








982 Y. Liu, PH. Daum / Aerosol Science 39 (2008) 974—986

Ratio of Specific Index to Density (cm® g™

8 9 4 2 3 4 5
Mass Density (gcm™)

Fig. 4. Same as Fig. 3, except that it shows the dependence of the ratio of specific refractive index to mass density on mass density.

between the effective refractive index and effective mass density that can be well described by (black line)
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It is interesting to note that the aerosol data appear less “noisy” than those for pure materials. One on hand, the less
scatter may be real because not all the pure chemicals belong to ambient aerosols. On the other hand, simultaneous
measurements of effective refractive index and mass density have been very limited and rarely reported in aerosol
literature (Guyon et al., 2003; Hand & Kreidenweis, 2002; Hanel, 1968; Tang, 1996; Tang & Munkelwitz, 1994). The
less scatter may arise from the insufficient statistics as well.

The other noteworthy point is that the power exponent of 0.39 is less than 1, indicating from the Lorentz—Lorenz
relation that the ratio of effective polarizability to effective molecular weight is a decreasing function of the mass density.
The Lorentz—Lorenz equation as described by Eq. (7b) further indicates that the ratio of molecular polarizability to
molecular weight is proportional to the ratio of specific refractive index to mass density. Therefore, the dependence
of the ratio of molecular polarizability to molecular weight on mass density can be examined by plotting the ratio of
specific index to mass density against the mass density (Fig. 4). It is evident from Fig. 4 that the ratio of the effective
polarizability to the effective molecular weight decreases with increasing mass density for both aerosol particles and
pure materials with the properties of similar ranges.

4. Concluding remarks

About 4000 pairs of published data on refractive index and mass density for pure materials (e.g., organics, inorganics,
and minerals) and a few measurements for inhomogeneous mixtures including aerosols are compiled and first used to
empirically examine the relationship between refractive index and mass density, which substantiates the general trend
of refractive index and mass density increasing together. The Lorentz—Lorenz relation, which was originally developed
to relate dielectric constant and refractive index to the molecular polarizability of a pure material, is then introduced
to provide theoretical understanding and quantification of the relationship between refractive index and mass density
for pure materials. The Lorentz—Lorenz relation reveals that refractive index in general depends on molecular weight
and molecular polarizability as well as mass density. Nonetheless, the observational fact of refractive index and mass
density generally increasing together suggests that the effect of the mass density on refractive index is dominant. This



Y. Liu, PH. Daum / Aerosol Science 39 (2008) 974—986 983

is physically understandable according to molecular optics because the refractive index results from the collective
response of electric dipoles excited by the external applied field and the number of dipoles in a given volume is closely
related to the mass density (Lagendijk, Nienhuis, van Tiggelen, & de Vries, 1997). The intimate relationship between
the refractive index and mass density is also well reflected by the nickname of refractive index, optical density.

To seek application of the Lorentz—Lorenz relation to multicomponent mixtures like ambient aerosols, commonly
used mixing rules for calculating effective refractive index, effective mass density, effective molecular weight and
effective molecular polarizability are reviewed, and rigorously examined in the context of their consistency with the
corresponding relationship between refractive index and mass density. It is shown that not only the Lorentz—Lorenz
relation describes the relationship among these effective properties for the Lorentz—Lorenz mixture, but also the
commonly used volume-mean mixing rule for calculating the effective mass density, the Lorentz—Lorenz mixing rule
and the molar refraction mixing rule for calculating effective refractive index form a set of mixing rules that are
consistent with the Lorentz—Lorenz relation. The theoretical analysis also reveals the connections among the linear
volume mixing rule, Lorentz—Lorenz mixing rule, and molar fraction mixing rule for calculating effective refractive
index. In calculation of the effective refractive index, the Lorentz—Lorenz mixing rule and the molar refraction mixing
rule are physically equivalent and more general than the linear volume-mixing rule while the linear volume mixing rule
is only an approximation of the Lorentz—Lorenz mixing rule when the refractive indices of individual components of
the mixture are close to one another (or for quasi-homogeneous mixture).

An empirical power-law expression is obtained from the published data that relates the effective specific refractive
index to the effective mass density of aerosol particles. The relationship is further examined in the context of the
dependence of the ratio of molecular polarizability to molecular weight on the mass density. It is shown that this
ratio generally decreases with increasing mass density, leading to a sublinear (the power-exponent < 1) dependence of
the specific refractive index on the mass density. However, the data are very limited and more research is needed to
substantiate this finding.

The results also point to several directions for future research. First, the result indicates that not only are refractive
index and mass density related to each other, but also their relationship is pivotal for choosing the appropriate mixing
rule for calculating effective refractive index of aerosol particles. For example, the self-consistent set of mixing rules
discussed in this paper applies to the Lorentz—Lorenz mixture that satisfies the Lorentz—Lorenz relation and the four
additivity principles of mass, volume, mole, and polarizability. If any of these conditions is violated, corresponding
changes in mixing rules are necessary. For example, it is well known that the Lorentz—Lorenz relation holds when the
host medium has refractive index of one. For a different host medium, the Lorentz—Lorenz relation changes, and the
rule for calculating effective refractive index should change accordingly (Aspnes, 1982). Similar changes are necessary
when the local electric field deviates from the Lorentz field due to, for example, the overlap field (Anderson & Schreiber,
1965). To answer the question as to whether or not ambient aerosols belong to the Lorentz—Lorenz mixture, concurrent
measurements of the effective refractive index, mass density of ambient aerosol particles, and chemical compositions,
along with information on molecular polarizability and molecular weight, are needed to validate the Lorentz—Lorenz
relation and the set of mixing rules. The same data are also needed to examine how well the linear volume-mixing
rule approximates the Lorentz—Lorenz mixing rule in calculation of effective refractive index. Unfortunately, such data
are extremely limited to date. The single particle technique like that discussed by Moffet and Prather (2005) holds
promise in this aspect. Second, a single value of refractive index is often assigned to aerosol particles regardless of
their size. However, many studies have shown that some aerosol particles such as combustion aggregates often assume
open, fractal-like structures with effective mass density depending on particle sizes (Olfert, Symonds, & Collings,
2007; Sorensen, 2001; Zelenyuk, Cai, Chieffo, & Imre, 2005). Mass densities of solid hydrometeors (e.g., snowflake,
graupels and hailstone) are also found to depend on particle sizes (Pruppacher & Klett, 1997). The inherent dependence
of refractive index on mass density discussed in this paper suggests that the effective refractive index of these particles
should be size dependent as well. Third, refractive index and mass density are the major concerns of this paper because
of their importance in determining the direct aerosol effect on climate. According to the discussion, molecular weight
and polarizability are also needed to get deeper understanding of aerosol particles. The intensive research that has been
performed to investigate the molecular polarizability in other fields may be useful for aerosol research in the future.
Fourth, although this study is concerned mainly with the real part of the complex refractive index, the Lorentz—Lorenz
relation, and various mixing rules are expected to hold for the complex refractive index. However, it is not clear to
us how strong the dependence of the imaginary part (absorbing property) on the mass density is. This issue deserves
special attention in view of the importance of the mixing state of absorbing aerosols in evaluating aerosol effects on
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climate (Ramanathan & Carmichae, 2008). Finally, aerosol properties other than mass density and refractive index
are also important. For example, aerosol hygroscopicity is crucial for evaluating the ability of aerosol particles being
activated into cloud droplets. The same guiding principle of self-consistency should be applied to develop the mixing
rule for estimating the effective hygroscopicity.
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Appendix A. Relationship of mixing rules to additivity principles
Mass additivity states that the total mass of a mixture equals to the sum of all the components:

m=y mi=» Vip. (A1)

Volume additivity states that the total mass of the mixture equals to the sum of all the components:

v=Y"v. (A2)
i
Dividing Eq. (A.1) by Eq. (A.2) yields the volume mixing rule to calculate the effective mass density
m Zi ‘/ipzni
Pme =7 == fibmi (A.3)
Vv Vv -

Mole Additivity states that the total number of moles (y) equals to the sum of moles of each component (y;):

y=>) v (A4)

The total mass of the mixture can also be given by
m:Zm,-:ZyiMi. (A.5)
i i

The effective molecular weight of the mixture is given by

m Vi
Me=—=) =M=) xiM. (A.6)
Y ;Y i
Using the relationship between the mole fraction, mass fraction, and volume fraction given by
M.
fi=Peg, =LZly, (A.7)
Pi piMe

we can show that Eq. (A.6) is equivalent to Eq. (11).
Polarizability additivity states that the total of polarizability (polarization) of a mixture equals to the sum of the
molecular polarizability of each component:

P =No, = Z Nia. (A.8)

1
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Table Al
Self-consistent mixing rules in terms of volume, mass, and mole fractions

Effective variables Volume fraction f; Mass fraction ¢; Mole fraction x;
1 1 i 1 .
Molecular weight —=—> pifi — = ﬂ M, =Y xiM;
ML’ Pe i Mi ML’ i Mi i
. 1 ¢; 1 1 M; x;
Density Ome = 2 [i Pmi I o -
e i o ) Pme i Pmi : Pme Mc‘ i Pmi
N JiPmi®% \ " SiPmi% $i\ T « Pi%i
Polarizabilit O = O = — O = i O
oo ‘ ( M; IZ M; ‘ IZMi lz M; ‘ le,,
—1 —1
Specific refraction re=y. firi Te = ( ¢ > > ¢ ri Fo = (Z x,_,) > x,_,ri
i=1 i=1 Pmi i=1 Pmi i Pmi i Pmi
M, i D . N
Molar refraction R, = —*% > %Ri Re=M,>" ﬂ f Re=Y xiR;
pe T M i Mi i=1
Therefore,
N; i Na
oce:Z—loci:Zyl—oci:inoci. (A9)
N N yNA N
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Combination of Eq. (A.9) with Eq. (7b) leads to the molar refraction mixing rule for calculating effective refractive
index,

NAOC NA
R, = 3‘3:T xio; = xiR;. (A.10)

Assuming that the effective refractive index is n, and it is related to the other effective quantities calculated from the
above equations by the Lorentz—Lorenz equation, we obtain the Lorentz—Lorenz mixing rule such that

ne — 1 Nao, n; — 1
=" = : . A1l
ne+2  3M, me Xi:f’nim @A.1h

In other words, because the middle term in Eq. (11) equals to that on the right-hand side, the effective refractive index
calculated from the Lorentz—Lorenz mixing rule satisfies the Lorentz—Lorenz relation.

In aerosol research, the volume, mass and molar concentrations are measured in different studies. It is therefore
desirable to formulate the effective medium equations in terms of the mass fraction ¢, and the mole fraction x; in
addition to the volume fraction f;. For convenience, the set of self-consistent mixing rules expressed in all the three
fractions are summarized in Table A1l.
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