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A B S T R A C T

Polarimetry is a valuable technique for remote sensing of atmospheric aerosol particles, with the linear depo
larization ratio (LDR) being a key parameter used to characterize particle properties. This study investigates the 
LDRs of various aerosol particles, including nearly spherical and irregular aluminum oxide (Al2O3), Arizona Road 
Dust (AZRD), and molybdenum disulfide (MoS2) particles, using both laboratory measurements conducted at a 
wavelength of 532 nm over a scattering angle range from 0.32◦ to 177.6◦ and theoretical model computations for 
spheroids and Gaussian random spheres. The results demonstrate that the LDR is strongly influenced by particle 
size, shape, and refractive index, with significant variations across different scattering angles. In the forward- 
scattering regime, LDR values are small due to scattering being dominated by diffraction, while in the side- 
scattering regime, LDR increases, peaking around 140◦ to 160◦, before decreasing in the back-scattering 
regime. This study further explores the relationship between LDR and particle morphology, as well as the 
impact of the imaginary part of the complex refractive index on LDR, with results showing that higher absorption 
leads to lower LDRs. Overall, this study contributes to a better understanding of how LDR behaves for different 
particle types and scattering angles, enhancing our understanding of the optical properties of aerosol particles 
towards improved polarimetric remote sensing retrievals.

1. Introduction

Polarimetry is an important remote sensing technique for charac
terizing atmospheric aerosol particles [1]. The linear depolarization 
ratio (LDR) is a parameter in polarimetry that characterizes how much 
the polarization state of light changes as it interacts with scattering 
particles. The single scattering LDR depends on particle morphology, 
including shape, size, and complex refractive index (CRI), and on the 
scattering angle; it is a fundamental measure of a particle’s 
non-sphericity and homogeneity. Non-spherical particles generally have 
non-zero LDRs due to differential scattering that arises predominantly 
from the internal light reflection within the particles. Analyzing LDR can 
provide valuable information about physical and optical properties of 
scattering particles and, hence, be useful for remote sensing retrievals 
including the classification of aerosol particle types 2,3.

This paper focuses on laboratory measurements of LDRs for various 
aerosol particles, including nearly spherical and irregular aluminum 
oxide (Al2O3), irregular Arizona Road Dust (AZRD), and highly refrac
tive, plate-like molybdenum disulfide (MoS2) particles, along with 
theoretical calculations to interpret the measured data. We selected 
these particles because they are well-characterized, readily accessible, 
and scientifically representative of a broad range of atmospheric aero
sols. Specifically, the refractive indices of Al2O3 and (AZRD) closely 
approximate those of naturally occurring mineral dust particles found in 
the atmosphere, making them ideal for comparative optical studies. 
Additionally, molybdenum disulfide (MoS2) is both highly refractive 
and strongly absorptive, providing an upper boundary condition for the 
complex refractive index spectra of aerosol particles. By incorporating 
such diverse materials, ranging from weakly to strongly absorbing and 
refracting, we aim to broaden our intellectual framework and develop a 
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more comprehensive understanding of how optical properties vary 
across different particle systems. This approach enhances our ability to 
interpret angular scattering behavior and improve aerosol modeling for 
environmental and atmospheric applications.

Investigations of light scattering and linear depolarization ratio 
(LDR) measurements by irregularly shaped aerosol particles are “neither 
few nor small”, e.g. 4–12. However, most of these efforts have focused 
on specific aspects of the scattering process, often limited to 
non-absorbing particles or constrained to narrow angular ranges, such as 
exact or near-backscattering directions (i.e., close to 180◦). While 
valuable, these approaches do not fully capture the angular scattering 
behavior of complex particles. In contrast, our study offers a more 
comprehensive perspective by performing simultaneous light scattering 
measurements over a near-complete angular range, capturing data from 
~0.32◦ to ~177.6◦ This wide-angle, high-resolution approach enables a 
more detailed analysis of how particle shape, size, and composition in
fluence scattering and depolarization, addressing key gaps in aerosol 
optics and remote sensing models. Measurements were performed at a 
visible wavelength of 532 nm. The experimental data were analyzed 
using theoretical simulations, where particle optics was modeled using 
Gaussian random sphere, spheroid, and other shapes with T-matrix 
calculations [13]. Our experimental and theoretical results consistently 
demonstrate significantly low LDR values in the forward-scattering 
regime, where diffraction plays a dominant role. Subsequently, the 
LDR values progressively increased with scattering angle, reaching a 
peak at around 140◦ to 160◦ in the side-scattering regime before 
declining in the back-scattering regime. Overall, our results indicate that 
LDR strongly depends on particle size, shape, and refractive index along 
with scattering angle.

2. Materials and methods

The particles investigated here include nearly spherical-to-irregular 
aluminum abrasive (Al2O3), spherical silica (SiO2), Arizona road dust 

(AZRD), and highly refractive molybdenum disulfide (MoS2) particles. 
We additionally analyzed some of the angular scattering data available 
in the Granada-Amsterdam (G/A) light scattering database [10,14]. We 
investigated the particles’ shape using optical and transmission electron 
microscopy, as shown in Fig. 1. The shape of particles with sizes not 
shown in Fig. 1 and their size distribution can be found in [5] for AZRD 
and in [15] for Al2O3. The microscope images indicate that SiO2 parti
cles are fairly spherical, with nano-sized spherical particles attached to 
near-spherical micron-size particles, whereas the MoS2, AZRD, and 
Al2O3 particles are much more irregularly shaped.

Fig. 2 gives the schematic of the experimental light scattering setup. 
A detailed description of the experimental setup and data procurement 
methods can be found in [17]. In short, the whole angularly resolved 
light scattering setup can be divided into three regimes: forward-, side-, 
and back-scattering. The forward-scattering setup is based on a design 
by Ferri (1997) [18], which consists of a Fourier lens, beam stop, and 
imaging lens as the main components and collects the scattered light 
from 0.32◦ to 9.89◦. The side-scattering part of the setup includes an 
elliptical mirror, iris, and collimating lens and collects the scattered light 
from 15◦ to 157◦, whereas the back-scattering setup consists of a 90◦

off-axis parabolic mirror with a 3-mm hole parallel to the incident beam, 
that collects the back-scattered light from 158◦ to 177.6◦. The two 
16-channel photomultiplier tube (PMT) detector arrays simultaneously 
collect scattered light at 31 angles, for a total of 47 angles from 0.32◦ to 
177.6◦ Additionally, this experimental design includes an aerodynamic 
particle sizer (APS) providing a real-time measurement of the most 
probable size of the aerosols and their size distribution spread in the 
scattering volume. This allowed us to compare theoretical calculations 
with in-situ laboratory measurements. Each and inter-detector calibra
tion was performed with light scattered from gases with known Rayleigh 
ratios [19].

The light used for the experiment is vertically polarized at a wave
length of 532 nm, and the LDR for this incident light is given by [20] as 

Fig. 1. Transmission electron microscope (TEM) images for a) spherical silica (SiO2) and b) irregular molybdenum disulfide (MoS2) particles, and optical microscope 
images for irregular c) Arizona Road Dust (Fine) and d) aluminum abrasive (Al2O3) grits [16].
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LDR =
IVH

IVV
(1) 

The LDR is also known as the linear polarization ratio, μL[21]. In Eq. 
(1), IVH and IVV are the intensity of scattered light measured with a linear 
horizontal and a linear vertical polarizer, respectively, for vertically 
polarized incident light. In terms of scattering matrix elements, the LDR 
of an ensemble of randomly oriented particles is given by [20] as 

LDR =
1 − F22/F11

1 + 2F12/F11 + F22/F11
(2) 

with the LDR being a function of scattering matrix elements, F11, F12, 
and F22. Here, Eq. (1) is used to measure the LDR experimentally as it 
provides a straightforward approach and Eq. (2) is utilized for theoret
ical calculations to interpret the experimentally obtained LDR 
measurements.

3. Results

Given the angular variation in the magnitude of LDR observed 
experimentally and theoretically, we propose that the best way to 
comprehensively explain the wide-angle LDR data is by dividing the 
angular range into three regimes: forward-, side-, and back-scattering. 
We have recently presented this segmentation for angular scattering 
intensity data [22]. In a similar approach, the LDR can be most effi
ciently studied by dividing the whole light scattering data into three 
distinct regimes, as follows: 

1. The forward-scattering regime, 0 ≤ θ ≤ 10◦ in which LDR values are 
insignificantly small and fairly insensitive to the particle’s micro
physical properties: size, shape, and complex refractive index. It in
cludes a region where θ < λ

2R, with λ being the wavelength of the light 
used and R the radius of the particle. This regime can be classified as 
a diffraction-dominated regime.

2. The side-scattering regime, 10◦ ≤ θ ≤ (140◦ − 160◦) is where LDR 
values typically show a pronounced increase as the scattering angle 
increases, peaking at around 140◦ to 160◦ before declining. This 
regime begins with a cross-over from diffraction-dominated to 
refraction-reflection-dominated scattering, resulting in an increased 
depolarization of the scattered light.

3. The back-scattering regime, (140◦ − 160◦) ≤ θ ≤ 180◦, is charac
terized by a gradual decrease in LDR values as function of scattering 
angle, followed by a chaotic looking, unexplained pattern, as the 
scattering angle approaches the exact backscattering angle, 180◦

This regime plays a key role in remote sensing.

Fig. 3 shows measured LDRs for two sizes of nearly spherical non- 
absorptive silica, SiO2 (Fig. 3a), and highly absorptive irregular mo
lybdenum disulfide, MoS2 (Fig. 3b) particles. The CRIs for silica and 
molybdenum disulfide particles at λ = 532 nm are mSiO2 = n + ik = 1.46 
+ i0 and mMoS2 = 5.24 + i1.16, respectively [23]. The same data were 
plotted using both linear-linear (left) and log-linear (right) scales to 
better visualize the small values in the forward scattering regime, which 
are not visible in the linear-linear plot.

In the forward scattering regime, LDR values were found to be 
insignificant and negligible for both SiO2 (Fig. 3a) and MoS2 (Fig. 3b) 
particles, regardless of their different morphologies and CRIs. Diffrac
tion dominance accounts for the negligible LDR values in this regime as 
diffraction does not alter the polarization irrespective of the particle’s 
physical parameters.

In the side-scattering regime, the values of LDR increase as the 
scattering angle increases, reaching a maximum of ≈ 15 % for SiO2 and 
≈ 10 % for MoS2 at approximately 140◦ to 160◦. For a perfectly spherical 
particle, F11 = F22 [20], which theoretically [Eq. (2)] implies that LDR 
values should be zero throughout the whole angular range. The finite 
LDR values observed for SiO2 may be due to nano-size silica attaching to 
the micron size silica particles (Fig. 1a) thereby creating a distortion in 
sphericity as supported by the theoretical calculations shown in Fig. 3
(a). In Fig. 4(a), the LDR calculations for a Gaussian random sphere 

Fig. 2. Schematic diagram of the multi-angle light scattering apparatus.

P. Gautam et al.                                                                                                                                                                                                                                 Journal of Quantitative Spectroscopy and Radiative Transfer 350 (2026) 109761 

3 



(GRS) with a circumscribing radius of 3 μm, equivalent to the mode size 
distribution measured by APS, show that LDR values increase with an 
increase in shape irregularity (σ). The shape irregularity corresponds to 
a relative deviation in the radial distance of the Gaussian sphere, which 
facilitates the straightforward treatment of non-spherical shapes with 
analytical results. The observed low LDR value for irregularly shaped 
MoS2 particles (Fig. 3(b)) can be attributed to the large imaginary part of 
the MoS2 CRI as illustrated by Fig. 4(b). Additionally, we calculated the 
LDR using high values of the real part and zero for the imaginary part of 

the complex refractive index. The results showed no decrease in LDR, 
confirming that the low LDR values observed for MoS2 are primarily due 
to its high absorption (i.e., the imaginary part of the refractive index).

Fig. 4(b) demonstrates the effect of the imaginary part of the 
refractive index on the LDR values. To explore the LDR in absorbing 
particles (with finite κ > 0), we proposed calculating it in terms of κkR 
(the skin depth parameter) [24,25] which is the product of the imagi
nary parts of the refractive index (κ) and the size parameter (kR =
2πR/λ). The parameter κkR quantifies the relative penetration depth of 

Fig. 3. Experimentally measured LDR for (a) two sizes of nearly spherical silica (SiO2) (data are in close agreement) and (b) highly refractive irregular molybdenum 
disulfide (MoS2) particles. The right column contains TEM images of these particles. The same data are plotted in linear (left column) and log-linear (right column) 
for visual clarity of the LDR pattern in the forward scattering regime. The experimental errors are not shown on the graph because they are too small to be 
represented.

Fig. 4. Theoretically calculated LDRs for a Gaussian random sphere (GRS) with a circumscribing sphere radius of r = 3 μm, showing the change in (a) particle shape 
distortion, σ, from sphericity, and (b) the imaginary part of CRI, expressed as κkR.
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light into the material, and in [25] it is shown that the effects of κ on the 
light scattering from absorptive particles can be universally described 
using this parameter. In Fig. 4(b), we present the LDR calculations for a 
Gaussian random sphere (GRS) with a circumscribing radius of 3 μm, 
considering various values of the imaginary part of the CRI, calculated as 
κkR. The results indicate that LDR values decrease as κkR increases and 
become negligible across the full angular scattering range when κkR 
exceeds unity. When κkR ≥ 3, incident light barely penetrates the par
ticles, and refraction phenomena within the particles do not affect 
scattering, causing them to behave as opaque objects. These conclusions 
and explanations are consistent with our previous studies of [24–26]. 
Therefore, as the imaginary part, κ of the CRI increases, the LDR de
creases, where κkR is the crucial factor in determining the LDR for 
absorbing particles.

In the back-scattering regime, experimental data consistently indi
cate a decline in LDR as a function of increasing scattering angle for all 
investigated particle types. However, the theoretical calculations 
(Fig. 4a) show a sharp increase in LDR near the exact backscattering 
angle of 180◦ as the irregularity, σ increases from nearly spherical (σ =
0.01) and for small κkR (≤1) (Fig. 4b). Further theoretical calculations 
shown in Fig. 7 for hexagonal and spheroidal particles with real 
refractive indices of m = 1.33 and 1.76, aspect ratios of 2, and varying 
sizes from R = 0.12 to 3.83 µm do not show such a sharp rise near the 
exact backscattering angle of 180◦ The spike in LDR was not seen in our 
experimental data, likely due to our inability to measure the last few 
degrees near the backscatter angle (i.e., 180◦) with our light scattering 
setup. Near and exact backscattering LDR measurements using advanced 
optical setups can be found in [27]. However, based on both our theo
retical calculations and experimental observations, the variation in LDR 
functionality with scattering angle in the backscattering regime suggests 
that two distinct regimes may exist in this domain. This regime appears 
to depend strongly on particle microphysical properties: shape, size/size 

distribution, and complex refractive index. The strong dependence of 
LDR on these properties, similar to the scattering phase function [28], 
leads to the conclusion that extrapolating LDR to the near and exact 180◦

backscattering angle may lead to inaccurate results. This study empha
sizes the need for both experimental measurements and theoretical 
calculations of LDR across different particle microphysical properties to 
gain a clear and thorough understanding of LDR in the backscattering 
regime.

We conducted additional laboratory experiments with irregular 
Arizona Road Dust (AZRD) and aluminum oxide abrasive (Al2O3) par
ticles of different sizes to examine the LDR across a wide range of par
ticles, as illustrated in Figs. 5(a) and (b) for AZRD and Al2O3 particles, 
respectively. The same data were plotted using both linear-linear (left) 
and log-linear (right) scales to better visualize the small values in the 
forward scattering regime, which are not visible in the linear-linear plot. 
In the forward-scattering regime, where diffraction is the dominant 
factor, LDR values were very low (few percent) for both particle types. In 
the side-scattering regime, the LDR values increase with scattering 
angle, reaching a peak between 140◦ and 160◦ before declining. In the 
back-scattering regime, Al2O3 particles, which have a higher refractive 
index (n = 1.76), exhibit a noticeable drop in LDR as function of scat
tering angle compared to AZRD particles (n = 1.54). However, both 
particle types show a partial correlation between LDR and particle size, 
where larger particles tend to have higher LDR values and vice versa.

Additionally, we explored existing scattering data for different 
aerosol particles present in the Granada-Amsterdam (GA) light scat
tering database [10,14]. These data are shown in Fig. 6, and they exhibit 
a random and disordered LDR pattern, which can be attributed to the 
presence of various particles with different sizes and CRIs. The LDR 
patterns observed in the GA light scattering data (Fig. 6) are consistent 
with the results we measured experimentally (Figs. 3 and 5). The same 
data were plotted using both linear-linear (left) and log-linear (right) 

Fig. 5. Experimentally measured LDR for (a) three different sizes (Medium, Fine, and Ultrafine) of irregular Arizona Road Dust (AZRD) and (b) four different grit 
sizes (1200, 1000, 800, and 600 grit) of aluminum oxide abrasive (Al2O3) dust particles. The same data are plotted in linear (left column) and log-linear (right 
column) for visual clarity of the LDR pattern. The experimental errors are not shown on the graph because they are too small to be represented.
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scales to better visualize the small values in the forward scattering 
regime, which are not visible in the linear-linear plot. Importantly, their 
measurements did not include the most important near-forward and 
near-exact back-scattering angles, as their setup was limited to 
measuring LDR across the scattering range from 3◦ to 177◦

Consequently, LDR values in the near-forward scattering regime for 
their dataset were limited to 3◦ and were not as small as for our datasets 
that included LDR values for angles down to 0.32◦

For theoretically investigations of LDR and comparisons with 
experimental results, we used the numerically exact T-matrix method 

Fig. 6. Linear depolarization ratio for various aerosol particles presented in (a) linear, (b) log-linear scale as function of scattering angle, as reported by the Granada- 
Amsterdam (G/A) group (Munoz et al. 2000; Munoz et al., 2002; Munoz et al. 2004; Munoz et al. 2007; Volten et al. 2001; Volten et al. 2006) for Olivine L, Olivine M, 
Olivine S, Quartz measured at λ= 441.6 nm and for Saharan and Libyan sand measured at λ = 632.8 nm [10,14].

Fig. 7. Linear depolarization ratios for spheroidal particles with purely real refractive indices (a) m = 1.33, (b) m = 1.76, and for hexagonal particles with the purely 
real refractive index of m = 1.76, shown in (c). The aspect ratio is constant at asp = 2, with particle sizes varying from R = 0.12 to 3.83 μm.
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[13]. We represented nearly spherical particles as Gaussian random 
sphere (GRS) and irregular dust particles as spheroids and hexagons. We 
further assumed particles are randomly oriented and form a statistically 
isotropic and mirror-symmetric ensemble. Figs. 7(a) and 7(b) show the 
LDR results for spheroids with a purely real refractive index of n = 1.33 
and 1.76, respectively, whereas Fig. 7(c) shows the LDR results for 
hexagons with a purely real refractive index of n = 1.76. We kept the 
aspect ratio identical (asp = 2) for all these calculations but varied the 
sizes (R = 0.12 - 3.83 μm). We chose these two purely real refractive 
indices to cover the range of the real part of refractive indices for the 
particles investigated in this work. The LDR patterns obtained from 
theoretical calculations correspond well with the experimental data, 
Figs. 3 and 5, and G/A data (Fig. 6), above. However, the theoretical 
calculations show that the LDR varies non-linearly with the scattering 
angle across the entire angular scattering range, each varying indepen
dently with particles’ microphysical properties: shape, size, and refrac
tive index.

Fig. 8 shows the theoretical calculations to demonstrate how the 
individual scattering matrix elements F11andF22 contribute to the LDRs 
for absorbing particles as function of the relative skin depth parameter, 
κkR. In Eq (2), the numerator of LDR goes as 1 − F22/F11 so when F11 ∼

F22 the LDR trends toward 0. Conversely, when F11 > F22, the ratio F22/ 
F11 will become small leading to the numerator of Eq (1) increasing. In 
Fig. 8, the F11and F22 elements of the phase matrix of spheroids are 
plotted vs κkR at three different scattering angles, calculated using the T- 
Matrix code [29]. It can be seen in Fig. 8(a) that in the forward direction 
F11 ∼ F22 for all κkR, leading to a very small value for LDR as also 
shown in the previous figures of this work. In Fig. 8(b), F11and F22 at a 
scattering angle of θ = 90◦ are plotted vs κkR and it can be seen that 

when κkR < 1, F11 > F22 leading to larger LDR values, but as κkR ap
proaches unity, F11andF22 approach each other, thereby causing the LDR 
to decrease with increasing κkR. Fig. 8(c) shows similar results as Fig. 8
(b) at a scattering angle of θ = 180◦. We carried out additional theo
retical analyses for other particle geometries, including varying aspect 
ratios, and obtained consistent results demonstrating how F11 and F22 
contribute to LDRs.

4. Conclusion

In this study, we explored the angular dependence of the linear de
polarization ratio (LDR) for a variety of aerosol particles with diverse 
microphysical properties: size, shape, and complex refractive index. Our 
findings show that the LDR behaves distinctly across three scattering 
regimes: forward-, side-, and back-scattering. In the forward-scattering 
regime, diffraction is dominant, resulting in very low LDR values 
regardless of particle properties. In the side-scattering regime, the LDR 
increases with scattering angle, peaking between 140◦ and 160◦ and 
then decreasing. The back-scattering regime exhibits a decline in scat
tering beyond the mild peak near 140◦ to 160◦, often ending with a non- 
descriptive, chaotic evolution as the scattering angle approaches 180◦. 
However, this was not observed in the experiments, likely because the 
experimental setup could not measure the LDR at the final few degrees. 
The theoretical analysis using T-matrix calculations aligned well with 
our experimental data, showing that particle size, shape, and the com
plex refractive index significantly influence the LDR. For absorptive 
particles, an increase in the imaginary part of the refractive index led to 
a decrease in LDR, as quantified by the relative skin depth, κkR. These 
insights enhance our understanding of aerosol properties and provide 

Fig. 8. F11 and F22 elements of the phase matrix vs. κkR for spheroids with an aspect ratio of 1.5, complex index of refraction given by m=1.5 + iκ, at a wavelength of 
λ=532 nm, and size parameters of kR=3, 10, and 30. These are plotted for three different scattering angles: (a) θ = 0◦, (b) θ=90◦, and (c) θ=180◦.
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valuable guidance for future polarimetric studies in atmospheric and 
material characterization.
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