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It is widely recognized that carbonaceous particles represent an important type of tropospheric aerosols 
affecting cloud formation, causing a direct radiative forcing on climate. Freshly emitted soot particles mix with 
other atmospheric aerosol constituents, and, in particular, tend to become internally mixed as they age in the 
atmosphere. The aging process includes, in particular, condensation of sulfates on soot particle's surface. By now, 
numerical modeling of optical properties has been carried out for various models of soot particles coated in 
various ways with spherical shell (see, e.g., [1–2]). Besides in [3], it was demonstrated that the concentric core-
mantle particle composed of spheroidal soot core enveloped by spheroidal sulfate shell can reproduce the 
observed spectral dependences of the linear depolarization ratios. 
Here, given the practical importance of the clarification of potential effect of shell shape on the optical properties 
of soot particles coated with sulfate, we analyze the results of computations of the absorption cross section (Cabs), 
absorption Ångström component (AAE), backscattering linear depolarization ratio (LDR), and scattering matrix 
elements of spheroidal soot particles covered by spheroidal nonabsorbing sulfate shell. In our computations, we 
applied the random-orientation T-matrix code by Quirantes [4]. Computations were performed for polydispersed 
particles with core volume-equivalent effective radius Rcore,eff = 0.1, 0.15, 0.2 μm, soot volume fraction   f = 7 %   
and 15 %,  and  corresponding  values  of  the  shell  volume-equivalent   effective  radius Rshell,eff in the range 
0.1882 ≤ Rshell,eff ≤ 0.4853 μm. The aspect ratio of the core-mantle spheroidal particle E (the ratio of the larger and 
the smaller spheroid axis) was assumed to be the same for both the soot core and the sulfate shell, and 1 ≤ E ≤ 
1.5. We used the standard power-law size distribution with effective variance v = 0.1. Our computations were 
carried out for three wavelengths λ = 0.355, 0.532, and 1.064 μm according to the spectral channels used in LDR 
measurements with backscattering lidars. The spectrally dependent refractive indices for the particle 
components were taken from [1]. The results of our computations demonstrate, in particular, that: (i) in the 
considered range of particle sizes, the Cabs and AAE depend weakly on aerosol-particle aspect ratio E, but their 
dependences on particle size and the amount of coating material are quite noticeable; the AAE decreases 
significantly with increasing aerosol-particle size and soot volume fraction; ii) the LDR significantly increases 
with increasing particle nonsphericity and size, and decreases with increasing wavelength; iii) the first scattering 
matrix element (phase function) shows noticeable dependence on aerosol-particle nonsphericity only in the 
range of backscattering, which increases with increasing particle size; the degree of linear polarization for 
unpolarized incident radiation is strongly dependent on particle shape at scattering angles larger than 70°, the 
depth of the negative polarization branch at backscattering angles decreases with increasing aerosol-particle 
nonsphericity, E-dependence of the degree of linear polarization becomes less pronounced with increasing the 
amount of soot volume fraction.       
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This presentation is dedicated to the memory of Michael I. Mishchenko, a beautiful mind and a brilliant 

scientist. I will summarize our common results related to the electromagnetic scattering by discrete 

random media. These include (i) an overview of methods for deriving the radiative transfer equation for 

sparse media, (ii) an analysis of the electromagnetic scattering by dense random media with the focus 

on the derivation of the dispersion equation, coherent field, radiative transfer equation, and coherent 

backscattering, (iii) the derivation of the radiative transfer equation for a discrete random medium 

adjacent to a half-space with a rough interface, and (iv) the description of the electromagnetic scattering 

by discrete random media illuminated by a Gaussian beam. 
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Adequate modeling of light scattering by nonspherical particles is widely recognized as one of the 

major difficulties in remote sensing of tropospheric aerosols in general and desert dust in particular. 

There are various in situ and laboratory measurements that reveal significant deviations of light 

scattering of desert dust aerosols from scattering properties of homogeneous spheres.  As a result, there 

have been numerous efforts to account for particle nonsphericity in aerosol retrieval algorithms. 

Nevertheless, the development of such a model appears to be difficult both methodologically and 

technically.  

The presentation discusses the development and evolution of “spheroid kernels”  - a look-up-tables 

simulated for quadrature coefficients of randomly oriented spheroids developed by Dubovik et al. 

(2006). The look-up-tables were arranged into a software package, which allows fast, accurate, and 

flexible modeling of scattering by randomly oriented spheroids with different size and shape 

distributions. The software has been designed for easy integration into inversion algorithms. This 

allowed the researchers both to evaluate spheroid model and explore the possibility of using the 

spheroidal approximation of particle shape in diverse retrievals of aerosol properties from light 

scattering sensing measurements. At present, the “spheroid kernels” has become one of most accepted 

and popular approach for modeling light scattering by non-spherical applications. The “spheroid 

kernels” software is now employed in numerous approaches developed for aerosol retrieval from 

laboratory and various remote sensing measurements.  

The earlier studies by Mishchenko et al., (2000) was a fundamental base for the development of 

“spheroid kernels” approach and Michael has made a major contribution into development of the 

approach and software.  In the presentation we will share the precious the memories of working and 

collaborating with Michael on this software and generally on aerosol remote sensing. 
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Late in 1999 Michael Mishchenko carried out T-matrix calculations of light scattered by oblate spheroidal drops of water 
at Philip Marston’s request.  The purpose of the investigation was to determine if the caustic features, known by that 
time to be visible in the far-field scattering near the primary rainbow region for horizontally illuminated relatively large 
drops [1-5], would also be present in T-matrix calculations [6] of the scattering by small drops.  The drop’s axis of 
rotational symmetry was taken to be vertical and the illumination was taken to be horizontal. Scattering into the 
relevant angular region was evaluated for drop aspect ratios D/H = 1, 1.23, 1.311, and 1.37 where D denotes the 
equatorial diameter.  The results currently available are limited to monochromatic illumination with ka = 140 where a 

= D/2 and k = 2/ with  being the wavelength of the illumination.  As expected from geometrical analysis [2-5] a 

horizontal “Vee” shaped caustic is visible for D/H = 1.311.  The T-matrix results are preserved in printed gray-tone 
intensity displays provided by Mishchenko in 1999 with parameters described in email correspondence of that period.  
The results remain instructive along with subsequent related computational developments [7, 8].  (Preparation of this 
Abstract was supported in part by the US Office of Naval Research.) 
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Dr.	Michael	I.	Mishchenko’s	scientific	accomplishments		
Dr.	Michael	I.	Mishchenko	who	was	a	scientist	at	NASA	Goddard	Institute	for	Space	Studies	passed	away	on	July	21,	
2020.	Dr. Mishchenko’s seminal research on the theory and applications of electromagnetic scattering, radiative transfer, and 
remote sensing has largely defined the progress of these disciplines over the past three decades. His pioneering studies have 
resulted in more than 310 peer-reviewed journal papers (note that Michael first-authored 158 of them) and four state-of-the-art 
first-authored monographs. As of 11 May 2020, the number of Google Scholar citations of Michael’s publications exceeds 
33,661, while his h-index is 88	(https://scholar.google.com/citations?user=Q5-7dVYAAAAJ&hl=en). 

In addition to his highest-rated scientific accomplishments, Michael made sustained contributions to the well-being of the 
international applied optics, radiative transfer, and remote sensing communities. He served as Topical Editor of Applied Optics 
for 6 years and, since 2006, he was Editor-in-Chief of the Journal of Quantitative Spectroscopy and Radiative Transfer. 
Furthermore, Michael organized 10 major remote-sensing conferences, including six Electromagnetic and Light Scattering 
Conferences and two NATO Advanced Study Institutes.  

As tribute to Dr. Mishchenko, this presentation will summarize his groundbreaking scientific accomplishments and voluminous 
service to the international light scattering, remote-sensing, and radiative transfer community. 

Additional	information	

	

Figure	1:	Dr.	Michael	I.	Mishchenko,	1959-2020.	
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The extinction of a single particle is often considered as a total power extracted from the beam as a result of the 
scattering and absorption, which is the essence of the optical theorem. On the one hand, when a collection of particles 
(e.g., a cloud or suspension) is involved the extinction is reliably measured by the detector in the forward direction, 
subtracting the results with and without the sample present. On the other hand, the extinction is described by the 
interference of the scattered and incident fields in the far-field zone, which happens not only in the forward direction 
but for a wide range of scattering angles. This interference was described in details by Berg et al. [1], who suggested 
that a detector covering up to 60° may be required for single-particle extinction measurement. Inspired by this alarming 
suggestion, Mishchenko et al. [2] explicitly calculated the reading of a circular and square detectors placed around the 
forward direction (for a simplified case of isotropic scalar scattering). The reading of a perfectly centered circular 
detector indeed oscillate with a detector size and have no limit. However, for a square detector these oscillations 
decrease with detector size, converging to the expected result proportional to the extinction cross section. Still, a 
relatively large detector size 𝑅 is required (𝑅2 ≫ 𝜆𝑧, 𝑧 is the distance to the detector and 𝜆 is the wavelength), which 
has already been mentioned in classical textbooks [3,4]. It has also been recently discussed in [5], which showed that 
use of collimated beam improves convergence of measured power with increasing detector size. 

In this work I analyze the extinction measurements for a single particle illuminated by a plane wave using a detector of 
arbitrary shape, described by a function 𝜌(𝜃) in polar coordinates. Using the stationary-phase arguments, it is shown 

that the error scales as √𝜆𝑧 ∆(𝜌2)⁄ , where ∆(… ) denotes the difference between the maximum and minimum values of 

a function (or its variation). This general result is further applied to a non-centered circular detector and, next, extended 
to a random movement of a particle during the measurement time (which was previously analyzed only qualitatively). 
The latter decreases (averages out) the error, but the diffusion shifts should be smaller than the size of the detector, so 
that the geometrical shadow of the particle always falls inside the detector. Finally, the feasibility of the extinction 
measurement is analyzed in terms of the dynamic range of the detector (since the reference signal increases 
proportionally to the detector area). Measuring extinction of a fixed particle with 1% accuracy requires the dynamic 
range of 108, while 104 can be sufficient for a randomly moving one. 
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Theoretical, numerical, and experimental methods are presented for scattering and absorption 

of light in large discrete random media of densely-packed small particles. The theoretical and nu-

merical methods are based on the framework of Radiative Transfer with Reciprocal Transactions 

(R2T2; e.g., [1-3] and references therein). Monte Carlo order-of-scattering tracing of interactions 

is carried out in the frequency space, assuming that the fundamental scatterers and absorbers are 

wavelength-scale volume elements composed of statistically significant numbers of randomly dis-

tributed particles. For spherical and nonspherical particles, the interactions within the volume ele-

ments are computed exactly using the Superposition T-Matrix Method (STMM) and the Volume 

Integral Equation Method (VIEM), respectively. For both types of particles, the interactions be-

tween different volume elements are computed using the STMM. As the tracing takes place within 

the discrete random media, incoherent electromagnetic fields are utilized, that is, the coherent field 

of the volume elements is removed from the interactions. The R2T2 is validated using experimental 

measurements for a macroscopic sample of densely-packed spherical silica particles [4,5].  
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The polarization lidar technique has been significantly developed towards detailed aerosol and 

cloud monitoring since 2012. Traditionally, the measured linear depolarization ratio was used to 

separate non-spherical mineral dust particles from spherical marine and continental haze particles 

and to distinguish cloud layers containing mainly spherical cloud droplets and layers with domi-

nating ice crystal backscattering. Meanwhile, this lidar technique permits the separation of fine-

mode dust particles (with diameters < 1µm) and coarse-mode dust [1] and to retrieve height pro-

files of mass concentration, cloud condensation nucleus, and ice-nucleating particle concentrations 

separately for dust particles, marine aerosol, and continental fine-mode particles [2,3]. Examples 

of measurements performed with our polarization lidar Polly at Dushanbe, Tajikistan, will illus-

trate the new potential of advanced polarization lidars. Another highlight is the approach to char-

acterize aerosols by means of triple-wavelength depolarization ratio observations [4,5,6,7]. 

 

In a second approach, the polarization lidar is used for profiling of microphysical properties of 

liquid-water clouds such as droplet number concentration, effective radius, extinction coefficient, 

and liquid water concentration by using the recently introduced so-called dual-receiver-field-of-

view technique [8]. Now, we are able to investigate aerosol-cloud interaction in the case of liquid-

water clouds in large detail. We will show recent studies of aerosol-cloud interaction performed in 

pristine marine conditions at Punta Arenas, Chile, at the southernmost tip of South America. 
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In this talk, we will summarize some recent developments in our understanding of the Rayleigh 

hypothesis (RH) in the context of the T-matrix method for electromagnetic scattering by particles. 

Within this framework, it has been shown that the scattered field expansion into a series of vector 

spherical wave functions converges outside the circumscribed sphere. The Rayleigh hypothesis 

states that this expansion is also valid for the rest of the outside region (the RH region), all the way 

down to the particle surface. The RH has been much debated over the years [1]. The T-matrix 

framework and extended-boundary condition method (EBCM) do not rely on the validity of the 

RH, but it remains important from a fundamental point of view and for applications where the near 

fields are required. The more general question of the domain of validity of series expansions also 

has implications for the applicability of the T-matrix method to multiple scatterers, especially 

where the circumbscribed spheres of neighbouring particles overlap. 

 

We will show how recent developments in the accuracy of T-matrix calculations for spheroids 

[2,3] allow us to numerically test the validity of the RH [4]. A complementary approach is to 

consider the long-wavelength limit, for which analytic results can be obtained, giving further in-

sight into the RH [5,6]. Finally, we will discuss extensions of these investigations to the case of 

multiple particles [7]. From these studies, a unified picture of the RH emerges, which allows us to 

understand its relevance to T-matrix and electromagnetic scattering calculations in general. 
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In this talk I will introduce the SPES method, giving an overview of some results and focusing 

on recent applications in characterizing the optical properties of particles in view of feeding radi-

ative transfer models. 
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Atmosphere contains various aerosols (e.g., dust, sea salt, etc.) and cloud and precipitation particles. The optical 

properties of these particles fundamentally impact atmospheric radiative transfer, which should be accurately 
quantified in remote sensing, numerical weather data assimilation and climate modeling studies.  However, it is 

challenging to characterize these particle morphologies for optical property computations. In this talk, we review our 

persistent research efforts in the past few years on studying the optical properties of superspheroids [1-8] and report 
a comprehensive optical property database of super-spheroidal models computed by using the invariant imbedding T-

matrix method. The database contains the optical properties of superspheroids at 273 refractive indices and 110 

particle shapes. In addition, we will highlight relevant applications in remote sensing, atmospheric radiative transfer 
and climate studies and discuss in depth why one additional freedom of superspheroids matters in applications.    

Additional information 

The superspheroidal equation is given by [9,10] 
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= 𝟏, (1) 

where n is referred to roundness parameter, and a and c are horizontal and vertical semi-axis, respectively. Figure 1 

shows a shape space of superspheroids constructed by the roundness and aspect ratio parameters. Note, the 

superspheroids of roundness unity are traditional spheroids and the particles are concave when the roundness 
parameter (n) is larger than 2.  

 

Figure 1: Morphology of superspheroids 
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Light scattering is widely used in remote sensing of various objects ranging from metal nanoparticles and 
macromolecules to atmospheric aerosols and interstellar dust. Moreover, the structure of electromagnetic fields near a 
particle is of major importance for other phenomena, such as the surface-enhanced Raman scattering (SERS) or the 
electron energy-loss spectroscopy (EELS). All these applications require accurate simulations of interaction of 
electromagnetic fields with particles of arbitrary shape and internal structure. The discrete dipole approximation (DDA) 
is one of the general methods to handle such problems [1]. 

The DDA is a numerically exact method derived from the volume-integral form of the frequency-domain Maxwell’s 
equation for the electric field [2], and is a special case of method of moments. It commonly employs a regular rectangular 
grid of dipoles, leading to the computational complexity (and required memory) linear in the number of dipoles. This 
allows one to solve the problems with up to 1 billion dipoles using modern supercomputers [3]. Overall, the DDA is 
widely used for light-scattering and near-field simulations, thanks to the availability of robust and easy-to-used open-
source codes, such as DDSCAT [4] and ADDA [3]. 

Importantly, the DDA can be applied to a broad range of electromagnetic applications apart from the standard problem 
of far-field scattering by single isolated particles. This includes complicated environments (e.g., particles on substrate) 
and unusual incident fields (leading to the SERS and EELS). The DDA can even be applied to simulate fluctuation 
phenomena, i.e. the near-field radiative transfer and Casimir forces, which are related to the Green’s tensor in the 
presence of a particle. The only drawback is that the latter applications require much larger computational resources. 
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Electron beams have evolved into powerful tools to investigate photonic nanostructures with 

an unrivaled combination of spatial and spectral precision through the analysis of electron energy 

losses and cathodoluminescence light emission. Combined with ultrafast optics, the emerging field 

of ultrafast electron microscopy relies on synchronized femtosecond electron and light pulses that 

are aimed at the sampled structures, holding the promise to bring simultaneous sub-Angstrom--

sub-fs--sub-meV space-time-energy resolution to the study of material and optical-field dynamics. 

In this talk, we will overview the potential of free electrons to probe and manipulate photonic 

fields. We will also discuss exciting possibilities that include disruptive approaches to non-inva-

sive spectroscopy and microscopy, the possibility of sampling the nonlinear optical response at the 

nanoscale, the manipulation of the density matrices associated with free electrons and optical sam-

ple modes, and applications in optical modulation of electron beams. 

 



Inverse problem of light scattering: applications in remote 

sensing 

Oleg Dubovik 1,*  

1Univ. Lille, CNRS, UMR 8518 - LOA - Laboratoire d'Optique Atmosphérique, F-59000 Lille, France 
 
*corresponding author’s e-mail: oleg.dubovik@univ-lille.fr  

Remote sensing is a major tool for studying the interactions of solar radiation with the atmosphere and surface and 
their influence on the Earth radiation balance. One of the challenges in remote sensing is the development of a reliable 
inversion procedure. The inversion is particularly crucial and demanding for interpreting high complexity 
polarimetric measurements where many unknowns should be derived simultaneously. Numerous publications offer a 
wide diversity of inversion methodologies suggesting somewhat different inversion methods. Such uncertainty in 
methodological guidance leads to excessive dependence of inversion algorithms on the personalized input and 
preferences of the developer. The reviews of inversion methods can be found in various textbooks, however, the 
textbook often do not provide the reader with sufficient explanations of existing alternatives and as to which method 
and why it should be chosen for a particular application.   

We describe an approach to the Multi-term Least Square Method (LSM) that has been used to develop complex aerosol 
inversion algorithms for a number of years and applied to retrievals of laboratory and ground-based measurements. 
Theoretically, it was shown to unite the advantages of a variety of approaches and provides transparency and 
flexibility in development of practically efficient retrievals. The LSM concept suggests a generalized Least Square type 
formulation that allows for uniting the advantages of a variety of approaches, such as Phillips-Tikhonov-Twomey 
constrained inversion, Optimal Estimation approach, Kalman filters, Newton-Gauss and Levenberg-Marquardt 
iterations, etc. In addition the concept is convenient for the development of innovative and practically efficient 
retrieval procedures. One of recent examples is the multi-pixel retrieval concept by Dubovik et al. (2011) - a 
simultaneous optimized fitting of a large group of image pixels with additional constraints limiting the time variability 
of surface properties and spatial variability of aerosol properties. From practical viewpoint, this approach provides a 
methodology for using multiple a priori constraints to atmospheric problems where rather different groups of 
parameters should be retrieved simultaneously.   For example, Dubovik and King (2000) used multi-term LSM for 
designing the algorithm that retrieves aerosol size distribution and spectrally dependent complex index of refraction 
from Sun/sky-radiometer ground-based observations. Furthermore, the significant potential the approach was 
demonstrated with the development of the GRASP (Generalized Retrieval of Aerosol and Surface Properties) 
algorithm.  

The illustrations of methodology are provided for GRASP aerosol retrieval from diverse light scattering observations. 
The proposed methodology has resulted from the multi-year efforts of developing inversion algorithms from remote 
sensing observations (Dubovik and King, 2000; Dubovik 2004, Dubovik et al. 2008, 2011, 2021).  
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Current status  

When initially unpolarized solar radiation is scattered from a comet, it acquires a partial linear polarization. Its 

quantity is described in terms of the degree of linear polarization P = (F – F||)/(F + F||) 100%, where F and F|| are 

the flux components of the scattered light that are polarized perpendicularly to the scattering plane and within the 
scattering plane, respectively. P is a function of phase angle α that is complementary to the scattering angle θ = 180° – 

α. All comets reveal a branch of the negative polarization (i.e., F < F||) at small phase angles α < 30° and branch of the 

positive polarization (i.e., F > F||) at larger phase angles, α > 30°. The strength of the polarimetric response varies 
greatly from one comet to another. The location of the positive polarization maximum Pmax occurs at different 
locations within the phase angles α ~ 80° – 100°. In practice, Pmax spans the range from only ~6% in comet C/2018 V1 
(Machholz-Fujikawa-Iwamoto) [1] to up to ~50% in a freshly split comet C/2019 Y4 (ATLAS) [2]; whereas, in the 
same comet before disintegration, the polarization maximum was about 34%, similar to comet C/1995 O1 (Hale-
Bopp). Dispersion of Pmax initially was interpreted as a result of the depolarizing effect of gaseous molecules whose 
emission lines indeed appear in the spectra of comets [3]; however, a thorough analysis of the entire set of data 
(spectra, mid-IR thermal emission, and polarization) unambiguously suggests a dusty origin of the dispersion of Pmax 
[4]. Furthermore, a highly realistic model of the agglomerated debris particles was demonstrated to be capable of 
fitting the positive polarization in comets with different Pmax [1,2,4] as well as the negative polarization [5].  

Further development  

Comets are known for their activity. Apparent brightness, photometric color, relative strength of the gaseous-emission 
lines, and/or mid-IR thermal emission in a comet could change significantly within only a day or two. Surprisingly, this 
is hardly reflected in databases of polarimetric observations of comets, such as [3]. It is of a great interest, therefore, to 
investigate possible temporal variations of polarization in comets. However, rare examples of such monitoring do 
suggest that the polarization of comets could be subject of significant temporal variations [2, 6].  

References 

[1] E. Zubko, E. Chornaya, M. Zheltobryukhov, A. Matkin, O.V. Ivanova, D. Bodewits, A. Kochergin, et al. Extremely low 
linear polarization of comet C/2018 V1 (Machholz–Fujikawa–Iwamoto). Icarus, 336:113453, 2020.  

[2] E. Zubko, M. Zheltobryukhov, E. Chornaya, A. Kochergin, G. Videen, G. Kornienko, and S.S. Kim. Polarization of 
disintegrating Comet C/2019 Y4 (ATLAS). Mon. Not. Roy. Astron. Soc., 497:1536–1542, 2020.  

[3] G.P. Chernova, N.N. Kiselev, and K. Jockers. Polarimetric characteristics of dust particles as observed in 13 comets – 
Comparisons with asteroids. Icarus 103:144–158, 1993.  

[4] E. Zubko, G. Videen, D.C. Hines, and Yu. Shkuratov. The positive-polarization of cometary comae. Planet. Space Sci., 
123:63–76, 2016.  

[5] E. Zubko and G. Videen. Dust in Comet 67P/Churyumov–Gerasimenko: Interrelation between in situ Findings by 
Rosetta and Ground-based Polarimetry. Research Notes of the AAS, 5:68, 2021.  

[6] E. Chornaya, E. Zubko, I. Luk'yanyk, A. Kochergin, M. Zheltobryukhov, O.V. Ivanova, G. Kornienko, et al. Imaging 
polarimetry and photometry of comet 21P/Giacobini-Zinner. Icarus, 337:113471, 2020.  



Surface-enhanced Raman scattering from gold nanorods as a 

function of their aspect ratio and morphology: a reexamination 
study 

N. Khlebtsov1,2*, B. Khlebtsov1, V. Khanadeev1, A. Burov1 and E. Le Ru3 

1Institute of Biochemistry and Physiology of Plants and Microorganisms, Russian Academy of 

Sciences, Saratov, Russia 
2Saratov State University, Saratov, Russia 
3Victoria University of Wellington, Wellington, New Zealand 
*khlebtsov@ibppm.ru 

Introduction 

The on-resonance excitation of plasmonic nanoparticles is assumed to be necessary for increasing the Raman signal 
intensity of nearby molecules [1]. That is why researchers seek to fabricate rationally designed nanoparticles for 
surface-enhanced Raman scattering (SERS) applications with the plasmon resonance (PR) close to the excitation 
wavelength. The crucial role of hot-spot generation and the electromagnetic (EM) contribution to the overall SERS 
enhancement factor (EF) has been established for a long time [2]. Still, there remain some gaps in the current 
understanding of the interplay between the near-field (SERS) and the far-field optical response. Indeed, the SERS EF 
scales like the fourth power of the local field [3]. As a result, even a tiny detuning of the longitudinal PR from the 
excitation wavelength could substantially decrease the theoretical EF. However, the existing experimental data for Au 
nanorod (AuNR) colloids do not confirm such theoretical predictions [2]. The random orientation of AuNRs in 
suspensions is a complicating factor. However, the recently published single-particle data for the simple long-axis 
excitation of AuNRs [4] also do not show any substantial variations in the EF as a function of the aspect ratio, in 
contradiction with current EM models. Most previous studies have used samples of AuNRs with different diameters, 
particle concentrations, amounts of impurities, and probably some variations in the nanorod shape. Here, we discuss a 
reexamination study [2] using a well-defined experimental model obtained by controllable nanorod etching. 

Results and Discussion 

We used the controllable etching method [2] to prepare a set of AuNR samples of equal number concentrations by 
keeping the AuNR width and shape morphology. At the same time, the plasmon resonance was incrementally 
decreased from 925 to 650 nm through the finely tuned aspect ratio (Fig. 1). The AuNRs were functionalized with 1,4-

nitrobenzenethiol (NBT), and SERS spectra of the colloids were measured under 785-nm laser excitation. The nanorod 

concentration (~7×1010 1/mL) was quantified by atomic absorption spectroscopy and spectrophotometry combined with TEM 

statistical data and T-matrix simulations. The number of adsorbed NBT molecules per one nanorod (~104) corresponded to 

the effective footprint ~0.55 nm2 and was close to the monolayer packing density with the topological polar surface area of 

NBT 0.468 nm2. SERS spectra of colloids and drop samples were measured under 785-nm laser excitation with a fiber-

optic spectrometer and a Renishaw inVia Raman microscope. For PR wavelengths between 800 nm and 900 nm, both 
simulated and experimental EFs then show minimal variations and are in remarkable agreement (Fig. 2). However, for 
PR wavelengths between 650 nm and 800 nm, EM simulations still predict substantial variations in the SERS intensity 
within one order of magnitude, in stark contrast to the experimental EFs. The exact reasons for such disagreement 
between measurements and EM simulations are unclear, and further work is needed to clarify the point. By contrast to 
weak plasmonic dependence of SERS signals from the aspect ratio of AuNRs, minor variations in shape morphology 
lead to notable changes in SERS response. Specifically, when the initial AuNRs were further overgrown to have 
dumbbell morphology, their SERS intensity increased fivefold. Thus the rational design of the nanoparticle shape 
morphology is a more critical factor towards the highest SERS response compared to the tuning of the plasmonic peak 



for on-resonance excitation. Finally, we demonstrate that the dependence of the SERS background spectra on the 
particle aspect ratio is consistent with both the photoluminescence from AuNRs and the elastic light scattering of a 
weak laser background by AuNRs. 

 

Figure 1. TEM images of the initial AuNRs (A), experimental (B), and simulated (C) extinction spectra of nine etched 
samples. (D) Dependence of the longitudinal PR on the TEM-measured aspect ratio of two independent nanorod sets. 

The black plot shows T-matrix simulations for polydisperse AuNR ensembles derived from TEM images. 

 

Figure 2. Experimental and simulated (SIE) dependences of the surface- and orientation-averaged SERS EFs on the PR 
wavelength. The inset shows an enlarged spectral range that includes spheres and long AuNRs.  
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Prof.	Kuo-Nan	Liou’s	scientific	accomplishments	and	Services	to	the	Science	Conmmunity		
Prof. Kuo-Nan Liou, one of the greatest atmospheric physicists of the last half century, passed away on 20 March 2021. He 
was a Distinguished Professor in the Department of Atmospheric and Oceanic Sciences at the University of California, Los 
Angeles (UCLA), and the founding director of UCLA’s Joint Institute for Regional Earth System Science and Engineering 
(JIFRESSE). Before joining UCLA, he was a professor at the University of Utah for 22 years. 

Prof. Liou made seminal contributions to atmospheric and climate science in many areas, particularly in atmospheric radiation 
and light scattering. He moved the field of atmospheric radiation forward with a quantum leap through his work on the theory 
of radiative transfer and light scattering, the investigation of radiative forcing effects of clouds and aerosols, and the 
development of methods for inferring atmospheric and surface parameters by means of remote sensing. Prof. Liou was actively 
engaged in services to the science community throughout his career. He served on numerous national and international 
committees. To list a few, he served as Chair of Section 12, Special Fields and Interdisciplinary Engineering, National Academy 
of Engineering (2008-2010), Chair of the AGU Atmospheric Sciences Section Fellows Committee (2013-2014), Chair of the 
AGU Roger Revelle Medal Committee (2017-2020), Chair of the 1986 International Radiation Symposium, Chair of the AMS 
Committee on Atmospheric Radiation (1982-1984), and Chair-Elect of the AMS Atmospheric Research Awards Committee 
(2021-2022). Although Prof. Liou always had a very busy schedule, he often reviewed manuscripts for a number of journals 
and research proposals for funding agencies. Moreover, he served as an editor for the Journal of the Atmospheric Sciences 
(1999-2005), a Guest Editor for Special Volume on Clouds and Radiation, Journal of Geophysical Research (1987), a Review 
Editor for the Intergovernmental Panel on Climate Change (IPCC) Report (1998-1999), and an Associate Editor for Journal of 
Quantitative Spectroscopy and Radiative Transfer (2011-2021).  As tribute to Prof. Liou, this presentation will summarize his 
groundbreaking scientific accomplishments, contributions to education, and voluminous service to the science community. 

Additional	information	

	
Figure	1:	Professor	Kuo-Nan	Liou,	1943-2021.	
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Abstract 

Smoke aerosols produced by fire, including soot, brown carbon, and the internal mixed aerosol, are an important 
component of the global aerosol cycle. With climate change, both the number and intensity of global wildfires seem to 
have been increasing in recent years. Large amount of smoke aerosols are injected into the atmosphere, which seriously 
affect air quality, as well as the regional and global climate. Optical properties of smoke aerosols are of high interest in 
both passive and active remote sensing and climate modelling studies. 

On the other hand, for building fire protection, smoke sensor using the principle of light scattering is the most common 
and widely used fire detector. However, it suffers by the high false alarm rate caused by non-fire aerosols, such as dust, 
steam, etc. A better knowledge of the optical properties of the aerosols from fire and nuisances will therefore help to 
improve the performance of existing detectors, reduce the amount of false alarms, and serve as guideline in the 
development of the next generation smoke detector. 

Aiming to fill the fundamental research needs in the above two aspects, the research group in State Key Laboratory of 
Fire Science have studied the scattering properties of smoke and typical nuisance aerosols for more than ten years.  The 
morphology of smoke particles from smoldering and flaming fires were analyzed by SEM and AFM imaging. Morphology 
of smoke from smoldering fires is found to be different from of that of smoke from flaming fires. Different morphological 
models were developed for numerical simulation of optical properties of smoke aerosols, especially for the 
morphologically complex internal mixed soot aerosols. An experimental platform using polarization modulation were 

designed to measure light scattering matrices in 532nm and 405nm wavelength, from 5° to 175°. The angular 

distributions of non-zero elements of scattering matrix for several fire smoke particles and typical dust particles as well 
as the feasibility of identifying particle types based on matrix elements were investigated. In this presentation, we will 
give an overview of the study on experimental and simulation study of light scattering by fire smoke aerosols in visible 
wavelength, summarize the main findings in current stage and discuss the requirements for future light scattering 
measurement study of fire smoke particles. 
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Abstract 

The primary objective of this research is to analyse the scattering patterns of Tropical Tropopause Layer 

(TTL) ice crystals and find their characteristics like shape and size distributions. As cirrus is a high cloud, 
it plays a crucial role in the Earth-atmosphere radiation balance and by knowing the scattering properties 

of ice crystals, their impact on the radiative balance can be estimated [1].  

The in-situ data presented here was taken during the NERC and NASA Co-ordinated Airborne Studies in the 

Tropics and Airborne Tropical Tropopause Experiment (known as the CAST-ATTREX campaign) on 5th 

March 2015 at an altitude between 15-16km over the Eastern Pacific. During this flight, the 2D scattering 
patterns were captured by the Aerosol Ice Interface Transition Spectrometer (AIITS) [2] at the wavelength 

of 532nm. 

Since manual analysis of scattering patterns is time-consuming, a Deep Learning code has been 

implemented to classify the scattering patterns (like rough, pristine and rounded hexagonal prisms). To 
speed up the process, the Deep Learning Network has been created using Transfer Learning (based on a 

pre-trained network called GoogLeNet). After the analysis phase, the model crystals of specific types and 

sizes are generated using appropriate codes for light scattering computations (example: for rough crystals 

[3]). The scattering data of the model crystals are then simulated using a Beam Tracing Model (BTM) [4] 
[5] based on physical optics. By successive testing and further analysis, the crystal sizes can be estimated. 

This research further helps to broaden the understanding of the general scattering properties of TTL ice 

crystals, to support climate modelling and contribute towards more accurate climate prediction.   
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The literature contains a large number of publications devoted to the diffraction of waves on bodies and surfaces with 
rough boundary (including those described by a random function of coordinates) [1,2]. In this paper, we study a three-
dimensional problem of wave diffraction by an dielectric body of revolution with a rough boundary. As you know, 
there are many methods for solving such a problem. A large group of methods is based on the use of one or another 
small parameter [1,2]. The presence of such a parameter imposes rather stringent conditions on the degree of 
"roughness" of the scatterer boundary. In this work, based on the modified method of discrete sources (MMDS) [3,4], 
an effective rigorous approach to solving the problem of diffraction on statistically rough body of revolution is 
proposed. In this case, the roughness of the boundary were modeled using the sinusoidal function with the random 
amplitude. As an example, diffraction of the plane wave by the rough Chebyshev particles which contour equation is 

stated in spherical and spheroidal coordinates is considered [4]. Note that, on the one hand, MMDS has an advantage, for 

example, over the method of current integral equations, since it does not require calculating integrals when finding 
the matrix elements of the corresponding algebraic system. This fact is very important when averaging the scattering 
pattern in the case of statistically rough body boundary. On the other hand, the method allows one to solve the 
problem of diffraction on the body with an analytical boundary with high accuracy. 

Earlier in [5], an attempt was made to explain the phenomenon of recognition of mirror-like objects, i.e. scatterers 
with a perfectly smooth border. In short, we recognize mirrored objects due to the image of nearby objects in them. 
Obviously, perfectly mirrored objects do not exist in the nature. All of them are "rough" to one degree or another. Of 
interest is the question of how the shape of the axial section of an "unperturbed" body (provided that the roughness of 
the boundary is small in comparison with the wavelength) affects the fact that a rough scatterer is perceived as ideally 
reflecting or specular. As is known, the field scattered by any object is generated by sources located on the surface and 
(or) inside the scatterer. If the object belongs to the category of "specular", then the sources of the field scattered by it 
are located inside the scatterer [3]. In this work, an attempt is made to determine under what condition on the 
sectional shape the object can be classified as mirror-like. In this case, the dependence of the geometry of the set of 
singularities of the analytical continuation of the diffraction field into the region occupied by the body and the 
scattering pattern on the shape of the scatterer axial section was chosen as a criterion. 
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Abstract	
Aerosols	remain	the	largest	source	of	uncertainty	in	anthropogenic	forcing	of	climate	change.	Even	for	their	direct	
radiative	effect,	the	multi-model	spread	is	of	comparable	magnitude	to	the	ensemble	mean.	To	constrain	aerosol	
forcing	within	a	column,	one	needs	to	know	aerosol	loading,	their	optical	properties	and	vertical	profiles.	In	this	study,	
we	mainly	focus	on	the	vertical	distribution	whose	knowledge	is	still	limited.		

First,	we	explore	the	impact	of	aerosol	vertical	distribution	on	their	radiative	forcing	using	radiative	transfer	models	
and	CMIP6	simulation	results.	Sensitivity	studies	show	that	the	magnitude	of	radiative	forcing	from	both	scattering	
and	absorbing	aerosols	increases	with	altitude,	with	higher	sensitivity	for	absorbing	aerosols.	We	also	noticed	a	non-
linear	effect	when	absorbing	and	scattering	aerosols	coexist	in	the	same	column,	i.e.,	the	absorption	by	absorbing	
aerosols	may	be	enhanced	(reduced)	when	scattering	aerosols	are	located	below	(above)	absorbing	aerosols.	Using	
simulated	aerosol	mass	density	fields	from	7	CMIP6	models,	we	find	that	the	difference	in	the	aerosol	vertical	
distribution	accounts	for	~25%	of	the	uncertainty	in	aerosol	radiative	forcing,	and	the	non-linear	interaction	between	
absorbing	aerosols	and	scattering	aerosols	can	be	significant	for	some	regions.	We	also	evaluated	the	model	aerosol	
vertical	distribution	with	CALIPSO	and	found	an	overall	low	bias	of	~1	km	in	aerosol	layer	height	over	land.	This	bias	
will	cause	~0.5	W	m-2	aerosol	forcing	uncertainty	globally.		

Second,	incorrect	assumption	of	aerosol	vertical	distribution	also	causes	uncertainties	in	aerosol	optical	depth	(AOD)	
retrieval	from	passive	satellite	sensors.	Typically,	the	retrieval	algorithm	assumes	an	exponential	decreasing	aerosol	
profile	and	uses	the	scale	height	to	represent	the	height	of	aerosols.	Sensitivity	experiments	using	radiative	transfer	
models	show	that	AOD	retrieval	is	the	most	sensitive	to	the	vertical	distribution	of	absorbing	aerosols:	-1km	error	in	
aerosol	scale	height	can	lead	to	~30%	AOD	retrieval	error.	Ignoring	the	existence	of	the	boundary	layer	can	further	
result	in	~10%	error.	The	differences	in	the	vertical	distribution	of	scattering	and	absorbing	aerosols	within	the	same	
column	may	also	cause	~15%	error	at	low	AOD	but	grows	sharply	as	AOD	increases.	Surface	reflectance	also	plays	an	
important	role	in	affecting	the	AOD	error.	An	improved	retrieval	algorithm	by	replacing	the	default	exponential	profile	
with	the	observed	aerosol	vertical	profile	by	a	micro-pulse	lidar	at	the	Beijing-PKU	site	is	developed,	which	produced	
much	better	agreement	with	surface	observations,	with	correlation	coefficients	increased	from	0.63	to	0.83	and	bias	
decreased	from	0.15	to	0.03.	

Overall,	this	study	highlights	the	importance	of	aerosol	vertical	distribution.	Better	constraint	of	this	information	
likely	requires	the	joint	observation	from	multi-angle,	polarized	satellite	sensors	and	space	lidars.		
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Abstract 

A new, highly precise, numerical solution, based on Case’s analytical solution to the 1D neutron transport equation [1], is 

presented.  Case’s analytical solution for unknown reasons, generally resists straightforward numerical evaluation.  One 

cannot simply apply Gauss quadrature to cover the entire range [0.1,1] of c, the number of scattering secondaries [2].  For 

c below 0.1, it is well-known that the solution requires extended arithmetic precision primarily due to the necessary 

precision of the eigenvalue of the transport operator and will not be considered here.  In response to the inability of the 

Lagrange interpolation to deliver for c < 0.4, a novel, rather speculative method is proposed, again based on Lagrange 

interpolation, called the LN0 method.  We show that LN0 is more than competitive with FN [3], considered one of the most 

accurate 1D transport methods. 

 

Motivation and Brief Description 

For any transport problem other than in an infinite medium, half- range orthogonality, requiring deep knowledge of complex 

variable theory for complete comprehension, is necessary when applying Case’s method.  As a result, numerical evaluation to 

find the flux is complicated because of the necessity to solve a non-linear integral equation to determine the Case X-function 

(or Chandrasekhar H-function) central to the solution.  For this reason, the numerical solution is notoriously difficult to find.  

Therefore, Siewert [3] cleverly devised the FN method, based on full-range orthogonality, to construct a spectral expansion 

through collocation. 
 

The FN method is one of the most successful methods of solving the neutral particle transfer equations on the planet. Therefore, 

why should we consider another method?  Aside from the challenge and the accompanying intellectual satisfaction if successful, 

there is a downside to the FN method.  The FN method (as well as the proposed LN0 method) for a half-space, requires 

determination of the eigenvalues of the transport operator.  This is particularly troublesome since they are entirely dependent 

upon the scattering kernel and seem to have no regularity.  It is for this reason, other methods such as the response matrix 

method, method of doubling and the DPN method have been perfected by the author [4,5,6].  However, the challenge of 

developing a method comparable to or even surpassing the performance of FN remains and is therefore my main objective. 
 

The method to be proposed is based on the singular integral equation for the exiting flux from a half-space.  Rather than 
formulate the scattering integral in terms of Gauss quadrature, the solution is expanded in terms of Lagrange 
polynomials.  The advantage is that the principal value integration can be performed analytically in terms of Legendre 
functions of the second kind.  Also included is the eigenvalue of the transport operator. 
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Abstract 

The transition zone between cloudy and cloud free areas is a special region in the atmosphere, where particle sizes and 
associated optical properties are neither cloud-like nor clear-like. The size of the transition zone ranges from a few 
hundred meters up to several kilometers (e.g., [1], [2]). In the transition zones, cloud droplets evaporate and shrink, 
aerosol particles are humidified and swollen, water vapor dilutes as relative humidity decreases from 100% in clouds 
to environment values away from clouds (e.g., [3], [4]). It was shown [5] that about 50% of clear areas are within 5 km 
from conventionally identified low-level water clouds. Thus, the transition zone has strong impact on climate forcing. It 
is necessary to better understand the variations of cloud and aerosol properties in the transition zone for improving the 
estimates of aerosol radiative forcing and reduce the uncertainties in cloud models of entrainment and mixing 
processes. 

We have developed a new technique to retrieve precipitable water vapor (PWV) amount in the clear-cloud transition 
zone using ground-based spectroradiometer observations [6]. The method utilizes zenith radiances at the water vapor 
absorbing band at 720 nm and adjacent non-absorbing band at 750 nm. Radiative transfer calculations show that the 
relative difference in zenith radiance between the two bands mainly depends on PWV and the variations in cloud optical 
depth introduce a small change in the relative difference which is independent of PWV amount. This allows us to retrieve 
PWV variations in the cloud-clear transition zone for clouds over dark ocean surface. We applied this method to a Cu 
cloud case with zenith radiance observations by the Shortwave Array Spectroradiometer-Zenith (SASZe) during the 
Marine ARM GPCI Investigation of Clouds (MAGIC) field campaign. Our analysis shown that there is about 10% change 
in PWV amount from known-cloudy region to known-clear sky in cloud edges. 
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Dust particles in space carry surface charges that are either positive or negative. Positively charged grains tend to show 
electromagnetic signatures similar to those of uncharged grains. Due to their high mass the positive ions cannot respond 
quickly to an applied electromagnetic field and thus cannot alter the surface conductivity of the charged cosmic dust 
particles (CDPs). However, it has been shown that dust grains will have negative charges in a cold gas [1] with some 
tens of thousands of excess electrons under the lower temperature regime [2]. Free, unbound, electrons can move in a 
surface layer in response to an external electric field, thus affecting the electromagnetic interaction within some spectral 
range, resulting in distortion of the scattering signal of otherwise neutral particle [3]. It is theoretically conceived that 
dust particles can distort the cosmic microwave background (CMB) because the optical depth along a beam path steeply 
increases with redshift [4]. We show that this effect is even more pronounced in charged CDPs with excess electrons 
imposed on their surface. Depending on the size-to-wavelength ratio, the excess charge can either amplify or reduce the 
extinction cross section of a dust particle [5]. Manifestation of amplification or dampening the EM intensity due to 
surface charges is analyzed theoretically and numerically assuming the CMB is a perfect blackbody radiation.  
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Digital holography is now established as a useful technique to characterize the size and 

morphology of particles relevant to the coarse mode aerosol for size range (> 1 micron) [1]. Yet, 

knowledge of the material composition of particles observed with holography is limited. The 

understanding of material compositions is important for many local and global climate modeling 

for example to characterize the radiative effects of mineral dust in atmosphere. Here, we test a 

multiple wavelengths method in digital holography to produce the color images of micro-

particles. A color analysis is then used to investigate if particles of differing material 

composition can be differentiated. 
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Introduction and observations  

The Comet C/2020 S3 (Erasmus) is a long period comet with orbital period of ~2,600 years. We were able to observe 
this comet on four epochs in November of 2020: 13, 20, 22, and 23. The comet was at relatively large phase angles, α = 
62.7° –66.6°. Observations were conducted using the 0.22-m telescope (F = 0.503 m) of the Ussuriysk Astrophysical 
Observatory (code C15), that is a division of Institute of Applied Astronomy of Russian Academy of Sciences. The 
comet was imaged through the broadband R filter of the Cousins photometric system and a dichroic polarization filter 
(analyzer) at three orientations evenly distributed around optical axis. This makes it possible to fully characterize the 
degree of linear polarization of light scattered by the comet (e.g., [1]). Every night, we repeated the polarimetric 
measurements for several full cycles of the analyzer positions. All images were processed using the Image Reduction 
and Analysis Facility (IRAF) [1,2].  

Results and discussion  

The comet was bright enough to make observations in the imaging-polarimetry mode. On all nights, we found 
qualitatively the same spatial distribution of the polarization in Comet C/2020 S3 (Erasmus). Namely, its inner coma 
revealed a noticeably lower positive polarization (P ~ 10%) compared to the outer part of coma (P ~ 25%). A similar 
distribution of polarization was observed previously in other comets. For instance, this was reported for short-period 
comets 46P/Wirtanen [2] and 2P/Encke [3] at other phase angles and spatial scale. It is worth noting that the opposite 
trend in spatial distribution of the polarization has also been observed (e.g., [1]). A heterogeneous distribution of 
polarization in comets reveals the presence in their coma of at least two types of dust population: Mg-rich silicate 
particles producing low positive polarization and carbonaceous particles with high positive polarization [4]. It is 
significant that the same two components can reproduce the phase-angle dependence of both the positive polarization 
[5] and  negative polarization in comets [6], as demonstrated for comet Erasmus.  
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The polymer-dispersed liquid crystal (PDLC) films [1] consist of a polymer matrix containing liquid crystal (LC) 
droplets, in which the orientation of the LC molecules can be changed under the electric or magnetic fields. This allows 

one to control the optical response of the films. They are used in displays, optoelectronic, microelectronic, and 

telecommunication systems, laser devices, etc. Electrically or magnetically controlled optical response of PDLC films is 

based on light scattering. It does not require the use of additional polaroid in comparison with the ordinary 
(homogeneous) LC layers. 

In recent years, there is an increasing interest in studying the dielectric and optical properties of composite materials 

based on bulk LC and PDLC doped with carbon nanotubes (CNTs) [2,3]. Currently, studies of the electro-optical response 

of composite PDLC-CNTs films are mainly experimental [2]. As far as we know, there are no theoretical optical models 

that allow one to describe and predict electro-optical response of the PDLC-CNTs films as function of the component 
parameters (LC, polymer, NTs).   

We suggest a model for analyzing the coefficient of coherent (directional) transmission of a PDLC-CNTs film with a 
homogeneous normal interface anchoring. To determine the coherent transmittance of the film, the Foldy–Twersky 

approximation is used. The optical characteristics of a single droplet of nematic LC are determined in the framework of 

the anomalous diffraction approximation and effective medium theory using the effective refractive indices of the 
droplets [4]. Based on the Maxwell–Garnett equations a method has been developed to determine the refractive index 

of the polymer matrix, the effective refractive index of the LC droplets, and the threshold field of the reorientation of 

the director structure of LC droplets upon doping the PDLC film with NTs. A technique has been developed for 

determining the volume filling factor of the film with LC droplets, volume filling factors of the LC droplets and polymer 
matrix doped with NTs, depending on the mass fractions of the components in the PDLC-CNTs composite. The technique 

is applicable to single-wall (SWCNTs) and multiwall (MWCNTs) carbon nanotubes. Experimental verification of the 
developed model is carried out. 
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The electromagnetic power extinguished by a material particle, or the extinction cross section in the case of plane-
wave illumination, are surprisingly counter-intuitive quantities. Extinction is difficult to express in terms of physical
energy fluxes since the relevant formulas involve the product of the incident and the scattered fields (the “cross
term”) whereas only the sum of these two fields is “physical” and enters the definition of any measurable energy flux.
The fundamental impossibility of separating spatially the incident and the scattered components of a wave-field, and
the ensuing unavoidable interference between these two components, are at the root of all difficulties associated with
extinction. Historically, these difficulties led to various paradoxes. The best known of these is the classical extinction
paradox wherein the extinction cross section of an optically large particle is approximately two times larger than its
geometrical cross section. Although an important insight into this paradox was made by Brillouin in 1949 [1], the
complete understanding was achieved only recently [2–4]. Still, incorrect explanations of the paradox (i.e., related
to edge diffraction) are quite wide-spread in the physics community.

  
Figure 1: Illustration of the paradox involving ex-
tinction of a perfectly collimated beam by a small
particle.

A less known extinction-related paradox is illustrated in Fig. 1.
Here a narrowly-collimated beam of light impinges on a scattering
particle (shown by the red dot) whose radius is much smaller than
the beam waist. Consider a spherical surface of radius L and cen-
tered on the scatterer. The field on most of this surface is given
by the scattered field alone. Assuming the beam is perfectly col-
limated, the interference between the incident and the scattered
fields occurs only within the surface regions S± whose area S is
much smaller than the area of the sphere, 4πL2, and is indepen-
dent of L. Further, the scattered field amplitude Es decays in the
far zone as 1/L. On the other hand, the incident field amplitude
Ei is constant along the beam (as long as we disregard beam di-
vergence due to diffraction). Therefore, the interference term in the definition of extinguished power appears to
decay as 1/L, viz, Qs ∝ EsEiS ∝ αE2

i S/L, where we have used the (rather general) linear relationship Es ∝ αEi.
Here α can be interpreted as the dipole polarizability of the particle, but can also have a more general meaning
within the T-matrix scattering formalism. In any event, as long as Ei and S do not depend on L, the extinguished
power appears to decay as 1/L. On the other hand, the scattered power Qs can be computed by integrating the
energy flux over the large sphere. Since there is no interference on most of this spherical surface, we can estimate
Qs ∝ 4πL2|Es|2 ∝ |α|2|Ei|2. As one could expect, the scattered power is independent of the radius of the sphere, L,
on which the scattered energy flux is integrated. However, the extinguished power seems to depend on L, and goes
to zero when L→ ∞, which clearly contradicts energy conservation.

It is tempting to say that the reasoning above is wrong because there are no perfectly collimated beams in nature;
all beams experience divergence. Therefore the interaction areas S± are not independent of L; they must effectively
grow with L to cancel the 1/L factor in the scattered field. However, this explanation is insufficient. Just like in the
case of the classical extinction paradox, the resolution of the above contradiction lies not in account for diffraction
but in the nature and properties of the interference term itself. In the talk, I will show the resolution of the above
paradox, which will confirm the physical relevance of the extinguished power for the case of narrowly collimated
beams. The talk will be based on the recent publication [5].

References

[1] L. Brillouin. The scattering cross section of spheres for electromagnetic waves. J. Appl. Phys., 20:1110–1125,
1949.

[2] W. Zakowicz. On the extinction paradox. Acta Physica Polonica A, 101:369–385, 2002.
[3] H. M. Lai, W. Y. Wong, and W. H. Wong. Extinction paradox and actual power scattered in light beam scattering:

a two-dimensional study. J. Opt. Soc. Am. A, 21:2324–2333, 2004.
[4] M. J. Berg, C. M. Sorensen, and A. Chakrabarti. A new explanation of the extinction paradox. J. Quant.

Spectrosc. Radiat. Transfer, 112:1170–1181, 2011.
[5] V. A. Markel. What is extinction? operational definition of the extinguished power for plane waves and collimated

beams. J. Quant. Spectrosc. Radiat. Transfer, 246:106933, 2020.

1



The coherent electromagnetic field and the effect of the

pair distribution function

Magnus Gustavsson1, Gerhard Kristensson2,*, and Niklas Wellander1

1Swedish Defence Research Agency, FOI, SE-581 11 Linköping, Sweden
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1 Theory and results

The coherent (ensemble average) transmitted and reflected fields from a particulate slab are most commonly computed
by the effective wavenumber approach, see e.g. [5]. The effective wave number is obtained from the roots of a
determinant relation. An alternative method, presented in [1], solves the coherent transmitted and reflected fields
from a particulate slab by solving a system of integral equations in the depth variable. We let a plane wave impinge
at normal incidence on the slab, z ∈ [0, d], containing spherical dielectric particles of radius a. The scattered fields
(ensemble average) on either side of the slab, [z1, z2] = [a, d− a], are

E±s (r) =
3f

2(ka)3

∑
n

i−l+τ−1An(±ẑ)k

∫ z2

z1

e±ikz
′
fn(z′) dz′e±ikz,

{
z > d

z < 0

The summation is over the multi-index n = {τ, σ,m, l}, τ = 1, 2, σ = e, o, m = 0, 1, 2, . . . , l, and l = 1, 2, 3 . . ., and

An(k̂i) are the vector spherical harmonics, see [3] for more details. The volume fraction of the spheres is denoted f .
The coefficients fn(z) satisfies a system of linear, one-dimensional integral equations in z [1], viz.,

fn(z) = eikz
∑
n′

Tnn′an′ + k

∫ z2

z1

∑
n′

Knn′(z − z′)fn′(z′) dz′, z ∈ [z1, z2]

The entries of the kernel in this set of integral equations consist of rapidly oscillating integrals. Fortunately, for the
hole correction (HC), these integrals have a closed form solution in terms of a series of spherical waves [2]. Without
this analytic solution of the integrals, the integral equation approach offers challenging numerical integration. The
particles are completely characterized by the transition matrix Tnn′ , which for a spherical particle is diagonal in
its (pairwise) indices. The expansion coefficients of the plane wave in terms of regular spherical vector waves are
denoted an, see [3].

The hole correction — an adequate approximation for gases and other tenuous media – gives less accurate results
for e.g., liquids or other amorphous materials. In this paper, we analyse the effect of the Percus-Yevick (P-Y)
approximation of the pair distribution function on the transmitted and reflected fields [4]. This P-Y approximation
enlarges the scope of the integral equation approach considerably, and we compare the effect of the P-Y approximation
on reflection and transmission from a particulate slab of finite thickness. The kernel entries now include integrals with
rapidly oscillating integrands, but, due to the form of the P-Y approximation, the integration interval is accurately
approximated by a finite interval, which makes numerical integration feasible.

References

[1] G. Kristensson. Coherent scattering by a collection of randomly located obstacles — an alternative integral
equation formulation. J. Quant. Spectrosc. Radiat. Transfer, 164, 97–108, 2015.

[2] G. Kristensson. Evaluation of some integrals relevant to multiple scattering by randomly distributed obstacles.
Journal of Mathematical Analysis and Applications, 432(1), 324–337, 2015.

[3] G. Kristensson. Scattering of Electromagnetic Waves by Obstacles. Mario Boella Series on Electromagnetism in
Information and Communication. SciTech Publishing, Edison, NJ, USA, 2016.

[4] J. K. Percus and G. J. Yevick. Analysis of classical statistical mechanics by means of collective coordinates. Phys.
Rev., 110(1), 1, 1958.

[5] L. Tsang and J. A. Kong. Scattering of Electromagnetic Waves: Advanced Topics. John Wiley & Sons, New
York, NY, 2001.

1



Monitoring of Color in Comet 29P/Schwassmann-Wachmann 1 

A. Voitko1,*, E. Zubko2, O. Ivanova3,4,5, Igor Luk’yanyk5, A. Kochergin6,7, M. Husárik3, G. Videen2,8  

1Department of Theoretical Physics and Astrophysics, Institute of Physics, Faculty of Sciences,  

P. J. Safarik University, Slovak Republic  
2Humanitas College, Kyung Hee University, South Korea  
3Astronomical Institute of the Slovak Academy of Sciences, Slovak Republic  
4Main Astronomical Observatory of National Academy of Sciences, Ukraine  
5Astronomical Observatory, Taras Shevchenko National University of Kyiv, Ukraine  
6Far Eastern Federal University, Russia  
7Institute of Applied Astronomy of Russian Academy of Science, Russia  
8Space Science Institute, Colorado, USA  
*corresponding author’s e-mail: a.voitko@onu.edu.ua  

Introduction  

Comet 29P/Schwassmann-Wachmann 1 (hereafter 29P/S-W) is presumably a transient object from the Kuiper Belt to 

the Jupiter-family comets, orbiting around the Sun between 5.7 au and 6.3 au. Comet 29P/S-W currently is also a member 
of the Centaurs family. Its relatively large nucleus, ~60 km, is almost permanently active over its entire period of 

observations since its discovery in 1927 (e.g., [1] for review). We present results of monitoring the photometric color 

in Comet 29P/S-W in August and October of 2018. These observations were aimed at improving our understanding of 

the microphysics of the dust population of its coma. We also were searching for possible day-to-day variations of the 

color in the inner coma as such variations have been reported earlier for other comets [2, 3].  

Results  

We measure the photometric color in the inner coma of Comet 29P/S-W on nine nights in August and October, 2018, 

using the 61-cm telescope at the Skalnaté Pleso (IAU Code – 056) that is equipped the V and R broadband filters from 
the Johnson-Cousins photometric system. We see variations in the color slope S' from S' = (19.72 ± 1.72)% per 0.1 μm 

to S' = –(6.88 ± 1.72)% per 0.1 μm. The blue color is accompanied with increasing brightness suggesting that it is caused 

by mild outburst activity. We model the extreme values of the color slope using agglomerated debris particles. The 

reddest color suggests a coma dominated by Fe-Mg silicate particles or organic particles obeying a power-law size 

distribution with power index n ≈ 2.6 ± 0.3. Such particles appear in good accordance with previous photometric study 

of 29P/S-W [4]. The bluest color is indicative of a high abundance of either water-ice having a power index is  
n ≤ 2 or Mg-rich silicate particles having n ≈ 2.5 ± 0.3.  
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We designed and built a laboratory light scattering apparatus for aerosols based on a novel optical 

scheme covering the scattering angle range 0.32    177.6, an extreme forward to the 

backscattering regime, involving 46 angles. The apparatus allows for a quick and efficient 

procurement of data, ensuring the elimination of the effects of possible in-homogenous of the 

aerosols. The experimentally observed scattered intensity is plotted in terms of scattering wave 

vector q on a double logarithmic scale, i.e., Q-space analysis, in addition to the conventional linear 

plot versus θ. Scattering data for hematite (Fe2O3) aggregates and molybdenum disulfide (MoS2) 

particles, both having large real and imaginary part of the refractive index, were plotted under Q-

space analysis that uncovered an extended Guinier regime with two Guinier crossovers for 

hematite and a single regime for MoS2 particles, consistent with the microscopic pictures. The 

hematite showed an anomalous enhanced backscattering [1, 2]. In addition, scattering data we will 

be presented for irregularly shaped Al2O3 abrasive and Arizona road dust particles for whole 

scattering angle range with an emphasis on the backscattering regime. 
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Abstract 

A novel computational method for modeling near-field radiative heat transfer, called the discrete system Green’s 

function (DSGF) method, is presented.  Based in fluctuational electrodynamics, the paradigm in which stochastic 

thermal source currents are inserted into Maxwell’s equations, the DSGF method is a volume integral approach similar 

to the discrete dipole approximation for light scattering applications [1, 2].  As such, this method necessitates the 
discretization of thermal objects into a lattice of cubic subvolumes and may be applied to any arbitrary, three-

dimensional geometry.  Due to the stochastic nature of the thermal systems under study, however, previous 

computational techniques for near-field radiative heat transfer required explicit calculation of the inverse of a large 3𝑁-

by-3𝑁 interaction matrix, where 𝑁 is the number of cubic subvolumes into which the thermal objects are discretized 

[3].  The DSGF method overcomes this limitation through rearrangement of system equations into a deterministic, linear 
form in which the system Green’s function is directly computed.  Here, this method is first verified against the analytical 

solution of near-field radiative heat transfer between perfect spheres of variable radii and separation distance and is 

then applied to systems of non-spherical particles of variable separation distance and geometric distortion.  Regimes of 

applicability are determined for models which include geometric distortion, perfect spheres, and dipole 

approximations.  This work is the first to consider geometric distortion in near-field radiative heat transfer between 
particles, and thus many open questions remain on the topic. 
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Background

Applications such as satellite radiance data assimilation in operational numerical weather prediction and satellite
instrument retrievals require fast radiative transfer models as a so-called forward operator. A crucial element of
such a solver is a fast parameterization of the gaseous transmittance and its dependence on atmospheric pressure,
temperature, and absorber concentrations, amongst other things. The major difficulty in this case arises from the
need to accurately compute the transmittance at instrument resolution, making a costly convolution over a finite
spectral interval necessary. In this work, deep learning neural networks [1] are investigated as a possible method for
such a fast regression model.

Theory and Results

Following Rodgers [2], a simple example for the numerical solution of the clear-sky radiative transfer equation in the
one-dimensional case may look like Eq. 1:

In = I0 · T0 +

n∑
1

B̄i · (Ti − Ti−1) , (1)

with In being the spectral radiance at the top of the atmospher (TOA) level n, Ti being the spectral level-to-
TOA transmittance at level i, and B̄i being the constant spectral Planck function value within each layer i. Deep
learning neural networks have been shown to be universal function approximators and consequently they may also
be used to approximate the Ti array for the solution of Eq. 1. The principal validity of the deep learning approach is
demonstrated in Figure 1a, where a minimal hidden layer network is used to approximate a simple nonlinear cosine
function, together with its sine derivative. The derivative is obtained via automatic differentiation of the network
and accurately follows the finite difference validation result. Figure 1b demonstrates the application of a hidden-layer
neural network to approximate the normalized spectral transmittance and shows the relative difference of the neural
network transmittance towards the training data that was obtained from accurate line-by-line calculations.

(a) Simple approximation of a cosine function
and its sine derivative.

(b) Comparison between normalized transmittance
from line-by-line calculations and a neural network.

Figure 1: Neural networks for approximating functional relationships by reformulating them as a statistical problem.
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The Umov law in its classic form  

The Umov law describes qualitatively an inverse correlation between the reflectivity of a target surface and the 
maximum value of the linear polarization that initially unpolarized incident light acquires when scattered from that 
surface. The utility of the Umov law lies in the possibility to infer the reflectance of a target whose size is insufficiently 
large to be resolved spatially with an optical system. It has been recently demonstrated that the Umov law holds in 
micron-sized irregularly shaped particles [1,2]. However, the Umov law, in its classic form, suggests illumination of a 
target by unpolarized radiation, like sunlight, that is suitable for passive remote sensing. We expand on the Umov law 
for the case of active remote sensing, which is based on scattering of fully polarized radiation initially emitted by a 
lidar or radar.  

Expansion for the case of active remote sensing  

Depolarization of fully linearly or circularly polarized light in the backscattering is characterized with the linear 
depolarization ratio μL and circular depolarization ratio μC; see, their definitions, e.g., in [3]. We explore different ways 
to describe the correlation between the depolarization ratios and geometric albedo A. The relation between μL or μC 
and log(A) takes on a form that is mostly linear and, hence, can be approximated with the simple equation: log(A) = a × 
μ – b; see [3], for specific values of constants a and b. However, simple linear relations allow for rapidly constraining 
the average reflectivity of target particles based on the strength of the lidar/radar depolarization ratios of incident 
fully polarized electromagnetic radiation.  
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Introduction

We study the scattering properties of a cloud of particles. The particles are spherical, close to the incident wavelength
in size, have a high albedo, and are randomly packed to 20 % volume density. We show, using both numerically
exact methods for solving the Maxwell equations and radiative-transfer-approximation methods, that the scattering
properties of the cloud converge after about ten million particles in the system. After that, the backward-scattered
properties of the system should estimate the properties of a macroscopic, practically infinite system.

Results

According to our results, it seems that for this particular problem, the scattering properties of the system start to
converge at about 107 particles or at the circumscribing volume size parameter of 650, see Fig. 1. On one hand,
this result is unique to this particular scattering target. On the other hand, the individual particles are close to the
wavelength size (x = 1.76), which means that they are efficient scatterers. Furthermore, there is almost no absorption
in the system, the single-scattering albedo of the single sphere in the system is $ = 0.999374. Thus, one can expect
excessive multiple scattering for this system. With less multiple scattering or with smaller single-scattering albedos,
the convergence might be achieved earlier. That is why we conclude that a system with 10 million particles with sizes
in the wavelength range can be considered to have the scattering properties in the backward-reflected hemisphere of
a macroscopic system. The full results can be found from Penttilä et al. (2021) [1].
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Figure 1: The backscattering hemisphere scattering efficiency Qbcsa as a function of the target size, expressed as the
number of the particles in the cloud. The Qbcsa is shown here for five methods, of which the FaSTMM and DEC
rigorously solve the macroscopic Maxwell equations, and the RT-CB, RT-CB-ic, and R2T2 are based on the radiative
transfer approximation.
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Abstract 

 
As suggested by Greenberg (1989) evolution of silicate indicates that there is no  separate  silicate in the interstellar medium. 

It either exists as core mantle composition or as carbonaceous  material .We studied the effects of variation in mantle thickness  

on the emission properties  from circumstellar dust made up of host spherical silicate core and mantle of H2O ice , in the 

spectral region of 5.0-25.0  µm. We calculated the absorption efficiencies of the core mantle grain using Mie-Guttler formula, 

for the  core  mantle grains of  different mental thicknesses , the infrared fluxes are calculated and variations in 10 micron  

emission features are specifically studied at several dust temperatures . On comparing our model data and IRAS observed 

data , we found the change in the  peak absorption wavelength at   10 µm  for different  mantle thicknesses , the results for 

core mantle grain with mantle thickness of 0.01  µm fit fairly well with  the observed infrared data of the circumstellar dust . 

The silicate feature ratio , given by the ratio of the fluxes  at 18 µm  to  10 µm match  very well with  the observed curve. Our  

results clearly show the variation in peak absorption wavelengths  at   10 µm  with variation of mantle thickness .The 

theoretical  model suggested here requires comparison  with circumstellar dust around a few more stars. 

  
 

References 

[1]  Greenberg JM In: IAU symposium 135. Dordrecht : Kulwer Academic publishers :  1989.  
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The potential for plasmonic nanostructures to enhance fluorescence emission has been long studied. Collective
electron oscillations on the surface of a plasmonic nanostructure can generate a strong local electric field, E. The
enhancement of the field boosts the excitation rate, γexc (∝ |E|2), of a fluorophore. At the same time, reducing the
distance of a fluorophore from a metal nanostructure opens dissipative channels which diminish the quantum yield,
q, and negatively affect fluorescence. An optimal averaged fluorescence enhancement factor,

F̄ =
γexc
γexc;0

× q

q0
=

γexc
γexc;0

× Γrad/Γrad;0

Γrad/Γrad;0 + Γnrad/Γrad;0 + (1− q0)/q0

1

q0
, (1)

requires a delicate balance of γexc and the radiative, Γrad, and nonradiative, Γnrad, decay rates. Here the subscript
“0” indicates the respective quantity in the free space, and q0 is the intrinsic quantum yield. Γrad is determined by
the local density of states, whereas Γnrad is determined by metal losses. Assuming randomly oriented emitters, the

decay rates in (1) are averaged over dipole orientation as Γnrad;rad = (Γ⊥
nrad;rad +2Γ

‖
nrad;rad)/3, where the superscripts

“‖” and “⊥” denote the perpendicular (radial) and parallel (tangential) dipole orientation relative to the surface of
plasmonic nanostructure. The excitation rate in (1) is averaged over the particle surface: γexc ∝ 〈|E|2〉 [1].

Metal-dielectric core-shell nanoparticles offer an opportunity to engineer environments where the various com-
peting considerations described above are in balance, or optimized for particular applications. Previous attempts to
simultaneously consider all the factors in Eq. (1) were largely guided by the paradigm of metal-enhanced fluorescence
(MEF) [2]. The usual assumption in MEF is that there is some optimal distance from a metallic surface where F̄
attains its maximum. This arises because, by approaching a metal surface, Γrad begins to increase sooner but Γnrad

increases faster. It has been assumed unproductive to decrease plasmon coupling between the metal and fluorophore
by increasing emitter separation from a metal surface by more than a couple of tens of nanometers. Therefore,
previous studies have limited shell thickness, ts, to ts ≤ 30 nm, yielding for Au@dielectric core-shells a maximum
achievable averaged F̄ ≈ 9 (≈ 70 for Ag core) for shell refractive index ns ≤ 2 [3].

Here, we show that by extending the parameter range for the core radius, rc, and, importantly, the shell thickness,
ts, well beyond that suggested by MEF reasoning, one can obtain F̄ of at least two orders of magnitude larger than
for the MEF range, with experimentally feasible designs using common fluorophores. By searching more than
4 · 106 configurations of core-shell Au@dielectric nanoparticles, we observed configurations with average fluorescence
enhancement as high as & 3000 on the shell surface or in its interior. Actual fluorescence enhancements can be
increased further by taking advantage of hot spots. Surprisingly, the extraordinary values of F̄ were obtained
for conventional metal@dielectric core-shell nanoparticles, without any need of a fancy nontrivial shape, such as
bowtie nanoantenna or a nanocube. Our results suggest a paradigm shift from the conventional metal-enhanced
fluorescence, wherein the metal is becoming an auxiliary rather than determinative constituent. Our results have
immediate applications in biological sensing, lasing, cell tagging, and suggest upconversion enhancements of & 106.
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Introduction and Observational Technique  

Polarimetry is an effective method to characterize the microphysics of asteroid regolith. However, the vast majority of 
asteroids appear in ground-based observations at small phase angles. As a consequence, ground-based polarimetric 
observations predominantly address the phenomenon of negative polarization in asteroids (e.g., [1]) due to their large 
heliocentric distance; whereas, the branch of positive polarization at side scattering is accessible only on their close 
encounter with Earth. We use a rare occasion of the close approach of asteroid (52768) 1998 OR2 in April of 2020 to 
constrain the amplitude of its positive polarization.  

Between April 10 and 27, 2020, we measured the degree of linear polarization of asteroid 1998 OR2 using a 0.5m 
telescope (F = 1.62 m) of the Ussuriysk Astrophysical Observatory, a division of the Institute of Applied Astronomy of 
RAS (code C15). This telescope was equipped with a commercially available CCD detector SBIG STX–16803 
(resolution ― 4096×4096, size of pixel ― 9 μm), the V filter of the standard Johnson photometric system (efficient 
wavelength λeff = 0.551 μm and bandpass Δλ = 0.088 μm), and a dichroic polarization filter (analyzer). The analyzer 
is rotated through three fixed position angles 0°, +60°, and +120°, which allows a complete characterization of the 
degree of linear polarization as described in [2]. During our observations, the phase angle of the asteroid spanned the 
range from α = 57.6° to 77.6°.  

Results 

The largest value of the degree of linear polarization P of asteroid 1998 OR2 registered in our observations was P = 
(14.42 ± 0.41)%. It is considerably lower compared to dark asteroids. For instance, at a similar phase angle (~77°), the 
F-type asteroid (3200) Phaethon reveals P in excess of 25% [3]. On the other hand, the polarization of the S-type 
asteroid (4179) Toutatis appears to be half lower compared to asteroid 1998 OR2 [4]. It is worth noting that the 
amplitude of positive polarization of regolith inversely correlates with its geometric albedo [4], suggesting that the 
reflectivity of asteroid 1998 OR2 is greater than in (3200) Phaethon, but somewhat lower than in (4179) Toutatis. 
Using the Umov effect, i.e., an inverse correlation between polarization maximum Pmax and the geometric albedo A in 
asteroids [3], we estimate reflectivity of asteroid 1998 OR2.  
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Abstract 

Perfect electromagnetic conductor (PEMC) [1] material is a class of magneto-electric metamaterial, which has been 
researched in the optical scattering field. Unlike the perfect electric conductor (PEC) and the perfect magnetic 
conductor (PMC), PEMC highlights the rotary polarization effect and induces the cross-polarized [2] component. This 
rotary polarization effect also is called circular dichroism, it was observed originally in the study of rock crystals [3]. 
Other materials such as liquid crystals [4], plasma [5], and chiral materials [6] also have this characteristic. Because 
the cross-polarized component is induced, there is an interesting phenomenon that the optical scattering field is 
divided into two parts--co-polarized and cross-polarized components. Not only co-polarized but only cross-polarized 
components contribute to the scattering field when PEMC interacts with the arbitrary structural beam. There are 
great promising application prospects, such as in the biology [7], physical chemistry [8], and meteorology fields about 
the research of scattering field.   

To study the scattering effect between PEMC and arbitrary structure beam, the extinction cross-section and scattering 
cross-section are discussed. The present investigation attains the exact mathematical expressions for scattering field, 
extinction cross-section, and scattering cross-section by the GLMT and series multi-pole expansion method [9]. 
Numerical results for the optical scattering field, extinction cross-section, and scattering cross-section illustrate the 
scattering features when PEMC is lighted by the Bessel beam. A summary and some perspectives of this work are 
presented in the end. 

References 

[1] I.V. Lindell, A.H. Sihvola, Perfect Electromagnetic Conductor, Journal of Electromagnetic Waves and Applications, 
19 (2005) 861-869. 

[2] Moreno, F. Cotera, S. Gonzlez, F. Saiz, J. Videen, G.. Multiple scattering by two-particle systems: statistics of the 
cross-polarized scattered intensity. Journal of Quantitative Spectroscopy and Radiative Transfer 2003;79-80. 

[3] J.F.W. Herschel, On the Rotation Impressed by Plates of Rock Crystal on the Planes of Polarization of the Rays of 
Light as Connected with Certain Peculiarities in Its Crystallization, Transactions of the Cambridge Philosophical 
Society, 1 (1820) 43–51. 

[4] H. Singh, S. Antony, R.M. Jha, Plasma-based Radar Cross Section Reduction, in: H. Singh, S. Antony, R.M. Jha (Eds.) 
Plasma-based Radar Cross Section Reduction, Springer Singapore, Singapore, 2016, pp. 1- 46. 

[5] O.D. Lavrentovich, Liquid crystals, photonic crystals, metamaterials, and transformation optics, Proceedings of 
the National Academy of Sciences, 108 (2011) 5143-5144. 

[6] C.F. Bohren, Light scattering by an optically active sphere, Chem. Phys. Lett., 29 (1974) 458-462. 

[7] B. Ranjbar, P. Gill, Circular Dichroism Techniques: Biomolecular and Nanostructural Analyses- A Review, 
Chemical Biology & Drug Design, 74 (2009) 101-120. 

[8] A.J. Miles, B.A. Wallace, Synchrotron radiation circular dichroism spectroscopy of proteins and applications in 
structural and functional genomics, Chemical Society Reviews, 35 (2006) 39-51. 



[9] Mitri, F.G. Electromagnetic radiation force on a perfect electromagnetic conductor (pemc) circular cylinder. 
Journal of Quantitative Spectroscopy and Radiative Transfer 2019;233:21–28.  



Visualization of light beaming and interference effects in 

random arrays of silicon nanowires: the inelastic scattering 
case. 

Maria J. Lo Faro1,2, G. Ruello3, A.A. Leonardi 1,2,3, D. Morganti 1,3, A. Irrera 3, F. Priolo 1, S. Gigan 4, G. 

Volpe3,5, and B. Fazio 3*. 

1 Dipartimento di Fisica e Astronomia, Università di Catania, via S. Sofia, 64, 95123 Catania, Italy.  
2 CNR-IMM, Istituto per la Microelettronica e Microsistemi, via Santa Sofia 64, 95123, Catania, Italy. 
3 CNR-IPCF, viale F. Stagno d’Alcontres 37, Faro Superiore, 98158 Messina, Italy. 
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Abstract 

Disordered photonics is a new research field that is attracting a large interest worldwide for its direct implications in 
concrete applications such as, for example, diagnostics [1], photovoltaics [2] and new light sources [3]. This is because 
the very multiple scattering nature and the light transport properties of random media allow optical performances 
often superior to those offered by ordered photonic structures [4]. On the other hand, the diffusive propagation of 
light through disordered materials gives rise to fascinating and sometimes unexpected interference phenomena 
surviving also in the inelastic scattering regime [5]. Here we will present recent experimental results where 
disordered arrays of silicon nanowires are used to generate and beam directional coherent Raman light [6]. We show 
the direct visualization of the weakly localized Raman radiation by both real- and momentum-space microscopy, that 
permitted us to gain insight on the mechanisms ruling the light transport through the random media. These results 
pave the way for the development of next generation of new light sources based on both the coherent control of 
directional beaming and the fine frequency tuning.  
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Background 

The theory of light scattering by single particles is well-developed, providing several computational methods which 
allow one to simulate the process with the desired accuracy. However, most publicly available codes for such 
computations are limited to non-absorbing host medium, the only exception being the Lorenz-Mie theory [1,2]. On the 
other hand, the case of absorbing medium is relevant for many practical applications, e.g., for particles submerged in 
water and droplets in oil. 

Results 

Technically, the extension of computational methods to the case of absorbing host medium implies the support of 

complex wavenumber 𝑘 = 𝑘′ + i𝑘″. We have implemented this support in the open-source popular discrete-dipole 

approximation code ADDA [3]. However, a more challenging task is to define scattering quantities such as the extinction, 
scattering and absorption cross-sections, preserving the physical sense at least for weakly absorbing medium. Here the 
physical sense means certain decoupling of particle’s properties from far-field detector geometry (taken for granted for 
non-absorbing host medium), i.e. those two can be changed independently and later combined to calculate the detector 
response. One option is to use definitions based on far-field limit, but without the common attenuation factor 
exp(−2𝑘″𝑟). Such definitions are realized in the existing codes for spherical particles and can be computed by ADDA as 

well, resulting in perfect agreement. Moreover, the required far-field integration can be reduced to that over the 
particle’s volume, which is faster and more natural for the DDA method. We will also discuss a meaningful definition of 
the extinction cross section in weakly absorbing medium, which can be used to predict the extinction by a diluted slab 
of particles. 
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Introduction

Sea salt particles are an important part of marine aerosol, one of the most abundant types of atmospheric aerosol.
Marine aerosol, of which sea salt aerosol is an important subset, affects the climate directly and indirectly, provides
surfaces for chemical reactions and can corrode man-made structures. This warrants remote sensing observations of
sea salt aerosol, which in turn require thorough studies of the links between microphysical and optical properties.

In a previous study, convex polyhedra, a randomised, cube-like class of model geometries, were found to provide
a suitable tool for modelling the linear depolarisation ratio and the lidar ratio simultaneously [1]. To extend the
convex polyhedral model for higher values of relative humidity a coating parametrisation was used, which is based
on surface potential calculations and modifies a technique proposed and tested for coated soot particles [2]. Further,
it was assumed, that the added water partially dissolves the salt crystal. The remaining salt crystal is coated by a
saturated salt solution and becomes increasingly spherical.

The particle’s overall non-sphericity is hypothesised to be a microphysical key property affecting the linear depo-
larisation ratio and the backscattering cross section. To test this hypothesis, superellipsoids, both homogeneous and
inhomogeneous, and cube-sphere hybrids were used to calculate the optical properties for different model instances,
covering the range between a cube and a sphere.

Optical calculations

Optical calculations were performed at a wavelength of λ = 0.532µm using the discrete approximation code ADDA
(version 1.3b4) and the T-matrix code Tsym (version 6.6). Three different sizes were assumed for dry, uncoated
particles, r0 = 0.33µm, 0.67µm, and 1.0µm. For each size four different values of the salt volume fraction were
considered fvol = 1.0, 0.8, 0.55, and 0.3. Convex polyhedra are created by placing Nc points randomly in a Cartesian
coordinate system and constructing a complex hull around them. The value of Nc impacts the shape of the convex
polyhedra, with intermediate values (Nc ∼ 100) giving the best results for dry sea salt aerosol particles [1]. Five
stochastical realisations of convex polyhedra for each Nc = 50, 100, and 250 were considered.

Results

The coated polyhedra model resulted in mean values, averaged over instances with different Nc and stochastical
realisations, of the linear depolarisation ratio ranging from 0 to 0.35. With the help of homogeneous and inho-
mogeneous superellipsoids, and cube-sphere hybrids it is possible to reproduce the linear depolarisation ratio, the
backscattering cross section, and the extinction cross section obtained by the coated polyhedra. This indicates, that
the overall non-sphericity is indeed an important microphysical property affecting the optical properties. It further
shows, that homogeneous and inhomogeneous superellipsoids, and cube-sphere hybrids are suitable candidates for
modelling optical properties of water-coated sea salt aerosol.
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To advance the forecasting of the weather (NWP) and climate it is necessary to improve in those models the 
representations of atmospheric ice crystals in terms of their mass, area, and single-scattering properties (SSPs). To 
progress NWP models, all-sky data assimilation (i.e. cloud-affected radiances) of space-based infrared and microwave 
radiance data is becoming more commonplace. Eventually, this will also include wavelengths in the solar region. The 
demand for more precise ice crystal representations comes, in-part, from EUMETSAT’s next generation of polar-orbiting 
and geostationary satellites that will be launched during 2022. In particular, the Ice Cloud Imager as part of that launch 
will remotely sense clouds between 183 and 664 GHz, inclusive of simultaneous V and H polarizations at some 
frequencies, hence the need for more accurate SSPs.  

To prepare for this eventuality, the boundary element method (BEM) has been applied to randomly oriented complex 
rosette aggregates at the frequencies of 50, 183, 243, and 664 GHz, for the temperatures of 190, 230, and 270 K. The 
model rosette aggregates were generated by a Monte Carlo model [1], and the predicted aggregates were made to follow 
an observed mass-dimension relationship that is consistent with an NWP ice microphysics scheme. Existing microwave 
databases fail to satisfy this consistency demand. The resulting 65 differing rosette aggregates had maximum 
dimensions of between 10 and 10,000 µm. With the advent of recent matrix-solving acceleration techniques the memory 
costs and solution times of BEM have been reduced by 99 and 75%, respectively, this being especially so at the highest 
size parameters [2, 3]. The open-source Bempp [4] software was used for the simulations. Here, we show that our 
method to simulate random orientation requires only 14 incident waves, and up to 230 waves for the smallest and 
largest size parameters, respectively. Computational time is further reduced by distributing the incoming waves to 
different CPUs. Traditionally, other methods require many more orientations to simulate random orientation. We also 
present SSP comparisons against other methods and models. We discuss the implications of this work to generate SSPs 
across the electromagnetic spectrum.   
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Polarization of electromagnetic radiation is rapidly gaining in popularity for studying the depolarization 
properties and states of various natural scatter scenes ranging from the atmosphere, smoke, aerosols to various 
plant leaves and soils. 
In the paper [1] we reported the results of measuring Mueller matrices for three groups of leaf samples of 
common barley (Hordeum vulgare): Chlorina mutant, Chlorina etiolated mutant and Cesaer varieties. These 
samples differed in internal leaf structure from genetic mutation or by illumination during the growth.  
The repeatability of the measurement results of Mueller matrix elements for such a complex and highly 
depolarising samples was demonstrated. It is shown that the barley leaves of these three groups can be 
identified both at forward scattering and backward scattering modes; the best results are obtained in the case 
of forward scattering. In both cases, the most informative matrix elements were identified. It was also shown 
that at backward scattering mode linear dichroism comes out, the magnitude of which increases with 
decreasing observation angle. 
In this paper to examine separability and to clarify issues related to the mechanisms of depolarisation for these 
three groups of leaf samples we analyze their experimental Mueller matrices by calculating a number of single 
value depolarization metrics (degree of polarization, average degree of polarization, depolarization index, 
Q(M)-metric etc.). To obtain the anisotropic and depolarizing properties of the samples under study, the 
existing additive and multiplicative decompositions of their experimental Mueller matrices are used. The latter 
is of particular interest since the depolarization for the studied group of samples is anisotropic.  
From the light intensity measurements (m11), the Fresnels equations were solved for external (n1/n2<1) and 
internal (n1/n2>1) reflections and compared to the depolarization parameters. Additionally, a “spherical” 
model for distribution of charges on a photosynthetic membrane during light reactions is discussed for estimate 
ranges for refractive indices. 
Obtained results contribute for a better understanding the process of penetration of light into the leaf and the 
evolutionary adaptation of the internal structures of the leaf to the absorption of light. 
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Anticounterfeiting labels based on physical unclonable functions (PUFs) are easy to generate but difficult to duplicate 
due to inherent randomness. Steganography, known as “invisible” information communication, refers to the technique 
of hiding information into another medium. We recently developed a new type of core-shell gap-enhanced Raman tags 
(GERTs), which show a number of advantages [1-2] for PUF labels and steganography: (1) large enhancement factor, 
detectable down to a single-nanoparticle level, leading to the super-fast readout speed with a good signal-to-noise ratio; 
(2) ultra-photostability under repeated readout due to the off-resonance excitation, leading to excellent reproducibility; 
(3) ultra-stable material properties in various environments (e.g., humid environment), resulting in a long shelf-life; (4) 
suitability for near-infrared (NIR) laser excitation, resulting in low Raman background from package materials.  

Herein, we demonstrate a PUF label fabricated by drop-casting aqueous GERTs, high-speed read using a confocal 
Raman system, digitized through coarse-grained coding methods, and authenticated via pixel-by-pixel comparison [3-4]. 

A 3D encoding capacity of over 3  1015051 can be achieved for the labels composed of ten types of GERTs with a mapping 
resolution of 2500 pixels and quaternary encoding of Raman intensity levels at each pixel. Authentication experiments 
have ensured the robustness and security of the PUF system, and the practical viability is demonstrated. Such PUF labels 
could provide a potential platform to realize unbreakable anticounterfeiting. Secondly, Raman ink, fabricated by doping 
GERTs into commercial ink, is demonstrated as security ink for multiplexing steganography. The Raman ink generates 
distinct spectral profiles with low background from pure ink upon NIR laser irradiation. A multiplexing combination of 
seven kinds of messages extracted from the written stego-text is demonstrated, which adds enhanced safety and 
flexibility to information encoding. Therefore, GERTs-based imaging is promising for use in information security. 

              

Figure 1: (Left) Schematic of Raman ink for steganography. (Right) Fabrication and encoding of Raman PUF labels. 
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Thermal emission inclusion in radiative transfer equation, in general, does not represent a challenge in most of remote 
sensing applications. In some applications the absorption dominates over scattering and RT-equation with thermal 
emission is significantly simplified to be solved numerically, or sometimes analytically. For vertically inhomogeneous 
atmospheres in the case when both scattering and thermal absorption should be taken account, the correct vertical 
discretization of atmosphere can be challenging. It has to satisfy conditions for accurate calculations of both scattering 
and thermal emission part. The vertical discretization for scattering part depends on the extinction and phase matrix 
vertical profile, while the discretization for the thermal emission source function depends also on temperature vertical 
profile. Different methodologies to account in-layer thermal variation can be found in the literature [1][2].  This work 
presents an evaluation of different methodologies to obtain emission source function, its behavior under different 
thermal conditions and its effect on radiative transfer calculations used in atmospheric remote sensing applications. 
Figure 1 shows an example of the differences in source function calculations of a layer for different temperature changes 
through it using the exponential-in-depth [1] and linear [2] methodologies. It can be appreciated that under certain 
conditions the difference in radiance coming from these methodologies can reach the same level of uncertainty of the 
remote sensing instruments in TIR. 

 

Figure 1: Difference in brightness temperature of linear and exponential-in-depth methodologies to obtain 
emission source function for different layer temperature variations at four wavelengths. 
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A statistical method to describe coherent transmission and reflection, incoherent scattering, absorption, and 
polarization of light by a monolayer of homogeneous spherical particles is developed. It is based on the quasi-crystalline 

approximation of the theory of multiple scattering of waves and the multipole expansion of fields and the tensor Green’s 

function in terms of the vector spherical wave functions. The method is applied to find optical characteristics of partially 

ordered monolayer [1] and monolayer with an imperfect lattice [2]. Spatial arrangement of particles is described by the 
radial distribution function [1,2]. Some calculation results for layers of SiO2 and Ag particles are demonstrated to show 
the applicability of the approach [3-5].  

The influence of structure parameters of a monolayer and polarization state of the incident wave on the angular 

distribution of light scattered by a monolayer is considered. The data for spectra of absorption, coherent transmission 

and reflection, and incoherent scattering coefficients are presented. The spectra of highly ordered monolayer possesses 
sharp resonant peaks and dips in contrast with the ones of partially ordered monolayer.  

The comparison of calculated and available experimental data on spectral and angular dependences of intensity of light 
scattered by densely-packed monolayer with imperfect triangular lattice is fulfilled. They are in close agreement [5].  

The results can be used for development and optimization of photonic crystals, metameterials, solar cells, etc.  
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Abstract

This work is part of an experimental project devoted to disentangle size, composition and shape effects on the light
scattered by clouds of randomly oriented irregular particles. In particular, we study the effect of the particles size
regime on the experimental F11(θ), −F12(θ)/F11(θ), and F22(θ)/F11(θ) curves of a set of forsterite samples. The
measurements are performed at the IAA Cosmic Dust Laboratory [1] at 514 nm. The experimental curves span over
the scattering angle range from 3 to 177 degrees.

The lack of control on the size distribution of top-down (grinding and sieving) approaches for synthesizing dust
analogue samples has hindered a relation between photopolarimetric features and the size of the scattering grains. In
this case, the size distribution production rely on processing routines from the field of functional, nano- and micro-
ceramics for synthesizing well-defined narrow size distributions. A low absorbing bulk sample consisting of forsterite
mm-sized pebbles has been processed to obtain five narrow size distributions spanning over a wide scattering size
parameter domain, namely: Rayleigh-resonance, resonance, resonance-geometric optics, and geometric optics. The
samples processing is conducted at the facilities of the Intituto de Cerámica y Vidrio that belongs to the Spanish
Research Council (ICV-CSIC).
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Polarimetric observations of dust clouds are a powerful tool in planetary science. They allow to investigate
the nature and properties of solar system bodies and planetary systems in different stages of development, e.g.
asteroids, comets and protoplanetary disks. For example, the relations among the polarization curve parameters
and the asteroids spectral behaviour help to refine their taxonomic classification [1, 2] and are useful to identify,
among asteroids, some having a possible cometary origin [3]. In order to exploit this wealth of information, we
need to experimentally characterize the polarimetric curves of different materials. Physical properties of the dust,
such as their refractive index, size, composition, porosity and surface structure define their capacity to scatter the
light. The CODULAB facility is specifically set to measure and study the scattering matrix as a function of the
scattering angle of clouds of randomly oriented cosmic dust analogues [4]. In this work, we present the experimental
phase function and the degree of linear polarization of micron-sized samples and mm-sized grains of two types of
material, olivine and spinel. In particular, olivine is an extensively diffuse silicate in asteroids and comets and spinel
is a magnesium/aluminium mineral characteristic component of the unusual class of presumably ancient Barbarian
asteroids (which includes also a couple of dynamical families) and an important component of Calcium Aluminium-
rich Inclusions (CAI) found in primitive meteorites [5, 6]. We study the effect of the size on the scattering matrix
elements, especially on the degree of linear polarization curve. The measurements have been obtained at 514 nm for
the micron-sized samples and at 520 for the mm-sized grains. The scattering angle covers the range from 3◦ to 177◦.
We find that the behaviour of the polarization curve parameters (e.g. inversion angle, maximum and minimum of
polarization) is strongly dependent on particle size.
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Introduction 

Bessel beams are at the frontier of different types of structured light with orbital angular momentum. These beams have 
numerous applications in such fields as optical manipulation (tweezing), material proceeding, imaging, etc. In many 
physical problems it is important to take into account the scattering of Bessel beams, which is much better studied for 
particles with simple symmetries than for arbitrary ones. Moreover, there are a variety of existing types of Bessel beams 
that have been barely named [1], with neither a complete picture nor clear relations between them. In this regard, this 
work has two goals: the classification of various types of high-order vector Bessel beams and the development of 
capability to simulate scattering of any such beam by an arbitrary particle using the discrete dipole approximation. 

Results 

Vector Bessel beams can be presented in several different forms or types. These types differ by their polarizations, field, 
and energy configurations. Among them are beams with circularly symmetric energy density (CS type), with transverse 
electric and magnetic fields – TE and TM types, respectively, and LE and LM – beams with linear polarizations of electric 
and magnetic fields, respectively. In order to classify them, we developed a new description of various polarizations 
through the 2x2 matrix M, associated with the transverse Hertz vector potentials. This approach clarifies the relations 
between all Bessel beam types and their polarizations. Also, within this framework, we managed to relate beams of 
different orders using the rotation and duality operators, which action corresponds to simple transformations of the 
matrix M. We have implemented all standard Bessel beam types as well as a generalized Bessel beam specified by a 
matrix M (4 complex values) in ADDA package [2]. We successfully validated this implementation against the reference 
results of GLMT for spheres [3]. Currently, it is available at a separate fork of ADDA: 
https://github.com/stefaniagl/adda.  

In conclusion, now it is easy for anyone to simulate the scattering of various Bessel beams by particles with arbitrary 
shape and internal structure. The obtained theoretical results clarify the general picture and relations between various 
types of Bessel beams. Similar considerations can potentially be applied to other complex light beams. 
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The Umov effect [1] is an inverse correlation between the reflectivity (or geometric albedo) of an 

object and the degree of linear polarization of light scattered by it. In this work, three different 

types of fractal aggregates (BA, BAM1, and BAM2) having the same characteristic radius and 

varying porosity are considered to study the effect of porosity on geometric albedo (A) and the 

maximum value of the positive polarization (Pmax). The porosity of BA, BAM1, and BAM2 is 

taken to be 0.87, 0.74, and 0.64, respectively. Using the multisphere T-matrix code (MSTM), 

Pmax and A are calculated for three different aggregated structures with silicate composition and 

are plotted against each other in logarithmic scale to visualize the Umov effect. The plot shows a 

linear correlation between them where Pmax decreases significantly with an increase of A. It is 

observed that the decrease of porosity shows a decrease in Pmax and an increase in A. The pre-

sent study shows that the porosity of the aggregates plays a major role in the Pmax versus A dia-

gram.  
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We investigated cosmic dust samples from different meteorites by Optical Tweezers (OT) and Raman Tweezers(RT) [1, 
2]. The scattered light by the trapped dust particle is analysed by a photo-detector providing information about optical 

forces on the trapped particle [1, 2]. This provided more accurate information to theoretical models for the calculation 
of radiation pressure for a variety of complex particles of astrophysical interest. Furthermore, by RT it was possible to 

identify minerals and organic composition of micron-sized individual meteorites fragments, having a better sight on the 
bench work where H2 molecules and simple organic compounds, carbon monoxide and ammonia are produced [3]. We 
discuss the Raman spectra of single 3D-trapped fragments of the lunar meteorite DEW 12007, comparing the Raman 

peaks of our samples obtained by RT with the Raman spectra of the components of DEW 12007 found in literature [4]. 
The agreements of our result with the literature documents the high potential and applicability of our high-resolution 

spectroscopic technique for the non-destructive and contactless analyses of planetary materials [5-7]. Our results open 
medium term new perspectives for the investigation, in controlled laboratory conditions, of extra-terrestrial particles 
collected in space and brought back to Earth by space probes (e.g. from Mars, Moon, asteroids, comets) and by balloon 

born instruments. On a longer term frame, our efforts are addressed to space tweezers development for planetary space 
mission in situ applications.  

We acknowledge funding from the agreement ASI-INAF n.2018-16-HH.0, project “SPACE Tweezers” and from the MSCA 
ITN (ETN) project ”Active Matter”. 
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Abstract 

Aerosols present high spatial and temporal variations at global scale. At regional scale, however, such variations are 
associated with a finite number of prevailing aerosol types. This results in a correlation of aerosol properties that can 
be observed and captured by a set of dominating principal components (PC). We developed a correlation-based 
inversion method for aerosol property (CIMAP) retrieval [1]. Algorithm tests were performed to retrieve some airborne 
polarimetric measurements acquired by JPL’s Airborne Multi-angle SpectroPolarimetric Imager (AirMSPI [3]) during 
multiple field campaigns [1], and some ground-based radiometric measurements of sky radiances and optical depths 
acquired by Aerosol Robotic Network (AERONET [2]) over regions including California, Beijing, and southern Africa 
where different types of aerosols prevail [4]. The retrieval is informed by an a priori PC analysis of aerosol climatology 
over the targeted area. PC weights and PC vector components are then adjusted during the retrieval optimization. The 
smoothness constraints on spatial and/or spectral variations of aerosol abundance and properties [5] are imposed on 
the PC quantities [1]. By using a small number of PCs, CIMAP significantly improves the efficiency of inverse and forward 
modeling. CIMAP retrievals are compared to the AERONET operational products, including aerosol optical depth, single 
scattering albedo, Ångström exponent, real and imaginary parts of the complex refractive index of aerosols, and effective 
radii of fine and coarse mode aerosols. The differences for all geophysical variables are found within the uncertainties 
of these AERONET products [6]. Given its gain of retrieval efficiency and retain of accuracy, CIMAP is promising to 
process a large volume of satellite data. In addition, we are interfacing CIMAP with chemical transport model or aerosol 
reanalysis products (such as those from ECMWF/MERRA2) to initialize a priori sets of PCs. This will potentially 
compensate for the insufficient information carried by measurements alone to resolve a large set of unknowns such as 
aerosol species properties, its chemical composition, etc.  
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The	NASA	Plankton,	Aerosol,	Cloud,	ocean	Ecosystem	(PACE)	mission	is	designed	to	observe	the	global	ocean	
and	atmosphere	and	provide	extended	data	records	of	ocean	ecology,	biogeochemistry,	atmospheric	aerosols	
and	clouds	[1].		The	instruments	on	PACE	inlcude	a	hyperspectral	Ocean	Color	Instrument	(OCI)	and	two	Multi-
Angle	Polarimeters	(MAP):	the	UMBC	Hyper-Angular	Rainbow	Polarimeter	(HARP2)	and	the	SRON	Spectro-
Polarimeter	for	Planetary	EXploration	one	(SPEXone).		To	harvest	the	rich	information	content	measured	by	
these	MAPs,	an	efficient	aerosol	and	ocean	color	retrieval	algorithm	was	developed	by	the	PACE	Project	Science	
and	Science	Data	Segments	(SDS)	teams	in	collaboration	with	the	PACE	Science	and	Applications	Team	(SAT)	
and	 instrument	 teams[2].	 The	 algorithm,	 called	 FastMAPOL,	 is	 based	 on	 a	 coupled	 atmosphere	 and	 ocean	
radiative	transfer	forward	model.	To	achieve	high	accuracy	and	speed	for	operational	processing,	deep	learning	
techniques	were	incoporated	into	the	development	of	the	forward	model,	Jacobian	matrix,	and	atmospheric	
correction	 procedures.	 The	 retrieval	 uncertainties	 of	 aerosol	 optical	 and	 microphysical	 properties	 are	
evaluated	with	respect	to	various	aerosol	loadings	and	ocean	surface	properties.	The	impacts	of	the	aerosol	
properties	 on	 water	 leaving	 reflectance	 retrieval	 are	 also	 evaluated.	 Data	 products	 produced	 from	 this	
algorithm	from	AirHARP	measurements	during	the	ACEPOL	field	campaign	had	acceptable	errors	compared	
with	HSRL	and	AERONET	data	products	[3].	The	algorithm	and	associated	experience	will	be	useful	for	efficient	
processing	the	large	volume	of	polarimetric	data	acquired	by	PACE	and	other	future	Earth	observing	satellite	
missions	with	similar	capabilities.	
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Abstract 

We use the radiative transfer theory with the static structure factor correction for studying densely packed media, 
consisting of irregular particles presented as Gaussian random particles of different type and size. We provide an 
example application of this approach simulating the spectra acquired by the Cassini Visual and Infrared Mapping 
Spectrometer (VIMS) instrument for the icy satellites of Saturn. The results of our simulations show that the surfaces of 
Saturnian satellites consist of solid non-spherical icy particles of radius 1-2 micron. 
         We use a development of the radiative transfer theory with the static structure factor correction to study the 
densely packed media formed by irregularly shaped particles.  This approach, developed by Mishchenko [1] for 
spherical particles as units of media, has been recently updated to treat particles as clusters of spheres [2,3]. In this 
study we modeled particles as random Gaussian particles [4] having different roughness ratio and irregularity. We 
calculated the single-scattering characteristics by the Sh(shape)-matrix method [5]. Being based on the T-matrix 
technique, this approach separates the shape-dependent factors from those size- and refractive-index-dependent. The 
Sh-matrix approach was found very convenient to consider light scattering by Gaussian particles, i.e., the particles 
created by disturbing a sphere of a given radius such that the sphere radii become randomly lognormally distributed. 
Two radial distances relate to one another through correlation angle; by changing correlation angle from 0 to 90º we 
can model particles from spheres to a random complex shape. The other parameter defining the shape of a Gaussian 
particle is its roughness ratio that is 100%·(max(R)-min(R))/mean(R), where R = R(θ,φ) is the particle radius in a 
spherical coordinate system. 
        Combining the model of Gaussian particles with static-structure-factor corrected radiative transfer theory, we 
modeled the spectra acquired by Cassini VIMS for several icy satellites of Saturn. We examined a large number of radii 
of particles in submicron and micron ranges and Gaussian particles at correlation angles 7° and 20° and roughness 
ratios from 60% to 100%. The best fit to the VIMS spectra was achieved for the medium of porosity 90% and for 
Gaussian particles having radius 1- 2 micron, correlation angle γ = 7°, and roughness ratio 80%.  
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Back in the 1990’s, Michael Mishchenko extended the invariant imbedding method to include polarization and 
developed a vector (polarized) Radiative Transfer (RT) code. Using this code, he published accurate numerical results 
for the angular distribution of polarized light reflected from a plane-parallel Rayleigh scattering atmosphere with 
exponentially varying gaseous absorber [1]. Mishchenko also demonstrated the importance of polarization in radiance 
calculations for Rayleigh-scattering atmosphere [2]. These results have become benchmarks for vector RT codes. 

In this work we extend Michael’s results [1] to include curvature (sphericity) of the Earth atmosphere. We pursue two 
specific goals: a) to provide benchmarks for the validation of existing and future spherical RT codes (especially those 
using approximations), and b) to better understand the influence of atmospheric curvature on the signal of a spaceborne 
polarimeter. To achieve these goals, we use two state-of-the art RT codes: libRadtran’s MYSTIC (Monte Carlo) model [3] 
and the VLIDORT (discrete ordinates) code [4]. MYSTIC simulates light scattering in a true-spherical atmosphere; multi-
point spherical corrections in VLIDORT deliver reasonable approximations to spherical-medium scattering. 

Using MYSTIC and VLIDORT, we report numerical results for polarized light reflected from the top of a Rayleigh 
scattering spherical atmosphere with height-dependent single scattering albedo, over a black surface, separately for 
single and multiple scattering, for two optical thickness values, namely, 0.25–where the effect of atmospheric curvature 
is pronounced [5], and 1 – where the radiance error from the neglect of polarization reaches its maximum [2]. This work 
continues Michael’s, and our own [5], efforts on the publication of benchmark results for RT numerical simulations. 
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Measuring light scattering of single particles is one of the most promising approaches to their non-invasive 
characterization, since the corresponding inverse problem is usually well posed. Along with the technical aspects, the 
solution of such inverse light-scattering problems is of great complexity [1]. One of the possible approaches is the 
compression of information in the measured light-scattering profiles or patterns (LSP) into several parameters that 
determine the model characteristics of the particle under study. Such methods usually possess advantages of high-speed 
performance and the robustness with respect to diverse distortions contributed both by experiment and by the particle 
model imperfection. Several recent examples include spectral methods for determining the size and refractive index of 
spheres [2,3] and for non-sphericity estimation [4]. 

In particular, an accurate and robust sphere characterization was based on extraction of two parameters from the 
Fourier spectrum of the one-dimensional LSP: the main peak position and the zero-frequency amplitude, which highly 
correlated with the size and refractive index, respectively [2]. However, the zero-frequency amplitude has one-to-one 
(monotonous) correspondence with the refractive index, only for relatively low values of the latter. Thus, it cannot be 
used for a common task of characterization of polystyrene beads in a liquid. 

Analyzing the Rayleigh-Gans-Debye and Wentzel–Kramers–Brillouin approximations, we obtained an analytical 
representation of the refractive index influence on the Fourier phase spectrum of the LSP. The obtained results 
confirmed the linear dependence of the spectrum phase on the refractive index 𝑚 at the first-order approximation in 
powers of (𝑚 − 1), previously observed in the rigorous Lorentz-Mie theory. Based on this general theory, we developed 

a specific characterization method for characterization of polystyrene beads from the LSP measured with the scanning 
flow cytometer. This fast method uses two spectral parameters: the position of the main peak and the phase value at 
that point. The details of its performance on both synthetic and real experimental data will be reported at the 
conference. 
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Abstract 

 

Measurements of the of comet 67P/Churyumov–Gerasimenko environment by the Rosetta have shown, that cometary 
dust particles have a very complex structure. Most of cometary particles are found to be aggregates with hierarchical 
structure [1]. That is, the particles are represented by a collection of smaller particles. It is highly likely that 
hierarchical aggregates are a widespread kind of natural dust particles. Large number of different hierarchical 
aggregates was developed [2]. On the other hand, both the Rosetta and Stardust missions have shown the presence of 
compact particles with low porosity [3]. Computer simulation of light scattering by solid cometary particles in the 
form of agglomerated debris particles by [4-6] has shown that the solid compact particles dramatically affect on light 
scattering. Halder & Ganesh [7] developed a model of heterogeneous dust particles, having two levels of hierarchy: 
solid core is surrounded by fluffy aggregates of small particles. We suggest a slightly different model that allows one 
to fractalize an agglomerate debris particle. It combines the presence of both larger and smaller debris. By changing 
the parameters of the model, you can achieve a different ratio between them, making the particle more compact or, on 
the contrary, more fluffy, as shown in Fig.1. Such model can be useful in computer simulation of light scattering by real 
objects both for DDA and Multi-Sphere T-Matrix method. 

 

Figure 1: Examples of fractal agglomerated debris particles model 
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Abstract 

Since the pioneering work by Ashkin in the 1970’s [1], optical forces have played a fundamental role in fields like 
biology, nanotechnology, or atomic physics. In all these fields, numerical simulations are of great help for validating 

theories, for the planning of experiments, and in the interpretation of the results. However, the calculation of the forces 

is computationally expensive and prohibitively slow for numerical simulations when the forces need to be calculated 

many times in a sequential way. Recently, machine learning has been demonstrated to be a promising approach to 

improve the speed of these calculations and therefore, to expand the applicability of numerical simulations for 
experimental design and analysis [2]. 

In this work we show that machine learning can be used to improve not only the speed but also the accuracy of the force 
calculation in the  geometrical optics regime, valid when the particles are significantly bigger than the wavelength of the 

incident light. This is first demonstrated for the case of a spherical particle with 3 degrees of freedom and later expanded 

to 9 degrees of freedom by including all the relevant parameters involved in the optical forces calculation. Machine 

learning is proved as a compact, accurate, and fast approach for optical forces calculation and presents a tool that can 

be used to study systems that, due to computation limitations, were out of the scope of the traditional ray optics 
approach. 

 

  

Figure 1: Comparison between the optical forces calculated with the geometrical optics approach (a) and the neural 

network (b) for the case of 3 degrees of freedom. (c) shows the difference between both calculations. 
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Background 

The discrete dipole approximation method (DDA) solves the direct light scattering problem, i.e. calculates the light 
scattering pattern (LSP) given the parameters of the particle (scatterer) and the incident wave [1]. The drawback of the 

DDA is the significant computational time. Moreover, a large number of launches with different scatterer parameters 

are often required. The latter is relevant in solving inverse problems (characterization of single particle by LSP), when 

a previously calculated database of LSPs (up to a million elements) is used. In biological applications of the DDA, we 
usually deal with large optically soft particles i.e. |𝑚 − 1| ≪ 1 and 𝑥 ≫ 1, where 𝑚 – relative refractive index, 𝑥 = 𝑘𝑅 – 
size parameter, 𝑘 is the wave vector, 𝑅 is the (effective) radius of the particle. In this regard, the task of optimizing the 

DDA for such particles is relevant. The most time-consuming and resource-intensive part of DDA is the solution of a 

system of linear equations. This time depends on the initial electric field inside the particle (first guess in the iterative 

solver). Thus, it is important to have as accurate guess as possible, at least among those obtainable with little extra 
calculations. 

Results 

To solve this problem, we propose a modified Wentzel-Kramers-Brillouin approximation (WKBr). The original WKB 

takes into account the phase shift of the incident wave in a particle [2,3]. The WKBr accounts also for the refraction at 
the boundary. In this work, we showed that the WKB eliminates the error of order 𝑥(𝑚 − 1) in the internal field, and 

WKBr – all errors of order 𝑥 (with any dependence on 𝑚). Our theoretical and numerical analysis uncovers the scaling 

of various optical phenomena (refraction, reflection, ray focusing) with 𝑚 and 𝑥, which supports the design of the WKBr 

(leaving only the significant and easy to implement corrections). Refining the internal electric field, we also considered 
the problem of the additional phase 𝜋/2 at the passage of a focal line [4]. Simulation results for spheres shows that the 

WKBr both improves the accuracy of the internal fields and accelerates the DDA simulation. In some cases, such as a 
sphere with 𝑥 = 250 and 𝑚 = 1.1, the DDA iterative solver converges to the relative residual of 10−3 only when the 

WKB or WKBr are used as a first guess. Moreover, the WKBr is significantly superior to the WKB in this case. 
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Abstract 

At small phase angles the negative branch of polarization (NBP) can have different shape and polarization values for 
different composition of the surfaces. For rocky surfaces, it has a parabolic shape with a minimum around 10 deg. and 
inversion point (the angle where polarization changes from negative to positive) around ~20 deg. However, for icy 
surfaces (satellites of giant planets, cometary nuclei, and TNOs), the NBP becomes very asymmetric, and its minimum 
shifts to smaller phase angles. The cause of this has been attributed to Coherent Backscattering Effect (CBE), which is 
known to be very sensitive to the size of particles and porosity of the medium. Recently we have been able to 
accurately determine the NBP of Jovian satellite Europa. It appeared that Europa’s NBP is not bimodal with a deep and 
narrow and broad and shallow overlapping NPBs [1], but has a single very sharp minimum at phase angle <0.4 deg. 
and inversion point at ~ 6 deg (Fig. 1, left panel). Such NBP is evidently formed by CBE. We studied wavelength 
dependence of the Europa’s NBP to better characterize the CBE (Fig. 1, right panel). Using the modeling technique [2] 
we estimated the size of icy particles ~20 micron and porosity ~70%.  
 
 
                                 
                                                                
 
 
  
 

 

 
 

 

Figure 1: Europa’s phase-angle polarization dependence in the R filter (observations - open circles, left panel,) and 

their the RT-CB modeling (lines for different free path length kI  1/wavelength)- left and right panels)).  
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Abstract

Metasurface is a kind of artificial material, which has attracted much attention because of its flexible optical ma-
nipulation in subwavelength propagation distance. The traditional design is to use the iterative calculation method,
combined with FEM or FDTD to accurately predict the spectral characteristics and functions of the metasurface,
then to prepare the metasurface nanostructure according to the model. The process of calculation and design is
complex, and a group of discrete elements need to be obtained by calculating the phase amplitude change of the
radiation field in the whole parameter space, which will take a long time. What’s more, its shape is relatively regular
and the ability to control the beam is limited. As an important branch of machine learning algorithm, the neural
network is a kind of multi-level characterization of learning technology, which can find and classify the characteriza-
tion automatically from the original data, and use a large number of cascade transformation through the nonlinear
combination of neurons to learn complex functions in a data-driven way in order to establish input-output data
mapping [1]. At present, it has attracted the attention of materials science, particle physics and other relevant fields.
The overall idea of the inverse design for the metarsurface based on the neural network is to train it, and when a
set of required optical responses are input, the trained generation network will quickly calculate the requirements of
the target phase and output a metasurface overall structure with input optical characteristics [2]. Compared with
the previous method, there is no need to calculate each local element separately and then carry out complex layout
design [3].The efficiency is significantly improved. It is also of great significance to realize the metasurface structure
of irregular shape and the function of spatial optical control.
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2Physics Dept., Università degli Studi di Milano, 20133 Milan, Italy
3Science and High Technology Dept. and To.Sca.Lab, Università degli Studi dell’Insubria, 22100,
Como, Italy
4Science and High Technology Dept., Università degli Studi dell’Insubria, 22100, Como, Italy
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Abstract

We collected experimental evidence of the effect of the internal structure of inhomogeneous particles, such as col-
loidal fractal aggregates, on their radiative properties. An approximate analytical model for the forward scattering
amplitude, S(0), as well as the extinction cross section is derived in terms of the structure and form factors [2].
The interest for such characteristics lies in their direct bearing on determining the asymmetry parameter and single
scattering albedo. Experimental results and Discrete Dipole Approximation simulations are in good agreement with
expectations, whereas they both differ considerably from the mean field approximation [1]. Similarly, the spectral
trend of the extinction cross section is reasonably described in terms of the three parameters that characterize the
fractal morphology [3]. Conversely, preliminary experimental and numerical results on absorbing fractal aggregates
suggest that the absorption cross section is far less sensitive to the internal structure of the particle as compared to
dielectric scatters.

Figure 1: Measurements of the forward scattering amplitude, S(0), from colloidal fractal aggregates compared to
simulations (red) and equivalent Lorentz-Lorenz spheres (blue). The analytical models are shown as a solid line of
the corresponding colour.
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Abstract 

In this paper, we focus on the parameterizations of scattering properties of clouds and their downstream applications 

in remote sensing and global climate model. Clouds can be classified into ice, liquid water, and mixed-phase clouds 

according to the phase of water in clouds. Compared with the liquid water cloud, the optical properties of ice and mixed-
phase clouds are much more complex and depend on various factors. We developed parameterization schemes of 

scattering properties of various cloud particle models with considerations of different factors, and applied them in fast 

radiative transfer models for remote sensing studies [1,2] and general circulation models for climate simulations [3]. It 

is evident to find that consistent cloud scattering property parameterization for forward radiative transfer calculation 

and for retrieval purposes is needed to reduce further uncertainties. Different ice cloud optical property 
parameterization schemes are found to perturb the top of the atmosphere irradiance and significantly influence the 

regional surface temperature simulation. It is concluded that a unified cloud scattering property parameterization is 

needed for both remote sensing and climate simulation purposes.  
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Polarimetric methods are effective to determine the physical properties of comets. Comparison observations with
results of theoretical modeling and laboratory measurements follows us to determine the most likely composition,
structure, and some other characteristics of comet dust envelopment. For such comparison, however, we must have
sufficiently complete phase-angel dependence curves of polarization in a wide range of phase angles and wavelengths.
Unfortunately, it is impossible to get the phase-angle dependence of polarization for a particular comet in a wide
range of phase angles, with few exceptions. In this case one can use the average phase-angle dependence that
formed based on observations of various comets. This approach allows us to get the average polarization parameters
for different groups of comets according to their dynamic characteristics, and to provide some comets with unique
individual characteristics of polarized light. In our study, we used the second version of the database of comet
polarimetry [1] that covers ranges of phase angles, helio- and geocentric distances 0.0–122.1◦, 0.0–7.01 au and 0.01–
6.52 au, respectively. We analyzed the phase-angle dependence of the degree of linear polarization of comets, as a
function of wavelength filter used, heliocentric and geocentric distance, dynamic characteristics and other parameters.
It allowed to select comets and to find the connection of physical properties of dust with dynamical characteristics
of comets and, therefore, with places of comet formation in the Solar system or evolutionary features of different
groups of comets.
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Some applications still need an exact solution to light scattering problem for large non-spherical scatterers.
The Mie theory using the spherical basis provides such solution for very large spheres if one overcomes a couple of
numerical obstacles. The next step could be the application of the separation of variables method with the spheroidal
basis to spheroids. However, the problem becomes more complicated (because of not complete separation of variables
in the boundary conditions) and there appears a difficult task of calculations of the spheroidal functions of complex
arguments (because of eigenvalue branching).

We describe several steps made by us to develop a very accurate contemporary code to treat light scattering by
large spheroids and to present its results in a convenient form.

Spheroidal functions

Among several routines developed during the last decade to compute the spheroidal functions and their first deriva-
tives we selected those recently created by van Buren [1]. Our thorough testing has shown that these Fortran 90
routines greatly exceed similar ones when one treat dielectric materials (the imagine part of the refractive index
k <∼0.05). For prolate and oblate spheroids with the aspect ratio a/b < 30 van Buren’s routines give the function
values with accuracy at the level of about 10−20 for the diffraction parameters xV as large as 100.

T -matrix transformations

Following [2], we use the EBCM method with the spheroidal basis ~M~z, ~M~r to solve the light scattering problem for
a homogeneous spheroid and to calculate the corresponding spheroidal T -matrix Tsph.

This matrix is transformed into the T -matrix Ts1 for the spherical basis ~M~z, ~M~r. Then the matrix Ts1 is converted
into the usual T -matrix appeared in the case of the standard spherical basis ~M~r, ~N~r. So far, such transformation
has been done just from the spheroidal basis ~M~r, ~N~r to the corresponding spheroidal one in [3].

We incorporate the derived spherical T -matrix in the free pyhton/C++ package CosTuuM that computes the
optical properties of spheroid ensembles with given orientation, alignment and shape distributions and makes task-
based parallelization [4].

Our approach limitations

We find that our code written in Fortran 90 is able to very accurately calculate the optical properties of homogeneous
prolate and oblate spheroids as large as xa = 2πa/λ ≈ 250−300, where a is the major semi-axis and λ the wavelength.
The particles can have as large aspect ratio as 30 or more, but their refractive index should be rather dielectric
(k < 0.05). The limiting value of xa is determined by the used memory volume of 8 Gb, and we investigate different
ways to make this restriction weaker. We are also going to involve some other routines to calculate the spheroidal
functions that would better perform for larger k (i.e. more absorbing materials).
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Various types of nanostructures can be manipulated by properly focused light [1–3]. A wide variety of dielectric,
metal, and/or biological particles from the nano- to the microscale can be trapped, pushed, or binded thanks to
Optical Tweezers (OT) directly in liquid, air or vacuum environment [4]. In their standard configuration, OT consist
of a single laser beam generally focused by a high numerical aperture (NA) objective to a diffraction-limited spot [1,2].
Thus, a nanoparticle can be trapped near the focal point by optical forces associated with the high intensity gradients
surrounding the focal region [1, 2]. However, for typical incident laser powers, the scattering force and the thermal
fluctuations can prevent the optical trapping for small nanoparticles [4]. The use of two counter-propagating beams
can avoid the counterproductive effects of scattering forces [1]. These stationary traps are based on the use of low
NA lenses and allow trapping of nanoparticles with reduced incident power in a focal region that is wider than for
standard optical tweezers [5]. With linearly polarized light, a standing wave trap is formed and many equilibrium
positions are generated by the maximum intensity peaks that form along the beam axis [6]. Therefore, through
such configuration, we study theoretically the optomechanics of dyed dielectric/metallic nanoshells [7–9]. We also
investigate theoretically the stability configurations and particle dynamics in the trap by means of Brownian dynamics
simulations [10]. For a more complete analysis we consider also that metal nanoparticles act as local heat sources
when illuminated by electromagnetic fields [11, 12]. Therefore, we study the heat effect delivered by the nanoshell
under the focused light irradiation.
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Polarimetry is an effective method for studying the physical properties of small bodies in the solar sys-

tem. Currently, two methods are used to study the polarization of comets - aperture and panoramic polarime-
try. 

In 2018, new two-channel photoelectric polarimeter named N.M. Shakhovskoy was constructed at the 
Crimean Astrophysical Observatory (CrAO). This made it possible to significantly expand the range of ob-
served comets (up to 15 magnitude) and to increase the accuracy of the results. Between 2018 and 2021, po-
larimetric observations of 18 comets (8 short-period and 10 for long-period) were carried out in CrAO and at 
Terskol observatory. 

The integral luminosity of comets was in the range of 10–15 magnitude, and the range of phase angles 
was from 1.4° to 103°. For many comets, the data of polarimetric observations were obtained for the first 
time. Observations were carried out in UBVRI filters and in narrow-band comet filters. Figure 1 shows syn-
thetic phase curves of observed comets in filters I, V and R. 

 

 
 

Figure 1: Synthetic phase curves of observed comets in filters I, V and R. 
 
The polarization phase dependences of the 18 comets are constructed. A comparison between the syn-

thetic phase dependence of the cometary polarization and the data of the polarimetric database of comets has 
been done. 

Observational data can be used as a basis for interpretation using various computational techniques, 
among which the T-matrix method occupies an important place, an incredibly efficient software implementa-
tion of which was developed by M. Mishchenko. 
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The NASA Aerosol Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission, scheduled for launch 
in 2023, will carry two instruments that measure UV radiance emerging from the top of the 
atmosphere (TOA): the Ocean Color Instrument (OCI) and the Spectro-Polarimeter for Planetary 

Exploration (SPEXone) instrument. OCI will provide single-view, hyperspectral radiometric data 
with a spectral resolution of 5 nm, whereas SPEXone will provide multiangle, multispectral 
polarimetric data with a degree of linear polarization accuracy of 0.3% [1]. Together, these 
instruments will be the most advanced in NASA’s history for the combined observation of ocean 

color and atmospheric aerosols in the UV, and they will therefore provide unprecedented research 
opportunities for the ocean color and atmospheric aerosol communities. In particular, UV 
observations are best suited to constrain Colored Dissolved Organic Matter (CDOM) in the ocean, 

and Brown Carbon (BrC) aerosols in the atmosphere. However, both CDOM and BrC exhibit very 
similar absorption spectra in the UV-VIS; hence, care must be taken in accurately modeling these 
spectra for analyses of OCI and SPEXone measurements [2,3]. In this talk, we focus on modeling 
variations in the scattering and absorption properties of BrC in the UV-VIS, and on the impact of 

those variations on TOA total and polarized multiangle radiances. 
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While mineral dust and soot particles are known to contribute to the Earth’s radiative budget by scattering and 

absorption, no analytical solution of the Maxwell’s equations exists for such complex-shaped particles, presenting a 

highly irregular shape, sometimes with sharp edges and surface roughness as for mineral dust or fractal aggregates as 
for soot particles [1]. Hence, despite major recent advances in both numerical and laboratory fields, light scattering by 

such complex-shaped particles is difficult to quantify and the phase matrix can only be obtained in limited scattering 

regions, from 3° to 177°, as underscored in [2]. Interpolations to the 180°-backscattering angle are then to be discussed 

for such irregularly-shaped particles, as recently underlined [2,3].  This requires to increase the scattering angle range 

accessible to laboratory light scattering experiments, to cover the gap from 177° up the 180°-backscattering angle. 

In this context, a controlled laboratory experiment has been built and operated which complements existing laboratory 

experimental set-ups by providing precise evaluation of the scattering matrix elements of mineral dust, from 176.0 to 
180.0° scattering angle with a 0.4° step [4]. Interestingly, T-matrix numerical simulations agree with our laboratory 

polarimeter, showing the applicability of the spheroidal model to describe light scattering by mineral dust also at near 

and exact backscattering angles.  Besides, our laboratory Pi-polarimeter also provides accurate evaluations of F22/F11 

at the strict lidar backscattering of Pi at UV and VIS-wavelengths simultaneously, which may be used in 2λ-polarization 

lidar applications. Hence, for the first time, the particles depolarization ratio of freshly-emitted soot aggregates could 
be evaluated in laboratory [5]. Various mineral dust samples have also been studied. Moreover, within the sensitivity 

and accuracy of our laboratory Pi-polarimeter, we could reveal a net decrease in light backscattering by the sulfate 

aerosol in the presence of organic compounds, giving rise to core-shell structures [6]. For the involved organics are 

among the most important secondary organic aerosol precursors in the atmosphere, this laboratory finding may be key 

for quantifying the direct radiative forcing of sulfates in the presence of organic compounds, thus more clearly resolving 

the impact of such aerosol particles on the Earth’s climate.  
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While pollen particles are impacting human health through allergies and expected to play a more significant role on the 

Earth’s climate in the forthcoming decades, ragweed pollen particles are seldom studied in the literature, except the 

contribution by Berg and Videen [1]. One possible explanation is that there is no analytical solution of the Maxwell’s 
equations exists for such large size and complex-shaped particles [2]. Indeed, microscopic images of ragweed pollen 

exhibit a near but non-spherical overall shape, due to regular spikes and holes and a whole diameter of about 20 µm [3], 

which are, to our knowledge, beyond the reach of numerically exact light-scattering methods. Controlled laboratory 

experiments are highly desirable in this context.  

 

Figure 1: Ragweed pollen microscopic image (overall shape but regular spikes and one hole), size distribution and 

controlled-laboratory light-scattering experiment for retrieving the ragweed pollen scattering matrix [3].  

This contribution is dedicated to laboratory light scattering measurements on ragweed pollens particles embedded in 

ambient air. The non-spherical complex shape of ragweed pollen is accounted for by applying the scattering matrix 

formalism [2] with a laboratory polarimeter operating at two wavelengths simultaneously (532 and 1064 nm) [3] and 

several scattering angles, ranging from 176 to 180°. Interestingly, our laboratory experiment exhibits sufficient 
sensitivity and accuracy to reveal the spectral dependence of the scattering matrix elements of ragweed pollen [3]. We 

believe this contribution may interest researchers working on light-scattering numerical models as well as 

experimentalists, working in the atmospheric lidar and biological communities.   
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In 1 929, while studying the ability of light scattering to reveal the size of atmospheric dust, A. Ångström published a 

paper [1] where he introduced a quantity that he called a and noted that “the larger the particles, the smaller was the 

value found for a.” Today, the particles backscattering Ångström exponent BAEp, i.e., the value of a in the backward 
scattering direction, is considered as a qualitative particle size indicator and remotely evaluated every day from 

atmospheric multi-wavelength lidar instruments [2]. However, according to the light scattering theory [3], particles 

backscattering Ångström exponents, which describe the wavelength dependence of lidar particles optical backscatter (βp) 

between wavelength pair (λ1, λ2), depend on the particle size, shape, and complex refractive index. This dependence is 

however implicit and hence difficult to handle. 

In this contribution, we investigate the dependence of backscattering Ångström exponents with the particles size, shape and 
complex refractive index [4].  The basic idea is to revisit backscattering Ångström exponents by taking benefit from light 
polarization. Where previous interpretation of Ångström exponent was that of a particle size indicator, using light 
polarization, we investigate the Ångström exponent dependence on the particle shape, by separately retrieving the 
backscattering Ångström exponent of the spherical (s) and non-spherical (ns) particles contained in an atmospheric 
particle mixture (p) = {s, ns}. As an output, analytical solutions of the Maxwell’s equations (Lorenz–Mie theory, 
spheroidal model) are then applied to investigate the Ångström exponent dependence on the particle size and complex 
refractive index for each assigned shape. Interestingly, such lidar-retrieved vertical profiles of backscattering Ångström 
exponents specific to s- and ns-particles can be used by the lidar remote sensing community in complement to existing 
inversion algorithms, to improve the accuracy of the retrievals, by reducing the range of involved particle sizes and 
complex refractive indices, and this for both s and ns particle shapes [4]. An example of application of this new 
methodology is proposed on a case study dedicated to the lidar remote sensing observation of a nucleation event 
promoted by mineral dust [5]. 
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The Umov law describes qualitatively an inverse correlation between the reflectivity of a target surface and
the maximum value of the linear polarization that initially unpolarized incident light acquires when scattered from
that surface. In the article [1] we found that the logarithm of the geometric albedo log(A) of polydispersions of
agglomerated debris particles approximately correlates with their lidar linear or circular depolarization ratios, µL.
In the analysis for the simplicity we assume that agglomerated debris particles obey a power-law size distribution
N(r) ∼ r–n.

But the power-law size distribution is the simplification, that didn’t reprsent important features of aerosol dis-
tribution. Of the various mathematical functions that have been proposed, the log-normal distribution [2] often
provides a good fit and is regularly used in atmospheric applications. In most cases this distribution have two modes.

In our analysis we use AERONET INVERSION PRODUCT V3 dataset for the period from 2004 to 2020 for
Ussuriisk station. All the data from AERONET passed to a procedure, that for every row calculates geometric
albedo taking into account spheroidal shape of a particles. Spheroids mixture is defined by [3]. In out study total
aerosol concentration is calculated as Ntot = Ns + Nns = f ·Ntot + (1 − f) ·Ntot where f - spheroid fraction, Ns -
number concentration of spherical particles, Nns - of nonspherical ones.

In the article [1] we found that logA = a · µl + c (model 2). In this paper for the case of bimodal lognormal
disrtibution the equation logA = a ·µl + b ·mr+ c (model 1) has better fit of experimental data. Here a, b, c - fiting
parameters.
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Figure 1: Sun photometer data. Bimodal size distribution. Sphericity less than 5%. a) model 1, b) model 2

On the figure 1 scattering diagrams shows quality of model 1 and model 2 for real data. For model 1 we achieve
R2 = 0.91 and for model 2 R2 = 0.61. We also found that regression equations are applicable for data with amount
of spherical particles less than 15%.
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Nanoparticles can substantially affect the absorption of light in materials, raising considerable interest for such diverse
applications as light-harvesting in solar cells, photothermal therapy, or surface-enhanced optical spectroscopies [1].
With advances in nanotechnology and synthesis, artificial nanostructures have been proposed that combine a number
of nanoparticles into rigid aggregates with well-defined positions and orientations in space, such as oligomers [2]
or helices, for example. The optical properties of such nano-aggregates can reveal a complex interplay between
the individual nanoparticles’ response, and collective multiple-scattering interactions that depend crucially on the
relative positions and orientations of neighbouring particles. Often such particles aggregate are synthesised and/or
used in solution, and consequently are randomly oriented.
The superposition T-matrix framework is a powerful method for the theoretical description of light scattering by such
aggregates; it enables fast and accurate computations of far-field cross-sections as well as near fields. A particular
strength of the method lies in the prediction of orientation-averaged quantities: the T-matrix captures the optical
response of the particles independently of the incident field, and the properties of vector spherical harmonics used
to describe incident and scattered fields enable the derivation of analytical formulas for orientation-averaged optical
properties. This powerful formalism enables benchmark calculations for various quantities of interest, which include
orientation-averaged extinction, scattering and absorption [3, 4], circular dichroism [5], but also near-field intensity
[6], and more recently the local degree of optical chirality [7, 8]. Although analytical, the orientation-averaged
expressions can become quite involved, and their evaluation is not necessarily faster than performing purely numerical
orientation-averaging by simulating the optical properties for a discrete number of incidence directions, with a
numerical quadrature [9, 10].
We will discuss a comparison of different numerical quadrature methods and their application in orientation-averaging
of optical properties – both in the far-field and in the near-field. Specifically, we have implemented several schemes of
spherical cubature, including Gauss-Legendre, Fibonacci, Lebedev, Spherical Designs, and Quasi-Monte Carlo; their
relative strengths or drawbacks are first illustrated on toy problems such as standard integrands and combinations
of spherical harmonics, followed by realistic light scattering problems of varying degree of difficulty. We use the
analytical results as a benchmark for accuracy, and compare the convergence rate of the different methods with
increasing number of incidence angles. The results are also of interest in the theoretical modelling of nanoparticle
assemblies using other numerical methods, where the computation of orientation-averaged quantities must be done
numerically without analytical results to use as a benchmark.
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Abstract 

Inhomogeneous particles with a core-mantle structure can be frequently observed in the atmosphere. For example, sea 
salt aerosols may contain solid cores as the ambient humidity decreases to a certain threshold [1]. This feature is 
common for hygroscopic aerosols which uptake water vapor in the atmosphere to form a water coating. In this study, 
we systematically examined the optical properties of inhomogeneous coated particles. In particular, we focused on 
studying how the near-backscattering polarization change with the particle inhomogeneity and size, because near-
backscattering signals could be observed by a passive polarimetry instrument aboard on a satellite.  

In our simulations, we used the Lorenz-Mie theory and the invariant imbedding T-matrix method [2,3] to compute the 
optical properties of homogeneous and inhomogeneous spheres, respectively. We found that the inhomogeneous 
sphere causes a negative extreme of –P12/P11 at the scattering angle between 170°–175°, but the homogeneous sphere 
model has no this optical phenomenon. Next, the physical mechanism of the near-backscattering polarization was 
explored by using Debye’ series and a ray tracing technique, following the theoretical formalisms given in [4].  Physically, 
the negative extreme of –P12/P11 was found to stem from the incident rays passing through the core of coated sphere 
and undergoing one internal reflection upon the host particle interface. The reflection angle involved in the internal 
reflection was found to be close to the Brewster’s angle. Finally, the polarized radiance on the top of atmosphere (TOA) 
was simulated by using an adding-doubling radiative transfer method [5]. According to our theoretical simulations, the 
negative extreme of near-backscattering –P12/P11 could cause observable negative polarized radiance at the scattering 
angle between 170°–175°, which was further confirmed by analyzing the PARASOL (Polarization and Anisotropy of 
Reflectances for Atmospheric Science coupled with Observations from a Lidar) observational data for sea salt aerosols. 
The implications for this study for accurate radiative transfer and relevant remote sensing studies will be discussed.  
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Introduction and Observations  

Comet 29P/Schwassmann–Wachmann holds a special place among other small bodies in the Solar System, as the 

comet has remained continuously active for nearly a century, since its discovery in 1927 [1]. Its suggests it is a 

member of the Jupiter-Family Comets (JFC); whereas, the 29P/S-W nucleus is giant compared to other JFCs, having a 

diameter of ∼60 km (e.g., [1] for review). We conducted observations of the comet during five nights between 

February 3 and 10, 2021, using the RC500 telescope (D = 0.5 m; F = 4 m) at the Ussuriysk Astrophysical Observatory, a 
division of the Institute of Applied Astronomy of RAS. This telescope is equipped with a CMOS detector ZWO ASI 6200 

pro (resolution – 9576 × 6388, size of pixel – 3.76 μm) that is used in the 2 × 2 binning mode. We monitored the 

degree of linear polarization in Comet 29P/S–W with the broadband R filter of the Bessell photometric system 

(efficient wavelength λeff = 0.64 μm and FWHM = 0.16 μm), which is a glass analog of the Cousins R filter devised for 

CCD detectors. Reduction of observations is similar to what was previously used in polarimetric studies of other 
comets (e.g., [2]). We calculate the degree of linear polarization using an aperture centered at the 29P/S-W nucleus 

and having radii of ρ = 10,000 km and ρ = 27,000 km. This is the first monitoring of the polarization in Comet 29P/S-W 
during a period of its quiescent activity.  

Results 

The degree of linear polarization PQ = –Q/I, where I and Q are the Stokes parameters, appears to have negative sign on 

all five epochs. It is worth noting that during our observations, the phase angle of 29P/S-W remained nearly constant 
at α ≈ 9.5°, where the negative polarization in other comets attains its minimum value (e.g., [3] for review). Over the 

course of our observations, the polarization remained nearly constant, PQ ≈−2.1%. It is worth noting that the negative 

polarization has several immediate implications. First of all, it reveals a negligible contribution of the gaseous 

emissions in the light-scattering response from Comet 29P/S-W [3]. Our modeling of the negative polarization using 

agglomerated debris particles also constrains the material absorption of the cometary dust. In at least one type of 
particles, the imaginary part of refractive index should be less than 0.1 [4].  
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Abstract

Airy published a paper in 1838 to remedy the problem of the infinite intensity in the rainbow angles of a spherical
droplet predicted by the geometrical optics (GO) [1]. His theory has been studied by mathematicians and physicists
since then from different points of view [2]. Airy theory predicts the main and secondary peak positions and
amplitudes as function of the refractive index and the particle size. Therefore, it is still largely used in the optical
particle measurement though it is known that its precision is limited compared to the rigorous theories [3].

In this communication, the Airy theory is revisited with the Vectorial Complex Ray model (VCRM) [4] and the
physical optics (PO). Two key points are examined: The first is that the cubic phase function in Airy theory is
obtained from the relation in the vicinity of the rainbow angles, but this is extended to infinity in the integration.
The second is the assumption of constant amplitude of the emergent rays, which is not true because the amplitude
varies due to the convergence and divergence of the wave on the curved surface of the particle.

We follow the idea of Airy, but the phase and the amplitude of the emergent rays are calculated in the framework
of VCRM [4] with rigorous geometry. Figure 1 (a) shows that the phase on the virtual line v given by the cubic
function of Airy [2] (red line with circles) is in good agreement with that calculated by VCRM (green line with
diamants) around v = 0 (corresponding to the geometrical rainbow angle) but differs more and more when the point
is far from 0. The variation of the amplitude is also significant, from about 0.1 to 0.35 for v in the range [-20,20].

The physical optics is then applied to calculate the scattered intensity according to the phase and the amplitude
calculated by VCRM. Figure 1 (b) shows that the intensity predicted by our method (VCRM+PO) is in very good
agreement with Debye theory (rigorous) while Airy peaks differ from Debye theory more and more with increase of
the scattering angle and GO predict an infinite intensity in the rainbow angle (∼ 138◦).

Furthermore, our method can be applied directly to particles of arbitrary shape with smooth surface.
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Figure 1: A plane wave of wavelength λ = 0.6328 µm is scattered by a spherical droplet of radius a = 100 µm and
refractive index m = 1.333 for the order of ray p = 2. The incident wave is polarized perpendicularly to scattering
plane.
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Abstract

According to relationship of momentum and angular momentum flux, it is possible for the optical forces and optical
torques to trap the particle, realize micromanipulation [2] and binding [3]. Airy beam as one of the optical tweezer
light sources, has great potential applications in particle manipulation [4], and handling along curved trajectories [5],
with its special characteristic of auto-accelerating and auto-bending. The scattering of Airy beam is the basis of
optical force and torque by Airy beam.

It is interesting to study the Airy beam scattering by the ellipsoid particle, including the distribution of scattering
intensities, with the influence of transverse scale parameter and lobe width. The generalized Lorenz-Mie theory [1]
(GLMT) is suitable for arbitrary illumination to the calculation of optical tweezer. However, the theory of GLMT is
rigorous to homogeneous isotropic spheres. It is unavoidable for the optical tweezers to study the other particle shapes
in daily research. Limited to the particle shapes, it is right for T-matrix [6] description of scattering, depending on
the particle properties – the composition, size, shape, and direction of the particle, independent of the incident field.
For any particular particle, the T-matrix needs to be computed only once, and can be repeated with the matrix for
subsequent studies, which reduces the number of double counting.

Further, the present solution can be used to calculate the optical radiation force and torque, which is of great
importance in particle transport and rotation.
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Potentially hazardous asteroid (3200) Phaethon, discovered on October 11, 1983 by NASA's Infrared Astronomical 
Satellite, is a one of the most enigmatic objects among the known asteroids. It is classified as an asteroid but 
dynamically it associated with the Geminid meteoroid stream and, hence, its source, implying significant mass loss 
during its previous perihelion passages. Due to a very low perihelion (q = 0.14 au), Phaethon is not only a near-Earth 
asteroid (NEA) but also a near-Sun asteroid. Observations around perihelion in 2009 and 2012 obtained by the Solar 
and Terrestrial Relations Observatory revealed its strong brightening and a comet-like tail. This may suggest that 
Phaethon is an extinct or dormant comet, sometimes called a rock comet [1].  

We present all available polarimetric data for asteroid Phaethon obtained in 2016–2020 with the B, V, R, and I 
filters. We observed asteroid Phaethon during its closest approach to the Earth on December 16, 2017 (the geocentric 
distance was 0.0768 au), when the phase angle (α) changed from 19.2° to 134.9° and on October 16, 2020 at α = 52.2°. 
The CCD spectropolarimetry and imaging polarimetry were performed at the 6-m telescope of the SAO RAS. Aperture 
polarimetry and photometry were carried out at the 2.6-m and 1.25-m of the CrAO.  

From our and all available in the literature data, we obtained the phase-angle dependence of polarization for 
Phaethon and found that the maximum of linear polarization degree in the V+R bands is Pmax = (45 ± 1)% at phase 
angle αmax = (124.0 ± 0.4)°. However, the polarization of the asteroid measured in the 2016 apparition by Ito et al. [2] 
at the large phase angles significantly differs from the data derived in 2017 at corresponding angles, up to 50% at 
α=106.5° in the R filter. A very high polarization at large phase angles indicates that geometric albedo of the object 
should be low. Actually, using dependence polarimetric slope–albedo, we found geometric albedo of asteroid 
Phaethon to be pv = 0.061 ± 0.002. The obtained value of the geometric albedo is a much smaller than that derived 
from IR observations. 

To calculate the scattering properties of dust particles on the Phaethon’s surface, the Sh-matrix method was used 
[3]. A mixture of silicate forsterite particles and amorphous carbon particles was adopted as a substance model. 
Conjugated Random Gaussian particles were used as a model of irregular particles [4]. The main feature of these 
particles is the presence of both large-scale and small-scale surface roughness. The parameters of the scattering 
particles, such as the size distribution and the carbon/silicates ratio were selected in such a way as to best 
approximate the observational data. The obtained results of observations and their simulation will be presented. 
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Laser diffraction is a measurement technique that is widely used to determine the size distribution of particles
suspended in a fluid. This technique measures the scattering that occurs as a laser beam passes through a sample of
these suspended particles. The angular intensity distribution of the scattered light is used along with modelled Mie
scattering distributions to calculate the size of the particles in the sample.

Laser diffraction is used across many industries due to the speed, accuracy and reproducibility of the technique.
However, the accuracy of the particle size determined by laser diffraction is dependent on many factors including
the accuracy to which the particle refractive index is known. For many applications, particularly those where new
materials are being developed, the refractive index of the measured particles is not well understood and is often
estimated. In these cases, errors in the particle refractive index will lead to errors in the calculated particle size.

The objective of this work is to develop a new method to simultaneously extract the size and refractive index of
a particle ensemble based on a single laser diffraction measurement. The method uses principal component analysis
(PCA) to compare a measured angular intensity distribution with a training matrix of known scattering distribu-
tions. We have demonstrated a method to derive accurate size as well as complex refractive index and polydispersity
properties from a modelled scattering distribution generated using the characteristics of a commercially available
laser diffraction instrument.
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Computed	cloud	tomography	(CCT)	is	a	promising	new	approach	in	remote	sensing	of	large	vertically-developed	clouds	
using	space-based	imaging	sensors	with	pixel	scales	in	the	100s	of	meters.	Prime	examples	are	the	Multi-angle	Imaging	
Spectro-Radiometer	 (MISR)	 and	 the	MODerate-resolution	 Imaging	 Spectrometer	 (MODIS),	 both	 on	NASA’s	 flagship	
Terra	satellite.	Current	operational	cloud	property	retrievals	in	the	solar	spectrum,	which	are	grounded	in	1D	radiative	
transfer	(RT)	predictions	for	reflected	radiation	emanating	from	a	single	pixel	and	view	angle	at	just	two	wavelengths.	
In	sharp	contrast,	CCT	embraces	the	3D	nature	of	real	clouds	and	exploits	collocated	multi-spectral/multi-angle/multi-
pixel	data	to	recover	volumetric	information.	However,	CCT	has	been	demonstrated	so	far	only	for	rather	small	clouds	
using	airborne	sensors	with	~20	m	pixels	[1].	

A	first	step	in	the	right	direction	was	recently	taken	by	Forster	et	al.	[2]	who	defined	the	“veiled	core”	(VC)	of	large	
opaque	clouds	as	the	optically	deep-enough	region	where	detailed	3D	structure	of	the	cloud	has	negligible	impact	on	
the	multi-angle/multi-spectral	 images	 as	 long	 as	 the	mean	VC	 extinction	 coefficient	 and	 any	 significant	 cloud-scale	
gradient	are	preserved.	Quantitatively,	 the	difference	between	radiance	 fields	escaping	 the	clouds	 is	commensurate	
with	sensor	noise	when	said	clouds	differ	only	in	the	small-scale	distribution	of	extinction	inside	their	VCs.	

An	important	corollary	for	the	large	and	ill-posed	CCT	inverse	problem	is	that	the	only	unknowns	of	interest	for	the	
whole	VC	 are	 its	mean	 extinction	 coefficient	 and	 any	potential	 cloud-scale	 vertical	 trend	 in	 that	 property.	 Another	
ramification	for	CCT	algorithms	currently	under	development	for	space-based	sensor	data	is	that	the	forward	3D	RT	
model	driving	 the	 inversion	may	be	 vastly	 simplified	 in	 the	VC	 to	 gain	 efficiency.	We	explore	here	 that	possibility,	
assuming	radiative	diffusion	as	the	simplified	RT	for	the	VC.	On	the	way,	we	describe	the	relevant	RT	physics	that	un-
fold	in	the	VC	and	in	the	outer	shell	(OS)	of	the	cloud,	where	detailed	spatial	structure	does	matter	for	image	formation.	
This	includes	control	by	the	VC	of	the	cloud-scale	contrast	between	the	brightness	of	illuminated	and	shaded	cloud	sides,	
as	well	as	the	gradual	blurring	of	spatial	structure	via	directional	diffusion	with	increasing	optical	distance	into	the	OS.	

Transport	 space	 is	a	merger	of	3D	physical	space	and	2D	direction	space.	Cloud	 image	 formation	thus	 involves	 two	
radiative	 diffusion	 processes	 (i.e.,	 random	 walks):	 one	 in	 each	 of	 these	 sub-spaces,	 depending	 on	 the	 prevailing	
transport	regime	[3].	Fortunately	for	the	future	of	CCT,	and	of	passive	cloud	remote	sensing	in	general,	there	is	a	clear	
spatial	separation:	asymptotic	limit	of	radiative	diffusion	in	the	VC,	and	standard	RT	with	multiple	scattering	in	the	OS.	
A	hybrid	forward	model	for	CCT	will	make	use	of	this	fact	of	life	in	cloud	image	formation.	
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The 3.4 m feature and its implications for the nature of carbon dust 

The structure of interstellar dust grains and whether the carbon and the silicate components are separated or not is still 
a much-debated issue [1]. The core-mantle model,  a silicate core covered by a carbon shell, has been challenged by the 

spectropolarimetric observations of the feature at 3.4 m. Such absorption feature, observed in the diffuse interstellar 

medium, is commonly attributed to the C-H stretching mode in aliphatic hydrocarbons residing in some components of 
interstellar dust. Chiar et al. [2] found that this feature is negligibly polarized for a line of sight toward the Galactic 

Center. Such evidence, together with the observation of a strong polarization in the silicate feature at 9.7 m along the 

same sightline, suggests that carbon and silicate grains are separate components. In this picture the silicate grains 

appear to be non-spherical and aligned so as to originate the observed strong polarization feature at 9.7 m, while the 

carbon grains should not be aligned to explain the non-detection of polarization in the 3.4 m feature. This last 
assumption for a separate carbon component is reasonable due to the carbon diamagnetic nature which does not favor 
alignment.  

Are silicate and carbon necessarily separate components of interstellar dust? Should we definitely rule out the core-
mantle dust model? We investigate the problem using a wide range of silicate-carbon core-mantle grain models, 

comparing the computed polarization of the 3.4 m feature with the observational upper limit.  

Additional information 

The layered grains have been modelled as central spherical silicate cores covered by two carbon mantles, an inner sp2 
carbon layer and an outer sp3 layer [3].  Such stratified spheres have been aggregated in composite (compact or fluffy) 
and partially aligned structures. Their extinction and polarization properties have been computed through the 
Transition matrix method [4]. 
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Force reconstruction via Maximum Likelihood estimator

We recently introduced force reconstruction via maximum-likelihood-estimator analysis (FORMA) to calculate the
stiffness of a trap κ acting on a Brownian particle by analyzing its trajectory displacements. FORMA exploits the
linear relationship between the time series of the position of a Brownian particle xn and drag forces fn = γ∆xn

∆tn
at

instant n. fn = −κxn + σwn

Where σ =
√

2Dγ2

∆t and wn is a random Gaussian number with zero mean and unit variance. We apply a maximum

likelihood estimator to obtain the most probable values of the stiffness κ∗, obtaining κ∗ = −
∑

n xnfn∑
n x

2
n

.Which can also

be interpreted as a linear fit where κ∗ is the slope of the linear fit to the data pairs {x, f} and σ is related with the
dispersion of the data.

FORMA has proven to be faster, more precise, more accurate, and ten-fold less data-intensive than the previous
well-established methods. Furthermore, with FORMA, we have characterized the force field’s conservative and non-
conservative components, which was not feasible with previous methods. Another key advantage of FORMA is that
its application does not depend on the fine-tuning of a fitting parameter, which is the case of autocorrelation function
method and power spectrum density method [1].

Using Bayesian inference

In the context of inference statistics, FORMA uses a linear non-Bayesian approach to estimate the properties of the
force field and the diffusive properties of the particle. Recently, we have developed a method that uses Bayesian
inference to expand and generalize FORMA.

With Bayesian Force Reconstruction (BEFORE), we have derived formulas for the posterior distribution for a
set of parameters {D, γ, κ} denoted by θ, also called a model. The posterior distribution P (θ|x, f) gives us the
probability that a model θ explains the data-set provided by the vector pair {x, f} .

P (θ|x, f) =
L(f |x, θ)P0(θ)∫

dθ′L(f |x, θ′)P0(θ′)
(1)

Using more informative priors, BEFORE can provide reasonable estimates of the parameters even when little
data is available; it can also be generalized to more than one dimension and be used for time series with any time
interval ∆t.

Both FORMA and BEFORE represent an approach for calibration of optical tweezers using statistical inference
techniques.Their advantages become relevant whenever we have few data points, out of equilibrium systems, non-
conservative forces, underdamped regime, or inhomogeneous time sampling. All these advantages will allow expanding
experiments towards more complex scenarios such as biological systems, time-varying conditions, and active baths [2].
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The microwave analogy is a well known method relying on the Scale Invariance Rule (SIR) that has been used to measure 
the scattering properties of objects that would otherwise be difficult to manipulate individually [1].  The SIR states that 
the scattering properties of analog particles measured at a different wavelength are equivalent to those of the original 
particles of the same shape, as long as the refractive index and the size-to-wavelength ratio are conserved.  Over the 
years, our group at Fresnel Institute in Marseille has been studying a variety of analogs: from microorganisms [2] and 
trees [3] to asteroids [4]. In this presentation we will be focusing on dust found in the Solar System and in planet-forming 
disks, the ultimate goal being to provide direct observational constraints on the first phases of planet assembly, when 
tiny solid particles start to grow to form larger bodies. We have, for now, considered two types of particles: fractal-like 
aggregates and compact particles with rough surfaces [5]. These particles were produced by additive manufacturing 
where the possibility to control their shape, structure, and refractive index is unique and a definite advantage over other 
measurement methods. In this talk, we will summarize our first results on these protoplanetary dust analogs. We will 
detail how they are produced, what are the measurement conditions and the scattering results. In particular, the phase 
function and degree of linear polarization of these analogs will be presented, i.e., the elements S11 and -S12/S11 of the 
Mueller matrix respectively. An example of particles to be discussed is presented in figure 1. These measurements are 
compared to our numerical model [2] to validate the method and highlight their distinctive features, the ultimate goal 
being to retrieve the particles’ properties like the surface roughness, fractal dimension (Df), porosity and others. These 
results are the first laboratory measurements of protoplanetary dust disks analogs with controlled structures using the 
microwave analogy.  

 

Figure 1: Scattering results of a printed aggregate with a Df=1.7 and size parameter of the monomer of 0.6. 
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Introduction 

The tomography of irregularly-shaped particles in a flow is particularly interesting in many domains. A single-shot 
technique that could tend to real-time analysis would be very attractive. Interferometric rough particle imaging, which 
consists in analyzing the speckle patterns generated by particles under laser illumination, is a promising candidate. 

Results 

In this study, the possibility to perform the tomography of irregularily-shaped translucent rough particles using multi-
views interferometric particle imaging is investigated [1]. Combining three perpendicular angles of views, as illustrated 
on figure 1(a), we reconstruct the 3D-shape of particles from their three speckle patterns. The individual 2D-
reconstructions are done for each view using the error-reduction algorithm [2]. The principle is tested numerically and 
confirmed experimentally by analysing sets of three interferometric images of “programmed” particles generated by a 
digital micromirrors device (DMD) [3]. Figure 1(b) shows an example of 2D-projection of a 3D-dendrite like particle 
reconstructed from three speckle-like interferometric images.  

    

(a)          (b) 

Figure 1: Multi-views interferometric particle imaging set-up (a) and projection of a reconstructed dendrite-particle (b) 
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Abstract	
After	March	2020	the	range	of	scattering	angle	for	DSCOVR	EPIC	(Earth	Polychromatic	Imaging	Camera)	has	been	
substantially	increased	towards	backscattering	reaching	178	degrees.		This	provides	a	unique	opportunity	to	observe	
correlation	of	reflectance	with	scattering	angle.		The	dependence	of	reflection	of	scattering	angle	is	shown	separately	
for	ocean	and	land	areas,	for	cloudy	and	clear	pixels,	while	cloudy	pixels	are	also	separated	to	liquid	and	ice	clouds.		A	
strong	increase	of	reflectance	towards	back-scattering	direction	observed	for	all	wavelengths.		The	spectral	signature	
of	the	dependence	indicates	the	strongest	increase	at	near	IR	(780	nm)	where	contribution	from	vegetation	
dominates.			
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Atmospheric halos are a light scattering phenomenon caused by airborne ice crystals in the atmosphere [1, 2, 
3, and 4]. Halos can be seen by naked eye. They provide information to the observer on what kind of ice crystals 
are present in the sky during a halo display. Nearly 120 different identifiable halo forms are known today. Most 
known halos are made by crystals of hexagonal water ice (Ih). A combination of ice crystals’ shape, their orien-
tation, and light’s ray paths through the crystals dictates what halos will be created. Some of the documented 
halos cannot be explained by using common hexagonal ice crystals. Abnormal crystal shape, crystals of cubic 
ice (Ic) or crystals of other minerals may be needed to explain these exotic halos [5, 6]. Halos can be seen also 
in the atmospheres of other planets providing insight of the airborne ice crystals or crystals of other minerals 
[7, 8]. 

In this presentation, we summarize current knowledge of atmospheric halos. We show which halo forms 
cannot be explained by ordinary hexagonal ice crystals and why. We also present some modern photographic 
technics applied recently to enhance documentation of halo displays. 

 

 
Figure 1. A halo display in Kirkkonummi, Finland in 3rd May 2021.  
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Abstract

Over the past twenty years, the study of plasmonic nanostructures has involved a large scientific community since
their optical properties have proven to be of interest for their wide field of application that ranges from nanomedicine
to nanotechnology [1,2]. Recently, considerable attention was paid to the properties of silver-gold alloy nanostructures
suitable for many applications where individual metals do not have the desired characteristics [3]. Currently, the
production, manipulation, and experimental characterization of these structures are carried out with state-of-the-art
methodologies able to highlight all the potential applications [4,5]. From the theoretical point of view, despite the use
of validated theoretical methods based on first-principle approaches, the simulated optical properties are susceptible
to the choice of dielectric function model. For this reason, with the help of experimental measurements conducted
in a controlled way and within the framework of the T matrix approach [6], this research carried out a theoretical
study using the dielectric functions proposed in the literature identifying the reason why some of these models fail
to describe the actual optical properties of alloy nanoparticles [7].
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Abstract 
Aerosol single scattering albedo (SSA) measures the ratio of scattering to extinction, which is critical in determining 
aerosol radiative effect. However, spaceborne SSA retrieval is restricted by comprehensive monitoring requirements of 
both direct solar radiance and scattered sky radiance. Most existing passive satellite sensors such as MODIS and VIIRS 
only provide the measurements of reflected solar radiation at the top of the atmosphere (TOA), which are sensitive to 
both aerosol optical depth (AOD) and SSA. Current AOD products are commonly derived from satellites on the basis of 
assumed SSA. On the other hand, it would be possible to retrieve SSA using satellite measurements with known AOD. In 
this study, a machine learning approach is developed for the retrieval of SSA using joint visibility and satellite 
measurements. With meteorological and ancillary information, surface visibility can be converted to column AOD. 
Therefore, combining these variables representing AOD with MODIS measured TOA apparent reflectance, we retrieve 
SSA at over 2000 stations worldwide. The results show a great consistency with AERONET retrieved SSA. We also 
applied our method to surface PM2.5 measurements and obtained satisfactory results. Our work generates a global 
aerosol SSA dataset with extensive coverage over land, which can be used for the estimation of aerosol radiative forcing 
and the validation of climate models. 
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This communication presents our recent progress on the three-dimensional (3D) light scattering by raindrops of large 
size and complex morphological characteristics. The equal-volume radii of the non-spherical raindrops in nature usually 

range from hundreds of microns to several millimeters [1], much greater than the wavelength of light. Since the 

conventional numerical methods (T-matrix, FDTD or DDA) [2] are limited to small particles, there is still no satisfying 
solution to the light scattering of non-spherical raindrops. As an advanced ray model of light, the vectorial complex ray 
model (VCRM) [3] integrated the local wavefront curvatures as new properties of a light ray, thereby allowing to predict 
the coarse and fine scattering patterns of large non-spherical particles [4]. The implementation of VCRM for 3D 
scattering (VCRM3D) has been achieved recently [5], opening up perspectives for simulating and understanding the 3D 
scattering of large particles of any smooth surface. Here presents the application of VCRM3D to the non-spherical 
raindrops in nature, and reveals their scattering patterns in 3D space. 

 

Figure 1: (a) Model of a large raindrop of diameter 2.5 mm. Equivalent spherical drop is outlined by the dotted line.  

(b) Comparison between the scattering diagrams of the spherical drop and the non-spherical raindrop (offset by 102) 

in the symmetry xz plane. The full 3D scattering patterns are in progress and to be presented in the conference. 
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ABSTRACT 

Magnetic polariton (MP) is a significant resonance mode in tailoring the surface radiative properties within nano/micro-

structured metamaterials. One salient feature of MP is its localized property as compared to the surface plasmon/phonon 

polariton (SPP). The MP structure in a grating can be considered as an isolated unit as indicated by the LC circuit model [1]. 

The neighboring structures has a weak effect on the properties of the MP, as long as their separation distance is large enough. 

In this work, we present a ‘particle’ view of the MP structure based on the localized property of the MP structure. The common 

concepts in light scattering such as scattering cross-section and absorption cross-section are defined to describe the properties 

of MP in gratings. The MP scattering cross-section and absorption cross-section in example gratings are calculated and the 

geometric effects on their scattering characteristics are analyzed. The results show that the absorption cross-section of the MP 

in deep grating remains unchanged when the period is large enough, supporting the isolated ‘particle’ view of the structure. 

When the grating period, i.e., the distance between the slits in the deep grating is small, the dependent scattering effect appears, 

which will influence the MP resonance frequency. The MP will also interact with the SPP in gratings which cause the shift of 

resonance frequency and the scattering properties. The absorption cross-section of a MP structure is demonstrated to be a good 

measure of the light absorption performance of the single structure (e.g., a slit), and gives a measure of the ‘optical’ size of the 

MP structure. The new view of MP and related concept presented in this study may facilitate the understanding and design of 

photonic metamaterial structures based on MP. 

 

Figure 1: (a)Schematic of the 1D metallic grating with a period Λ, height or depth h, ridge width w, and trench width b and 

light scattering of MP structures. (b) The magnetic field distribution in the Ag grating with Λ=6μm, b=0.01μm and h=1μm at 

resonance frequency. (c) Contour plot of the normal absorptance in terms of the wavenumber and period for Ag gratings with 

b=0.01μm and h=1μm. (d) Absorption cross section spectra at normal incidence of TM wave with Λ=6μm and 7μm. 
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Abstract

Near-field radiative heat transfer (NFRHT) in nanostructure networks recently attracts a lot of research interests for
both fundamental and applicative reasons. When separation between nanostructures is comparable to or less than the
characteristic thermal wavelength, the near-field effects become important and the radiative heat flux can exceed the
Planckian blackbody limit by several orders of magnitudes. In the nanoparticle networks, nanoparticles usually lie in
the near field of each other, which results in the significant multiple scattering of the thermally excited electromagnetic
waves, namely many-body interaction (MBI). The complex MBI significantly affects the heat transfer behavior inside
the networks composed of many nanoparticles. In literature, heat superdiffusion was demonstrated in the linear
ordered chain with strong MBI due to near-field interaction from the point view of continuum. However, few results
on heat transfer behavior in the asymmetric chains have ever been reported at continuum scale, of which the reason
is that no continuum-scale theoretical framework for heat transfer in asymmetric structures has been developed yet.
It is still unclear how MBI affects heat transfer in such asymmetric nanoparticle chains. Our recent work provides a
normal diffusion theory (governing equation see below) starting from the fluctuational electrodynamics applicable for
investigating heat transfer in the asymmetric structures due to near-field interaction [1], where the effective thermal
conductivity (ETC) and asymmetrical photonic heat transfer coefficient (APHTC) are defined to characterize the
diffusion-type and convection-type heat transfer process via thermal photons, respectively. In this work, heat transfer
in asymmetric nanoparticle chains is investigated by means of the normal diffusion theory. Effect of the asymmetry
of structure on NFRHT is analyzed. The spatial distributions (profiles) of temperature and heat transfer coefficients
(i.e., ETC and APHTC) along the chain are also analyzed. For heat transfer in asymmetric nanoparticle chains via
thermal photons, in addition to the heat diffusion process, the convection-type heat transfer process caused by the
asymmetry of the structure also exists. Heat transfer in the asymmetric chain has an obvious preferential direction,
which is due to the existence of the convection-type heat transfer process via thermal photons. In the considered
asymmetric nanoparticle chains, the spatial variation of nanoparticle packed density is obvious, which results in the
spatial-dependent heat transfer coefficients. Magnitude of both ETC and APHTC for the position with densely
packed nanoparticles is much larger than that of the position with loosely packed nanoparticles. The sign of APHTC
means for the preferential direction of heat transfer. For the asymmetric chain where nanoparticles packs densely
at the left hand side and packs loosely at the right hand side, the sign of the APHTC is ’-’ meaning for the heat
tranfer preferential direction from left to right. It is also noted that temperature gradient along the asymmetric
chain varies from position to position and increases with decreasing the effective thermal conductivity. This work
may help for micro-nanoscale heat management and understanding of the heat transfer in asymmetric particulate
system via near-field thermal photons.

hloc · ∇T︸ ︷︷ ︸
hloc: APHTC

+∇ · (Kloc · ∇T )︸ ︷︷ ︸
Kloc: ETC

+S =
dE

dt
, (1)
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Abstract 

In this work, we report the extension of Rayleigh-Gans-Debye (RGD) approximation to calculate the nonlinear light 

scattering properties of particulate matter. In this model, the scattered field amplitudes are calculated by using the 
nonlinear susceptibility which is determined from molecular hyperpolarizability and particle surface susceptibility. The 

results of the nonlinear light scattering properties of monodisperse or polydisperse particles, having sizes within RGD 

limit and calculated as a function of scattering angle, will be presented. 
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Abstract

Simulations of the behavior of particles in complex optical fields can lead to practical applications such as predicting
how the particles can be manipulated with optical tweezers. Particles in complex optical fields can also exhibit rich
physical phenomena, such as photokinetic effects, arising from the interplay between deterministic electromagnetic
forces and torques and stochastic thermal fluctuations. Performing such simulations is challenging for wavelength-
sized particles since the simulations must account for the details of how the particles scatter light. Here, we discuss
recent progress in simulating the motion of wavelength-sized sphere clusters in complex optical fields using Brownian
dynamics [1].

Our simulations account for the exact electromagnetic forces and torques on the clusters. Specifically, we use a
point-matching technique to calculate the vector spherical wave function (VSWF) expansions of arbitrary optical
fields including focused Gaussian beams and Laguerre-Gaussian beams [2]. We then determine the electromagnetic
forces and torques on the clusters from T -matrix computations of how they scatter those optical fields [3]. In
addition, our simulations account for anisotropic hydrodynamic and stochastic forces on the sphere clusters. We
generate trajectories that track the position and orientation of the clusters in three dimensions.

Using our simulations, we explore phenomena such as the photokinetic rotation of optically-trapped two-sphere
clusters in elliptically-polarized Gaussian beams which carry spin angular momentum. We consider how the rotation
depends on the particle size and beam power. We also simulate the motion of clusters in Laguerre-Gaussian beams
that carry orbital angular momentum. Finally, we examine the trapping equilibria of highly asymmetric clusters like
the one shown in Fig. 1.

Figure 1: Snapshot rendered from a simulated trajectory of an optically-trapped 7-sphere cluster in water. The
1064-nm-wavelength, 5 mW, horizontally-polarized beam propagates in the +z direction and is focused at the center
of the box by a 1.2 NA objective lens. The spheres have a radius of 0.4 µm and a refractive index of 1.45.
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Light scattering properties of a single particle include its differential scattering properties represented by a 

scattering phase matrix and its integrated scattering properties such as extinction, absorption, and scattering 

cross-sections, and asymmetry factor. Input parameters for a single scattering are refractive indices, size pa-

rameters, and aspect ratios.  Sensitivity of scattering properties are reflected by its linearization and especially 

important in the retrieval of particle microphysical properties. Consequently, the derivatives (or linearization) 

of light scattering properties with respect to the input parameters are obtained in this study using the invari-

ant-imbedding T-matrix method [1] and physical-geometric optics methods. The sensitivities associated with 

linearized parameters are shown and their preliminary applications are also discussed. 
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Abstract 

Atmospheric aerosols play key roles in climate and have important impacts on human activities and health. Hence, much 
scientific effort has been directed towards developing methods of improved detection and discrimination of different 
types of aerosols. Among these, light scattering-based detection of aerosol offers several advantages including 
applications in both in situ and remote sensing devices, bulk detection and multi-angle and multi-wavelength 
measurements. In this work, new scattering matrix measurements for two samples of airborne desert dust collected at 
Spain and China are reported, showing that these samples have very similar scattering properties. Such remarkable 
similarity between samples collected in different parts of the world has also been previously observed in the case of 
volcanic ashes [1,2]. Thus, the average extrapolated scattering matrices of airborne desert dust and of volcanic ash at 
two wavelengths have been calculated and compared (Figure 1) with the aim of finding criteria to distinguish these two 
types of aerosol in atmospheric observations. Additionally, the scattering matrix of cypress pollen has been measured 
and extrapolated to explore differences with mineral dust that can be exploited in atmospheric detection.  

Field measurements of the backscattering linear and circular depolarization ratios have been used to obtain information 
about non-sphericity and discrimination between fine and coarse aerosol [3–5]. However, the average backscattering 
linear depolarization ratio for the three types of aerosols considered in this work in the visible spectral range is δL(180°) 
= 0.40 ± 0.05. This indicates that δL(180°) is not very informative about the nature of irregular aerosol particles, e.g. 
composition or morphology. By contrast, measurements of scattering matrix elements or depolarization ratios at 
different scattering angles may provide information about the structural differences of particles, and in particular may 
enable to differentiate airborne volcanic ash from desert dust, which otherwise are very similar in terms of size and 
optical constants. Cluster analysis of the scattering matrices obtained in this work together with those included in the 
Granada-Amsterdam light scattering database [6] indicates that measurements of two or three matrix elements at two 
or three scattering angles are enough to classify these samples. Compact aggregate particles with round but uneven 
surfaces at the micron scale and below (desert dust) show consistently lower F22(θ)/F11(θ) and F44(θ)/F11(θ) than 
compact particles with smoother surfaces (volcanic ash). Cypress pollen shows a characteristic F12(θ)/F11(θ) curve very 
different from polydisperse irregular mineral dust. Field and remote sensing instruments based on the measurement of 
light scattering characteristics of aerosol particles could extract more information if modifications are introduced to 
perform concurrent measurements of the phase curves of several scattering matrix elements or depolarization ratios. 



Figure 1: Non-zero average scattering matrix elements in the red (632.8 nm - 647 nm) of clouds of randomly oriented 
airborne natural aerosol samples collected outdoors: volcanic ash (empty circles) and desert dust (full circles). The grey 
shaded areas enveloping each averaged curve indicate the range of the data entering the averages. The scattering matrix 
elements of cypress pollen measured in the green (514 nm) are also shown (solid lines), with error bars indicating 
experimental uncertainty (shown every five angles for clarity). The shaded red regions indicate the scattering angle 
ranges where measurements could not be carried out and the curves have been extrapolated to 0° and 180°. 
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Abstract 

Atmospheric aerosols play key roles in climate and have important impacts on human activities and health. Hence, much 
scientific effort has been directed towards developing methods of improved detection and discrimination of different 
types of aerosols. Among these, light scattering-based detection of aerosol offers several advantages including 
applications in both in situ and remote sensing devices, bulk detection and multi-angle and multi-wavelength 
measurements. In this work, new scattering matrix measurements for two samples of airborne desert dust collected at 
Spain and China are reported, showing that these samples have very similar scattering properties. Such remarkable 
similarity between samples collected in different parts of the world has also been previously observed in the case of 
volcanic ashes. Thus, the average extrapolated scattering matrices of airborne desert dust and of volcanic ash at two 
wavelengths have been calculated and compared with the aim of finding criteria to distinguish these two types of aerosol 
in atmospheric observations. Additionally, the scattering matrix of cypress pollen has been measured and extrapolated 
to explore differences with mineral dust that can be exploited in atmospheric detection.  

Field measurements of the backscattering linear and circular depolarization ratios have been used to obtain information 
about non-sphericity and discrimination between fine and coarse aerosol. However, the average backscattering linear 
depolarization ratio for the three types of aerosols considered in this work in the visible spectral range is δL(180°) = 
0.40 ± 0.05. This indicates that δL(180°) is not very informative about the nature of irregular aerosol particles, e.g. 
composition or morphology. By contrast, measurements of scattering matrix elements or depolarization ratios at 
different scattering angles may provide information about the structural differences of particles, and in particular may 
enable to differentiate airborne volcanic ash from desert dust, which otherwise are very similar in terms of size and 
optical constants. Cluster analysis of the scattering matrices obtained in this work together with those included in the 
Granada-Amsterdam light scattering database indicates that measurements of two or three matrix elements at two or 
three scattering angles are enough to classify these samples. Compact aggregate particles with round but uneven 
surfaces at the micron scale and below (desert dust) show consistently lower F22(θ)/F11(θ) and F44(θ)/F11(θ) than 
compact particles with smoother surfaces (volcanic ash). Cypress pollen shows a characteristic F12(θ)/F11(θ) curve very 
different from polydisperse irregular mineral dust. Field and remote sensing instruments based on the measurement of 
light scattering characteristics of aerosol particles could extract more information if modifications are introduced to 
perform concurrent measurements of the phase curves of several scattering matrix elements or depolarization ratios. 
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Abstract

Planetary radar is a powerful tool for the research of planetary objects, moons, and small bodies of the Solar System
providing observational data at much longer wavelengths than optical. We present a comparative polarimetric
analysis of three lunar crater regions observed using bistatic radar: transmitting using the Arecibo Observatory S-
band (2380 MHz, 12.6 cm) planetary radar system and receiving using the Lunar Reconnaissance Orbiter’s Mini-RF
instrument during the Third and Fourth Extended Science Missions. The selected regions include craters close to
Mare Imbrium, the Censorinus crater, and the Aristarchus crater (with Aristarchus plateau). The Mini-RF data
were processed into four 100-m/pixel maps, one for each Stokes vector element. Using the Stokes element maps,
we derived various polarimetric parameters, including the linear and circular polarization ratios, the preferential
ellipticity and orientation of the polarization ellipse, and m-chi decomposition, as introduced to lunar radar analysis
by Raney et al. [1], which provides information of the relative size-frequency distributions of wavelength-scale (or
larger) and sub-wavelength-scale particles in specific regions. Often primarily circular-polarization ratio is used for
analyzing the lunar radar maps; however, we performed comparative analysis of each polarization property listed
above as a tool to analyze the crater region structures as imaged using the Mini-RF instrument. With support from
modeling work (e.g., [2]), we evaluate the features around the craters and how the radar scattering varies between
the crater floors, around the crater rims, and regions further away from the craters to improve our understanding of
radar scattering by the Moon and in general for comparative studies to other planetary and small bodies of the Solar
System. As an example, we observed a linear-polarization banding phenomenon [3] in the Mare Imbrium region.
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Earthshine, i.e. sun-light reflected from Earth towards the Moon and back-reflected from the lunar surface to
Earth, can be observed by ground-based astrophysical facilities such as the Very Large Telescope (VLT), correspond-
ing to observations of planet Earth from afar.

We observed polarimetric spectra in the visible spectral range from 430-920 nm using FORS2 at VLT for phase
angles (Sun-Earth-Moon angle) in the range from 33° to 136°, including the maximum polarization for Rayleigh
scattering at 90° and also the cloudbow at about 40° [2,3]. Another feature is the sun-glint, which is visible at times,
when a large part of the Pacific ocean is illuminated.

We use the three-dimensional fully-spherical Monte Carlo model MYSTIC [4, 5] to simulate and analyze the
observations, trying to include planet Earth as realistic as possible [1]. Land-surfaces are modeled as Lambertian
surfaces with albedos taken from MODIS satellite observations. The sea-surface is modeled as a polarized bidirectional
reflectance distribution function (BPDF). Three-dimensional cloud data (liquid and ice water) is taken from the
ECMWF weather forecast model, corresponding to the time of the observation. The simulations generally match
well the observations and we can clearly identify biosignatures such as liquid water (sun-glint), cloud water (cloudbow)
and oxygen via the O2A-band. The cloudbow observations even allow to retrieve Earth-averaged microphysical cloud
properties, i.e. refractive index, effective droplet size and cloud optical thickness.

We conclude that observations of polarimetric spectra and phase curves of planets beyond the Solar System would
be very useful to characterize their atmospheres and surfaces.
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Radiative transfer theory models the spatial, directional, spectral, and polarization distribution of 

light field in turbid media. In coupled atmosphere and ocean systems, radiative transfer models 
have great applications in aerosol and ocean color remote sensing and simulating the radiative 
forcing and photosynthetically available radiation, etc.[1,2].  In recent years, radiative transfer 

modeling in the ultraviolet (UV) spectral region has becoming more and more important due to its 
applications in the atmospheric correction for ocean color remote sensing. In particular, both brown 
carbon aerosols and colored dissolved organic matter (CDOM) in ocean waters show similar 
enhanced absorption features, which makes it difficult to separate the signals from these 

components [3,4]. Radiative transfer simulation faces great challenges in the UV. First of all, the 
absorption coefficients by pure sea water shows large uncertainties in this spectral range [5].  In 
addition, the absorption properties of phytoplankton particles have not been characterized well [5]. 

In this paper we will report a number of new results of radiative transfer simulation in the UV for 
coupled atmosphere and ocean systems, which include the variation of the reflectance at the top of 
the atmosphere due to the uncertainty of the pure ocean water absorptions and the impacts of the 
different CDOM absorption models. In addition, we will also cover the contribution of inelastic 

scattering to the reflectances for sensors in the atmosphere in the UV, which is of importance for 
aerosol and ocean color remote sensing in the UV. 

References 

[1] Zhai, P., Hu, Y., Trepte, C. R., Lucker, P. L. (2009). A vector radiative transfer model for coupled atmosphere 
and ocean systems based on successive order of scattering method. Optics express, 17(4), 2057-2079. 
[2] Zhai, P., Hu, Y., Chowdhary, J., Trepte, C. R., Lucker, P. L., Josset, D. B. (2010). A vector radiative transfer 
model for coupled atmosphere and ocean systems with a rough interface. Journal of Quantitative Spectroscopy 
and Radiative Transfer, 111(7), 1025-1040. 
[3] Frouin R. et al. (2019). Atmospheric Correction of Satellite Ocean-Color Imagery During the PACE Era. 
Frontiers in Earth Science, 7, 145.  
[4] Chowdhary, J., Zhai, P., Boss, E., Dierssen, H., Frouin, R., Ibrahim, A., Lee, Z., Remer, L. A., Twardowski, M., 
Xu, F., Zhang, X., Ottaviani, M., Espinosa, W. R., Ramon, D. (2019). Modeling Atmosphere-Ocean Radiative 
Transfer: A PACE Mission Perspective. Frontiers In Earth Science, 7, 1-53. 
[5] IOCCG Protocol Series (2018). Inherent Optical Property Measurements and Protocols: Absorption 
Coefficient, Neeley, A. R. and Mannino, A. (eds.), IOCCG Ocean Optics and Biogeochemistry Protocols for 
Satellite Ocean Colour Sensor Validation, Volume 1.0, IOCCG, Dartmouth, NS, Canada. 



Light backscattering from large clusters of densely packed 

irregular particles 

 

Y. Grynko1,*, Y. Shkuratov2, and J. Förstner1 

1Department of Theoretical Electrical Engineering, Paderborn University, Warburger Str. 100, 33102 

Paderborn, Germany 
2Institute of Astronomy of Kharkiv National University, Sumska Str. 35, 61022 Kharkiv, Ukraine 

*corresponding author’s e-mail: yevgen.grynko@upb.de 

Numerical simulations of light backscattering from powder-like surfaces require methods that allow description of 
arbitrary geometries of individual scatterers and their dense placement. Here, we apply a model that represents a 
realistic structure of powder samples. Using the Discontinuous Galerkin Time Domain method [1] we solve a light 
scattering problem for clusters of hundreds to thousands of random irregular particles [2] packed with a packing 
density of ρ = 0.5 (Figure 1a). The material is non-absorbing and the complex refractive index is m = 1.5 + 0i which 
implies an important role of multiple scattering. The results of simulations show that diffuse scattering is significantly 
reduced in such systems and light transport follows propagation channels that are determined by the particle size and 
topology of the medium. This kind of localization produces coherent backscattering intensity surge and an enhanced 
negative polarization branch if compared to lower density samples. 

 

Figure 1: Sample of a dense cluster of N=5000 particles with packing density ρ = 0.5 (a) and intensity (b) and linear 

polarization (c) scattering angle curves for single random irregular particles with size parameter kRc = 10 and clusters 
with sizes kR = 50, 100 and 150. 
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Radiation	pressure	can	be	used	to	push	gold	nanorods	and	create	plasmonic	aggregates	for	Surface-Enhanced	Raman	
Spectroscopy	(SERS)	in	liquid	[1-2].	The	nature	of	the	substrate	where	the	aggregation	takes	place	plays	a	role	in	the	
process	 [3].	 Here	 gold	 nanorods	 aggregation	 is	 carried	 out	 on	multilayered	 graphene	 creating	 hybrid	 SERS-active	
surfaces	for	ultrasensitive	detection	of	bovine	serum	albumin	(BSA).	The	aggregation	kinetics	is	studied	as	a	function	
of	the	irradiation	time	[4].	We	observe	that	optical	aggregation	on	graphene	is	3.5	times	slower	compared	to	glass,	while	
no	stable	aggregation	is	obtained	on	gold.	We	attribute	the	differences	to	the	destabilization	effect	of	the	standing	wave	
produced	on	the	metallic	substrates,	due	to	their	higher	reflectivity,	and	to	the	reduced	thermophoretic	effects,	related	
to	the	higher	heat	dissipation	[4].	Despite	the	slowdown	of	the	aggregation	kinetics,	the	usage	of	graphene	as	substrate	
offers	manifold	benefits:	an	almost	negligible	fluorescence	background	when	using	near-infrared	light	(785	nm),	the	
absence	of	thermal	absorption	as	well	as	the	possibility	to	easily	functionalize	the	surface	to	enhance	the	affinity	with	
the	analytes.	Our	results	enlarge	the	spectrum	of	materials	that	can	be	used	for	optical	aggregation	and	SERS	detection	
of	biomolecules,	highlighting	the	importance	of	controlling	the	physical	properties	of	the	surfaces.		
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Generalized Lorenz-Mie Theory (GLMT) describes the scattering of a Gaussian beam by a single sphere. A Gaussian
beam can be characterized by its wavenumber k = 2π/λ, its waist radius w0 and its waist center r0 = (x0, y0, z0)T . To
lowest order (“order L approximation”) in the dimensionless waist parameter s = 1/(k w0) the Cartesian components
of the electric field read [1]

Einc(r) =

 1
0

−2Qs x−x0

w0

E0Ψ0e−ik (z−z0), with Ψ0 = iQ exp

(
−iQ

(x− x0)2 + (y − y0)2

w2
0

)
, Q =

1

i + 2s z−z0
w0

. (1)

At the so-called “order L− approximation” this is further simplified by Einc
z = 0.

The total electric field Etot = Einc+Esca is composed of an incident and a scattered wave. Analogous to standard
(plane wave) Lorenz-Mie Theory (LMT), in GLMT, one uses series expansions of the fields, which in regular vector

spherical wave functions (VSWFs) M
(1)
mn, N

(1)
mn and irregular (outgoing) VSWFs M

(4)
mn, N

(4)
mn can be written as [2]{
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I. e., an eiωt time dependence is assumed for all fields. The sphere’s scattering coefficients an, bn are identical to those
in LMT. In addition, the GLMT features beam shape coefficients (BSCs) gmn,TM, g

m
n,TE describing the incident field

Einc. For Gaussian beams computing the BSCs such that Einc in Eq. (2) represents Eq. (1) is a non-trivial task for
which multiple methods can be used [1], including the so-called localized approximation (LA) providing a heuristic,
approximate analytical expression and a numerically inexpensive tool for computing the BSCs.

The far field limit (r →∞) of Esca is an outgoing spherical wave with direction-dependent amplitude

Esca(r, ϑ, ϕ) ∼ Esca
∞ (ϑ, ϕ)

e−ik r

k r
. (3)

In LMT, the far-field behavior of Einc would correspond to a δ-distribution-like behavior at ϑ = 0, π, due to the
exactly-defined direction of propagation of a plane wave. In GLMT however, due to the divergence of a focused
beam, Einc is nonzero for ϑ 6= 0, π as r → ∞ and contains both outgoing and incoming wave components. Hence,
interference between Einc and Esca occurs at finite (typically small) angles ϑ (or π − ϑ) even in the far-field limit.

When evaluating the equations for a given scattering problem, Esca is computed from Eq. (2) or the corresponding
r → ∞ limit. Computing the total fields Etot = Einc + Esca can be done with one of two approaches: (a) Using
Einc from Eq. (1), or (b) using Einc from Eq. (2). Supposedly the two are equivalent at least within the order L/L−

approximation and the intensities I inc ∝ |Einc|2 associated with either description are indeed virtually identical for
reasonably small s. However, significantly different numerical results are obtained with the two methods for Etot.
Obviously, they cannot both be physically correct. In this talk we will discuss the cause of this and explain which
method for the numerical computation of such interference effects is consistent with physical intuition.
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Introduction

Optical opposition phenomena like backscattering intensity surge and negative polarization (NP) are often observed
for surfaces that are formed by densely packed randomly shaped mineral particles. Their parameters such as the
intensity peak width and the depth and inversion angle of the NP branch depend on the physical properties of
the scatterers and the topology of the upper surface layer. Hence, this dependence can be utilized in the data
retrieval in remote sensing applications. Approximate numerical models like clusters of very small spheres or hybrid
geometric/wave optics schemes are usually used in the study of these phenomena, but due to their limitations they
do not provide insightful explanation of their origin and of negative polarization in particular. Therefore we follow
a full wave optics approach in this work.

Model description and results

We apply the Discontinuous Galerkin Time Domain (DGTD) [1] method and densely packed Gaussian random field
shapes [2] to solve a full wave optics problem for dense agglomerates of irregular absorbing particles larger than the
wavelength. With the refractive index of material m=1.5 - i0.3 and the size parameter of the constituents kr=30 this
reproduces typical conditions in low-albedo surfaces with minimum multiple scattering. Our results show that single
scattering by isolated particles with high absorption does not produce NP at all. Basic double scattering in compact
two-particles structures shows very little or no sign of the effect. At the same time agglomerates of three, four and
more particles are able to reproduce NP in the same extent as very large monolayers and thick slabs of hundreds
of particles. Thus, we deduce that the NP branch is formed by double scattering if sufficient geometry variation is
provided by the random structure of the scatterer. Furthermore, the study of NP properties for large systems in the
case of high absorption can be reduced to simulation of clusters of a few particles.
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Figure 1: Normalized intensity (a) and linear polarization (b,c) of scattered light calculated for single irregular
particles and agglomerates of two, three and four particles. The size parameter of constituents is kr=30 and the
refractive index is m=1.5 - i0.3.
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Abstract

In optical tweezers [1, 2] micro- or nano-particles can be used as extremely sensitive probes of force fields in front
of surfaces. This approach allows force sensing in the femtoNewton range, with a spatial resolution controlled by
the size of the trapped probe [3]. Recently, it has been suggested that near-field repulsive forces are expected on a
radiating dipole in front of epsilon-near-zero (ENZ) metamaterials [4]. In this work, we look at the general features of
optical forces exerted on nanoparticles in front of an ENZ surface using different approaches: dipole approximation,
finite elements calculations, and T-matrix modeling in combination with the evaluation of forces by the integration of
Maxwell stress tensor. In addition, we describe the role of realistic layered materials that for specific wavelength range
behaves as ENZ surfaces. Finally, we discuss the role of composition and shape of the trapped particle by studying
optical forces on core-shell SiO2-Ag spheres, Janus nanoparticles, and Ag ellipsoids. The results of this theoretical
study may guide the experimental observation of this near-field force in front of properly designed metamaterials
surfaces.
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Debris disks are dusty circumstellar disks analogous to our solar system’s Kuiper belt, asteroid belt, and zodi-
acal cloud [1]. The dust in these disks is produced by the destruction of comets, asteroids, and protoplanets. 
Understanding the composition of the material within these extrasolar systems may provide insight into the 
planet formation process, especially in cases where the star also hosts planets. For example, AU Microscopii 
(AU Mic) hosts both a debris disk and a Neptune-sized exoplanet [2].  

As debris disks are typically too cold to produce key identifying silicate spectral features in thermal emission 
near 10 μm [3], scattered light observations in the VNIR wavelength range are important for making composi-
tional determinations. To these observations we need to model the light scattering properties of the constituent 
dust, which depend on grain composition, size, and structure. Often these models assume compact, spherical 
particles [e.g. 4], although other grain shapes such as ellipsoids and distributed hollow spheres have been con-
sidered [e.g. 5].  

Here we present a model that uses the discrete dipole approximation (DDA) method [6,7] to calculate scat-
tering efficiencies for realistic grain shapes [7]. To apply these calculations to debris disk spectra we generate 
a lookup table of the scattering properties as a function of grain size and refractive index. We then use a Markov 
chain Monte Carlo (MCMC) model [8] to fit the scattered light spectra using these lookup tables.  

Composition is parameterized as the volume fraction of each component based on the wavelength-depend-
ent complex refractive index and includes astronomical silicate, amorphous carbon, water ice, tholin, and me-
tallic iron. The disk is modeled in 3D, then projected in 2-D so that spectra generated from a given set of pa-
rameters can be extracted and compared to the measured flux ratio from telescopic data. 
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Abstract

The T-matrix is an important tool for scattering simulations and is widely used in many applications including
atmospheric science, meteorology, oceanography, and biology. The T-matrix was conceived a half century ago and
was computed using the null field method or extended boundary condition method (EBCM) [4]. However it is well
known that the EBCM is numerically unstable for particles that deviate significantly from a sphere. Related methods
involving point matching have similar stability issues.

An extensive literature has been devoted to modifying the EBCM to overcome numerical stability issues, for
example by exploiting knowledge of the scatterer shape [2,3,5], or using extended precision arithmetic [1]. However,
the EBCM is not intrinsic to the T-matrix and in this talk we describe a completely different approach that is
numerically stable for all scatterers. The key to our method is calculating the T-matrix in the far field instead of on
the scatterer surface.

We describe a recently developed object oriented Matlab toolbox implementing our method. Using the toolbox
we demonstrate the enhanced numerical stability of our method for scattering by geometries with large aspect ratios
and large size parameters.
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Abstract 

Long-term records of aerosol optical depth (AOD) with high quality, suitable temporal continuity and spatial coverage 
are of immense interest to climate-related research activities. Both satellite- and ground-based measurements of AOD 
are typically provided by instruments with different designs, and distinct data acquisition and processing schemes. 
Thus, the corresponding AOD records likely have different accuracy, spatial coverage, and temporal resolution. Several 
studies have been focused on the synergy of multi-sensor satellite AOD products. Here we combine multi-year (1997-
2018) AOD records available from four collocated ground-based instruments deployed at the mid-continental Southern 
Great Plains (SGP) Central Facility supported by the U.S. Department of Energy Atmospheric Radiation Measurement 
(ARM) Program. We demonstrate how to minimize drawbacks (patchy spots) and to maintain benefits (high quality) of 
these records. Our demonstration finds a combined AOD obtained at two wavelengths (500 and 870 nm), with high 
temporal resolution (1-min), and provides the user with an estimate of the AOD uncertainty. Finally, we highlight 
expected applications of the merged dataset and its future extensions. 
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Abstract

A new light scattering web database is presented, including measurements of scattering matrices produced by both
the Light Scattering Laboratory at the Vrije Universiteit [1, 2], and the Cosmic Dust Laboratory at the Instituto
de Astrof́ısica de Andalućıa - CSIC [3]. Measurements of scattering matrices for each sample of dust particles with
astrophysical interest, plus some other samples, are freely available. Some more information on the samples is
included, such as for instance, measurements of size distributions, SEM images, and synthetic matrices for the whole
range [0, 180]deg. of the scattering angle.

Samples from Amsterdam and Granada are not separated anymore within this database, as they were in a previous
version [4].

The main menu is a quite simple panel of six self-explanatory boxes (see Fig. 1).

Figure 1: Main menu of the Granada-Amsterdam light-scattering database.

In the ”List of All Samples” sub-menu, a quick reference table containing all measurements in Amsterdam and
Granada and some basic information on them is presented, so readers can decide whether or not they are interested
in a certain sample. By clicking on the selected sample, we move to the corresponding place of that sample in the
”Samples Categories” sub-menu. All measurements and details on that sample can be found there.
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Introduction 

Smoke particles are a product of the combustion of organic compound. Shortly after the combustion process, smoke 

particles exhibit a fractal-like morphology, and are formed of clustered primary particles called monomers [1]. Smoke 
particles are found to induce a positive radiative forcing through both direct and indirect effects (e.g. increase in cloud 

lifetime, role as cloud condensation nuclei) [2][3]. Still, the evaluation of these particles radiative forcing remains 

subject to uncertainties. These uncertainties are partly engendered by these particles morphological and composition 
complexity, which are also subject to changes during their atmospheric lifetime. To further evaluate their contribution 

to the radiative budget, the measurement of their micro-physical properties at each steps of their lifetime is needed. 
Lidar are remote-sensing instruments able to retrieve some of these properties (e.g. particle number concentration, 

particle type). Nevertheless, several factors such as the multiple scattering can induce uncertainties in the retrieval of 

these micro-physical properties. The effect of multiple scattering on the lidar measurements acquired on smoke plumes 
remains mostly unknown. 

Modelling of multiply scattered polarized lidar signal 

In this study, the fractal aggregate model is used to describe the soot particles morphology. The radiative properties of 

these particles are computed using the Multiple-Sphere T-matrix Method. In order to simulate a polarized lidar signal, 
a simulation code based on the Monte-Carlo method has been developed. The scattering medium is modelled with a 

gaussian particle number concentration profile and using the previously computed radiative properties. Several cases 

are computed at three different wavelengths (i.e. 355nm, 532 nm and 1064 nm) and two different field of view (i.e. 0.5 
mrad and 5 mrad). 

We study the variation of the multiple scattering fraction (MSF) and of the linear depolarization ratio (LDR) according 
to the cloud optical depth and to the integrated attenuated backscattering.  We find an increase of both MSF and LDR at 
larger optical depth, integrated attenuated backscatter and field of view.  
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Introduction 

Studying the optical properties of plasmonic nanoparticles, scientists conduct experiments in which the nanoparticle is 
scanned by an electron beam [1]. The main advantage of an electron beam over optical methods (limited by the 
diffraction limit) is that it allows one to localize plasmon resonances on the surface of a nanoparticle with the accuracy 
of at least 1 nm. When scanning a nanoparticle, fast electrons lose energy (electron energy loss spectroscopy – EELS), 
and the particle emits light (cathodoluminescence – CL). As a result of the experiment, EELS and CL spectra are obtained 
for each position of the beam on the particle cross-section. 

To correctly interpret the data obtained in the experiment, it is necessary to numerically simulate the experiment. The 
existing theory covers only the case of interaction of a particle and an electron in a vacuum - when there nothing else 
present. But in reality, the particle is placed on a substrate (or inside a substrate) to resist gravity and collisions with 
fast electrons. 

Results 

In this work, the volume-integral formulation of Maxwell's equations in terms of the Green's tensor was used [2]. As a 
result, we obtained a generalized solution for interaction of a particle and electron in an arbitrary (including absorbing) 
infinite host medium, including the case of Cherenkov radiation. This solution was not known previously, but its limiting 
case of vacuum matches the previously known theory. 

The expressions obtained with this solution for simulating the EELS and CL were implemented in the open-source 
software ADDA (currently available in a separate fork – https://github.com/alkichigin/adda), based on the discrete 
dipole approximation [3]. The simulation results for spheres in a vacuum showed agreement with the exact reference 
solution (Lorentz-Mie theory). Moreover, the simulated spectrum for a silver sphere in a non-absorbing medium (SiNx 
plate, speed of light 0.55𝑐, where 𝑐 is the speed of light in vacuum) matched the experimental one, where electrons had 
the 120 keV energy (the corresponding speed is 0.59𝑐 – Cherenkov radiation case). This and other results will be 
demonstrated at the conference. 

[1] F. J. García de Abajo, ‘Optical excitations in electron microscopy’, Rev. Mod. Phys., vol. 82, no. 1, pp. 209–275, Feb. 
2010, doi: 10.1103/RevModPhys.82.209. 

[2] M. A. Yurkin and M. I. Mishchenko, ‘Volume integral equation for electromagnetic scattering: Rigorous derivation 
and analysis for a set of multilayered particles with piecewise-smooth boundaries in a passive host medium’, Phys. 
Rev. A, vol. 97, no. 4, p. 043824, Apr. 2018, doi: 10.1103/PhysRevA.97.043824. 

[3] M. A. Yurkin and A. G. Hoekstra, ‘The discrete dipole approximation: an overview and recent developments’, J. 
Quant. Spectrosc. Radiat. Transf., vol. 106, no. 1–3, pp. 558–589, 2007, doi: 10.1016/j.jqsrt.2007.01.034. 
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Abstract

This work investigates electromagnetic scattering by a three-dimensional object composed of an orthorhombic
dielectric-magnetic medium with magnetoelectric gyrotropy using the extended boundary condition method (EBCM)
[1,2]. Known vector spherical wave functions were used to represent the fields in the surrounding space. After deriv-
ing closed-form expressions of the vector spherical wave functions for the chosen medium (available in coordinate-free
form but not in closed-form [3]), the internal fields were represented as superpositions of those vector spherical wave
functions. Application of the Ewald–Oseen extinction theorem and the Huygens principle then yielded a transition
matrix to relate the unknown scattered field coefficients to the known incident field coefficients.

Numerical results were obtained for scattering of a plane wave by an ellipsoid composed of the chosen medium. The
scattering, absorption, and extinction efficiencies were calculated thereby in relation to: (i) the shape of the object,
(ii) the constitutive-anisotropy parameters of the permittivity and permeability dyadics, (iii) the magnetoelectric-
gyrotropy vector, and (iv) the orientation of the constitutive principal axes with respect to the shape principal
axes.

A study on the shape of the object and the constitutive-anisotropy parameters revealed that the total scattering
efficiency can be smaller than the absorption efficiency for some configurations of the incident plane wave but not
necessarily for others. The shape of the object has a stronger influence on the total scattering efficiency than on
the absorption efficiency. Even though the ellipsoid is not necessarily a body of revolution, it is anisotropic, and it
is not impedance matched to free space, the backscattering efficiency can be minuscule but the forward-scattering
efficiency is not.

The effects of the magnetoelectric-gyrotropy vector can be envisioned in that both the total scattering and forward-
scattering efficiencies are maximum when the plane wave is incident in a direction coparallel (but not antiparallel)
to the magnetoelectric-gyrotropy vector, and the backscattering efficiency is minimum when the magnetoelectric-
gyrotropy vector is parallel to the incidence direction. The total scattering and forward-scattering efficiencies are
maximum when the incidence direction is parallel to the largest semi-axis of the ellipsoid if the incidence direction
is coparallel (but not antiparallel) to the magnetoelectric-gyrotropy vector. From these results, I concluded that
Lorentz nonreciprocity in an object is intimately connected to the shape of that object in affecting the scattered
field.

The orientation of the constitutive principal axes with respect to the shape principal axes has a noticeable effect
on the total scattering and absorption efficiencies as the electrical size increases. Furthermore, the polarization state
of the incident plane wave has a more visible effect on the total scattering and absorption efficiencies for ellipsoids
compared to spheres.

As an application that involves the chosen medium of this work, I determined sufficient conditions for zero
backscattering from an object composed of the chosen medium and suspended in an isotropic dielectric-magnetic
medium with magnetoelectric gyrotropy by an analysis of the transition matrix. The elements of the transition
matrix must satisfy certain conditions for zero backscattering. Numerical results obtained thereby showed that the
sufficient set of three zero-backscattering conditions are as follows: (i) The object is a body of revolution with the
incident plane wave propagating along the axis of revolution. (ii) The impedances of both mediums are equal. (iii)
The magnetoelectric-gyrotropy vectors of both mediums are aligned along the axis of revolution, whether or not both
magnetoelectric-gyrotropy vectors are co-parallel.
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Initially unpolarized solar radiation becomes polarized by scattering in the Earth’s atmosphere. Each atmospheric
constituent, e.g., molecules, cloud droplets, and ice crystals, produces a characteristic polarization signal, thus
spectro-polarimetric measurements are frequently employed for remote sensing of aerosol and cloud properties.

Retrieval algorithms require efficient radiative transfer models and commonly the plane-parallel approximation
is applied. For remote sensing applications, the radiance is considered constant over the instantaneous field-of-
view of the instrument and each sensor element is treated independently in plane-parallel approximation, neglecting
horizontal radiation transport between adjacent pixels. In order to estimate the errors due to the IPA approximation,
three-dimensional (3D) vector radiative transfer models are required.

So far, only a few such models exist. Therefore, the International Polarized Radiative Transfer (IPRT) working
group of the International Radiation Commission (IRC) has initiated a model intercomparison project in order to
provide benchmark results for polarized radiative transfer. The group has first performed an intercomparison for
one-dimensional (1D) multi-layer test cases [2]. The second the intercomparison shown in this presentation is for 2D
and 3D test cases [1]: a step cloud, a cubic cloud, and a more realistic scenario including a 3D cloud field generated
by a Large Eddy Simulation model and typical background aerosols.

All commonly established benchmark results for 3D polarized radiative transfer are available at the IPRT website
(http://www.meteo.physik.uni-muenchen.de/~iprt).
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We have developed a 3D full-wave model for scattering from complex-shaped particles (MIDAS), to overcome the 
computational efficiency issues plaguing the Discrete Dipole Approximation (DDA)-based codes [1-3]. Our goal is to 
provide the precipitation retrieval community with an efficient tool to mitigate the uncertainty on the physical and 
single scattering properties (SSPs) of ice and mixed-phase hydrometeors, representing today a great challenge for the 
passive and active microwave remote sensing of precipitations. The main concept in MIDAS (MoM Integral-equation 
Decomposition for Arbitrarily-shaped Scatterers) is the use of a direct solver-based domain-decomposition method, 
namely the Characteristic Basis Function Method (CBFM), in the context of volume integral equation method (VIEM) to 
efficiently compute orientation-averaged SSPs of realistic precipitation particles. The VIEM is solved by mean of a 
Method of Moments (MoM) with piecewise constant basis functions. Then, the application of the CBFM significantly 
reduces the numerical size, and thus the computational cost of the original EM problem, particularly when dealing with 
a large number of target orientations (or equivalently incident directions).  

We have recently adapted and applied our model to the calculation of EM scattering by inhomogeneous 
hydrometeors and started implementing a non-uniform mesh according to the dielectric properties composing the 
simulated particle. The goal is to efficiently and accurately calculate the SSPs of mixed-phase hydrometeors, such as 
melting and rimed snow particles, characterized by high dielectric contrast between the water and ice portions. 
Ensuring that MIDAS provides accurate SSPs of mixed-phase ice/water particle, at a reasonable calculation cost, is of 
high importance to the precipitation retrieval community, knowing that the current DDA-based codes, such as DDSCAT 
[2], are particularly vulnerable and computationally very intensive when applied to scatterers with high dielectric 
constants, because of their use of iterative solvers.  

When MIDAS and DDSCAT are applied to a (30% water, 70% ice) snow aggregate of equivalent radius 𝑎𝑎𝑝𝑝=1.36 mm 
and maximum diameter 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚=8.2 mm with a dielectric constant of the water 𝑚𝑚𝑤𝑤 = 2.8 + 𝑗𝑗2.1𝑒𝑒−3 at 𝑓𝑓 = 94 GHz and 
𝑚𝑚𝑤𝑤 = 4 + 𝑗𝑗2.1𝑒𝑒−3  at 𝑓𝑓 = 35.5 GHz, the two codes yield identical results at 𝑓𝑓 = 94 GHz in 9min 18sec with MIDAS and 
18min 51sec with DDSCAT. At 𝑓𝑓 = 35.5 GHz, MIDAS spends even less time as its performance depends only on the 
numerical size of the problem. On the other hand, the iterative solver struggles to converge because of the higher value 
of 𝑚𝑚𝑤𝑤  and DDSCAT fails to provide a result before hitting the calculation time wall of 8 days. This promising primary 
result suggests that our model can outperform the iterative solver-based DDA implementations, in terms of cpu time, 
when dealing with large mixed-phase water/ice particle, and this even when considering only one single target 
orientation. 
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Astract 
In this presentation the history and the concept of the ScattPort web site will be presented. ScattPort started as a list of 
available computer programs but later turned into an information portal for the light scattering community.  

History of ScattPort 
The start of ScattPort dated back to 1994, when I distributed the Fortran Mie code by Wiscombe to a group of German 
scientists who had meet to discuss problems with Mie scattering programs. As they did not know Wiscombe’s code I 
started a web page with a list of available programs. This page can still be found on ScattPort and it has also be published 
in an article [1].  At that time this list was the web page with the most hits on the server of the faculty. This made clear 
that there was a high demand for such kind of information. We erected a more professional web site with more 
information of computer programs suitable to compute light scattering by particles. See Fig. 1.  

To have an even more professional web site we managed to obtain funding by the German Research Foundation DFG 
within a program to develop information portals for scientists [1, 2] and in this way ScattPort started.   

 

Figure 1: Screenshot of www.T-matrix.de in 2000.  
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Inverse scattering is the inverse problem of partial differential equations. It is based on the known 

incident waves and the measured external scattered field of the scatterer to study the scatterer’s 

physical characteristics, such as the size, position, dielectric constant, conductivity, etc. Inverse 

scattering theory is widely used in remote sensing, geophysical survey, biomedical engineering 

and other fields. The non-linearity and ill-posedness of the inverse scattering problem make the 

inverse scattering research very difficult. The strong learning ability and non-linear mapping abil-

ity of neural network is suitable for the study of non-linear problems. [1,2] 

This paper discusses the application of neural network to the problem of electromagnetic in-

verse scattering of dielectric cone in free-space. The work of this paper is to determine the number 

of neurons in the input layer by the set number of receiving points of the scattered field, and use 

the scattered field as the input; the physical characteristics of the corresponding dielectric cone as 

the output; the activation function of the hidden layer neurons uses Sigmoid function. The neural 

network is trained and learned using known scattered field data samples to determine the weights 

and thresholds of the neurons in each layer, thereby establishes neural network model. After in-

putting new scattered field data, the physical properties of the media cone are inverted.[3] 
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With the development of laser technology, the micromanipulation of neutral particles can be realized by radiation force. 
Micromanipulation is an emerging branch of science and technology, can be divided into light binding, light trapping, 
light attract- ion, and micromanipulation technology has been applied to physics, biomedicine, nanotechnology and 
other fields, with a wide range of development space. [1] 

The optical force is calculated by Maxwell stress tensor using generalized Lorenz-Mie theory (GLMT), and the resonance 
force on a small sphere (ethanol Mie particle) induced by an Airy light-sheet is studied by resonance and background 
separation methods. The transverse resonance force and longitudinal resonance force of the sphere are calculated, and 
the influences of the radius of the sphere and the parameters of the Airy light-sheet (Airy wavenumber, transverse scale, 
attenuation coefficient, and so on.) on the resonance force are discussed. [2,3]  

This paper will play an important role in the further application of optical force, and then promote the development of 
micro-control technology. 

References 

[1] Ashkin A . Optical Trapping and Manipulation of Neutral Particles Using Lasers[J]. Proceedings of the National 
Academy of Sciences of the United States of America, 1997, 94(10):4853-4860. 

[2] Lin Z, Guo X, Tu J, et al. Acoustic non-diffracting Airy beam[J]. Journal of Applied Physics, 2015, 117(10):1499. 

[3] F.G. Mitri, Appl. Phys. Lett. 110, 091104 (2017).  



A scattering-based effective-medium model for dense

suspensions of large tenuous particles and its application to

the diagnosis of diseases of the blood

Alexander Nahmad-Rohen1,* and Augusto Garćıa-Valenzuela1
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Abstract

Complex materials —that is, those which are heterogeneous on optical scales— interact with light in complicated
ways, making their optical study difficult. However, effective-medium theories, such as the Maxwell-Garnett [1] and
Clausius-Mossotti [2] models, allow for fairly simple calculation of average properties, such as the effective-refractive
index (which correctly describes the transmission and extinction of the coherent component of light in the complex
medium [3]). These average properties depend on the various parameters that describe a complex medium, such
as the volume fractions, shapes and optical properties of its constituents. Therefore, by measuring the effective
refractive index, for example, of a complex material one can infer the values of said parameters and learn something
about the material in question. The optical study of complex materials has many applications, such as quality control
in manufacturing processes, ecological analysis of satellite images, meteorological studies and noninvasive medical
diagnosis.

One of the better-known effective-medium models is that of H C van de Hulst [4]. While its traditional derivations
[4–6] seem to imply that the model is only valid for very dilute suspensions and/or when the point of observation is
in the far field of the medium in question, this is not, in fact, always the case, as I will show.

I will present scattering-based effective-medium models for two types of suspensions of large tenuous particles
which adequately model different kinds of biological tissue [7, 8]. Both models ultimately lead to the van de Hulst
formula for the effective refractive index of the suspension without invoking the usual dilute-suspension or far-field
arguments, proving that the formula is valid even for dense suspensions of particles on the condition that the particles
be large and tenuous.

I will also derive two corrections to the van de Hulst formula. These corrections arise naturally from the derivations
I will present of the formula. I will show that they are small in the case of human whole blood [7].

Finally, I will discuss how the formula can be applied to the diagnosis of diseases that affect blood [9], using
sickle-cell anaemia and spherocytosis as examples.
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Abstract 

Conventional far-field electromagnetic scattering theory (EST) applies only to a particle immersed in a transparent host 
medium, where the optical cross sections can be derived by integrating the total Poynting vector on the conceptual 

spherical surface (CSS) in a far-field region. Extension of the conventional EST to an absorbing host medium has attracted 
much research attention and has suffered some controversies (see Ref. [1] and references therein). The main 
controversy stems from the desire to extend the CSS method to absorbing host media, which leads to the optical cross 

sections of the particle depending on the radius of the conceptual sphere. The resolution is to model theoretically the 
readings of a specific detector (SD) of electromagnetic energy, which is presented by Mishchenko et al [1]. Until now, 

the generalized EST of a sphere in the absorbing host has been extensively studied using SD method, however, the EST 
of an infinite cylinder in absorbing host media has not been studied so far. As a fundamental problem, extinction of the 
infinite cylinder embedded in the absorbing host is studied in this paper. The generalized extinction efficiencies (EE) 

per unit length cylinder under normally incident p- and s- polarized lights are derived in the framework of SD method, 
which can reduce to the conventional equations if the host medium is transparent. For large cylinders, the increasing 

absorption of the host medium leads to an increasing amplitude of interference oscillation and the emergence of 
negative extinction, which is similar to those of spheres and has been interpreted in Ref. [2]. For small cylinders in a 
weak absorbing host medium, we present theoretically the conditions of the emerging negative extinction and 

quantitatively analyze the differences of EE in absorbing host media to that in the non-absorbing counterpart. It is found 
that the ratio of EE depends only on the ratios of the imaginary part of host medium’s refraction index (RI) and the 

cylinder’s complex RI to the real part of host medium’s RI. The conclusions are verified with a specific case of a Ge 
cylinder in polyethylene (PE), of which the complex RI can be found in Ref. [3]. 

 

Figure 1: (a)-(b): 𝑄ext
𝑝,𝑠

 versus vacuum size parameter 𝑥0 for (a) p- polarization and (b) s- polarization with the 

cylinder’s refraction index 1.4 and the host medium’s refraction index 1 + 𝑖𝑛2
′′. (c): 𝑄ext

𝑝,𝑠
 of a Ge cylinder in 

polyethylene (PE) considering the PE's absorption and neglecting the absorption with the radius of cylinder 0.05 𝜇𝑚. 
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Abstract 

Light scattering is an important optical diagnostic tool. The investigations carried out with this technique is used in 
multidisciplinary areas. It has proven to be a non-invasive and non-destructive tool for morphological characterization 
of diverse particulate matter especially biological particles. One must address the concept of refractive index of the 
particulate matter precisely, while carrying out investigations or analyses using light scattering tool. Usually refractive 
index effects are most pronounced when particles are spherical, transparent,  refractive index of the particle is close the 
wavelength of the light source used and also the medium of suspension.   Keeping these points in view, it must be noted 
that the dependency of light scattering studies on refractive index plays a vital role. As such, proper interpretation of 
light scattering results to quantify morphological characterization of biological particles  like bacterial cells and viruses 
can be validated by proper information of refractive index. Many researchers reported information about quantification 
of size and shape of biological particle using light scattering tool but refractive index parameter was either chosen as a 
median value of similar biological cells or taken as a standard value adopted from other researchers. Mostly refractive 
index of all viruses are taken as 1.06 for visible range and for most bacterial cells it lies in the range of 1.36 to 1.39, 
imaginary component being taken as zero. Since refractive  index is frequency dependent so inclusion of correct value 
of refractive indices can only give correct interpretation of   light scattering signatures. In the present work, we have 
extensively explored light scattering investigations that were carried out on some biological particles and arrived at a 
conclusion that we need a strong analysis on inclusion of proper refractive index for elucidation of light scattering 
studies, either experimental or modelling. This point is otherwise not conceptualised in many works which were 
reported earlier and until recent times. We mainly took an attempt to  find the significance of refractive index in light 
scattering measurements with reference  to biological particles like E.coli, S. aureus, Corona virus etc.   
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Abstract 

Light scattering is an important optical diagnostic tool. The investigations carried out with this technique is used in 
multidisciplinary areas. It has proven to be a non-invasive and non-destructive tool for morphological characterization 
of diverse particulate matter especially biological particles. One must address the concept of refractive index of the 
particulate matter precisely, while carrying out investigations or analyses using light scattering tool. Usually refractive 
index effects are most pronounced when particles are spherical, transparent,  refractive index of the particle is close the 
wavelength of the light source used and also the medium of suspension.   Keeping these points in view, it must be noted 
that the dependency of light scattering studies on refractive index plays a vital role. As such, proper interpretation of 
light scattering results to quantify morphological characterization of biological particles  like bacterial cells and viruses 
can be validated by proper information of refractive index. Many researchers reported information about quantification 
of size and shape of biological particle using light scattering tool but refractive index parameter was either chosen as a 
median value of similar biological cells or taken as a standard value adopted from other researchers. Mostly refractive 
index of all viruses are taken as 1.06 for visible range and for most bacterial cells it lies in the range of 1.36 to 1.39, 
imaginary component being taken as zero. Since refractive  index is frequency dependent so inclusion of correct value 
of refractive indices can only give correct interpretation of   light scattering signatures. In the present work, we have 
extensively explored light scattering investigations that were carried out on some biological particles and arrived at a 
conclusion that we need a strong analysis on inclusion of proper refractive index for elucidation of light scattering 
studies, either experimental or modelling. This point is otherwise not conceptualised in many works which were 
reported earlier and until recent times. We mainly took an attempt to  find the significance of refractive index in light 
scattering measurements with reference  to biological particles like E.coli, S. aureus, Corona virus etc.   
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The light scattering problem by large nonspherical particles such as Earth and cosmic dust parti-

cles, atmospheric ice crystals of cirrus clouds has not been satisfactory solved yet. This solution 

is mainly required for interpreting the polarimetric and lidar observations. Some success was 

achieved only in solving the problem of light scattering for Earth’s dust aerosol. Since large dust 

particles quickly settle in the atmosphere, for dust particles observed in nature with sizes less 

than 10 microns the rigorous methods such as the DDA, FDTD, PSDT and II-TM were used[1].  

However, cosmic dust can be significantly larger and for it, as well as for atmospheric ice parti-

cles reaching sizes of 10,000 microns, the rigorous methods are not applicable. For this case, 

they are forced to use approximate methods, such as geometrical and physical optics[2].  

This report presents the capabilities of the physical optics method for solving the light scat-

tering problem for large nonspherical particles, such as dust particles and atmospheric ice crys-

tals. It is shown that the solution obtained by this method is in good agreement with rigorous 

numerical methods. It is also shown that the physical optics method managed to calculate the 

light scattering by such large non-spherical particles with moderate requirement to computational 

resources[3]. 
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In this report we demonstrate the lattice Kerker effect in plasmonic periodic rectangular arrays of spherical Al
nanoparticles.

We show that a complete suppression of the backscattering can be tuned within the UV and visible spectral ranges
by varying geometry of arrays (see fig. 1a), i.e., radius 1c of NPs and the distance between them. The plasmonic
lattice Kerker effect is based on the interference suppression of dominant ED radiation (with negligible MQ impact)
by the cumulative contribution of the fields produced by MD and EQ that is introduced in classical electrodynamics.
High absorption and strong electric field localization are observed at the frequency that corresponds to the lattice
Kerker effect.

This effect is clearly visible in Fig. 1(b), which shows the phases of the reflected wave created by individual
multipoles. It can be seen from this figure that at λ = 420 nm, phases of the ED and MQ are close to zero while the
phases of the EQ and MD are near to π. This means that the multipoles are in antiphase and destructively interfere
with each other at the wavelength of the Kerker effect. It should be noted that this condition is not fulfilled near
the [1; 0] RA.

Figure 1: (a) Reflectance for arrays with different geometrical parameters (R, hx, hy) as marked in the legend. Vertical
dashed lines show respective spectral positions of [1; 0] and [0; 1] RAs for each array. (b) Multipole decomposition of
the phase of the reflection amplitude for NPs array with (60, 240, 280) nm [cf. orange line in (a)]. Notice the ∆φ = π
phase difference between EQ and MD contributions on one hand, and ED and MQ counterparts on the other hand,
at λ =

√
εhhy, the wavelength of the lattice Kerker effect. (c) Reflectance for arrays with different NP radii R and

fixed hx = 240 nm, hy = 280 nm.

Utilization of aluminum completely eliminates spectral restrictions and makes it possible to create conditions for
the manifestation of the Kerker effect both in the entire visible and in the long-wavelength range of the UV spectrum.

The research was supported by the Ministry of Science and High Education of Russian Federation (Project No.
FSRZ-2020-0008), and was funded by RFBR, Krasnoyarsk Territory and Krasnoyarsk Regional Fund of Science,
project number 20-42-240003.
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Monte Carlo versus integral equations

We have created a polarized radiative transfer (PRT) Monte Carlo code named Ventspils RTMC. It is suitable
for continuum PRT modelling in medium of arbitrary configuration and morphology, but on condition that the
medium is isotropic, and the extinction is characterized by scalar matrix. Our main interest is the modelling of
PRT inside specific astrophysical objects, namely, post-asymptotic giant branch (post-AGB) objects [1] having the
star surrounded by extensive gas-dust envelope of complicated shape and morphology. It is believed that such stars
are in transition stage to planetary nebulae nuclei. The most intriguing question is how the initially spherical star
encounters very asymmetrical mass loss; this asymmetry appears in peculiar (often bipolar) shapes of both the dusty
envelope of the post-AGB object and (later) the newly created planetary nebula. Some spatially resolved post-AGB
objects exhibit very high linear polarization degree (up to 80 percent) distributed unevenly over the image of the
dust envelope.

For at least 10 years, there exists a PRT code RADMC-3D created by C.Dullemond and many collaborators;
its last, the most advanced version is Release 2.0 [2]. Similarly to Ventspils RTMC, RADMC-3D is limited to
statistically isotropic dusty medium and scalar extinction matrix as well, but its advanced data input system allows for
multiwavelength RT calculations both in continuum and spectral lines, and it is capable to calculate the temperature
and thermal radiation of dust. RADMC-3D has been widely used by many authors for modelling astrophysical
objects, but surprisingly in most cases it was done fully neglecting polarization.

There exist a lot of PRT codes based on Monte Carlo method, and their correctness is often tested by mutual
comparison of their results. Several Monte Carlo codes were tested in [3] against some type of benchmark solutions
but the method of creating these benchmark solutions is not clearly explained even in their reference [4]; RADMC-3D
was not considered.

We tested both Ventspils RTMC and RADMC-3D in case of physically simple problem: homogeneous isotropic
spherical medium of finite radius is scattering according to Rayleigh’s law, with concentric spherical star of finite
radius inside it. The star is homogeneous over its surface, and it emits isotropic unpolarized radiation. This simple
case allowed us to write down linear Fredholm integral equations for the components of the vectorial source function,
and we created the computer code for their solution.

Comparison of the images of such a model onto virtual CCD matrix of virtual telescope proved that all three
codes – Ventspils RTMC, RADMC-3D and numerical solution of integral equations – give compatible results at least
for optical radius of the medium being from 0.1 to 10, and single scattering albedo from 0.4664 to 1.0.
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Since Millikan’s famous oil drop experiment, where oil droplets were observed to have discrete 
charges, there have been multiple experiments revealing not only the discrete nature of particle 
charging but also how particle charge evolves over time [1, 2].  Particle charge and charging 
dynamics has implications for particle cohesion and repulsion, important for many fields including 
tribocharging, atmospherics, aerosols and pharmaceuticals.  There are many open questions about 
the mechanism causing particles to become charged and how the charge evolves over time [3], for 
example: What are the species responsible for the particle’s charge?  What role does humidity, or 
the concentration of mobile ions in the surrounding medium, have in charging dynamics?  And, how 
does a charged particle deplete available ions? 

Our group is interested in tackling some of 
these questions with experiments that span multiple 
length scales.  We are currently building experiments 
to investigate contact electrification and charging 
dynamics at the cm-scale, mm-scale, and µm-scale.  
In this talk I will describe our optical tweezers 
experiment to probe the importance of humidity on 
the charging dynamics of microscopic particles. 

Specifically, we will use counter propagating 
optical tweezers (OT) to study how the charge on a 
microscopic particle evolves over time.  OT have previously been used to observe individual charging 
events in liquid [1] and vacuum [2].  Our system aims to study charging dynamics in air: built around 
a humidity-controlled chamber (see Figure) with two electrodes positioned near the trap center to 
apply (up to) a 5MV/m AC electric field across the sample.  To stabilize the particle and measure the 
charge, a quadrant photo-detector monitors light scattered perpendicular to the OT axis.  In this 
configuration, the scattered light provides information about how far the particle is from the OT 
equilibrium, giving insight into the non-optical forces acting on the particle.  Using OT to study this 
system may introduce additional complications: although our chosen wavelength shouldn’t directly 
cause photo-electric discharge, we cannot yet rule out other multi-photon processes [4].  At high 
humidity, changes in surface charge/conductivity may also have interesting consequences on the 
interaction between the particle and the optical/electric field.  In this talk, I will discuss what we 
have learnt so far about this system.  
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Measuring the spectral slope (355, 532, and 1064 nm) of the particle linear depolarization ratio and the lidar ratio at 

the same time provides valuable information of the particle’s properties such as shape, size and absorption. Especially 

for non-spherical dust particles.  

For the first time, it was possible to use a Raman lidar to measure the depolarization ratio and the lidar ratio at 1064 

nm in a dust plume. The rotational Raman technique [1] was used to derive the extinction coefficient and the lidar ratio 
at 1064 nm in the Raman lidar BERTHA [2]. The nighttime measurements of two Saharan dust events over Leipzig, 

Germany, on 22 February and 3 March 2021 could be used to derive the so called full 3+3+3 data set (3 backscatter 

coefficients, 3 extinction coefficients, 3 depolarization ratios).  The results of the first very strong Saharan dust outbreak 

(8 km thick!) could be compared to AERONET retrieved depolarization and lidar ratios. The results are presented in the 

figures below. Although AERONET results indicate a broader range, the general tendency of the lidar ratio at 1064 nm 
agrees quite well. The lidar ratio was previously compared between AERONET and lidar [3,4], but until now, lidar ratios 

could not be measured at 1064 nm with a lidar.  

The results are quite new and the discussion will be extended in the presentation at the ELS conference.  

 

Figure 1: Spectral slope of the particle linear depolarization ratio (left) and lidar ratio (right) of Saharan dust 

measured with lidar on 22 February and 3 March 2021 over Leipzig compared to the AERONET results of the same 

dust plume on 23 February 2021.  
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Theoretically, laser beam divergence can redistribute multiple scattering lights by spreading laser illumination and thus 
alter lidar polarization measurements. To study multiple scattering effects of laser divergence on lidar polarization 
signals, we apply the Monte Carlo polarized radiative transfer model MSCART to simulate lidar Stokes vector signals 
from a uniform water cloud with and without taking account of laser divergences. The comparison analysis shows that 
for lidar receiver footprints with roughly the same sizes of the multiple scattering regimes, laser divergence has almost 
no effect on ground-based lidar signals, but can have significantly large and much complex polarization effects on 
spaceborne lidar signals. An increase in laser divergence on one hand can greatly enhance spaceborne lidar multiple 
scattering depolarization when the divergence is larger than the FOV, and on the other hand can also weaken it slightly 
when the divergence less than the FOV. The weakest multiple scattering depolarization occurs at the divergence equal 
to the FOV. Furthermore, laser divergence can significantly reduce the sensitivity of FOV-resolved polarization 
measurement of spaceborne lidar to non-diagonal elements of phase matrix and make the measurement at different 
receiving polar angles only sensitive to diagonal elements of phase matrix at almost the same scattering angles. The 
spaceborne MFOV and CCD polarized lidar thus might not provide more information about phase matrix than the single 
FOV lidar does. 
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Anisotropic colloidal particles could be widely found in products like paints, liquid crystals, and drug delivery systems. 
Although the colloidal interactions are between particles are in ~kT scale, they could still dictate the performance and 
properties of the product. To measure such small forces in a more accurate way, our lab is currently working on the 
development of Scattering Morphology Resolved Total Internal Reflection Microscopy (SMR-TIRM), which is a variant 
of TIRM.Error! Reference source not found. This technique intends to utilize the scattering morphology and the 
integrated intensity for measuring the orientation and position of the anisotropic colloidal particles. Herein, we present 
a novel method of mapping the scattering morphology from ellipsoidal colloids with a rotatable stage. Specifically, the 
morphologies would be collected as a function of the azimuthal angles, incident beam polarization, and the aspect ratio 
of ellipsoidal colloids. A custom-made truncated hemisphere prism was set to be stationary on the central axis of a 
rotatable stage. Meanwhile, a laser was coupled on the stage such that the incident beam could go over all the azimuthal 
angles. The microfluidic cell contains deposited ellipsoidal colloids in the electrolyte was placed on the top of the prism 
with refractive index matching oil in between. We tuned the azimuthal angle for every 10° and use a camera to capture 
the light scattering images from above accordingly. Besides, ellipsoidal colloids with two different aspect ratios would 
be conducted to justify our hypothesis from the previous publication, meaning the experimental results of ellipsoidal 
colloids scattered evanescent waves with morphologies would be directly used to compare with the simulation results 
we reported.Error! Reference source not found. The work summarized herein would significantly supplement our 
understanding of scattering morphologies from ellipsoidal colloids. 
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Abstract	
Clouds	and	aerosols	in	the	atmosphere,	and	oceanic	particles	scatter,	absorb	and	polarize	incident	solar	radiation	and	
earth	thermal	emission.	The	observational	radiometric	and	polarimetric	signal	can	be	inverted	to	obtain	the	optical	and	
microphysical	 properties	 of	 the	 clouds,	 aerosols	 and	 hydrosols	 via	 remote	 sensing	 retrieval	 algorithms	 and	 data	
assimilation	systems.	A	vector	radiative	transfer	model	and	associated	Jacobian	computational	model	are	indispensable	
modules	in	these	algorithms	and	systems.	

We	develop	a	 Jacobian	computational	model	 for	 the	Texas	A&M	University	vector	radiative	 transfer	model	 (TAMU-
VRTM)	 [1],	which	 is	based	on	a	 two-component	 [2]	 (small-angle	approximation	and	adding-doubling)	method.	The	
Jacobian	computational	model	calculates	derivatives	of	the	full	Stokes	vector	with	respect	to	almost	all	model	input.	
Both	 tangent	 linear	 and	 adjoint	 models	 are	 available.	 The	 derivatives	 of	 the	 Stokes	 vector	 can	 be	 seamlessly	
incorporated	 into	 a	 retrieval	 algorithm	 or	 data	 assimilation	 system	 to	 compute	 the	 Jacobian	 matrix	 that	 relates	
polarimetric	observation	and	to	be	retrieved	atmospheric	and	oceanic	properties	such	as	optical	depth	and	sea	surface	
wind	speed.	

Additional	information	

	

Figure	1:	Schematic	of	TAMU-VRTM	Jacobian	computational	model.	
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Abstract 

Investigation and studies of Corona virus is a burning topic in present times. The undesirable wide spread of Human 
Corona virus has caused pandemic since year 2020 as declared by WHO. It has caused threat to the human civilization 
around the globe. Researchers around the world are working extensively to find a solution of this pathogen. Modelling 
of biological particles using light scattering technique is an interesting and useful approach when real experimentation 
under laboratory conditions is not feasible. Powerful algorithm serves as a potential tool for characterization and 
analyses of the particles under investigation.  Morphological characterization by using light scattering tool for biological 
particles like bacterial cells and viral suspensions has been carried out by many researchers successfully and reported 
over decades. This technique is widely used because it is a non-destructive means of characterization. However, some 
pathogenic strains require strict safety laboratory conditions for investigations to restrict pathogenic spread in the 
environment, so it may not be possible to conduct experimentations under ordinary laboratory conditions. The 
biological particles can get destroyed when bio-chemical procedures are followed for experimentation and analysis. 
Thus, simulation or modelling using standard and acceptable code is an alternative way for characterization of such 
particles. In this work, we took an attempt to simulate the light scattering from Coronavirus model using modified 
version of a novel Monte Carlo code based on Mie theory. We used different images of Corona virus and modelled it by 
incorporating the size distribution function wherever necessary. The scattering profile which also includes contribution 
from the protein spikes present in each cell is presented and justified. Main challenge lies in inclusion of the spike heads 
of the Corona virus. Our primary step was to acquire information about the first two elements of Mueller matrix. The 
investigations indicate that the presence of spikes gives a significant scattering profile and how inclusion or exclusion 
of spikes contribute to the uniqueness of profile.     
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Abstract 

The invariant-imbedded T-Matrix (II-TM) method is a powerful numerical method developed for single scattering 
property computations of dielectric particles in recent years [1-2]. The II-TM transition matrix (T-matrix) has infinite 
dimensions, but must be truncated in practice [3-5]. The accuracy and efficiency of the II-TM computation is directly 
linked to the truncated dimension of the transition matrix, which is equal to the number of vector spherical harmonics 
expansion terms. To minimize computation time and maximize accuracy while retrieving atmospheric cloud and aerosol 
properties based on large-volume satellite data, we perform comprehensive numerical experiments to develop a 
suitable convergence criterion for the II-TM relative error. With the new convergence criterion, we proceed to develop 
an empirical formula that correlates the truncation number of the T-matrix with basic particle properties including size 
parameter, refractive index and aspect ratio. We then validate this formula for various nonspherical ice and dust 
particles with complicated geometries [6]. 
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Abstract 
 
Accurate quantification of the radiative effects of non-spherical particles on the energy budget requires a 
better characterization of their light scattering and absorption properties. A recent study has shown that 
super-spheroids have the potential to provide good estimates of the optical properties of natural non-
spherical particles [2], [4]. It is possible to model the single scattering properties of all sizes of non-spherical 
atmospheric particles by combining the numerically exact invariant imbedded T-matrix (II-TM) method and 
the approximate physical geometric optics method (PGOM) [5], although II-TM cannot be applied to very 
large size particles due to the huge computational burden, and PGOM cannot be applied to very small size 
particles due to limitations of the geometric optics approximation [5]. In addition, PGOM does not include the 
edge effect contributions to extinction and absorption efficiencies. Unfortunately, we only know the edge 
efficiency for spheres [3] and spheroids [1]. In this study, we will develop a formula for the edge effect 
efficiency of super-spheroids. Then, we apply the edge effect correction formula for super-spheroids and 
shape properties to calculate the edge efficiency for arbitrary non-spherical particles. We will add the edge 
effect correction formula to PGOM in the hopes of improving the accuracy of the extinction and absorption 
efficiency in PGOM for moderate size parameters.  
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Abstract 

Understanding electromagnetic energy exchange between the atmosphere and the ocean, especially in the solar 
spectrum, is of primary importance in enhancing our ability to determine the radiative energy budget of the Earth. 
However, most global climate models (GCMs) still assume a ‘static’ ocean surface in the shortwave (SW) radiation 
scheme of their atmosphere models (i.e., no interactions between the physical and oceanic biogeochemical systems). In 
addition, the ocean surface albedo (OSA) calculation isn’t generally partitioned into direct and diffuse portions that 
always equal each other. This study assesses both direct and diffuse OSA parameterizations in UV-VIS and NIR bands 
through simulations from the Community Earth System Model (CESM), version 2.1.3 [1], and compares simulations with 
results from a validated OSA computational scheme that is developed with appropriate treatment of the ocean surface 
chlorophyll concentration-based inherent optical properties (IOPs) of the water column [2]. We also evaluate the 
influence of chlorophyll concentration on OSA. The OSA biases are larger over ocean regions where chlorophyll 
concentration is high. Those biases appear more significant in UV-VIS bands instead of NIR due to the higher sensitivity 
to light attenuation by seawater in UV-VIS bands. Therefore, inclusion of the chlorophyll concentration in OSA 
parameterization may permit a more complete delineation of the process of electromagnetic interaction at the air-sea 
interface. The more realistic OSA computational scheme is intended to be used mainly in general circulation models 
(GCMs).   
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Abstract 

The resolution of general circulation models has become increasingly finer, making the horizontal homogeneity 
assumption of cloud fields in conventional radiation parameterization schemes problematic. By assuming optically 
thin and thick cloudy regions, the Tripleclouds solver [1] was developed for computationally efficient cloud horizontal 
inhomogeneity treatment. In addition, through linearization of the horizontal radiation exchange rate between two 
optically distinct regions, a computationally efficient horizontal radiation flux treatment, the Speedy Algorithm for 
Radiative Transfer through Cloud Sides (SPARTACUS), was introduced [2]. Both the Tripleclouds and SPARTACUS 
solvers are included in the European Centre for Medium-Range Weather Forecasts (ECMWF) radiation scheme ecRad. 
However, the Tripleclouds and SPARTACUS solvers have not been extensively evaluated using passive sensor 
retrievals of cloud properties, where cloud vertical structures are unknown. This study collocates Aqua Moderate 
Resolution Imaging Spectroradiometer (MODIS) Collection 6 Level 2 1×1 km2 pixels with Clouds and the Earth’s 
Radiant Energy System (CERES) near-nadir footprints (or Fields-of-View) in July 2008 over the equatorial Pacific 
Ocean region. The ecRad 1.4.0 scheme is used to perform radiation calculations for individual selected CERES anvil-
like ice cloud footprints with input cloud parameters from MODIS retrievals. The calculations are performed three 
times with the conventional homogeneous, Tripleclouds, and SPARTACUS solvers, respectively, for a comparison. The 
resultant upward shortwave radiation fluxes at the top of the atmosphere are compared with the CERES unfiltered 
counterparts. The homogeneous, Tripleclouds, and SPARTACUS radiation fluxes show mean absolute percentage 
errors (MAPEs) of 13.61%, 11.87%, and 11.77%, respectively. We also calculate the cloud top height gradient along 
the horizontal direction of incident sunlight at each MODIS pixel within every selected CERES footprint. The standard 
deviation of cloud top height gradients within every CERES footprint is named directional heterogeneity index (DHI) 
in this study.  SPARTACUS significantly outperforms Tripleclouds mostly when DHI is small but the fractional standard 
deviation of cloud optical thickness [3] is large. In other words, the SPARTACUS solver shows best performance when 
cloud optical thickness shows strong spatial variations but cloud top height is relatively homogeneous. The result 
suggests that some metric of cloud top height spatial variation—such as DHI—may be used to modify the cloud 
perimeter length in the uppermost cloud layer, when passive-sensor-based cloud retrievals are used to drive 
SPARTACUS. Further, the sensitivities of the selected ecRad solvers to cloud overlapping assumptions and cloud 
particle size vertical variations are tested.  
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Space debris

The modern society utilises space-based infrastructures for a large number of tasks. However, the quickly increasing
number of space debris threatens to damage the satellites and in the worst case scenario to make the space totally
unusable. There are over one million objects in orbit sufficient to kill a satellite, but below current observation
threshold. It is thus very necessary to develop new detection, manipulation, and protection techniques. We contribute
to this emerging field by developing physical light scattering models and experiments.

Experiments

We have built a novel laboratory setup to measure the scattering from space debris analogues in the size range 1-10
cm. The sensor can move in freely programmable path around the scatterer and the target can be rotated along one
axis. The configuration can be easily modified for various purposes. Almost full Muller matrix can be retrieved in a
spectral range of 400–2400 nm.

Figure 1: FGI’s new laboratory setup to measure the light scattering

Model

Based on recent studies [1–3], most dominant space particles in the range 0.1 – 10 mm are CFRP flakes and bent metal
pieces from collisions and explosions, peeled off paint flakes, carbon fibre needles from micro particle collision ejecta,
and meteoroidal background. We model these objects as rough ellipsoids, cylinders, or small aggregates of such, with
Fresnel reflection and refraction from the surface, and internal diffuse scattering from voids and contaminants. We
compute the scattering using Monte Carlo ray-tracing [4].

We are currently validating the model against experiments.
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Conclusions

The model is being applied for laser momentum transfer deflection studies [5] and for developing orbital and terrestrial
observations. The light scattering experiments can be used to validate models and to study even rather complex
objects. More realistic analogue samples are being researched and collected.
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Abstract 

Variations of the microphysical and optical properties of ice clouds affect the Earth’s radiation 

budget on various temporal and regional scales. Geostationary satellites play a vital role in 

monitoring these ice cloud optical and microphysical characteristics. In particular, Advanced 

Baseline imager (ABI) observations from the Geostationary Operational Environment Satellite-16 

(GOES-16) provide an unprecedented opportunity to access radiative signals spanning from visible 

and near-infrared (VIS–NIR) to thermal infrared (TIR) bands with high temporal (30 seconds to 

10 minutes) and spectral (0.5 km to 2 km) resolutions. Ice cloud properties with high 

spatiotemporal resolution can be inferred from GOES-16 ABI top of atmosphere (TOA) solar 

reflectances in the visible band (band 2) and near-IR bands (band 3 & 5) using the Nakajima-King 

method [1]. However, the resolution of TOA reflectance data is 0.5 km for the visible band, 1 km 

for the near-IR bands and 2km for other bands. It is necessary to have the same 2 km resolution 

for each band, which will improve computational efficiency in the retrieval process, as it reduces 

the number of pixels.  

The two methods for pixel down-scaling from 0.5–1 km to 2 km are sub-sampling, and averaging 

the surrounding pixels [2]. Although the first method is more efficient and straightforward than 

the second one, this could lead to systematic biases depending on horizontal scales of clouds. For 

instance, a spatial scale of some clouds might be as small as a 0.5-1 km pixel, and their contribution 

could be simply omitted by using the first method. Therefore, we evaluate the impacts of these 

down-sampling techniques on the GOES-16 ABI observational signals with 2 km resolution as well 

as on the ice cloud property retrievals for various cloud types classified based on the International 

Satellite Cloud Climatology Project (ISCCP) cloud classification diagram.   
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Abstract 

Imaging methods are widely used for particle characterisation, however for small particles optical aberrations and 

constrained depth of field restrict the quality of the information obtainable. Such constraints do not apply to 

instruments such as the Aerosol Ice Interface Transition Spectrometer (AIITS) [1], which acquire far field scattering 

patterns. Obtaining quantitative morphological data by inversion of the patterns can be very challenging. Therefore, the 

creation of databases of two-dimensional (2D) scattering patterns of known particle morphologies is extremely useful 

for particle characterization. Exact methods such as T-matrix [2] and semi-exact methods like the finite difference time 

domain (FDTD) method [3] and the discrete dipole approximation (DDA) [4] can be used for computations of light-

scattering properties for non-axisymmetric particles. Approximate methods, such as the geometric optics 

approximation or physical optics [5,6,7] have to be used for scatterers much larger than the wavelength of radiation. 

Here we present two beam tracer methods, a fast one suitable for facetted objects [8] and a beam tracer method using 

very fine beamlets, suitable for particles with complex shapes and/or surface roughness. For the two methods we show 

comparisons with DDA computations by A. Penttilä and T. Nousiainen [9] for hexagonal prisms with smooth and rough 

surfaces, respectively. Particle models with Gaussian random surfaces were obtained using the method developed by 
C T. Collier [9]. The beam tracer models have been applied for interpretation of AIITS scattering images during the NERC 
and NASA Co-ordinated Airborne Studies in the Tropics and Airborne Tropical Tropopause Experiment [10].  
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Abstract 

New ice cloud single-scattering databases are frequently being developed or improved to better represent the properties 
of actual ice clouds in downstream applications. Computational methods have also been developed to accurately 
calculate the single-scattering properties of ice particles, especially for moderate and large size parameters. The 
Improved Geometric Optics Method (IGOM) is based on mapping of the conventional ray-tracing method result, which 
is most accurate for large size parameters and is also computationally efficient [1]. For shortwave, non-absorptive 
wavelengths, IGOM falls short of providing accurate backscattering calculations in terms of the phase matrix for 
moderate size parameters. The Physical Geometric Optics Model (PGOM) is based on mapping the equivalent tangential 
electric and magnetic currents on a particle surface to the far field via an exact electromagnetic relationship [2]. The 
PGOM is more computationally demanding than IGOM, but is more accurate for moderate size parameters, and 
especially improves backscattering in the phase matrix. For this presentation, we develop a two-habit model (THM) 
single-scattering database comprised of a 60-partiicle ensemble of distorted columns (small sizes) and a 20-particle 
ensemble of distorted 20-column aggregates (large sizes). We utilize the Invariant Imbedding T-Matrix (IITM) method 
[3] for small size parameters and IGOM for moderate and large size parameters. We then replace the backscattering 
region of the IGOM phase matrix calculations with truncated PGOM calculations to both improve the backscattering 
accuracy and reduce computation time. For downstream lidar calculations we will focus on 355, 532, and 1064 nm 
wavelengths and compare the results with the THM developed by Loeb et al. 2018 [4]. 

Improved Backscattering Calculations of the PGOM 

Figure 1 shows the THM P11 component of the phase matrix at 532 nm and particle size of 100 m calculated by 

IGOM (blue line) and IGOM with PGOM backscattering (red line). PGOM provides a higher backscattering magnitude 
than IGOM, which will result in more accurate downstream lidar-based calculations. 
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Figure 1: THM P11 component of phase matrix 
calculated at a wavelength of 532 nm and 
volume-projected area particle equivalent 

diameter (𝐷𝑉𝐴) of 100 m, using IGOM and 
PGOM computation methods. 
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Ice cloud microphysical and optical properties (i.e., effective radius and optical depth) are among the most uncertain 
components in our understanding of cloud-climate forcings and feedbacks. Reduction in cloud feedback uncertainty is 
recommended as a most important endeavor by the decadal survey [1]. Hyperspectral measurements of clouds are 
important due to the potential for abundant information content in a multitude of channels. We investigate the 
potential of a pair of reflective solar hyperspectral imagers for cirrus cloud microphysical retrievals. In this 
presentation, we present results from sensitivity studies (cloud optical depth, effective particle size, and crystal habit 
uncertainty) and uncertainty studies (temperature and water vapor vertical profile uncertainties and instrument 
uncertainties). These studies are performed over a range of cloud optical depths, effective particle sizes, cloud heights, 
and solar zenith angles. We model their measured radiances using the Line-by-Line Radiative Transfer Model 
(LBLRTM) [2] to calculate gas optical depths followed by the Discrete Ordinate Radiative Transfer Model (DISORT) [3] 
scattering calculations. The Airborne Visible InfraRed Imaging Spectrometer (AVIRIS) [4] is an aircraft mounted 
instrument with a spectral coverage of 400-nm to 2500-nm with a 10-nm resolution. The Hyperspectral Imager for 
Climate Science (HySICS) [5] is the imaging spectrometer developed for the future CLARREO-Pathfinder mission [6]. 
HySICS has a spectral coverage of 350-nm to 2300-nm with a 6-nm spectral resolution and a planned systematic 
uncertainty of 0.3%.  
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Abstract 

Mineral dust aerosol plays a complex role in the Earth’s energy budget through scattering and absorbing radiation in 
the atmosphere. The optical properties of mineral dust aerosols differ among regions and environmental conditions due 
to various mineralogical compositions (i.e., the complex refractive index), sizes, and particle shapes. In particular, 
mineral dust particle shapes are exclusively nonspherical. Although previous studies partly incorporate the aspheric 
characteristics into dust optical property models using a spheroidal or ellipsoidal model, microscopic images have 
confirmed that a simple spheroid/ellipsoid is not always suitable to represent the dust aerosol particles. As a result, 
radiative transfer simulations as well as retrieved properties obtained by remote sensing techniques involving mineral 
dust particles could have systematic biases. There is a pressing need to develop improved and more realistic mineral 
dust optical property models.  

We will introduce a recently developed comprehensive database of the single-scattering properties of irregular dust 
aerosol particles (called the TAMUdust2020 database) for various remote sensing applications involving passive and 
active sensor observations [1]. The TAMUdust2020 database incorporates a realistic irregular particle shape ensemble 
model that mimics morphological characteristics of airborne mineral dust particles. The single-scattering properties of 
these particles are computed with state-of-the-art light scattering computational techniques. Comparisons of the 
scattering properties between laboratory measurements and the TAMUdust2020 database show reasonable 
consistency. We also use the computed dust aerosol scattering properties to simulate various spaceborne satellite data, 
including multiangle polarimetric observations, thermal infrared observations, and lidar observations. The 
TAMUdust2020 database is publicly available [2]. 
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Abstract 

Incorporating effects of ice crystal surface roughness is essential for radiative transfer simulations involving ice clouds, 
as roughness dramatically alters the angular distributions of the phase matrix, or the electromagnetic wave scattered 
by an ice crystal.  As the size parameter of ice crystals is generally large in the shortwave domain, the scattering 
computations are often performed using the geometric optics principle.  Historically, an idealized roughness effect is 
implemented into conventional geometric-optics methods by randomly tilting the local surface of an ice crystal when 
solving the Fresnel equation for each ray of light [1,2]. This approach has been widely used for radiative transfer 
simulations involving ice crystals because the optical property models of roughened ice crystals greatly improve the ice 
cloud property retrievals.  

Recent advances in light scattering computational capabilities achieve almost identical consistency in the single-
scattering properties between the rigorous Invariant-Imbedding T-matrix Method (IITM) [3] and approximate methods 
based on the geometric optics principle for ice crystals with a smoothed particle surface with size parameters as small 
as 150 [4], which confirms the applicability of the geometric optics approximations limited to these sizes or larger.  
However, there are still a number of outstanding questions remaining, such as 1) Is the size limit of the geometric optics 
method applicable to roughened ice crystals as well? 2) How much more accurate is an idealized roughness model 
compared to a geometrically roughened ice crystal counterpart?   

To address these questions, we use IITM to simulate the single-scattering properties of geometrically roughened ice 
crystals with size parameters up to 250, and compare the results to the counterparts based on geometric-optics methods. 
This presentation will discuss the quantitative impacts of the degree of surface roughness on the single-scattering 
properties of ice crystals as well as remaining issues.  
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Depending on the environmental humidity and their hygroscopicity, aerosols may absorb water causing their size to 
increase. Consequently, aerosol optical depth may increase in the relatively humid environments close to clouds, 

which complicates the interpretation of observed correlations between aerosol optical depth and cloud properties. In 

addition, methods that use satellite-retrieved aerosol size distributions to estimate the fraction of aerosol acting as 
cloud condensation nuclei may be substantially biased when ignoring such aerosol-swelling. It has been shown that 

different soluble mixtures have very similar real refractive indices for a given volume fraction of water, even if the dry 

refractive indices vary substantially. Hence, aerosol refractive index that is retrieved simultaneously with aerosol 

number and ambient size may be used to infer the volume fraction of absorbed water, as well as the aerosol dry size 
distribution. The SPEXone instrument that will be launched on board of NASA’s PACE satellite is expected to deliver 

accurate retrievals of aerosol number, size and complex refractive index, allowing the volume fraction of water and 

dry size distribution to be inferred. In this presentation we will show some preliminary results of a project to 
determine the accuracy of this approach to infer aerosol water fraction and dry size distribution. For this, we will use 

simulated measurements based on output from an atmospheric model, as well as observations of the airborne 

Research Scanning Polarimeter along with collocated in situ measurements that provide constraints on the 
dependence of aerosol scattering on humidity.    

 



We will do this making use of the accurate retrievals of the Real part of the Refractice Index (RRI), which will be 

retrieved from SPEXone with unprecedented accuracy30. We will follow the approach of Schuster et al.17, who has 
shown that different soluble mixtures (e.g. with sea salt, ammonium nitrate or ammonium sulphate) have very similar 
RRI for a given volume fraction of water (fw), even if the dry refractive indices may vary 

between 1.49-1.55. For these mixtures, fw can be accurately determined (5-10%) by assuming an average refractive 
index for the dry 

aerosol component (say 1.52) and by computing the refractive index for the humidified aerosol using partial molar 
refraction17,18. Using 

some assumptions, the approach can be extended to mixtures including insoluble aerosols, but given that we can use 
the retrieved 

fraction of spheres to select scenes dominated by soluble aerosols, our baseline is to apply the approach for soluble 
particles. Having the 

volume of water, it is straightforward17 to translate the 'wet' to the 'dry' aerosol size distribution. With the aerosol 
dry size distribution, 

we expect that the CCN column can be more accurately derived because variation in the number of aerosol particles 
with wet radius > rlim 

(0.15μm) is to some extend still affected by variation in water uptake (for constant number of CCN), while this is not 
the case if a cut-off 

radius for dry particles is defined. This will be mainly important for the CCN-CF and LWP relationships. Also, the cut-
off radius for dry 

particles can be more accurately compared to the cut-off radius for CCN particles found in field experiments6. For the 
dry size distribution, 

we have to define a new optimal size cut-off value rlim . We will do this in the same manner as in HGQ2019 choosing 
rlim that maximizes 

susceptibility for Nd. We will do this separately for the synthetic data and real measurements to be not too dependent 
on the model 

assumptions used to create the synthetic data set 
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The specific structure beam has been widely applied in the realm of optical manipulation of particles. The crucial 
technology of optical manipulation of micro-nano particles is the specific excellent light field. In recent years, some 
specific structural beams having limited-diffracting characteristics have been developed, including Bessel and Airy 
beams, which are excellent light sources for the optical manipulation system. The Airy beam, as an important non-
diffracting beam, involves the properties of self-acceleration [1], self-healing [2], and non-diffraction [3], which can 
transport particles along a parabola trajectory. The Airy light-sheet is equivalent to a two-dimensional state of the three-
dimensional Airy beam in space, at the same time it retains all the Airy beam's properties. Besides, the Airy light-sheet 
has been applied in particle sizing, laser microsurgery, and light-sheet microscopy. Pulling a particle illuminated by a 
structural beam is a topic of importance in particle manipulation. It is found that pulling force will occur when an Airy 
light-sheet illuminates a dielectric sphere. Due to the self-bending characteristics of the Airy light sheet, a particle can 
be pulled along a curved track. Magneto-dielectric sphere has unique scattering characteristics that the backscattering 
or forward scattering field of the magneto-dielectric sphere can be enhanced or suppressed according to the refractive 
index of the sphere and its size relative to the incident radiation wavelength. The optical force can be predicted by this 
unique scattering characteristic, which is of significance in the emergent technologies for particle manipulation. To our 
knowledge, the optical force of an Airy light-sheet acting on a magneto-dielectric Mie sphere has not been published.  

The purpose of this work is to rigorously examine the optical pulling force on the magneto-dielectric Mie sphere of 
arbitrary size in the field of a linearly-polarized Airy light-sheet based on the generalized Lorenz-Mie theory (GLMT) 
[4]. The influence of the dimensionless transverse scale, attenuation parameter, and the polarization of the Airy light-
sheet will be discussed and the effect of varying the size parameter ka of the sphere will be also studied. 
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Characterization of droplets with nanoparticles (inclusions) is nowadays of great aca-

demic interest and has wide applications, for instance nanofluid fuel, paint, coating, surface 
patterning, particle deposition [1, 2]. Reported here is an investigation to simultaneously 
measure the liquid phase parameters (droplet size, liquid refractive index) and solid phase 
parameters (averaged inclusion size and concentration) of a droplet with nanoparticles us-
ing rainbow refractometry with two incident wavelengths. 

In this work, a piezoelectric monodisperse droplet generator [3] generates a stream of 
distilled water droplets with a size of 120-150 μm. Polystyrene particles with a diameter of 
200 and 500 nm are dispersed in the water with different concentrations (0%, 0.1%, 0.2% 
and 0.3%) by controlled dilution. Measurement signals, recorded by a color camera, are sep-
arated by the two wavelengths according to the wavelength response characteristics of the 
camera. As the extinction factor is the moronic function of specific inclusion size, the concen-
tration and averaged size of inclusions can be estimated from the intensity extinction ratio 
of the rainbow peak of the two wavelength rainbow signal [4, 5]. Experimental size meas-
urement results are also compared with the SEM results. 
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Snow is composed of irregularly shaped large ice grains with a relatively high packing density. The optical thickness of 

snow layers is very high and in most of cases a snow surface can be considered as a semi-infinite medium as far as snow 

optics is of concern [1]. The local optical properties of snow layers are usually derived in the framework of geometrical 

optics in the assumption of various shape and size distributions of randomly oriented ice crystals. In this work, we 

present results of experimental measurements of polluted snow spectral albedo under solar light illumination at a site 

in Italian Alps. The pollution is due to the Saharan dust deposited at the snow surface. We have found that the measured 

snow spectral albedo can be modelled using just three parameters – effective absorption length (EAL) and two 

parameters to characterize the dust absorption coefficient (dust effective concentration, dust absorption Angström 

parameter). In the case of clean snow, spectral albedo can be characterized by just one parameter (EAL), which is 

proportional to the snow grain size. The effective absorption length does not depend on the wavelength in the visible 

and near – infrared regions of the electromagnetic spectrum and can be determined from the albedo measurements at 

a single wavelength (say, at 865 or 1020nm). Therefore, the effective absorption length determines the clean snow 

spectral albedo and can be used for the snow characterization using ground, airborne and satellite observations of snow 

cover. In the case of polluted snow, the three parameters can be determined using the measurements at multiple 

wavelengths in combination with optimal estimation or least square techniques. Alternatively, the measurements at 

three spectral channels in combination with the asymptotic radiative transfer theory can be used for the analytical 

determination of three spectral invariants discussed above. In particular, the measurements at 410, 500, and 865nm 

can be used. The accuracy of the technique is demonstrated in Fig.1.  The additional data sets should be tested to extend 

the proposed theory at different snow conditions and dust types. 

  

Figure 1: The measured (red solid lines) and calculated (black dash lines) plane albedo of polluted snow. The solar 

zenith angles were in the range 24-27 degrees. 
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Abstract 

Light absorbing aerosols (LAC) exert profound impacts on air quality and climate because of its high 

absorption cross-section over a broad range of electromagnetic spectra, but the current results on 

absorbing and scattering capability of LAC particles during atmospheric aging remain conflicting. 

Here, we quantified the aging and variation in the optical properties of black carbon (BC) particles 

under ambient conditions in Beijing, China, and Houston, United States, using a novel environmental 

chamber, an radiation transfer model, as well as a global aerosol-climate model. BC aging exhibits 

two distinct stages, i.e., initial transformation from a fractal to spherical morphology with little 

absorption variation and subsequent growth of fully compact particles with a large absorption 

enhancement. Tropospheric Monitoring Instrument (TROPOMI) aerosol layer height and aerosol 

index are analyzed to character LAC from space. We capitalize those direct observations to calibrate 

a key parameter associated with BC lifetime and physical properties in a global climate model, NCAR 

CESM. Our findings indicate that BC under polluted urban environments could play an essential role 

in pollution development and contribute importantly to large positive radiative forcing. The 

variation in direct radiative forcing is dependent on the rate and timescale of BC aging, with a clear 

distinction between urban cities in developed and developing countries, i.e., a higher climatic impact 

in more polluted environments. We suggest that mediation in BC emissions achieves a co-benefit in 

simultaneously controlling air pollution and protecting climate, especially for developing countries. 
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Prof.	Kuo-Nan	Liou’s	scientific	accomplishments	and	Services	to	the	Science	Conmmunity		
Prof. Kuo-Nan Liou, one of the greatest atmospheric physicists of the last half century, passed away on 20 March 2021. He 
was a Distinguished Professor in the Department of Atmospheric and Oceanic Sciences at the University of California, Los 
Angeles (UCLA), and the founding director of UCLA’s Joint Institute for Regional Earth System Science and Engineering 
(JIFRESSE). Before joining UCLA, he was a professor at the University of Utah for 22 years. 

Prof. Liou made seminal contributions to atmospheric and climate science in many areas, particularly in atmospheric radiation 
and light scattering. He moved the field of atmospheric radiation forward with a quantum leap through his work on the theory 
of radiative transfer and light scattering, the investigation of radiative forcing effects of clouds and aerosols, and the 
development of methods for inferring atmospheric and surface parameters by means of remote sensing. Prof. Liou was actively 
engaged in services to the science community throughout his career. He served on numerous national and international 
committees. To list a few, he served as Chair of Section 12, Special Fields and Interdisciplinary Engineering, National Academy 
of Engineering (2008-2010), Chair of the AGU Atmospheric Sciences Section Fellows Committee (2013-2014), Chair of the 
AGU Roger Revelle Medal Committee (2017-2020), Chair of the 1986 International Radiation Symposium, Chair of the AMS 
Committee on Atmospheric Radiation (1982-1984), and Chair-Elect of the AMS Atmospheric Research Awards Committee 
(2021-2022). Although Prof. Liou always had a very busy schedule, he often reviewed manuscripts for a number of journals 
and research proposals for funding agencies. Moreover, he served as an editor for the Journal of the Atmospheric Sciences 
(1999-2005), a Guest Editor for Special Volume on Clouds and Radiation, Journal of Geophysical Research (1987), a Review 
Editor for the Intergovernmental Panel on Climate Change (IPCC) Report (1998-1999), and an Associate Editor for Journal of 
Quantitative Spectroscopy and Radiative Transfer (2011-2021).  As tribute to Prof. Liou, this presentation will summarize his 
groundbreaking scientific accomplishments, contributions to education, and voluminous service to the science community. 
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Figure	1:	Professor	Kuo-Nan	Liou,	1943-2021.	
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