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Abstract

Light absorbing carbon (LAC) aerosols have a complex, fractal-like aggregate structure.
Their optical and radiative properties are notoriously difficult to model, and approximate
methods may introduce large errors both in the interpretation of aerosol remote sensing
observations, and in quantifying the direct radiative forcing effect of LAC. In this paper
a method based on rigorous electromagnetic theory is employed for computing the op-
tical properties of freshly emitted, externally mixed LAC aggregates. The computations
are performed at wavelengths of 440 nm and 870 nm, and they cover the entire size
range relevant for modelling these kinds of aerosols. The method for solving the elec-
tromagnetic scattering and absorption problem for aggregates proves to be sufficiently
stable and fast to make accurate multiple-band computations of LAC optical properties
feasible. The results from the electromagnetic computations are processed such that
they can readily be integrated into a chemical transport model (CTM), which is a pre-
requisite for constructing robust observation operators for chemical data assimilation
of aerosol optical observations. A case study is performed, in which results obtained
with the coupled optics/CTM model are employed as input to detailed radiative transfer
computations at a polluted European location. It is found that the still popular homoge-
neous sphere approximation significantly underestimates the radiative forcing at top of
atmosphere as compared to the results obtained with the aggregate model. Notably,
the LAC forcing effect predicted with the aggregate model is less than that one obtains
by assuming a prescribed mass absorption coefficient for LAC.

1 Introduction

Coupling atmospheric chemical transport models (CTM) to models for aerosol optical
properties (AOP) is a challenging task with high relevance in chemical data assimila-
tion and climate research. One major problem in chemical data assimilation of aerosol
remote sensing observations is the construction of aerosol observation operators (Kah-
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nert, 2008). An observation operator is a forward model that maps the output of the
CTM to observed quantities, such as aerosol optical depth, or aerosol backscattering
and extinction coefficients. This forward model is employed in a data assimilation al-
gorithm to solve the inverse problem of retrieving aerosol physical and chemical prop-
erties from remote AOP observations. Another important application within climate
modelling is the computation of the direct radiative forcing effect of aerosols. General
circulation models (GCM) have often employed climatological aerosol fields. However,
the trend in modern earth-system modelling is to treat aerosol fields dynamically by
coupling a CTM to a GCM. To make use of the information provided by a CTM in calcu-
lations of the direct radiative forcing effect of aerosols, it is essential to have an accurate
and robust method for mapping the aerosols’ physical and chemical properties to their
radiative properties.

By far the simplest and most wide-spread method for computing AOP based on size-
resolved chemical composition is to approximate aerosols by homogeneous spheres.
The different chemical aerosol components are, in general, assumed to be partially
externally, partially internally mixed. The AOP are computed within the homogeneous-
spheres approximation (HSA) by use of effective medium theory (Chylek et al., 2000)
and by Lorenz-Mie theory (Mie, 1908). This approach is applicable for many liquid-
phase water-soluble aerosols. However, it is well known that for non-spherical mineral
aerosols the optical properties (Mishchenko et al., 1997; Nousiainen et al., 2006; Kahn-
ert and Nousiainen, 2006; Veihelmann et al., 2006; Kahnert, 2004; Schulz et al., 1999,
1998) and even the climate forcing effect of aerosols (Pilinis and Li, 1998; Jacobson,
2000; Kahnert and Kylling, 2004; Kahnert et al., 2005, 2007; Otto et al., 2009) can be
highly morphology-dependent. In such cases, more sophisticated optical models need
to be employed (Mishchenko et al., 1996; Dubovik et al., 2002; Rother et al., 2006).

Mineral dust is one class of aerosol particles for which the HSA usually fails. An-
other class of aerosols with complex morphologies are light absorbing carbonaceous
aggregates, commonly referred to as “soot”, “black carbon” (BC), or “light absorbing
carbon” (LAC). Freshly emitted LAC can be regarded as hydrophobic, externally mixed
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agglomerates of primary spherules. As these particles age, they are oxidized in the
atmosphere, become partially hydrophillic, and can mix internally with other weakly
absorbing aerosols. Uncertainties in modelling optical properties of LAC aggregates
arise mainly from (i) variability in the refractive index; and (ii) approximations in the
treatment of particle morphology. This article will focus on freshly emitted, externally
mixed LAC aggregates, and on how to treat the complex morphology of such particles
in AOP/CTM computations. Problems specific to internally mixed LAC are, e.g., dis-
cussed by Fuller (1999); Bond et al. (2006); Kocifaj and Videen (2008); Worringen et al.
(2008).

For AOP computations of fractal-like aggregates, approximate methods, such as
Rayleigh-Debeye-Gans (RDG) theory (Sorensen, 2001), and other approximations
(Okada et al., 2007) have been developed and applied, e.g. by Zhao and Ma (2009). In
parallel, methods based on rigorous electromagnetic scattering theory have been de-
veloped (Borghese et al., 1984; Mackowski and Mishchenko, 1996; Xu and Gustafson,
2001) and applied to various case studies. Applications to atmospheric LAC have,
e.g., been reported by Liu et al. (2008). Astrophysical applications to interplanetary
dust aggregates have, e.g., been presented by Okada et al. (2008).

In an excellent recent review paper, Bond and Bergstrom (2006) discussed the state-
of-the-art of different methods and concluded that the use of the HSA for fresh LAC
is likely to introduce significant errors in modelling AOP based on size and chemical
composition of aerosols. Although the RDG approximation can be expected to give
improved results, it still under-predicts LAC-absorption by about 30%. As methods
based on rigorous theory have, so far, proved to be computationally too demanding for
broadband applications, the authors recommended for externally mixed LAC to (i) use
a mass absorption coefficient (MAC) of (7.5+1.2) m2/g at a wavelength of 1=550 nm,
where the mass density of LAC can be assumed to be 1.8 g/cm3; (ii) assume a single
scattering albedo of ®=0.25; (iii) assume an inverse wavelength dependence of MAC.

In this paper, a method for computing the scattering and absorption properties
of fresh LAC based on rigorous electromagnetic theory will be employed (Xu and
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Gustafson, 2001). This method has been developed by astrophysicists, who are mainly
interested in light scattering by interplanetary dust, which usually is much less absorb-
ing than LAC. The focus in the present study is on assessing the feasibility of coupling
this method to CTM computations with the idea of using it for developing aerosol optical
observation operators for chemical data assimilation, and for performing radiative flux
computations for constraining the direct climate forcing effect of LAC. The results are
compared to corresponding computations based on the HSA and on prescribed MAC.

Section 2 briefly reviews some of the main physical properties of freshly emitted LAC.
Section 3 explains the methodology employed in this study. Results are presented in
Sect. 4, and discussed in Sect. 5.

2 Physical properties of freshly emitted light absorbing carbon

2.1 Morphological properties

Light absorbing carbon aggregates formed in combustion processes typically have
a fractal-like structure that can be modelled by the relation (Jones, 2006)

A\
Ns=k0 ? ; (1)

where N denotes the number of spherical monomers in the aggregate, a denotes
the monomere radius, ko and D; are known as the structure factor and the fractal
dimension, respectively, and A, is the radius of gyration of the aggregate, which is
defined by

()
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Here r; denotes the distance of the /th sphere in the aggregate from the centre of mass.
Following Mackowski (2006) and Sorensen and Roberts (1997), we assume D;=1.82
and ky=1.27, which correspond to typical values of freshly emitted LAC formed in dif-
fusion limited cluster aggregation processes. The monomer radius typically ranges
between 10 and 25nm (Bond and Bergstrom, 2006). In this study, we shall assume
a=25nm. We used the aggregation algorithm by Mackowski (1994) to generate ran-
dom fractal geometries. Figure 1 shows an example for Ng=300.

As this article focuses on freshly emitted LAC, it will be assumed throughout this
study that the LAC aggregates are hydrophobic and not internally mixed with other
chemical aerosol components. Note, however, that the hygroscopic and morphologi-
cal properties of LAC change as the aggregates age in the atmosphere. The aggre-
gates become more hydrophillic, and the fractal dimension increases to values D;>2.
Aged LAC aggregates tend to mix with other aerosols components, such as sulphate
aerosols (Worringen et al., 2008).

2.2 Size range

Computations of aerosol optical properties that are based on rigorous electromagnetic
theory are, except for highly symmetric geometries, strongly limited in terms of particle
size. Thus it is important to first obtain a rough estimate of the size range we need
to consider in our optical modelling study. Figure 2 (solid line) shows a schematic
number size distribution n(r) of diesel soot emissions based on Farnlund et al. (2001).
The majority of particles is emitted in the size range up to a radius of 100nm. For
this reason, some aerosol dynamic models assume that all externally mixed LAC is
limited to the Aitken mode, such as the M7 model (Vignati et al., 2004), thus neglecting
externally mixed LAC in the accumulation mode. However, since the optical cross
sections increase with particle size, even small number densities of large particles
can make a significant contribution to the size-averaged optical cross sections. To
get a rough estimate of the size range we need to consider in optical modelling, we
compute the extinction cross section C,;(r) of homogeneous spheres with a refractive
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index of m=1.70+0.64/ (typical for LAC at 440 nm), and compute C;(r)n(r), which can
be interpreted as an extinction efficiency per size interval. The result is represented by
the dashed line in Fig. 2. One can see that particles up to a radius of approximately
r=300 nm can make a significant contribution to the total extinction efficiency.

Measurement methods of LAC size distributions, such as those employed by
Farnlund et al. (2001), are often based on aerodynamic size segregation methods.
Thus, the radius in Fig. 2 is to be understood as the radius of an aerodynamically equiv-
alent sphere, denoted by A,. This quantity is difficult to convert into physically more
tangible size measures, such as the radius of gyration Ry, the radius /5 of a sphere
with equivalent geometric cross section, or the radius R\, of a sphere with equivalent
volume. However, it can be assumed that for fractal clusters A, lies much closer to A,
than to Ay (Smekens et al., 1997). Figure 3 shows R,, /-?g, and Ry, as a function of the
number of primary monomers N for the aggregates considered in this study. Perform-
ing computations for aggregates up to Ng=350 corresponds to a size range extending
up to almost A,=400nm. In view of our estimates based on Fig. 2, this range should
be sufficiently broad for modelling the size-averaged optical properties of externally
mixed LAC aggregates. In terms of Ry, this corresponds to a size range of up to about
Ry=170nm. Since we are interested in coupling AOP and CTM simulations, and since
CTMs are primarily mass transport models, the size of the LAC aggregates shall from
now on be specified in terms of A,.

2.3 Refractive index

The refractive index m of LAC is related to the molecular structure of the carbonaceous
material, as discussed in detail by Bond and Bergstrom (2006). LAC usually consists
of a mixture of carbon bonds known as sp2 and sp3 bonds. In the former, one s
and two p electrons in the carbon atom are hybridized into three molecular orbitals
in a plane with 3-fold rotational symmetry. In the latter, the s and all three p valence
electrons are hybridized into molecular orbitals with tetrahedral symmetry. sp3 bonding
is, e.g., found in methane and in diamond, whereas s,o2 is found in benzene and in
25449
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graphite. In the sp? hybridization, the remaining p valence electron of each carbon
atom becomes part of a delocalized 7-orbital, in which the electrons can move quite
freely. These m-electrons have closely spaced energy levels, which allows them to
absorb electromagnetic radiation over a broad spectrum. It is the extent of these sp2
“‘islands” within an s,o3 “matrix” that largely determines both the real and the imaginary
part of the refractive index of LAC. However, the molecular bonding structure of flame-
generated material varies with the specific combustion conditions. As a consequence,
the refractive index of LAC can also vary over a certain range.

By performing a critical review of available measurements, and by comparing obser-
vations to a model that explains the variation in m by the presence of void fractions
in the material, Bond and Bergstrom (2006) were able to constrain the range of LAC
refractive indices to a rather narrow range. Most notably, they find that the refractive
index of m=1.74+0.44/ at a wavelength 1=550 nm, which is commonly employed in
climate models, clearly lies outside the range of reasonable m values of LAC. Thus,
present estimates of the climate forcing effect of LAC aerosols may be in error. In the
present study, we employ the refractive index values reported by Chang and Charalam-
popoulos (1990), which lie within the range specified by Bond and Bergstrom (2006).
We consider two wavelengths, namely, 1=440nm and 1=870 nm, at which the corre-
sponding refractive indices are m=1.70+0.64/ and m=1.79+0.57/, respectively.

For most of the other aerosol components the refractive indices are taken from the
OPAC database (Hess et al., 1998), where the OPAC refractive index for soluble parti-
cles has been used for ammonium and nitrate. For organic carbon and mineral dust we
have adopted the values employed in the ECHAM model. The refractive index of water
is taken from Segelstein (1981). Figure 4 shows the spectral variation of the refractive
indices of different aerosol components in our AOP/CTM code.
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2.4 Modelling the optical properties

AOP computations are usually performed by computing optical properties of single par-
ticles with given chemical composition and physical properties, followed by performing
an ensemble average over sizes, compositions, morphologies, and orientations. This
procedure often requires us to perform single-particle computations for a fairly large
number of particles. The problem is illustrated in Fig. 5. The blue line shows the ex-
tinction efficiency Q.,; of homogeneous spheres as a function of size parameter x=kr
for a refractive index of m=1.6+0.001/, which is typical for mineral aerosols at visible
wavelengths. Here k=2m/1 denotes the wavenumber at a wavelength A, and r de-
notes the radius of the spheres. The external electromagnetic field induces resonant
modes inside the dielectric particle as well as surface waves, which, for size param-
eters larger than unity, gives rise to very sharp oscillations of the optical properties
as a function of size. Thus, when numerically integrating optical properties over an
aerosol size distribution, one needs to compute single-particle AOP with a sufficiently
high size resolution. It is recommended to use an equidistant spacing of 0.025 size
parameters in order to obtain accurate results from the size integration (Schmidt et al.,
2009). Thus, if one wants to cover a range up to x=1000, one needs to compute AOP
for each refractive index at 40 000 discrete size parameters.

For nonspherical particles, the additional integrations over morphology and orienta-
tions partially smooth out the sharp resonances that are typical for spherical particles.
This usually allows one to somewhat reduce the number of discrete size-averaging
points, at the cost of additional integrations over particle shapes and orientations.

Computing AOP for aggregates such as LAC by use of methods based on rigorous
electromagnetic theory can be very time consuming. Fortunately, averaging AOP over
particle size becomes significantly simpler than, e.g., for mineral aerosols. One reason
is that the size parameters usually do not extend far into the resonance regime. For in-
stance, according to Fig. 3 we shall consider equivalent-volume radii A\, not exceeding
0.17 um. At a UV-wavelength of 0.2 um, this corresponds to roughly x=5. The other
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reason is that LAC is highly absorbing, which quenches the resonant modes induced
by the external field (Rother et al., 2006). As a results, AOP as a function of size tends
to lack any sharp resonance features. This is illustrated by the red line in Fig. 5, which
represents Qg,; as a function of x for homogeneous spheres with m=1.7+0.64/, which
is typical for LAC at A=440nm.

Thus the strategy is to compute AOP for a selected number of sizes, followed by
a suitable interpolation. Size-integration of AOP can then be achieved by integrating
the interpolation functions weighted by the size distribution.

3 Methods

Optical properties of LAC are computed for Ny=20, 40, 60, 80, 100, 120, 140, 180, 220,
260, 300, and 350, assuming a radius a=25 nm of the primary monomers, and assum-
ing a fractal structure characterized by D;=1.82 and k,=1.27. Calculations are per-
formed at wavelengths 1=440 nm and 870 nm. We used the code by Xu and Gustafson
(2001), which is based on rigorous electromagnetic theory.

Several versions of this code exist. One version is based on computing the full 7-
matrix of the aggregates. A major advantage of this approach is that the integration of
the optical properties over orientational angles can be done analytically. However, pre-
liminary tests indicated that this version of the code does not allow us to cover the entire
size range needed for this study. We therefore employed a simpler version of the code
that computes the optical properties for discrete orientational angles and performs the
angular integration numerically. Although less elegant and slower, this method is able
to cover the required size range. It turned out that 2000 discrete angles were suffi-
cient to obtain accurate orientationally-averaged results. Note that for larger particles
or weakly absorbing particles, for which the angular distribution of the scattered radi-
ation may display numerous sharp resonance features, the number of discrete angles
required for numerical orientational averaging may be considerably larger.

For comparison, AOP computations for volume-equivalent homogeneous spheres
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were performed with the Mie-code written by Michael Mishchenko (http://www.giss.
nasa.gov/staffmmishchenko).

The AOP computations were coupled to size-resolved aerosol mass mixing ratios
computed with the 3-D Multiple-scale Atmospheric Transport and CHemistry (MATCH)
modelling system (Robertson et al., 1999; Foltescu et al., 2005; Andersson et al.,
2007). We employed a version of the model which computes aerosol mass mixing
ratios in four different size classes. The size classes cover particle diameters in the
ranges [0.02,0.1)um, [0.1,1.0) um, [1.0,2.5) um, and [2.5,10.0) um. The model con-
tains a photochemistry module which, apart from reactive gases, computes sulphate,
nitrate, and ammonium concentration fields. It further contains a seasalt module and
a primary particle module for computing transport and deposition of LAC, primary or-
ganic carbon (OC), and dust. Water is treated as a diagnostic variable. The model is
run with a horizontal resolution of 0.4°, using meteorological input data from the High
Resolution Limited Area Model (HIRLAM).

In the calculation of size-averaged optical properties, LAC is assumed to extend
into the second size class only up to a size of R,=170nm. The contribution to
AOP from aerosol components other than LAC is modelled by assuming that sul-
phate, nitrate, ammonium, seasalt, water, and the soluble fractions of OC and dust
are internally mixed, homogeneous spheres. The effective refractive index of those is
computed by iteratively applying the Bruggemann rule (Bruggemann, 1935) to sul-
phate, nitrate, ammonium, seasalt, OC, and water, and the Maxwell-Garnett rule
(Maxwell-Garnett, 1904) to dust. The insoluble fraction of OC and dust is rep-
resented by externally mixed, homogeneous spheres. In the standard version of
the code, the hydrophillic fraction of LAC is mixed by applying the Maxwell-Garnett
rule. However, for the purpose of the present study, all LAC is treated as externally
mixed. AOP computations for homogeneous spheres are done off-line in MATCH.
In a first step, Mie computations are performed for 40 000 equally-spaced size pa-
rameters x=0.025, 0.050,...,1000, for 101 equally-spaced real parts of the refractive
index n=0.82, 0.84,...,2.82, and for 17 imaginary parts « of the refractive index with

25453

ACPD
9, 25443-25486, 2009

Optical properties of
LAC

M. Kahnert

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/25443/2009/acpd-9-25443-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/25443/2009/acpd-9-25443-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.giss.nasa.gov/staff/mmishchenko
http://www.giss.nasa.gov/staff/mmishchenko
http://www.giss.nasa.gov/staff/mmishchenko

10

15

20

logk=-9.0,-5.0,-4.0,-3.0,-2.0,-1.8,.. ., +0.4. In a second step, pre-computed size-
averaged AOP are computed for each of the four size classes used in MATCH, and for
each value of n and k. The range of refractive indices is deliberately chosen sufficiently
broad to also include LAC refractive indices within a wavelength range from 1=0.2um
up to 1=12um (compare with Fig. 4).

Several of the assumptions in our AOP model can introduce errors. Application of
the HSA to dust is at least equally problematic as its application to LAC (Kahnert et al.,
2005, 2007; Nousiainen et al., 2006; Kahnert and Nousiainen, 2006; Veihelmann et al.,
2006; Kahnert and Kylling, 2004; Kahnert, 2004; Schulz et al., 1999, 1998). Neglecting
internal mixing of aged LAC is likely to underestimate its radiative forcing effect (Bond
and Bergstrom, 2006). Thus, performing a detailed morphological treatment of freshly
emitted LAC is only one issue in a critical assessment of the AOP model currently
employed in MATCH.

The radiative aerosol properties were computed by using AOP computed in MATCH
as input parameters to libRadtran (http://www.libRadtran.org), using the DIScrete Ordi-
nate Radiative Transfer (DISORT) model (Stamnes et al., 1988) as a radiative transfer
(RT) solver. RT computations were performed for (i) LAC optics treated by the aggre-
gate model, (ii) LAC optics computed with the HSA, (iii) LAC optics accounted for by
converting the recommended value of MAC=7.5 m2/g at 550 nm (Bond and Bergstrom,
2006) to the two wavelengths considered in this study (assuming an inverse wave-
length dependency of MAC), (iv) setting the LAC mass mixing ratio equal to zero. By
subtracting the radiative net flux results obtained in (iv) from each of the results ob-
tained in (i)—(iii), one obtains the LAC radiative forcing for the three LAC optics models.
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4 Results
4.1 Optical properties of LAC

Figure 6 presents optical properties of LAC computed with the aggregate model (sym-
bols) and the HSA (dashed blue line). The absorption cross section C,,¢ (upper left)
is only slightly overestimated by the HSA up to sizes of R,=0.08um. At larger sizes,
the HSA strongly underestimates C,,s. The scattering cross section C,., (upper right)
of the aggregates is overestimated by the HSA for sizes larger than R,,=0.06um. The
asymmetry parameter g (lower left) is strongly underestimated by the HSA over the
entire size range. Thus, the homogeneous sphere model predicts a stronger influence
of scattering and more side- and backscattering than the aggregate model. The lower
right panel shows the backscattering cross section Cp,s;=C.,0(180°), where p(180°)
denotes the phase function in the backscattering direction. Whereas spherical model
particles display an oscillating behaviour of the backscattering cross section with par-
ticle size, the aggregate model predicts a monotonous increase. Note, however, the
small amplitude fluctuations observed for the aggregate model at larger sizes. The
reason for these is most likely related to the fact that the fractal parameters D; and
ko only define a class of aggregates. They do not unambiguously define the exact
geometry of the aggregate. Thus for a given selection of a, Ng, Ry, D;, and k, there
exists, in principle, infinitely many geometries. Whereas the cross sections C,,s and
Csca are rather insensitive to a variation of the geometry for fixed fractal parameters,
the angular distribution of the scattered radiation, thus the backscattering cross sec-
tion, is more sensitive to such a variation. Thus one could, for the price of considerably
more computation time, smooth out the fluctuation of the backscattering cross section
by averaging over several geometries.

Incidentally, we verified that the optical cross sections are sufficiently constrained by
specifying the values of a, N, Rg, Dy, and k. For each of the aggregates up to Ng=100
monomers, computations were repeated for five different geometries having the same
values of the fractal parameters. The results for the optical cross sections varied by
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less than 1%.

The LAC optical properties obtained with the aggregate model can be fitted with
a Taylor series. It turns out that it is sufficient to carry the polynomial up to third order,
i.e.

AOP = ¢+ CyRy +CoR5 +C3RS. (3)

We found that C,, Csa, and C,,s Can be fitted by setting cy=c4=c,=0. Table 1
shows the resulting coefficients and the root mean square errors (rmse) of the cubic
fits, obtained by least-squares error minimization. All coefficients are defined such
that the resulting cross sections have units um?. Note that the size-average (g) of the
asymmetry parameter g(r) over a size distribution n(r) is defined as

1
©)= 53| "Cusg(r @
where
]
(Coca) = N/I’I(I’)Csca(l‘)dl’ (5)
N = /n(r)dr. (6)

For this reason, Table 1 provides the fitting parameters for gC.,, which, for the purpose
of computing (g), are more useful than the fitting parameters for g.

Note that for small homogeneous spheres the optical cross sections behave asymp-
totically as

2 2
Ry <A 37[ m —1 3
Cabs e 7 Im<m2+2>,‘?v, (7)

2

et 128 [ mP-1|" g @)
@ e 314 | m2e2| Y
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(van de Hulst, 1957). For Cyy, this yields an asymptotic value of ¢3>=47.22um™" for
small spheres, which is somewhat smaller than the result obtained for the aggregate
model. However, the absorption cross section of homogeneous spheres in Fig. 6 can-
not accurately be fitted over the entire size range by the simple ansatz Cabszcgbsl?f,’.
The absorption cross sections of the larger homogeneous spheres are considerably
lower than those predicted by Eq. (7). The physical reason for this is that the electro-
magnetic field is unable to penetrate into the centre of larger, highly absorbing spheres.
This means that only the mass near the surface of the larger particles contributes to
absorption. Hence, the increase of C,,s with Ry is weaker than the third power. By
contrast, the geometry of fluffy aggregates is such that most of the mass interacts with
the electromagnetic field, which is why the relation Cabsoc/?\?} holds over the entire size
range considered here.

The asymptotic form for the scattering cross section given in Eq. (8) is known as
the Rayleigh approximation, which is also referred to as the dipole approximation. It is
based on the assumption that all electrons in the particle oscillate in phase in response
to the external electromagnetic forcing, just like a dipole. This only holds for particles
considerably smaller than the wavelength. Recall that the radius of gyration /7, of fractal
aggregates with R,=170 nm is around 550 nm, which is comparable to the wavelength.
Thus it cannot be assumed that all monomers in the aggregate oscillate in phase,
as they would in Rayleigh scattering. For this reason, Eq. (8) is not valid over the
size range considered here. Thus, it is clear that the polynomial fitting ansatz made
here is physically motivated only for C,,s. For the other parameters, it is a purely
mathematical approximation. The merit of this fitting approach is that the coupling of
AOP and CTM computations is greatly facilitated. For instance, the output of an aerosol
dynamic model with a log-normal or sectional size distribution can be easily employed
in conjunction with Eq. (3) for computing size-averaged AOP, as the moments of such
size distributions can be computed analytically.

From Cabszcgbsl?s, we can compute the mass absorption coefficient

MAC=C,s/(0V)=3c3"°/(4mp), where V denotes the particle volume and o de-
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notes the mass density of LAC. Assuming p=1.8 gcm™, this yields MAC=6.8m? g ".

Bond and Bergstrom (2006) recommended a value of MAC=(7.5+1.2) m2/g at a wave-
length of 1=550nm, and they assumed an inverse wavelength dependence of MAC
(compare with Eq. 7). This yields MAC=(9.4+1.5) m2/g at a wavelength of 1=440 nm.
Thus, our detailed electromagnetic scattering computations for the aggregate model
yield MAC results that lie below the range of MAC values recommended by Bond and
Bergstrom (2006).

Figure 7 shows results analogous to those in Fig. 6, but for a wavelength of
1=870nm. Discrepancies between the aggregate model and the HSA are even more
pronounced at 1=870nm than at A=440nm. In Fig. 6 (upper left) we observed a rel-
atively small size region in which the HSA overestimates C,,; as compared to the
aggregates. By contrast, in Fig. 7 (upper left) this effect now covers the entire size
range. However, the two curves seem to converge, and if we had carried the compu-
tations to larger sizes we would most likely have observed, as in Fig. 6, that at larger
sizes the HSA underestimates C,,;. Qualitatively, the graph in the upper left panel
in Fig. 7 appears to be shifted to larger sizes as compared to the upper left panel in
Fig. 6, which can be understood in terms of the change in size parameters. Similar
observations can be made for the lower left and right panels in Figs. 6 and 7.

The HSA results are particularly poor for those quantities that describe the scattering
properties, i.e. Cqcy, 9, and Cpe.. The poor representation of g becomes clear when
inspecting the phase function computed with the aggregate model and the HSA, re-
spectively. Figure 8 gives an example for aggregates (red) and spheres (blue) with
a size Ry=167 nm at A=870nm. Clearly, the HSA predicts less forward scattering and
more side scattering, which explains the underestimation of the asymmetry parameter.

Comparing C,s and Cg, in Figs. 6 and 7, we see that the single scattering albedo
®=Cg.,/Cex is around 0.26 at A=440nm, and around 0.14 at A1=870nm. Bond and
Bergstrom (2006) recommended to assume a value of ®=0.25 at A=550 nm.

Table 2 presents the cubic fitting parameters of the optical properties computed with

the aggregate model at 1=870nm. Here we obtain ¢3>*=23.35um™", from which we
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derive MAC=3.1 m2/g. Assuming an inverse wavelength dependence of MAC, the rec-
ommended value of Bond and Bergstrom (2006) corresponds to MAC=(4.7+0.8) m2/g
at a wavelength of =870 nm. Again, our result obtained with the aggregate model lies
below this range.

We noted earlier that the electromagnetic field inside a highly absorbing massive
sphere is so quickly attenuated that it does not penetrate to the sphere’s core. As
a consequence, the mass near the centre of the sphere is not able to contribute much to
the total absorption. One would therefore expect that a hollow sphere with an LAC shell

of outer radius Ay, and an empty inner core of radius Rcorez(’q:hell_’q\:j)vS should
have a higher absorption cross section than a mass-equivalent homogeneous sphere
of radius Ay. As this hollow-sphere model distributes more mass near the surface,
the electromagnetic field can interact with and be absorbed by a larger amount of
the particle’s mass. Also, the hollow sphere has a larger physical cross section than
the homogeneous sphere of equal mass. We test this idea by computing the optical
properties of hollow spheres with the electromagnetic scattering code written by Toon
and Ackermann (1981). Results are shown in Fig. 9. The solid line shows C,,,s (upper
left) and C, (lower left) of a hollow sphere as a function of the outer shell radius R,
at a wavelength of 440 nm and for R\,=176 nm. For comparison, the dotted and dashed
lines show the corresponding results for the homogeneous sphere and the aggregate at
this size, respectively. One observes indeed that by increasing R, One can increase
Caps- Al Rgney=310nm, the absorption cross sections of the hollow sphere and the
aggregate coincide.

However, there are two major problems with the hollow-sphere model. First, this
model overestimates the scattering cross section at Rg,¢; =310 nm by about 50%. So
it fails to predict a correct single scattering albedo. Second, the hollow sphere model
does not consistently produce reasonable results for C,,s at other wavelengths. The
upper and lower right panels in Fig. 9 show C,,s and C,.,, respectively, for a wavelength
of 870 nm. At this wavelength, both the solid and hollow sphere models overestimate
the absorption cross section of the aggregate for all values of Rg,.. The comparison of
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the aggregate results with those obtained for the hollow spheres underlines the funda-
mental difficulties encountered when trying to model the AOP of aggregated particles
with simple geometries.

4.2 Radiative properties of LAC

One advantage of the cubic fitting approach given in Eq. (3) is that for sectional or log-
normal aerosol size distributions models the integration of AOP over size can be done
analytically. Thus, coupling the AOP results obtained with the aggregate model to the
output of a CTM becomes a fairly simple task.

Figure 10 shows an example of mass mixing ratios of LAC in the second size class
(left) and PM, 5 (right) computed with MATCH for 25 July 2006. PM, 5 denotes the total
mass of aerosols with diameters up to 2.5 um. The figure shows results for the lowest
model layer (between ca. 0—-60 m). Although LAC only contributes a few percent to the
total aerosol mass, it can contribute significantly to the aerosol optical depth owing to
its high extinction cross section.

We pick a location south of Paris at a latitude of 48.2° N and 2.3° E. Thus we choose
a location that lies near, but not directly within one of the major source regions of LAC
emissions in Europe. Figure 11 shows vertical profiles of the extinction efficiency com-
puted by coupling the MATCH aerosol profile at this location (see Fig. 10) to the results
from the AOP computations. The upper and lower panels correspond to wavelengths of
1=440nm and 1=870nm, respectively. The extinction efficiency is defined as d7/dz,
where 1(2)= ]jo(Cext)(g“)N(g‘)dg‘ is the extinction optical depth at altitude z, (C.;) de-
notes the ensemble-averaged extinction cross section, and N is the aerosol number
density. Note that d7/dz in Fig. 11 contains contributions from all chemical aerosol
components in all four size classes (up to diameters of 10 um). The contribution of
LAC has been computed with the aggregate model (red solid line), the HSA (dashed
blue line), and assuming a constant MAC (dash-dotted black line).

As expected, the constant-MAC approach yields the highest extinction efficiencies.
At 1=440nm, the HSA yields lower values for d7/dz than the aggregate model. At
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A=870nm, the order is reversed. This is what we expect from our previous discussion
of Cyps and Cg, in Figs. 6 and 7. Note also the pronounced maximum at 2 km, which
is caused by the presence of an aerosol layer at this altitude.

The vertical profiles of the extinction efficiency, the single scattering albedo, and
the asymmetry parameter are taken as input parameters to libRadtran, with which we
compute the spectral radiative net flux Fy=F;+F, —F," . Here F; denotes the direct
solar flux, i.e. that part of the incoming flux that survives extinction, F,” represents the
diffuse downwelling flux, and Ff is the upwelling flux. We assume a solar zenith angle
of 35°. Repeating these computations in the absence of LAC, we obtain a spectral net
flux Ff for an LAC-free atmosphere, from which we can compute the spectral radiative
forcing effect AF; of LAC according to

ARy =F-F). (9)

Figure 12 shows the resulting profiles of AF, at A=440nm (upper panel) and
1=870nm (lower panel). The high absorption due to LAC causes a pronounced pos-
itive radiative forcing effect in and above the aerosol layer. As a consequence, less
solar radiation can penetrate down to the ground, resulting in a negative forcing effect
below the aerosol layer. Table 3 shows spectral forcing at top of atmosphere (TOA)
obtained with the three LAC-optics models.

At 1=440nm, the HSA under-predicts spectral forcing at TOA by roughly a factor
1/2 as compared to the aggregate model, whereas the constant-MAC prediction lies
37% above the result computed with the aggregate model. In the preceding discussion
of Fig. 6, it was noted that the HSA over-predicts the effect of scattering. In fact, at
1=440 nm the HSA yields single-scattering albedos of ®=0.46, whereas the aggregate
model predicts only @=0.26. In addition, the HSA overestimates the amount of side-
and backscattering. However, scattering counteracts the positive forcing effect owing
to absorption. Thus, the high HSA-error in TOA spectral forcing is the combined effect
of too little absorption and too much scattering.

The situation is seemingly different at A=870nm. The HSA results shown in the
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lower panel of Fig. 12 lie rather close to those obtained with the aggregate model.
However, the origin of this agreement is not a better performance of the HSA, but
a rather lucky error cancellation. As can be seen in Fig. 7, the agreement between
the AOP modelled with the HSA and with the aggregate model is considerably worse
than that between the corresponding results shown in Fig. 6. The HSA yields a single-
scattering albedo of @=0.39, whereas the aggregate model predicts a value of only
®=0.14. Further, the HSA considerably overestimates the asymmetry parameter g.
Thus, the HSA overestimates the negative cooling effect due to scattering. At the same
time, the HSA overestimates the positive forcing effect due to absorption. The net effect
of these two large errors with opposite signs is that the spectral forcing computed with
the HSA shows a coincidental agreement with that computed with the aggregate model.

It can be difficult to think in terms of spectral forcing rates. It may help to gauge the
results shown in Fig. 12 by comparing them to broadband results. The solar broad-
band flux is F°=1373Wm™2. Global broadband forcing estimates of LAC range be-
tween 0.4 to 1.2Wm™2 (Forster et al., 2007), which is 0.3-0.9%. of the solar flux. The

solar spectral flux at the two wavelengths we considered is F,,=1722mWm~>nm™"

and Fg,,=986 mW m~2nm™", respectively. Thus the spectral forcing results obtained
with the aggregate model (see Table 3) correspond to 2%. of the solar spectral flux
at 1=440nm, and to 1%. at A=870nm. These are rather high percentages compared
to the global broadband forcing estimates of LAC. However, it is important to keep in
mind that our spectral forcing estimates are based on modelling a local situation near
a polluted area.

5 Conclusions

The main message of this study is that it is feasible to treat optical properties of freshly
emitted LAC within both chemical data assimilation and climate modelling by use of
rigorous electromagnetic theory. This will help to constrain the radiative forcing ef-
fect of LAC, and to construct accurate observation operators for assimilating remote
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sensing observations into chemical transport models. As the optical properties for sub-
wavelength sized, highly absorbing aerosols are relatively smooth functions of size, it
is sufficient to perform computations of optical properties at each wavelength for a rel-
atively small number of discrete sizes, between which one can interpolate with cubic
fitting polynomials. The results are easily coupled to aerosol size distributions modelled
with an aerosol chemical transport model, thus obtaining 3-D fields of size-averaged
optical properties. Those can subsequently be included in the observation operator of
a chemical data assimilation algorithm, or, as demonstrated in this study, coupled to
radiative transfer computations to simulate the direct radiative forcing effect of aerosols.

Another important message of this investigation is that the use of the homogeneous
sphere approximation introduces errors in radiative forcing computations that can, de-
pending on the wavelength range, underestimate the positive forcing effect of LAC by
as much as a factor of 1/2.

An important methodological observation was that the use of a T-matrix based an-
alytical computation of orientationally averaged aerosol optical properties was numer-
ically too limited to cover the relevant range of size parameters. In many applications
the T-matrix approach is superior to other formulations of the electromagnetic scat-
tering problem, as it significantly expedites the computation of orientationally-averaged
optical properties (Mishchenko, 1991; Khlebtsov, 1992). However, the T-matrix version
of the code by Xu and Gustafson (2001) was too limited in the range of accessible size
parameters owing to its high memory requirements. A simpler version of the same
code, which computes the optical properties for discrete orientational angles and per-
forms the angular integration numerically, proved to be sufficiently fast and stable for
our task. This corresponds to similar observations by Okada et al. (2008) made for
silicate aggregates in conjunction with the code by Mackowski and Mishchenko (1996).

One advantage of the code by Mackowski and Mishchenko (1996) is that there exists
a version by Okada and Kokhanovsky (2009) in which the numerical integration over
orientations is parallelized. On the other hand, one potential advantage of the code
by Xu and Gustafson (2001) is that it allows for limiting the range of interactions be-
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tween distant monomers in the aggregate, which may be particularly useful for highly
absorbing aggregates.

Optical and radiative properties computed with the aggregate model have been
compared to corresponding results obtained by the homogeneous sphere approxima-
tion (HSA), and to results assuming a prescribed mass absorption coefficient (MAC).
Clearly, the HSA is far from being state-of-the-art, as the Rayleigh-Debeye-Gans (RDG)
approximation (Sorensen, 2001) is known to yield more accurate results for the optical
properties of aggregated particles. However, comparison of the aggregate model with
the HSA model is not only of historical, but above all of didactic value. Since use of
the HSA is still common practice in the climate modelling community, the test cases
presented in this study clearly illustrate the potentially high errors one introduces with
the HSA in modelling the radiative forcing effect of LAC in the atmosphere.

The comparisons between the results obtained with the aggregate model and with
the prescribed MAC-values may have to be taken with a grain of salt. The aggregate
model is, to be sure, based on rigorous theory, and it uses realistic aggregate geome-
tries. Hence, this approach eliminates errors related to approximations made in the
homogeneous sphere model or in the RDG approach. Thus, results obtained with the
aggregate model can be taken as an “exact” reference for relative comparisons with
theoretical approximations or simplified geometrical models. However, the aggregate
model still needs to rely on assumptions about the refractive index of LAC and its spec-
tral dependence, as well as on the size of the primary monomers in the aggregate,
both of which can vary depending on the combustion conditions under which the LAC
aggregates are formed. Thus, the results obtained with the aggregate model cannot
be interpreted as an absolute exact reference. To gauge the performance of the ag-
gregate model in comparison to the range of MAC values recommended by Bond and
Bergstrom (2006), more detailed studies are needed to test the sensitivity of the optical
and radiative properties of the aggregates to variations in the refractive index and the
primary monomer size.

Finally, one may question the measure of size-equivalence employed in this study.

25464

ACPD
9, 25443-25486, 2009

Optical properties of
LAC

M. Kahnert

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/25443/2009/acpd-9-25443-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/25443/2009/acpd-9-25443-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The classical approach in simulating the optical properties of complex-shaped particles
is to employ model geometries that are as simple as possible, and to find a suitable
measure of size-equivalence such that the optical properties of the model particles
agree with those of the complex reference particles as closely as possible. One may,
as in this study, define size-equivalence in terms of equal mass/volume. Alternatively,
one may consider particles to have equivalent size if they have the same average pro-
jected surface area. For aggregates, one may also employ the radius of gyration as
a size measure. Grenfell and Warren (1999) considered the optical properties of ice
particles and argued that for getting the most out of spherical model particles one
should use spheres that have the same area-to-volume ratio as the nonspherical ice
crystals. Other measures of size-equivalence could be contrived, and it is possible
that one could find a suitable measure that improves the HSA results in comparison
to the aggregate model results. One problem with this approach is that measures of
size-equivalence that perform well at one wavelength tend to perform worse at others
(Kahnert et al., 2007). The main problem within the context of our study is that the
ansatz of manipulating the measure of size equivalence does not represent an accept-
able option in chemical data assimilation. Choosing any measure of size-equivalence
other than the equivalent mass/volume radius R\, implies that the model particles (e.g.
spheres) have a different mass per particle than the reference particles (e.g. aggre-
gates). Thus, in order that the total aerosol mass mixing ratio remains constant, one
needs to change the aerosol number density n(r) accordingly. However, in an aerosol
dynamic model the aerosol mass and the aerosol number distribution are the prog-
nostic variables of the model. The aerosol optical properties are merely diagnostic
variables employed in assimilating observations. The purpose of assimilation is to im-
prove the model prediction of the prognostic variables (Kahnert, 2008), or to inversely
model the observations in the space of the prognostic model variables (Kahnert, 2009).
Introducing measures of size-equivalence other than /R, would mean to discard one of
the main prognostic model variables in order to make the computation of auxiliary op-
tical variables somewhat more convenient. Thus, an aerosol optics model that is to
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be useful in conjunction with aerosol dynamic CTM computations should be based on
employing model particles with equivalent volume radius AR,,. This constraint can make
AOP modelling coupled to CTM computations particularly challenging.
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Table 1. Cubic fitting coefficients and rmse for LAC optical properties at 1=440 nm.
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Co Cq Co C3 rmse
Cooxt - - 68.53 8107*
Csca - - 1756 3107°
Cubs - - 50.97 31072
g -0.39 1923 -116.49 24723 11072
9Ces 8510™* -0019  -0.92 19.08 1.107°
Cpec  0.0031 ~0.19 289 -850 1.107°
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Table 2. As Table 1, but for A=870 nm.

Co Cq Cs Cs rmse
Cot - - - 27.09 8107*
Coa — - —~ 374 1107°
Cabs - - - 2335 3107*
g -0.053  0.75 62.72 -257.60 21072
9Ceea -3.4107* 0.028 -0.73 583 5107*
Cose 8310° 0 -0.0062 122 5107*
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Table 3. Spectral forcing in mW m~2nm™" at TOA computed with the three different LAC-optics

models.
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A1=440nm A=870nm

Aggregates
Spheres
MAC

3.8
1.6
5.2+0.9

1.2
1.0
1.7+0.3
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Fig. 1. Light absorbing carbon aggregate with N;=300 primary monomers, fractal dimension

D;=1.82, and structure factor k,=1.27.
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Fig. 2. Diesel soot emissions (solid line), and corresponding extinction efficiency per size
interval (dashed line) for homogeneous spheres with a refractive index of m=1.70+0.64/.
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Fig. 3. A, A4, and A, as a function of N for aggregates with a=25nm, D;=1.82, and k,=1.27.
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Fig. 4. Real part (top) and imaginary part (bottom) of the refractive index of sulphate (red), sea
salt (purple), organic carbon (green), LAC (black), dust (cyan), and water (blue) as a function

of wavelength.
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Fig. 5. Extinction efficiency Q. Vvs. size parameter for homogeneous spheres with

size parameter

m=1.6+0.001/ (blue line), and m=1.7+0.64/ (red line).
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Fig. 6. Absorption cross section C,, (upper left), scattering cross section C,, (upper right),
asymmetry parameter g (lower left), and backscattering cross section C,., (lower right) as
a function of volume-equivalent radius R, at =440 nm for aggregates (symbols) and homoge-
neous spheres (dashed blue line). The red line represents a cubic fit of the aggregate results.
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Fig. 7. As Fig. 6, but for 1=870 nm.
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Fig. 9. Absorption cross section C,;, (upper row) and scattering cross section C., (lower row)
for a hollow LAC sphere as a function of the outer shell radius R, (solid lines). The particles
have a constant mass corresponding to a volume-equivalent radius of A,=176 nm. Results are
presented for wavelengths of 440 nm (left column) and 870 nm (right column). For comparison,
corresponding results for massive spheres (Rg,;=Ry) and aggregates are indicated by dotted
and dashed lines, respectively.
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Fig. 10. MATCH results for LAC (left) and PM, 5 (right) mass mixing ratios in the lowest model

layer on 25 July 2006.
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Fig. 11. Total aerosol extinction efficiency as a function of altitude at 1=440 nm (upper panel)
and 1=870nm (lower panel). The contribution of LAC has been computed by the aggregate
model (red solid line), the HSA (dashed blue line), and assuming a constant MAC (dash-dotted
black line).
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