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Abstract. Light absorbing carbon (LAC) aerosols have a 1 Introduction

complex, fractal-like aggregate structure. Their optical and

radiative properties are notoriously difficult to model, and Coupling atmospheric chemical transport models (CTM) to
approximate methods may introduce large errors both in thenodels for aerosol optical properties (AOP) is a challenging
interpretation of aerosol remote sensing observations, anthsk with high relevance in chemical data assimilation and
in quantifying the direct radiative forcing effect of LAC. In climate research. One major problem in chemical data as-
this paper a numerically exact method for solving Maxwell’s similation of aerosol remote sensing observations is the con-
equations is employed for computing the optical propertiesstruction of aerosol observation operatofalinert 2008.

of freshly emitted, externally mixed LAC aggregates. The An observation operator is a forward model that maps the
computations are performed at wavelengths of 440 nm anautput of the CTM to observed quantities, such as aerosol
870 nm, and they cover the entire size range relevant for modeptical depth, or aerosol backscattering and extinction coef-
elling these kinds of aerosols. The method for solving theficients. This forward model is employed in a data assim-
electromagnetic scattering and absorption problem for aggrefation algorithm to solve the inverse problem of retrieving
gates proves to be sufficiently stable and fast to make accuaerosol physical and chemical properties from remote AOP
rate multiple-band computations of LAC optical properties observations. Another important application within climate
feasible. The results from the electromagnetic computationsnodelling is the computation of the direct radiative forcing
are processed such that they can readily be integrated into @ffect of aerosols. General circulation models (GCM) have
chemical transport model (CTM), which is a prerequisite for often employed climatological aerosol fields. However, the
constructing robust observation operators for chemical datarend in modern earth-system modelling is to treat aerosol
assimilation of aerosol optical observations. A case study idields dynamically by coupling a CTM to a GCM. To make
performed, in which results obtained with the coupled op-use of the information provided by a CTM in calculations
tics/lCTM model are employed as input to detailed radiativeof the direct radiative forcing effect of aerosols, it is essen-
transfer computations at a polluted European location. It istial to have an accurate and robust method for mapping the
found that the still popular homogeneous sphere approximaaerosols’ physical and chemical properties to their radiative
tion significantly underestimates the radiative forcing at top properties.

of atmosphere as ComparEd to the results obtained with the By far the Simp|est and most Wide-spread method for com-
aggregate model. Notably, the LAC forcing effect predicted puting AOP based on size-resolved chemical composition is
with the aggregate model is less than that one obtains by agp approximate aerosols by homogeneous spheres. The dif-
suming a prescribed mass absorption cross section for LAC ferent chemical aerosol components are, in general, assumed
to be partially externally, partially internally mixed. The
AOP are computed within the homogeneous-spheres approx-

Correspondence tdvl. Kahnert imation (HSA) by use of effective medium theorgHlek
m (michael.kahnert@smhi.se) et al, 2000 and by Lorenz-Mie theoryMie, 1908. This
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approach is applicable for many liquid-phase water-soluble In this paper, a method for computing the scattering and
aerosols. However, it is well known that for non-spherical absorption properties of fresh LAC based on rigorous elec-
mineral aerosols the optical propertiddighchenko et aJ.  tromagnetic theory will be employed¢ and Gustafsgn
1997 Nousiainen et al.2006 Kahnert and Nousiainen 2001). This method has been developed by astrophysicists,
20086 Veihelmann et a).2006 Kahnert 2004 Schulz etal.  who are mainly interested in light scattering by interplanetary
1999 1998 and even the climate forcing effect of aerosols dust, which usually is much less absorbing than LAC. The
(Pilinis and Li 1998 Jacobson200Q Kahnert and Kylling focus in the present study is on assessing the feasibility of
2004 Kahnert et al.2005 2007 Otto et al, 2009 can be  coupling this method to CTM computations with the idea of
highly morphology-dependent. In such cases, more sophisusing it for developing aerosol optical observation operators
ticated optical models need to be employ&dishchenko for chemical data assimilation, and for performing radiative
et al, 1996 Dubovik et al, 2002 Rother et al.20086. flux computations for constraining the direct climate forcing
Mineral dust is one class of aerosol particles for which effect of LAC. The results are compared to corresponding
the HSA usually fails. Another class of aerosols with com- computations based on the HSA and on prescribed MAC.
plex morphologies are light absorbing carbonaceous aggre- Section2 briefly reviews some of the main physical prop-
gates, commonly referred to as “soot”, “black carbon” (BC), erties of freshly emitted LAC. Secti®explains the method-
or “light absorbing carbon” (LAC). Freshly emitted LAC can ology employed in this study. Results are presented in
be regarded as hydrophobic, externally mixed agglomerateSect.4, and discussed in Seé&.
of primary spherules. As these particles age, they are oxi-
dized in the atmosphere, become partially hydrophillic, and
can mix internally with other weakly absorbing aerosols. Un-
certainties in modelling optical properties of LAC aggregates
arise mainly from (i) variability in the refractive index; and
(i) approximations in the treatment of particle morphology.
This article will focus on freshly emitted, externally mixed Light absorbing carbon aggregates formed in combustion
LAC aggregates, and on how to treat the complex morpho"processes typically have a fractal-like structure that can be
modelled by the scaling relatiodgnes2006

2 Physical properties of freshly emitted light absorbing
carbon

2.1 Morphological properties

ogy of such particles in AOP/CTM computations. Prob-
lems specific to internally mixed LAC are, e.g., discussed by

. . . - . Dy
Fulle_r(1999, Bond et al(2006; Kocifaj and Videer(2008); Ne—ko & )
Worringen et al(2008. s ’

For AOP computations of fractal-like aggregates, approxi- ) .
mate methods, such as Rayleigh-Debeye-Gans (RDG) theor\gyhereNs denotes the number of sphencgl monomers in the
(Sorensen2007), and other approximation©kada et al. ~ adgregateq denotes the monomere radiug, and Dy are
2007 have been developed and applied, e.gZbgo and Ma known as the structure factor and the fractal dimension, re-
(2009. In parallel, methods based on rigorous electromag-SPectively, andkq is the radius of gyration of the aggregate,
netic scattering theory have been develofarghese et gl.  Which is defined by
1984 Mackowski and Mishchenkd 996 Xu and Gustafsan

2001 and applied to various case studies. Applications to at-R _ i s 2 @)
mospheric LAC have, e.g., been reported.hyet al. (2008. 97 | Ns i_lri ‘

Astrophysical applications to interplanetary dust aggregates

have, e.g., been presented®iada et al(2008. Herer; denotes the distance of tlith sphere in the aggre-

In an excellent recent review pap@&opnd and Bergstrom gate from the centre of mass. FollowiMackowski(2006
(2006 discussed the state-of-the-art of different methods andand Sorensen and Robert$997), we assume);=1.82 and
concluded that the use of the HSA for fresh LAC is likely to k9=21.27, which correspond to typical values of freshly emit-
introduce significant errors in modelling AOP based on sizeted LAC formed in diffusion limited cluster aggregation pro-
and chemical composition of aerosols. Although the RDGcesses. The monomer radius typically ranges between 10
approximation can be expected to give improved results, itand 25 nm Bond and Bergstrom2006. In this study, we
still under-predicts LAC-absorption by about 30%. As meth- shall assume=25nm. We used the aggregation algorithm
ods based on rigorous theory have, so far, proved to be cormby Mackowski(1994) to generate random fractal geometries.
putationally too demanding for broadband applications, theFigurel shows an example fa¥s=1000.
authors recommended for externally mixed LAC to (i) use a As this article focuses on freshly emitted LAC, it will be
mass absorption cross section (MAC) off#1.2)n?/gata  assumed throughout this study that the LAC aggregates are
wavelength ofa=550 nm, where the mass density of LAC hydrophobic and not internally mixed with other chemical
can be assumed to be 1.8 gknfii) assume a single scat- aerosol components. Note, however, that the hygroscopic
tering albedo ofv=0.25; (iii) assume an inverse wavelength and morphological properties of LAC change as the aggre-
dependence of MAC. gates age in the atmosphere. The aggregates become more
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Fig. 1. Light absorbing carbon aggregate wits=1000 pri-  Fig. 2. Diesel soot emissions (solid line), and corresponding ex-
mary monomers, fractal dimensiddy=1.82, and structure factor  tinction efficiency per size interval (dashed line) for homogeneous
ko=1.27. spheres with a refractive index @f=1.70+0.64i.

hydrophillic, and the fractal dimension increases to values a=25nm

0.7

Ds>2. Aged LAC aggregates tend to mix with other aerosols
components, such as sulphate aeros@sr(ingen et al.
2008. oer

2.2 Sizerange 08¢

We need to obtain a first very rough estimate of the size range'g %4
we have to consider in our optical modelling study. Figlire =

(solid line) shows a schematic number size distributian & o3p
of diesel soot emissions basedarnlund et al(2001). The
majority of particles is emitted in the size range up to ara- %%
dius of 100nm. In fact, some aerosol dynamic models as-

sume that all externally mixed LAC is limited to the Aitken o1r 1
mode, such as the M7 modalignati et al, 2004, thus ne-

glecting externally mixed LAC in the accumulation mode. = 0 00 130 200 20 300 3%
However, since the optical cross sections increase with par- Ny

ticle size, even small number densities of large particles can

make a significant contribution to the size-averaged opticaFig. 3. Ra, Rg, and Ry as a function ofNs for aggregates with

cross sections. Let us consider the extinction cross section=25nm,D;=1.82, andkg=1.27.

Cext(r) of homogeneous spheres with a refractive index of

m=17040.64 (typical for LAC at 440 nm), and compute

Cext(r)n(r). The result is represented by the dashed line inwith equivalent geometric cross section, or the radiyof a

Fig. 2. Particles up to a radius of approximatel=300nm  sphere with equivalent volume. However, it can be assumed

can make a significant contribution to the total extinction ef- that for fractal cluster®, lies much closer t&kp than toRy

ficiency. (Smekens et 811997). Figure3 showsRa, Rg, andRy as
Measurement methods of LAC size distributions, such asa function of the number of primary monome¥g for the

those employed bifarniund et al(2001), are often based on aggregates considered in this study. A sizeRaE=300 nm

aerodynamic size segregation methods. Thus, the radius iwould correspond to abou¥s=250. Since this is only a

Fig. 2 is to be understood as the radius of an aerodynamivery rough estimate, we extend this range by a factor of 4 up

cally equivalent sphere, denoted By. This quantity is dif-  to aggregates sizes &fs=1000. This should safely cover

ficult to convert into physically more tangible size measures,the entire size range (in terms of mass per particle) that can

such as the radius of gyratiaty, the radiusRa of a sphere  be reasonably expected to contribute to the extinction cross
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section. Note, however, that for smaller monomer radlii 3

aggregates may even be larger tiéa=1000. 251 S04 | 8
sea salt
Since we are interested in coupling AOP and CTM simula- g 2} oc / .
tions, and since CTMs are primarily mass transport models, & LAC -

v o 15
the size of the LAC aggregates shall from now on be speci- o

fied in terms ofRy.

water

1t

0.5 L L

10 10° 10"

2.3 Refractive index e
S04
The refractive indexn=n+ix of LAC can vary depending _ ;¢ | seasat| 0000000000
on the degree of graphitisation and depending on the voidE he e
fractions in the material. These two effects give rise to dif- = 10° | dust | //"L .
ferent inter-dependencies of the real parand imaginary water N
partk of m. 107 = o o
In the graphitisation model the refractive index of LAC is A [um]

explained in terms of the molecular structure of the carbona-

ceous material, as discussed in detaiBmynd and Bergstrom  Fig. 4. Real part (top) and imaginary part (bottom) of the refractive
(2006. LAC usually consists of a mixture of carbon bonds index of sulphate (red), sea salt (purple), organic carbon (green),
known aSsp2 and sp3 bonds. In the former, one and LAC (black), dust (cyan), and water (blue) as a function of wave-
two p electrons in the carbon atom are hybridized into three/ength.

molecular orbitals in a plane with 3-fold rotational symme-

try. In the latter, thes and all threep valence electrons are q hich th di fractive indi
hybridized into molecular orbitals with tetrahedral symme- and =870 nm, at which the corresponding refractive indices

try. sp3 bonding is, e.g., found in methane and in diamond, &€ =1.70+0.64 andm=1.79+0.57;, respectively.
whereasp? is found in benzene and in graphite. In the For most of the other aerosol components the refractive in-
hybridization, the remaining valence electron of each car- dices are taken from the OPAC databadess et al.1998,

bon atom becomes part of a delocalizedrbital, in which where the OPAC refractive index for soluble particles has
the electrons can move quite freely. Theselectrons have been used for ammonium and nitrate. For organic carbon

closely spaced energy levels, which allows them to absornd mineral dust we have adopted the values employed in

electromagnetic radiation over a broad spectrum. variatiorf'¢ ECHAM model. The, refraciive index of water Is ta_ken
of the size of thep? “i from Segelstein1981). Figure4 shows the spectral varia-

islands” within ansp® “matrix” gives . f the refractive indi £ diff |
rise to a characteristic variation ofandx. Flon of the refractive indices of different aerosol components
in our AOP/CTM code.

The void fraction model, on the other hand, is based on the
assumption that there exists strongly absorbing carbon with & 4 Modelling the optical properties
single refractive index. The variation of the refractive index
of LAC is explained in terms of a variable void fraction in - AOP computations are usually performed by computing opti-
the material. This model gives rise to a characteristic inter-cal properties of single particles with given chemical compo-
dependence of andx that is distinctly different from that of  sition and physical properties, followed by performing an en-
the graphitisation model. semble average over sizes, compositions, morphologies, and

By performing a critical review of available measure- orientations. Figur®& shows, as an example, the extinction
ments, and by comparing observations with model resultsefficiency Qext 0f homogeneous spheres as a function of size
Bond and Bergstronf2006 were able to show that a ma- parameterx=kr for a refractive index ofn=21.6+0.001
jority of observed LAC refractive indices lie along the void (blue line), which is typical for mineral aerosols at visible
fraction curve. Thus they were able to constrain the range ofvavelengths, and corresponding results Apoe1.7+0.64i
LAC refractive indices to a rather narrow range. Most no- (red line), which is typical for LAC at. =440 nm. This fig-
tably, they find that the refractive index of=1.74+0.44; ure clearly illustrates the quenching of internal resonances in
at a wavelength.=550 nm, which is commonly employed highly absorbing material, which allows us to significantly
in climate models, clearly lies outside the range of rea-reduce the number of discrete sizes over which we perform
sonablem values of LAC. Present estimates of the cli- the size-averaging. Thus, despite the morphological com-
mate forcing effect of LAC aerosols may therefore be in plexity of LAC aggregates, the computational burden related
error. In the present study, we employ the refractive in-to the size averaging is substantially reduced.
dex values reported ghang and Charalampopould®90, The strategy is to compute AOP for a selected number of
which lie within the range specified BBond and Bergstrom  sizes, followed by a suitable interpolation. Size-integration
(2006. We consider two wavelengths, namely=440nm  of AOP in conjunction with the size distribution obtained
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s 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 a.
2005 Andersson et 8l2007). We employed a version of the
model which computes aerosol mass mixing ratios in four
different size classes. The size classes cover particle diame-
ters 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 contains a photochemistry
module which, apart from reactive gases, computes sulphate,
nitrate, and ammonium concentration fields. It further con-
i : i ) tains a seasalt module and a primary particle module for com-
size parameter ’ puting transport and deposition of LAC, primary organic car-
bon (OC), and dust. Water is treated as a diagnostic variable.
Fig. 5. Extinction efficiencyQext vs. size parameter for homoge- The model is run with a horizontal resolution of 9,.4ising
neous spheres with =1.6+0.001 (blue line), andn=1.7+0.64 meteorological input data from the High Resolution Limited
(red line). Area Model (HIRLAM).
In the calculation of size-averaged optical properties, LAC

from a CTM can then be achieved by integrating the inter-is. assumed to extend into the second size class only up to a

polation functions weighted by the size distribution. size of Ry=170 nm. Truncating the size range of LAC at a
reasonable cut-off size is important in a bin representation of

the size distribution in order not to over-estimate the optical

15
10

3 Methods cross sections. In a modal representation such a truncation is
usually not necessary.
Optical properties of LAC are computed fars=20, 40, The contribution to AOP from aerosol components other

60, 80, 100, 120, 140, 180, 220, 260, 300, 350, 650, andhan LAC is modelled by assuming that sulphate, nitrate,
1000, assuming a radius=25 nm of the primary monomers, ammonium, seasalt, water, and the soluble fractions of OC
and assuming a fractal structure characterizedbpy:1.82 and dust are internally mixed, homogeneous spheres. The
and kp=1.27. Calculations are performed at wavelengths effective refractive index of those is computed by iteratively
A=440nm and 870nm. We used the code Xy and  applying the Bruggemann rul@fuggemann1935 to sul-
Gustafson(2001), which computes a numerically exact so- phate, nitrate, ammonium, seasalt, OC, and water, and the
lution to Maxwell's equations. Maxwell-Garnett rule iMaxwell-Garnett 1904 to dust. The

Several versions of this code exist. One version is baseghsoluble fraction of OC and dust is represented by exter-
on computing the fulll-matrix of the aggregates. A ma- nally mixed, homogeneous spheres. In the standard ver-
jor advantage of this approach is that the integration of thesion of the code, the hydrophillic fraction of LAC is mixed
optical properties over orientational angles can be done angy applying the Maxwell-Garnett rule. However, for the
lytically. However, preliminary tests indicated that this ver- purpose of the present study, all LAC is treated as exter-
sion of the code does not allow us to cover the entire sizenally mixed. AOP computations for homogeneous spheres
range needed for this study. We therefore employed a simare done off-line in MATCH. In a first step, Mie compu-
pler version of the code that computes the optical propertiesations are performed for 40000 equally-spaced size pa-
for discrete orientational angles and performs the angular inrameterst =0.025, Q050,...,1000, for 101 equally-spaced
tegration numerically. Although less elegant and slower, thisreal parts of the refractive index=0.82, 084,...,2.82,
method is able to cover the required size range. It turned ouand for 17 imaginary parts of the refractive index with
that 2000 discrete angles were sufficient to obtain accuratéogk =—9.0,—-5.0,—4.0,—3.0,—2.0,—1.8,...,4+04. In a
orientationally-averaged results. Note that for larger particlessecond step, pre-computed size-averaged AOP are computed
or weakly absorbing particles, for which the angular distri- for each of the four size classes used in MATCH, and for
bution of the scattered radiation may display numerous shargach value of: and«. The range of refractive indices is
resonance features, the number of discrete angles requiragkliberately chosen sufficiently broad to also include LAC
for numerical orientational averaging may be considerablyrefractive indices within a wavelength range fram0.2um
larger. up tox =12 um (compare with Figl).

For comparison, AOP computations for volume-equivalent Several of the assumptions in our AOP model can in-
homogeneous spheres were performed with the Mie-coderoduce errors. Application of the HSA to dust is at least
written by Michael Mishchenkohttp://www.giss.nasa.gov/ equally problematic as its application to LARghnert et al.
stafffmmishchenkp 2005 2007 Nousiainen et a).2006 Kahnert and Nousi-

ainen 2006 Veihelmann et a).2006 Kahnert and Kylling
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Fig. 6. Absorption cross sectiofisps (Upper left), scattering cross secti6iaca (Upper right), asymmetry parametgr(lower left), and
backscattering cross secti@iysc (Iower right) as a function of volume-equivalent radigg at =440 nm for aggregates (symbols) and
homogeneous spheres (dashed blue line). The red line represents a cubic fit of the aggregate results.

2004 Kahnert 2004 Schulz et al.1999 1998. Neglecting the aggregates is overestimated by the HSA for sizes between
internal mixing of aged LAC is likely to underestimate its ra- Ry=0.06 and 0.22 um. The asymmetry parametélower
diative forcing effect Bond and Bergstrom2006. Thus, left) is strongly underestimated by the HSA over much of the
performing a detailed morphological treatment of freshly size range up taRy =0.18 um. Thus, over a large portion
emitted LAC is only one issue in a critical assessment of theof the size range the homogeneous sphere model predicts a
AOP model currently employed in MATCH. stronger influence of scattering and more side- and backscat-
The radiative aerosol properties were computed by usingering than the aggregate model. The lower right panel shows
AOP computed in MATCH as input parameters to libRad- the backscattering cross secti6gsc=Cscap(180°), where
tran (ttp://www.libRadtran.org using the DIScrete Ordi- p(18C°) denotes the phase function in the backscattering di-
nate Radiative Transfer (DISORT) modé&témnes et al.  rection. Whereas spherical model particles display an os-
1989 as a radiative transfer (RT) solver. RT computationscillating behaviour of the backscattering cross section with
were performed for (i) LAC optics treated by the aggregateparticle size, the aggregate model predicts a monotonous in-
model, (i) LAC optics computed with the HSA, (iii) LAC crease. Note, however, the small amplitude fluctuations ob-
optics accounted for by converting the recommended valueserved for the aggregate model at larger sizes. The reason for
of MAC=7.5n?/g at 550 nm Bond and Bergstror2006 these is most likely related to the fact that the fractal param-
to the two wavelengths considered in this study (assumingetersDs andkg only define a class of aggregates. They do
an inverse wavelength dependency of MAC), (iv) setting thenot unambiguously define the exact geometry of the aggre-
LAC mass mixing ratio equal to zero. By subtracting the gate, so for a given selection of Ns, Ry, D, andkg there
radiative net flux results obtained in (iv) from each of the exists, in principle, infinitely many geometries. Whereas the
results obtained in (i)—(iii), one obtains the LAC radiative Cross section€apsandCscaare rather insensitive to a varia-
forcing for the three LAC optics models. tion of the geometry for fixed fractal parameters, the angular
distribution of the scattered radiation, thus the backscatter-
ing cross section, is more sensitive to such a variation. One

4 Results could, for the price of considerably more computation time,
smooth out the fluctuation of the backscattering cross section
4.1 Optical properties of LAC by averaging over several geometries.

Incidentally, we verified that the optical cross sections are
Figure 6 presents optical properties of LAC computed with sufficiently constrained by specifying the valuesaf Ns,
the aggregate model (symbols) and the HSA (dashed blu®y, Df, andko. For each of the aggregates upNg=100
line). The absorption cross sectiGgpsati =440 nm (upper monomers, computations were repeated for five different ge-
left) is only slightly overestimated by the HSA up to sizes of ometries having the same values of the fractal parameters.
Ry =0.08 um. At larger sizes, the HSA strongly underesti- The results for the optical cross sections varied by less than
matesCaps The scattering cross sectiGlca(upper right) of  1%.

Atmos. Chem. Phys., 10, 140B416 2010 www.atmos-chem-phys.net/10/1403/2010/
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Table 1. Cubic fitting coefficients and rmse for LAC optical prop- physical reason for.this is that the electromqgnetic field-is
erties at.—440 nm. unable to penetrate into the centre of larger, highly absorbing

spheres. This means that only the mass near the surface of the
<o 1 ¢ c3 rmse larger particles contributes to absorption. Hence, the increase
of CapsWwith Ry is weaker than the third power. By contrast,

gext - - - 52'22 iig_z the geometry of fluffy aggregates is such that most of the
Csca _ ~ ~ 4077  510-3 mass interacts with the electromagnetic field, which is why
gabs 033 1654 -8632 15110 %10-2 the relationCapsx Ry holds over the entire size range consid-
¢Csca O _0.27 1.69 1156 210-3 ered here. This agrees with resultsltiy and Mishchenko
Cpsc O 0 —0.08 3.57 310-3 (2005, who computed optical properties of aggregates up to

N, =400 and observed thal,ny/ M is independent ofvy,
whereM denotes the mass of the aggregate.

The asymptotic form for the scattering cross section given
The LAC optical properties obtained with the aggregatein Eq. @) is known as the Rayleigh approximation, which is
model can be fitted with a Taylor series. It turns out that it is also referred to as the dipole approximation. Itis based on the

sufficient to carry the polynomial up to third order, i.e. assumption that all electrons in the particle oscillate in phase
5 3 in response to the external electromagnetic forcing, just like
AOP=co+c1Ry +c2Ry +c3Ry. (3)  adipole. This only holds for particles considerably smaller

than the wavelength. In general it cannot be assumed that all
monomers in our aggregate oscillate in phase, as they would
81 Rayleigh scattering. For this reason, E8). i6 not valid
over the size range considered here. Clearly, the polynomial
fitting ansatz is physically motivated only f@t,ps For the
other parameters, it is a purely mathematical approximation.
2(r) over a size distribution (r) is defined as The merit of this fitting approach is tha_t_the coupling of AOP
and CTM computations is greatly facilitated. For instance,
1 the output of an aerosol dynamic model with a log-normal
N{(Csca) fn(r)Csca(r)g(r)dr “) or sectional size distribution can be easily employed in con-
junction with Eq. ) for computing size-averaged AOP, as

We found thatCexi, Csca @and Caps can be fitted by setting
co=c1=c2=0. Tablel shows the resulting coefficients and
the root mean square errors (rmse) of the cubic fits, obtaine
by least-squares error minimization. All coefficients are de-
fined such that the resulting cross sections have unité. pm
Note that the size-averagg) of the asymmetry parameter

(g)=

where the moments of such size distributions can be computed an-
1 alytically.
(Coed = 7 [ 1) Cacdrr (5) s
N From Caps=c5°°Ry;, we can compute the mass absorp-
N — /n(r)dr. (6) tion cross section I\/I_A%Cabs/(pV)=3c§bs/(4np), where
V denotes the particle volume and denotes the mass

density of LAC. Assumingp=1.8gcnT3, this vyields
MAC=6.6n?g-1. Bond and Bergstron(2006§ recom-
mended a value of MAE (7.54+1.2) m?/g at a wavelength
f A=550nm, and they assumed an inverse wavelength
ependence of MAC (compare with E@). This yields
MAC = (9.441.5) m?/g at a wavelength of=440 nm. Thus,

For this reason, Tabl& provides the fitting parameters for
gCsca Which, for the purpose of computing), are more
useful than the fitting parameters for

Note that for small homogeneous spheres the optical crosg
sections behave asymptotically as

roes 872 m2—1 5 our detailed electromagnetic scattering computations for
Cabs ‘m‘:—vzd = 712 Ry, (7)  the aggregate model yield MAC results that lie below the
range of MAC values recommended Bgnd and Bergstrom
2
Ry 12875 m2—-1 6 8 (200@.
S| kver  3a4 |m2+2| "V (8) Figure 7 shows results analogous to those in Fgbut

for a wavelength of.=870 nm. Discrepancies between the
(van de Hulst 1981). For Caps this yields an asymp- aggregate model and the HSA are even more pronounced at
totic value ofcgb3:47.22,um—1 for small spheres, which is 1=870nm than at =440 nm. In Fig.6 (upper left) we ob-
somewhat smaller than the result obtained for the aggregatserved a relatively small size region in which the HSA over-
model. However, the absorption cross section of homogeestimate€ apsas compared to the aggregates. By contrast, in
neous spheres in Fi@.cannot accurately be fitted over the Fig. 7 (upper left) this effect now extends up to sizes of about
entire size range by the simple anse]gbszcgbsR\?;. The Ry =0.2um. Qualitatively, the graph in the upper left panel
absorption cross sections of the larger homogeneous spheras Fig. 7 appears to be shifted to larger sizes as compared
are considerably lower than those predicted by E}j. The to the upper left panel in Fig, which can be understood in
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Fig. 7. As Fig. 6, but forA=870 nm.

terms of the change in size parameters. Similar observations
can be made for the lower left and right panels in F&and
7.

The HSA results are particularly poor for those quantities
that describe the scattering properties, €Cg:a g, andCpsc
The poor representation gfbecomes clear when inspecting
the phase function computed with the aggregate model anc
the HSA, respectively. Figur8 gives an example for ag-
gregates (red) and spheres (blue) with a #tge=167 nm at
A=870nm. Clearly, the HSA predicts less forward scattering
and more side scattering, which explains the underestimatior
of the asymmetry parameter.

Comparing Caps and Csca in Figs. 6 and 7, we see
that the single scattering albedo=Cscy/ Cext is around
0.27 atA=440nm, and around 0.16 a&=870nm. Bond
and Bergstrom(2009 recommended to assume a value of
w=0.25 atA =550 nm.

-
o
-

1on

Phase functi

10°

A=870 nm, RV=0.167 pm

10° b

— Aggregate
— — — Sphere

20

40

I I I I
100 120 140 160 180

60 86
Scattering angle

Table2 presents the cubic fitting parameters of the optical Fig. 8. Phase function of aggregates (red solid line) and homo-

properties computed with the aggregate mod&ka870 nm.
Here we obtairrgbszzaomm—l, from which we derive
MAC=3.1m?/g. Assuming an inverse wavelength de-
pendence of MAC, the recommended valueBufnd and

geneous spheres (blue dashed line) with a &ige=167nm at a
wavelength of.=870 nm.

Bergstrom(2006) corresponds to MAE(4.7+0.8) m?/g at  homogeneous sphere of radig. As this hollow-sphere

a wavelength ok =870 nm. Again, our result obtained with model distributes more mass near the surface, the electro-

the aggregate model lies below this range. magnetic field can interact with and be absorbed by a larger
We noted earlier that the electromagnetic field inside aamount of the particle’s mass. Also, the hollow sphere has

highly absorbing large sphere is so quickly attenuated that larger physical cross section than the homogeneous sphere

it does not penetrate to the sphere’s core. As a consequencef equal mass. We test this idea by computing the optical

the mass near the centre of the sphere is not able to contributgroperties of hollow spheres with the electromagnetic scat-

much to the total absorption. One would therefore expect thatering code written byfoon and Ackerman(il981). Results

a hollow sphere with an LAC shell of outer radiRshneyand  are shown in Fig9. The solid line shows 45 (Upper left)

an empty inner core of radil&orez(Rghe”—Rs)l/:“ should and Csca (lower left) of a hollow sphere as a function of the

have a higher absorption cross section than a mass-equivaleatiter shell radiusRshe at a wavelength of 440 nm and for
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Table 2. As Tablel, but forA=870nm. LAC-Accumulation
co c1 c2 c3 rmse

Cext — - - 2755 %103
Csca - - - 454 %1073
Cabs - - - 23.01 k103
g -0.18 6.88 —956 -1509 3x10°2
gCsca O 0.02 -0.70 597 61074
Cpsc O 0.01 0.10 075 51074

RV:176 nm, A=440 nm Rv=176 nm, A=870 nm

0.24

0.22

02 T I |
le-4 1e-3 0.01 0.1 1 10 100

0.18 Mixing ratio [ppb-m]

0.16

Hollow Spheres
L e e Lo Fig. 10. MATCH results for LAC (left) and PM 5 (right) mass

0l 7 oa o6 o8 1 “%0 o7 o4 o8 o8 1 mixing ratios in the lowest model layer on 25 July 2006.

0.2

tion of the aggregate for all values 8fnhe. The comparison

of the aggregate results with those obtained for the hollow
spheres underlines the fundamental difficulties encountered
when trying to model the AOP of aggregated particles with
simple geometries.

— 0.15
]

0.1

Csca [IJ m

0.05

4.2 Radiative properties of LAC

Fig. 9. Absorption cross sectiof’yps (upper row) and scatter- Qne advantagg of the cubic fitting approach_glve_n n B)]. (
ing cross sectiorCsca (lower row) for a hollow LAC sphere as a 1S that for se_ctlonal or log-normal aerqsol size distributions
function of the outer shell radiuBghey (solid lines). The particles Models the integration of AOP over size can be done ana-
have a constant mass corresponding to a volume-equivalent radidytically. Thus, coupling the AOP results obtained with the
of Ry=176 nm. Results are presented for wavelengths of 440 nmaggregate model to the output of a CTM becomes a fairly
(left column) and 870 nm (right column). For comparison, corre- simple task.
sponding results for massive spher@ge=Ry) and aggregates Figure 10 shows an example of mass mixing ratios of
are indicated by dotted and dashed lines, respectively. LAC in the second size class (left) and RB(right) com-
puted with MATCH for 25 July 2006. Pl denotes the
total mass of aerosols with diameters up to 2.5 um. The fig-
Ry=176 nm. For comparison, the dotted and dashed linesire shows results for the lowest model layer (between ca.
show the corresponding results for the homogeneous sphe®-60m). Although LAC only contributes a few percent to
and the aggregate at this size, respectively. One observafe total aerosol mass, it can contribute significantly to the
indeed that by increasingsne One can increas€aps At aerosol optical depth owing to its high extinction cross sec-
Rshei=310 nm, the absorption cross sections of the hollowtjon.
sphere and the aggregate coincide. We pick a location south of Paris at a latitude of 48\2
However, there are two major problems with the hollow- and a longitude of 2°3. So we choose a location that lies
sphere model. First, this model overestimates the scatteringear, but not directly within one of the major source regions
Cross section akshei=310 nm by about 50%. So it fails to of LAC emissions in Europe. FigurkEl shows vertical pro-
predict a correct single scattering albedo. Second, the holfiles of the extinction efficiency computed by coupling the
low sphere model does not consistently produce reasonabl®IATCH aerosol profile at this location (see Fif) to the re-
results forCyps at other wavelengths. The upper and lower sults from the AOP computations. The upper and lower pan-
right panels in Fig9 showCapsandCscs respectively, fora  els correspond to wavelengthsict440 nm ancdh =870 nm,
wavelength of 870 nm. At this wavelength, both the solid andrespectively. The extinction efficiency is defined agdt,
hollow sphere models overestimate the absorption cross seevhere t(z)= ZZO (Cext) ()N (¢)dz is the extinction optical
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Fig. 11. Total aerosol extinction efficiency as a function of altitude o, =
atA=440 nm (upper panel) and=870 nm (lower panel). The con-
tribution of LAC has been computed by the aggregate model (red

solid line), the HSA (dashed blue line), and assuming a constant . o .
MAC (dash-dotted black line). Fig. 12. As Fig. 11, but for the spectral radiative forcing effect of

LAC, assuming a solar zenith angle of°35

spectral forcing [mW m™2 nm"l]

depth at altitude, (Cex) denotes the ensemble-averaged ex-aerosol layer. Tabld shows spectral forcing at top of atmo-
tinction cross section, andl is the aerosol number density. sphere (TOA) obtained with the three LAC-optics models.
Note that d/dz in Fig. 11 contains contributions from all At A=440nm, the HSA under-predicts spectral forcing at
chemical aerosol components in all four size classes (up tad'OA by roughly a factor 12 as compared to the aggregate
diameters of 10 um). The contribution of LAC has been com-model, whereas the constant-MAC prediction lies 37% above
puted with the aggregate model (red solid line), the HSAthe result computed with the aggregate model. In the pre-
(dashed blue line), and assuming a constant MAC (dasheeding discussion of Fid, it was noted that the HSA over-
dotted black line). predicts the effect of scattering. In fact, /2440 nm the

As expected, the constant-MAC approach yields the high-HSA vyields single-scattering albedos @f=0.46, whereas
est extinction efficiencies. At=440nm, the HSA yields the aggregate model predicts omly=0.27. In addition, the
lower values for d/dz than the aggregate model. At HSA overestimates the amount of side- and backscattering.
A=870nm, the order is reversed. This is what we expectHowever, scattering counteracts the positive forcing effect
from our previous discussion @fapsandCscain Figs.6 and  owing to absorption. Thus, the high HSA-error in TOA spec-
7. Note also the pronounced maximum at 2 km, which istral forcing is the combined effect of too little absorption and
caused by the presence of an aerosol layer at this altitude. too much scattering.

The vertical profiles of the extinction efficiency, the sin-  The situation is seemingly different a&=870nm. The
gle scattering albedo, and the asymmetry parameter are takefiSA results shown in the lower panel of FitR lie rather
as input parameters to libRadtran, with which we computeclose to those obtained with the aggregate model. How-
the spectral radiative net fluk, =F3+F, —F;". Here F§  ever, the origin of this agreement is not a better performance
denotes the direct solar flux, i.e. that part of the incomingof the HSA, but a rather lucky error cancellation. As can
flux that survives extinction?; represents the diffuse down- be seen in Fig7, the agreement between the AOP mod-
welling flux, and F;r is the upwelling flux. We assume a elled with the HSA and with the aggregate model is con-
solar zenith angle of 35 Repeating these computations in siderably worse than that between the corresponding results
the absence of LAC, we obtain a spectral net ijB(for an  shown in Fig.6. The HSA vyields a single-scattering albedo
LAC-free atmosphere, from which we can compute the specof »=0.39, whereas the aggregate model predicts a value
tral radiative forcing effectA F; of LAC according to of only w=0.16. Further, the HSA considerably underesti-
AF, = F; — FO ©) mates the asymmetry parameter Thus, the HSA_overes-

A timates the negative cooling effect due to scattering. At the

Figure 12 shows the resulting profiles ofAF, at same time, the HSA overestimates the positive forcing effect
A=440nm (upper panel) and=870 nm (lower panel). The due to absorption. The net effect of these two large errors
high absorption due to LAC causes a pronounced positivevith opposite signs is that the spectral forcing computed with
radiative forcing effect in and above the aerosol layer. Asthe HSA shows a coincidental agreement with that computed
a consequence, less solar radiation can penetrate down teith the aggregate model.
the ground, resulting in a negative forcing effect below the
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An important methodological observation was that the use
of aT-matrix based analytical computation of orientationally
averaged aerosol optical properties was numerically too lim-
ited to cover the relevant range of size parameters. In many
applications this approach is superior to other formulations

Table 3. Spectral forcing in mwWm2Znm~1 at TOA computed
with the three different LAC-optics models.

A=440nm A=870nm

Aggregates 3.8 12 of the electromagnetic scattering problem, as it significantly
Spheres 1.6 1.0 expedites the computation of orientationally-averaged opti-
MAC 5.2+£0.9 17+03 cal properties Mishchenkg 1991 Khlebtsoy 1992. How-

ever, this version of the code Byu and Gustafsor§2001)

was too limited in the range of accessible size parameters

owing to its high memory requirements. A simpler version of

It can be difficult to think in terms obpectralforcing  the same code, which computes the optical properties for dis-

rates. It may help to gauge the results shown in B®. crete orientational angles and performs the angular integra-
by comparing them to broadband results. The solar broadtion numerically, proved to be sufficiently fast and stable for
band flux is F5=1373WnT2. Global broadband forcing our task. This corresponds to similar observation©kpda
estimates of LAC range between 0.4 to 1.2\Wn{Forster et al.(2008 made for silicate aggregates in conjunction with
et al, 2007), which is 0.3-0.9%. of the solar flux. The so- the code byMackowski and Mishchenk(1996.
lar spectral flux at the two wavelengths we considered is One advantage of the code blackowski and Mishchenko
F§o=1722mWnr2nm-1 and F$,;=986 mW nr2nm™, (1996 is that there exists a version b@kada and
respectively. Thus the spectral forcing results obtained withkokhanovsky(2009 in which the numerical integration over
the aggregate model (see TaB)ecorrespond to 2%. of the  orientations is parallelized. A potential advantage of the code
solar spectral flux at=440nm, and to 1% at=870nm.  py Xu and Gustafso(200]) is that it allows for limiting the
These are rather high percentages compared to the glob@hnge of interactions between distant monomers in the aggre-
broadband forcing estimates of LAC. However, it is impor- gate, which may be exploited to reduce computation time.
tant to keep in mind that our spectral forcing estimates are Qptical and radiative properties computed with the aggre-
based on modelling a local situation near a polluted area.  gate model have been compared to corresponding results ob-
tained by the homogeneous sphere approximation (HSA),
and to results assuming a prescribed mass absorption cross
section (MAC). Clearly, the HSA is far from being state-of-

The main message of this study is that it is feasible to treafl€-art: as the Rayleigh-Debeye-Gans (RDG) approximation
optical properties of freshly emitted LAC within both chem- (SOrensen2001) is known to yield more accurate results for

ical data assimilation and climate modelling by use of nu-the optical properties of aggregated particles. However, com-
merically exact solutions to Maxwell's equations. This will parison of the aggregate model with the HSA model is not

help to constrain the radiative forcing effect of LAC, and to only of historical, but above all of didactic value. Since use

construct accurate observation operators for assimilating re®f the HSAis still common practice in the climate modelling

mote sensing observations into chemical transport model<community, the test cases presented in this study clearly il-

As the optical properties for sub-wavelength sized, higmylustra_te the pqtentially hi_gh_ errors one introduces vyith the
HSA in modelling the radiative forcing effect of LAC in the

absorbing aerosols are relatively smooth functions of size,
it is sufficient to perform computations of optical proper- atmosphere. _ _

ties at each wavelength for a relatively small number of dis- 1€ comparisons between the results obtained with the
crete sizes, between which one can interpolate with cubi@99regate model and with the prescribed MAC-values may
fitting polynomials. The results are easily coupled to aerosof1ave to be taken with a grain of salt. The aggregate model is,

size distributions modelled with an aerosol chemical trans-to be sure, based on rigorous theory, and it uses realistic ag-

port model, thus obtaining 3-D fields of size-averaged optical9r€9ate geometries. Hence, this approach eliminates errors
properties. Those can subsequently be included in the obsnglate:j to_aprp])roxmatlons ma(;i]e |nhthe homlogenequs sph_ehre
vation operator of a chemical data assimilation algorithm, or,0de! or in the RDG approach. Thus, results obtained wit

as demonstrated in this study, coupled to radiative transfef'€ @99regate model can be taken as an “exact” reference for

computations to simulate the direct radiative forcing effect relative comparisons with theoretical approximations or sim-
of aerosols plified geometrical models. However, the aggregate model

Another important message of this investigation is that thestill needs to rely on assumptions about the refractive index

use of the homogeneous sphere approximation introduces ePF]: LAC and its spectral erﬁndence, as well ahs ofn IT? shize of
rors in radiative forcing computations that can, depending orf'€ Primary monomers in the aggregate, both of which can

the wavelength range, underestimate the positive forcing efY&/y depending on the combustion conditions under which
fect of LAC by as much as a factor of 2. the LAC aggregates are formed. Thus, the results obtained

with the aggregate model cannot be interpreted as an absolute

5 Conclusions
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exact reference. To gauge the performance of the aggregagedifferent mass per particle than the reference particles (e.g.
model in comparison to the range of MAC values recom- aggregates). Thus, in order that the total aerosol mass mix-
mended byBond and Bergstron006, more detailed stud- ing ratio remains constant, one needs to change the aerosol
ies are needed to test the sensitivity of the optical and radianumber density (r) accordingly. However, in an aerosol dy-
tive properties of the aggregates to variations in the refractivenamic model the aerosol maasdthe aerosol number distri-
index and the primary monomer size. bution are the prognostic variables of the model. The aerosol

We may speculate at this point what kind of outcome oneoptical properties are merely diagnostic variables employed
can expect from such a sensitivity study. If we keep thein assimilating observations. The purpose of assimilation is
mass per aggregate constant and decrease the monomer ta-improve the model prediction of the prognostic variables
dius @, then the number of monomeng will increase. It  (Kahnert 2008, or to inversely model the observations in the
has been noted by Bond and Bergstrom (2006) that MAC isspace of the prognostic model variabl&slinert 2009. In-
completely insensitive to a variation infor monomer radii  troducing measures of size-equivalence other thamvould
smaller than 40 nm (diameters smaller than 80 nm). So onenean to discard one of the main prognostic model variables
would not anticipate MAC to change appreciably by decreas-n order to make the computation of auxiliary optical vari-
ing a while increasingVs. At the same time, such a variation ables somewhat more convenient. Thus, an aerosol optics
is likely to change the scattering cross section, hence the sirmodel that is to be useful in conjunction with aerosol dy-
gle scattering albedo. To obtain higher values of MAC it namic CTM computations should be based on employing
seems to be most promising to increasée model particles with equivalent volume radiRg. This con-

It is emphasised, once more, that the fitting ansatz emstraint can make AOP modelling coupled to CTM computa-
ployed for the cross sections is physically well motivated for tions particularly challenging.
Cabs but only approximately valid fo€scz The constancy
of the single scattering albedo resulting from this ansatz AcknowledgementsThe author thanks D. Mackowski for pro-
usually breaks down at very small particle sizes. In fact,Viding his program for aggregated-particle generation. Y.-L. Xu
from Egs. ) and @), one can see that=Cscs/(Cscat Cabd and B..Gustafsqn are acknowlec_iged for making thgir electro-
should, for smallry, go to zero as- R\e}_ Instead of fitting _magnetlc scattering progrgm pl_thcIy avallal_:)le. M. M|shche_nko
CabsandCsca it may be a more accurate approach tafibs is acknowledged for making his Lorenz—Mie program publicly

andw. where one would have to find a suitable fitting func- available. O. Toon and T. Ackerman are acknowledged for mak-
tion Cfuc;r 9 ing their coated-sphere code available. This work was supported
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