is anchored in the transition of single-
particle § from the Rayleigh to geometrical-optics regimes,
modulated by absorption. The size-parameter axis is reversed
to reflect the increase of x with decreasing wavelength. We
overplot PSDs corresponding to ry = 1 pm and 7 =5 um
in the 6—x space; combining these PSDs with different ab-
sorption levels yields four spectral § patterns in Fig. 9b. This
framework qualitatively explains the reported spectral behav-
ior of dust § in the literature. Specifically, when dust depo-
larization is measured at different wavelengths, the observa-
tions sample distinct regimes of size-parameter space (x). At
A = 1064 nm, the effective size parameter is small, sampling
the increasing slope of § within the Mie regime. Here, the de-
polarization ratio is dictated by the particle size distribution;
a coarser distribution shifts the sampling to the right in Fig. 9,
resulting in higher §. The maximum depolarization typically
occurs near A = 532 nm, where the sampled size parameter
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space centers on the peak scattering efficiency for dust. Con-
versely, A =355nm is where mineralogical considerations
exert the greatest influence. While non-absorbing minerals
(e.g., quartz) maintain an asymptotic high depolarization ra-
tio at this wavelength, the presence of absorptive iron oxides
shifts the distribution into the absorption regime described by
Eq. (18), leading to a significant reduction in 4.

Consistent with this framework, the spectral behavior can
be interpreted as wavelength-dependent resampling of the
same size distribution in §—x space. For a fixed particle pop-
ulation, moving to shorter wavelength increases the effec-
tive size parameter (e.g., 355 nm relative to 1064 nm), while
also increasing sensitivity to iron-oxide absorption through
a larger imaginary refractive index in the UV-blue. As a re-
sult, depolarization damping is expressed more strongly at
355 nm, whereas at 1064 nm the weaker absorption allows
size effects to dominate and preserves higher § for coarse
particles. In the limiting case of weakly absorbing dust (very
small iron-oxide fraction, or k ~ 0), the curves recover the
familiar asymptotic behavior reported previously (La Luna
et al.,, 2025).

A critical implication of these findings is the identification
of an “optical ambiguity” in current remote sensing frame-
works. We demonstrate that large, highly absorptive dust par-
ticles yield low depolarization ratios and high lidar ratios,
optical signatures that effectively mimic those of fine-mode
aerosols or pollution. Consequently, standard retrieval algo-
rithms that assume negligible super-coarse fractions may sys-
tematically misclassify these particles, resulting in an over-
estimation of the fine-mode aerosol load. This mimicry chal-
lenges the reliability of retrievals that do not explicitly ac-
count for mineralogical absorption in coarse dust.

To resolve this ambiguity, we propose utilizing the de-
polarization color ratio (x = §3,/8,) as a diagnostic met-
ric for separating size and mineralogy effects (de Foy et al.,
2011; Haarig et al., 2024). As illustrated in our analysis,
the ratio between 81064 and 8355 becomes significantly ele-
vated for coarse, absorptive particles. We suggest that future
spaceborne lidar systems be designed for multi-wavelength
backscatter and depolarization measurements so they can
leverage this metric to disentangle the competing influences
of particle size and iron oxide content, thereby improving the
characterization of dust plume origins and microphysics.

The particularly strong dependence on mineralogy for de-
polarization ratio at lower wavelengths allows for the oppor-
tunity to attempt to separate the dependence of size and re-
fractive index in lidar properties. One such method would be
to use a depolarization color ratio metric

8}»1/5)»2» (19)

for two wavelengths of light A1, A». This metric is commonly
used in discussions of the spectral response of dust depolar-
ization ratio as well as for retrieval methodology (e.g. de Foy
et al., 2011; Haarig et al., 2024). It becomes very large for
coarse absorptive particles as shown in Fig. 10, though the
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Figure 9. Modeled spectral depolarization features of mineral dust utilizing the hexahedral TAMUdust2020 shape model database. (a)
Single-particle depolarization ratio as a function of size parameter for non-absorbing (solid lines) and absorbing (dashed lines) particles at
355, 532, and 1064 nm (left vertical axis). Overlaid are lognormal particle size distributions with volume median radii of r,y = 1, 3, and 5 um
(right vertical axis) to illustrate the size-parameter sampling regimes at different wavelengths. (b) Resulting bulk spectral depolarization
ratios, highlighting the “inverse-v”” dependence for the different size distributions and absorption properties.

ratio should be observable for moderate sized particles. With
an instrument capable of measuring depolarization ratio at
multiple wavelengths, retrieving information from the min-
eralogy of a dust plume may be possible through the frame-
work of iron oxide content.

5 Conclusions and Novelty of This Study

This study systematically investigates the coupled effects
of mineralogy and particle size on dust lidar observables,
specifically the depolarization ratio (§) and lidar ratio (),
and optical property single-scattering albedo (SSA). Follow-
ing the logic developed in the previous sections, our main
findings and key novelties are:

1. We establish robust Rayleigh-regime constraints for ab-
sorbing dust. In the small-particle limit, S oc x> and
® o x3, while § remains near zero. These relations pro-
vide a physically consistent baseline for interpreting
weakly depolarizing dust signatures at small size pa-
rameter.

2. We establish the theoretical limits of exact-backscatter
lidar observables in the geometrical-optics (GO)
regime. While the GO limits of extinction and single-
scattering albedo for absorbing particles are classical
results (e.g., Moosmiiller and Sorensen, 2018), to our
knowledge, the corresponding exact-backscatter limits
of the depolarization ratio (6) and lidar ratio (S) had
not previously been derived. The absorption-driven sup-
pression of depolarization had been observed numeri-
cally for ice (Kustova et al., 2022) and in the laboratory
for hematite (Miffre et al., 2023) without theoretical ex-
planation; this work supplies the derivation. As particles
become super-coarse and absorptive, internal ray paths
are attenuated, producing suppressed &, enhanced S, and

https://doi.org/10.5194/acp-26-14487-2026

asymptotic behavior of SSA toward @ — 1/2. Impor-
tantly, this behavior is reproduced across distinct parti-
cle geometries (hexahedral and spheroidal), demonstrat-
ing that GO trends are controlled primarily by size pa-
rameter and absorption rather than by details of shape.

3. We bridge single-particle physics to bulk lidar ob-
servables through PSD averaging and spectral analy-
sis. Using idealized lognormal PSDs and tri-wavelength
calculations (355, 532, and 1064 nm), we show how
wavelength-dependent sampling of the 6—x space ex-
plains the observed spectral structure, including the
inverse-“v”’ behavior and the differing controls of size
(stronger at 1064nm) and mineralogy (stronger at
355 nm).

4. We test this framework with in situ campaign PSDs
(FENNEC and AER-D) and AERONET-retrieved
PSDs, and identify a retrieval-relevant optical ambigu-
ity. Super-coarse, iron-rich dust can yield low § but high
S, which can overlap with fine-mode or mixed-aerosol
classes. This implies that retrievals assuming truncated
coarse modes or fixed dust lidar ratios may systemati-
cally underestimate super-coarse dust and bias aerosol-
type attribution.

6 Outlook

Future refinements to this work should address current lim-
itations in modeling complex aerosol structures. Our results
rely on effective medium approximations for refractive in-
dices, which may not fully capture the scattering properties
of heterogeneous mixtures. Subsequent studies would bene-
fit from incorporating inhomogeneous internal structures and
investigating the roles of chemical aging and coating mecha-
nisms during transport. Such advancements are essential for
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Figure 10. Depolarization color ratio (a) 8532/8355 and (b) 81064/8355 as a function of size and iron oxide content in mineral dust utilizing
the hexahedral TAMUdust2020 shape model database. Horizontal dashed lines and shaded regions denote the mean and propagated standard
error of the corresponding depolarization color ratios derived from SALTRACE observations (Haarig et al., 2017).

further reducing uncertainties in the spectral signature of dust
depolarization.

Looking forward, the quantitative relationships estab-
lished here between iron-oxide absorption, particle size, and
multiwavelength depolarization offer a powerful, untapped
synergy with emerging imaging spectroscopy missions such
as NASA’s Earth Surface Mineral Dust Source Investiga-
tion (EMIT) (Green et al., 2023). While current opera-
tional frameworks do not utilize iron-oxide constraints de-
rived directly from spaceborne lidar, coupling EMIT’s spa-
tially explicit surface mineralogy maps as localized priors
with our physical scattering framework as a forward opera-
tor opens a clear pathway forward. Utilizing multiwavelength
depolarization lidar measurements within such an integrated
framework could ultimately close the loop on composition-
resolved dust transport modeling, bridging the gap between
spaceborne surface observations and active atmospheric pro-
filing.
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