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Frequency (wavenumbers)
4000 2000 1000 800 600 500

« Goal: In a collaboration with the Micro- . 0 "o v it e e
WM and PEMCO

Scale Forward Modeling Team, develop d
a morphologically aware spectral library . - PEMCOf“SQd silica powder
2.0 —

via physics-based modeling — WM
* Method.: Develop radiative transfer (RT) 2200 mesh
model with parametric inputs that can e <75 um
be varied in optimizing model fit to 2120 meh
measurements o /
é 10

. . 100-200 mesh
— Incorporate fundamental physical properties

74-149 um
(n,k) and account for morphological 05— T
characteristics — particle size distribution 149-297 um
(PSD), shape, and packing density
— Optimized, the model should demonstrate 07 1'5 20
agreement with reflectance spectra... Wavelength (microns)
— ...while the extracted parameters should e Focus: Match model to reflec-

demonstrate agreement with independent

measurements of related properties tance spectra of silica powders

from Micro-Scale Measure-

ments team
Office of Nonproliferation & Verification R&D
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* We had been applying the Kubelka-Munk (K-
M) 2-stream model to chemical deposits of
arbitrary optical thickness

— K-M model widely applied to paints and pigments
— Provides simple analytical expression (attractive!)

— K-M model’s scattering and absorption coefficients, as
well as interface reflectance terms, depend on n, k,
and morphology

— But this dependence is not explicitly defined...

— S0, as of late 2012, we were stuck using a
phenomenological model

 Met with Michael Mishchenko, Jacek
Chowdhary, Brian Cairns, et al. (NASA GISS /
Columbia Univ.) on 11/14/12

Office of Nonproliferation & Verification R&D 3



Acknowledgments: Michael’s Suggested 5-Step Plan

1) Optically thick deposit, accounting for packing density w/ static
structure factor (SSF) + quasi-crystalline approximation (QCA)

— Ambartsumian invariant imbedding solution

5) Allow for macroscopic undulations of the upper boundary

Demonstrate inversion at every step.

Office of Nonproliferation & Verification R&D 4



Acknowledgments: Michael’s Suggested 5-Step Plan

Optically thick, Optically thick, Arbitrary thickness Arbitrary thickness Rough surface
low packing arbitrary packing and packing density and packing density
density density + emission

Demonstrate inversion at every step.

Office of Nonproliferation & Verification R&D
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I —

(2) Model Input Parameters

J—
Invariance relationship: Reflectance is ) o Particle size distribution
unchanged with removal of 1. 04 Particle aspect ratio distribution _
B I T I :a' -
03¥AR=W/L o / .
0.2 t aiif mi
i / ‘o
0.1 i A
01 02 03 04 05 06 07 08 09 10 | # ' e e TET e U1 e
_ | _ . Aspect ratio
Equation of flux to \ 1(1.6,0)
1,0, —
relate I(7,0,9) to I(T,,0,¢) b4 \ X X1 y XZ - Xn

Frequency (wavenumbers)
4000 2000 1000 800 600 500

‘N e " (3) Optimizing Model to Data
/x) =2, [T |
i=1
' 0 200mes 52
S 57]; = I (Ti(X)'Ti"(X), 7' (x) [ )

Wavelength (microns)

Office of Nonproliferation & Verification R&D



RT Model Attempts to Approximate Physics

What factors might be “folded into” each model approximation, and
how much crosstalk exists between these approximations?

Particle aspect ratio distribution Particle size distribution
| I I

| AR=W/L

. 0.3 / S
0.2 \ <:>

0.1

¥

Aspect ratio

Office of Nonproliferation & Verification R&D 7



Ambartsumian Nonlinear Integral Equation
T ——

Specular exclusion
port plug in place

Specular

Detector

Measuring plane albedo with 12° incidence angle

Office of Nonproliferation & Verification R&D 2



Ambartsumian Nonlinear Integral Equation
T —

Office of Nonproliferation & Verification R&D 9



Ambartsumian Nonlinear Integral Equation
T —

Office of Nonproliferation & Verification R&D 10



Ambartsumian Nonlinear Integral Equation

Invariance relationship: Reflectance is
unchanged with removal of 1,.

Office of Nonproliferation & Verification R&D 1



Ambartsumian Nonlinear Integral Equation

E. G. Yanovitskij, Light scattering in
Inhomogeneous Atmospheres, Trans. by
M‘l‘ MO@M MO _ — U, “O) S. Ginsheimer and O. Yanovitskij,
Springer (1997).
@ !
! ! !
T () (AT [ (N P
2 0
@) (@ ) EY )
= ujo@(u,u)@u o) d

i@, [ [ @) @)
@Y p", ) dy'dp”

Pm’ g w= o) Rm

Office of Nonproliferation & Verification R&D 12




Ambartsumian Nonlinear Integral Equation

Journal of
Quantitative
\pulmuulu &

FORTRAN codes

theory

absorbing, arbitrarily shape

y oriented and randomly distributed particles. The layer is assumed L
be homogeneous and \‘pllL.I”\ semi-infinite, and the bidirectional reflection function (BRF) is found by
a simple iterative solution of the Ambartsumian’s nonlinear integral equation. As an exact solution of the
radiative transfer equation, the reflection function thus obtained fully obeys the fundamental physical laws of
energy conservation and reciprocity. Since this technique bypasses the computation of the internal radiation
field, it is by far the fastest numerical approach available and can be used as an ideal input for Monte
Carlo procedures calculating BRFs of scattering layers with macroscopically rough surfaces. Although the
effects of packing density and coherent backscattering are currently neglected, they can also be incor-
porated. The FORTRAN implementation of the technique is available on the World Wide Web at
http://www.giss.nasa.gov/ ~ crmim/br.html and can be applied to a wide range of remote sensing, engineer-
ing. and biophysical problems. We also examine the potential effect of ice crystal shape on the bidirectional
reflectance of flat snow surfaces and the applicability of the Henyey-Greenstein phase function and the
d-Eddington approximation in calculations for soil surfaces. @ 1999 FElsevier Science Ltd. All rights
reserved.

# Corresponding author. Tel: + 212-678-5590; fax: + 212-678-6522
E-mail address: crmim/@giss.nasa.gov (ML Mishchenko)

0022-4073/99 e front matter @ 1999 Elsevier Science Ltd. All rights reserved.
PIL: 50022-4073(99)00028-X

National Aeronautics and Space Administration
Goddard Institute for Space Studies

To retrieve a code, click on the code name and use the "Save As..."

= refl.f - This code computes Fourier components of the reflection function

Office of Nonproliferation & Verification R&D

‘Goddard Space Flight Center
Sciences and Ex tion Directorate
Earth Sciences Division

option from the "File" menu.

« interp.f - This code computes the bidirectional reflection function for a given set of scattering geometries

« spher.f - This code computes the Legendre expansion coefficients for polydisperse spherical particles using the standard Lorenz-Mie

te informing us of any problems and errors encountered with these codes, Please e-mail your questions and
S.NasE gov.

found. We woul
comments to mmi

hig

FORTRAN codes
To retrieve a code, click on the code name and use the "Save As..." option from the "File” menu

+ refl{ - This code computes Fourier components of the reflection function
+ interp.f - This code computes the bidirectional reflection function for @ given set of scatiering geometries

« spher.i - This code compules the Legendre expansion coefficients for polydisperse spherical particles using the standard Lorenz-Mie
theory

The codes must be run in the following sequence: spher f -> reflf -> interp
Note that the Legendre expansion coefficients for polydisperse, randomly oriented nonspherical particles and sphere aggregates can be
computed using O T-matrix codes also available on this website. The expansion coefficients for the standard and double-peaked Henyey-
Greenstein phase functions are computed using Eqgs. (15) and (19) of the manual. Below we also provide the Legendre expansion coefficients
for two nonspherical ice particle models described in the manual
Benchmark results
The following output files were computed by the codes in their current settings and may provide a useful test of the performance of the codes
on different computers

« spher.print

- spherwrite

« refl.print

« interp.write

The file reflwrite is not given here because of its large size

13



Solution Provided by Michael Mishchenko (NASA GISS)

Step #1: nk =+ N(D)|{ \ = P™, G
D

1
(u+uo)R’"(u,uo)=%P’"(— u,uo)+%uo_fop’"(u,u')R’"(u',uo)du'

Step #2: P™, & mw) R™ +%UJ§R’"(“,“')P’"(u',uo)dy'

1 pl
+ @, _[0 _[0 R™(p, ') P" (= ', ") R™ (1" o) dp' dps”

Step #3: R™ 4 u, =) BRDF(u,)

Office of Nonproliferation & Verification R&D 14
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CAPABILITIES AND LIMITATIONS OF A CURRENT
FORTRAN IMPLEMENTATION OF THE T-MATRIX
METHOD FOR RANDOMLY ORIENTED, ROTATIONALLY
SYMMETRIC SCATTERERS

MICHAEL I MISHCHENK O and LARRY D. TRAVIS
NASA Goddard Institute for Space Stadies, 2880 Broadway, New York. New York 10025, USA.

Abstract—We describe in detail s software implementation of a current version of the T-muatrix
method for computing fight scattering by polydisperse. randomly orented, rotationslly
symmetnic particles. The FORTRAN T-matrix codes are publicly availahle on the Warld Wide

11— 0

Applicability of regular particle

shapes in light scattering

calculations for atmospheric ice particles

Andreas Macke and Michael |. Mishchenko

Wi ascertain the usefulness of simple ice particle peometries for modeling the intensity distribution of

light scattering by atmespheric ice partic
seattering by axs-equivalent, regulsr and
SYURArIc icp narliclas are rernried

Te this end, similarities and differences in light
torted hexaponal cylindric, ollipseidal, and circular

All the ragules nertain 10 narticles Wwith sives much larear than

p T” T12
q o T21 Tzz

|
=

S
>
\"4
N
o

>

TTOCCOUTE CONYETITNT 11 Thassive COMPUIET CaCUiatons 101 pa >
presents benchmark T-matrix computations for particles with non- smonlh surfaces rllnllc c1rcu].1r
cylinders). A general review of the T-matrix method can be found in Ref 7.

In this paper we provide a detailed description of modern T-matrnix FORTRAN codes which
incorporate all recent developments, are publicly available on the World Wide Web. and are.
apparently, the most efficient and powerful tool for accurately computing light scattering by
randomly oriented rotationally symmetric particles. For the first time. we collect in one place all
necessary formulas, discuss numerical aspects for T-matrix computations. describe the input and
output parameters, and demonstrate the capahilities and limitations of the codes. The paper is
intended to serve as a detailed user guide Lo a versatile tool suitable for a wide range of practical
applications. We specifically target the users who are interested in practical applications of the
T-matrix method rather than in details of its mathematical lormulation.

2. BASIC DEFINITIONS
The single scattering of light by a small-volume element dv consisting of randomly orented,
rotationally symmetric, independently scattering particles is completely described by the ensembile-
averaged extinction, C,,, and scattering. C, . cross sections per particle and the dimensionless

7 Author te whom correspondence shonld be addressed.

arably larger than the wavelengths of the incoming
solar radiation, especially in the visible spectral
region. Therefore, the geometrical optics approxi-
mation offers a conceptually simple although time-
consuming way to simulate single scatlering by
almost arbitrarily shaped scatterers!'® Whereas
these papers take more and more complex particle
peometries such as bullet rosettes, dendrites, or
polverystals into account, in this paper we examing
the poszibility of representing the scattering proper-

The authors are with the NASA Goddard Institute for Space
Studies, 3880 Broadway, ! York, New York 10025, A, Macke
is alao with the Depariment of Applied Physics, Columbia Univer-
sity, 2880 Broadway, New York, Mew York 10025 M. L Mish-
chemko is also with the Instifoie of Terrestrial snd Planetary
Atmospheres, State University of New York at Stony Brook, Stony
Brook, New York 11784,

Received 28 August 1995; revised manuscript recsived 29
January 1996,

0003-6835 06, 21420 1-065 10,00/ 0

o 1986 Optical Society of America

On the other hand, the three {two) semiaxes of an
ellipsoid [circular cylinder) allow for a variability of
particle shapes that may cover to some extent the
natural variability of atmozpheric ice crystal habits.

Another motivation arizes from uncertainties in
our knowledge of real iee particle shapes. The
study of ohzervationally derived two-dimensional ice
crystal shadow images® or replicas”® eloarly demon-
strates that solid hexagonal columns or plates are a
strong idealization of atmospheric ice cr}tta]s
However, statistically reliable shape information is
difficult to extract from these data, partly because of
the strong natural variability. Therefore it appears
reasonable to ascertain the use of nonhexagonal but
still simple geometries as substitutes for a polydisper-
sion of complicated ice particle shapes,

Because of the lack of sharp edges, ellipsoids do
not provide strong halos that are characteristic of
regular hexagonal particles. However, the absence
of thezo features, as reported in a number of radi-
ance measurements in or above cirrus clouds 210
emphasizes the potential use of nonhexagonal par-

20 July 1998 |/ Voi. 35, No. 21 / APPLIED OPTICS 4201
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Particle aspect ratio distribution . 2 shape bins: AR =

0.4 | | |
L 0.8 (one bin each
0.3 /" N per prolate, oblate)

%

0.2

really spheroidal -
N Treat particle as

| . I silica/air mixture
01 0.2 03 04 05 06 07 08 09 1.0

Aspect ratio

3 f Eair — Esil
air
gair + 2gsil
=& 1+
geff gsﬂ
1— f . Eair — Esil
air )

\ gair + gsil

Office of Nonproliferation & Verification R&D
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W) ENERGY Particle Size Distribution (PSD) LA ‘L‘m

Defen NINplft

- Approximate with skewed | = -
volume log-normal )
distribution "

- Expression with 3 )
parameters: r,, g, y

- (inr-1 1
n(r):constantxr_4 exp| — (nr 2nrg ;lrg)
2In" o, 242 1n o,

Office of Nonproliferation & Verification R&D 17



“Patching” the Scattering Properties

* The radiative transfer equation (RTE) (9)
is strictly applicable only for sparse pP
media (packing density < 1%)

» §(0): Static structure factor (SSF)

— Acts as a multiplier to the scattering
cross section and phase function

— Analytical expression available for
monodisperse spheres

ol
=
i

n

Intensity (1/1,)

J.-C. Auger and B. Stout, “Local field
intensity in aggregates illuminated by
diffuse light: T matrix approach,” Appl. Opt.
47, 2897-2905 (2008).

Office of Nonproliferation & Verification R&D 13



“Patching” the Scattering Properties

 The radiative transfer equation (RTE) (9) 4mt dC_, S(Q)
is strictly applicable only for sparse P — C dO
media (packing density < 1%) Sca

3 rrﬁ-T_TTT_,l'[ T T LA B I T T ]
. - 3
« §(0): Static structure factor (SSF) : ¥ -
— Acts as a multiplier to the scattering . [ 'k'. E
cross section and phase function E 2L ,?-.1“ =
. . . » i —
— Analytical expression available for 2 F _‘!}.‘a:'l - ]
monodisperse spheres o 15 HApi) by ~ .
— S(6) = F(fsse. u) & F i ONE 1
E ' II"!!"‘ -~ .
- P 3
- .,/ / -

_uzgﬂ”osinﬂ 0Eszi=1 | T S T

A 2 /Scattering angle 0 5 10 15 20 25
u
a D ) 6 M. I. Mishchenko, “Asymmetry parameters
=4 | — | xsin| — of the phase function for densely packed
A 2 scattering grains,” JQSRT 52, 95-110
Size (1994).
parameter

Office of Nonproliferation & Verification R&D 19



Macroscopic Undulations of Upper Boundary

« Range of incidence angles: 6, encompasses 0° to 8, .,

 Rougher surface - Larger 6, .,

* Impacts contribution of first-surface reflection
— e.g., “surface scattering”
— Especially significant for high k

Office of Nonproliferation & Verification R&D 20
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ENERGY Optimizing Model to Measurements //""s,c oo 7,

90, max

6 parameters

Office of Nonproliferation & Verification R&D

(14 110 JR™ (11, 1)

:me(_ /,t,/,to)

1
+%MOL P (u, ') R™ (W', p1o) dpt'

,

1
"7 "‘Io R™ (') P" (W', o) dpt

+wuuofol Iol R™ (') P" (= ', p1")
R (u", 1) dp' dy”
Computational Model

RW) |

Reflectance
(]
N

©
N
1

4 6 8 10 12 14 16
Wavelength (um)

Compare to measured

\reflectance spectrum

~
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Wavelength Dependence: Literature n and k for Silica, 3.6-16 pm
D

3.0
2.5
2.0 1
1.5
1.0 -
0.5 1

Refractive index component

Office of Nonproliferation & Verification R&D 29
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* 125 As: 3.6-16 ym @ 0.1 um resolution

* The 125 A-dependent calculations are divided among 64 processors (4
nodes, 16 cores/node)

« The Jacobian (matrix of 1st-order partial derivatives) is numerically
determined through forward difference calculations.

« The Hessian (matrix of 2"d-order partial derivatives) is numerically
approximated from special properties of the sum-of-squares:

SN
2 . 0
L k(). mwl )

(But the original guess for x has to be reasonably close)

Office of Nonproliferation & Verification R&D 23



Measured Reflectance Spectra of Silica Model Systems
T

14—l | | | | |
1.2 —
1.0 - —
) 50-100 mesh
Q 0.8 —
3 100-200 mesh
= 0.6 —
N >120 mesh
0.4— —
>200 mesh
0.2— —
>325 mesh
0 — -
| | | | | |
4 6 8 10 12 14 16

Wavelength (um)
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Modeled Reflectance Spectra of Silica Model Systems

14— '
1.2 — —
1.0 — —
o 50-100 mesh
2 0.8 e e =
= 100-200 mesh
= 0.6— e
& >120 mesh
0.4 — —
>200 mesh
0.2 —
>325 mesh
0 |
I I I I I I
4 6 8 10 12 14 16

Office of Nonproliferation & Verification R&D

Wavelength (um)
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... 'give me seven
free parameters

and I can fit an / Are the fits

elephant.” extracting ,
. ~ ., physical

K. Lumme and A. Penttil3, /

“Model of light scattering by ; parameters? |

dust particles in the solar I \

system: Application to ¢+ Or are we jUStI
cometary comae and h -fittina ? \
planetary regoliths,” J. S afe tt 9:
Quant. Spectrosc. & Rad. 7
Trans. 112, 1658-1670
(2011).
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Measured PSDs vs Reflectance-Extracted PSDs
S ——

>325 mesh | |>200 mesh | |>120 mesh | |100-200 mesh | |50-100 mesh

vy vy

10° 10" 10®* 10> 10° 10" 10®* 10° 10° 10" 10* 10° 10° 10" 10® 10® 10° 10" 10° 10
Particle diameter (um)

Norm. inc. vol. frac.
Ooo0Oo~=~
ONDMNOOOLODON

3

Mesh fema  fssr 6,

2325 0.058 0.34 0-31°
>200 0.046 0.79 0-47°
2120 0.009 0.60 0-66°
100-200 0.24  0.81 0-89°
50-100 0.29 0.89 0-89°
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Playing the Devil’s Advocate

Spectral agreement suffers between 8-10 um
— So is the agreement “good enough?”

— Assuming accurate n/k values (?), is the disagreement due to the model
approximations? To the numerical inversion?

— |Is another factor needed in the model?

Extracted PSDs are wider than those measured via laser diffraction
— How good are the laser diffraction measurements?

Measurement-vs-model comparisons are limited to mD/A = 1 (thus far)
— Narrower size distributions to be measured and modeled

Given the variability of fsg, is it having the expected impact?

Why is fgyya SO much larger for coarse particles than for fine particles?
— Should fey, = F(TTDIA)?

Office of Nonproliferation & Verification R&D 28



Task Summary, Relationships to Other Tasks, and Next Steps

* Numerically invertible model provides the means to account for particle
size effects in the reflectance spectra of particulate media
— Computational model is based on fundamental physical properties (n,k)
— Extracted parameters can be compared to auxiliary measurements
— The PSD agreement is encouraging (we are not just fitting an elephant)...
— ... but we desire improved understanding of the f,,, and fsg, trends.

» Our effort directly links to the other HARD Solids tasks

— Laboratory Optical Measurements: Modeling more materials as n,k become available
— Laboratory System Measurements: Considering increased system complexity

— Forward Microscale Modeling: Numerically inverting more advanced models

— Validation Framework: Performing Bayesian calibration via Dakota

— System Model. Providing morphologically aware input spectra

* Next: Increased rigor and system complexity
— Assist with model validation effort - Begin to define what is “good enough”

— Implement P, @ in adding-doubling solution for deposits of variable optical thickness
(On to Step #2 on Michael’s list!)

Office of Nonproliferation & Verification R&D 29



Thanks! Questions?
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Reflectance

Reflectance

4 6 8 10 12 14 16
Wavelength (um)
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