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Abstract In the current study, the electromagnetic properties of porous aerosol particles are calculated in
two ways. In the first, a porous target input file is generated by carving out voids in an otherwise
homogeneous particle, and the discrete dipole approximation (DDA) is used to compute the extinction
efficiency of the particle assuming that the voids are near vacuum dielectrics and assuming random particle
orientation. In the second, an effective medium approximation (EMA) style approach is employed in which an
apparent polarizability of the voids is defined based on the well-known solution to the problem in classical
electrostatics of a spherical cavity within a dielectric. It is found that for porous particles with smaller overall
diameter with respect to the wavelength of incident radiation, describing the voids as near vacuum
dielectrics within the DDA sufficiently reproduces measured values of extinction efficiency, whereas for
porous particles with moderate to larger overall diameters with respect to the wavelength of the radiation,
the apparent polarizability EMA approach better reproduces the measured values of extinction efficiency.

1. Introduction

Porous particles are fairly widespread in nature and in man-made technology. Examples of natural porous
particles include interplanetary dust and interstellar particles [Bohren and Huffman, 1983; Kolokolova and
Gustafson, 2001; Wolff et al., 1998], as well as terrestrial dust and volcanic ash (see, e.g., Jeong and
Nousiainen [2014] and Kylling et al. [2014]). Examples of man-made porous particles include particles created
during “freeze-drying,” which is a technique commonly used in the pharmaceutical industry and food indus-
try. This industrial freeze-drying process is known to alter particle size and morphology, creating larger
particles and a “sponge-like” porous structure [Zijlstra et al., 2004]. A summary of the mechanisms by which
pore formation is expected to occur in foods during freeze-drying can be found in Rahman [2001].

In two recent studies, we suggested that the structural changes that occur in industrial freeze-dried
materials also take place in organic atmospheric aerosol particles within deep convective clouds [Adler
et al., 2013; Adler et al., 2014]. As part of this process, once the aerosol particle is formed/emitted and
as it ascends within a rising air parcel, the aerosol particle adsorbs water and undergoes hygroscopic
growth to form an organic aerosol-water droplet. As the air particle continues to ascend to higher
altitudes, the droplets containing the organic solute freeze. Following the growth and ice formation, the
air parcel encounters subsaturated conditions, and the ice sublimates. The unique porous morphology is
formed as a result of phase separation between the water and the organic material upon freezing. As
the ice sublimates, the organic solute concentration increases, resulting in a viscous glassy structure.
This process, as demonstrated in laboratory experiments, results in a residual porous aerosol, which we
termed highly porous aerosol (HPA) [Adler et al., 2013].

In Adler et al. [2013], the optical properties of HPA formed from natural organic material (NOM) were
examined using cavity ring down aerosol spectroscopy (CRD-AS) [Flores et al., 2012; Riziq et al., 2007] at
0.532μm and 0.355μm wavelength. Significant decreases in the aerosol particle extinction efficiency of
the NOM HPA, as compared to the extinction efficiency of homogeneous particles composed of the same
organic material before the freezing-sublimation process, were observed for a variety of particle sizes
[Adler et al., 2013, their Figure 4]. In Adler et al. [2014], a number of theoretical approaches for modeling
the optical extinction of the NOM HPA were explored, including effective medium approximations (EMAs)
[e.g., Bohren and Huffman, 1983; Chýlek et al., 2000; Erlick, 2006; Sen et al., 1981], extended effective
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medium approximations [Chýlek et al., 1984; Chýlek and Srivastava, 1983; Chýlek et al., 2000; Kolokolova and
Gustafson, 2001; Sihvola and Sharma, 1999; Stroud and Pan, 1978], multilayer concentric sphere models
[e.g., Voshchinnikov et al., 2005; Voshchinnikov and Mathis, 1999; Voshchinnikov et al., 2007],
Rayleigh-Debye-Gans theory [e.g., Berry and Percival, 1986; Bonczyk and Hall, 1991; Sorensen, 2001], and the
discrete dipole approximation (DDA) [e.g., Draine, 1988, 2000; Draine and Flatau, 1994; Draine and
Goodman, 1993; Mc Donald, 2007; Mc Donald et al., 2009; Purcell and Pennypacker, 1973; Yurkin and
Hoekstra, 2007, 2011]. (See Adler et al. [2014] for a full description of these theoretical approaches and their
application.) It was found that the theoretical approaches predict too much of a decrease in extinction effi-
ciency; i.e., the theoretical approaches used in Adler et al. [2014] consistently underestimate the extinction
by the NOM HPA as compared to the CRD-AS measurements, by up to a factor of ~2. Possible sources of
error in both the calculations and the measurements were discussed thoroughly in Adler et al. [2014], but
the source of the discrepancy was not resolved.

Note that it is rare that such theoretical calculations are compared against controlled laboratory measure-
ments. To the best of our knowledge, in Adler et al. [2014], we were the first to compare theoretical calcula-
tions using the DDA against controlled laboratory measurements of extinction by particles. Some previous
studies have compared theoretical calculations to ambient measurements, which are subject to additional
uncertainties, including uncertainty in the exact particle size and composition, as well as subject to difficulties
in modeling larger particles sizes that occur in ambient aerosol particle samples [Adachi et al., 2010;
Chamaillard et al., 2006; Lindqvist et al., 2011, 2012; Worringen et al., 2008]. By comparing our theoretical
calculations to controlled laboratory measurements of extinction by particles, we can better assess our level
of understanding of the mechanisms controlling the optical properties of porous particles, which is
fundamentally important to many disciplines, such as to aerosol science and to biomedical optics.

In the current study, we present two new sets of calculations of the extinction efficiency of HPA. The first set
of calculations is a more thorough sensitivity study of the effect of void size on the calculated extinction using
the DDA model ADDA [Yurkin and Hoekstra, 2011, 2014], with voids treated as near vacuum dielectrics. In the
second set of calculations, we introduce an EMA style approach in which the voids are assigned an apparent
polarizability and associated apparent indices of refraction based on the solution to Laplace’s equation for a
spherical cavity within a dielectric medium. (See section 2 for more detail.)

Among the conclusions we stated in Adler et al. [2014], it is useful to mention here that we found that the
calculated extinction efficiency is not very sensitive to variations in the index of refraction of NOM within
the uncertainty in the index of refraction of pure NOM that we retrieved using CRD-AS before the
freezing-sublimation process, or to any roughness in the outer envelope of the (largely spherical) NOM
HPA particles. By far, the calculations reported in Adler et al. [2014] were most sensitive to the uncertainty
in the overall diameter of each HPA particle. In the current study, we retain this sensitivity to the overall
diameter by conducting each calculation three times, using the mean overall diameter, using the mean
overall diameter minus the uncertainty in the mean overall diameter, and using the mean overall
diameter plus the uncertainty in the mean overall diameter, as measured for each HPA particle size,
respectively. (See section 2 for more details.)

2. Methods
2.1. Calculations With the DDA Model ADDA

For the current study, the HPA are generated “by hand,” not using a predefined shape library or the shape
generation functions that are built-in to ADDA [Yurkin and Hoekstra, 2011, 2014]. While ADDA does offer a
“granules” option, the volume fraction of such granules is limited to below the volume fractions of the voids
that correspond to the porosity of our measured HPA. Furthermore, the ADDA granules option does not
necessarily create the exact volume fraction desired, since it is designed to preserve the chosen size and
the sphericity of the granules. To generate our “handmade” targets, first a homogeneous spherical particle
of pure NOM with the diameter measured for the HPA in Adler et al. [2013] is generated as a collection of
dipoles, and volume adjustment (as in Yurkin and Hoekstra [2011, their Figure 1b]) is conducted. Next voids
placed at random are carved out of the previously homogeneous spherical particle of pure NOM one by
one. Within each void that is being carved out, the dipoles of NOM are switched to “void dipoles” one by
one, and the current overall porosity of the target is calculated; when the overall porosity of the target
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matches as closely as possible the measured porosity of the given HPA, the void currently being carved out is
left as is (mid-void). Depending on the dipole resolution, the resulting porosity of the target is generally
within 1% of the measured porosity.

The random placement of the voids is achieved by selecting three random numbers at a time, each by a call
to the function rand() within the programming language C99, to calculate the position of a void in the x, y,
and z directions, respectively. In the random placement, voids are allowed to overlap with one another,
creating voids that are de facto of different sizes and shapes, even though the radius of each void that is
carved out is held constant during each realization of the “handmade” target generation algorithm (see
below). In addition, voids are allowed to overlap with the outer surface of the overall particle itself so that
the surface is not smooth. (The part of a void overlapping with an existing void or voids does not add to
the porosity; i.e., the void volume is not double counted. Likewise, if part of a void that overlaps with the outer
envelope of the particle extends beyond the space of the original homogeneous particle, that part of the void
is neither added to the porosity nor is it labeled a “void dipole.”)

Allowing the voids to overlap with one another and with the outer surface of the particle is designed so as to
replicate as closely as possible the real physical features of the HPA. As evidenced in Adler et al. [2013, their
Figure 1], the freeze-drying process creates nonuniform voids with different sizes and shapes as well as a
roughened outer surface of the particle. A number of studies have noted the effect of variations in the
process of freezing on variations in void formation. For example, the porosity of spray freeze-dried materials
is reported to be higher than the porosity that results from other dehydration processes [Rahman, 2001;
Zijlstra et al., 2004]. Surface tension, structure, environmental pressure, and mechanisms of moisture
transport also play important roles in controlling the formation of pores [Rahman, 2001]. In addition, pore
formation is dependent on the cooling rate in the process of crystallization and crystal growth; a slower
cooling rate results in a more porous structure [Rahman, 2001; Schoof et al., 2001]. In fact, the dominant void
size in the particles generated in Adler et al. [2013] is likely to vary from overall particle size to overall particle

Figure 1. (left) Four realizations of a “handmade” HPA with the largest measured overall particle diameter
(DHPA = 0.594 μm) and with varying values of void radius: (a) void radius 0.005 μm, (b) void radius 0.03 μm, (c) void
radius 0.05 μm, and (d) void radius 0.10 μm. (right) SEM image of a NOM HPA particle (~400 nm) formed following a freeze-
drying cycle of a 250 nm NOM particle (reproduced from Adler et al. [2013, 2014]).
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size; since the measurements in Adler et al. [2013] were conducted on a population of aerosol particles size
selected and freeze-dried in a flow tube, the particles experienced different temperature ranges along the
laminar flow pattern. Aside from allowing the voids to overlap, to test the sensitivity of the calculations to
void size, for each of the six overall particle diameters measured in Adler et al. [2013, 2014]
(DHPA = 0.307 ± 0.039, 0.354 ± 0.045, 0.412 ± 0.093, 0.479 ± 0.047, 0.515 ± 0.026, and 0.594 ± 0.040,
respectively), 33 realizations of the handmade porous particle generation algorithm are used to create the
corresponding target input files to ADDA, with void radii (constant over each realization, as mentioned
above) of 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1μm, respectively. (Each of the 11 void
radii, respectively, are applied to the mean overall particle diameter, the mean overall particle diameter plus
the uncertainty in the overall particle diameter, and the mean overall particle diameter minus the uncertainty
in the overall particle diameter, respectively, for each of the six overall particle diameters, respectively.) For
the purposes of visualization, four realizations of the handmade porous particle generation algorithm are
shown in Figure 1 for the mean overall particle diameter of the largest HPA measured (DHPA = 0.594μm)
and with four different selections of void radius.

For the ADDA simulations, the voids are assigned a near vacuum complex refractive index,
mvoid = 1.0001 + i0.000, as recommended by the program ADDA. ADDA is run on 12 processors using MPI.
The formulae chosen for the scattering quantities are by Draine [1988], the prescription for the interaction
term is as point dipoles, and the polarizability prescription is the lattice dispersion relation polarizability
prescription, which includes radiation correction. The dipole resolution before volume adjustment is set at
0.01μm. No symmetries are assumed, and using the default orientation averaging parameters of ADDA,
the extinction is averaged over 226 orientations for each target.

2.2. Calculations With an EMA Style Approach With Apparent Void Polarizability

The concept of using an apparent or effective dipole moment or polarizability to describe the electromag-
netic properties of a void can be found in Rayleigh [1897] and Bethe [1944] and is demonstrated in Jackson
[1975, his sections 3.13, 5.13, and 9.5]. The basic idea as we apply it for the purposes of the current study is
as follows. If a uniform, parallel external electric field of magnitude Edielectric is applied within a dielectric
medium containing a cavity, the resulting electric field inside and outside of the cavity may be obtained
by solving Laplace’s equation with appropriate boundary conditions (see, e.g., Stratton [1941, his section
3.24], Jackson [1975, his section 4.4], or any textbook on classical electromagnetic theory). According to
this well-known solution, the presence of the cavity creates an induced field in the dielectric medium that
may be associated with a dipole moment oriented oppositely to Edielectric (e.g., Stratton [1941, his Chapter
3, Equation 32]):

pcavity ¼� εdielectric � εcavity
εcavity þ 2εdielectric

4πεdielectricR3cavityEdielectric; (1)

and this is due to the fact that the walls of the cavity bear a bound charge as a result of the polarization of
charge within the dielectric medium. To emphasize this well-known result, according to Stratton [1941, his
section 3.24], “Apparently even a spherical cavity behaves like a dipole.”

Equation (1) describes the dipole moment of the cavity in terms of Edielectric. If we want to know what
the value of the same dipole moment of the cavity would be relative to a uniform, parallel electric field
of magnitude E0 were it to exist in free space, we assume that any electric field within the dielectric

medium would be reduced by a factor of 1
εdielectric=ε0

with respect to E0 (see, e.g., Jackson [1975, p. 146]),

i.e., Edielectric ¼ ε0
εdielectric

E0, and therefore,

pcavity relative to free space ¼� εdielectric � εcavity
εcavity þ 2εdielectric

4πε0R3cavityE0: (2)

We note that equations (1) and (2) should be correct for the case of a complex permittivity of the
surrounding dielectric medium as well as for the case of a purely real permittivity of the surrounding
medium (e.g., Böttcher and Bordewijk [1996, their section 51]).

Based on the dipole moment in equation (2), we define the apparent polarizability of a void to be
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αapparent ¼�3d2

4π
εdielectric � εcavity
εcavity þ 2εdielectric

; (3)

where d is the diameter of the (spherical) void. Taking εcavity to be the true permittivity of the void (rather than
the apparent permittivity of the void; see below) and assuming that this true permittivity is the permittivity of
free space (ε0), we obtain

αapparent ¼�3d2

4π
εdielectric � ε0
ε0 þ 2εdielectric

: (4)

Next, we equate equation (4) with the Clausius-Mossotti polarizability formula (which presents the
connection between the permittivity, the size of the dipole, and the polarizability in its simplest form; e.g.,
Yurkin and Hoekstra [2011, their Equation 12]):

αCM ¼þ3d2

4π
εapparentvoid � ε0
εapparentvoid þ 2ε0

; (5)

and solving for εapparentvoid , we obtain

εapparentvoid ¼ ε20
εdielectric

: (6)

Using the result of equation (6), we then calculate the apparent (complex) index of refraction of the voids by

taking the complex square root of εapparentvoid , i.e.,mapparent
void ¼ εapparentvoid

ε0

� �1=2
(ignoring or assuming no difference in

permeability from the permeability of free space).

One should keep in mind that strictly speaking, the local (total macroscopic) electric displacement field inside

of a given void comprised of pure vacuum,D
⇀

inside void, should be equal to the permittivity of free space times

the local (total macroscopic) electric field inside of the same void, E
⇀

inside void , i.e., D
⇀

inside void ¼ ε0E
⇀

inside void .
Defining an apparent polarizability, apparent permittivity, and apparent complex index of refraction of the
voids (based on the actual dipole moment of the voids) alludes to the ability of the voids to contribute to
the electric field outside of the voids (in the medium that surrounds them).

As mentioned above, the concept of using an apparent or effective dipole moment or polarizability to
describe the electromagnetic properties of a void has been around for some time [Rayleigh, 1897; Bethe,
1944; Jackson, 1975, his sections 3.13, 5.13, and 9.5]. However, to the best of our knowledge, this is the first
time that the concept of apparent polarizability is adopted for the purposes of calculating the extinction of
electromagnetic radiation by porous dielectric particles.

The complex values of εdielectric used in the current study correspond to the complex indices of refraction of
the homogeneous NOM (before the freezing-sublimation) as retrieved by Adler et al. [2013, 2014] using
CRD-AS, namely, mdielectric = 1.593 + i0.084 at 0.532μm wavelength and mdielectric = 1.602 + i0.136 at

0.355μm wavelength, where εdielectric ¼ ε0 m2
dielectric (again ignoring or assuming no difference in perme-

ability from the permeability of free space). Using these values of mdielectric, the apparent indices of refrac-

tion of the voids from equation (6) come out to be mapparent
void ¼ 0:626þ i �0:0330ð Þ at 0.532μm wavelength

and mapparent
void ¼ 0:620þ i �0:0526ð Þ at 0.355μm wavelength. (Note that these unusual values of index of

refraction are apparent values only, corresponding to the apparent void polarizability, which as mentioned
above has opposite sign to the polarizability of the dielectric material due to the polarization being in the
opposite direction to that of the dielectric material.)

For the simulations with apparent void polarizability, the complex permittivities εdielectric and εapparentvoid (or the

complex indices of refraction mdielectric and mapparent
void ) at each wavelength, respectively, are combined using

the Bruggeman EMA [Bruggeman, 1935; Polder and Vansanten, 1946]. The combined indices of refraction (the
effective indices of refraction of each overall HPA particle) are then used as input to a homogeneous sphere
Mie scattering algorithm [Bohren and Huffman, 1983, Appendix A] in order to calculate the extinction
efficiency of each HPA.
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2.3. Laboratory Measurements of the HPA

A full description of the setup of the measurements to which the calculations in the current study are
compared can be found in Adler et al. [2013]. For reference, we also give a brief description here. Aerosol
droplets were generated by an atomizer from a NOM standard solution (International Humic Substances
Society-IHSS 1R101N). The droplets were then dried using silica gel denuders (relative humidity at the exit
<3%) and size selected using a differential mobility analyzer. The size-selected aerosol particles were then
humidified using a Nafion humidifier producing a relative humidity of ~ 96%±3%). Next, the aerosol particles
were introduced into a freeze-drying reactor, which is a two-stage cooling and drying unit maintained at a
temperature of 215 K via circulation of cooled ethanol. The thermodynamic path of the aerosols as they
underwent freezing in the first stage of the unit and sublimated and vitrified in the second stage of the unit,
as well as a full description of the system, is detailed in Adler et al. [2013]. The aerosol size distribution was
measured using a scanning mobility particle sizer. As mentioned above, the extinction efficiency of the
original homogeneous NOM aerosol particles and of the NOMHPA, respectively, was measured using a cavity
ring down spectrometer at 0.532μm and 0.355μm wavelength, respectively.

3. Results

The calculated extinction as compared to the extinction measured in Adler et al. [2013, 2014] is shown in
Figures 2–5, where the black symbols are used for the measured values, the blue symbols are used for the
ADDA calculations with near vacuum voids, and the red symbols are used for the calculations with apparent
void polarizability within the Bruggeman EMA. The results with themeasurements and the ADDA calculations
as a function of void radius are shown in Figures 2 and 3 for 0.532μm and 0.355μmwavelength, respectively.
The results with the measurements, the ADDA calculations, and the calculations with apparent void polariz-

ability, as a function of overall particle size parameter, x ≡ π DHPA
λ , where λ is the wavelength, are shown in

Figures 4 and 5 for 0.532μm and 0.355μm wavelength, respectively.

From Figures 2 and 3, several interesting features emerge. First, we find that variation in the void radius can
significantly affect the calculated extinction even for the same overall particle diameter, composition, and

Figure 2. Extinctionefficiencyasa functionofvoid radiusat0.532 μmwavelength foreachof thesixoverallparticlediameters
of the HPA (DHPA) measured in Adler et al. [2013, 2014]: (a) 0.307 ± 0.039 μm, (b) 0.354 ± 0.045 μm, (c) 0.412 ± 0.093 μm,
(d) 0.479 ± 0.047 μm, (e) 0.515 ± 0.026 μm,and (f) 0.594 ± 0.040 μm.Black circles:Meanvalueof themeasuredextinction from
Adleretal. [2013,2014];dashedblackcurve: lowerboundof themeasuredextinction fromAdler etal. [2013,2014];dottedblack
curve: upper bound of themeasured extinction from Adler et al. [2013, 2014]; blue circles: calculated extinction assuming
near vacuumvoids, using themeanmeasuredoverall particle diameter; bluedotted line: calculatedextinctionassumingnear
vacuum voids, using the lower bound of the measured overall particle diameter; blue dashed line: calculated extinction
assuming near vacuum voids, using the upper bound of themeasured overall particle diameter.
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volume of material; we find variations of up to a factor of 2 due to void radius alone. There is a tendency for
larger void radii to produce larger extinction efficiencies, but this tendency is not absolute; depending on
overall particle size (and wavelength), there is in some cases at least a local maximum in efficiency at a
sort of “resonant” void radius of 0.07, 0.08, or 0.09μm. Nonetheless, uncertainty in the overall particle

diameter (the difference between the
dotted curves and the dashed curves)
remains the primary factor affecting the
range of the calculated extinction, as
we concluded in Adler et al. [2014]. The
second interesting feature of Figures 2
and 3 is that for a given HPA (for each
panel in Figures 2 and 3), the
calculations with smaller overall particle
diameter (the dotted blue lines) exhibit
the highest values of calculated
extinction efficiency, whereas the
calculations with larger overall particle
diameter (the dashed blue lines) exhibit
the lowest values of calculated
extinction efficiency. This is due to the
nonlinearity of the phenomenon of
elastic scattering in the size regime in
which the scatterer (here the overall
porous particle) is of the same
magnitude as the wavelength of the
radiation (“the Mie scattering regime”)
and to the fact that with larger overall
particle diameter (but with the same
mass of NOM), the porosity is higher.

From Figures 4 and 5, for the three
smaller overall particle diameters, the
ADDA calculations with voids with near

Figure 3. Extinction efficiency as a function of void radius at 0.355 μm wavelength for each of the six overall particle
diameters of the HPA (DHPA) measured in Adler et al. [2013, 2014]. Panels and symbols are the same as in Figure 2.

Figure 4. Extinction efficiency as a function of size parameter of the HPA
(x ¼ π DHPA

λ , where DHPA is the diameter of the HPA and λ is the wave-
length) at 0.532 μm wavelength. Black circles: mean value of the mea-
sured extinction from Adler et al. [2013, 2014]; dotted black curve: upper
bound of the measured extinction from Adler et al. [2013, 2014]; dashed
black curve: lower bound of the measured extinction from Adler et al.
[2013, 2014]; blue circles: highest value of the calculated extinction
assuming near vacuum voids, using the mean measured overall particle
diameter, accounting for variations in void radius; blue error bars: mini-
mal and maximal values of the calculated extinction assuming near
vacuum voids, accounting for the standard deviation of the measured
overall particle diameter and accounting for variations in void radius; red
circles: highest value of the calculated extinction with apparent void
polarizability within the Bruggeman EMA, using the mean measured
overall particle diameter, accounting for variations in void radius; red
error bars: minimal and maximal values of the calculated extinction with
apparent void polarizability within the Bruggeman EMA, accounting for
the standard deviation of the measured overall particle diameter and
accounting for variations in void radius.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD026249

HASPEL AND ADLER APPARENT VOID POLARIZABILITY FOR HPA 3950



vacuum indices of refraction (blue
circles with blue error bars) are satis-
factory in comparison with the mea-
sured extinction (black circles and
black dotted and dashed lines). (For
the smallest overall particle diameter
and 0.532μmwavelength, both types
of calculations underestimate the
measured extinction, but the error
bars of the ADDA calculations come
closer to the measurements than the
calculations with the apparent void
polarizability EMA (red circles with
red error bars).) For the three larger

sizes, the calculations with the apparent void polarizability EMA fare better than the ADDA calculations; the
difference is particularly noticeable for the largest HPA diameter, for which even the error bars of the ADDA
calculations do not come close to themeasured values nor to the error bars of the apparent void polarizability
calculations. This success of the apparent void polarizability EMA for the largerHPA sizes is a logical result, since
one would expect the phenomenon of apparent polarizability to be most appropriate as the size of the target
grows (as the dielectric surrounding the voids becomes a large enoughmedium unto itself).

4. Summary and Conclusions

In summary, following our previous study, Adler et al. [2014], we completed two new sets of calculations of
the extinction efficiency of HPA. First, we described the voids as near vacuum dielectrics within the DDA
model ADDA and conducted a sensitivity study on the effect of void radius on the calculated extinction.
Second, we described the voids as having an apparent polarizability based on their dipole moments within
an EMA style framework. We found that when the voids are described explicitly, void size can have a signifi-
cant effect on the calculated extinction, but that the uncertainty in the overall particle diameter remains a
more dominant factor than void size. We found that for particles of overall diameter less than or equal to
~0.4μm, treating the voids as near vacuum dielectrics is satisfactory in comparison to the measured extinc-
tion, with certain “resonant” void radii producing higher extinction values than others. However, for particles
of overall diameter greater than ~0.4μm, the apparent void polarizability EMA style approach produces an
extinction closer to the measured extinction. We conclude that for particles of large enough overall diameter
with respect to the wavelength of the radiation, apparent void polarizability is a useful concept for predicting
the extinction of radiation by a porous scatterer.
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