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Summary

This report summarizes work performed for a larger multi-laboratory project named the Background
Interferent Measurement and Standards project. While PNNL was originally tasked to develop
algorithms to optimize biological warfare agent detection using UV fluorescence LIDAR, the current
uncertainties in the reported fluorescence profiles and cross sections preclude the development of any
meaningful models. It was decided that a better approach would be to model the wavelength-dependent
elastic backscattering from a number of ambient background aerosol types, and compare this with that
generated from representative sporulated and vegetative bacterial systems. Calculations in this report
show that a 266, 355, 532, and 1064 nm elastic-backscatter LIDAR experiment will allow an operator to
immediately recognize when sulfate, VOC-based, or road dust (silicate) aerosols are approaching,
independent of humidity changes. It will be more difficult to distinguish soot aerosols from biological
aerosols, or vegetative bacteria from sporulated bacteria. In these latter cases, the elastic scattering data
will most likely have to be combined with UV fluorescence data to enable a more robust categorization.
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Glossary

BSAS Bio-Spectral Algorithm Stimulator

CCN cloud condensation nuclei

CMD count median diameter

DPA dipicolinic acid

GUI graphical user interface

IR infrared

JBSDS Joint Biological Standoff Detection System
LIDAR Light Detection and Ranging

LIF laser-induced fluorescence

MMD mass median diameter

NAD(P)H nicotinamide adenine dinucleotide phosphate
RH relative humidity

SAS Spectral Algorithm Stimulator

SMD surface median diameter

uv ultraviolet

VOC volatile organic chemical
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1.0 Introduction

It has been recognized that a number of hostile states and terrorist groups have intentions to use
biological warfare agents to attack U.S. personnel and infrastructure both at home and abroad. As a
result, the Departments of Defense and Homeland Security have invested heavily in developing a number
of different biological warfare agent sensors. One sensor that has received considerable attention is the
Joint Biological Standoff Detection System (JBSDS) (NRC 2005). JBSDS developers (represented by
several independent groups) have claimed that Light Detection and Ranging (LIDAR) technology can be
adapted to be able to detect and discriminate a biological agent aerosol mass from ambient aerosol clouds
at safe stand-off distances. In its current form, the JBSDS uses two LIDAR systems, one in the shortwave
(or near) infrared (IR) and another in the ultraviolet (UV), to look for and categorize approaching aerosol
masses.

LIDAR involves sending laser light out from a pulsed source and analyzing the resulting
backscattered (i.e., returned) light to quantify some property of the atmosphere. When light is scattered
elastically (i.e., no change in wavelength) off molecules found in the atmosphere, the process is known as
Rayleigh scattering; elastic scattering off particulate matter (aerosols) is known as Mie scattering. Itis
well established that IR LIDAR is an effective tool for detecting ambient aerosols in both the troposphere
and stratosphere. Here the amplitude of the return signal is proportional to the number of aerosol particles
present (and their size, shape, and complex refractive index); and the time delay and pulse width of the
return signal yields the distance and depth of the cloud, respectively. It is important to note that while
single-wavelength IR LIDAR return signals can warn of an aerosol cloud’s presence, it cannot tell what
types of aerosols make up the cloud. In the JBSDS case, the IR LIDAR is used only to warn the user that
an aerosol cloud is approaching. Because there is very little atmospheric absorption in the shortwave IR,
the IR LIDAR can detect potential threat clouds out to long distances, up to 20 km in some cases.

1.1 UV Fluorescence LIDAR

The JBSDS also uses UV laser-induced fluorescence LIDAR wavelengths to try to characterize the
suspect aerosol cloud. The ranging capability of this system is much shorter, 1 km or less, than seen with
IR LIDAR because ambient atmospheric molecules absorb quite strongly in the UV (meaning that the
incident beam becomes attenuated quite rapidly) and sunlight (or moonlight) contributes a high UV
background that leads to increased noise on the return signal. UV fluorescence LIDAR is a simple
extension of UV laser-induced fluorescence; i.e., when the wavelength of a probe laser is coincident with
electronic absorptions of species contained within an aerosol, some of the laser energy will be absorbed
and then reemitted at a different wavelength. This fluorescence can be used to characterize the chemical
composition of the aerosol.

JBSDS developers have posited that UV fluorescence LIDAR can be used to distinguish biological
aerosols from non-biological aerosols. This is because biological systems contain a number of species
that have characteristic UV fluorescence profiles. Some early versions of the JBSDS UV-laser-induced
fluorescence (LIF) LIDAR used an excitation source at 280 nm and measured fluorescence returns at
350 nm. The rationale for choosing a 280-nm source was based on a conventional UV-LIF analytical
technique that was developed to measure protein concentrations. The amino acids tyrosine and
tryptophan are present in the cell material of all biological organisms and the cell wall of bacterial spores.
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Both absorb energy between 260 and 280 nm. The fluorescence signal seen from tryptophan, which has
an absorption maximum at 280 nm, spans a region between 300 and 450 nm with the peak emission
intensity at 350 nm (Fell et al. 1998; Halverson et al. 2003). Tyrosine fluoresces between 280 and

400 nm with the peak at ~ 310 nm (Hill et al. 1999; Pan et al. 1999; Halverson et al. 2003). Of the two
acids, tryptophan has the largest absorption cross section and is expected to be the major component of
fluorescence in biological systems. It is worthwhile to note that short-wavelength (260-280 nm)
excitation LIF cannot specifically distinguish harmful biological agents from other biological material
such as pollen grains or other innocuous bacteria or spores. The fluorescence response at 350 nm after
excitation between 260-280 nm only means that an aerosol/particulate with the protein tryptophan is
probably present. It is does not indicate that the aerosol contains live agents, nor even if the aerosol
consists of vegetative bacteria or spores.

It has been noted that, in addition to emission from amino acids, there are other sources of
fluorescence that could be used to categorize biological aerosols. Nicotinamide adenine dinucleotide has
an absorption peak at 340 nm and a broadband fluorescence that peaks at ~ 470 nm (Fell et al. 1998; Hill
et al. 1999; Halverson et al. 2003). The fact that the reduced form of nicotinamide adenine dinucleotide
phosphate, NAD(P)H, absorbs at a different wavelength from the oxidized form, NAD(P), provides a
potential method for distinguishing between viable and non-viable bacteria. When bacteria die, they
convert to the oxidized state. Therefore, the differential between NAD(P)H and NAD(P) can provide
viability information in near-real time. Another indicator of biological activity is riboflavin. Riboflavin
absorption peaks at 385 nm and its broadband emission peaks at 525 nm (NRC 2005). And with
excitation at 360 nm, observance of 440 nm peak fluorescence from dipicolinic acid (DPA) can be used to
discriminate between vegetative and sporulated bacteria (Nudelman et al. 2000; Sarasanandarajah et al.
2005a). Research is currently underway to determine if adding these additional excitation wavelengths
will enhance the ability to determine viability at the same time as discriminating biological spores from
vegetative bacteria or non-biological particles in the environment. It is worthwhile to note that adding the
longer wavelength excitation — ~355 nm for NAD(P)H and DPA and 400 nm for riboflavin — extends the
daytime range of a UV fluorescence LIDAR system because atmospheric attenuation is weaker here than
at 266 nm.

Despite the promise of using UV fluorescence LIDAR to categorize aerosols as biological or non-
biological, viable or non-viable, or vegetative versus sporulated, little progress has been made in
developing this technology as a fieldable stand-off biological agent detector. There are several reasons
for this lack of progress. First, there are conflicting reports on the capability of being able to use
wavelength-resolved fluorescence (or excitation-emission measurements) to identify different classes of
biological agents, or even identify bacterial spores from vegetative bacteria. Some groups report
differences (Shelly et al. 1980a, 1980b; Dalterio et al. 1987; Bronk and Reinisch 1991; Sorrell et al. 1994;
Stephens 1998; Cheng et al. 1999; Seaver et al. 1999; Brosseau et al. 2000; Wichert et al. 2002;
Agranovski et al. 2003; Sivaprakasam et al. 2004; Atkins et al. 2007; Thomas and Airola 2007), and
others don’t (Seaver et al. 1998; Cheng et al. 1999). This issue needs to be resolved prior to proceeding
with developing the instrumentation and data interpretation algorithms that will be needed to optimize
multiple-wavelength UV fluorescence/IR LIDAR detection of biological warfare agent aerosols.

Second, there is virtually no agreement between the fluorescence cross-sections measured for

different species or even for identical species measured in different labs — the differences range up to two
orders of magnitude (Seaver et al. 1998; Cheng et al. 1999; Sivaprakasam et al. 2004)! Measuring
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absolute fluorescence cross sections is difficult even with inanimate samples, and even more so when
dealing with aerosol samples where the absolute concentration of biological material contained within the
particle is not well known. But this experimental challenge cannot account for the two orders of
magnitude differences seen. It has been noted, however, that the procedures used to prepare biological
species strongly influence the fluorescence spectra and fluorescence quantum efficiencies — the growth
medium, and the number of times the sample has been washed, are known to greatly influence
fluorescence profiles; large differences in behavior have also been observed between wet and dry
samples; and illumination laser intensities and local concentrations of different fluorophores contained
within the biological sample also impact not only the measured fluorescence intensities, but also the
wavelength-resolved spectral profiles (Farris et al. 1997; Fell et al. 1998; Johnson et al. 1999; Hill et al.
2001; Alimova et al. 2003; Kunnil et al. 2005; Sarasanandarajah et al. 2005b; Atkins et al. 2007).

Lastly, the simple observation of fluorescence after UV excitation is not a fail-safe way to distinguish
a biological aerosol (even if it is not a warfare agent) from other ambient aerosols. It is well known that
many organic chemicals, both naturally occurring (such as pinene) or anthropogenic (such as anthracene
found in soot) fluoresce. Indeed Hill et al. (1999), Pan et al. (1999), and Halverson et al. (2003) report
observing fluorescence from aerosols associated with tobacco smoke, chicken-house dust, gas and diesel
soot, Arizona road dust, ammonium sulfate, and meadow oat dust; and others (Hargis et al. 1994) have
shown that common volatile organic chemicals (VOCs, which combine to form urban aerosols) such as
xylene, benzene, toluene, and acetone also have strong, broadband fluorescence between 300 and 600 nm
after being excited with UV light (~ 260 nm).

1.2 Multiple-Wavelength Elastic Backscatter LIDAR

Originally this project was tasked to develop algorithms to optimize biological agent detection for a
UV-LIF LIDAR system. However, it does not seem prudent to proceed with a detailed UV fluorescence
analysis at this point given the large differences in the spectral profiles and cross sections that have been
reported. After consultation with a number of experts who have fielded biological agent detectors, and
listening to their concerns about the high rate of false positive detection that first- and second-generation
two-wavelength fielded JBSDS prototypes have, it was decided that a better approach would be to look at
the wavelength-dependent elastic backscatter profiles of a number of chemically distinct systems to see if
data from this type of experiment can be used to categorize an approaching aerosol cloud (i.e., biological
versus non-biological). This information could potentially augment whatever information can be gleaned
from observing UV fluorescence. The inspiration for this research approach comes from a recent paper
(Sindoni et al. 2006) that reported that two-dimensional (forward and backward) angular elastic scattering
appears capable of resolving biological spores from spherical polystyrene particles. While multiple-
wavelength elastic backscatter LIDAR experiments cannot provide information on angular scattering
patterns (which gives information about the internal structure of a particle and hence can differentiate
between a layered spore and a solid organic sphere), the returns may provide some clues about the nature
of an approaching aerosol cloud.

The amount of light elastically backscattered from an aerosol depends upon the size, shape and
complex refractive index of the particles, and the number density. The scattering intensities are also
strongly affected by the wavelength of the incident light. Biological warfare agents may have one,
perhaps two, physical properties (i.e., size or shape) in common with ambient aerosols, but the
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combination of optical and physical characteristics, as well as the wavelength response, should be
distinctive enough to provide a characteristic signature.

Sporulated biological warfare agents are generally rod-shaped, whereas ambient background aerosols
(such as sulfates or hydrophilic organics) are generally spherical, because the surface tension of water in
the latter systems keeps them this way. Biological warfare agent aerosols typically consist of single rod-
shaped spores with a spherical equivalent radius about 0.63 microns. It is noted here that the number of
spores contained within an aerosol will depend upon the method of dispersal, but to be effective an enemy
would design a weapon system to release single spores because clumping inhibits wide-area dispersion
(i.e., heavy particles will not remain airborne for long). Biological warfare agent aerosols will also not be
affected by humidity because their water vapor uptake kinetics are slow to begin with, and the
hydrophobic surfactants that are used to prevent clumping further elongate the response time.

Obviously there can be many different types of ambient aerosols. Considering that most biological
sensors will be tested at the Edgewood Chemical and Biological Center, this work was restricted to
comparing backscattering results from biological agents with aerosols associated with a semi-clean urban
environment — specifically sulfate, volatile organic chemical (VOC), soot, and silicate (road dust)
particles. These aerosols are much smaller than biological agent ones — their average radii range between
0.1 and 0.3 microns. Sulfate and VOC aerosols will respond to changes in local weather conditions;
specifically, they will grow in size with increasing humidity, and this is addressed in this report. The soot
and silicate aerosols are unaffected by humidity because they are hydrophaobic.

Biological aerosols’ optical properties are also different than those found for ambient aerosols.
Tuminello et al. and Arakaw et al. have measured the wavelength dependence of the real (n) and
imaginary (k) parts of the complex refractive index of Bacillus subtilis var. niger spores (also known
as Bacillus globigii) and Erwinia herbicola which is a vegetative bacterium (Tuminello et al. 1997;
Arakawa et al. 2003). These values are shown in Figure 1.1, along with values that have been measured
for sulfate, water, VOCs, Arizona road dust, and soot (Hale and Querry 1973; Toon et al. 1976; Querry
1987; Hess et al. 1998; Marley et al. 2001).

0
18 — Bacillus Subtilis
—— Erwinia Herbicola -1
Sulfate
174 Water 21 S
—VOC organic 31 K
16 4 —Soot 4
—— Avrizona road dust ~
c o> -5
- °
15 4 -6
-7
149 -8 1 \/
-9 4
13 T 10
250 750 1250 ’ ‘
250 750 1250
Wavelength (nm) Wavelength (nm)
@) (b)

Figure 1.1. Measured Wavelength Dependence of (a) Real and (b) Imaginary Parts of the Refractive
Index of Various Aerosol Components
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Given that biological warfare agent aerosol size, shape, and wavelength-dependent optical properties
are different than those associated with ambient aerosols, it is not difficult to imagine that it may be
possible to use multiple-wavelength elastic backscatter measurements to distinguish harmful clouds from
innocuous ones. In the following, Mie scattering theory is used to calculate elastic backscattering cross
sections for two biological systems — Bacillus Subtilis var. niger spores (an anthrax simulant) and Erwinia
Herbicola (a vegetative bacteria) — and four ambient aerosol systems — sulfate, VOC-based, soot and
Arizona road dust. Elastic-backscatter cross sections are calculated at four wavelengths — 266, 355, 532,
and 1064 nm — which can be generated from a single Nd:YAG laser system. The cross sections and the
relative wavelength response are compared to see if the signature from biological systems is sufficiently
distinctive to enable categorization of aerosol type.
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2.0 LIDAR Equation Modeling

The LIDAR equation model used is a straightforward implementation of standard models for elastic
backscattering LIDAR, where the scattering target is assumed to be volume scattering from atmospheric
molecules and aerosols (Measures 1984; Warren et al. 2004).

where:

PAR)
E

c
Toptics
Jover

Tatm

A
R

/’)ambient
Gp
N, bio(R)

In Eq. (2.1),

P(R)=E<rt

2 optics

foaT i[M+ﬁNM (R)) ) (2.1)

over © atm Rz (872'/3) 472_

received laser power (W)

= laser energy per pulse (J)
= speed of light (m/s)
= geometrical efficiency of transmit/receive paths (unitless)

geometrical overlap function (unitless)
atmospheric transmission (unitless)
telescope area (m?)

= range (m)

ambient volume scattering coefficient (m™)
backscattering cross section of single aerosol particle (m?)
concentration of bio-aerosol particles (m™)

the scattering aerosol is separated into two components. The ambient component

characterized by f,,,,,pien: @nd the component due to a discrete plume of bio-aerosol particles

characterized by number density Np;, and backscattering cross-section o,
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3.0 Aerosol Modeling for Biological Particles

The aerosol modeling introduced in the previous section has two major components—the background
aerosols and the bio-particle aerosols. The ambient aerosols can be further separated into the molecular,
or Rayleigh, scattering component and the particulate scattering component.

3.1 Ambient Aerosol Modeling

The total ambient aerosol volumetric scattering coefficient is the sum of the naturally occurring
aerosol contribution, characterized by f,.,.,, and the molecular/Rayleigh contribution, characterized by

ﬁmyl '
lBambient = ﬁaero + ﬁrayl (m'l) (31)

where:

Bambiens = Volume scattering coefficient due to ambient aerosols and molecules (m™

Baero volume scattering coefficient due to natural aerosols (m™)

Brayl = volume scattering coefficient due to molecular Rayleigh scattering (m™)

3.1.1 Rayleigh Molecular Scattering Model

The Rayleigh scattering model is derived in detail by Bucholtz (1995), and the results are summarized
here for completeness and for notational uniformity with the LIDAR model detailed in Section 2. The
Rayleigh scattering cross-section is given by

_247° (n?-1)° 6+3p,
A'N? (n? +2)° 6-Tp,

o(A) (cm?) (3.2)

where:
o(d) = scattering cross section (cm?)

J = wavelength (cm)
ng = refractive index for standard air at A (unitless)

N, = molecular number density for standard air = 2.54743 x 10" (cm®)
p, = depolarization factor at A (unitless)

The total volume scattering coefficient is given by

B, (2)=N,o(4)-100 (m™) (3.3)
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where:

B¢(4) = Rayleigh volume scattering coefficient (standard air) (m™)
N, = molecular number density for standard air = 2.54743 x 10"* (cm®)
o(A) = scattering cross section (cm?)

A = wavelength (cm)
100 factor to convert from cm™ to m*

Bucholtz used empirical formulas for ng and tabulated results for p,, and derived an approximate
analytical formula for o(4) using a least squares fit to the results to obtain,

O-(/l) — A/I—(B+C)L+D/Z.) (CmZ) (34)
where:

o (1) = scattering cross-section (cm?)
A =wavelength (xm)
A=3.01577x10%
B =3.55212

C =1.35579

D =0.11563

A=4.01061x10%
B =3.99668

C=1.10298x10"
D =2.71393x10?

02<4<05 um

A>0.5 um

The volume scattering coefficient, 3, scales with number density, so at any temperature or pressure,

P 1
£

N T,
B (1) =B, N Jis T (m™) (3.5)

S
where:

ﬁmyl(i) = Rayleigh volume scattering coefficient (m™)
B, = Rayleigh volume scattering coefficient (standard air) (m™)

N = molecular number density (cm®)
N, = molecular number density for standard air = 2.54743 x 10" (cm®)

P = atmospheric pressure (bars)
P, = standard atmospheric pressure = 1013.25 mbars (bars)

T = temperature (K)
T, = standard air temperature = 288.15 K (K)
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The angular dependence of the scattering is defined by

po.n="D p oy ) 36
A ’

where:

(6, A) = angular volume scattering coefficient (m™)

3 > i . .
P, (0)= Z(l+ cos” @) = Rayleigh phase function (unitless)

For backscatter, = 7, and Pray = 3/2. Kong (1986, p. 482-485) has oy, = 30, / 2 for scattering from
a small dielectric sphere where oy, is the backscatter cross-section (equivalent to RCS), and oy is the total

scattering cross section. Note that 3/2 is also the directivity of a Hertzian dipole, which makes sense for
scattering from infinitesimal spheres.

No(2)-1003 _ A, (A3

(m™) 3.7
A7 2 A 2

,Bback (/1) =

where:

Prack(#) = volume backscattering coefficient due to mol Rayleigh scattering (m™)

Note that this includes the 4 term; take care not to duplicate.
3.1.2 Natural Aerosol Scattering Model

The atmospheric attenuation due to Mie scattering from naturally occurring atmospheric aerosols is
given by Measures (1984, p. 143) as

3.91(0.55
P _R_[T

vV

I(mﬂ 38

where:

attenuation coeff. (km™)
visibility (km)
0.585R* (R, <6 km)
1.3 (avg condictions)
2 (clear conditions)

Pu

=
Il

<
I

A = wavelength (um)
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Warren et al. (2004) use this formula for the total volume scattering coefficient and makes an
adjustment to remove the Rayleigh scattering (at 0.55 um) which is assumed to be included in this
empirical formula. The factors of 0.001 and 1000 are used to convert km™ to m™ or m™ to km™,
respectively.

q
B = o.om[% ~10008,,, (0.55)} (?j m*) 3.9

v

where

B.... = Vol scattering coeff. for natural aerosols (m™)
B.., = Rayleigh vol scattering coeff. for natural aerosols (m™)

Iév = visibility (km)
0.585R* (R, <6 km)
g=+1.3 (avg condictions)
2 (clear conditions)
A = wavelength (um)

3.2 Aerosol Mie Scattering

Bio-particles will typically have sizes comparable to or larger than the wavelength of the elastic
scattering LIDAR system used to detect them. For spherical particles, Mie scattering models have been
developed that can be used to compute the optical properties of individual spherical particles and particle-
size distributions (Bohren and Huffman 1983; Mishchenko et al. 2002).

Mie scattering calculations characterize the scattered and absorbed optical power due to a
homogeneous, isolated spherical particle illuminated by an optical plane wave with power density
I(W/m?), as depicted in Figure 3.1. The particle is characterized by radius a, and complex index of
refraction m. Upon striking the particle, optical power is either scattered by reflection from the particle,
absorbed within the particle, or passes around the particle. The scattered power is W, and the absorbed
power is W, The extinction is the combined energy loss due to both absorption and scattering,

w.,=w._,+W 3.10

ext sca abs

Extinction, scattering, and absorption are characterized by cross-sections, which are defined by

3.4



o = ()
w
Oy = (M?) 3.11
. I
Gabs = Iibl (mz)

N T y. refractive index m = n+ik

.....
.,

v N

abs

= absorbed power

W = scattered power

sca

Figure 3.1. Spherical Dielectric Particle llluminated by a Plane Optical Wave

Mie efficiencies are cross sections normalized by the particle cross-sectional area (za?) and are given
by

O-ex

Qexl = 7Z'_at2 (mZ)
o

Ouu =5 (m?) 3.12
O-a A

Qabs = ”(:2 (mz)

A backscattering cross section is similar to the scattering cross section, except that the direction of
scattering is limited to the backscattering direction rather than averaged over all directions. This cross
section is particularly relevant to the LIDAR system since the return optical power from the particle is
proportional to the backscattering cross section oy, with corresponding Mie efficiency given by

0,= 3.13

Mie scattering derivations (given in Bohren and Huffman [1983]) expand the internal and external
electromagnetic fields as superpositions of spherical Bessel functions with modal amplitudes a,,, b,,, c,,,

and d,,, where n indicates the mode number. Matching boundary conditions at the surface of the sphere
allows for solution to the a,, b,,, c,, and d,,, values. The Mie efficiencies (and therefore cross sections)
are then determined from the values of the @,,’s and b,,’s as
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2
2

)

DM 1M

2n+1) Re(an +b, )

=

Qext =
n
Qabs = Qext - Qsca

~ LIS @1y (@, -b,)

3.14

Il
iN

Cross sections are obtained by multiplying the efficiencies in Eq. (3.14) by the particle’s cross
sectional area zw®. The total number of modes theoretically extends to infinity, but can be truncated to a
reasonable and finite value that depends on the size of the particle relative to the optical wavelength.

Most Mie scattering calculations compute the cross sections as a function of the size parameter x, which is
essentially a normalized radius and is given by

x= ka—z—ﬂa 3.15
A

where k£ =2z/A isthe wavenumber as normally defined in electromagnetics texts.

Figure 3.2 through Figure 3.4 show the Mie efficiencies for low-loss (m = 1.4 + 0.005:), medium-loss
(m = 1.4 + 0.05{), and high-loss (m = 1.4 + 0.5:) cases. Note the oscillatory nature of the backscatter,
extinction, and scattering efficiencies. This is due to optical resonances within the spherical particle. For
the medium- and high-loss cases, the optical resonances are damped more highly and the efficiencies
converge to near-constant values for larger values of the size parameter.

Mie efficiencies for m = 1.400 + 0.005i
4‘5 T T T T T T T T

— Qext
— Qsca

Efficiencies

\W‘WIWI 1,“.’”‘ ,1,hm.|!M Hu'ﬂ.‘w.w,, M

90 100

20 30 40 50
Size Parameter (x = 2«1 al z)

Figure 3.2. Mie Efficiencies for a Low-Loss Case with m = 1.4 + 0.005;

3.6



Mie efficiencies for m = 1.400 + 0.050i
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Figure 3.3. Mie Efficiencies for a Medium-Loss Case with m = 1.4 + 0.05;

Mie efficiencies for m = 1.400 + 0.500i
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Figure 3.4. Mie Efficiencies for a High-Loss Case with m = 1.4 + 0.5/

Limiting cases in which the particles are assumed to be either very small or very large can be used to
help verify the accuracy of the Mie efficiency/cross-section calculations. For small particles (ka << 1) the
backscattering efficiency is expected to be (Kong 1986),

2
m? -1

m- +

= A(ka)*

(ka <<1) 3.16




This is plotted along with the Mie calculation in Figure 3.5. Excellent agreement is observed when
ka << 1, as is expected. Large particles (ka >> 1) with sufficient loss are expected to have backscattering
efficiencies that are approximately equal to the Fresnel power reflection coefficient and are given by
(Bohren and Huffman 1983),

1-ml

1+m

0, =

(ka >>1) 3.17

This result assumes that the loss (imaginary component of the complex dielectric constant) is
sufficiently large so that any optical energy that enters the particle is absorbed without re-radiating. In the
large sphere limit, the extinction efficiency is expected to be (Bohren and Huffman 1983)

0,22 (ka>>1) 3.18

Figure 3.6 shows the Mie backscattering efficiency plotted with the large sphere limiting function
value given by Eq. (3.17). Agreement is excellent for size parameters greater than approximately 50.
Figure 3.7 shows the Mie extinction efficiency plotted with the large sphere limiting function given by
Eqg. (3.18). Agreement is apparent in this case only for very large spheres with size parameter exceeding
100.

Mie Scattering in Rayleigh Limit: m = 1.4+0.05i
10 T

Efficiencies

Ob,rayleigh

10 10° 10’
Size Parameter (x=2n a/ )

Figure 3.5. Mie Backscattering Efficiency in the Small Sphere (Rayleigh) Limit
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Backscatter Limit for Large Spheres: m = 1.4+0.05i
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Figure 3.6. Mie Backscattering Efficiency in the Large Sphere Limit

Extinction Limit for Large Spheres: m = 1.4+0.05i
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Figure 3.7. Mie Extinction Efficiency in the Large Sphere Limit

The preceding analysis was for individual spherical dielectric particles. Aerosols are modeled as
polydisperse distributions of spherical dielectric particles. Assuming that the particle locations are
sufficiently random, the effect of the size distribution can be reduced to a weighted average of cross
sections over the size distribution. Following Mishchenko et al. (2002), several different particle size
distribution functions have been implemented in the Bio-Spectral Algorithm Stimulator (BSAS). These
include the log-normal, modified gamma, power law, gamma, modified power law, and modified
binomial log-normal distribution functions.
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Log-normal distribution

n(r) = constant x » ™ exp| — -
2In° o,

(Inr—lnrg)zJ

Modified gamma distribution

Y
n(r) = constant x »“ exp [— ar J
yr!

Power law distribution

n(r) = constant x 7, K<r S-rz
0 otherwise
Gamma distribution
n(r) = constant x 3/ eXIO(—LbJ, b (0,0.5);
a

Modified power law distribution

constant, <z
n(r)y=qconstantx (r/r)*, rn<r<r
0, r>n

Modified bimodal log-normal distribution

n(r) = constant x »™* {exp [—

2 2
2In° o, 2In° o,

where the constant is determined so that the integral of »n(r) from zero to infinity is unity.

(Inr-Inr,)? J N mxp[_ (Inr-Inr,)?

3.19

3.20

3.21

3.22

3.23

3.24

The log-normal distribution is typically used by the BSAS for aerosol calculations. In the log-normal

distribution function (Eq. 3.19), the factor rg Can be considered to be one-half of the count median
diameter (CMD). Note that this is not the maximum (mode) of the distribution function. The Hatch-

Choate equations define the relationship between the CMD and other diameters of interest. These include
the mass median diameter (MMD), surface median diameter (SMD), diameter of average volume (d,),

and diameter of average surface (d). These relationships are defined as:
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CMD =2r,

MMD = CMD x exp(3In® )

SMD =CMD xexp(2In® o) 3.25
d, =CMD xexp(1.5In* 5,)
ds =CMD xexp(1.0In* o)

Log-normal distribution in the BSAS aerosol calculations are usually specified by their MMD and og
values.

The effective aerosol cross sections are calculated simply as a weighted average (integral) over the
particle size distribution as,

<0'> = T o(r)n(r)dr 3.26

where o represents oycq, Gabs, Texts OF Op.

This integration is conveniently and accurately performed using sub-divided Gauss-Legendre
quadrature (Press et al. 1992). Over a single sub-interval from X; to X,, N order Gauss-Legendre
guadrature calculates weights w; and positions x; so that integration is exact for polynomials up to order N.
For a general function f{x),

J'zf(x)dxzﬁ:wif(xi) 3.27

Additional accuracy is obtained by applying the Gauss-Legendre quadrature over many sub-intervals.
Multiplication by the aerosol distribution’s number density (particles/m®) scales the overall scattering,
absorption, extinction, and backscatter terms.

To verify proper implementation of the distribution functions and effective, or ensemble average,
cross-section calculations, the following aerosol distribution was analyzed (Mishchenko et al. 2002). A
power law distribution was selected with the following parameters,

A=0.65um

m =153+ 0.008;
7., =0.245830 um
7. =1.194170 um

with the following results
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(0,,)=1.92604 pm’ (Mischenko)
~1.9260 um? (BSAS)
(0,,)=1.78033 xm?* (Mischenko)
~1.7803 um? (BSAS)

These results are in near-perfect agreement providing strong evidence that the integration over the
distribution function is implemented properly.

3.3 T-matrix Scattering

Many bio-particles are significantly non-spherical, and cannot accurately be approximated as
spherical. In this case, an alternative to the Mie scattering calculation technique is required. The
T-matrix method is a numerical technique for solving Maxwell’s equations to provide accurate scattering
cross sections for non-spherical particles (Mishchenko et al. 2002). In practice, the technique is limited to
particles that can be modeled as bodies of revolution. In particular, prolate and oblate spheroidal particles
are conveniently modeled using this technique. Versatile FORTRAN code that implements this technique
is available at http://www.giss.nasa.gov/~crmim/ , and this code was compiled and used to perform
backscatter cross-section estimates for modeling non-spherical bio-particles.
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4.0 Aerosol Optical and Physical Properties

Because most biosensor tests take place at the Edgewood Chemical and Biological Center, it was
decided to model the release of a cloud of biological warfare agents in a relatively clean urban
environment. In this case, sulfate aerosols will be the most prevalent species, but varying amounts of
hygroscopic aerosols that contain volatile organic chemicals, soot aerosols, and road dust aerosols may
also be seen. In the following paragraphs, the physical and optical properties of the different systems that
were used for input into the Mie/T-matrix calculations are described.

4.1 Ambient Sulfate Aerosols

It was decided that the cloud condensation nuclei (CCN) are comprised of dry ammonium sulfate and
will determine backscatter intensities for a relative humidity that varies between 35% and 95% (these
boundaries eliminate problems that come from phase changes or abrupt growth change due to
deliquescence). Both dry and wet aerosols were assumed to be spherical. For the modeling, the
following was adopted:

There is a single-mode log-normal distribution of “seed” aerosol sizes, also known as dry aerosols or
CCN. The single-mode distribution has the following form

=Inry, —Inr,

2(ln 6)2
)1/2

N, exp

n(ryy ) =dN /dr= (4.1)

rh1o(2ﬂ

where rqyy is the aerosol particle radius, N, is the total number density, r, is the geometric mean radius of
the dry aerosol distribution, and o is the geometric standard deviation. For the purposes of building a
model that can be varied with ease, it would be reasonable to have N,, r, and o as input variables.

For the initial modeling studies, the dry aerosol distribution was assumed to have

N, = 8.3x10° particles/m®
e, = 0.1355x10°m
c =15

based on the values quoted by others (Taylor and Penner 1994). When seed aerosols are exposed to
humid air they can accumulate water and grow. The growth depends strongly on the chemical
composition of the original seed particle. Several different aerosol types have been studied in the
laboratory and in the field and have been modeled theoretically. Sulfate aerosols have been studied the
most because these are the most prevalent species in the troposphere and stratosphere.

To describe the growth of a sulfate aerosol in a humid environment a growth factor, n, was defined as

the ratio of the aerosol particle radius r at a specified humidity, H, (the relative humidity normalized to 1)
to the radius of the corresponding dry aerosol, rgpy.
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gy = NPy, H) . 4.2)

The wet size particle distribution n(r) is related to the dry size distribution n(rqy) through

(o))
n(rdW)ZH(r)zu (4.3)

dr

In exact theory, n is sensitive to ryy, and to get an exact value for n can involve a lot of integration
and iteration, activity coefficients, etc. However, there are physical ranges where the exact function can
be replaced with an empirical one (Li et al. 2001)—specifically, for dry aerosol radii between 0.1 and
1 pm and relative humidity between 5 and 95%—and introduce, at most, a 5% error. Because the
boundary humidity range and aerosol size distribution are in the range of what is being modeled, the
following empirical equation can be used,

(4.4)

n(rd,H):exp{

L+LH+1;
(H-1,)°

where for ammonium sulfate aerosols

Iy —-0.08082
I, = 05121
0.004823
1.070.

Is

l4

Equation (4.4) and the initial dry aerosol distribution parameters can then be used to determine the
wet aerosol size distribution as a function of humidity. Again Eq. (4.1) is used with N, and o the same as
used to describe the dry aerosol distribution and NnOw ro et = foary X M.

The optical properties (n and k) of the aerosol as a function of size can then be determined. For
computational ease, it is assumed that the initial dry aerosol distribution consists of solid particles of pure
ammonium sulfate, and that the aerosols grow by the accumulation of pure water. The optical constants n
and k are then determined using volume fractions;

Ny = [(NH; ),SO,|xn[(NH , ),S0,]+ f[H,0]xn[H,0] (4.5)
" kyer=f [(NH 4 ),SO,|x n[(NH , ),SO, |+ f[H,0]xn[H,0] (4.6)
where
f[(NHs),S04] = V[(NH,),SO,]/V/(wet aerosol),

413nTory*/413 M e’ = 1/ (SINCE Fuwer = M Tary), and
ns - 1/1]3-

f[H0]
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Values for n and k for water and ammonium sulfate, at the four wavelengths that will be considered
here (Hale and Querry 1973; Toon et al. 1976) are:

Wavelength nHzo n(N H4)2804 kHzO k(N H4)2804
266 nm 1.3565 1.55 2.75E-8 1.0E-7
355 nm 1.3427 1.535 5.80E-9 1.0E-7
532 nm 1.3337 1.52 1.45E-9 1.0E-7
1064 nm 1.3260 1.51 5.13E-9 2.4E-6

4.2 VOC-based Aerosols

Values of n and k for a model VOC-based hydrophilic organic aerosol were taken from Hess et al.
(1998). These aerosols are assumed to grow with humidity just as sulfate aerosols do and so the model
described in the previous section was used to predict the changes in VOC-based aerosol optical properties
with humidity. The r,, o and N, values of the “dry” CCN distribution were identical with those used for
the sulfate aerosol modeling.

Wavelength (nm) n k
266 1.53 0.008
355 1.53 0.005
532 1.53 0.006
1064 1.52 0.0115

4.3 Soot Aerosols

Values for soot n and k were taken from Marley et al. (2001). Values for a log-normal distribution
with r, =0.234 um and o = 1.5 were taken from Lapuerta et al. (2003), and N, was assumed to be the
same as that for sulfate aerosol, i.e., 8.3 x 10° particles/ms.

Wavelength (nm) n k
266 1.74 0.470
355 1.75 0.465
532 1.75 0.440
1064 1.75 0.435
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4.4 Arizona Road Dust Aerosols

Values for n and k were taken from Querry (1987). Values for a log-normal distribution with r, =
0.25 um and o = 1.5 were taken from Marple et al. (1978), and N, was assumed to be the same as that for
sulfate aerosol.

Wavelength (nm) n k
266 1.339 0.00692
355 1.339 0.00138
532 1.336 0.00110
1064 1.332 0.00110

4.5 Bacillus Subtillus var. niger Aerosols

An electron micrograph picture of B. Subtillus var. niger (also known as B. globigii), taken at PNNL
by Dr. Nancy Valentine, shows that the dried cleaned spores look like rods that are about 1 micron in
length and 0.5 micron in diameter. For modeling purposes, however, it would most likely be best to
consider the spores as prolate ellipsoids, witha=b <c (a=b = 0.5 pm, ¢ = 1 um) since real biological
systems seldom contain sharp edges. The prolate ellipsoid has an equivalent spherical radius of 0.63 um.

The electron micrograph shows that the spore size varies. This has been verified by aerodynamic size
measurements (Gurton et al. 2001). In these experiments, the laboratory-generated B. Subtillus var. niger
spore aerosols were single spores, near mono-disperse. The aerosols were found to follow a log-normal
size distribution with an aerodynamic radius, r, = 0.89 um, and ¢ = 1.5. The aerodynamic radius is larger
than a volume-equivalent spherical radius because rod-shaped particles have added drag. In the
calculations, r, = 0.63 um and o = 1.5 were used. It was also assumed that N, = 8.3 x 108 spores/m3, the
same as for all other aerosols, to enable comparison of scattering behavior.

Tuminello et al. (1997) have measured the complex refractive index of B. Subtillis spores. The n and
k values they report for fresh spores in water were used, specifically:

Wavelength (nm) n k
266 1.55 0.0138
355 1.53 0.0164
532 1.52 0.0178
1064 1.52 0.0125
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4.6 Erwinia Herbicola Aerosols

Arakawa et al. (2003) have measured the wavelength-dependent complex refractive index of Erwinia
Herbicola, which is a Gram-negative, non-spore forming (i.e., vegetative) bacterium. The table below
lists the n and k values at the wavelengths at which the Mie scattering calculations were done.

Wavelength (nm) n k
266 1.587 0.00337
355 1.546 0.000373
532 1.523 0.0002
1064 1.51 0.0000875

Arakawa reports that Erwinia is rod-shaped with 0.5 um diameter and 1-2 pum length. This system
was modeled as a prolate elliposoid with volume equivalent spherical radius of 0.63 um and a log-normal
size distribution with ¢ = 1.5 um, i.e., the same dimensions as used for modeling B. Subtillus. The
calculations were tried with a slightly larger equivalent radius, 0.8 um (that corresponds to a 2-pum

length), but problems were encountered with the T-matrix code convergence.
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5.0 Results

5.1 Influence of Humidity on Ambient Aerosol Scattering

In discussions with JBSDS subject matter experts, it was suggested that the impact that humidity
changes have upon elastic backscattering profiles be investigated to see what effect this might have on a
LIDAR sensor false-positive rate. Figure 5.1 shows the wavelength-dependent elastic backscatter cross
sections that were calculated for sulfate and VOC-based aerosols at 40, 60, and 80% relative humidity.
Independent of humidity, the cross sections for the two systems monotonically decrease with increasing
excitation wavelength. The imaginary part of the sulfate and VOC compound refractive index increase
with increasing wavelength, meaning that absorption will compete with elastic backscattering as the
excitation wavelength moves to the red end of the spectrum. In addition, the real part of the refractive
index in both systems decreases with increasing wavelength, which will also cause a decrease in elastic
backscattered intensity.

0.2

0.18

0.16 1 —&— Sulfate (40%)
. —o— Sulfate (60%)
N 0.14 —e— Sulfate (80%)
IS —e—VOC (409
S ol (40%)
- —8—\VOC (60%)
S 0.1+ VOC (80%)
>
o 0.08
w
3 0.06 |
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250 500 750 1000 1250

Wavelength (nm)

Figure 5.1. Elastic Backscatter Cross Sections Calculated for Sulfate and VOC Aerosol Systems as a
Function of Relative Humidity

Surprisingly enough, humidity has only a marginal effect on the elastic scattering cross sections in
both systems. At 1064 nm, the elastic backscatter cross sections increase by 50% when the humidity is
doubled; i.e., goes from 40% relative humidity (RH) to 80% RH. This same type of behavior is seen for
scattering at 532 and 355 nm, but the effect is not as pronounced; i.e., the ¢’s increase only 15% when the
humidity is doubled. The observation of increased scatter efficiency with increased humidity obviously
stems from an increase in the particle diameters as they grow through water uptake. At 266 nm, however,
the backscattering cross sections decrease with increasing RH, by around 5%. While the increase in
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humidity will cause an increase in particle size, the growth is generated by water uptake. The water
absorption cross section increases with transition into the UV, so this most likely is what is causing the
decrease in backscatter intensity.

5.2 Elastic Backscattering Profiles of Biological and Non-biological Aerosols

The backscatter cross sections that were calculated for B. Subtillus, Erwinia Herbicola, sulfate (60%
relative humidity), VOC-based (60% relative humidity), soot and Arizona road dust aerosols at 266, 355,
532, and 1064 are listed in Table 5.1 and plotted in Figure 5.2.

Table 5.1. Calculated Elastic Backscatter Cross Sections in pm?

Wavelength Erwinia Sulfate VOC Arizona
(nm) B. Subtillus | Herbicola | (60% RH) | (60% RH) Soot Road Dust
266 0.33 0.92 0.17 0.16 0.026 0.115
355 0.43 1.30 0.10 0.10 0.027 0.11
532 0.62 1.11 0.055 0.055 0.028 0.078
1064 0.67 0.78 0.025 0.025 0.035 0.038
14
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Figure 5.2. Elastic Backscatter Cross Sections for the Different Aerosol Systems
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From Figure 5.2 it can be seen that elastic backscattering off biological particles (both sporulated and
vegetative) is much more efficient than scattering off ambient sulfate, VOC-based, soot and road dust
particles. The biological system cross sections are a minimum 100% larger at 266 nm, and 2000% larger
at 1064 nm than those for the ambient species. A priori, the biological aerosol system backscatter
coefficients are expected to be larger, simply because their particle diameters are at least a factor of two
bigger than the ambient aerosol counterparts.

Obviously, introducing a cloud of biological aerosols will increase backscattering observed in the
field. But if the number density of the “new” cloud is fairly low, it may be difficult to tell if the increased
scatter is due to introduction of new material or simply due to increase scatter observed from ambient
sulfate or VOC-based aerosols that have grown as a result of an increase in local humidity. It is noted
from Figure 5.2, however, that the wavelength response of elastic backscatter is different for the different
types of aerosol systems. This is emphasized in Figure 5.3, which plots the relative elastic backscatter
cross sections as a function of wavelength.

Figure 5.3 shows that the elastic backscatter from ambient sulfate, VOC-based, and road dust aerosols
decreases with increasing wavelength. In contrast, the scattering from the B. Subtillus spores and from
soot increases with wavelength, and scattering from Erwinia Herbicola (a vegetative bacteria) first
increases and then decreases as the wavelength changes from 266 to 1064 nm. It is clear that by
measuring scattering intensities from four wavelengths some form of aerosol categorization will be
possible. Certainly sulfates, VOC-based, and road dust aerosols can be immediately categorized. It will
be more difficult to categorize the vegetative and sporulated bacteria from each other, or from soot
particles.
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Figure 5.3. Wavelength Dependence of Relative Elastic Backscatter Cross Sections
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6.0 Conclusions

The calculations show that a four-wavelength elastic-backscatter LIDAR experiment could allow an
operator to immediately recognize when sulfate, VOC-based, or road dust (silicate) aerosols are
approaching, independent of humidity changes. Separation of biological system aerosols from soot will
be more challenging; however, the false-positive detection rate may be lowered by combining multiple-
wavelength elastic backscatter data with spectrally resolved UV fluorescence profiles — soot fluorescence
is very broadband and extends far into the red, whereas emission from biological warfare agents goes out
only to about 550 nm.

It must be emphasized that the observations made here are based only on theoretical calculations.
While the n and k values for sulfate, water, silicate, and soot are well established, those for VOCs and
biological systems are still considered tenuous. Obviously, the theoretical results generated in this study
need to be verified by doing four-wavelength elastic backscattering field experiments.
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Appendix A

Modeling Code Description — MatLab

The main graphical user interface (GUI) that controls all of the Bio-Spectral Algorithm Stimulator
(BSAS) operations is bsas_gui .m. This code is executed simply by typing "bsas_gui " from within
the MatLab Command Window. A screen capture showing the operation of this GUI is shown in
Figure A.1. Other GUIs that can be spawned from within bsas_gui from the Run menu include
aerosol _bsas gui.m, fascod_sas gui.m, spectraviewer.m, and wave.m. These codes are
described briefly below, and screen captures of each are shown in Figures A.2-A.5. The bsas_gui.m
program features include the File menu, which provides the ability to load and save the BSAS calculation
configurations (all computed results are saved to a MatLab *.mat file). The Run menu controls the
spawning of the additional GUI tools. The Plot menu provides the ability to plot essentially all of the
important spectra or waveforms used by, or computed by, the BSAS. The View menu provides similar
access to text and numerical results that are not well suited to plotting for visualization.

The control of the BSAS follows a left-to-right top-to-bottom flow. The Range button spawns the
dialog box shown in Figure A.6, which controls the range parameter definitions. The Bkg Aero button
spawns the dialog box shown in Figure A.7, which controls the atmospheric visibility parameters. The
LIDAR button creates the dialog box shown in Figure A.8 and controls the LIDAR size and energy
parameters. The Aero button (Figure A.9) allows selection of a pre-computed aerosol cross-section set.
The Plume button spawns the dialog box shown in Figure A.10 and controls the size and density of the
bio-aerosol plume. The Atmos button opens the dialog box shown in Figure A.11, and allows loading of
a pre-computed atmospheric transmission spectrum. The Trans button opens the dialog box shown in
Figure A.12 and allows modification of the atmospheric transmission (overrides the value obtained from
the loaded spectrum). The LIDAR System, Telescope, Detector, and Scenario buttons open the dialog
boxes shown in Figures A.13-A.16, and define the technical parameters needed for a detailed signal-to-
noise ratio calculation for the LIDAR system. Note that this calculation, while performed, is not
integrated into the current version of the BSAS. Results obtained from the BSAS calculation (subsequent
to pushing the Calculate button) are shown in Figures A.17-A.22.
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Figure A.1. Screen Capture of bsas_gui .m—the Main BSAS GUI Panel
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Figure A.2. Screen Capture of aerosol_bsas_gui .m —the Aerosol BSAS GUI Panel
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Figure A.4. Screen Capture of spectraviewer.m- a Spectral Viewing GUI Utility

A3



J Wave Calculator

Wavenutber (Crt-1) | 9398_5| | 3?594|
Wavelength (L) | 1_054| | D,EBE|
Frequency (Hz) | 281753e+014| | 11270424015

Figure A.5. Screen Capture of wave.m — a Calculator for Converting between Wavelength,
Wavenumber, and Frequency

/) Define Range Parameters

‘Siarﬁnu Range (km' |
1

Ending Range (km)

4 |

Murmber of range bins
1000 |

(o ][ |

Figure A.6. Range Button Dialog Box

7 Define Background Aerosols

Afmos Visibility (k)
= |

q E=panent (0 to use formulz)
: |

o ][ |

Figure A.7. Bkg Aero Button Dialog Box

A4



J Define LIDAR parameters

IR pulse energy (13
bs |

IR wavelendth (un}
h.ua4 |

Telescope Dism (M}
‘045 |

Optical eficiency
! |

Cptical overlap efficiency
! |

o | [ cen |

Figure A.8. LIDAR Button Dialog Box

Select aerosol set MAT file

Loak jh: |E} aernsals j ek EB-

(L) aker
[ akerz

Elj aero_test

File name: ||
Files of type: |MAT files [*.rat) ﬂ Cancel

Figure A.9. Aero Button Dialog Box

J Define Bio Aerosol Plume

Mumber density (part per liter)
5000 |

inimum plume range (am'
25 |

aximurn plume range (amh
g |

(o J[coen ]

Figure A.10. Plume Button Dialog Box

A5



Select atmos set MAT file

Look, jr: |ﬁ atrns j eF BB

L) atmos_1064_test
] atmos_1064_test

File name: |
Files of type: |MAT-files [*.mat] j Cancel

Figure A.11. Atmos Button Dialog Box

J Define IR and UV transmission

IR transmission (per km?
‘0.932555 |

‘U‘u' fransmnission (per kmb |
1

(o (o |

Figure A.12. Trans Button Dialog Box

) Enter System Parameters

Power Trans A7
2 |

CrecelTirme (=)

1 |
CivCraeeliEyMlines (2 ar 10

1 |
PRF Hz)

200 |

ElectricalBW (H=)
05 |

[ ok | [coeet ]

Figure A.13. LIDAR System Button Dialog Box

A.6



) Enter Telescope Parameters

TelescopeDiam (m)
‘0.35 |

Frum ber
0.3 |

CpticalEff (0 to 13
1 |
OpticalBWW (cm-1)
0 |

TunzbleFiteridth fcm-13
o |

o | [ cen |

Figure A.14. Telescope Button Dialog Box

 Enter Detector, Parameters

GateWidth (sech
5e-007 |

DetectorDiam (mbh
0.001 |

QuantumEf (0 o 1)
‘D.F |

Lorwizutoff (cm-1)
300 |

HighZutoff ferms-13
1250 |

ROA (ohm-cm ™)
100 |

DetectorTemp (WY
300 |

Armnplifierdoise (pAHZMZY
: |

MoiseElectons (e-jpulse)
0 |

(o (o]

Figure A.15. Detector Button Dialog Box

A7



) Enter Scenario Parameters |Z||§|E|

Platform el (mJs)
0 |

SceneTemp (M)
‘300 |

‘SpntDiam div FOW (0ar 1) |
1

SpotDiam (m'
‘3.1 745 |

(o ][ |

Figure A.16. Scenario Button Dialog Box

) Figure 1
File Edit Wew Insert Tools Desktop indow Help N

Ded&g h RA0® & 0 80

Received Optical Power
70 T T T T T

5

Fowear Bec ()
=

o]
[}

1
1 1.5 2 2.5 3 3.5 4
Range (k)

Figure A.17. Received Optical Power for the Parameters in the Saved BSAS file: test_bsas.mat)

A8



) |Figure 2 E|@f‘5__<|

File Edit Wew Insert Tools Desktop indow Help

Ded&g h RA0® & 0 80

Atmospheric Trnsmission (per km)
0.4

T

0.84 1 B

[}
o

Transmission (per km)
[ =
o oo
[ai) o
1 1

0.82
9850 9360 9570 9880 9390 5400 S410 9420 5430 2440 S4E0

Wavenumber (c:m'1)

Figure A.18. Atmospheric Transmission for the Parameters in the Saved BSAS file: test_bsas.mat
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Figure A.20. Aerosol Particle Size Distribution for the Parameters in the Saved BSAS file: test_bsas.mat
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Figure A.22. Range/Alt Parameters Dialog Box for aerosol_bsas_gui.m

A.1 List of BSAS Matlab Functions

A.1.1 BSAS Graphical User Interfaces (GUI’s)

bsas gui.m — is the main graphical user interface (GUl) for the Bio-Spectral
Algorithm Stimulator (BSAS). It was developed using Matlab®s GUIDE tool so
some of the code has been auto-generated.

1/0: bsas_gui or bsas _gui(in)
in is the BSAS data structure

aerosol_bsas gui.m - is a GUlI to control aerosol spectra calculations for the
BSAS. The code was created using Matlab®"s GUIDE tool, so some of the code has
been automatically generated.

1/0: aerosol _bsas gui or aersol _bsas gui(aero)
aero is the BSAS aerosol data structure (see
default_bsasaerosol_struct.m)

fascod_sas_gui.m - is the GUI for the SAS fascode driver program
(fascod_sas.m). The code was created using Matlab®s GUIDE tool, so some of
the code has been automatically generated.

1/0: fascod_sas gui or fascod_sas gui(atm)
atm is the BSAS atmospheric data structure (see
default_atm_struct.m)

spectraviewer.m - is a GUI to locate and plot spectral files. The code was

created using Matlab"s GUIDE tool, so some of the code has been automatically
generated.

1/0: spectraviewer; % to start in current working directory
spectraviewer(mydir); % to start in mydir

wave.m - is a GUI calculator to convert between wavelength, wavenumber, and
frequency. The code was created using Matlab®"s GUIDE tool, so some of the
code has been automatically generated.

1/0: wave;

All



A.1.2 BSAS Calculation Functions

bsas_setup.m - defines directory locations for spectra and files used by
BSAS.

1/0: s = bsas_setup;
The output (s) is a structure array containing the directory
names.
The base spectra directory is located by finding "specindx.m”
(must be on path).
Fascod is determined to be present if "fascindx.m" is found on
the path.

set_bsas_defaults.m- sets up the initial input data structure for the BSAS
code.

1/0: in = set _bsas defaults;
in is the BSAS data structure

set_bsas_instrmodel_defaults.m - sets up the input/output data structure used
by dialsnr_bsas calc.m (for description of variables, see comments in
dialsnr_bsas_calc.m)

1/0: model = set _bsas_instrmodel_defaults;

dialsnr_bsas_calc.m- calculates SNR and related parms for CW and pulsed
lidar. Evaluates the instrumental noise for a CW or pulsed lidar system.
The model includes the effects of shot noise, background noise, Johnson
noise, detector noise, and speckle noise.

1/0: in = dialsnr_bsas calc(in)

A.1.3 BSAS Fascode Functions

fascod_sas.m - is a function that sets up the input files to execute fascod3p
directly from Matlab. 1t also reads the output files from fascod3p and
returns the atmospheric spectra.

1/0: [nu, tr, ra] = fascod_sas(atm)
atm is the SAS atmospheric data structure (see
default_atm_struct.m)
nu is the wavenumber axis vector
tr is the atmospheric transmission spectrum
ra is tha atmospheric radiance spectrum

default_atm_struct.m - sets up default atm structure for fascod_sas.
1/0: atm = default_atm_struct;
atm is the SAS atmospheric data structure (see
default_atm_struct.m)

Ffascod_sas_defaults_0.m - sets the default input card values for executing
fascod_sas from matlab.
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1/0: none - this code is evaluated directly inside fascod sas using
the Matlab “eval® function.

atmos_stats_sas.m - is a function to compute stats for atmospheric
realizations and make plots.

1/0: atmos_stats_sas(atmfilename, natms)
atmosFfilename is the base Ffilename for the atmos realizations
natms is the number of atmospheres (eg 100 is 0000 to 0099)

h2ovaporpressure.m - returns vapor pressure of water at temperature temp (K).
Vapor pressure of ice/water as function of temperature is taken from p. 6-10
of the CRC handbook of chemistry and physics.

1/0: p = h2ovaporpressure(temp)
temp is the temperature in (K)
p is the pressure in Pa (N/m"2)

A.1.4 BSAS Supporting Functions

Bphoton.m - is the Planck function for blackbody radiance spectral density in
(photons/sec)/(cm™2)/sr/(cm™-1).

1/0: v = Bphoton(nu,temp)
nu is the wavenumber in cm™-1
temp is the temperature in K

cleanstr.m - removes underscore characters from a string - useful before
passing to graph titles.

1/0: strout = cleanstr(strin)
strin is the input string
strout is the output string

get_spectrum.m - reads in .txt .dat .xy or .spc spectral Files.

1/0: [nu, v] = get_spectrum(spectrumname)
spectrumname is the filename with .txt, .dat, .xy, or _.spc
extension
-txt, .dat, and .xy are all two column tab delimited ascii format
.spc is a binary SPC file format (as used by GRAMS-32 software)
returns the wavenumber (x-variable) as nu and the data as v

ILSconv.m - is an instrument line shape convolution code that performs a
convolution of vkernel with vdata with vkernel normalized to have a sum of
1.0.

1/0: v = ILSconv(vdata, fwhm, del, ils)
vdata is the data vector
fwhm is the full-width half-max value for the lineshape
del is the sample interval
ils is the lineshape “rectangular® or “triangular-®
v returned has the same length as vdata

inputdlg_alt.m - is modified version of internal function inputdlg.m in which
the width of the modal pop-up GUI was reduced.

A.13



1/0: see Matlab help for inputdlg.m
relpath.m - obtains relative path to subdir from maindir.

1/0: dO = relpath(maindir,subdir)
maindir is the main directory
subdir is the sub-directory
d0 is the relative path between the main and sub directories

sinputdlg.m - gui to input several numeric variables contained in data
structure.

1/0: s sinputdlg(s,sfields, slabels,titlestr)
s input/output data structure
sfields = list of field names to be input
slabels = labels for each field input prompt
titlestr = title of dialog box

SpecReadSpc.-m - reads in binary (GRAMS .spc) format files.

1/0: [Xx,v] = SpecReadSpc(filename)
filename is the filename
returns wavenumber vector in x and spectrum in v

SpecReadTxt.m - reads in two-column ascii format files files (spectra).

1/0: [x,v] = SpecReadTxt(filename)
filename is the filename
returns wavenumber vector in x and spectrum in v

SpecReadASP.m - reads .asp text format from IRAssoc/QASOFT database

1/0: [x,v] = SpecReadASP(filename)
filename is the filename
returns wavenumber vector in x and spectrum in v

SpecWriteSpc.m - writes a .spc (binary) format spectrum.

1/0: SpecWriteSpc(filename,x,Vv)
filename is the filename
X is the wavenumber vector (or x axis values)
v is the spectral vectr (or y axis values

SpecWriteTxt.m - writes a two column (tab separated) format spectrum.

1/0: SpecWriteTxt(Ffilename,x,Vv)
Ffilename is the filename
X is the wavenumber vector (or x axis values)
v is the spectral vectr (or y axis values

make_exp_form_str.m - converts v to a string using FORTRAN E style formatting
1/0: s = make_exp_form_str(v,nl,n2)
v is the number to be formatted
nl is the total length of the formatted string
n2 is the number of digits to the left of the decimal pt
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A.1.5 BSAS Aerosol Functions

default_bsasaero_struct.m - default_bsasaero_struct - sets up default aerosol
struct for BSAS

1/0: aero = default_bsasaero_struct;
then run: aero = aerocs(aero);
aerocs.m - computes Mie/Tmatrix avg cross sections for a given particle size

distribution. aerocs.m calls the functions ndistr3.m and Mie.m /7 tmatrix.m.

1/0: aero
aero

= aerocs(aero)

= structure defined in default _bsasaero_struct.m

Mie.m - Mie.m performs computation of Mie Efficiencies for given complex
refractive-index ratio m=m"+im" and size parameter x=kO*a, where kO= wave
number in ambient medium, a=sphere radius, using complex Mie Coefficients an
and bn for n=1 to nmax (Bohren and Huffman 1983) BEWI:TDD122, p. 103,119-
122,477. Result: m", m", x, efficiencies for extinction (gext), scattering
(gsca), absorption (gabs), backscattering (gb), asymmetry parameter
(asy=<costeta>) and (gratio=gb/qgsca). Uses the function "Mie_abcd"™ for an and
bn, for n=1 to nmax. This code was obtained from a report by C. Matzler
(2002).

1/0: result = Mie(m, X)
m = complex refractive index
X = size parameter (k*radius)
result is a 9 element vector of results

Mie abcd.m - computes a matrix of Mie coefficients, a n, b n, ¢ n, dn, of
orders n=1 to nmax, complex refractive index m=m"+im", and size parameter
x=k0*a, where kO= wave number in the ambient medium, a=sphere radius; p. 100,
477 in Bohren and Huffman (1983). This code was obtained from a report by C.
Matzler (2002).

1/0: result = Mie_abcd(m, x)
m = complex refractive index
X = size parameter (k*radius)
result is matrix of size nmax by 4

ndistr3.m - computes the prob dens function for 6 different size distribution
function definitions taken from Mishchenko et al (2002). Distributions
supported include:

Modified Gamma - "modgamma®
parameters: dparms.alpha, dparms.gamma, dparms.rc
Log-Normal - "lognormal*
parameters: dparms.rg, dparms.sigmag
Power Law - "powerlaw"®
parameters: dparms.rl, dparms.r2
Gamma - "gamma®
parameters: dparms.a, dparms.b (0 <= b <= 0.5)
Modified Power Law - "modpowerlaw”
parameters: dparms.rl, dparms.alpha
Modified Bimodal Log Normal - “bimodal*®
parameters: dparms.rgl, dparms.sigmal, dparms.rg2, dparms.sigma2,
dparms.gamma
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1/0: [n, reff, veff, Aeff] = ndistr3(r,w,dtype,dparms) where
r is a vector of abscissas (x-axis of PDF)
w is a vector of weights for gauss quadrature (see gaussleg.m and
ngaussleg.m)
dtype is "modgamma®, "lognhormal®, “gamma®, "powerlaw”,
"modpowerlaw®, or “"bimodal”
dparms is a struct with parms for each distr (def above)
n is the PDF defined over the given r°s

gaussleg.m - gaussleg.m computes the weights and abscissas for Gauss-Legendre
quadrature integration. Adapted from ""Numerical Recipes in C, 2nd edition p.
152.

1/0: [x,w] = gaussleg(x1,x2,n)
x1 is the lower bound of the x-axis (variable of integration)
X2 is the upper bound of the x-axis
n is the order (integration is exact for polynomials up to this
order)
returns
X(1...n) abscissa points
w(1l...n) weights points

The integral of f(x) from x1 to x2 is then estimated by sum( f(X) -* w ).
Example:

[x,w] = gaussleg(0,pi,4); sum(sin(x) .* w)

returns 2.000 (exact answer is 2)

ngaussleg.m - sets up points and weights for gauss-legendre quadrature over
a number of sub-intervals. Calls gaussleg.m to set up gauss quadrature
points and weights for each subinterval ie. xv(1) to xv(2), xv(2) to xv(3)
etc.

1/0: [x,w] = ngaussleg(xv,n)

Xxv is a vector of x positions describing the sub-intervals over
which the gauss quadrature will be determined, ie. xv(1) to
xv(2), xv(2) to xv(3), etc.
these xv"s do not need to be uniformly spaced

n Is the guass quad order (integ is exact for polynomials up to
this order)

returns

X(1...n) abscissa points

w(1l...n) weights points

the integral of f(xX) from x1 to x2 is then estimated by
sum( F(X) . * w)

Example:
[x,w] = ngaussleg(O:pi/8:pi,4); sum( sin(xX) -* w )
returns 1.99999999999751 (exact is 2)

tmatrix.m — matlab driver program for Mishchenko®"s T-matrix program (compiled
as DOS executable file: tmmono3.exe).

1/0: aero
aero

tmatrix(aero)
structure defined in default _bsasaero_struct.m
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beta_rayl.m — Calculations of the Rayleigh scattering cross-section and
volume scattering coefficient - replicates work by Bucholtz (1995) derivation

1/0: [v1, v2] = beta_rayl(wl,pressure, temp)

wl = wavelength (um)

pressure = pressure in atms (bars) (0 to use std press)
temp = temperature (K) (0 to use std temp)

mode = 0 for analytical formula, non-zero for exact formula
vl = Rayleigh vol scattering coeff (m™-1)
v2 = Rayleigh cross-section (um"2)

beta_aero.m — Calculations of the natural aerosol volume scattering
coefficient - replicates work by Warren et al. (2004) this uses common
formula also described in Measures (1984, p. 143)

1/0: v = beta aero(wl,visibility,q)
wl = wavelength (um)
visibility = atmospheric visibility (a weather term) (km)
q = exponent in vol scattering coeff formula
q = 0 (use formula for g, common for visibilty < 6 km)
q = 1.3 (average seeing conditions)
q = 1.6 (good seeing conditions)
q = 2.0 (exc clear conditions (used by Warren et al. (2004))
v = natural aerosol vol scattering coeff (m™-1)
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