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Abstract

Soldiers and non-combatants are at risk of exposure to dangerous aerosols (airborne particles or droplets) in the form
of biological agents such as bacteria, toxins, or viruses. Optical methods provide the option of determining more of
the physical properties of aerosols than the current method of detection, which is a moist swath which turns dark
upon contact with a biological aerosol. Many systems have been developed for optically measuring particle
properties. However, they are usually used from within the aerosol cloud itself. The desired solution is a system that
can employ remote sensing to measure aerosol properties from a distance. Standoff detection methods allow a much
larger area to be measured at once, providing a more general or big-picture view of the aerosols in a given area.
There are several ways that standoff optical scattering data can be analyzed for determining aerosol properties.
Using Mie Scattering theory as a basis, we worked, first, to develop a forward modeling system which modeled
spectra of aerosols of known size and composition. Next, we set about to solve the reverse problem—determining
aerosol properties from the light signals (spectra) using inverse Mie theory—which is difficult because different
combinations of aerosol properties can result in similar spectra. The size distribution, however, has a large effect on
the optical signal and may therefore be used to differentiate aerosols. The refractive index also contributes to distinct
optical spectra. Our hypothesis was that these factors would be sufficient to classify aerosols for risk
assessment. We investigated three analytical methods to test this hypothesis: Mie inversion with matrix solutions,
empirical curve fitting with polynomial functions, and principal component analysis (PCA). A range of particle sizes
and compositions were illuminated by a balanced deuterium/halogen light source and spectral measurements from
200-1100 nm were taken. Optical data over a 200-1300 nm range were also collected from a variety of bio-aerosols
using an open path remote sensing system at a 30-meter standoff distance. Mie inversion provided results that
matched the experimental data poorly because of matrix singularities. Empirical curve fitting, however, provided
results that were highly sensitive to aerosol size and composition, and provided a good method to smooth the data
and classify the curvature based on a set of polynomial coefficients. PCA provided a method for grouping the
spectra according to their properties. When combined with a modeled database of spectra with inputs of various
sizes and size-distributions, our experimental spectra clustered as predicted, according to the size and size
distribution found in the experimental aerosols as well.
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1. Introduction

Mie theory predicts the scattering of light from small particles as a function of the particle's size, the particle's
refractive index, and the wavelength of light. When integrated over an ensemble of particles suspended in the air
(aerosols), the result is the extinction spectrum of the aerosols as a function of the aerosol refractive index and size
distribution. This is a direct computation that is known as the “forward” problem, and the known quantities of
aerosol refractive index and size distribution are used to model the extinction spectrum as the unknown result.
However, in the real world the size distribution and refractive index of the aerosol are usually unknown quantities,
and the extinction spectrum is the signal obtained by optical instruments. Work is therefore ongoing to find
satisfactory inverse methods for Mie theory to obtain aerosol size distribution and refractive index.

Inverse solutions to Mie theory have been investigated for a variety of measurement configurations. Inverse
methods for backscatter measurements of aerosols using broad bandwidth, multi-wavelength, and micro-pulse lidars
in the infrared (IR) spectral region have been studied," as well as open-path Fourier transform infrared (OP-FTIR)
spectral measurements of water droplets in the atmosphere.*

In addition to developing a functional inverse method, it is also critical that the optical measurements are in a
spectral region that is sensitive to bioaerosols. Although a study in 2000 concluded that bioaerosols will not have
characteristic spectral signatures to differentiate them from naturally occurring fog, their calculations were limited to
the 8-12 um IR band.® In contrast, measured transmission spectra of microorganisms in the UV-Vis spectral region
of 200-900 nm provided characteristic signatures that allowed the differentiation of Escherichia coli, Pantoea
agglomerans, Bacillus subtilis spores, and Bacillus globigii spores.® Calculations show that the Vis-NIR spectral
band at 400-1200 nm is also useful for measuring nonspherical particles such as Bacillus subtilis spores.’

The objective of this project was to develop software for the modeling and analysis of open-path spectral
measurements in the UV-Vis-NIR region (200-1100 nm) for the sizing of aerosols of biological and nonbiological
origin in the 0.5-5.0 um size range. Forward models were developed based on Mie scattering theory to calculate
extinction spectra of aerosols of a given mean size, size distribution, and complex index of refraction.

2. Methods

A database of measured complex refractive index of hydrosols, representative mineral aerosols, and aerosols of
biological origin (bacteria, spores, etc.) was compiled to accurately model the extinction spectra (Table 1). The
model spectra, based on Mie scattering theory, were then compared with experimental spectra and used in the
development of inverse methods. Inverse methods, based on empirical curve fitting, direct Mie inversion of the
Fredholm integral equation, and principal component analysis (PCA) were developed and tested with model,
experimental laboratory, and experimental field spectra.

Optical spectra of microparticles suspended in methanol were collected at the Dugway Proving Ground to be used
as a model system for studying the optical scattering properties of aerosols. These spectra were used to develop two
of the three inverse data analysis approaches: empirical curve fitting and principal component analysis.

Forward models were conducted as illustrated in Figure 1. The complex refractive indices of the aerosol types
listed in Table 1 were used to define in the Mie scattering coefficients ey and fy which are derived from the Mie
theory of electromagnetic wave scattering from a sphere.®® These coefficients were subsequently used to derive the
extinction efficiency Qey::

0
Q — Cext —
ext
a

+fy) 1)

N

where N is the order of the series expansion, a is the radius of the sphere, k is the wave vector, and Cy is the
extinction cross section. Equation (1) was then used in the Fredholm integral equation to provide the aerosol
extinction coefficient y(1):%*
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In Equation (2), N(a) is the log-normal size distribution given in References 10-12 and others.
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Figure 1. Aerosol scattering algorithm and flowchart for forward scattering model.

Aerosol Measurement
Number + Equipment
Density Parameters
\ 4 v
Calculate Background
» Total Light Scattering
Extinction Calculator

|

}

Modeled S/N

Spectra Comparisons
! |

Sensitivity Instrument

for Type of Specifications

Aerosol

(2)

Table 1. Aerosol types having reported experimental measurements for the complex refractive index 77=, /g/ y7z

Aerosol Type References
Aluminum oxide, alumina (Al203) 13
Calcium carbonate, calcite (CaCO3) 14-16
Kaolin, kaolinite (clay mineral) 17
Montmorillonite (clay mineral) 17
Ilite (clay mineral) 17
Silicon dioxide, quartz (SiO2) 18
Bacillus subtilis spores (BG) 19
Erwinia herbicola bacteria (EH) 20
Ovalbumin (OV) 21
Water (H20) 22

Initial testing of the forward model was performed using mineral-based aerosols such as aluminum oxide (Al,O5)
and kaolin, as well as other aerosol types such as borosilicate glass and polystyrene microbeads suspended in
methanol. Spectra collected at Dugway were sent to Utah Valley University for analysis. Some sample results are
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illustrated in Figure 2. The microparticle spectra were normalized by dividing the signal spectra by the
corresponding control spectra.
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Figure 2. Normalized spectra of methanol with 0.5-um (a) and 1.09-um (b) polystyrene microparticles. The blue
curves are experimental data and the red curves are results from forward numerical modeling.

Discretization of Equation (2) for computer solution yields a matrix equation of the form Q - X = y. Inverse
methods attempt to solve this equation for the unknown set of aerosol properties symbolized by X, primarily the
aerosol size distribution and refractive index.

Direct Mie inversion used an iterative method to solve for X which involved discretizing the matrix and using Qey
as the weighing factor for the m-th projection and n-th pixel in a tomography-like fashion, making an initial guess
for X, and then iteratively calculating corrections to X. These types of methods are known as algebraic
reconstruction techniques (ART) in tomography.?? In particular, the iterative ART method known as partially
constrained ART (PCART) was used in this study.

Curve-fitting created a square matrix from sample points by selecting ten equally spaced points on each
experimental spectrum and then fitting them with a ninth-order polynomial using a system of linear equations. The
coefficients of the polynomials were then empirically analyzed to provide a method to estimate aerosol type and size
distribution.

Principal component analysis (PCA) used an automated comparative program in which a matrix of M wavelengths
and N spectra (or trials) was input into a MATLAB program. A column vector matrix was then created from the
average of each row. This column is repeated (tiled) onto a new "mean™ matrix, Auxn, With the same original
number N columns. The mean matrix A was then subtracted from the original data matrix D to yield a variance
matrix Vuxw. A MATLAB system command called Singular Value Decomposition was then performed on the
transpose of matrix V, resulting in a set of three new matrices designated U, S and P: [Unxn » Snxm » Pvxv]- S stands
for signal. The first two rows of matrix S are graphed against each other for a scatter chart designating principal
component variances.

The PCA method was tested with model extinction spectra calculated for aluminum oxide aerosols having 14
mean sizes (0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 um) and 5 size distribution widths
(1.5, 1.6, 1.7, 1.8, and 1.9 um). Field data were also included in the PCA test, consisting of 20 extinction spectra
from an equal number of aerosol test runs and a range of aerosol types including kaolin and Bacillus subtilis spores
(BG). Since the field data was exceptionally noisy, it was first smoothed with a low-pass filter.

3. Results

Direct Mie inversion, accomplished by iterative means, returned poorly fit models, due to ill-conditioned matrices
(Figure 3). Curve Fitting provided a set of coefficients by which to classify a spectrum. It resulted in a curve that
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was similar to the experimental spectrum, but model-like in character (Figure 4), which may be useful if noise is a
large problem in future classification and pattern recognition programs. It was used with success in the principal
component analysis to check against clustering based on noise.
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Figure 3. Direct Mie inversion using the iterative PCART tomographic method for aerosols with a BG-spore size
distribution (a) and a mineral-dust size distribution (b). Inverse Mie results based on a flat initial condition (constant
aerosol density values with size) and a relaxation parameter of R = 0.001.
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Figure 4. Laboratory extinction spectra of 1.09-pum diameter polystyrene microparticles suspended in methanol. (a)
Extinction spectra showing original experimental data (blue curve) and smoothed data (red curve). (b) Selected
points for curve fitting (blue curve) and resulting ninth-order polynomial fit (red curve).

Figure 5 is a cluster plot displaying the first two principal component scores of the model aerosol data with the
curve-fit results from the experimental spectra (field data). The plot of the model data shows a distinctive arc
pattern, with 14 sub-arcs corresponding to 14 mean particle sizes, where the five size distributions (wide to narrow)
are the five points within each sub-arc cluster. The sub-arc at the farthest left of the arc are the smallest size aerosols,
and each sub-arc moving across the arc to the right corresponds to a progressively larger size.
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Additionally, the model data points on the outer edge of the arc correspond to the smallest distribution width, with
the width increasing to the inside of the arc. This indicates that the mean size of the experimental aerosols was
below 0.25 um and that their size distribution widths were greater than 1.9 pum. Data from Dugway’s automated
particle sizing system (APS) appear to confirm this conclusion.
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Figure 5. PCA cluster plot of modeled aluminum oxide aerosols (model) and field data (experimental) comprised of
open-path spectral measurements from the U.S. Army Dugway Proving Ground. Displayed numbers are the aerosol
mean size in micrometers.

4. Discussion and Future Directions

The principal component analysis approach was most encouraging, especially because it was a blind study, with
investigation of the experimental particle sizing completed after configuration of the forward model array. With or
without the curve-fitting, the experimental data clustered at the same spot in comparison to the model data, which
suggests that for this particular situation, the curve-fitting was not necessary and current smoothing models are
sufficient to eliminate noise in this experiment.

Of the three methods studied in this project for obtaining aerosol size distributions from open-path spectral
measurements in the UV-Vis-NIR region, PCA was found to be the fastest, easiest to interpret, and the most capable
of resolving mean aerosol size and size distribution width. Surprisingly, although many of the extinction spectra for
aluminum oxide are difficult to differentiate upon direct inspection, the principal component scores are well
resolved in the cluster plot shown in Figure 5. This ability to resolve aerosol size and distribution width is
remarkable, and demonstrates that PCA is a powerful method for analyzing open-path aerosol measurements in the
UV-Vis-NIR region.

Although the field data in Figure 5 are in the lower left corner of the cluster arc, this result is consistent with the
aerosol size distributions measured by independent aerosol counting instruments. These distributions are typically
weighted towards the smallest aerosol sizes. Additionally, these distributions were not always a log-normal size
distribution, which may skew their PCA scores. The aerosol type (refractive index) may also be contributing to the
offset in the PCA scores, as the models were all based on aluminum oxide’s refractive index.
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Although empirical curve fitting was able to provide a unique set of coefficients for each laboratory spectrum,
more work is needed to understand how these coefficients relate to aerosol type (refractive index), mean aerosol
size, and aerosol size distribution.

Direct Mie inversion proved to be the least successful approach in this study, due primarily to the ubiquitous
problem that the extinction efficiency matrix is ill-conditioned. The results from this study indicate that exact
inversion methods will not work, but that iterative methods might work for an approach that uses a range of log-
normal distributions for initial conditions and solution fitness criteria to select the best solution. It may be that PCA
or other pattern recognition programs could be a key to accomplishing this.

5. Conclusion

Computer programs were developed to simulate and analyze open-path spectral measurements of aerosols in the
UV-Vis-NIR region (200-1100 nm) and obtain information on aerosol size, size distribution, and composition.
Aerosols of interest included mineral-based dusts and those of microbiological origin such as bacteria and complex
proteins. A library of the complex refractive indices for the aerosol compositions was compiled from published
measurements for use in the computer programs. Forward models were developed that used Mie scattering theory to
calculate aerosol extinction cross sections, coefficients, and spectra from the aerosol's complex refractive index and
size distribution. The modeled spectra showed which wavelength regions will be most sensitive to specific aerosol
sizes and size distribution widths, and were used for the development of inverse methods.

Three inverse methods were investigated for effectiveness in determining aerosol size, size distribution, and
composition. These methods were empirical curve fitting of the measured spectra using high-order polynomial
curve fits, direct Mie inversion of the Fredholm integral equation, and principal component analysis (PCA) of the
spectral measurements using model spectra from the forward models as a comparative database. Both laboratory
and field data were used to develop and test the above inverse methods. The most successful of the three methods
was PCA. PCA provided the greatest resolution distinguishing size and size distribution from aerosol measurements
in the size range of interest (0.5-5.0 um). PCA was also the easiest method to implement and interpret. PCA,
combined with a forward model database and curve fitting of measured spectra, was found to be an exceptionally
powerful approach to classifying aerosol characteristics from spectral data. The primary conclusion from this study
is that the PCA method will be an exceptionally important approach for determining aerosol sizes and size
distributions from open-path spectral measurements, and may have potential for even finer discrimination of aerosol
types based on refractive index.
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