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Critical Issues

• Tools: Accurate and efficient computational 
methods to compute the optical properties of 
arbitrary shaped and inhomogeneous particles 

• Physics: Physical mechanism on how particle 
microphysics affects electromagnetic wave 
scattering and possible influence on radiative 
transfer

• Models: Develop “suitable” models for ice 
crystals and aerosols for atmospheric radiative 
transfer simulations
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Maxwell’s Equations

James Clerk Maxwell
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Classical theory of light.



Far-field Scattering

• Amplitude Scattering Matrix
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Computational Progress
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3

2

Invariant Imbedding T-matrix( Bi et al. 
2013; Bi and Yang, 2014)

Physical-geometric optics hybrid ( Bi et 
al., 2011，Bi et al., 2012)

Debye’s series, complex angular 
momentum (Bi et al., 2013; Bi et al., 2017; Bi 
et al., 2019)
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II

Size Parameter (2pi size/wavelength) 

IITM
Physics optics

Physics optics+CAM: semi‐classical



Invariant Imbedding T-matrix

Distribution of refractive indices

rp

rp1

Nonspherical particle = inhomogeneous sphere
= multilayered sphere

Johnson (1988), Bi et al. (2013, 2014)



Arbitrarily Shaped Particles
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Non‐unity refractive index of 
each spherical surface

An inhomogeneous sphere  Discretize to multi‐layered sphere

(b)

r_p

r_p+1

Bi, L., and P. Yang, 2014: Accurate simulation of the optical properties of 
atmospheric ice crystals with invariant imbedding T-matrix method. J. 
Quant. Spectrosc. Radiat. Transfer, 138,17-35.



Features

• Arbitrary shaped and inhomogeneous 
particles

• Analytical random orientation average
• Particle size parameter upto geometric‐
optics domains
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L=2a
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Beam‐splitting techniqueConventional ray‐tracing

Broad Beam
Incident Rays

Physical geometric-optics Hybrid

Bi, L., P. Yang, G. W. Kattawar, Y. Hu and B. A. Baum, 2012: Scattering and 
absorption of light by ice particles: solution by a new physical‐geometric optics 
hybrid method. Journal of Quantitative Spectroscopy and Radiative Transfer, 112, 
1492‐1508.
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Debye’s Series

http://www.philiplaven.com/p2‐1.html）
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T-matrix Expansion: Debye’s Series

(Debye,1908; Van der Pol and H. 
Bremmer ,1937;Feng et al,2010)

Validated for Convex 
Nonspherical Particles

R11:  External Reflection
R22:  Internal Reflection
T21:  Transmission from medium

to particle
T12: Transmission from particle

to medium

Lei Bi, Feng Xu, Gérard Gouesbet， 2018；
Phys. Rev. A 98,053809; to be submitted, 
2019

Unlike ray‐tracing, exact 
decomposition; Understanding 
physical mechanism 
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Ice Crystal Optical Property Database

Yang, P., L. Bi, B. A. Baum, K. N. Liou, G. W. Kattawar, M. I. Mishchenko,
and B. Cole, 2013: Spectrally consistent scattering, absorption, and
polarization properties of atmospheric ice crystals at wavelengths from 0.2 to
100 μm. Journal of the Atmospheric Sciences, 70, 330-347.

Bi, L., P. Yang, 2017: Improved ice particle optical property simulations in the
ultraviolet to far-infrared regime. Journal of Quantitative Spectroscopy and
Radiative Transfer, 189, 228-237.

Ding, J., L. Bi, P. Yang, G. W. Kattawar, F. Weng, Q. Liu, T. Greenwald,
2017: Single-scattering properties of ice particles in the microwave regime:
Temperature effect on the ice refractive index with implications in remote
sensing. Journal of Quantitative Spectroscopy and Radiative Transfer,
190, 26-37.
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Major Aerosol Types

NASA | GEOS-5 Aerosols



LiDAR Observations

• LiDAR observations are sensitive to the buck‐
scattering optical properties of a volume 
element.

• Interpretation: understanding LiDAR signals
• Model constraints: “suitable” models for 
general radiative transfer simulations



Assumption: incident light is 100% polarized parallel to
the scattering plane
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Result: scattered light is in general partially polarized, i.e. the
incident light is depolarized
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Single‐scattering by water droplets in water clouds

Nonspherical water droplets in rain with axial incidence

Zero depolarization ratio cases:

Linear Depolarization Ratio (Random 
Orientation)
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Incident Beam Backscattered BeamBackscattered BeamBackscattered Beam
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Backscatter Lidar Ratio
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How to model particle shapes?



Super-spheroidal Space

Campos-Ramos A, et al. Atmos. 
Environ., 2009, 43(39), 6159-
6167

Sodium chloride 
Li J, et al. J Geophys Res, 
2003 108, 4189

Sea salt

Amsterdam-Granada 
database

Volcanic ash
Amsterdam-Granada 
database

Feldspar
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Nearly spherical Particles show quite 
different depolarization features in 

aerosol refractive index regime



>60%

)28

Spheroids, Refractive Index: 1.55+i0.003

First reported by Mishchenko, M. I., and J. W. Hovenier(1995) at this refractive index
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a/c=1.05a/c=0.95

a/c=1

Bi et al., Optics Express, 2018
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32Lei Bi, Feng Xu, Gérard Gouesbet， 2018；Phys. Rev. A 98,053809; 

Different Physical Origins obtained from 
Debye’s series

Refractive Index

Interference 

Waves after 1 internal reflection
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CALIPSO DATA (2012)

Polar Stratospheric Cloud (PSC) detection
descried in (Pitts et al, 2009)



Dust optical modeling



Why more freedom is useful?
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S=average projected area
V=volume of a particle

SI=1 for a sphere



Advantage of SI

• If two nonspherical particles have the same
shape index (SI), they have identical volume
and projected area.

Volume equivalent，surface area？
Surface area equivalent，volume？

a
c

Volume equivalent，surface area？
Surface area equivalent，volume？
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SI=0.67

SI=0.82

volume, projected area, aspect ratio

Stereogrammetry

(Image from Lindqvist, et al., 2014)
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Comparison with Laboratory 
Measuements



Sample reff/μm veff Re(m) Im(m)
Allende 0.8 3.3 1.65 0.001
Feldspar* 1.0 1.0 1.50–1.60 0.001–0.00001
Red clay* 1.5 1.6 1.50–1.70 0.001–0.00001
Green clay* 1.55 1.4 1.50–1.70 0.001–0.00001
Quartz 2.3 2.3 1.54 0
Martian analog palagonite 4.5 7.3 1.50 0.001–0.0001
Loess* 3.9 2.6 1.50–1.70 0.001–0.00001
Sahara* 8.2 4.0 1.50–1.70 0.001–0.00001
Forsterite (initial) 1.8 5.4 1.63 0
Forsterite (small) 1.3 3.1 1.63 0
Forsterite (washed) 3.3 4.7 1.63 0
Olivine (S) 1.3 1.8 1.62 0.00001
Olivine (M) 2.6 5.0 1.62 0.00001
Olivine (L) 3.8 3.7 1.62 0.00001
Olivine (XL) 6.3 6.8 1.62 0.00001
Volcanic ash (EI Chichon) 3.2 5.4 1.50–1.60 0.001
Volcanic ash (Pinatubo) 3.0 12.3 1.50–1.60 0.001–0.00001
Volcanic ash (Lokon) 7.1 2.6 1.50–1.60 0.001–0.00001
Volcanic ash (Mnt. St. Helens) 4.1 9.5 1.48–1.56 0.0018
Volcanic ash (Redoubt A) 4.1 9.7 1.48–1.56 0.0018
Volcanic ash (Redoubt B) 6.4 7.6 1.48–1.56 0.0018
Volcanic ash (Spurr Ashton) 2.7 4.9 1.48–1.56 0.0018–0.02
Volcanic ash (Spurr Gunsight) 3.5 8.2 1.48–1.56 0.0018–0.02
Volcanic ash (Spurr Ahchorage) 4.8 8.8 1.48–1.56 0.0018–0.02
Volcanic ash (Spurr Stop 33) 14.4 6.6 1.48–1.56 0.0018–0.02

Note. The reff is the 
effective radius; veff is the 
variance; Re(m) and Im(m) 
are the real part and the 
imaginary part of the 
estimated refractive index, 
respectively.
*These samples have been 
investigated in Merikallio
et al., (2011).

Table 1

Summary of

the Samples

Investigated

in this Study

25 Aerosol Samples from the 
Amsterdam‐Granda Light 
Scattering Database (Voten et 
al., 2006; Muñoz et al., 2012 )



41
Lin, et al. JGR (2018)
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Three key scattering matrix

elements (P11, –P12/P11, and

P22/P11) of simulations and

measurements at 632.8nm

wavelength for five volcanic ash

samples. The refractive index

was selected to be 1.60+i0.001

for all the samples.



LiDAR DUST Observations



Depolarization ratio observations at 
different locations





LiDAR ratio measurements at Different 
Locations



Laboratory Measurements



Impact of Real Part of the Refractive Index



Impact of the Imaginary Part of the 
Refractive Index



Small sizes 



Large sizes 



Fine mode + Coarse mode
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Dust-soot Mixtures

(e.g., Sorenson, 2001)



Noncontact mixing is closer to observations. 

100



Sea-salt optical modeling
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(After Salter, Matthew E., et al Geophysical Research Letters 2016)

Schematic of Sea‐spray Aerosol Production
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Dry sodium choride



Aspect Ratio and Roundness Effect
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X‐Ray phasing technique(Zeng et al. 2012)

Wet Sea Salt Aerosols
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Depolarization VS Relative Humidity

Data from Toshiyuki Murayama
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Bi, et al. JGR (2018)



Effect of Particle Inhomogeneity
(RH=50~80% inhomogeneous) 

difference/forcing
(forcing > 0.1 Wm‐2)Global mean: 0.033/0.408 = 8%

difference

Wang, et al. GRL (2019)



Summary

• Significant progress has been made on 
computing the optical properties of non‐
spherical particles. Extensive computations are 
now allowable with reasonable computational 
resources and computational time. 

• Comparison with measurement and 
observations show that super‐ellipsoidal space 
is quite promising with applications in remote 
sensing and radiative transfer modeling. 
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Tang et al., Optics Express,(2019)



Polarization Simulations



Dry sea salt



Wet sea salt


