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Abstract

This paper focuses on the optical properties of ice crystals when they

nucleate on atmospheric black carbon (BC). The parameters examined in this

study are the shape of the ice crystal, the volume fraction of the BC inclusion,

and its location inside the crystal. We report on new spectrometer

measurements of forward scattering and backward polarization from ice

crystals seeded by BC particles and grown under laboratory-controlled

conditions. Data from the Cloud and Aerosol Spectrometer with Polarization

(CASPOL) are used for direct comparison with single-particle calculations of

the Mueller phase matrix. Geometrical optics and discrete dipole approximation

techniques are jointly used to provide the best compromise of flexibility and

accuracy over a broad range of size parameters. Together with the
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interpretation of the trends revealed by the CASPOL measurements, the

numerical results confirm previous reports on absorption cross-section

magnification, even in the case of complex crystal shapes. They also offer new

insights on the relation between relative position of the BC inclusion with

respect to the crystal outer surfaces, the shape of the crystal, and its size.

1. INTRODUCTION

The aerosol direct effect is the radiative forcing that results from both enhanced

backscattering and absorption of solar radiation by atmospheric aerosol. The challenge

in predicting the radiative forcing of compound aerosol particles depends on how its

different components are combined. At one extreme, each aerosol component can be

assumed to be physically separated from the others components, therefore creating an

external mixture of chemically pure modes. At the other extreme, the aerosols can be

assumed to be internally mixed in the limit of a homogeneous material reflecting the

chemical and physical average of all the contributing components. This question becomes

particularly pressing when ice crystals nucleate on atmospheric soot, specifically the

small, very dark particles resulting from combustion henceforth referred to as black

carbon (BC). The determination of the mixing rules for ice-BC particles is important

because BC is the dominant light-absorbing aerosol particle, with positive radiative forcing

(warming) in the atmosphere (Ramanathan & Carmichael 2008, Bond et al. 2013). In ice-

BC particles the dominant absorption contribution of BC is largely confined to

wavelengths shorter than about 1.4 !im, beyond which ice absorption predominates.

Much of the analysis of the absorption enhancement factor for isolated hydrometeors

has been carried by treating the compound particle as a compact, spherical core

surrounded by a mixed shell (Ackerman and Toon, 1981). In weakly-absorbing spheres,
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radiation is focused near the center, enabling absorption enhancement if absorbing

inclusions reside near the center of the composite (Flanner et al., 2012). For instance,

Jacobson (2012) included a coat of secondary organic aerosol to the BC core (at 40, 80,

or 120 nm diameter) and calculated the absorption cross-section of the resulting core-

shell particle, finding an enhancement ratio between two and four with respect to the pure

BC core. The annually-averaged aerosol coefficient ratio of internal mixing of BC with

respect to external mixing was estimated to be 2.4. In reality, soot particles may have

open, chainlike shapes even after being surrounded by organic matter and can be located

in off-center positions within their host materials. Such embedded soot absorbs sunlight

less efficiently than when it is compact and located near the center of its host particle

(Adachi et al., 2010). Cappa et al. (2012) compared measurements of particle absorption

enhancement from two field campaigns in California with results from average mixing

states from core-shell (CS), concluding that the CS model overestimated measured

values by approximately a factor of two.

An additional cause of uncertainty is due to the shape of the atmospheric ice crystals

(Kaufman et al. 1994). Spheroidal or cylindrical approximations are often assumed,

amongst others by Mishchenko & Sassen (1998), Lee et al. (2003), and Nicolet et al.

(2012); a broader population of regular hexagonal columns, plates, droxtals, hollow

columns and bullets was examined by Bi & Yang (2014). But in the airborne data collected

using the Cloud Particle Imager (Korolev et al. 1999), only 3% of the particles were in

"pristine" shape, that is, regular column, needle, plates and dendrites geometries. The

remaining 97% of crystals were either irregular faceted polycrystallines, sublimating ice

particles with smooth curving sides and edges, or aggregates of columns and plates

(Heymsfield & laquinta 2000; Yang et al. 2013). Microscale surface roughness, included

through stochastic models with assumed distribution of crystal face tilt angles, is also
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found to affect the evaluation of ice radiative effects, in particular the asymmetry factor

(Geogdzhayev and van Diedenhoven, 2016). Finally, the size of atmospheric ice crystals

exhibits a strong spatial and temporal variability, as shown for instance by data from the

International Cirrus Experiment (ICE) or by the First International Satellite Cloud

Climatology Project (ISCCP) Regional Experiment (FIRE; Kinne et al. 1997). Data

collected from these campaigns are typically fitted to a set of assumed shapes, but the

variability of ice crystals shape, size and BC volume fraction is not precisely known.

The approach taken in this work is different in that ice crystals are grown in laboratory

from soot particles, under controlled temperature, humidity and flow conditions; the

spectrometry data obtained at these conditions are then compared with single-particle

parametric calculations from models that take into account the crystal shape and the BC

location. In a previous study, the Cloud and Aerosol Spectrometer with Polarization

(CASPOL), manufactured by Droplet Measurement Technologies, was used to evaluate

the optical scattering signatures of dust particles (Glen and Brooks, 2013). The

spectrometer was placed at the exit of an ice nucleation chamber (the Continuous Flow

Diffusion Chamber, or CFDC — Glen and Brooks, 2014) and mineral dusts were

introduced to act as ice nuclei (IN). In the work reported here, BC particles of reproducible

size are used as nuclei.

On the computational side, the discrete dipole approximation (DDA) and the ray

tracing (RT) technique are used to account for the effects of an arbitrary crystal shape

and BC location. When the characteristic length D of the particle is smaller than the

incident wavelength, scattering is rather insensitive to shape, that is, when the size

parameter X = AD/À > 1 only the largest-scale deviations from the spherical shape may

be significant (e.g., Nousiainen et al., 2001). As X increases, the geometrical details of

the particle become important. For wavelength-scale compound particles, the internal
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inclusion description becomes more relevant and justifies using a volume-integral

method, such as DDA. At sufficiently large size parameters (X > 500), scattering becomes

increasingly sensitive to shape, making geometrical optics (or RT) techniques appealing.

In the range of size parameters between approximately 50 and 500, the need to

explicitly account for wavelength-scale particle details while the particles themselves are

considerably larger than the wavelength is a well-known modeling challenge. This

remains a difficult territory to explore (e.g., Nousiainen, 2009), although the numerically

exact Invariant-Imbedding T-Matrix (II-TM) method (Bi et al., 2013) promises to bridge

that gap. One of the tests presented here consists of a direct comparison between the

phase matrices derived from ADDA and RTMCX for X= 50.

In the first part of the paper, the comparison of the scattering signal from CASPOL is

carried out to assess the relevant trends in crystal shape. This comparison is not trivial

because of the uncertainty in the crystal shape and the noise in the back-scattered signal.

With the computational tools so established, we carry out parametric studies to try and

separate the effects due to BC volume fraction, inclusion position, and shape of the ice

crystal.

2. BC INCLUSION MODEL AND CRYSTAL SHAPES

Crystallization of water in the atmosphere occurs through homogenous freezing of

liquid droplets or through heterogeneous nucleation processes facilitated by atmospheric

particles that act as ice nuclei (IN) (Vali, 1985). The heterogeneous nucleation of interest

in this work occurs through a variety of freezing modes, including those in which ice grows

from water vapor (deposition mode) or from a supercooled liquid water droplet (Hoose

and Mohler, 2012; Murray et al., 2012, Fornea et al., 2009).
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After being emitted, BC particles coagulate to form aggregates or chain-like structures

consisting of hundreds or thousands of spheres (Lahaye & Ehrburger-Dolle 1994;

Schwarz et al. 2006). The morphology of the aggregate structures evolves in time

("aging") in a manner that is very relevant to the optical characteristics of soot (Chen et

al. 1990). The possibility that multiple BC aggregates are contained inside a single ice

particle could be quite high, but in first approximation we assume that the BC material is

all contained into a spherical core. The BC core mimics a dense aggregate of monomers,

whose individual diameters are smaller than the wavelength. While inclusions can even

touch the surface if the crystal, it is important to point out that in this work they are always

assumed in its interior.

An example of this modified Core-Shell (CS) approach is illustrated in Figure 1. There

the crystal shape is the regular hexagonal prism with the two parameters, external

diameter D and length L. The parameters D and L will vary, determining different aspect

ratios (AR=L/D), as well as the core diameter Dp and its position inside the crystal.

L

D
A--------*

I R,

Figure 1 Example of modified Core-Shell inclusion model.

A similar inclusion model, with spherical bubbles sized according to a prescribed

distribution inside a hexagonal prism, has been recently adopted by Hong and Minnis
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(2015) in their analysis of the single-scattering properties of small ice crystals containing

ammonium sulfate, ammonium nitrate and air bubbles in addition to BC.

More complex crystal shapes can be obtained by the combination of Voronoi cells

generated from an assigned fractal dimension. Recent studies have shown that empirical

correlations between the effective diameter and the mass of retrieved atmospheric

crystals would be more in agreement with fractal-based shapes than with simpler

geometries (lshimoto et al., 2012). A single Voronoi cell is has a convex shape and is

displayed in Figure 2 (left) together with an example of cell assemblage (right), not

necessarily convex. The geometrical properties of these shapes can be made to mimic

the process of formation by conglomeration of a falling crystal following the observations

by Schmitt and Heymsfield (2010).

Figure 2. Single Voronoi cell and assemblage of cells.

Both convex and not convex shapes will be considered in the analysis that follows,

although the parametric studies will essentially concern regular prisms of varying aspect
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ratios. Finally, the real (nr) and imaginary (kr) refractive indices of BC used in this work

are expressed as function of wavelength (k, in microns) as

nr = 2.0248 + 0.1263 log A + 0.027 log2A +0.0471 log3 A.

kr = 0.7779 + 0.1213 log A + 0.2309 log2 A — 0.01 log3 A

in the range 0.3-5.0 pm (Flanner et al. ,2012). In this same range, the refractive index of

(1)

ice is set to 1.3117 + Oi (Kokhanovsky, 2013).

3. TECHNIQUES OF OPTICAL ANALYSIS

3.1. The discrete dipole approximation - ADDA

In this well-known approach, the volume of the scatterer is divided into small cubical

sub-volumes, or dipoles, which interact with each other and the incident field. The

resulting internal field, or its direct derivative, polarization, is solved by matrix inversion.

The specific implementation of the DDA used in this work is the Amsterdam Discrete

Dipole Approximation (ADDA) by Yurkin & Hoekstra (2013). Orientation averaging is

carried out on the three Euler angles (a, (3, y) that specify the particle orientation with

respect to the laboratory reference frame. In ADDA, the rotation over a, equivalent to

rotating the scattering plane without changing the orientation of the scatterer relative to

the incident radiation, does not demand additional computational cost (Yurkin & Hoekstra

2013, Della Sala & D'Agostino 2013). Averaging over the remaining two angles requires

instead numerical integration over a discrete set of pairs ((3, y), performed by Romberg
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integration (Davis & Rabinowitz 2007). Because ADDA runs on multiprocessor systems

using the Message Passing Interface protocol, the turnaround time for orientation

averaging calculations can be substantially reduced. A comparison of the overall

performance of four different DDA codes — ADDA, DDSCAT, SIRRI and ZDD — is reported

by Penttila et al. (2007).

3.2. Geometrical optics - RTMCX

The size of most ice crystals within cirrus clouds may be of the order of several tens

or hundreds of microns, placing the corresponding size parameters inside the geometric

optics regime when the solar spectral region is analyzed. BC inclusions, however,

introduce smaller scales and therefore the need to capture internal diffraction. The Monte-

Carlo ray tracing (RTMC) code (Macke 1993, Macke et al. 1996, Macke et al. 1996b) was

modified to enable the specification of the locations of spherical inclusions within the

crystal. This modification (called RTMCX), developed at Sandia National Laboratories,

permits to evaluate the effect of position of any number of small internal scatterers on the

overall optical properties of the compound particle. While the original RTMC used a

specified free-mean path and a random number to determine the distance between

internal extinction events, RTMCX relies on user-specified extinction cross-sections that

define a circular "collision" cross-section for the ray. Scattering properties of the inclusions

are pre-calculated (from Mie theory if the inclusions are spherical) and stored in a table

that is accessed at run time. Following the procedure outlined in Muinonen et al. 2009,

when a ray encounters an inclusion the two angles defining the direction of the scattered

ray are determined in a Monte Carlo procedure from the specified angular distribution of
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scattered intensities and from the polarization state of the ray incident on the inclusion.

The complete phase matrix is determined for each internal scatter.

The RTMCX solution procedure involves tracking the Stokes vectors of collected light

in both azimuthal and polar angle bins for four different incident polarization states. Rays

collected in the same angle bin are superposed, provided that the polarization state

(Stokes vector) of the causing incident ray is the same. For a particular scattering direction

(0, cp), the relationship between the Stokes vectors of the incident rays and the emerging

rays can be expressed as

(11, 12, 13, 14) sca0 9 , co) = P (19)L (40)(1 1, 12, 13, I4)inc (2)

where /j is the Stokes vector corresponding to the j-th incident Stokes vector (in column

notation). The unknown phase matrix PO) follows by solving the linear system of

equations Y. PX, where Yis a 4-by-4n matrix composed of the 4-by-4 matrices for each

polar angle cp and Xis the corresponding matrix compiled from rotated incident Stokes

vectors X =L4)(11, /2, /3, 4)inc (the definition of the rotation matrix L(cp) can be found in

Mishchenko et al. 2002). Under the assumption that the phase matrix has the structure

of randomly oriented particles, the 10 independent phase matrix elements of P are

determined by linear regression, P= wer . Next, assuming that the observed Stokes
vectors are random variables with equal variances, the uncertainties in the estimated

phase matrices are computed. The output is a valid Mueller matrix that is calculated for

each scattering angle by the eigen-decomposition of the coherency matrix (Hovenier et

al., 1996). Results are valid only in the large size parameter limit: the extinction efficiency

is hard-wired to the limit value of two (Bohren et al., 1983).
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4. MODEL VERIFICATION

4.1. RTMCX and Mie scattering theory

The first verification test for RTMCX is the comparison of the calculation for a large

homogenous sphere with the results from Mie-scattering theory (described, for instance,

in Mishchenko et al., 2002). The size parameter of this test was X = 10000 and the

refractive index of the scatterer was m = 1.3117 + i0.0. The Mie solution was averaged

over 1° angle intervals to match the angle bins used by the ray tracing software. The

sphere was approximated by a polyhedron with 36, 1088, and 10224 triangles. The

RTMCX simulations used 1000, 100, and 10 random orientations for the approximations

with 36, 1088, and 10224 faces, respectively (1000 rays were used for each orientation).

As expected, the plots of the nonzero elements in Figure 3 show that the agreement

with the analytical solution improves with the increasing number of faces, in particular at

scattering angles less than 90°. The angular dependence of the element Z11 was captured

even for scattering angles reaching far backwards to about 170°, which is remarkable

given the variation of Z11 by over four orders of magnitude. The other nonzero elements

Z127 Z22, Z33, Z34, and Z44, relative to Z11, were less closely captured and exhibited larger

local variability. This variability can be attributed to insufficient coverage due to the

sparsity of the Monte Carlo sampling.

Overall, RTMCX calculations with 1088 and 10244 faces yielded less than 1%

deviation of total scattering cross-sections and asymmetry factors with respect to the

analytical values; using 36 faces caused relative errors of 15% and 6% for the total

scattering cross section and the asymmetry factor, respectively.
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Figure 3. Nonzero elements of the scattering phase matrices for a large sphere. The

reference phase matrix from the analytical solution (Mie, red line) is compared with the RTMCX

elements obtained from a tessellation of the sphere with 34, 1088 and 10234 faces.

4.2. RTMCX and ADDA

A second test consists in the direct comparison between the phase matrices derived

from ADDA and RTMCX. This test is challenging because the assumptions of geometrical

optics start loosing validity when the size parameter is smaller than 500, whereas the

DDA matrix inversion begins to have difficulty converging when the size parameter is

larger than 10. In the case of the hexagonal prism shape, the maximum size parameter

for which we could achieve a complete ADDA calculation was X= 50 for a pure ice crystal

12
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with L/D = 1, D = 9.79 = 660 nm. The computationally intensive 13- and y-averaging

operations needed to be carried out with a small number N of orientation evaluations, N

= 129. Therefore, instead of a sequence of random number pairs, two pseudo-random

sequences of Halton numbers ((3h 7,) i= 1... N where used (the Halton sequence typically

provides a better sampling than purely random sampling, see Penttil and Kumme (2011)).

The quadrature convergence rate was increased by using as weights the values of the

areas A, corresponding to the Voronoi tessellation on a unit sphere: co,. A,/(4 TC).

The matrix elements Z13, Z14, Z23, Z24, Z31, Z32, Z41, and Z42 average to zero regardless

of the scattering angle because of the symmetry properties of the hexagonal prism

(Mishchenko et al. 2000). The angular distributions of the scattering phase matrix

elements from ADDA and from RTMCX are shown in Figure 4: the match between the

two curves is fairly good. Looking more closely at the plot of Z11, we see that ray tracing

recovers the two ice halos at 22° and 46° (Bohren et al., 1983). These features may be

exaggerated, as suggested by the comment of Macke and Mishchenko (1999) that well-

defined halos should not be prevalent for size parameters less than 100; Bi et al. (2014)

also suggest that ice halos from geometric optics are too prominent for a size parameter

as large as 120. The two halos are greatly smoothed in the ADDA results, although some

of the smoothing may also be caused by ADDA's approximation of sharp edges through

dipoles.

The values of the scattering parameters are listed on Table 1: note that the scattering

efficiency for ADDA is Qext = 1.3 (Cext = 122.4) compared to the fixed limit value of 2 for

RTMCX.
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660 nm, refractive index m,ce =1.3117 + i0.0. Red lines: RTMCX output; blue lines: ADDA

output. The phase function is expressed in log 2.

Table 1. Comparison of discrete dipole and ray tracing approach for the same pure ice

hexagonal prism with random orientation.

ADDA RTMCX

Qabs 0.3206 0.426

Qext 1.298 2

Cabs
[0712] 27.66 44.8

Cext [ffre] 112.0 206

5. VALIDATION: COMPARISON WITH CASPOL MEASUREMENTS

The Cloud and Aerosol Spectrometer with Polarization (CASPOL), manufactured by

Droplet Measurement Technologies, is a rather unique measurement tool in that it can

measure optical properties of individual particles. The CASPOL features a detector to

measure light scattered in the near-forward direction and two detectors for polarization-

specific measurement of light scattered in near-backward direction. A beam of light with

680 nm wavelength illuminates a particle that moves through the probe volume and

produces the scattered light for detection. In forward direction, the instrument measures

light scattered in the spherical segment between 4° and 12° from the beam propagation

direction (forward scattering intensity, FSI); in the backward direction, two separate

detectors simultaneously measure parallel and perpendicular polarized light scattered in
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the spherical segment between 168° and 176°. Application of three different gain stages

that cover the required wide dynamic range of the signals in the near-forward direction

enables analysis of particles from 0.6 pm to 50 pm in size.

The factory calibration of CASPOL forward detection line was verified by injecting

droplets of olive oil/isopropanol suspensions. As described by Glen and Brooks (2013),

spherical olive oil droplets with controlled diameter were generated with a Vibrating Orifice

Aerosol Generator, by TSI, Inc.. The large-size channel of the forward scattering

diagnostics (7.9 pm to 50 pm) and the two backscattering channels were verified with

10 pm to 17 pm olive oil droplets. Calibration of the small-size and medium size channels

of the forward scattering diagnostics was not possible as the droplet generator failed to

reliably generate oil droplet sizes less than 8 pm. Our analysis thus concentrates on the

ice crystals with a water-equivalent droplet size of 7.9 pm and larger.

Establishing a calibration constant for the polarization-sensitive backscattering

detectors required several steps. As the instrument reports the diameter of a water droplet

that produces the same signal in the near-forward detector for each olive oil droplet

detected, the first step is to convert this water-equivalent diameter to an actual oil drop

diameter, which in turns allows for prediction of the corresponding signals in the

backscattering detectors. Weakly absorbing droplets (such as water and olive oil droplets)

produce forward scattering intensities related to the droplet diameter through a non-

monotonic, oscillatory relationship in the investigated size range (size parameters are

between 36 and 230). As the instrument employs a 10-point monotonic FSI-to-diameter

mapping, a correlation was established for the olive oil droplets in order to enable 1:1

conversion between scattering-equivalent oil and water droplet sizes (the refractive index

of olive oil at ?\, = 680 nm was assumed to be 1.46). The uncertainties in the converted oil

droplet diameters are around 1.4 pm (the root mean squared deviation from theoretical
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predictions obtained with the Mie-scattering code bhmie, Bohren et al., 1983). After

estimation of the oil droplet diameter from the forward-scattering intensities, the

corresponding theoretical backscattering signals were calculated and related to the

detector signals in order to establish the calibration constants necessary for correct

specification of polarization ratios.

The expected CASPOL signals were determined from the polarization state of the

incident beam, / = (1,1,0,0)t, the scattering phase matrix, P, and the transmission Mueller

matrix of the polarizer, T (Bohren et al., 1983) by integrating over the solid angle

subtended by the detectors. Other invariable parameters, such as geometric dimensions,

transmissivities, electronic gains, and the intensity of the incident beam were lumped into

a constant. The transmission characteristics of optical components other than polarizers

were assumed to be insensitive to the polarization state of the transmitted light.

As the CASPOL is configured to collect light over the full azimuthal (co) angle range,

the FSI for an arbitrary particle is given by

FSI a (1,0,0,0)t.(f0271- f41°2° L(—co). P(19, (p). L(co). I sin (19)d19ck,o) (3)

where L is the rotation matrix defined in Mishchenko et al. 2002. For a spherical particle

of size dp this expression simplifies to

FSI(dp) = kF f41.2°P11( 11p,D)sin 09) ch9 (4)

where kF is a proportionality factor that needs to be established by comparison of the

theoretical expression with the signal magnitude of the near-forward detector.
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The signals in the detectors for light polarized parallel and perpendicular with respect

to the scattering plane are similarly obtained from

(er f116786: L(— go) . p 0 9 ,
B S111,1 oc MO ,0 Mt .T- 11,1. co). L(4o). I sin 09)&94) (5)

which, for spherical scatterers, simplifies to

BSI(dp)11 = k11 f1167861P11 (d p , 19) + (P22 (dp,D) + P33 (dp, DM sin (19) d I 9 , (6)

BSI(dp)1 = kl f116786: [P11 (dP, 19) — l(P22 (dP, 19) + P33 
Op, 19))] sin (19) di 9. (7)

Note that for spherical particles P11(dp,19) = P22(dp,19), so that the ratio of the

backscattering polarization signals (referred to as in-situ depolarization ratio (DR) in Glen

and Brooks (2013)) reduces to

BSI(dp)1 — kl f116786: [P11 (dP09) — P33 (dp, 19)] sin (i9) di9

BSI (dP)II k11 f116786: [3 P11(d p y 19) + P33 Op, 19)] sin 09) di9
(8)

This ratio remains greater than zero regardless of the particle diameter. Consequently,

both polarization-sensitive channels can be calibrated on the basis of detected scattered

light from (sufficiently large) spherical droplets.

While simplifications for spherical particles do not apply to individual non-spherical

shapes, the signal equations hold for an ensemble of randomly oriented scatterers that

consists of randomly located mirror-symmetric particles present in equal numbers. The
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combined scattered intensity in that case is equal to the sum of intensities from each

particle. The average of the CASPOL signals from a sufficiently long sequence of probed

particles thus converges to signals that would be produced by the phase matrix elements

PH, P225 and P33 . This property enables meaningful comparison of data from the CFDC-

CASPOL with predictions of our simulations with the RTMC and ADDA codes, which

provide the orientation-averaged phase matrix elements of single ice-crystals with BC

inclusions. Note that the CASPOL integrates out one orientation angle owing to its optical

configuration; each particle is, however, not monitored long enough during its flight

through the probe volume to provide a truly orientation-averaged signal. For the results

discussed below we conservatively report only the average intensities (or the water-

equivalent drop diameters). Although the CFDC-CASPOL collects single particle

measurements, more than 300 particles were averaged for most of the conditions

intensities .

5.1. Measurements of ice crystals nucleated on soot particles

The procedure to nucleate ice crystals onto soot is briefly explained in the following.

A modified Santoro-type laminar diffusion burner (Santoro et al., 1983) was used to

generate the soot particles by incomplete combustion of propane. The soot generator

consisted of two concentric tubes; a 66 mm i.d. outer tube with a ceramic laminar flow

element on top, where the air went through, and a 7 mm i.d. inner tube where the propane

flowed through (Khalizov et al., 2009). A glass cylinder above the burner acted as chimney

to protect the flame from outside influences. The flow rates were —1.7 L min-1 for the

airflow and —0.75 mL min-1 for the propane flow. Typical flames extended 7-10 cm from

the top of the inner tube. An inlet, approximately placed 6 cm above the top of the flame,
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directed particles to a differential mobility analyzer (DMA) which size-selected soot

particles with diameters of 50, 100, or 200 nm in diameter. Size-selected aerosols from

the DMA were directed to the CFDC-CASPOL.

An inlet at the top of the CFDC allowed the pre-generated aerosol stream to enter an

annular chamber where the sample air was sandwiched between two laminar flows of dry

filtered air. The walls of the chamber were coated with ice and held at different

temperatures so that a highly controlled supersaturation field could be established. As the

soot particle traveled through this controlled supersaturation region, it nucleated and

formed ice. The crystal growth conditions for four experiments are listed in Table 2;

because of the generation procedure, the soot particle is assumed to be approximately

located at the center of each crystal. The resulting ice crystals arriving in the CASPOL

range in size from 1 to 45 microns; their shape, however, is not exactly known because it

is controlled by many parameters, including temperature and supersaturation conditions.

With reference to Table 2, we note that the crystal growth conditions for Sample 1 are

substantially different from those of the other three samples, even though the soot

diameters for Samples 1 and 2 were both 50 nm in diameter. We will discuss this point

later.

Table 2. Crystal growth conditions

Sample
Soot

Diameter
SS

Water SS Ice
Temperature
Outer Wall

Temperature
Inner Wall

Aerosols
Location
Temp.

1 50 nm 27.6 % 118 % -20.6 C -56.3 C -55.0 C

2 50 nm 92 % 264 % -65.0 C -27.0 C -41.4 C

3 100 nm 131 % 216 % -65.0 C -27.0 C -38.7 C

4 200 nm 42.0 % 255 % -65.0 C -27.0 C -42.3 C
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5.2. Comparison of results for BC-ice composites

The forward scattering signals from the four outputs of the CASPOL are plotted in

Figure 5. The signal intensities show a rapid increase up to approximately 2 um, followed

by a more moderate increment up to 10 um, and eventually by what appears to be a

plateau. Importantly, we observe that the volume fraction of the BC inclusions in the

measured crystal size range is too small to noticeably affect the scattering signals in both

forward and backward scattering signals.
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Figure 5. Forward detector signal counts from CASPOL binned by calibrated size.

The insensitivity to the BC diameter is confirmed by a set of calculations carried out

with ADDA (for volume-equivalent sphere diameters smaller than 3 [trn) and with RTMCX

(for larger diameters). The assumed shapes in those calculations were regular hexagonal
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prisms with different aspect ratios. The results are plotted in Figure 6. Also shown (as a

green line) is the limit case of a perfectly spherical crystal, obtained from the coated Mie

model following Bohren et al. 1983 (implemented in a Matlab script by Matzler, 2004); the

line is calculated by keeping the core BC diameter constant while increasing the diameter

of the shell.

We observe that:

• The initial ramp-up of the CASPOL signal is in agreement with basic coated Mie

theory.

• By and large, ADDA and RTMC results agree in the size range where they overlap.

• Total scattering cross sections for the crystals agree well with the predictions for

volume equivalent spheres.

• The forward signals deviate from the signals for volume-equivalent spheres for

larger crystals; this is due to the shift of scattered light in the 4°-12° range to the

halo peaks at larger angles. A spherical diameter calculated from 4°-12° scattering

measurements would largely under-represent the total scattering cross section of

that crystal.

• Among ice crystals, the aspect ratio appears to have little effect on forward signal

(consistent with the measured scattered intensity); the backward parallel scattering

signal is more sensitive to shape. But it is also possible in some cases that the

fluctuations of the RTMCX results (each obtained using 1000 rays and 100

orientations) are too large to accurately detect particle shapes.
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integration of Z11 over the polar angle between 4° and 12°. DVOL is the diameter of the volume-

equivalent sphere.

To establish a characteristic crystal size and shape for each experimental condition,

the averages of the measured scattering intensities needs to be evaluated. This mimics

the conditions of ensemble measurements, where a large number of particles is

illuminated to produce a composite scattering signature of the particulate. On the other

hand, a direct comparison of simultaneously measured forward and polarization-sensitive

backward scattering signals with orientation-averaged calculations would not be

particularly meaningful, as a CASPOL measurement in our setting is practically a

snapshot of the crystal in a particular orientation.
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The four experimental conditions of Table 2 can each be represented by a point at the

corresponding water-equivalent diameter of the samples. This is shown in Figure 7 for

the parallel-polarized backward scattered light and in Figure 8 for the perpendicular-

polarized backward scattered light. As in the previous diagram, simulation results from

ADDA and RTMCX are overlaid to display the qualitative agreement with the measured

signals. Based on the distribution of the experimental points in both diagrams, it would

seem that larger crystals were formed on smaller BC particles, Moreover, supersaturation

was lower for Sample 1 than for Sample 2, yet the generated crystals are larger than

those of Sample 2. A possible explanation is that the residence times for Sample 1 were

longer due to overall lower temperatures of the gas flow, which would cause lower

superficial velocities and thus possibly increase the time for crystal growth before the

detection in the CASPOL. Further experiments at more controlled conditions will be

necessary to rule out this possibility. Because the growth conditions (and presumably the

residence times) were similar for Samples 2 to 4, the measured data provide reason to

believe that larger BC nuclei give rise to smaller crystal sizes. This conjecture is

substantiated by the fact that the number of particles larger than 7.9 pm (the calibrated

size range) dropped from over 800 for Sample 2 (50 nm BC) to 19 for Sample 3 (100 nm

BC) and to 1 for Sample 4 (200 nm BC).
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forward signal). Simulation results from ADDA: solid circles; from RTMCX: open symbols;

experimental data: X-ed and crossed square symbols.
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As far as the crystal shape is concerned, the parallel-polarized backscattering signal

magnitudes are well within the range of the RTMCX predictions for crystals with aspect

ratios around unity (Figure 7). While parallel scattering signals could suggest that BC

diameter plays a minor role in detecting the crystal shape, the perpendicular-polarized

backward scattering signals paint a different picture (see Figure 8). For the observed

sizes, the signals calculated with RTMCX are similar for particles with aspect ratios

around 1 to 2, but smaller for particles outside of that AR range. The observed

perpendicular scattering intensities for all samples could therefore stem from particles

with aspect ratios less than 1 or larger than 2. Particles with aspect ratios less than 1, i.e.

plate-like crystal shapes, are overall more consistent with the parallel scattering signals.
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Thus, one possible interpretation of the diagram in Figure 8 is that the the crystals that

generated the backscattering signals had aspect ratios that increased from less than 0.5,

for 50 nm BC, to around 1, for 200 nm BC nuclei.

Clearly more data are necessary to solidify these conclusions, but at this point we

suggest that the size of soot particles may play a role in determining both size and

morphology of ice crystals that nucleate on the soot particles. If this hypothesis is correct,

soot particles would indirectly affect the distribution of light scattered by ice crystals in the

atmosphere in addition to directly affecting the radiative energy balance as a broadband

absorber.

At this stage we can conclude that CASPOL data provide information on both particle

size (through the less shape-sensitive forward scattering signal) and on crystal shape

(through the backscattering signals or the polarization ratio). Thus, for the same volume-

based diameter, differences in signal can be attributed to the crystal shape, provided the

particle is illuminated long enough for random orientation to be a reasonable assumption.

In the remaining of this paper we therefore address some of the aspects of the complex

interaction between crystal shape and BC inclusions using the numerical tools described

in the first part. Thanks to the consistency between geometrical optics and discrete dipole

approximation, when necessary in our analysis we will assume we can seamlessly switch

from one to the other.

6. PARAMETRIC ANALYSIS

6.1. Effects due to BC volume fraction

We first assess the effect of BC volume fraction on the cross-section magnification,

defined as the ratio between the absorption cross-section of the BC-ice compound and
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the absorption cross-section of the BC sphere in air (the absorption cross section of the

pure ice crystal is taken to be zero). In the following parametric study, the diameter of a

hexagonal prism of AR=1 is varied from 9.79 p. m to 195 µm, while keeping a centered

black carbon sphere inclusion of diameter Dp = 6.15 µrn. The absorption cross-section of

the BC sphere in air is Cabs = 30.3 [le (35.71) at À = 0.660 µm. The results from a set of

RTMCX calculations (for size parameter X =T[DA = 500 or larger) are shown in Figure 9a

as a function of the BC volume fraction.

The same information is re-arranged in Figure 9b by taking the minimum distance

between the sphere surface and the hexagonal prism surface normalized by wavelength.

In both plots a definitive trend can be recognized: the cross-section magnification is

independent from the actual BC volume fraction as long as this is sufficiently small. In this

case we recover the result that the absorption of the compound particle increases by

about 75%, as reported by Flanner et al. (2012). But the magnification decreases if the

volume fraction increases above 5%, which suggests a decreased effectiveness of the

ice crystal as a "lens". This result can be explained by looking at Figure 9b: the cross-

section magnification decreases if the embedded BC becomes sufficiently close to the

crystal's outer surface.

29



Cr
os
s-
Se
ct
io
n 

ma
gn

if
ic

ai
to

n 

2

1.8

1.6

1.4

1.2

1

1 1111111

1.E-05 1.E-03 1.E-01

Volume fraction

(a)

Cr
os
s-
Se
ct
io
n 

Ma
gn
if
ic
ai
to
n 

2

1.8

1.6

1.4

1.2

1

1 1111 1111
00000000 0

v
0

10 100

Distance to surface/wavelength

(b)

Figure 9. Magnification of the absorption cross-section of a compound particle with fixed BC

location and diameter but varying crystal volume. (a) magnification vs. BC volume fraction; (b)

magnification vs. smallest distance between the BC sphere and the crystal surface.

6.2. Effects due to BC position

The variation in cross-section magnification noted in the previous plots can be re-

examined by parameterizing the inclusion position while keeping constant the size of the

hexagonal prism (D = L = 97.9 pm) and the size of the inclusion (Dp = 6.15 pm). The BC

sphere can take any random position along the crystal's z-axis. The result is illustrated in

Figure 1 0, where the absorption cross-section of the compound particle is plotted as a

function of the normalized distance to the crystal surface, corresponding to different

positions of the BC sphere. Also reported in the plot is the 95% confidence interval,

estimated as the standard deviation from five RTMCX calculations multiplied by the t-

factor 2.57. In this case too, we find that magnification factor is 1.7 and that the

magnification decreases when the gap between the BC sphere and the crystal face is

less than 1 0 ?\..
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The RTMCX calculations above are intrinsically limited by the minimum distance the

inclusion can be placed with respect to the external surfaces of the scatterer; ADDA

provides a complementary view of the magnification effect when the distance of the BC

particle is comparable or smaller than the wavelength. In Figure 11, the BC inclusion is

allowed to take any position inside the crystal, as long as the sphere is completely

contained inside the prism, for a total of 300 independent samples. In this set of

calculations D = L = 0.8508 pm (this relatively small value of X enables many calculations

in a short period of time) and Dp = 0.21 pm (there is a variation of about 1.4% of the actual

volume of the sphere because of the discretization of the spherical shape with cubic

dipoles). The maximum available distance to the crystal surface is da, = i/3/4.D/?\. = 0.692

with ?\, = 0.532 vrn. Consistently with our previous results, the cross-section magnification

decreases from 1.75 to a value slightly above 1.5 in the limit case of the BC sphere almost

touching the crystal surface. This is quite a remarkable result since it is obtained using

crystal and BC particle diameters that are one or two orders of magnitude smaller than

their respective values in the previous example. In both cases, the off-center position of

the inclusion does not completely eliminate absorption enhancement.

6.3. Effects of crystal shape

We can now begin to differentiate the above observations based on the crystal's

shape. For a given volume of ice, the previous results would suggest that crystals with

larger surface area reduce absorption efficiency because the inclusions are more likely

to end up near the crystal surface. As shown next, this effect may be offset by a higher

efficiency of intercepting a beam of light and channeling it to an absorbing particle. It has

been previously shown that the variation of the asymmetry factor versus the aspect ratio
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presents a distinctive "V-pattern" (Neshyba et al. 2003; Grenfell et al. 2005; Fu 2007),

with the minimum near the unit aspect ratio. For pure crystals, Yang and Fu (2009)

systematically analyzed the effect of aspect ratio on the asymmetry parameter and

attributed it to the collimated rays that transmit through two parallel faces and propagate

along the incident direction.

Figure 12 is a scatter plot of the absorption and scattering efficiencies for four AR

values (0.3, 1, 3, 4 and 5) generated by ADDA for small particles (with volume 0.4 pm3);

for each aspect ratio 300 realizations of the BC position were generated by a random

uniform distribution. All the efficiencies in ADDA are calculated by dividing the particle's

cross-section by the area of the geometrical cross-section of the sphere having the

volume of the dipole representation of the particle. The points are colored by the value of

the closest distance from the prism sides, normalized by the wavelength (here, ?\, = 532

nm). From the diagram, the scattering efficiency increases as the aspect ratio decreases;

there is also a minor additional variation due to the position of the inclusion inside the

crystal each values of AR. The absorption efficiency exhibits a larger excursion for a given

shape, approximately 7-12%, and as previously observed, it increases from the smallest

to the largest possible distance to the prism sides. Within the variation due to the inclusion

position, the absorption efficiency increases more substantially when AR = 5 and 4,

followed by AR = 0.3, 3, and finally 1. Because the crystal volume is maintained constant,

the largest minimum distance between the inclusion and the crystal faces is indeed

obtained when L = D.
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inclusion and the sides of the ice crystal, normalized by wavelength.

The absorption magnification study is extended in Figure 13 to a broad range of BC

volume fractions between 4.10-7 and 2.1 0-2, and to different crystal shapes at A. = 0.660

pm. This is accomplished by using a combination of the Mie model for coated spheres,

RTMCX and ADDA, depending on the applicable range. As before, the absorption cross-

section values are normalized by the corresponding cross-section of the BC sphere in air.
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The inclusion is always located in the center of the crystal; depending on its diameter, it

can be interpreted as either a single monomer or a compact aggregate.

For perfectly spherical crystals we consider two cases: small and large inclusion

diameter. For Dp = 0.05 pm, the values obtained from the Mie model oscillate between

an upper and a lower envelop line at or above a magnification value of 2; only these two

curves are plotted, as dashed lines, in Figure 13, whereas the actual magnification curve

is not shown to avoid cluttering. For a larger inclusion diameter, Dp = 0.308 pm, the

magnitude of the magnification oscillations and their average value decrease significantly:

the curve is shown as a smooth, continuous line at a magnification of approximately 1.6.

The ADDA calculations (full symbols in Figure 13) and cover the volume fraction range

above 10-3. Starting from the volume of the L=D hexagonal prism of 0.1 pm3, different

aspect ratios are obtained by increasing or decreasing L while keeping fixed D. Since the

fixed inclusion diameter is Dp = 0.1 pm, the normalized distance of the BC center to the

cristal faces is d/X < 1.

The RTMCX calculations (empty symbols in Figure 13) cover volume fractions smaller

than 10-3. Besides hexagonal prisms, randomly generated individual Voronoi shells

(Figure 2) and their aggregates are considered. Aggregates are organized in elongated

crystals (square symbols) or in shapes that are closer to spheres (lozenges); Dp = 0.616

pm for the hexagonal prisms and Dp = 6.16 pm for the Voronoi cells (single or aggregate).

In all the ray tracing calculations, d/)\, > 10.

All the data points from Figure 13 indicate that absorption magnification is substantial,

of the order of 60% or more. While this effect appears not to strongly depend on volume

fraction, as pointed out previously, within each data set there are differences that depend

on shape. In particular, individual Voronoi cells, near-spherical aggregates, and

hexagonal prisms with AR close to unity show a magnification of 1.7, similarly to Mie
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spheres with Dp = 0.308 pm; elongated aggregates and prisms have a larger absorption

cross-section, of two or more, together with Mie spheres with Dp = 0.05 pm. In the set of

hexagonal prisms, the rod-like and plate-like shapes display the largest increase in cross-

section, with AR = 10 reaching 2.2; the L=D shape has the lowest. This trend of larger

magnification ratios for elongated crystals is reversed in the sub-micrometer domain:

there, the magnification is the largest for AR = 1 and 2, because those shapes offer the

greatest possible distance d/?\. Conversely, it decreases for L = 0.7D, 0.4D and 0.3D

because d/?\, becomes smaller.
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7. CONCLUSIONS

The study of the radiative properties of BC-ice atmospheric particles is made

particularly challenging by the variability of the crystal shapes and the soot inclusion

modes; by the scale range between embedded and embedding particles; and by the

substantially different absorbing properties of BC compared to ice in the visible range.

The experimental procedure presented in this paper indicates a path for determining the

scattering properties of ice crystals seeded by BC particles in a controlled environment.

The CASPOL measurements indicate that the forward scattering intensity is a strong

function of the crystal size while the depolarization ratio of the backscatter signal is weakly

dependent on the size of the BC inclusion. A result that requires further investigation is

that, based on the parallel-polarized, backward-scattered CASPOL signal, larger crystals

seem to form on smaller BC nuclei.

The CASPOL signals were directly compared with the results obtained from a

simplified BC inclusion model using the discrete dipole approximation and ray tracing

techniques; overall good qualitative agreement was found. Where the sensitivity to the

unknown crystal shape in the experiment was stronger, a series of calculations for regular

hexagonal prisms was carried out over a range of aspect ratios. For small BC inclusions

(50 nm) we found that the perpendicular-polarized, backward-scattered signal was closer

to the value calculated for low aspect ratios (plates); for larger BC inclusions (100 and

200 nm), the signal was closer to the value from the AR=1 hexagonal prism. Clearly more

data are necessary, but at this point it would seem that the size of soot particles may play

a role in determining both size and morphology of ice crystals that nucleate on the soot

particles. If this hypothesis is correct, soot particles would indirectly affect the distribution
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of light scattered by ice crystals in the atmosphere in addition to directly affecting the

radiative energy balance as a broadband absorber.

In the second part of the paper we examined the absorbing properties of ice-BC

particles by means of parametric studies based on the BC volume fraction, position and

type of crystal shape. Besides spheres and regular hexagonal prisms with varying aspect

ratio, random agglomerates of Voronoi cells were used as an instance of crystals

generated by a random diffusion-dominated process. A broad range of particle's volumes,

from 0.1 to 105 [1m3, and seven orders of magnitude in BC volume fraction were covered.

Our findings are listed as follows:

• The absorption enhancement is not strongly dependent on the BC volume fraction, as

long as this is sufficiently small: 0.1% or less, which may be common in atmospheric

ice.

• Absorption enhancement does not strongly depend on the position of the BC

monomer or agglomerate, as long as this is sufficiently removed from the crystal's

surfaces (of the order of ten times the probing wavelength). Even in the case of

inclusions close to the crystal's surface, the absorption enhancement is not completely

neutralized.

• Particles that are more elongated provide more absorption for the same volume of ice

and BC.

• However, if the ice crystal size is sufficiently small to compare with the wavelength,

then the BC volume fraction directly affects the absorption magnification.

• Particularly, in the case of small crystal volumes the dependence on the crystal's

aspect ratio tends to be reversed: crystals that are closest to a spherical shape are

also the ones that offer the largest available distance of BC from the crystal surfaces.
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In summary, in the numerical study of the optical properties of ice-BC aerosol particles

the actual crystal shape introduces a substantial variability in the composite particle's

absorption, but confirms a lower bound of 1.7 in absorption magnification for centered

inclusions, according to the definition adopted here. This value may decrease to 1.5

because of the off-center position of the inclusion, as long as it is completely located

inside the crystal. Conversely, because of the exact spherical symmetry implied in the

model, predictions by Mie scattering theory oscillate between much broader ranges,

depending on volume fraction, and are more sensitive to the BC diameter.

We conclude by noting that, as computationally intense as it was, our numerical

analysis is still incomplete. For instance, it did not track changes in the spatial structure

of atmospheric soot due to photochemical aging nor include the optical modifications

caused by organic matter when it surrounds BC. Additional variability in the results could

be caused by roughness of the crystal surfaces and by the possibility that soot and

organic matter aggregate outside of the crystal surface. These conditions are identified

as future directions of investigation.
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