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Abstract

The optical properties of externally mixed light absorbing carbon (LAC) aggregates are
computed over the spectral range from 200 nm — 12.2 um by use of the numerically
exact superposition T-matrix method. The spectral computations are tailored to the
14-band radiation model employed in the Integrated Forecasting System operated at
the European Centre for Medium Range Weather Forecast. The size- and wavelength
dependence of the optical properties obtained with the fractal aggregate model differs
significantly from corresponding results based on the homogeneous sphere approxi-
mation, which is still commonly employed in climate models. The computational results
are integrated into the chemical transport model MATCH (Multiple-scale Atmospheric
Transport and CHemistry modelling system) to compute 3-D fields of size-averaged
aerosol optical properties. Computational results obtained with MATCH are coupled
to a radiative transfer model to compute the shortwave radiative impact of LAC. It is
found that the fractal aggregate model gives a shortwave forcing estimate that is twice
as high as that obtained with the homogeneous sphere approximation. Thus previous
estimates based on the homogeneous sphere model may have substantially underes-
timated the shortwave radiative impact of freshly emitted LAC.

1 Introduction

Light absorbing carbon (LAC, also called black carbon) in the atmosphere originating
from soot and biomass burning emissions has been identified as the second most im-
portant primary cause for global warming after CO, (Ramanathan and Carmichael,
2008). LAC global forcing estimates range between 0.4 to 1.2 W/m?, which is as much
as 55 % of the forcing of CO,, and more than the forcing caused by all other green-
house gases combined (Forster et al., 2007). LAC aerosols increase the energy in the
atmosphere, reduce the radiative flux at the surface, and increase the radiative forcing
at the top of the atmosphere. LAC is a short-lived warming agent, so emission re-
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ductions would have an immediate effect to slow down global warming. Therefore the
radiative impact of this aerosol species is of considerable interest for both researchers
and policy makers.

Uncertainties in the direct radiative forcing estimate of aerosols are commonly be-
lieved to be mainly caused by uncertainties in the aerosol fields employed in climate
models. Thus the trend in modern climate models is to replace climatological by
dynamic descriptions of aerosol fields by coupling atmosphere-ocean general circu-
lation models (GCMs) to chemical transport models (CTMs). Dynamically coupled
atmosphere-ocean-chemistry-vegetation models are often referred to as Earth system
models. To constrain the direct radiative forcing estimates of LAC in Earth system mod-
els, efforts are focusing on revising emission estimates of soot and biomass burning
aerosols, understanding the internal mixing of LAC with other aerosol species, and
improving the description of vertical mixing and removal processes. Little attention is
paid in climate modelling to the effect of particle morphology on the radiative impact
of aerosols. It is often taken for granted that the use of Lorenz-Mie theory and the
assumption that aerosols are homogeneous particles with perfect spherical symmetry
gives a sufficiently accurate description of the aerosol optical properties (AOPs) of LAC
for the purpose of radiative flux computations. However, evidence has been found that
the mixing state of chemically heterogeneous aerosols can be important for the radia-
tive impact of aerosols (Jacobson, 2001). Also, it has been demonstrated for mineral
aerosols that nonspherical particles give a significantly different radiative impact than
homogeneous spherical model particles (e.g. Pilinis and Li, 1998; Kahnert et al., 2007;
Otto et al., 2009).

It has long been recognised by combustion researchers, electrical engineers, as-
trophysicists, and aerosol scientists that the spectral optical properties of aggregated
particles and the dependence of AOPs on size, refractive index, and scattering angle
can strongly deviate from those of size-equivalent homogeneous spheres (e.g. Mack-
owski, 1994; Sorensen, 2001; Bond and Bergstrom, 2006; Liu et al., 2008; Okada et al.,
2008; Zhao and Ma, 2009). However, in climate applications, one is only interested in
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broadband net fluxes, i.e. radiance computations integrated over directional angles and
wavelengths. Broadband net fluxes are believed to be less sensitive to aerosol mor-
phology than spectral and differential AOPs. Also, computing the AOPs of realistic frac-
tal LAC aggregates is a highly complex problem, and it did not seem computationally
feasible to apply realistic models in conjunction with numerically exact electromagnetic
scattering computations to broadband applications. On the other hand, approximate
electromagnetic solution methods, such as the Rayleigh-Debye-Gans approximation,
did not give the desired accuracy (Bond and Bergstrom, 2006).

In a recent study (Kahnert, 2010a), numerically exact computations of the optical
properties of LAC aggregates at wavelengths of 440 nm and 870 nm were coupled to
a regional CTM and to radiative transfer computations. The numerical computations
proved to be efficient and robust, and it seems highly probable that the same numerical
method can be applied to broadband computations. It was found that at 440 nm the
spectral radiative impact computed with aggregates and homogeneous spheres were
significantly different. By contrast, at 870 nm the radiative net fluxes were comparable
on account of some lucky error cancellations between the effects of scattering and
absorption. Thus it is not clear a priori how large an error one introduces in broadband
radiative net flux computations if one does not account for the complex morphological
properties of LAC aggregates. The aim of the present study is to compute AOPs of
LAC by use of a rigorous solution to Maxwell’s equations for fractal aggregates, to
perform numerical computations over the entire shortwave range relevant for climate
applications, to integrate the results into a CTM, and to apply the results in a broadband
radiative transfer test case. Section 2 introduces the methodology, Sect. 3 presents
results, and Sect. 4 offers conclusions.

Note that this study focuses on externally mixed LAC aggregates. External mixing is
characteristic for freshly emitted LAC. As LAC ages in the atmosphere, it gets oxidised
and becomes partially hydrophillic, while its fractal dimension increases. Aged LAC
aggregates are usually internally mixed with other water-soluble aerosol components.
The optical properties of internally mixed LAC are discussed by several authors (Fuller,
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1995; Videen and Chylek, 1998; Fuller et al., 1999; Jacobson, 2000; Mishchenko et al.,
2004; Bond et al., 2006; Kocifaj and Videen, 2008; Worringen et al., 2008).

2 Methods
2.1 Modelling optical properties of LAC aggregates

The broadband computations performed in this study are geared to the new 14-band
shortwave radiation scheme of the Integrated Forecasting System (IFS) developed and
operated at the European Centre for Medium Range Weather Forecast (ECMWF). The
shortwave bands cover a range of wavelengths from 200 nm to 12.2 um. We compute
AOPs of LAC as a function of particle size for a total of 16 wavelengths, namely, for
each of the 14 band mid-points, as well as for the minimum and maximum wavelengths
A=200nm and 1=12.2um. A description of the IFS radiation scheme can be found
in the online documentation of IFS (http://www.ecmwf.int/-research/-ifsdocs/-CY33r1/
-PHYSICS/-IFSPart4.pdf).

The AOPs are computed by representing the externally mixed LAC aerosols as frac-
tal aggregates, such as that shown in Fig. 1. The aggregates are assumed to be
composed of Ng spherical monomers of equal radius a. The fractal geometry of the
aggregates can be characterised by the scaling relation

A\
Ns=k0 ? ; (1)

where D; and k, are known as the fractal dimension and fractal prefactor, and Rg
denotes the radius of gyration of the aggregate. The latter is defined by
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where r; denotes the distance of the /th monomer from the aggregate’s centre of mass.

Despite the complexity of these model particles, the ranges of most of the param-
eters characterising the LAC aggregates can be narrowed down significantly. Within
those ranges the sensitivity of AOPs to most parameters (except the refractive index
m=n+ik) is rather low. For a discussion of the the sensitivity of AOP to a variation in
the physical parameters see Kahnert (2010b) and references therein.

We assume that the aggregates have a fractal dimension D;=1.82 and a fractal pref-
actor ky=1.27. These values are supported by both diffusion limited cluster aggrega-
tion simulations and by measurements (Sorensen and Roberts (1997); see also Bond
and Bergstrom (2006) and references therein). Freshly emitted, externally mixed LAC
aggregates usually have fractal dimensions not exceeding 2. Within this range, the
AOPs are much less sensitive to a variation in the fractal parameters than to a variation
in the refractive index (Kahnert, 2010b; see also Liu et al., 2008). The refractive index
is the most critical input parameter to the AOP computations. In a recent study Bond
and Bergstrom (2006) were able to demonstrate that the refractive index of LAC varies
over a much smaller range than previously assumed. For the spectral variation of the
refractive index of LAC we rely on the measurements by Chang and Charalampopoulos
(1990). These measurements are consistent with the void-fraction model discussed by
Bond and Bergstrom (2006). The primary monomers are assumed to have a radius
of a=25nm, which gives the most reasonable results for the single-scattering albedo
(Kahnert, 2010b). The absorption cross section is completely insensitive to a variation
in a for a<40 nm (Bond and Bergstrom, 2006).

We generate our model geometries by use of a random cluster generation algorithm,
which was developed by Mackowski (1994). The idea of the scaling relation given in Eq.
(1) is to define a class of geometries that have well constrained optical properties. The
total absorption and scattering cross sections display indeed very little variation among
different geometries that obey the same scaling relation. However, computational re-
sults reported by Kahnert (2010a,b) indicate that differential scattering properties, such
as the backscattering cross section Cy,,, may not be sufficiently well constrained by
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specifying {a, Ns, Dy, ko, Rg}. This can give rise to numerical artifacts in the form of fluc-
tuations of Cp,, as a function of aggregate size. Although Cy does not enter into the
computation of the radiative impact of aerosols, we shall test a pragmatic and compu-
tationally inexpensive approach for alleviating the fluctuation problem associated with
Cpak- In principle one could repeat computations for an ensemble of different geome-
tries and compute ensemble-averaged AOPs. However, for the broadband calculations
we intent to perform, such an approach would be prohibitively time consuming. We
therefore try to identify, for each size, a “typical” geometry that gives a value of Cp
close to the mean. To this end, we select a single wavelength of 1=533.2 nm, and com-
pute the AOPs as a function of size for five different geometries at each discrete size.
Although a sample of only five geometries is not expected to give a highly accurate
estimate of the mean value of Cy,, this approach proves to be sufficiently robust for
reducing the fluctuations of Cy as a function of size, while keeping the computational
costs within reasonable limits. Figure 2 shows computational results represented by
circles for the absorption cross section C,,s (upper left), the scattering cross section
Csca (Upper right), the asymmetry parameter scaled by the scattering cross section
g x Cqc, (lower left), and the backscattering cross section Cp (lower right). The AOPs
are presented as functions of the volume-equivalent radius R,. The quantities that are
important for radiative transfer computations are C,g, Cscqs @and g x Cqoy. The five dif-
ferent geometries yield almost identical results for these optical properties. By contrast,
Cpak displays some variation (note the logarithmic scale!). We compute at each parti-
cle size R, an average (Cp)- Next we select for each particle size R, that geometry
that yields a value of C,, closest to (Cp,c)- The computed AOPs obtained for these
“typical” geometries are indicated by the green pluses in Fig. 2. Comparison with the
red fitting curves shows that these geometries indeed yield a smooth size dependence
for all AOPs, thus significantly reducing the fluctuations of C,,, as a function of A,,.
These “typical” geometries are the ones we employ for the broadband calculations. So
in the broadband computations, we only employ one geometry for each size R,,. This
approach reduces numerical artifacts sufficiently well without increasing the required
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computation time.

The AOPs of the aggregates are computed by use of the numerically exact su-
perposition T-matrix method for solving Maxwell’s equations for fractal aggregates,
which has been developed by Mackowski and Mishchenko (1996). The computer
code for performing numerical orientation averaging has been developed by Okada
and Kokhanovsky (2009). Computations are performed for eight discrete aggregate
sizes between Ny=7 and N;=600, where the intermediate points are chosen such that
the corresponding volume-equivalent radii A, are equally spaced. For a monomer
radius of a=25nm, this range of N very well covers the range of typical mass-per-
particle values (Kahnert, 2010a). Note, however, that LAC aggregates in nature can
be composed of monomers with radii as small as a=10nm, in which case Ny can be
as large as several thousand. However, as discussed by Kahnert (2010b), the model
aggregates with a=25nm seem to yield the most reasonable estimates of the single
scattering albedo @. (For a discussion of @ of LAC aggregates see the review by Bond
and Bergstrom (2006)).

2.2 Chemical transport and radiative transfer modelling

The results of the aerosol optics computations are integrated into the Multiple-scale
Atmospheric Transport and CHemistry modelling system (MATCH) (Andersson et al.,
2007). This CTM computes, apart from reactive gases, 3-D fields of size-resolved
chemical composition of aerosols. In this study, we employ a simple model version
with 4 size classes for internally mixed and 4 size classes for externally mixed aerosol
species. LAC is assumed to only occur in the Aitken and Accumulation size classes.
Sulphate, nitrate, ammonium, sea salt, and water-soluble organic carbon (OC) are as-
sumed to be internally mixed. Their refractive indices are computed on-line by use
of effective medium theory (Maxwell-Garnett, 1904; Bruggemann, 1935). Mineral dust
and non-soluble OC are treated as externally mixed aerosols. The AOPs of all aerosol
components other than LAC are computed off-line by use of the homogeneous sphere
approximation (HSA). The AOPs are integrated off-line over the aerosol size classes
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employed in the MATCH model. The size-integrated AOPs are read in by MATCH
and coupled to the aerosol size distributions computed by MATCH for each grid cell of
the 3-D model domain. Thus the model computes 2-D fields of aerosol optical depth
(AOD), and 3-D fields of extinction coefficient, backscattering coefficient, single scat-
tering albedo @, asymmetry parameter g, and transmission length/visibility. Since the
AOP look-up table is computed off-line, the CPU time requirements for computing size-
and composition-averaged AOP within MATCH is negligible compared to the computa-
tional efforts involved in computing chemical transformation, transport, and deposition.

Note that many studies have demonstrated the inadequacy of the HSA for nonspher-
ical mineral dust particles (e.g. Kahnert and Nousiainen (2006); Veihelmann et al.
(2006); Kahnert (2004); Schulz et al. (1999a, 1998)). The HSA may even be one
of the dominant sources of error in quantifying the radiative forcing effect of mineral
dust (Kahnert and Kylling, 2004; Kahnert et al., 2005, 2007; Otto et al., 2009). For the
present study we focus entirely on externally mixed LAC and neglect the significance of
aerosol morphology for the AOPs of mineral dust. Note further that we neglect here the
important effect of internal mixing of LAC, which can significantly enhance the radiative
forcing effect of LAC (Bond et al., 2006).

The MATCH model is currently not yet coupled online to a numerical weather predic-
tion or climate model. Thus the model does not have a fast 3-D radiative transfer code.
To obtain a first estimate of the error in broadband radiative impact calculations of LAC
introduced by the HSA, we select a vertical profile of AOPs computed with MATCH and
use these results as input to the 1-D radiative transfer model DISORT (Stamnes et al.,
1988). Calculations are performed with LAC AOPs computed both with the aggre-
gate model and with the HSA, and the radiative impacts are compared. The DISORT
model solves the radiative transfer equation by Fourier-transforming with respect to the
azimuthal coordinate, and by discretising the equations for each Fourier mode with re-
spect to the polar and vertical coordinates. In this way, the integro-differential radiative
transfer equation is re-formulated as an eigenvalue problem for each Fourier mode.
The only physical approximation in DISORT is that polarisation effects are neglected.
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Note, however, that there also exists the polarised version VDISORT that computes all
four components of the Stokes vector (Weng, 1992; Schulz et al., 1999b; Schulz and
Stamnes, 2000).

Vertical profiles of optical properties computed with MATCH are used as input to
DISORT to compute for each wavelength band / a A-integrated radiative net flux
F®'=F°+F —F. Here F’ is the direct solar flux integrated over band /, i.e. that part
of the incoming flux that survives extinction, £, represents the diffuse downwelling
flux, and F,;* denotes the upwelling flux. Subsequently, we sum over all wavelength
bands to obtain the broadband shortwave net flux F"*'. After repeating the MATCH-
AOP and DISORT radiative transfer computations without any LAC, we can compute
the radiative impact AF of LAC according to

AF = Fre(with LAC)—F"(without LAC). (3)

3 Results
3.1 LAC optical properties

Figure 3 presents C,¢ (first row), ® (second row), g (third row), and C,, (fourth row)
as a function of R, and A. The computations have been performed with the aggregate
model using the superposition T-matrix method (Mackowski and Mishchenko, 1996)
(left column) and with the HSA using Lorenz-Mie theory (right column). Comparing
the colour scales, one immediately notes that the results for C,, computed with the
aggregate model (panel a) are much higher than those computed with the HSA (b).
The physical reason is that the electromagnetic field is unable to penetrate deeply into
a massive LAC sphere consisting of highly absorbing material. As a consequence,
much of the mass inside the homogeneous LAC spheres does not contribute to the
mass absorption cross section. By contrast, the geometry of the fractal aggregates is
such that most of the LAC mass can interact with the electromagnetic radiation.
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Comparison of panels (c) and (d) shows that the HSA overestimates @ over a large
part of the size and wavelength ranges. At the same time, comparison of panels (e)
and (f) shows that, at least at visible wavelengths, the HSA tends to underestimate g,
so it overestimates the significance of side- and backscattering. We therefore expect
that over a broad spectral range, the HSA will predict too little radiative warming owing
to the combined effect of an underestimation of absorption and an overestimation of
the significance of total scattering in general and side- and backscattering in particular.
A comparison of panel (g) and (h) reveals that the aggregate model and the HSA yield
very different qualitative and quantitative predictions for C,, and its dependency on
size and wavelength. In particular, the aggregate model predicts the largest values of
Cpax at UV and visible wavelengths, whereas the HSA yields the largest values of Cp4
at NIR wavelengths.

The asymmetry parameter is the first Legendre moment of the phase function. This
quantity may be less intuitively appealing than the phase function, which represents the
normalised angular distribution of the scattered radiation. Thus the misrepresentation
of the asymmetry parameter by the HSA may become clearer if we compare the phase
functions computed with the two different models. The phase function depends on A1,
Ry, and on the scattering angle ©. To visualise this four-dimensional functional relation
in a contour plot, we need to eliminate one of the independent variables. We choose to
eliminate the dependence on R\, by integrating over a fixed log-normal size distribution

2 0
n(HV) = ;exp [_M] ,
Ryo V21

202
where we assume R3=52 nm and 0=0.42, which are obtained by fitting measurements
of diesel soot emissions (Farnlund et al., 2001). The spectral dependency of the size-
averaged phase functions is shown in Fig. 4 for the aggregate model (top) and the HSA
(bottom). One clearly sees that at visible and NIR wavelengths the aggregate model
gives stronger and narrower forward-scattering peaks and less side- and backscatter-
ing, which explains why the aggregate model predicts larger asymmetry parameters at
11895
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these wavelengths. At wavelengths larger than 6 pm the phase function in either model
approaches the Rayleigh limit, in which the phase function becomes more symmetric
about the side scattering direction ©=90°. The Rayleigh phase function has a minimum
at ©=90° and displays equally much forward as backward scattering, so g=0, which is
what we see in Fig. 3 panels (e) and (f).

3.2 Implementation in MATCH

Next we need to consider how to efficiently couple the results from the electromag-
netic scattering computations to dynamic 3-D aerosol fields computed with the MATCH
model. It has been proposed (Kahnert, 2010a) to model the size-dependency of the
AOPs of LAC by simple cubic fitting polynomials, i.e.

AOP = ¢+ CyRy +CoR% + C3RY. (5)

With such an approach, averaging AOPs over the aerosol size distribution computed
with a CTM reduces to computing the moments of the size distribution. For sectional
or log-normal size distributions, the moments can be computed analytically.

For the aggregate model C,,s has been found to be proportional to the mass per
particle (Kahnert (2010a,b), see also Liu and Mishchenko (2005)). Thus the size-
dependency of C,,s can simply be fitted by

Cabs = CngR{o}: (6)

where the coefficient cgbs is defined by this equation. In this study we find that this
relation holds over the entire spectral range. An example for the fitted size-dependency
of C,ys is represented by the red line in Fig. 2 (upper left panel). Figure 5 shows that
cgbs is a smooth function of wavelength. It would therefore be possible to find a suitable

fitting function for cgbs, thus obtaining a two-dimensional parametrisation of C,,s(Ry. 4).
For all AOPs other than C,,¢, the empirical ansatz given in Eq. (5), which was found

to work well at visible wavelengths, turns out to be inaccurate at IR wavelengths. How-
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ever, the cubic fitting ansatz works well for the natural logarithms of the AOPs, i.e.
INAOP = ¢+ 4Ry + CoR5 + C3RY. 7)

Figure 2 (red lines) gives examples for the fitting of INnCg;, (upper right), In(g x Cscy)
(lower left), and InCy, (lower right).

Figures 6—8 show spectral dependencies of the fitting parameters for Cq.y, 9 X Cyca,
and Cy,, respectively. All of these coefficients are smooth functions of 1, so it would
be possible to parametrise INAOP(R\,,1) with respect to both arguments. However,
given polynomial expressions for InAOP rather than for AOP, the computation of size-
averaged AOPs now has to be done numerically. Therefore the fitting approach looses
much of its appeal in broadband computations as compared to applications at visible
wavelengths.

Instead it seems to be most straightforward to use the computed LAC AOPs directly
in numerical size-integrations. This does not pose any technical problems in the CTM
computations, as the size-averaged AOPs are computed off-line for the size bins used
in the MATCH model. The pre-computed size-averaged AOPs are then read in by
MATCH, multiplied by the aerosol number densities computed for each size bin in each
grid cell, and averaged over all size bins. As output, MATCH delivers (apart from 3-D
fields of aerosol number distribution and size-resolved aerosol chemical composition)
2-D fields of aerosol extinction optical depth 7 and 3-D fields of extinction coefficient
d71/dz (z=altitude), backscattering coefficient, @, g, and transmission length/visibility.

As an example, Fig. 9 presents MATCH results in the lowest model layer (i.e. closest
to the surface) of the total aerosol mass mixing ratio PM,, (upper left, i.e. the mass
of all aerosols smaller than 10 um in diameter), the extinction coefficient (upper right),
® (lower left), and g (lower right). The optical parameters are shown for a wavelength
of 533.2nm. The geographic distribution of the extinction coefficient correlates well
with that of the PM,, mass mixing ratios. High extinction coefficients are obtained over
the ocean, where the aerosol mass is dominated by sea salt. Most of the sea salt
mass is found in the coarse mode, which is characterised by high asymmetry parame-
ters and, at visible wavelengths, single scattering albedos near unity (since sea salt is

11897

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 11885-11914, 2010

Broadband optics of
LA

(@)

M. Kahnert

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/11885/2010/acpd-10-11885-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/11885/2010/acpd-10-11885-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

non-absorbing at visible wavelengths). Continental air pollution lowers the asymmetry
parameter and, even more so, the single scattering albedo. Note the particularly low
values of @ around urban centres, such as Paris, London, Madrid, and even Stockholm.
This is mainly caused by LAC emissions. Owing to the high absorption cross section,
LAC emissions strongly lower the ensemble-averaged single scattering albedo. By
contrast, the asymmetry parameter g displays much less geographic fine structure as
compared to @. The asymmetry parameter of LAC does not differ dramatically from
that of other anthropogenic aerosols. The lower values of g over the continent can
be explained by the fact that continental aerosols are dominated by particles in the
accumulation mode, which scatter light more isotropically than coarse mode particles.
Coarse sea salt aerosols are usually quickly deposited over land.

3.3 Radiative transfer computations

We want to obtain a rough estimate of the error caused by the HSA in broadband
radiative forcing calculations. To this end we pick from the 3-D fields of size-averaged
spectral AOPs a 1-D vertical profile at a latitude of 48.2° N and a longitude of 2.3°
E computed for 25 June 2006. Radiative transfer computations are performed for a
solar zenith angle of 35°. This test case has been previously considered in the spectral
radiative impact estimates discussed by Kahnert (2010a). For this test case, Fig. 10
shows d1/dz (upper left), @ (upper right), and g (lower left) as a function of altitude z.
Results for the aggregate model (solid lines) and the HSA (dashed lines) are presented
for three wavelengths, namely 200 nm (blue lines), 533 nm (green lines), and 2778 nm
(red lines).

The lower right panel in Fig. 10 shows the LAC broadband radiative impact AF as
a function of altitude computed with the aggregate model using the superposition T-
matrix method (solid line) and with the HSA using Lorenz-Mie theory (dashed line). At
the surface the radiative impact computed with the aggregate model is nearly -8 W/m?,
whereas the HSA predicts only a radiative impact of -4 W/m?. Above the aerosol layer,
The aggregate model gives AF =4 W/m?, whereas the HSA predicts only AF=2 W/m?.
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In either case, the absolute value of the radiative impact computed with the aggregate
model is approximately a factor of 2 larger than that computed with the HSA. This is a
remarkable result that highlights the importance of accounting for particle morphology
in assessing the direct radiative forcing effect of externally mixed LAC aggregates.

4 Conclusions

Size-dependent optical properties of LAC aggregates have been computed for the
wavelength range from 200 nm up to 12.2 um by use of the numerically exact super-
position T-matrix solution to the electromagnetic scattering problem. The optical prop-
erties have been integrated into the chemical transport model MATCH. This allows us
to compute 3-D fields of size-averaged aerosol optical properties. Such computational
results have been employed as input to a radiative transfer model, from which we ob-
tain the radiative impact of LAC. The aggregate model predicts a shortwave radiative
impact that is twice as high as that computed with the homogeneous sphere model. It
is therefore possible that previous studies have substantially underestimated the net-
warming effect of LAC.

Although a precise quantification of the HSA-error in LAC forcing computations will
require application of the aggregate model in a global climate model and an extended
time-integration, the results obtained here provide a clear indication for the inadequacy
of the homogeneous sphere approximation in LAC climate forcing computations. Real-
istic estimates of the LAC forcing effect will further need to take internal mixing of aged
LAC aerosols with soluble compounds, such as sulphate, into account. Internal mixing
is known to further enhance the radiative forcing effect of LAC (Bond et al., 2006).

As demonstrated in this study, it is fairly straightforward to couple the AOPs com-
puted with the aggregate model to a CTM. Thus the AOPs can be readily implemented
in an Earth-system model, in which an atmosphere-ocean GCM is coupled to a CTM.
One such Earth-system model is the coupled atmosphere-ocean-chemistry-vegetation
model EC-EARTH, which is based on IFS. The LAC optics computations in our study
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have been tailored to the 14-band radiation scheme employed in the newer versions of
IFS.

On-line computations of ensemble-averaged AOPs in a CTM or an Earth-system
model based on an off-line computed look-up table requires only little computation time
in comparison to that needed for computing chemical and meteorological processes.
However, the computational effort to create an AOP look-up table in the first place can
be quite substantial, since electromagnetic scattering computations for such complex
particles as fractal aggregates tend to be very time consuming. The main reason why
it was still possible to perform computations based on rigorous theory over such an
extensive range of particle sizes and wavelengths is the fact that the optical properties
of LAC aggregates are rather smooth functions of R, and 1. The optical properties
of other aerosol species, such as mineral aerosols, often display oscillations with size
and wavelength, which is caused by internal optical resonances inside the particles
and by surface waves. To resolve these oscillations, one usually has to perform AOP
computations for a large number of discrete sizes and wavelengths. By contrast, LAC
aggregates are composed of highly absorbing material, which quenches the optical
resonances. For this reason it is sufficient to limit AOP computations to a manage-
able number of sizes and wavelengths. Results at other sizes or wavelengths can be
obtained by interpolation.
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Fig. 1. Light absorbing carbon aggregate with N,=600 primary monomers, fractal dimension

D;=1.82, and structure factor k,=1.27.
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Fig. 2. C,,s (upper left), C,., (upper right), g x Cy, (lower left), and C,,, (lower right) computed
for five different model geometries (circles) at 1=533.2nm. The greed pluses denote results
obtained for “typical” model geometries as explained in the text. The fitting curves are explained
in the next section.
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Fig. 4. Phase function p,(©) as a function of scattering angle © and wavelength 1. The

phase functions are computed with the aggregate model (top) and the HSA (bottom), and size-
averaged over a log-normal distribution.
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Fig. 6. Spectral dependency of the cubic fitting coefficients of Cg,.
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Fig. 9. PM,, mass mixing ratio (upper left), extinction coefficient (upper right), single scattering
albedo (lower left), and asymmetry parameter (lower right) on 25 July 2006, 18:00 UTC. The
optical parameters are shown for 1=533.2 nm. All results are shown for the model layer closest

to the surface.
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Fig. 10. Vertical profiles of extinction coefficient (upper left), @ (upper right), g (lower left), and
shortwave radiative impact (lower right) computed for 25 June 2006 at a latitude of 48.2° N and
a longitude of 2.3° E. The curves display computational results based on the aggregate model
(solid lines) and on the HSA (dashed lines). Broadband results are represented by black lines,
spectral results by blue lines (200 nm), green lines (533 nm), and red lines (2778 nm).
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