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1.1 Introduction

The angular distribution of light scattered from a particle is dependent on its size,
shape, composition and on the wavelength and polarization state of the incident
light. This information is of tremendous interest to many researchers due to im-
plications in the fields of remote sensing, climatic effects of radiative transfer, and
in industrial and scientific laboratories in applications such as aerosol monitoring
(Hansen and Lacis 1990; Liou et al. 1999; Mishchenko et al. 1995). The measured
angular scattering patterns can lend insights into the chemical and physical prop-
erties of the particles (i.e., Pluchino 1987; Swanson et al. 1999; Shaw 1979). The
interest in these data is shown by the over 25 polar nephelometers (PN) described
in this chapter, that have been built since the 1960s to experimentally examine
the angular scattering properties of various small particles. The goals of these
measurements are either to verify the increasingly complex theoretical methods of
calculating the scattering properties of non-spherical particles, or to use the angular
intensities to infer optical, physical or chemical properties of the particles.

The scattering angle (θ) is referenced from the direction of the incident light as
shown in Fig. 1.1 with θ = 0◦ coincident with the incident light vector and θ = 180◦

is the direction towards the light source. The azimuthal angle (φ) is defined from
an arbitrary axis oriented in the plane perpendicular to the incident light direction
and ranges from 0◦ to 360◦. The angular distribution of light intensities from a
randomly oriented particle is generally a function of both θ and φ.

Theoretically, there are many ways in which to calculate the light scattering
properties of particles, or phase functions, including homogeneous spheres (Mie
1908), coated spheres (Aden and Kerker 1951), and other non-spherical shapes
(Mishchenko 1991; Takano and Liou 1989; Yang and Liou 1996). Although these
models have a strong theoretical basis and are able to capture the scattering prop-
erties of very complex morphologies, experimental measurements are necessary be-
cause the physical, chemical and optical properties of the scattering particles are
largely unknown. For instance, measured and inferred refractive indices for several
types of black carbon based aerosols range from 1.1 to 2.75 in the real part and
from 0.01 to 1.46 in the imaginary part (Bond et al. 2006; Fuller et al. 1999; Hor-
vath 1993; Seinfeld and Pandis 1998), although the refractive index of pure carbon
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Fig. 1.1. The scattering angle (θ) is referenced from the direction of the incident light. The
particle is located at the intersection of the axis. In this figure θ = π/2. The azimuthal
angle (φ) is defined from an arbitrarily defined axis, but is usually referenced to the
polarization plane of the incident light if it is linearly polarized.

(2.67 − i1.34) (Borghesi and Guizzetti 1991) is well known. These unknowns can
have significant effects on the radiative properties of aerosols. For example, the
asymmetry parameter, which is the cosine-weighted integral of the light scattered
from a particle, is a key parameter in radiative transfer models. The asymmetry
parameter varies by a factor of at least 10 as the number of agglomerated spherules
changes from 1 to 200 (Liu and Mishchenko 2005). Cirrus clouds are composed of
ice particles with highly complex shapes that vary significantly in space and time
which affects their single scattering and bulk radiative properties. The theoreti-
cally determined asymmetry parameter can vary from 0.77 to 0.84 at a wavelength
of 0.55 µm for simple hexagonal ice particle morphologies and distributions seen
in nature (Takano and Liou 1989). However measured values of the asymmetry
parameter for low-latitude cirrus clouds range from 0.74 to 0.77 (Garrett et al.
2003). An increase in g of 0.06 was shown to cause a decrease in radiative forcing
by at least 12% for non-absorbing particles (Marshall et al. 1995). Accurate and
reliable morphologically based scattering information for these particles is neces-
sary as cirrus clouds contribute significantly to the earth’s radiative balance (Liou
1986).

In concept, polar nephelometers are simple instruments. A particle is illumi-
nated with a highly collimated beam of light, most often from a laser, and a detector
(or detectors) measure the light intensities at the desired angles. But, complexi-
ties arise in the detection geometry, sample presentation and in the analysis of
the measurements. This chapter presents a review of some of the designs of polar
nephelometers, and presents a short summary of the measurements made, including
our previous ice particle and aerosol studies. Finally, we describe the current dual
polarization polar nephelometer (UCLA PN) developed at UCLA, non-absorbing
and absorbing aerosol particle scattering measurements, and a detailed analysis of
the refractive index retrieval accuracy.
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1.2 Measuring the intensity of scattered light

Measuring the angular dependence of light scattered by a particle is done by plac-
ing a detector at the proper angular location with respect to the incident light and
determining the intensity of the light that falls onto the detector’s sensing area.
In practice, however, there are many complications to the experimental setup, i.e.:
How many particles are scattering light? What volume do the particles occupy?
What is the orientation of the particles? Detectors have finite sensing areas, how
wide is it? And so on. In this section, a few of these questions are addressed; how-
ever, it should be realized that due to the many possible instrument designs, a
complete analysis of all polar nephelometer design considerations cannot be in-
cluded.

1.2.1 Geometry

The direction of light scattered from a particle is defined by the scattering (or
polar) angle (θ) and the azimuthal angle (φ) as shown in Fig. 1.1. The azimuthal
reference angle or φ = 0◦ is arbitrarily defined, however, if the incident light has a
preferred polarization orientation, this direction often defines the φ = 0◦ direction.
θ and φ thus defined represent all the directions in the space about the particle.
It is impossible to measure the scattering at 0◦ and 180◦ as the light scattered at
θ = 0◦ cannot be separated from the incident light, and any detector positioned at
the reverse angle of θ = 180◦ would obscure the incident beam. The instruments
reviewed in this paper measure the light scattered from particles with relevance
to atmospheric radiative transfer, such as aerosols, cloud water drops and cirrus
cloud particles. These particles usually have maximum dimensions smaller than 1
to 100µm and thus are usually randomly oriented when suspended in air. Perrin
(1942) used symmetry relationships to show that there is no azimuthal dependence
to the light scattering from a small volume of randomly oriented particles when the
incident light is not polarized. There are situations in which these symmetry rela-
tions do not hold, such as for larger ice particles which have preferred orientations
when falling (Klett 1995).

Detectors have a finite field of view defined in Fig. 1.1 as the area inside the
box with width ∆θ and ∆φ. Here, the detector’s field of view is rectangular, but
detection apertures can be circular, slits or other shapes. Unless the scattering is
from a single particle, light is scattered from a volume containing several particles
which is defined by the either the field of view of the detector (which is often defined
by collection optics on the detector) and/or the volume of particles illuminated
by the incident light (i.e., a stream of particles that intersect the laser beam). In
general, for linearly polarized incident light, the measured scattered intensity, I(θi),
is

I(θi) =
λ2

4π2

∫ θ2

θ1

∫ φ2

φ1

(I1(θ, φ) + I2(θ, φ)) k(θ, φ) sin θ dθ dφ (1)

where λ is the wavelength of the incident light, k(θ, φ), defines the detector response
to light scattered into the angle θ and φ, and is a function of the sensing geometry,
the scattering volume and the detector response properties. I1(θ, φ) and I2(θ, φ)
are the light intensities scattered parallel and perpendicular to the reference plane
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and are dependent on the polarization direction of the incident light, the refractive
index (m) of the scattering particles and the number, shape and size of particles
in the scattering volume. For randomly oriented or symmetric particles with non-
polarized incident light, the azimuthal dependence can be ignored (Van de Hulst
1957; Perrin 1942). For detectors with a narrow angular field of view, detector
surface response characteristics introduce very small errors (Jones et al. 1994).

Determining the response characteristics of a polar nephelometer depends on
the geometry of each design and usually requires three-dimensional numerical in-
tegration across the various scattering and sensing angles. An example is shown
in Fig. 1.2(a) which is a top view of the UCLA polar nephelometer showing the
sensing geometry of two detector positions. Variables are described in Table 1.1.

Table 1.1. Parameters/descriptions for selected figures.

Figure Variable Definition

2(a) DL,−DL Extent of particle volume which is defined by the sample guide
tubes.

al Position of a particle on the line defined by the laser beam.
Rd Distance from the center of the scattering plane to the detector.
rd Detector radius
θi Angular position of the detector at channel i.
θ Scattering angle of the photon that origines from the particle at

position al and that lands on the detector at a position ad.

Figure Variable Description

4(a) � Experiment: Irregular ice particles, T = −41◦C, mean maximum
dimension = 7.5µm.
Theory: Randomly oriented bullet rosettes and plate crystals cal-
culated using the unified theory of light scattering by ice crystals
(Liou et al. 1999)

� Experiment: water droplets, mean diameter = 7.5µm.
Theory: Mie–Lorentz, mean diameter = 7.5µm, standard deviation
= 0.2µm, refractive index = 1.33− i0.0.

4(b) N Experiment: Growth T ∼= −6◦C. Mean maximum dimension = 36±
0.5µm.
Theory: based on the observed hollow column and short column
habits with rough surfaces on 80% of the particles, calculated using
geometric ray-tracing (Takano and Liou 1989).

4(c) � Experiment: Growth T < −10◦C. Mean maximum dimension =
17± 0.5µm.
Theory: based on the observed short column and plate habits with
rough surfaces on 80% of the particles, calculated using geometric
ray-tracing (Takano and Liou 1989).

7 �, • Experiment: Ammonium sulfate (NH4)2SO4-H20 droplets. Incident
light polarized parallel (�) and perpendicular (•) to the scattering
plane.
Theory: Mie–Lorentz, mean diameter = 60 nm. GA determined m =
1.414− i0.0.
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More information on this instrument is given in section 1.4 and Fig. 1.6. In this
instrument the particles are confined to the center of the scattering volume via a
sample guide tube with a rectangular cross-section in a swath about 19 mm long
and 4 mm wide, parallel and coincident with the laser beam. To simplify this anal-
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Fig. 1.2. (a) Top view of the UCLA polar nephelometer showing two detector positions
to detail dimensions relevant to calculating the scattering response. Particles intersect the
incident laser beam in the rectangle at the center of the scattering array. Definitions of
the variables are in the text and in Table 1.1. (b) The UCLA polar nephelometer relative
response to particles that scatter isotropically with detector apertures that are equal in
size and with apertures sizes adjusted to remove the non-uniform response.



6 Brian Barkey, Suzanne Paulson and Kuo-Nan Liou

ysis, particles are assumed to lie on the laser beam line which is reasonable as
the laser beam width is about 1 mm and the azimuthal scattering dependence is
ignored as the maximum azimuthal sensor extent is only 3◦ above and below the
scattering plane. Each detector has a finite area, defined by its radius rd. The scat-
tering angle, θ′, for a particle located between −DL and DL that scatters a photon
that falls at a location between −rd and +rd on the detector is not usually the
same as the angular position of the detector θi as shown in Fig. 1.2. The relative
intensity, Ir(θi), of light scattered into each channel i is determined via;

Ir(θi) = Ci

al=DL∫
al=−DL

ad=rd∫
ad=−rd

Ip(θ′(al, ad))
(

Rd
R′(ad, al, θi)

)2

D(θ′, ad, al) dad dal (2)

where the integral is for all the particle positions along the laser beam from al =
+DL to −DL and from all the scattered photon landing positions on the detector
between ad = −rd to +rd. Due to inherent differences in detector gain, a calibration
constant Ci is applied and discussed in more detail in section 1.4.3.1 and eq. (7).
The intensity of the light scattered into the angle θ for the types and distribution
of particles is denoted by Ip(θ(al, ad)) where the subscript ‘p’ indicates that the
incident light is polarized parallel or perpendicular to the measurement plane. From
simple geometry θ is a function of the position of the particle (al) and where its
photon lands on the detector (ad) via;

θ′(al, ad) = tan−1

[
al cos θi +Rd
al sin θi − ad

]
(3)

where Rd is the detector’s distance from the center of the scattering plane. Because
the distance between the particle location al and where its photon lands on the
detector at ad is not the same as Rd, the scattered intensity is adjusted by the
second term in the integral of eq. (2) where;

R′(ad, al, θi) =
[
(al sin θi − ad)2 + (al cos θi +Rd)2

] 1
2 . (4)

D(θ′, ad, al), which is not explicitly defined here, accounts for the circular shape
of the detector aperture as the amount of light getting to the detector is dependent
on the height of the hole where the photon enters the aperture.

In this design, the scattering volume is rectangular in order to maximize the
number of particles scattering light into the angles near 90◦ as the intensities at
this angle are usually much lower than those in the forward directions. However,
because of this, much more light is detected in the forward and reverse directions
as shown in Fig. 1.2(b) as the plot marked ‘constant aperture radius’ in which the
relative response for a particle which scatters isotropically is calculated as discussed
above with a constant aperture diameter of 4.75 mm. The larger forward response
limits the instrument in that the dynamic range of the instrument is reduced, i.e.,
the intensities at the forward and reverse angles cause the detectors to saturate
at relatively low particle concentrations, and also post-processing of the measured
signal is required in order to compare measured response to theoretical results. To
reduce this problem, the aperture diameters in the newest UCLA nephelometer
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have diameters which range from about 3 mm in the forward and reverse directions
and increase to about 4.7 mm at the side scattering angles. Thus, the response to
an isotropic source is more constant as shown by the plot labeled ‘variable aperture
radius’ in Fig. 1.2(b).

1.2.2 Beam considerations

The intensity of the light across a laser beam is not constant, and for Gaussian
TEM00 (single mode lasers) the radial intensity profile of the laser beam is described
by I(r) = Ic0 exp(−2r2/w4), where I(r) is the intensity of the laser light at the
beam radius r, Ic0 is the laser beam intensity at the center of the laser beam,
and w is the laser beam waist, or the laser beam radius at which the laser beam
intensity falls to a value 1/e2 of the axial value. Colak et al. (1979) has shown
that for a sphere if the beam waist is 5 times greater than the particle maximum
dimension, then differences between the light scattered by the Gaussian beam and
that by a plane wave differ by less than 5%. Small deviations in the collimation of
the light source do not affect the scattered intensities greatly unless the beam size
is comparable to the size of the particle (Barkey et al. 1999).

The overall sensitivity of the instrument is proportional to the intensity of the
incident beam. However, it is possible to ‘burn’ the particles, which can cause er-
roneous measurements. The maximum amount of power is a function of the type
of particle studied, i.e., particles which absorb very little can tolerate much more
incident light, the wavelength of the light, the beam profile and size and the amount
of time the particle spends in the beam (Lushnikov and Negin 1993). A convenient
upper limit is 210 W/cm2 as this intensity will cause 150µm diameter carbon par-
ticles, which are the most absorptive particles likely to be encountered, to ignite in
7 milliseconds in a 1µm wavelength laser beam (Bukatyi et al. 1983).

1.2.3 Stray light

Detectors in polar nephelometers monitor the light scattered into a small fraction of
the full 4π solid angle about the sample. Particles however scatter light into the full
4π solid angle and this light needs to be handled. The intensity of light scattered
into the near forward angles is orders of magnitude higher than that scattered into
the side and reverse directions. If only a small percentage of this light undergoes
multiple internal reflections within the working volume of the instrument it can
‘leak’ to the detectors and a effect the measurement. Common methods to reduce
stray light includes blackening the interior surfaces of the instrument and designing
optics or apertures (discussed above in section 1.2.1), to restrict the detectors’ field
of view. A beam dump to collect the light exiting the scattering volume is necessary
to prevent the incident light from scattering back into the measurement volume.
We have found that a properly designed ‘Rayleigh’ horn beam dump is much more
effective than the stacked razor-blade style.

In the multi-detector design of the UCLA polar nephelometer, all surfaces in
direct view of the sample volume and the detectors are polished and angled such
that scattered light is directed away from the detection plane. The large area pho-
todiode detectors in this instrument are also effective reflective surfaces, hence the
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detectors are positioned such that each detector is not in the field of view of an-
other detector. For example, for the detector at 10◦, a detector is not also placed
directly across the scattering plane at the position of 100◦.

1.3 Polar nephelometer designs and some measurements

There are many different designs of instruments that measure the angular scattering
properties of particles. The discussion here is limited to those instruments that
have small angular resolutions, i.e. their detector(s) span only about 1◦ to 2◦ of the
scattering angles. Instruments that have wider angular detection limits, i.e., greater
than 45◦, and which approximate the measurement of integrating nephelometers
are not considered (Szymanski et al. 2002). There are also instruments that measure
the scattering properties in the microwave region (Chỳlek et al. 1988; Zerull et al.
1977; Zerull et al. 1980) but these are not considered as this review is limited
to measurements in the visible and infrared wavelengths. Although the optical
equivalence theorem allows us to apply results from this measurement to smaller
wavelengths, microwave experiments face the problem of constructing equivalently
sized particles that are truly analogous to the aerosol, dust or ice particles of interest
in the visible and infrared regions.

A few instruments isolate a single particle in an electromagnetic field (Bacon
and Swanson 2000; Bacon et al. 1998; Pluchino 1987) but most polar nephelometer
designs measure the light scattered from a narrow stream of particles intersecting a
collimated light beam. As such, they are not strictly single scattering measurements
as they measure the light scattered from many particles in a small volume. However,
if the average distance between each particle is large compared to the average
particle size, and the wavelength and the scattering volume is small compared to
the detector-to-sample distance, then single scattering can be assumed (Mishchenko
et al. 2004). A few instruments (Castagner and Bigio, 2006, 2007; Schnaiter and
Wurm, 2002) isolate the sample in a glass tube; however, interaction of the scattered
light with the container material can potentially introduce errors.

Polar nephelometers can be categorized broadly according to their sensing ge-
ometry, illustrated in Fig. 1.3. Designs include goniometer instruments (Fig. 1.3(a)),
multi-detector devices (Fig. 1.3(b)) and elliptical mirror (Fig. 1.3(c)) devices. This
last category describes instruments that use elliptical mirrors to redirect the scat-
tered light to intensity detectors in a manner such that the scattering angle infor-
mation is preserved.

1.3.1 Goniometer-type polar nephelometers

Shown in Table 1.2 is a compilation of several polar nephelometers that rotate a
detector (or detectors) to the desired angular position. These instruments have the
advantage of high angular resolution as the detector can be stepped at any desired
angular increment. This process does have the drawback of requiring more time to
measure all of the desired angles. Thus the sample stream needs to be maintained
at a constant concentration for a relatively long period of time. Methods are avail-
able to correct for variations in the particle concentration (i.e., Sassen and Liou
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Fig. 1.3. (a) Goniometer type nephelometer geometry. A few detectors (1–3 usually) are
mounted on a gimbal device that allows the detector to move to the selected scattering
angle. (b) Multi-detector geometry in which several detectors are fixed at discrete angular
positions. (c) In the elliptical mirror configuration, an elliptical mirror is used to focus
the scattered light onto a linear detection array (or a 3D array in which 2D information
is derived). The pinhole prevents light scattered from undesirable angles from getting to
the sensor.

1979a) by using a separate fixed-angle detector to monitor sample concentration
consistency.

Because there is only one detector, several goniometer instruments have the ca-
pability to measure the Mueller matrix. The Mueller matrix describes completely
how the polarization properties of the scattered light are affected by the particles
and has implications in remote sensing (Ou et al. 2005) and in the inversion of par-
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Table 1.2. Compilation of polar nephelometers based on the goniometer design.

Light
source

Measured polarization
quantity

Angular
extent

Particles Reference

496 nm
552 nm
630 nm

Mueller matrix via
rotating compensator

10◦–170◦ Fogs, light rain Gorchakov 1966

Various
visible

Unpolarized intensity ∼ 5◦–175◦ Talc powder Holland and
Draper 1967

486 nm
546 nm

Mueller matrix via dif-
ference method

18◦–166◦ Crystalline silica
(sand)

Holland and
Gagne 1970

475 nm
515 nm
745 nm

I∗∗parallel

I∗∗perpendicular

∼5◦–175◦ Ice crystals Huffman 1970

632.8 nm
325 nm

Mueller matrix via
electro-optical polar-
ization modulator

∼30◦–160◦ NaCl crystals,
Ammonium sul-
fate spheres

Perry et al. 1978

632.8 nm Intensity, DLP* 10◦–165◦ Water, ice crys-
tals, mixed phase

Sassen and Liou
1979a; 1979b

408 nm
450 nm
570 nm
546 nm
578 nm

Mueller matrix ele-
ments via difference
method

∼5◦–180◦ Water, ice clouds Dugin et al.
1971; Dugin and
Mirumyants
1976; Dugin et al.
1977

514.5 nm Mueller matrix via dif-
ference method

2◦–178◦ N2, ambient
aerosols

Hansen and
Evans 1980

514.5 nm Intensity, DLP* 7◦–170◦ Ambient aerosols Tanaka et al. 1983

532 nm Mueller matrix via
electro-optical polar-
ization modulator

∼11◦–170◦ Marine boundary
area like aerosols

Quinby-Hunt et
al. 1997

632.8 nm Selected Mueller
matrix elements

4◦–170◦ N2 gas, ambient
aerosols

Zhao 1999

632.8 nm
441.6 nm

Mueller matrix via
electro-optical polar-
ization modulator

3◦–174◦ Various mineral
dusts

Volten et al. 2001

680 nm Intensity, DLP* ∼ 30◦–155◦ PSL with various
agglomerations

Schnaiter and
Wurm 2002

441.6 nm,
632.8 nm

Mueller matrix via
electro-optical polar-
ization modulator

3◦–174◦ Water, quartz
dust

Kuik et al. 1991
Hovenier et al.
2003

532 nm I∗∗perpendicular 2◦–178◦ Ambient aerosols Lienert et al. 2003

* Degree of linear polarization.
** Incident or measured light polarized parallel or perpendicular to the scattering plane.



1 Polar nephelometers for light scattering by ice crystals and aerosols 11

ticle properties (Zhao 1999; Kuik et al. 1991; Quinby-Hunt et al. 1997). Gorchakov
(1966) rotated a mica compensator placed at the exit of the incident light and used
tuned amplifiers at the photomultiplier detector to select various harmonics from
the scattered light to determine the Mueller matrix elements. The matrix elements
can also be measured via the phase-sensitive detection of various components of the
scattered light in which the polarization of the incident light is time modulated as
described by Hunt and Huffman (1973). These polarization-sensitive instruments
have been used for measurements of various mineral aerosols that can be aerosolized
by mechanical means (Hovenier et al. 2003) or nebulized in an aqueous solution and
then dried (Perry et al. 1978). Mueller matrix elements have been measured for ice
crystals (Dugin et al. 1971; Dugin and Mirumyants 1976; Dugin et al. 1977), but
using the less accurate and more time-consuming difference method (Liou 1975), in
which various polarization elements are placed in front of the source and detectors.
Measurement errors inherent in this approach are significant as derivation of the
Mueller matrix elements requires the determination of small differences between
large values. The goniometer instrument developed by (Zhao 1999) was specifically
designed to derive only a few of the Mueller matrix elements in order to deter-
mine the refractive index of aerosols via inversion of the Mie–Lorenz solution for
scattering from a homogeneous sphere.

1.3.2 Multi-detector polar nephelometers

Table 1.3 lists instruments in which several detectors are placed at discrete and
fixed angular locations as shown in Fig. 1.3(b). The design by West et al. (1997)
uses 6 linear detector arrays that measure the intensity of light scattered into 6
angular swathes defined by focusing optics. Pluchino (1987) isolates a single parti-
cle in an electric field and uses fiber-optic light guides to direct scattered light to
photodiode detectors. These instruments have simpler designs and the advantage
that they can make fast (real-time) measurements. This is particularly desirable
for measuring the time evolution of scattering properties, which can provide in-
sights into particle growth or decay properties. The multi-detector designs are also
relatively easy to ruggedize and thus suitable for measurements in the field and in
more demanding laboratory environmental conditions. Because the response char-
acteristics between each detector are different, calibration is required. Due to the
complexity and expense of providing analyzing optics at each channel none of these
instruments measure the polarization state of the scattered light. In a nephelometer
design by Dick et al. (2007), along with scattering measurements between θ = 40◦

to 140◦ there are eight detectors at various azimuthal angles at θ = 55◦. These
azimuthal detectors ensure that only scattering from spherical particles is recorded
as the scattering from spherical particles with unpolarized incident light is not
azimuthally dependent.

1.3.3 Elliptical mirror polar nephelometers

Table 1.4 lists several instruments that are based on the measurement of scattered
light that is redirected by an ellipsoidal mirror to a detector as shown in Fig. 1.3(c).
Elliptic mirrors have two focal points, thus light scattered at one focal point will be
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Table 1.3. Compilation of multi-channel polar nephelometers.

Light
source

Measured polar-
ization quantity

Angular
extent

Particles Reference

855 nm Intensity 23.1◦–128.3◦ Gases, PSL
spheres, Ambient
aerosols

Leong et al. 1995

1064 nm Intensity 5◦–175◦ Evaporating wa-
ter drops and ice
crystals

Pluchino 1987

804 nm Intensity 3◦–169◦ Ice crystals Gayet et al. 1998

488 nm Intensity 40◦–140◦ Aerosols Dick et al. 1998;
2007

670 nm I∗∗perpendicular 5◦–175◦ Ice crystals Barkey and Liou
2001;
Barkey et al. 2002

670 nm I∗∗parallel

I∗∗perpendicular

5◦–175◦ PSL spheres, am-
monium sulfate

Barkey et al. 2007

840 nm Intensity 23◦–129◦ Freon-12, PSL
spheres for re-
fractive index
inversion

Jones et al. 1994

470 nm
652 nm
937 nm

Intensity, DLP* 15◦–170◦ Mineral dusts West et al. 1997

* Degree of linear polarization.
** Incident or measured light polarized parallel or perpendicular to the scattering plane.

focused onto the other focal point. A linear array detector placed just beyond the
second focal point can thus derive the angular scattering information as a direct
correlation exists between the scattered angle and the position the scattered light
falls on the detector. In the instrument devised by Kaye et al. (1992) and Hirst et
al. (1994) the light scattered between about 30◦ and 141◦ and all of the azimuthal
angles are measured simultaneously by focusing them onto a two-dimensional de-
tection array. The degree of linear polarization is determined by selecting the mea-
sured intensities parallel or perpendicular to the polarization plane of the incident
light. Castagner and Bigio (2006; 2007) use a clever arrangement of two parabolic
mirrors and a rotating mirror to scan across the angular scattering directions. To
ensure only light focused by the elliptical mirror falls onto the detector, this design
requires a slit (or pinhole) at the focal point of the elliptical mirror. The size of this
aperture defines the angular resolution of the measurement. The slit also reduces
the amount of scattered light reaching the detector. Depending on the response
characteristics of the detector, measured voltages must be integrated for a signifi-
cant period of time (minutes) in order to obtain a clear signal (Curtis et al. 2007).
None of the elliptical mirror instruments developed to date derive the Mueller scat-
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Table 1.4. Compilation of polar nephelometers that use elliptical mirrors.

Incident
wave-
length

Measured polar-
ization quantity

Angular
extent

Particles Reference

632.8 nm I∗∗perpendicular 70◦–125◦ PSL Castagner and Bi-
gio 2006; 2007

685 nm Intensity 10◦–160◦ Ambient aerosols Kaller 2004

632.8 nm Intensity, DLP∗ 30◦–141◦

all azimuthal
angles

PSL, various non-
spherical dusts

Kaye et al. 1992;
Hirst et al. 1994

550 nm Intensity, DLP∗ 19◦–175◦ PSL, ammonium
sulfate,
1uartz dusts

Curtis et al. 2007

* Degree of linear polarization.
** Incident or measured light polarized parallel or perpendicular to the scattering plane.

tering matrix elements. However, it is conceivable that a single analyzing optic can
be placed at the secondary focal point to achieve this task.

1.3.4 Calibration

Calibration is necessary to ensure the validity of the measurements of all polar
nephelometer designs. In multi-detector polar nephelometer designs there are dif-
ferences in the response characteristics of each detector resulting from variations
inherent in the manufacturing processes. At least four methods have been developed
to calibrate scattering responses. Barkey and Liou (2001) and Barkey et al. (2002)
used an isotropic light point-source placed at the scattering center to ensure equi-
table response at all channels. More commonly, spherical scattering particles with
known refractive indices and size distributions are used. Non-absorbing polystyrene
latex (PSL) microspheres which are available in several mono-disburse sizes have
a well characterized refractive index as a function of wavelength. Exact scattering
expectations can be developed from the Mie–Lorenz solution as these particles are
known to be spherical and homogeneous. A few nephelometers are calibrated us-
ing molecular scattering from a gas (Jones et al. 1994; Zhao 1999). Ammonium
sulfate and water mixtures can also be aerosolized to form spherical particles and
have a well-defined refractive index, which varies somewhat with relative humidity
(Tang and Munkelwitz 1991; 1994) and are also used for calibration and verification
(Barkey et al. 2007; Curtis et al. 2007).

There is no accepted calibration standard for absorbing particles. Aerosolized
and dried nigrosin (or more commonly ‘India’ ink) is used as a calibration standard
by many instruments that measure aerosol absorption (Abo Riziq et al. 2007); how-
ever, there is significant variation between the reported refractive indices (Spindler
et al. 2007). The uncertainty in these values probably arises from the fact that
nigrosin is not manufactured for use as a standard, thus there are slight changes in
the formulation from batch to batch. Also there are differences in how the nigrosin
is aerosolized and dried.
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PSL particles have been infused with various colored dyes, but these are not
designed as absorption standards and there are differences in the refractive indices
measured by various researchers. Inverting the measured angular scattering prop-
erties of black dyed PSL spheres suspended in water, Chae and Lee (1993) found
a complex refractive index of 1.569 − i0.0. Lack et al. (2009) found a refractive
index value of 1.60(±0.03)− i0.045(±0.004) for aerosolized black dyed spheres us-
ing a cavity ring down transmissometer. We have found experimentally (from an
unpublished experiment) that the refractive index of 1003 nm in diameter black
dyed PSL spheres has a refractive index of 1.73− i0.11. The source of the particles
used by Chae and Lee (1993) was different than that used by Lack et al. (2009) and
by our group. The non-absorbing behavior of the Chae and Lee (1993) particles
was attributed to the insensitivity of their scattering apparatus to their particles
and the small amount of dye relative to the volume of PSL. We have found that
treating the particles as a concentric sphere produced a core refractive index of
1.61 − i0.0054 and a shell refractive index = 1.64 − i0.03. It is believed that the
PSL spheres are not homogeneously infused with the dye, which is supported by
the similarity between our shell refractive index and that of Lack et al. (2009).
Also, Lack et al. (2009) found that the coated-sphere model better explained their
results before they requested a special batch of PSL particles that were ‘cooked’
longer in order to more completely infuse the dye (via personal communication
with D. Lack).

1.3.5 Applications

Polar nephelometer measurements are used for a variety of goals. These include
experimental verification of existing theoretical methods of calculating single scat-
tering characteristics using particles with well-known properties. They have also
been applied to quantify and identify differences between the measured and ex-
pected scattering when either the particle morphology or scattering theory is less
established. The validity of the Mie–Lorenz scattering solution has been demon-
strated repeatedly for spherical and homogeneous particles and provides a method
for calibration, as discussed above. In contrast, several studies of non-spherical par-
ticles, including mineral dusts, readily confirm that there are differences between
the Mie–Lorenz assumption and scattering from non-spherical particles (Curtis et
al. 2007; Kuik et al. 1991; Perry et al. 1978; Volten et al. 2001). In this section, we
review some of the ice particle and aerosol scattering measurements made by our
group.

1.3.5.1 Ice particle measurements

Ice crystals have highly irregular shapes, but the refractive index as a function of
wavelength is well known (Warren and Brandt 2008). Predicting the angular scat-
tering properties of hexagonally shaped ice crystals requires computer-intensive al-
gorithms such as ray-tracing (Takano and Liou 1989), finite-difference time-domain
(Yang and Liou 1996) or T-matrix methods (Baran et al. 2001). The light scat-
tered from ice particles is very different from that scattered from water droplets.
For instance, shown in Fig. 1.4(a) (the plot labeled ‘ice measurement’) is the 670 nm
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unpolarized light scattered from irregular ice particles as measured by a 33-channel
polar nephelometer (Barkey and Liou 2001). This polar nephelometer used fiber-
optic light guides to couple light from the two-dimensional scattering plane to
silicon photodiode detectors. Due to the small diameter of the light guides (2 mm)
it was possible to concentrate a few detectors near 22◦ to study the expected halo
features from ice crystals. The ice particles are made from water drops generated in
an ultrasonic humidifier that are injected into a dry-ice-cooled cold box with a tem-
perature of about −30◦C and has a volume of about 0.5 m3. The resulting particles
have an average maximum dimension of about 7.5 µm and non-spherical shapes,
but they do not have the clearly defined hexagonal features normally expected for
ice particles, as shown in the photomicrograph of the particles replicated on a slide
using the vapor method (Takahashi and Fukuta 1988). It is believed that these
smaller, ill-defined particle habits arise because all of the water drops produced by
an ultrasonic humidifier are homogeneously nucleated immediately by the stainless
steel walls of the cloud chamber, which are in direct contact with the dry ice. The
rainbow peak, an intensity feature seen in the reverse direction at about 140◦ is seen
for spherical water drop particles as shown in Fig. 1.4(a), the plot labeled ‘water
measurement’. The water drops are produced from the same ultrasonic humidifier
as the ice particle experiment and also have an average diameter of about 7.5µm.
Not only is the rainbow peak absent from the ice particle measurement, but the
ice particle scattering is more isotropic. Although the theoretical expectation for
the water drop matches the measurement within the 10% measurement error, the
level of agreement for the ice particle comparison is much lower. This is most likely
due the difficulty in describing the irregular ice particle shape using randomly ori-
ented bullet rosettes with rough surfaces calculated with the unified theory of light
scattering by ice crystals (Liou et al. 1999).

The Desert Research Institute (University of Nevada, Reno) ice particle growth
column can produce larger ice crystals with more selectable habits. Cooled water
droplets from ultrasonic humidifiers are injected at the top of the column and are
homogeneously nucleated by a liquid-nitrogen-cooled wire near the middle of the
4 m tall column. These nucleated particles grow with water vapor supplied by the
remaining water drops as the saturation vapor pressure of water over ice is lower
than that of water vapor over liquid water. The habit of the particles is largely con-
trolled by the temperature in which they grow (Nakaya 1954). Fig. 1.4(b) shows
the measured angular scattering intensities for predominately columnar ice parti-
cles, while Fig. 1.4(c) shows the same for particles that are mostly plates (Barkey
et al. 2002). The columns are produced when the growth temperature is kept at
about −6◦C and plates are produced when the temperature is less than −10◦C.
The theoretical expectations shown in Fig. 1.4(b) and 1.4(c) are calculated with the
ray-tracing method (Takano and Liou 1989) using particle habit statistics based
on coincidently acquired images of the particles taken by a video microscope. The
same 33-channel polar nephelometer used for the measurements of Fig. 1.4(a) was
used for Figs. 1.4(b) and 1.4(c), but the 0.95 milliwatt unpolarized laser was re-
placed with a 35 milliwatt 670 nm unit with the polarization plane oriented parallel
to the measurement plane. Both the theoretical and experimental results show the
22◦ intensity peak, which occurs from the refraction of light through the hexagonal
faces that have a 60◦ angle between them, and the 46◦ peak which arises from re-
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Fig. 1.4. (a) Measured and theoretical angular scattering properties of irregular ice crys-
tals (�) and water drops (�) both with an average maximum dimension of about 7.5µm.
The incident 670 nm light is unpolarized and the theoretical expectations are fitted to the
measurements using the method of least squares (Barkey and Liou 2001). (b) Measured
and theoretical angular intensities with incident light polarized parallel to the measure-
ment plane for ice particles that are predominately columnar in shape as seen in the image
(Barkey et al. 2002). (c) is the same as (b) except for ice particles that are more plate
like. Experimental and theoretical parameters are listed in Table 1.1.
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fraction from end faces of the crystals that have a 90◦ angle between them. These
refractions cause the halo or parhelia (or, more commonly, ‘sun dogs’) sometimes
seen around the sun. Because the 60◦ faces occur more often than the 90◦ faces,
the 22◦ intensity features in both Fig. 1.4(b) and 1.4(c) are more prominent than
the 46◦ peak. The 46◦ peak for the column case (Fig. 1.4(c)) is less intense than
that for the plate case because the occurrence of the 90◦ angle prisms are more
prevalent for plates. Additionally, many of the columns have hollow ends as seen
in the video image. Without these prisms, the intensity peaks are non-existent as
seen for the irregular particle case seen in Fig. 1.4(a). The theoretical expectations,
which are based on the observed particle habits, show similar relationships between
the relative intensities of the halo features, thus providing direct verification of the
complex ray-tracing algorithms on which they are based. Other polar nephelometer
studies have also seen these halo intensity features in the laboratory (Sassen and
Liou 1979a) and in the field (Gayet et al. 1998).

1.3.5.2 Aerosol scattering and inversion of PN data

Angular scattering information can be used to determine the optical and physi-
cal properties of particles. It has been shown theoretically that the determination
of the real refractive index and size distribution parameters is possible from an-
gular scattering measurements (Hodgson 2000; Shaw 1979) provided the particles
are spherical and homogeneous. Spherical homogeneity allows the use of the Mie–
Lorenz scattering solution. Researchers have successfully used several approaches to
invert scattering data. These include direct inversion (Zhao 1999; Jones et al. 1994),
manual trial and error (Kuik et al. 1991; Quinby-Hunt et al. 1997), table lookup
(Verhaege et al. 2008) and optimization methods (Barkey et al. 2007; Lienert et al.
2003). The intensity of light as a function of the scattering angle is very sensitive
to the size and composition of a single particle thus providing a means to study
the particle’s composition, optical properties and growth and evaporation rates
(Pluchino 1987; Swanson et al. 1999).

An important application of PN measurements is the determination of the real
refractive index of secondary organic aerosols (SOA). SOAs are ubiquitous in nature
(Hallquist et al. 2009). While estimates of optical properties are available from
organic materials with similarities to some of the components that make up complex
SOA (Kanakidou et al. 2005) measurement of real SOA are few and until recently
very rough. Shown in Fig. 1.5 are UCLA PN angular scattering measurements
from SOA particles generated from ozonolysis of α-pinene in an outdoor solar
reaction chamber. The particles grew from about 200 nm at 12:58 pm to about
450 nm in diameter at 14:55 pm. The experiment is discussed in detail in Kim
et al. (2010). The retrieved real refractive index and fitness values for each plot
are derived as described in section 1.4.2 below. The UCLA PN monitors scattering
with incident light polarized both perpendicular (lower plot of each pair in Fig. 1.5)
and parallel (upper plots) to the scattering plane. The earlier measurements are at
the lower limit of the UCLA PN response. As the particle sizes and concentrations
increase, the signal-to-noise ratio in the measurement increases and the angular
scattering measurements become smoother. The ‘shape’ of the angular intensities
change as the particles grow. For example the minimum intensity for the measured
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Figure 5

 

Fig. 1.5. UCLA PN scattering measurements of α-pinene-based SOA in which the parti-
cles grow from a diameter of about 200 nm at 12:58 pm to 450 nm at 14:55 pm. The two
lines per time are with incident light polarized parallel (upper line) and perpendicular
(lower line) to the measurement plane (Kim et al. 2010).

intensity with parallel incident light moves from about 90◦ to near 120◦ as the
particle diameter increases. As the signal-to-noise ratio increases, the fitness value
increases to near 0.96, indicating more confidence in the retrieved refractive index.
A fitness value of ‘1’ is optimal as described in section 1.4.2. This PN measurement
is invaluable in not only providing values of the refractive indices for these volatile
particles, but because of the fast response time of the measurement provides clues
to the growth process of SOA.

1.4 UCLA polar nephelometer

This section describes the polar nephelometer (Fig. 1.6) developed at UCLA for the
purpose of measuring the scattering properties of ice particles and aerosols. The first
version was used had 33 fiber-optic light guides arranged to collect light scattered
from 5◦ to 175◦ and was used to measure light scattering properties of ice particles
as discussed above in section 1.3.5.1. Later, the instrument was modified to allow
for the measurement of aerosol scattering. Enhancements included a sheath flow
to better control the placement of the aerosols, installation of a higher power laser
(670 nm, 350 milliwatts) and the incorporation of a half-wave plate and mechanical
actuator to allow the incident light to be polarized parallel or perpendicular to
the scattering plane. This prototype also replaced the fiber-optic light guides with
detector aperture holes that more precisely controlled the angular resolution and
greatly reduced the amount of stray light resulting from incomplete absorption of
multiply reflected light in the scattering volume.
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Fig. 1.6. Three-dimensional view of the UCLA polar nephelometer sensing geometry. The
21 photodetectors view the volume where the laser beam intersects the aerosol stream
through 40 mm long holes that define the optical field of view. The aerosol stream is
confined to the center of the detection array in a sheath flow. A half-wave plate rotates
the polarization plane of the incident light to be either parallel or perpendicular to the
detection plane.

1.4.1 Instrument description

The current UCLA polar nephelometer is an upgraded version of the unit described
in (Barkey et al. 2007). Geometrically, the new polar nephelometer is similar to that
unit but with significant improvements to the geometry, sample volume sealing and
to the electromagnetic shielding to improve the sensitivity of the instrument. The
original prototype was fabricated from plywood, while the new unit is machined
to precise specifications from aluminum. The instrument consists of 21 large-area
silicon photodiode detectors arranged in a two-dimensional plane (Figs. 1.6 and
Fig. 1.2(b)) to measure the light scattered from a stream of particles that intersect
a collimated laser beam directed across the plane. The stream of particles which is
directed downwards perpendicular to the scattering plane is confined to the center
of the array by a sheath flow of filtered air. The aerosol stream has a rectangular
cross-section about 3 by 12 mm, oriented so that its long axis is parallel to the
laser beam direction. The laser is easily changed. Data shown here was collected
with a 350 milliwatt diode laser that directs a 670 nm wavelength beam of light
with a profile height of about 3 mm and a width of 1 mm across the scattering
volume. An electromechanically operated half-wave plate periodically changes the
polarization plane of the incident light to be either parallel or perpendicular to
the scattering measurement plane. The detectors are placed behind 40 mm long
holes that act as apertures to define the field of view of each detector. The sensing
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geometry is described above in section 1.2.1. Detector signals are amplified and an
embedded computer and data acquisition system sends the measurements to an
external PC for storage. The detectors are positioned to sense light scattered from
10◦ to 170◦ in 8◦ increments and have improved electromagnetic shielding such
that the detector noise level is at least 10 times lower than the previous version.
Single particle scattering as defined by Mishchenko et al. (2004) can be assumed
because the detector distance to the sample volume (Rd) is about 75 mm, which is
larger than the maximum dimension (12 mm) of the scattering volume. The average
distance between each particle for a high particle concentration of 2.5× 106 cm3 is
about 40µm, which is much larger than the largest average particle size of about
0.5µm. Finally Rd/λ� 1, where λ is the wavelength of the laser light.

1.4.2 Method of GA refractive index retrieval

The light scattered from a particle is dependent on the particle size, shape and
refractive index. Real refractive indices (mr) can be retrieved effectively using the
genetic algorithm (GA) approach (Goldberg 1989). This optimization method has
been shown to be effective despite the complex solution space of this problem and is
effective in the presence of significant noise levels (Hodgson 2000). The GA method
mimics the way in which biological systems find the ‘best’ individual. For instance,
a ‘population’ of solutions consisting of real refractive indices and size distribution
parameters are randomly selected from within a predefined search space. Then the-
oretical scattering expectations are determined for each ‘member’ and adjusted to
match the UCLA PN sensing geometry as discussed in section 1.2.1. To date, we
have primarily used the Mie–Lorenz method of determining the scattering proper-
ties for the spherical homogeneous particle, although any theoretical solution can
be used as the GA method is an optimization scheme, and not a direct inversion.
The particle size distribution for N particles with diameter d is assumed to be
single mode lognormal via;

N(d, µ, σ) =
N

xσ
√

2π
exp

[
−1

2

(
ln(d)− µ

σ

)2
]

(5)

in which µ =
∑N

1 Ni ln(di)/N and, σ =
[∑N

1 Ni(µ− ln(di))2/N
]1/2

are the mean
and standard deviation of the log transformed size distribution data. Experimen-
tally, size distribution data is usually obtained in discrete bins in which Ni is the
number of particles in the bin centered about di. The parameters of each set are
then compared to the measured scattering intensities with a fitness parameter de-
fined via:

Fp = 1− 1
Nc

Nc∑
i=1

|log (Ip,thy(θi,mr, µ, σ))− log (Ip,meas(θi) )| (6)

for each scattering channel for i = 1 to Nc and the subscript ‘p’ indicates the
polarization state of the incident light. Ip,thy(θi,mr, µ, σ) is the expected intensity
value at the angular position θi as calculated via eq. (2) using the GA parameters
mr, µ and σ, and the Mie–Lorentz solution for scattering from a sphere. Ip,meas(θj)
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is fitted to the theory using the method of least squares. The log factor ensures
that the fitness is not biased toward higher intensities (Lienert et al. 2003). The
total fitness value is Ft = (Fl + Fr)/2, where r corresponds to the incident light
polarized perpendicular to the scattering plane and l is for light polarized par-
allel. The population members with the best fitness values are digitally ‘mated’
to produce ‘offspring’ that should fit the solution better. The number of optimal
members in the GA search population is determined operationally. For the case
in which the sample is assured to be homogeneous and spherical and the size dis-
tribution is known, a population level of 40 to 50 is sufficient for the solution of
synthetic results (discussed below) converging to the correct result in 3 genera-
tions. In practice, doubling the population level for experimental results assures
convergence and successful retrieval has been demonstrated using both PSL parti-
cles and particles developed from a solution of ammonium sulfate and water. The
GA results used in this paper are calculated using the C++ GA library developed
by Wall (1996). Fig. 1.7 shows the measured scattering properties of ammonium
sulfate water droplets ((NH4)2SO4-H2O). The droplets were generated from a mix-
ture of 0.25% by weight ammonium sulfate in deionized water with a Colison (BGI
Inc.) spray nebulizer and then partially dried by passage through a dessicant drier.
Also shown are the GA determined angular scattering intensities determined using
a population of 100 that ran for 3 generations. The retrieved mr = 1.414 ± 0.03,
is in excellent agreement with the expected value of 1.414–1.413 for the measured
relative humidity of about 60% (Tang and Munkelwitz 1991; 1994). 51
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Figure 7 

 

Fig. 1.7. The measured angular relative intensities from droplets consisting of a mixture
of ammonium sulfate and water with the incident light polarized parallel (•) and per-
pendicular (�) to the measurement scattering plane. The lines indicate the expectation
developed from a GA search of these experimental results in which a real refractive in-
dex of 1.414± 0.03 was found to fit the measurement. The expected value, based on the
measured humidity, is 1.413 to 1.414 (Barkey et al. 2007).
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1.4.3 Noise/accuracy analysis

Accuracy of the GA retrieved refractive index depends on errors from several
sources including electronic noise, calibration errors, due to saturation in one or
more of the detector channels or from the GA method itself. Measurements made at
the lower limit of the instrument response have a low signal-to-noise ratio which for
this instrument occurs when the signal voltage level is less than about 0.0001 Vdc.
Also the zero light signal levels for each detector are not the same, which intro-
duces an error that becomes more prominent at lower concentrations. At these low
levels the measured intensities can be very different than the expectation despite
extensive signal averaging. It has been shown that the GA retrieval of the real
refractive index is insensitive to these low-intensity differences up to a maximum
of 15% between the expected value and that measured (Barkey et al. 2007). Errors
due to the GA retrieval method are also possible. The search space of a particular
problem can be insufficiently searched, defined improperly, i.e., too wide or narrow,
or the problem may be ill-constrained. Because the GA method is not an inversion
scheme, it is possible for the problem to be ill-posed and for the GA program to
still return an ‘optimal’ solution. The viability of the solution is checked by ex-
amining the convergence behavior of the GA retrieved values by performing the
search several times and examining the %CV (100 ∗ standard deviation/average)
of the retrieved values of any parameter of interest. If the solution is tenable, the
GA search algorithm will converge to a single solution. For searches of theoretically
derived data developed from the Mie–Lorentz scattering solution, the %CV of the
mr of 6 GA searches are less than 1%. These same theoretical GA results with noise
synthetically applied can have %CV values from 2–5%. GA searches of scattering
measurements of particles that are known to be spherical and homogeneous at the
lower limit of the polar nephelometer sensitivity also have %CV values from 2–5%.
Operationally it has been determined that %CV values greater than this means
either the noise level is too high or the problem is ill-constrained.

Key to the accuracy analysis of the PN GA analysis scheme is the fact that the
GA retrieval scheme is highly insensitive to instrument noise (Hodgson 2000). The
retrieved result is based on the best fit of all of the data and is thus not unduly
affected by erroneous data values. It has been shown that for this instrument the
GA retrieval of mr with detector noise levels of over 15% are accurate to within
±0.03 (Barkey et al. 2007) as long as the particles are spherical and homogeneous.
Thus, in the following analysis, as long as error levels are less than 15%, the mr

retrieval is accurate to within 0.03.

1.4.3.1 Errors due to calibration

Because the response of each detector is slightly different, deriving channel specific
calibrations is necessary. Polystyrene latex (PSL) microspheres with well character-
ized size distributions and a manufacturer specified mr of 1.5854 at 670 nm are used
for this purpose. Shown in Fig. 1.8(a) is a plot of the light scattered by 800 nm
in diameter PSL spheres (Duke Scientific Inc., 3800A) as measured by the PN
before calibration and the Mie–Lorenz-determined scattering properties based on
the manufacturer’s specified size distribution parameters and refractive index. The
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Fig. 1.8. (a) The measured uncalibrated angular scattering intensities from an almost
monodisperse distribution of 800 nm in diameter PSL particles with the incident light
polarized parallel and perpendicular to the scattering plane along with expectations using
the Mie–Lorenz scattering solution based on the particle distribution and a refractive
index of 1.5854− i0.0. (b) Multiplicative calibration constants developed separately from
measurements of the 800 nm PSL particles and similar monodisperse PSL particles with
a diameter of 596 nm. The calibration constants are similar showing that the detector
response is not a function of the scattering particle size.

PSL particles were aerosolized in a Colison spray nebulizer (BGI Inc.) and then
directed through sufficient desiccant tubes to dry them completely. Multiplicative
calibration constants are developed from these measurements via:

Ci =
Ithy(θi,mr, µ, σ)

Imeas(θi)
(7)
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where µ and σ are from the manufacturers specifications, Ithy(θi, mr, µ, σ) are
as defined in eq. (6) (as discussed in section 1.4.2) and Imeas(θi), is the intensity
at detector i, which is linearly proportional to the measured voltage. The theoret-
ical results are fitted to the measurement using the method of least squares. The
values for the far forward (10◦) and far reverse angles (170◦) cannot be calibrated
at this time due to their highly variable signals levels caused by laser beam drift.
Work is under way to correct this problem. Shown in Fig. 1.8(b) are the calibra-
tion constants, ranging from about 0.5 to 1.8, developed using measurements of
the 800 nm PSL particles (part a of Fig. 1.8), as well as for those developed using
similar measurements of PSL particles with a mean diameter of 596 nm (Duke Sci-
entific Inc., 5060A). These constants, Ci, correct the measured voltages to match
voltages expected if each detector had identical response characteristics. These cal-
ibration constants should be similar to one another as the detector response should
not be dependent on the particle size. Any differences in Ci are due to instrument
noise or differences in the amount of unwanted signal from stray reflections within
the scattering volume. Calibration constants are derived from scattering measure-
ments that are relatively isotropic, i.e., the parallel incident light results of the 800
nm PSL particles shown in Fig. 1.8(a) rather than the highly variable scattering
pattern for the perpendicular incident light for the same particle. Signal response
at angles with low intensities (i.e., the dips near 60◦ and 100◦ in Fig. 1.8(a)) are
more susceptible to noise and multiple internal reflections within the scattering
volume and thus produce calibration constants that are very different from those
derived from more isotropic scattering patterns. The average percent difference be-
tween the calibration constants for 596 nm and 800 nm PSL size particles is about
2.5%, with the maximum difference of 8% at 74◦. These results indicate that spuri-
ous reflections within the scattering volume are at an acceptable level. Also, these
error levels are well below 15% thus calibration errors do not contribute to mr

retrieval uncertainties greater than 0.03 as discussed above. PSL particles smaller
than about 500 nm, are not used for calibration as they have a tendency to clump
into 2 particle dimers which cannot be modeled with the single particle Mie–Lorenz
solution.

1.4.3.2 The number of available channels

Although the laser power in the polar nephelometer can be adjusted over a range of
about a factor of 10 and the instrument detectors have a dynamic range of about 5
decades, light scattered in the instrument can easily saturates the detectors in the
forward and reverse directions. When this occurs, the saturated signal values are
nonlinear and cannot be used in the refractive index retrieval. Therefore here we
discuss a test of the number of channels required to accurately determine the real
refractive index. The goal of this analysis is to determine the validity of the retrieved
refractive index under the specific saturation conditions which are sometimes seen
in our experiments.

Synthetic scattering intensities were developed using the Mie–Lorentz scattering
theory for particles with a refractive index of 1.4 − i0.0, and with a lognormal
distribution average radius of 0.13µm, and a standard deviation of 0.04µm. These
are similar to the particles seen in some of our aerosol experiments. Random noise
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was applied to the synthetic scattering intensities using the following expression:

I ′(θi) = I(θi) [1 +Nmax(1− 2nr)] (8)

where I(θι) is the original non-noisy synthetic signal at scattering angle θi, I(θi)
is the noisy result, Nmax is the maximum noise level and nr is a random number
between 0 and 1. Fig. 1.9(a) shows the GA determined mr vs. the number of missing
channels. The channels are eliminated from the test in the manner in which they
would saturate, i.e., the far forward channel at 10◦ is removed first, and then the far
reverse channel at 170◦, then the next forward channel and so on. As the retrieved
value is within 0.015 of the expected mr, it is seen that for synthetic data, the
problem is over constrained and the fitness level during these test remain constant
at about 0.99. A fitness value (Ft in eq. (9)) of 1.0 indicates a perfect fit. The high
fitness value of 0.99 is expected for synthetic data that do not have calibration
errors combined with the insensitivity of the GA method to noise as discussed
above.

In Fig. 1.9(b) is a similar analysis of the number of available channels but using
experimental data from aerosols formed from the ozonolysis of β-pinene without
scavenger (Kim et al. 2010). The aerosols are generated in a 24 m3 Teflon bag in
which gaseous precursors are injected. When ozone was well mixed and its con-
centration became stable in the chamber, the hydrocarbon (β-pinene) was injected
and the chamber mixed manually to minimize inhomogeneities. The GA retrieval of
the refractive index for two PN measurements made once the particles had grown
to 255 nm in diameter (labeled ‘255 nm’ in Fig. 1.9(b)) at a particle concentration
of about 9 × 105 cm−3. Also shown is a similar result for particles formed earlier
in the experiment when the particle mean diameter was about 145 nm at a lower
concentration of 2 × 105 cm−3. None of the detectors in any of these UCLA PN
measurements were saturated. Because of the laser beam drift (above) the forward
and reverse channels are not included hence the number of missing channels starts
at 2 in Fig. 1.9(b). As in the synthetic case, the retrieved refractive index is rel-
atively insensitive to the number of omitted channels although the retrieved mr

values varied about 0.042 for the 255 nm particles and 0.075 for the 145 nm parti-
cles. The range of the retrieved mr for the synthetic results is 0.015. The retrieved
mr varies more with the number of missing channels for the 145 nm case than ei-
ther the 255 nm cases or the synthetic cases which we believe is because there is
more noise in the retrieved signal for the 145 nm case which had an overall smaller
scattering signal. The fitness values for all the experimental cases range from 0.96
to 0.97.

1.4.4 GA retrieval of the imaginary index

In this section GA retrieval of synthetic data is used to determine how well the GA
retrieval scheme can determine the real and imaginary (mi) refractive indices of ab-
sorbing particles using data from the UCLA PN. There are many ways to measure
the absorption (or imaginary component) of bulk materials (Toon et al, 1976) but
aerosols do not come in the pure state of the measured components and are often
mixed inhomogeneously with various, often unknown materials. Therefore there is
a need for measuring the absorption component of materials in their aerosol state.



26 Brian Barkey, Suzanne Paulson and Kuo-Nan Liou

 

1.39

1.395

1.4

1.405

1.41

1.415

0 2 4 6 8 10

number of missing channels

G
A

 re
al

 re
fra

ct
iv

e 
in

de
x

0%
10%
20%
30%

% noise

 
(a) 

1.2

1.3

1.4

1.5

2 4 6 8
number of missing chanels

G
A

 re
al

 re
fra

ct
iv

e 
in

de
x

145 nm
255 nm
255 nm

 
(b) 

 

 

 

Fig. 1.9. (a) The GA determined real refractive index for Mie–Lorenz synthetic results
developed for particles with a refractive index of 1.4 − i0.0. It is seen that the inversion
problem is overdetermined as the GA retrieved mr are within 0.015 of the expected value
even when the number of missing channels or data points is increased to 10. (b) The same
as (a) but for experimental measurements of α-pinene based secondary organic aerosol at
3 points in its growth cycle where the measured particle mean diameter is indicated.

Cavity ring down technology offers the capability to measure the extinction proper-
ties of ambient level aerosols in reasonable path lengths and are well suited for this
task (Abo Riziq et al. 2007; Lang-Yona 2010). A previous attempt at retrieval of the
imaginary component by (Jones et al. 1994) was unsuccessful, but the instrument
in that study had only one incident polarization. (Zhao 1999) however achieved
success by the including several Stokes parameters in his measurement; however,
the accuracy of the imaginary component was only 50%. A sensitivity analysis of
the retrieval capabilities of the imaginary index using another goniometer type dual
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polarization nephelometer design was shown to be possible for particles with mod-
erate absorption, 10−4 ≤ mi ≤ 0.5 (Verhaege et al. 2008). Thus, the possibility of
determining the imaginary component of the refractive index is dependent on the
instrument configuration and which scattering properties are measured. In order
to determine the feasibility of mi determination with the UCLA PN, a sensitivity
test is performed on synthetic data. Finally the refractive index developed from
the GA inversion of aerosolized nigrosin is presented.

1.4.4.1 Theoretical examination of the search space

Synthetic data for aerosol particles with a refractive index of 1.7−i0.3 was generated
for lognormal size distributions with mean and standard deviation values between
20 and 140 nm in 10 nm steps. The size distribution parameters are based on the
sizes common to our experiments. The refractive index was chosen to be similar
to that of nigrosin, which is a short-chain polyaniline compound consisting of 8
nitrogen-linked aromatic carbon rings (C48N9H51) (Bond et al. 1999). Nigrosin
forms spheres when aerosolized by the Colison nebulizer and dried completely when
passed through a dessicant drier. The measured refractive index varies from 1.65
to 1.7 in the real part and from 0.24 to 0.31 in the imaginary component (Abo
Riziq et al. 2007; Garvey and Pinnick 1983; Lack et al. 2006). The GA search was
performed with a population of 50 and ran for 3 generations. A noise level of 15% is
applied to the synthetic data as described by eq. (8). Shown in Fig. 1.10(a) is a plot
of the retrieved average mi of 6 separate GA searches of these synthetic data at
each distribution size and standard deviation. The results show that the imaginary
component is returned reasonably accurately for most combinations of the mean
and standard deviation (within 7% for standard deviations greater than 50 nm),
however for narrow distributions, the retrieval becomes consistently inaccurate and
can deviate from the expected value by over 200%.

In Fig. 1.10(b) is shown the %CV of the 6 searches, indicating the convergence
properties of the GA retrieval as discussed above in section 1.4.3. As in the mi

retrieval, the uncertainty increases as the distribution width narrows. For standard
deviations values greater than 50 nm, the average %CV is about 15%, however,
the maximum %CV is over 50% at the larger mean sizes in this region. The real
refractive index (not shown) is much better retrieved with an average mr = 1.70±
0.02 when the standard deviation is greater than 60 nm. The %CV for the mr

retrievals is about 2.5%. As in the imaginary case, the GA mr retrievals are slightly
more uncertain for smaller standard deviations.

These results are somewhat contrary to the results of Verhaege et al. (2008)
who have shown that the retrieval of the real and imaginary component of the
refractive index is possible with moderate absorption (10−4 ≤ mi ≤ 0.5) while our
results show that the retrieved imaginary component is uncertain by at least 10%,
but often by much more. There are several possible reasons for this, our retrieval
method and experimental setup is different and we have not analyzed a large space
of possible mean sizes, refractive indices and distributions widths, only those that
we have seen in our experiments. Also, the resolution of this experimental study
(i.e., the 10-nm step size in the mean and standard deviation) is much larger than
that in the Verhaege study. There may be a localized minimum in the %CV of GA
retrieval that we have missed.
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Fig. 1.10. (a) The GA determined imaginary refractive index for Mie–Lorenz-based
synthetic results for particles with a refractive index similar to that of nigrosin (1.7− i0.3)
for distribution parameters chosen to be similar to those seen in our experiments. Except
for the distributions with standard deviations less than 60 nm, the maximum retrieved
mi is 0.33 and the minimum is 0.23. (b) The %CV of 6 separate searches for the mi in
part (a). As in part (a), the %CV, or uncertainty in the retrieved mi due to the inversion
being ill-posed is much higher for the narrower distributions.
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1.4.4.2 Experimental results

Droplets of nigrosin and water from a Colison spray aerosolizer are sent through
a dessicant drier and then separately sized by a scanning mobility particle sizer
(SMPS, TSI Inc. Model 3080) or sent to the UCLA PN. Various particle distribution
mean sizes and widths were generated by varying the concentration of the nigrosin
in the solution. GA searches for the real and imaginary refractive indices using a
population of 200 for 3 generations was performed for the measured PN angular
scattering data. The size distribution search space was set at ±5% of the SMPS
mean size and standard deviation as listed in Table 1.5. As expected, in Table 1.5,
the real refractive indices were determined more accurately than the imaginary
component. In almost all cases the levels of error are much higher than the errors
seen in the theoretical study. This may arise from a handful of sources, the synthetic
results do not have any noise or effects from multiple internal reflections, the actual
refractive index of the nigrosin may be somewhat different from the accepted value
due to batch-to-batch variations in the nigrosin, and the fact that it is difficult to
be certain the particles are completely dry, and the particle size distributions may
be distorted from lognormal. The retrieved refractive index values for the particles
with the largest sizes differ more than the smaller sizes from the expected value,
and their fitness values are lowest in these tests, which is probably because at these
larger sizes, the measured distributions exhibit a dual mode behavior. A study of
how distortions in the distribution, i.e., departure from lognormal, have been done
for non-absorbing particles (Barkey et al. 2010). It was shown that widening the
GA search space on both the measured mean and standard deviation beyond the
SMPS accepted error of ±5% for UCLA PN measurements made from aerosols with
distorted distributions (within a quantifiable level) can be done to retrieve the real
refractive index to within 0.014. However, this analysis has yet to be performed for
absorbing particles.

Table 1.5. GA determined nigrosin real and imagined refractive indicies from experi-
mental measurements.

Mean diameter Standard GA mr %difference* GA mi %difference** Fitness
(nm) deviation

71.0 38.5 1.54 8% 0.45 73% 0.94
47.7 21.9 1.56 7% 0.40 54% 0.96
70.7 38.1 1.63 3% 0.48 86% 0.92
72.9 39.4 1.59 5% 0.52 100% 0.92

134.0 96.0 1.69 1% 0.46 75% 0.96
136.8 126.2 1.43 14% 0.07 74% 0.88
112.0 94.0 1.40 16% 0.15 41% 0.83

* Percent difference between GA determined mr and the accepted value of 1.67.
** Percent difference between the GA determined mi and the accepted value of 0.26.
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1.4.4.3 Discussion of the retrieval of the imaginary index

The UCLA PN and the GA retrieval method of determining the real refractive
index has been shown to be accurate to within ±0.03 for particles which are known
to be spherical and homogeneous. Uncertainties arising from errors in the cali-
bration, from instrument noise and from missing, i.e., saturated, channels affect
the retrieved refractive indices only slightly because of the insensitivity of the GA
retrieval method to noise and because this retrieval problem is over-constrained.
Preliminary studies of the effectiveness of the retrieval of the imaginary component
of the refractive index is at most accurate to within 10% under optimal, i.e., no
noise, conditions. Experimentally, however, errors up to 100% in the retrieved value
of the index are seen although additional investigations may yield more accurate
retrievals in the future. Within the size limits seen, in our laboratory, the retrieval
accuracy of the imaginary refractive index is more dependent on the mean size and
standard deviation of the measured particles than is the real part.
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