Journal of Quantitative Spectroscopy & Radiative Transfer 329 (2024) 109204

ELSEVIER

Contents lists available at ScienceDirect
Journal of Quantitative Spectroscopy and Radiative Transfer

journal homepage: www.elsevier.com/locate/jgsrt

ournal of
uantitative
pectroscopy &
adiative
ransfer

Check for

Sensitivity of backscattering to spherical particle physical properties: Size, &

refractive index, and shape deviations

Prakash Gautam® , Hans Moosmiiller °, Justin B. Maughan ", Christopher M. Sorensen

2 Laboratory for Aerosol Science, Spectroscopy, and Optics, Desert Research Institute, Nevada, System of Higher Education, 2215 Raggio Parkway, Reno, NV 89512, USA

b pratt Community College, 348 NE SR 61, Pratt, KS 67124, USA

¢ Department of Physics, Kansas State University, 116 Cardwell Hall, 1228 N. 17th Street, Manhattan, KS 66506, USA

ARTICLE INFO ABSTRACT

Keywords:
Backscattering
Spherical Particles
Forward scattering
Mie Theory

Lidar Remote Sensing

The purpose of this paper is to study the dependency of light backscattering on particle physical properties: size,
refractive index, and shape; and to demonstrate the extreme sensitivity of backscattering on these properties. We
demonstrate how the nondescript backscattering pattern evolves seemingly chaotic, in contrast to the orderly
forward scattering, with the particle’s physical properties. The demonstration was carried out by light scattering
from water droplets and with spherical particle Mie theory. Our results show systematic, descriptive evolution of

the forward scattering pattern, which is clearly shown in logarithmic Q-space, whereas non-descriptive, chaotic
evolution within the backscattering regime is displayed in linear 0-space. Additionally, our study shows that
within the last 1°, the backscattering intensity remains constant and featureless for the ~ 2.5 pm diameter water

droplets investigated here.

1. Introduction

Backscattering measurements from the aerosol particles using
remote sensing techniques are crucial to gather quantitative information
on atmospheric particles’ shape, size, and composition from a distance
[1]. Such measurements are fundamental to assessing aerosol impacts
on climate and global warming, weather patterns, and other meteoro-
logical phenomena [2]. Lidar (Light Detection and Ranging) is one of the
commonly used active remote sensing techniques collecting back-
scattered light coming from distant particles [3-5]. Particle properties
have been retrieved from the analysis of backscattered light, which is
highly sensitive to particle microphysical properties, causing challenges
in the assessment and interpretation of collected data. Thus, to retrieve
accurate information from backscattering data and radiative transfer
calculations, it is imperative to first gain a detailed understand of aerosol
backscattering properties [1,2,5,6].

Mie theory [7], an analytical solution to the Maxwell equations for
scattering by a homogenous spherical particle, remains the primary
approach for calculating the radiative properties of aerosol particles [8].
However, Mie theory-derived optical properties may be significantly
different from remote sensing observed properties [1]. In this study, we
demonstrate how even a slight change in the microphysical properties of
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spherical particles can lead to significant changes and poorly described
behavior of backscattering properties. This demonstration visualizes
scattering data both linearly when plotting them vs. the scattering angle
0 and logarithmically when plotting them vs. the magnitude of the
scattering wave vector q, called Q-space analysis [9-13]. The core
messages conveyed in this paper are straightforward yet significant: 1)
to demonstrate the sensitivity of backscattering to changes in particle
size and size distribution, refractive index, and shape, 2) to caution
against the practice of extrapolating side scattering to that at near and
exact backscattering angles, 3) to plot the scattered intensity vs. linear 6,
and logarithmic (e.g., Q-space) x-axes to yield a comprehensive
description of the whole angular scattering regime.

2. Experimental apparatus

The light scattering setup used in this experiment can measure the
scattered light intensity over an angular range from 0.32° to 177.6° and
corresponding scattering wave vector magnitudes from 660 cm™ to 2.36
x 10° em™. The light source used for our measurements generates
vertically polarized light with a wavelength A = 532 nm. Water droplets
generated with a 6-jet collision nebulizer [14] were used as scattering
particles. The laser light interacts with an upward, vertical droplet flow
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from an aerosol tube, forming a cylindrically shaped scattering volume.
Two multi-channel detectors were used to collect scattered light at 31
angles simultaneously (quasi-simultaneously 46 angles, overall), which
allows for a quick and efficient procurement of data. A detailed expla-
nation of the experimental setup and data acquisition methods can be
found in [15,16].

3. Results

We analyzed our experimentally measured spherical water droplets’
light scattering data by plotting versus scattering angle 0, linearly, and
as a logarithmic function of the scattering wave vector magnitude q

q = 2ksin(0/ 2), 1)

where k = 2n/A, with A being the wavelength. We call plotting scattered
intensity, I(q) vs q, on a log-log plot “Q-space analysis” [9,10]. Our
measured data were fitted with Mie theory calculations to demonstrate
how a small change in particle physical properties affected the scattered
intensity, especially in the backscattering regime. The fit accounts for
scattering originating from an ensemble of spherical water droplets with
a log-normal size distribution. For this, we introduce P(r), which is the
unnormalized log-normal size distribution given by

P(r) = exp(—In?) (;) / 2In%s, @

0

where ry, is the most probable radius and ¢ is the geometric width of the
size distribution [17,18]. The fit was carried out in three ways by
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changing 1) the most probable radius ry, 2) the geometric width of the
size distribution o, and 3) the purely real refractive index m of the water
constituting the droplets.

We changed the size distributions in two ways: 1) changing the most
probable size by 2.5 % [Fig. 1] and 2) changing the width of the size
distribution by the same fractional amount [Fig. 2], while keeping the
refractive index constant at m = 1.33. Note that for a change in the most
probable size, we kept the width of the particle size distribution constant
and vice-versa. Similarly, to understand the evolution of scattering
patterns with a change in the real part of the refractive index, we
changed m by 2.5 %, while keeping the most probable size ry, and the
width of the size distribution ¢ the same [Fig. 3]. The experimental er-
rors are not shown on the graph because they are too small to be
represented.

Figs. 1 and 2 show the fitting of Mie calculations to experimental
results for the water droplets, plotted both in conventional 6-space and
Q-space. Our data are normalized to 1.0 at the smallest angle or q.
Fitting our experimental data over the entire angular range with Mie
theory, integrated over the size distribution, yielded the best fit
weighted mean radius of ryp = 1.25 um with a geometric width of 6y =
1.45 for a log-normal distribution. These two values of ry and o are the
values at which Mie theory calculations matched best with light scat-
tering data for the entire measured angular scattering range i.e.,
including all regimes: forward-, side-, and back-scattering, shown in
Figs. 1 and 2 (parts a and c, in 6- and Q-space, respectively). A detailed
explanation of the three regimes can be found in [19]. In Fig. 1, we have
also changed ro by + 2.5 %, keeping, 6o and m constant, whereas in
Fig. 2, we have also changed o by + 2.5 %, keeping ro and m constant.
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Fig. 1. Comparison of the measured forward normalized light scattering data with theoretical Mie calculations. Best fit values are a weighted mean radius of ro =
1.25 pm with a geometric width of 65 = 1.45 and a refractive index of m = 1.33. In addition, Mie calculations for a & 2.5 % relative change in the mean radius are
displayed. Part (a) is plotted linearly as a function of scattering angle (0), i.e. 6-space. Part (b) is a magnified graph for the backscattering regime in 6-space. Part (c)
plots the same data versus q (cm™) on a log-log scale, i.e., Q-space. Part (d) is a magnified graph for the forward scattering regime in Q-space. The intensity axes of

Figs. (b) and (d) are scaled equivalently for comparison.
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Fig. 2. Comparison of the measured forward normalized light scattering data with theoretical Mie calculations. Best fit values are a weighted mean radius of ry =
1.25 um with a geometric width of 69 = 1.45 and a refractive index of m = 1.33. In addition, Mie calculations for a + 2.5 % relative change in the geometric width are
displayed. Part (a) is plotted linearly as a function of scattering angle (0), i.e. 6-space. Part (b) is a magnified graph for the backscattering regime in 6-space. Part (c)
plots the same data versus q (cm™) on a log-log scale, i.e., Q-space. Part (d) is a magnified graph for the forward scattering regime in Q-space. The intensity axes of
Figs. (b) and (d) are scaled equivalently for comparison.



P. Gautam et al.

(@) 10!
— rp=125umo=145mm=1.30
. 100 — fp=1250m 0o =145mm=133
= — o=1250m oo =145mm=1.36
2 e Experiment
91071
£
$ 102
2 1072}
8
&
10—3.

-4 . ) . ) ) . )
10 0 20 40 60 80 100 120 140 160 180

Scattering Angle
(c) 10!
— ro=125um, 0o =145 m=1.30

0 — ro=125um, 0o =145 m=1.33
> 10 ~ ~ ~
= — ro=125um, 0o =145 m=1.36
2 e Experiment
2 1071}
£
g 102
2 1072}
©
(]
& 10-3}

-4 N PETETrIrTY | N PRy | PR

10 10° 10¢ 10° 10°

q(cm™?)

Journal of Quantitative Spectroscopy and Radiative Transfer 329 (2024) 109204

(b) 10-2

— r=125um oy =145mm=130
— ro=125um o =145mm=133

—_— ro=125um o =145mm=1.36
e Experiment

Relative Intensity
(=
<

-4 . . . " . " "
10 160.0 1625 1650 1675 1700 1725 1750 1775 180.0

Scattering Angle

(d) 10!
>
=
"
c
[
€
= 0 -
P 10
2
—
© — ro=125um, 0o =145 m=130
& —— ro=125um, 0o =145m=133

— rp=125um, 0o =145 m=1.36

e Experiment
e N N : i " ¥
10 P o

q(cm™)

Fig. 3. Comparison of the measured forward normalized light scattering data with theoretical Mie calculations. Best fit values are a weighted mean radius of ry =
1.25 ym with a geometric width of 6o = 1.45 and a refractive index of m = 1.33. In addition, Mie calculations for a + 2.5 % relative change in the refractive index are
displayed. Part (a) is plotted linearly as a function of scattering angle (), i.e. 6-space. Part (b) is a magnified graph for the backscattering regime in 6-space. Part (c)
plots the same data versus q (cm™) on a log-log scale, i.e. Q-space. Part (d) is a magnified graph for the forward scattering regime in Q-space. The intensity axes of

Figs. (b) and (d) are scaled equivalently for comparison.

Through this, our objective is to analyze how the scattering pattern
evolves when there is a small change in either the most probable size
(Fig. 1 a, c) and geometric width (Fig. 2 a, c) of the size distribution.
Focusing on the backscatter regime (160° — 180°), Figs. 1(b) and 2(b)
display seemingly chaotic, non-descriptive changes in 6-space, while
Figs. 1(d) and 2(d) focus on the forward scattering regime where
matched, well-defined forward scattering patterns are obvious in
Q-space.

Fig. 3 shows the evolution in the scattering pattern for a small change
(£ 2.5 %) in the purely real refractive index m while keeping the most
probable size ry, and geometric width 6, the same. The angular scat-
tering data over the whole range of scattering angles are shown in Fig. 3
(@) and (c) in 6- and Q-space, respectively. Again, the data were
normalized to 1.0 at the smallest scattering angle or q. Our results show
that the forward scattering data match well (Fig. 3(d)), with significant
differences in the backscattering regime (Fig. 3(b)). Here, the close
matching in the forward scattering regime is expected because this
regime is diffraction-dominated, and diffraction is fairly insensitive to
the shape and refractive index of the particles [10,13]. These results
show that backscattering is highly sensitive to particle refractive index,
while forward scattering is fairly insensitive to particle refractive index.

To give some practical reality to refractive index changes, we used
changes in temperature to induce changes in water’s refractive index.
With the data provided by [20], we performed Mie calculations for the
refractive indices that correspond to the wide range of temperatures 10
°C, 20 °C, 30 °C, 40 °C, and 50 °C. The total angular scattering intensity,
both calculated theoretically and measured experimentally, was plotted
in both analysis methods: 6-space [Fig. 4a) and Q-space [Fig. 4c]. Figs. 4

(b) and (d) show a non-descriptive, seemingly chaotic scattering pattern
at the backscattering regime, compared to the well-described, matched
forward scattering regime, respectively. This shows that even a very
small temperature related changes in refractive index (i.e., of ~0.001)
causes a noticeable difference in the scattering pattern in the backscat-
tering regime (Fig. 4b).

In a previous study, our group conducted laboratory measurements
of light backscattering (180° + 6°) from well-characterized, micron-
sized spherical polystyrene latex (PSL) particles of various sizes [21].
These investigations showed an extreme sensitivity of backscattering to
a small change in refractive index and size. Fig. 5 (a) shows the com-
parisons between experimentally measured backscattering intensity
from PSL particles (r = 3.075 um) with theoretical Mie calculations. The
theoretical calculations were carried out for minor refractive index
variations around 1.590, the manufacturer’s specified refractive index,
to optimize the comparisons. The results show that the data were aligned
well with the central peak, but deviations were observed at the sec-
ondary peak around 176°. Fig. 5 (b) shows the comparison of scattering
intensity between an ensemble of spheroid with € = 1.0 (a sphere), and
spheroid with ¢ = 1.025, mathematically the radius of a spheroid is
described by [22]

2

r0) = a(sin2 (0) + % cosz(9)> 3)

where a is the horizontal semi-axis, and b is the rotational axis semi-axis.
The aspect ratio of the spheroid is given by the ratio of the axes a/b. A
lognormal distribution was used for both ensembles with an average
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Fig. 4. Comparison of the measured forward normalized light scattering data with theoretical Mie calculations. Best fit values are a weighted mean radius of ry =
1.25 ym with a geometric width of 6o = 1.45 and a refractive index corresponding to different temperatures. Part (a) is plotted linearly as a function of scattering
angle (0), i.e. 6-space. Part (b) is a magnified graph for the backscattering regime in 6-space. Part (c) plots the same data versus q (cm™) on a log-log scale, i.e.
Q-space. Part (d) is a magnified graph for the forward scattering regime in Q-space. The intensity axes of Figs. (b) and (d) are scaled equivalently for comparison.

radius of r

1.4 pm and a geometric size distribution width of 6

1.45. The calculations were done with the T-Matrix code developed

by Mishchenko and Travis [22], the T-Matrix formulation provides an
analytical solution for calculations over the shape and both the

orientational and size averaging. All setting were kept identical for the
spheroids and spheres except the aspect ratio to ensure as much as
possible that only the shape was affecting the scattering results. The
calculated results show that even an aspect ratio of only 2.5 % away

(a) 7 i o) | | | |
’ e e=1.0 Ivu
6| r=3.075um 7\ — m=1.590 aal =10 Ihu |
% Bg [ m=1.585 | & £=1.025 lvu
R : m=1580| = | e=1.025 lhu ———: |
E © Spheroids
J: 9 1.8 _
- 2 A =532nm
2 = o =145
E g 161 Tveq = 1.4 uym /o
: S m=15+i0
2 S i |
> < 14 g
G = S Py Py
: m ) / »/ \\ /
Q c 12} \ 5 \ ) i
- : v ; 3
E > A\ . \ ./
= 1+ NN NS |
e 7 180 177 174 0874 1:/e 7 1tI30 178 176 174
0 (deg) o(deg)

Fig. 5. (a) Comparisons of the experimentally measured backscattering intensity normalized at 178° for commercially available polystyrene latex (PSL) spheres with
theoretical Mie calculations for vertically polarized light [21] and (b) Demonstration of the effect of shape on backscattering intensity by comparing backscattering
intensity from a sphere to that from a spheroid for both vertically and horizontally polarized light.
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from that of unity. The change in shape significantly affects the angular
backscattering intensity, with changes of ~15 % at 180° and up to ~25
% at 174° Overall, a broad range of calculations shows the extreme
sensitivity of backscattering to the particle’s physical properties: size,
refractive index, and shape.

Additionally, to gain a better understanding of scattering evolution
at near and exact backscattering (180°) angles, we analyzed Mie scat-
tering calculations using the phase angle (180° - 6) for the last ~ 20 ° for
small changes in most probable size ry, geometric width oy, and
refractive indices m. These results are shown in Fig. 6 (a), (b), and (c)
respectively. The results show that, for our particle parameters, in the
last 1 °, the intensity remains constant and featureless for all cases, but in
the limit of phase angle equal zero, significant sensitivity to probable
size ry, geometric width o, and refractive indices m occurs.

4. Conclusion

We have demonstrated that for spherical particles, backscattering is
strongly dependent on the particle’s size, refractive index, and shape
deviations. This study emphasizes that while Mie’s theory provides ac-
curate light scattering results for spherical particles, interpretation of
measured backscattering data requires accurate characterization of
particle physical properties, which is complicated by the extreme,
seeming chaotic, sensitivity of backscattering to physical particle
properties. Overall, the results presented in this work offer practical
value to those engaged in particle scattering and to professionals within
the lidar and remote sensing communities.
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