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Abstract. We investigate the impact of the morphological ing effect, and that the use of the homogeneous sphere model
properties of freshly emitted black carbon aerosols on opticaintroduces unacceptably high biases in radiative impact stud-
properties and on radiative forcing. To this end, we model theles. We emphasise that there are other potentially important
optical properties of fractal black carbon aggregates by usenorphological features that have not been addressed in the
of numerically exact solutions to Maxwell’s equations within present study, such as sintering and coating of freshly emitted
a spectral range from the UVC to the mid-IR. The results areblack carbon by films of organic material. Finally, we found
coupled to radiative transfer computations, in which we con-that the spectral variation of the absorption cross section of
sider six realistic case studies representing different atmoblack carbon significantly deviates from a simpje. caling
spheric pollution conditions and surface albedos. The speclaw. We therefore discourage the use of single-wavelength
trally integrated radiative impacts of black carbon are com-absorption measurements in conjunction with/a &caling
pared for two different fractal morphologies, which brace therelation in broadband radiative forcing simulations of black
range of recently reported experimental observations of blaclcarbon.

carbon fractal structures. We also gauge our results by per-
forming corresponding calculations based on the homoge-

neous sphere approximation, which is commonly employed

in climate models. We find that at top of atmosphere the agl Introduction

gregate models yield radiative impacts that can be as much as

2 times higher than those based on the homogeneous sphel@ack carbon (BC) imposes a strong positive radiative forc-
approximation. An aggregate model with a low fractal di- ing on the atmosphere due to its high absorption cross sec-
mension can predict a radiative impact that is higher than thation. Among all anthropogenic forcing agents, the contri-
obtained with a high fractal dimension by a factor ranging bution of BC to the total, global direct positive forcing is
between 1.1-1.6. Although the lower end of this scale seemg&stimated to be the second largest after that of carbon diox-
like a rather small effect, a closer analysis reveals that the sinide (Ramanathan and Carmicha2008. Global consensus
gle scattering optical properties of more compact and moreat the policy level on mitigating strategies of this short-lived
lacy aggregates differ considerably. In radiative flux compu-climate forcer does not exisBond 2007, although the ef-
tations there can be a partial cancellation due to the opposinficacy of BC in perturbing the climate system manifests it-
effects of different error sources. However, this cancellationself via myriads of direct and indirect effects that extend to
effect can strongly depend on atmospheric conditions and igarious spatio-temporal scales. Most significantly, the pres-
therefore quite unpredictable. We conclude that the fractaence of BC in air increases the absorption optical depth of
morphology of black carbon aerosols and their fractal pa-the troposphere, which gives rise to a positive radiative forc-

rameters can have a profound impact on their radiative forcing at the tropopause and a negative forcing at the surface.
It is worth pointing out that biomass burning activities con-

tribute nearly 40 % to the total BC global budget. Therefore,
Correspondence tdvl. Kahnert the instantaneous forcing from freshly emitted BC is cer-
m (michael.kahnert@smhi.se) tainly non-negligible and will vary considerably seasonally
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and locally. Further, deposition on snow and ice reduces the However, accounting for morphological properties in
surface albedoHansen and Nazarenk2004), thus increas-  aerosol optics computations can be highly challenging. Such
ing the absorption of solar radiation at the surface in polarstudies usually require the use of numerical methods based
regions. Also, an increase in BC concentrations could po-on rigorous electromagnetic scattering theory, since methods
tentially impact the hydrological cycle over the south Asian that introduce ad hoc approximations to solving Maxwell’s
monsoon region by suppressing land-sea thermal contrast viaquations are often not sufficiently accurate when applied to
its cooling effect on the surfac&k@manathan et al2001). black carbon aggregates (eikgahnert(20108). Another dif-
BC interacts with clouds (influencing its microphysical prop- ficulty is to obtain sufficiently reliable information about the
erties) in a complex manner that is not yet fully understood,input parameters for numerical aerosol optics calculations.
let alone quantified with sufficiently high confidendéoth For instance, by performing sensitivity studies that braced a
and Genip2010. Itis, therefore, essential that we are able large range of fractal parameters and refractive indices, it was
to represent BC and its complex interplay with other Earthfound that the optical cross sections and asymmetry param-
system components realistically in global climate models soeter of black carbon aggregates can vary consideralily (
as to better understand relevant feedback processes and evast-al, 2008. On the other hand, a recent review Bgnd
tually to reduce uncertainties in the future projections of ourand Bergstron{2006 concluded that both the refractive in-
climate. dex and the fractal dimension of freshly emitted black carbon
With the advent of Earth-system modelling, considerableaggregates can be narrowed down to a range that is much
efforts aim at improving the description of aerosols in global smaller than previously assumed. For instaride, et al.
and regional climate models. By coupling atmosphere-ocearf2008 varied the fractal dimension of soot aggregates within
general circulation models to atmospheric chemical transthe range betweeh; =1-3. The literature review bBond
port and aerosol dynamic models, prescribed aerosol fieldand Bergstron{2006 concluded that the available measure-
are being replaced by a more realistic dynamic descriptiorments strongly support a fractal dimension of freshly emitted
of aerosol. Despite these efforts, significant uncertainties reblack carbon of aboub; =1.8.
main, such as those related to errors in emission estimates, Based on the conclusions Bbnd and Bergstron2006),
poorly represented vertical distributions, uncertainties in theextensive aerosol optics computations for black carbon that
mixing state of BC with other aerosols, or errors in the sizecovered the spectral range from 200 nm up to 12.2 um have
distributions. been performed with numerically exact methods for solv-
One of the most drastic approximations in modelling the ing the electromagnetic scattering probleéfaknert 20109.
radiative forcing effect of BC is what is known as the homo- The aerosol optics calculations have been coupled to chem-
geneous sphere approximation. In order to simplify aerosoical transport and radiative transfer models, which revealed
optics computations, it is common to approximate aerosolghat accounting for aggregate morphology can yield a top-of-
as homogeneous spheres, which allows one to use simplatmosphere radiative impact that is larger by a factor of 2 as
Lorenz-Mie theory for computing the optical cross sections,compared to corresponding results obtained with the homo-
phase function, and other optical properties. However, thegeneous sphere approximatidtafinert 20109.
morphology of dry black carbon aerosols is more realistically These model computations where based on using a frac-
represented by fractal aggregates described by the scaling réal dimension of D;=1.8 as recommended Hgond and

lation Bergstrom(2006. However, more recent measurements sug-
R\ Dt gest that this value may be too low. By use of 3-D electron
Ns=ko (—g> Q) tomography measurementsgachi et al.(2007) observed a
a

fractal dimension ofD;=2.4. The large difference of this
HereNs denotes the number of spherical monomers of radiusvalue to previously reported results is attributed to the use
a in the aggregatel is the fractal dimensiorkp denotes the  of 2D measurement techniques in earlier studies, which are
fractal prefactor, and less reliable in retrieving fractal parameters. The study by
Liu et al. (2008 suggests that aggregates with a fractal di-
mension as high a®; =2.4 will have very different opti-

cal properties than aggregates with=1.8. Although the
study byLiu et al. (2008 was limited to a single wavelength,

is the radius of gyration of the aggregate (wherelenotes it is quite possible that a change in fractal dimension from
the distance of thath monomer from the centre of mass). p;=1.8 to D; =2.4 can significantly alter the broadband ra-
The optical properties of black carbon aggregates can bejiative impact of black carbon. The purpose of the present
highly sensitive to their morphological characteristics. Thel’estudy is to investigate what kind of consequences these most
is mounting evidence that neglecting aerosol morphology cartecent experimental results have for modelling the broadband
be one of the dominant sources of error in estimating the raradiative forcing effect of freshly emitted black carbon.
diative impact of black carbon (e.gacobsorf2003); Kahn- We perform a sensitivity analysis by investigating the
ert(20109). direct radiative impact of BC aggregates with fractal

()
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Fig. 1. Examples of model particles considered in this study: Lacy aggregatesifleft, 1.8, kg = 1.3), compact aggregates (centre,
D =2.4,ky=0.7), volume-equivalent, homogeneous spheres (right).

dimensionsD; =1.8 andD; =2.4, as well as for homoge- measurements tended to underestimate the fractal dimension
neous BC spheres. We use numerically exact methods tof freshly emitted black carbon aerosols.
compute optical properties of fractal aggregates in the wave- The monomer radiug in either aggregate model is as-
length range from 200 nm-12.2 um. We emphasize that wesumed to be 25nm. This value was found to give good
limit this study to freshly emitted, externally mixed BC agreement of modelled single-scattering albedos with mea-
aerosols. Aged BC aggregates typically have a higher fractasurementsiahnert 20108. It is also reasonably consistent
dimension and, mostimportantly, are characterised by encapwith recent field observations, which gave a median value of
sulated geometries, i.e. they are covered by a thick coating od=22 nm @dachi and Busegk2008.
other aerosol compounds, such as sulphate and organics (e.g.In the same field observation study, aggregate sizes up to
Bond et al.(2009). Computations are performed for the 14 N;=800 have been observeddachi and Buseck2008.
wavelength bands used in the radiation scheme of the InteForg = 25 nm, this would correspond to mass-equivalent ag-
grated Forecasting System developed and operated at the Egregates withVs = 800x (22/25)3 = 545. In our calculations,
ropean Centre for Medium-Range Weather Forecast. We inwe consider aggregates upAa=600. Thus our model par-
vestigate six realistic cases of aerosol distributions generateticles cover a size range up to volume-equivalent diameters
by the Multiple-scale Atmospheric Transport and Chemistry of 420 nm. We note that this range may be slightly larger than
(MATCH) model over Europe. These cases are selected imecessary. For instandéondo et al(2011) report mass me-
such a way that they cover different surface types and differdian diameters of black carbon of 150 nm. We also note that
ent BC concentrations. We also investigate the sensitivity ofaggregates consisting of a smaller number of monorvgrs
the radiative impact to solar zenith angle. Section 2 describesften are composed of primary monomers with a smaller ra-
the detailed methodology, while the results are presented andiusa. Although this would not have an effect on the absorp-
discussed in Sects. 3 and 4. Conclusions are given in Sect. fion cross section, smaller valuesaafay give slightly lower

values of the single scattering albedo (&ghnert(20108).

In the construction of our model particles we have neglected

2 Methods this effect by assuming a constant valueaof The model
geometries are generated by use of a random cluster aggre-
2.1 Model geometries gation algorithm Klackowski 1994).

Examples of the model geometries employed in this study2.2 Aerosol optics modelling

are shown in Figl. We consider fractal aggregates with

Df=1.8, ko=1.3 (left, hereafter referred to as lacy ag- To compute the optical properties of fractal black carbon
gregates), aggregates wiibs =2.4, kp=0.7 (centre, here- aggregates, we entirely rely on numerically exact methods
after referred to as compact aggregates), and homogeneousy solving Maxwell's equations. A recent study indicated
volume-equivalent spheres (right). The lacy aggregates havthat numerical electromagnetic scattering methods that em-
fractal parameters taken from the recent reviewBnnd ploy ad hoc approximations based on partially or entirely ne-
and Bergstron2006, which are based on both observations glecting electromagnetic interactions among the monomers
and diffusion-limited cluster aggregation simulations (e.g.can introduce large errors in computing optical properties of
Sorensen and Robel$997). The fractal parameters of the black carbon aggregateKghnert 20100. We use the su-
compact aggregates are taken from the more recent measurgerposition T-matrix code backowski and Mishchenko
ments ofAdachi et al.(2007), which are based on modern (1996 for solving Maxwell’s equations.

3-D electron tomography techniques (evgn Poppel et al. Our study covers the wavelength range from
(2005). These measurements may suggest that earlier 2200 nm-12.2um. The computations are tailored to the
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14-band shortwave radiation scheme of the Integratedrhis is a very important observation for the following rea-
Forecasting System IFShtfp://www.ecmwf.int/research/ son. Due to the challenges involved in computing the optical
ifsdocs/CY36r), developed at the European Centre for properties of black carbon aggregates with electromagnetic
Medium-range Weather Forecast (ECMWF). IFS is em-theory, some investigators have suggested to simply use the
ployed as a numerical weather forecasting model, and asneasured value of the mass absorption cross section (MAC)
the atmospheric module in the Earth system climate modeht a wavelength of 550 nm, and to extrapolate this value to
EC-EARTH (http://ecearth.knmi.nl). We compute black other wavelengths by a/1 scaling — see, e.gBond and
carbon optical properties for each of the 14 band mid-points Bergstrom(2006. Our results clearly show that such an ap-
The spectral variation of the refractive index of black carbonproach only works over the red and IR part of the spectrum,

is taken fromChang and Charalampopoul@990. while it completely fails in the blue and UV part of the spec-
o . trum. Thus it is essential to properly account for the spectral
2.3 Radiative transfer modelling variation of the dielectric properties of black carbon to ob-

) ] ) tain accurate results of the spectral variatiorCgfs which
Aerosol optics off-line computations can be coupled 10 re-jg ¢rycial for obtaining reliable estimates for the shortwave
gional (e.gKahnert(20103) and global (e.gAan de Brugh - iative forcing effect of BC.

etal.(2011) chemical transport models to produce 3-D fields . . o . -

of aerosol optical properties. Here, we use the Multiple- The single scattering albedo qualitatively displays a simi-

scale Atmospheric Transport and CHemistry modelling sys-Iar dependency on size and Wavellength. The asymmetry pa-

tem (MATCH) (Andersson et 812007 to generate a few re- rameterg mainly depends on the size parameter. It therefore
d- reaches its highest values at large particle sRgsnd low

alistic scenarios over Europe for 1-D radiative forcing stu : .
d wavelengths.. The backscattering cross sectiOpuk of ag-

ies. We use the radiative transfer modelling system libRa i tsh th th functi (R
tran (ttp://www.libRadtran.orjin conjunction with the ra- grega es.(nc_) shown) are rather smoofh functio v
that qualitatively behave similarly 655 By contrastCpak

diative transfer solver DISORTSfamnes et §11988. The . : N
DISORT model is based on the discrete ordinate method®" homogeneous spheres displays conspicuous oscillations.
t reaches its maximum values for large particle sizes at IR

(Thomas and Stamneg$999. The main physical approxi-

mations in DISORT are the assumption of a plane—paralIelwavelengths'

atmosphere (thus neglecting 3-D effects caused by horizon- The second column presents the differences between the
tal inhomogeneity), and the use of the scalar radiative transoptical properties of spheres and lacy aggregates. The third
fer equation (thus neglecting polarisation effects). The nu-"ow shows corresponding differences between spheres and
merical accuracy is controlled by the number of “streams”compact aggregates. Qualitatively, the second and third col-
(i.e. discretised polar angles) used in the calculations. In outmn look rather similar. However, Inspection of the colour
study we use 32 streams, and we verified that the radiativéars reveals that the magnitude of the deviation between lacy

transfer results have numerically converged for this choice. aggregates and spheres is generally larger than that between
compact aggregates and spheres. The most important obser-

vation is that spheres generally yield lower valuesCggs

3 Results than both aggregate models, and that lacy aggregates yield
) . larger values ofC5psthan compact ones. The reason for this

3.1 Spectral optical properties of black carbon is that the electromagnetic field cannot penetrate deeply into

aggregates a massive black carbon sphere. For this reason, much of

the mass inside a spherical black carbon particle does not
contribute to the absorption cross section. By contrast, in
a fractal aggregate the mass is distributed such that more
of the absorbing material can interact with radiation. The
more lacy the aggregate, the more material interacts with the
electromagnetic field, the highékpsfor any given volume-
equivalent particle siz&y. Quantitatively, the differences in

monotonic increase. A closer analysis of the data reveals th %‘absare larger between spheres and compact aggregates than

Cabsox RS in accordance with well-known theoretical results Detween lacy and C‘?mpaCt aggregates.. )

(van de Hulst1957). For any fixed particle siz&y, Capsini- The second most important observation is that the compact
tially increases with wavelength and then it monotonically —SPhere model predicts significantly higher valuesoahan
decreases. The decrease reflects the monotonic dependerféy¢ aggregate models. Lacy aggregates yield somewhat lower
of Caps ON the size parametar= 27 Ry /.. The initial in-  Values ofw than compact aggregates. The di§crepancies in
crease in the UV and blue part of the spectrum is caused byabsandw are very important for radiative forcing studies.
changes in the refractive indexof black carbon, which out- Spheres display more side- and backscattering than aggre-
weighs the size-parameter effect in this part of the spectrumgates within a region extending from ab@&t,, ) = (50 nm,

Figure 2 (first column) shows the optical properties of ho-
mogeneous spheres as a function of particle ragtiysand
wavelengthr. The different rows show the absorption cross
sectionCaps (first row), the single scattering albedo(sec-
ond row), the asymmetry parameter(third row), and the
backscattering cross secti6yak (fourth row).

The dependency afzpson Ry displays the characteristic
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Fig. 2. Left column: optical properties of homogeneous spheres as a function aRgizad wavelength.. Middle column: difference
in optical properties between spheres and lacy aggregates. Right column: difference in optical properties between spheres and compac
aggregates. The four rows sh@ps w, g, andCpgay, respectively.

300nm) up to (200 nm, 1.5um), which can be seen in thewith theoretical models. It is partly this scarcity of mea-

form of a band of minima im\g and maxima inA Cpak. surements that motivates the use of morphologically faith-
ful model particles. However, the use of realistic geometries
3.2 Comparison with measurements in electromagnetic scattering computations does not always

guarantee to produce accurate optical properties. Difficul-
The information available from observations is considerably!€S in reproducing the mass absorption cross section (MAC)
more scarce than the wealth of optical data we can produc&nd the single scattering albedo of black carbon based on

www.atmos-chem-phys.net/11/11745/2011/ Atmos. Chem. Phys., 11, 1MT7753-2011
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the available experimental data are discussedamnert 3.3 Short-wave radiative impact of black carbon
(20108. aggregates
A recent review of available measuremenBoid and
Bergstrom 2006 concludes that a good estimate of MAC To generate a few realistic scenarios for radiative transfer
of freshly emitted, externally mixed black carbon aerosolsstudies, we couple the single-scattering optical properties to
atA=550nm is MAC=7.%1.2nfg L. The best available the regional chemical transport model MATCH. The aerosol
measurements of the single scattering albedo suggest a valggheme in MATCH comprises sulphate, nitrate, and ammo-
around 0.23:0.5. Comparison of computational results for nium aerosols as well as black carbon, primary organic car-
Cabsand observed values of MAC are complicated by the factbon, mineral dust, and sea salt in four different size bins. The
that the conversion between these two quantities relies on thaerosol optical properties of all aerosols other than black car-
mass density, i.e. bon are currently computed by use of Mie theory, thus in-
voking the homogeneous sphere approximation. Details of
2 Cab; . (3) the chemistry-optics coupling can be foundKiahnert(2009
3T Ry p 20109.

As an example, Fig3 shows black carbon mixing ratios
computed for 25 July 2006, 18:00 UTC in the lowest model
S1ayer (closest to the surface). Results are shown for ultra-fine

particles Ry <50 nm, upper left), accumulation mode parti-
cles (56< Ry <500 nm, upper right), and coarse mode parti-
cles (Ry>500 nm, lower left). The lower right panel displays
the single scattering albedo)at 533 nm in the lowest model
MAC = 5.2+0.1 n? g~ for lacy aggregates, 440.1 n? g-1 layer. Note that the optical properties computed in MATCH

' involve an ensemble average over all size bins and aerosol

for compact aggregates, and 3®4nf g1 for spheres. .
The err(l)ar rang?eg in?jicates a 95% congfidence Izvel in thechemlcal compounds. Although black carbon usually makes

least-squares fitting af apscc R\g}, which is used in the com- & small contribution to the total aerosol mass density (typi-

putation of MAC according to Eq3}J. To obtain an overlap cally on the order of-5%), it clearly has a strong impact
between the recommended value (')f MAC =#152 n? g1 on the single scattering albedo. Low valueswobften cor-

and the computational results, we would have to assumen.alate with high values of black carbon mixing ratios, espe-

p<15gcns, 1.4gens, and 1.0gcm? in the case of cially in the accumulation mode. This becomes particularly

lacy aggregates, compact aggregates, and spheres, respgg_parentwhenfocusmg|n Fig.on some urban emission hot

tively. These results generally agree with those reportedSpOtS’ such as Stockholm, O_slo, Ma.d”d’ or London, which
in Kahnert (20108, namely, that an agreement between are more remote from extensive continental area sources.

observed and modelled MAC values is achieved by assuml—:_ Wg ?'Ck Shl?( Eeograpr(ljlc I;)gathrsd(mg_lc?tedt by cflrclets :jn
ing a relatively low value of the mass densjty For the ig. 3) for which we conduct detailed radiative transfer stud-

compact aggregates we need to assume even lower values ies- Among those, we have chosen two continental sites (one

o than for lacy aggregates. For spheres we only obtain ar]I\lorth and one South of the Alps) which represent more pol-

agreement between computed and observed values of MA ted conditions, one site in Scandinavia, which represents a
by assuming a value of that clearly lies outside the range situation with both long-range transported air pollution and

of reasonable mass densities. In fact, it was one of the mai|!1OCaI emissions, and_ one at the West coast .Of Ireland, W.h'Ch
conclusions of the recent review Hond and Bergstrom is dominated by marine aerosols. We also pick two locations

(2006 to abandon the use of the value pf 1.0gcnT3 over water, one over the North Sea with rather clean air, and

which still can be found in some older studies on t;lack one over the Mediterranean Sea with more polluted air.

carbon Figure4 shows vertical profiles of the spectral extinction
The ;single scattering albedo we obtainat 550 nm for atA =533 nm for the six different locations. The three curves

the larger aggregates liesat 0.25 for lacy aggregates, 0.32 in each panel are based on using lacy aggregates (red), com-

for compact aggregates, and 0.46 for spheres. Again, we se%a(?t aggregate; (blue), and spheres (gregn) for computing the
that the results obtained for the lacy aggregates seem to yiel ptical propertl_es of black carbo_n. Despite the fact that t_he
a better agreement with observations than the compact aggré-ree models yield rather large differences for the absorption

gates, while the results obtained for spheres are completel ross section (see Fig), the extinction profiles are very sim-
off the mark ar. This is expected, as the extinction is dominated by the

contributions from scattering aerosols, which are computed
by the same method in all three cases. The site in Northern
Italy (45° N 12° E, upper left) is strongly dominated by local
anthropogenic sources. This is reflected by a sharp increase
in the spectral extinction near the surface. The site South-east

MAC =

For p we can find a wide range of values in the litera-
ture. However, a critical review of the representativenes
of reported data for atmospheric black carb&orfd and
Bergstrom 2006 concludes that the most reliable estimates
lie in the rangep = 1.7-1.9 g cm3.

At a wavelength of A=550nm, and as-
suming p=1.8gcnT?, our calculations vyield

Atmos. Chem. Phys., 11, 1174B1759 2011 www.atmos-chem-phys.net/11/11745/2011/
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Fig. 3. Black carbon mass mixing rationgg/kg) for size bins with diameters100 nm (upper left), 100 nm—1 um (upper right), antipum
(lower left), as well as single scattering albeddlower right) atA =533nm. The maps show results for 25 July 2006 18:00 UTC in the
model layer closest to the surface. Also indicated are six locations chosen for radiative transfer case studies.

of Berlin (52 N 14° E, upper right) displays a similar peak 2km is actually larger than the surface contribution. South
near the ground. In addition, there is a pronounced maxi-of Galway (53 N 9°W, centre right) we see much less con-
mum at around 1.3km, and a smaller peak at 2.2 km, whichributions from local sources, but a pronounced peak within
indicate contributions from long-range transported aerosolsthe boundary layer, which mainly originates from nearby sea
This becomes even more pronounced at the site near Uppsatalt emissions. Over the North Sea {620°, lower left)

(6C° N 17° E, centre left), where the long-range peak nearthere is a large peak in the surface layer caused by strong

www.atmos-chem-phys.net/11/11745/2011/ Atmos. Chem. Phys., 11, 1MT7753-2011
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Fig. 4. Vertical profiles of the spectral extinction a=532 nm for six different locations as indicated in the figure headings. Results are
based on the lacy aggregate (red), compact aggregate (blue), and homogeneous sphere models (green).

local sea salt emissions. By contrast, the Mediterranean siteransported black carbon. The Mediterranean location (lower
(36° N 18 E, lower right) displays higher spectral extinction right) displays two local minima around 1 km and 4.5 km.
a bit higher up in the boundary layer, as well as another broad Figure6 presents profiles of the asymmetry paramegter
maximum between 2-3 km, which is caused by long-rangeThe most noteworthy observation is that the order of the three
transported aerosols. models is now changed. Compact aggregates yielded results
Figure5 shows corresponding profiles of the single scat-for the extinction and single scattering albedo that lied in be-
tering albedo. As expected, we observe much stronger varitween those computed for spheres and lacy aggregates. By
ations among the three different models for black carbon op-contrast, the compact aggregate model gives the highest val-
tics than for the spectral extinction. In general, the lacy ag-ues ofg among the three different models. A closer analy-
gregate model gives the lowest, while the sphere model givesis of the single-scattering optical properties of black carbon
the highest values ab. This agrees with our expectations shows that for larger particles in the visible part of the spec-
based on the single-scattering results shown in EigThe  trum, the asymmetry parameter of black carbon computed
sites in Italy (upper left), Germany (upper right), and Swedenwith the compact aggregate model can be larger than that
(centre left) display a steady decrease towards the surfaceomputed with the lacy aggregate model by as much as 0.1.
which is caused by elevated black carbon concentrations du&his will soon become important when we try to understand
to local emissions. Qualitatively, a similar decreaseviis  the radiative impact computed with the aggregate models.
seen at the Irish site (centre right); but quantitatively, this de- The vertical profiles of spectral extinctiom, andg are
crease is rather small. Over the North Sea (lower left)s used as input to radiative transfer computations. All com-
almost unity near the surface, thus confirming the dominanceutations are performed for a cloud-free, plane parallel at-
of non-absorbing sea salt. The local minima higher up in themosphere. Molecular extinction is accounted for by assum-
boundary layer as well as around 2 km altitude indicate theing a standard mid-latitude atmosphere. The spectral sur-
presence of somewhat higher contributions from long-rangdace albedo is taken from the Moderate Resolution Imaging
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Fig. 5. As Fig. 4, but for the single scattering albedo.

Spectroradiometer (MODIS) Statistical Product that has 16,1 1 Ratios of SW radiative impactF (as explained in the

day periodicity and provides albedo values at 1x1 degregeyt) at TOA and BOA at six different locations. Also shown are the
resolution at 7 spectral and 3 broadband intervals (0.47 uMmsglar zenith angles (SZA) at 13:00 UTC.

0.555um, 0.659 pm, 0.858 um, 1.24pym, 1.64pum, 2.1 um,

and broadband 0.3-0.7 um, 0.3-5.0um, 0.7-5.0pum). The

TOA BOA
white-sky albedo values from year 2004 are used. The com- Lat Lon SZA §F1 68F, 6&F3 O8F 6F, &F3
puted spectral radla_t|ve net fluxes are integrated over the so- AN 12E 3% 173 162 107 179 155 115
lar spectrum to obtain the'broadband net fluxThese com- 50N 142E 39 176 1.61 109 1.80 157 1.15
putations are repeated with the three different models used 60°N 17E 46> 202 166 1.22 187 1.87 1.00
for black carbon, as well as for an atmosphere free of black 53N 9°w 33 193 135 143 183 142 129
carbon. The radiative impact is defined as the difference be- 62N 0° 4¥ 209 134 156 175 142 123

36°N 1®E 32 171 147 116 175 1.37 1.28

tween the net fluxes computed with and without black car-

bon, i.e.

AF = F(with BC) — F (without BC) 4)

Figure 7 presents results computed for 25 July at
13:00 UTC. Depending on geographic location, this corre-
sponds to a solar zenith angle (SZA) in the range-3#,
see Tablel for details. At all six locations, we clearly see
that the simple homogeneous sphere model (green) undered
timates the radiative impact at the top of atmosphere (TOA)
as compared to the more realistic aggregate models. At the

www.atmos-chem-phys.net/11/11745/2011/

bottom of atmosphere (BOA) the sphere model yields too lit-

tle negative forcing. These observations are consistent for
all six locations. At the more polluted sites the difference

between the two aggregate models is rather small, while at
the more remote sites the radiative impact of compact aggre-
ates lies halfway between that of spheres and that of lacy
aggregates.
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Fig. 6. As Fig. 4, but for the asymmetry parameter.

. Table1 shows a quantltanvg comparison of the radiative Table 2. §F as in Tablel at TOA and BOA at a location 45\
impacts at TOA an BOA obtained with the three aggregate; » g for three different SZA.
models. The table shows the quantities

8F1 = AF(lacy aggregategA F (spheres (5) TOA BOA
SZA §Fy &Fy &6F3 6F1 O6F» 4F3

3 F» = AF(compact aggregatesA F(spheres (6)

_ 22 175 161 109 179 155 115
3 F3 = AF(lacy aggregatogA F (compact aggregates (7) 4° 172 162 106 176 154 114
At TOA lacy aggregates yield a radiative impact that is larger 60° 177 168 1.05 176 154 114
than that computed with the sphere model by a factor of
1.7-2.1. The compact aggregate model gives a radiative im-

pact that exceeds that of spheres by a factor of 1.3-1.7. Theors. However, the differences caused by different assump-
radiative impact computed with the lacy aggregate model istions about the fractal parameters are smaller than those be-
higher than that obtained with the compact aggregate modeiyeen the spherical model and each of the aggregate models.
by a factor of 1.1-1.6 %. Tabshows a similar comparison  Although the maximum ratio&F3 of the two fractal models

for only the Italian site but for different values of SZA. Al-  gre rather large, we also see that they occur at the cleanest
though the radiative impack F strongly depends on SZA, |ocations (over the North Sea and at the Irish site), where the
the ratios A F(model)/A F(modeld vary only little with  magnitude of the radiative impastF is smallest (cf. Fig7).

SZA. Over the more polluted sites, where the radiative impact is

In general, the tables clearly show that the errors intro-highest, the ratié F3 is on the order of 1.1-1.2 at TOA, and
duced by the homogeneous sphere model are substantial.0—1.3 at BOA.

There can be little doubt that neglecting the fractal morphol-
ogy of BC in radiative impact studies will result in large er-
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Fig. 7. As Fig. 4, but for the shortwave radiative impact (integrated over all SW wavelengths).

A plausible explanation for these observations can beare additive and give a larger diffuse upwelling flux, thus
found by inspecting the single scattering optical properties.a lower positive radiative impact at TOA for compact ag-
Briefly stated, we have, over large parts of the size range andregates. The intriguing difference to the comparison with
wavelength spectrum spheres is that the asymmetry parameter of compact aggre-
gates is generally larger than that of lacy aggregates, which
gives less side- and backscattering, thus less radiative cool-
ing to counter-act the warming effect of absorption at TOA.
g(spheres < g(lacy aggregates (10)  The asymmetry parameter enters into the radiative trans-

So, spheres yield less absorption, more scattering in relafer equation through the parameterisation of the Henyey-
tion to absorption, and more isotropic scattering, hence moré3reenstein phase functiori¢nyey and Greenstein941).

side- and backscattering. All three effects are additive in ra-SO in case of the two aggregate models, the asymmetry pa-
diative net flux computations, resulting in a lower positive fameter can counter-act the effect@fpsandw, thus mov-
TOA radiative impact for spheres. On the other hand, weing the radiative impact profiles of lacy and compact aggre-
have (over a large part of the size range, and at least over th@ates in Fig.7 closer together. However, in clean air the

visible part of the spectrum, where the solar spectral radianc®lack carbon concentration, and thus its contribution to the
is highest) optical depth is so low that even single-scattering events by

BC aerosols are very rare, and the radiative forcing effect

Cabs(Compact aggregates: Capg(lacy aggregatos  (11) ¢ pc jg completely dominated by BC absorption. Under
w(compact aggregates- o (lacy aggregates (12)  more polluted conditions, the radiative impact is at least to
g(compact aggregates- g(lacy aggregates (13) some extent influenced by single-scattering events, in which
Sase the compensating effect of the error in the asymmetry
parameter brings the radiative forcing results for lacy and

Cap(spheres < Capglacy aggregates (8)
w(spheres > w(lacy aggregatgs (9)

So, compact aggregates yield less absorption and more sc
tering in relation to absorption. Again, these two effects
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compact aggregates closer together. This may explain whyrast, in a lacy aggregate the material is distributed such that
the differences between the radiative impacts of lacy andmost of the mass can interact with the electromagnetic field.
compact aggregates are smallest at the more polluted sites. We further found that spheres predict significantly larger
However, we note that under extremely polluted conditionsvalues of the single scattering albedathan the aggregate
multiple scattering effects may become important. With eachmodels. These differences in single-scattering optical prop-
order of scattering the form of the phase function, thus theerties result in significant differences in radiative impacts.
asymmetry parameter becomes less important. So, multipl&he homogeneous sphere model under-predicts the TOA ra-
scattering would reduce the impact of differences in asym-diative impact as compared to the more realistic aggregate
metry parameters. models. For lacy aggregates we computed TOA radiative
These considerations make it clear that the relatively goodmpacts that exceeded those obtained with the sphere model
agreement between the two aggregate models under pollutday more than a factor of 2. This is consistent with results
conditions are caused by a rather fortuitous error cancellareported inkKahnert(20109. The errors introduced by the
tion, rather than by a close agreement of the single-scatterinfomogeneous sphere approximation are caused by the com-
optical properties. As we saw, this error cancellation dependdined effect of underestimating absorption and overestimat-
on the chemical state of the atmosphere. It may also deing the relative importance of scattering. We used our chem-
pend on other conditions, such as surface albedo, underlyinigal transport model MATCH to generate six case studies,
clouds, vertical distributions of aerosols, etc. We thereforewhich were meant to represent different conditions in terms
conclude that model calculations that use an aggregate modef local emission sources, long-range transport of air pollu-
with non-representative fractal parametérg and ko will, tion, and different surface albedos. In all cases we consis-
in general, yield incorrect estimates of the radiative forcingtently found a significant bias of the radiative impact pre-
effect of black carbon, even though under favourable condi-dicted by the homogeneous sphere model.
tions there may occur some lucky error cancellations due to Differences in radiative impacts computed by the lacy and
the opposing effects of different error sources. compact aggregate models were generally smaller than those
between spheres and aggregates. This was especially the case
under more polluted conditions, under which the radiative
4 Discussion impact of black carbon is largest. The differences in asym-
metry parameterg among the different models may play
We studied the significance of morphological properties foran essential role in explaining these results. Spheres gen-
the radiative impact of black carbon aerosols. The generaérally yield smaller values of than each of the two aggre-
idea was to employ morphologically faithful model particles gate models. Consequently, spheres predict more side- and
and numerically exact electromagnetic scattering and radiabackscattering, which reduces the radiative warming effect
tive transfer models. By numerically exact models we meanat TOA. The small values of 35 and the high values ab
numerical methods of which the accuracy is only limited by obtained for spheres have exactly the same effect, resulting
numerical aspects, rather than by inaccuracies caused by ajr a smaller TOA radiative impact as compared to the aggre-
proximations in the description of the relevant physics. Thegate models in all six case studies. By contrast, analysis of
radiative impacts under different conditions were studied forthe optical properties of lacy and compact aggregates reveals
two different assumptions about the fractal aggregate structhat there are two competing effects. On the one hand, com-
ture of the aerosols, and the results were compared to conmpact aggregates give lower values@,s and higher values
putations based on the frequently employed homogeneousf » than lacy aggregates, which results in a lower positive
sphere approximation. With this approach we can gauge th&@OA radiative impact. On the other hand, for visible wave-
importance of aerosol optics for climate forcing studies, andlengths compact aggregates give higher valuestbfin lacy
understand the complex interplay of microphysical aerosolaggregates, which results in less radiative cooling, thus more
morphology, single-particle optical properties, and macro-radiative warming at TOA. To what extent this can partially
scopic radiative transfer processes. cancel the effects of 3ps andw strongly depends on atmo-
Our study of the optical properties of single particles re- spheric conditions.
vealed that the homogeneous sphere model generally pre- Error cancellation is a highly unpredictable and unreliable
dicts the lowest values of the absorption cross seatigy mechanism for producing accurate modelling results. In par-
while the lacy aggregate model predicts the highest valuesticular, differences in radiative impact between lacy and com-
The physical reason is that the electromagnetic energy ipact aggregates can also depend on other conditions not in-
quickly attenuated inside a massive, highly absorbing blackvestigated in this study. This suggests that obtaining reli-
carbon sphere. As a result, much of the mass residing insidable information on the fractal parameters of black carbon
the sphere does not interact with the radiation, and thereforaerosols is an important prerequisite for reliable modelling
does not contribute to the absorption. Even in a compact agestimates of the radiative impact of black carbon.
gregate, some of the mass near the centre of the aggregateThere are still important open questions that limit the
is partially screened by the surrounding monomers. By conscope of conclusions we can draw from our results. Most
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importantly, there are unresolved issues in the comparison
of computed and measured mass absorption cross sections
(MAC) of black carbon. We noted a clear discrepancy be-
tween MAC results obtained with the homogeneous sphere
model and the range of observations reporte@®amd and
Bergstrom(2006. However, we also noted some difficulties

in reproducing the measurements with the aggregate models.
Although the aggregate models give much more reasonable
MAC values than the homogeneous sphere model, they still
seem to be too low in comparison to the measurements. Also,
the presumably more realistic compact aggregate model gave
less agreement with the observed MAC values than the lacy
aggregate model. There are different possible explanations
for these discrepancies.

3

1. A potentially important source of uncertainty is the re-
fractive index of black carbonK@hnert 20108. An
increase in MAC could be achieved by assuming a
higher value of Inim). However, this would be dif-
ficult to reconcile with the available measurements of
m. Our calculations rely on refractive index values re-
ported byChang and Charalampopoul@990, which
are among the highest values of(i) within the range
recommended bBond and BergstrorfR00§. Also, as
pointed out byBond and Bergstroni2006, the varia-
tion in m among different measurements of black car-
bon is most plausibly explained by varying amounts of
void fractions within the carbonaceous material. Phys-
ically, and increase in liim) would be caused by a
decrease in the amount of void fractions. This would
only be consistent with assuming a higher mass density,
which, in turn, would reduce MAC and thereby coun-
teract the effects of increasing (m).

2. Calculations and comparisons with measurements rely
on a fairly precise knowledge of optical properties
(MAC, w), material propertiesi, p), and morphologi-
cal propertiesd, Ds, ko). In our study, we largely rely
on the recent review byond and Bergstron§2006
(which provides a critical and comprehensive evalua-
tion of the available experimental data) and on other re-
cent studiesAdachi et al, 2007 Adachi and Buseck

differential scattering behaviour and polarisation prop-
erties would be extremely helpful for further constrain-
ing aerosol optics models.

. The discrepancies between modelled and observed

MAC values may even be caused by over-simplifying
assumptions in our aggregate models. This possibil-
ity may seem surprising in view of the highly complex
fractal aggregate models we used (see E)g. How-
ever, despite the high level of geometrical details in our
model particles, there are certain aspects that we have
not taken into account. We assumed that the aggregates
consist of monomers that touch each other in only one
point. More realistic models would account for sintered
morphologies. For TiQaggregates, it has been shown
that sintering can increase the extinction cross section,
especially in the UV and visible spectral rani®r{edt

et al, 2010. Perhaps even more importantly, we know
that freshly emitted black carbon aggregates are usually
not “naked” particles, but coated by a fine film of or-
ganic material. Such morphological features have been
neglected in our computations. As we mentioned in the
introduction section, it is well understood that encapsu-
lation of aged black carbon particles in larger (typically
accumulation size) liquid aerosol droplets significantly
enhances their absorption properties (&gnd et al.
(2009). By encapsulation we mean a coating that is so
thick that the black carbon aggregate is completely or
almost completely covered by the soluble material. The
black carbon volume fraction of such encapsulated ge-
ometries is typically below 10 %, and it rarely exceeds
20%. It is possible, but as yet not known, that a thin
coating with organic material somewhat increaéggs

and thus MAC of freshly emitted black carbon aggre-
gates. Both sintering and coating are morphological fea-
tures that cannot be accounted for in the superposition
T-matrix method we used for solving Maxwell’s equa-
tions. Such studies would require the use of different
numerical methods, such as the discrete dipole approxi-
mation (e.gDraine(2000).

2008. However, many of these data originate from dif- 5 Conclusions

ferent sources, in which different sub-sets of black car-

bon properties have been measured. Itis unclear to whathe results of this study clearly demonstrate that the com-
extent various properties compiled from different stud- monly used homogeneous sphere approximation, which is
ies on different samples can yield closure of morpholog-the basis of Lorenz-Mie theoryMie, 1908, introduces un-

ical, material, and optical properties. It would therefore acceptably high biases in radiative forcing estimates of black
be extremely helpful to conduct more observations incarbon. Morphologically more realistic aggregate models
which a complete characterisation of black carbon sam-give a better representation of observed mass absorption
ples is achieved, i.e. studies that comprise both opticalcross sections and are likely to significantly improve our es-
material, and morphological propertissnultaneously  timates of the climate forcing effect of black carbon. Dif-
Also, it would be desirable to have a more complete ferences in fractal dimensions and fractal prefactors have, at
characterisation of the optical properties of black car-first glance, a lesser impact on radiative forcing as compared
bon. Although less relevant for understanding the cli- to the differences between homogeneous spheres and frac-
mate forcing effect of black carbon, measurements oftal aggregates. However, a closer analysis reveals that this
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is mainly caused by error cancellations that can be highlyChang, H. and Charalampopoulos, T. T.. Determination of the
sensitive on atmospheric conditions. To thoroughly under- wavelength dependence of refractive indices of flame soot, Proc.
stand the connection between aerosol morphology and radia- R- Soc. Lnd. A, 430, 577-591, 1990.

tive impact, more comprehensive measurements are need&{aing, B.T.: The discrfete dlipole appro>.<imati0n for light gcattering

of morphological, physical, and optical properties. Exper- by |rregl_JIar targets, in: Light Scattering b_y Nonspherical Par_tl-

imental studies need to be supplemented by more detailed cles, edited by Mishchenko, M. I., Hovenier, J. W., and Travis,

. . . . L. D., Academic Press, San Diego, CAj USA, 131-144, 2000.
theoretical studies of potentially important effects, such asHansen, J. and Nazarenko, L.: Soot climate forcing via snow and

sintering and coating. ice albedos, Proc. Natl. Acad. Sci., 101, 423-428, 2004.
Another important finding of our study is that the spectral Henyey, L. C. and Greenstein, J. L.: Diffuse radiation in the galaxy,

variation of the absorption cross section is non-monotonic. Astrophys. J., 93, 70-83, 1941.

The simple ¥ scaling law only holds in the red and IR part Jacobson, M. Z.: Strong radiative heating due to the mixing state

of the spectrum, but not at shorter wavelengths. Thus we of black carbon in atmospheric aerosols, Nature, 409, 695-697,

strongly discourage the use of measured values of the mass 2001.

absorption cross section at a single wavelength in ConjunCKahnert, M On thg observability of chemical and ph_ysica_l aero_sol

tion with a simple ¥ extrapolation to other wavelengths; propertles by qptl_cal_observatlons: Inverse modelling with varia-

it is essential to properly account for the spectral variation of _tional data assimilation, Tellus, 618, 747-755, 2009,

the dielectric properties of BC in broadband radiative forcing K&"ert: M:: Modelling the optical and radiative properties of
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