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Abstract. We study the applicability of spheroidal model of mineral dust due to desertification may even constitute
particles for simulating the single-scattering optical proper-the dominant anthropogenic mechanism for regional radia-
ties of mineral dust aerosols. To assess the range of validityive forcing Myhre and Stordal2001). The main sources of

of this model, calculations are compared to laboratory ob-error in quantifying the radiative impact of mineral aerosols
servations for five different dust samples at two wavelengthsare the refractive indexMyhre and Stordal2001), the non-

We further investigate whether the best-fit shape distributionspherical morphology (e.gkahnert and Nousiainer2006

of spheroids for different mineral dust samples have any simKahnert et al. 2007 and, to a slightly lesser extent, the
ilarities that would allow us to suggest a generic first-guesssize distribution fyhre and Stordal2001). Accounting for
shape distribution for suspended mineral dust. We find thatierosol morphology is also vital in remote-sensing applica-
best-fit shape distributions vary considerably between samtions (e.g.Mishchenko et a)2007). Both radiance and, even
ples and even between wavelengths, making definitive sugmore so, polarisation can be strongly modulated by particle
gestions for a shape distribution difficult. The best-fit shapenonsphericity (e.g.Mishchenko et a).1997 Schulz et al.
distribution also depends strongly on the refractive index as-1998.

sumed and the cost function adopted. However, a power-law In climate studies, it is still common practice to model
shape distribution which favours those spheroids that deparderosol optical properties using the homogeneous sphere ap-
most from the spherical shape is found to work well in most proximation (HSA). Spheroidal model particles have long
cases. To reproduce observed asymmetry parameters, bdsten investigated as a first-order improvement of the HSA
results are obtained with a power-law shape distribution with(e.g.,Mishchenk 1993 Schulz et al.1999. The idea be-

an exponent around three. hind this model is to introduce, in addition to the size param-
eter, one additional shape parameter while retaining a high
degree of symmetry, thus keeping computational resource re-
guirements manageable. Comparisons of model results and
measurements indicate that spheroids are more versatile than
) o ) __other symmetric model particles, such as polyhedral prisms
The direct radlatlye impact of aerosol; ha; been !d?”t'f'eotNousiainen et al2006. They have even proven superior to
as one of the main sources of uncertainty in quantifying ra-ore advanced particle models that mimic the shape statis-
diative forcing of the climate systenfrgrster et al.2007. ics of mineral dust samplesgihelmann et a).2008. In re-
Mineral dust is one of the most widespread types of aerosofent years, spheroids have been used operationally in remote
in the atmosphere with relatively high optical dep8oko-  gensing, such asin AERONET retrievals (eubovik et al,

lik and Toon 199§. In arid regions, rising concentrations  >00q. Thanks to these recent successes, spheroids are likely
to become established as an operational standard model for
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However, there are important issues that have, so far, notHere6 denotes the scattering angle, i.e., the angle between
been adequately addressed. Validation studies have bedhe propagation directions of incident and scattered light. In
confined to a fairly small selection of measurements. Inthe comparison with measurements, we consider the ratios
Nousiainen et al(2006, comparison of modelling results P;; /P11 for {i, j} # {1,1}. The phase functiorPy; is nor-
with measurements were limited to scattering experimentanalised according to
on feldspar aerosols at a wavelength of 632.8 nnduhovik P
et al.(2006), this validation study was repeated and supple-—/ P11(0)sin6do = 1. 2)
mented by observations made for the same feldspar sampl&“'?
at 441.6nm. To increase our confidence in the spheroidal The phase matrix elements are most relevant for the inter-
particle model, we need to perform a more comprehensivepretation of remote sensing observations of radiance, polar-
validation study, involving a larger selection of mineral dust isation, and depolarisation ratios. For climate applications,
samples with different size distributions and mineral com-we also need to consider the asymmetry paramgtesich
positions. Specifically, we need to identify the range of va-is the first Legendre moment of the phase function, i.e.,
lidity of the spheroidal particle model. For instance, recent P
findings suggest that spheroids in terms of single-scattering = E/ Py1(0)cogsingdd. (3)
properties may not be appropriate for modelling the optical
properties of highly absorbing aerosoRother et al.2006 The asymmetry parameter is a measure for the partition-
and little is known about the performance of the spheroidaling between radiation scattered in the forward and backward
model particles for mimicking scattering by dust particle en- hemispheres, which is important for quantifying the impact
sembles with effective radii larger than about 1 pm. Finally, of aerosols on the radiative energy budget.
to make use of the full ﬂex|b|||ty of SpheroidS, models usu- The size of the partiC|eS is often described relative to the
ally employ a shape distribution of spheroids, i.e., an ensemWavelength of the light with a so-called size parameter
ble of spheroids with different aspect ratios. In principle, 2y
each aspect ratio in the model can have a different weight, s = = (4)

we could introduce as many free parameters as we have dif- : . .
o X wherer is the radius of a volume-equivalent sphere.
ferent aspect ratios in our model ensemble. Both in remote : . .
The geometry of the spheroidal model particles is char-

sensing and, even more so, in climate modelling appllca.tlonsécterised by the aspect raiio=a/b, whereb denotes the
we need to reduce the number of free parameters by intro-

. I . -dimension of the spheroid along the main rotational symme-
ducing reasonable a priori assumptions about the shape dl%'; axis. anda denotes the corresponding dimension perpen-
tribution of spheroids. This raises the difficult question: Can y ' P g perp

we define a generic shape distribution that is likely to pro-dlcUIar to that axis. A prolate spheroid £ 1) is obtained

. . . by rotating an ellipse about its major axis, while an oblate
vide sufficiently accurate model results for a wide range of . . . :

X - : o spheroid € > 1) is constructed by rotating an ellipse about
mineral aerosol compositions, size distributions, and wave-

lengths, and for different optical parameters? Its minor axis.
gins, an . pucaip - For parametrising the shape distribution, i.e., a distribu-
Addressing these issues is pivotal for a wide range of . . T i
L . . . . —tion of spheroidal aspect ratios, it is more convenient to use
applications within remote sensing and climate modelling.

Here, we investigate these problems by performing a com? shape parametér (Kahnert et al. 20023 rather than the

prehensive validation study of the spheroidal particle model,aSpeCt ratie. The shape parameter is defined as

assessing its range of validity, and studying the possibilities €—1 :e>1(oblate
and limitations of generic shape distributions. In Séctve E={1-1/¢:€e <1 (prolate (5)
briefly review the theoretical background and in Sect. 3 we 0 : e =1 (sphere.

discuss the laboratory measurements employed in the COM;z e increase: for an oblate spheroid, then battandz will

parisons. Results are presented and discussed in Sects. 4 and . : : .
5, respectively. Work is summarized in Sect. 6 inCrease linearly witlu. On the other hand, if we increase

b for a prolate spheroid, thenwill decrease hyperbolically,

while & will decrease linearly witly. The lineai-scale lends

2 Methodology itself more easily for parametrising the shape distribution.
Previous attempts to fit modelled or measured reference

We are primarily interested in modelling the elements of thescattering matrices with a shape distribution of spheroidal

phase matrix, which for randomly oriented particles has sixmodel particles have consistently shown that spheroids with

independent elementggn de Hulst1957: large values of&| contribute most to the best-fit ensemble
(e.g.,Kahnert 2004 Nousiainen et a).2006. For this rea-
P1(60) Pr2(0) 0 0 son, it has been suggested to parametrise the shape distribu-
P®) = P12(6) P22(0) 0 0 (1)  tion according to a simple power law
0 0  P33(0) Psa0)
0 0 —P34(9) Psa(6) p&)=Cl§|".n=0, (6)
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where the normalization facta@r is 3 Measurements

C— /‘Emax|$ "dg 7) We test our model by comparing the simulations with labora-
o Emin ’ tory measurements of the scattering matrices of different dust
samples. The measurements are taken from the Amsterdam
The power law gives the largest weight on those spheroids.ight Scattering Databas#(dlten et al, 200§. An example
deviating most from the spherical shape. The power-law in-of a measured scattering matrix (with error bars) is shown in
dexn is an empirical parameter that has to be chosen such aBig. 1 along with example computations of spheroids inte-
to give the best agreement between modelling results and olgrated over the size distribution of the loess sample. From
servations. AERONET shape retrievals of atmospheric dusthe samples included in the database, we chose feldspar, red
particles reported bypubovik et al.(2009 also resulted in  clay, green clay, loess, and Saharan dust. These samples have
a shape distribution that favored high-aspect ratio (I&f}e ~ been measured byblten et al.(2001) except for the green
spheroids. clay that was measured dufioz et al(2001). The size dis-
We make use of a database of pre-computed singletributions of the samples have been measured using a Fritsch
scattering properties for mineral dust particld3ulpovik laser particle sizei{onert and Vandenbergh#997 and are
et al, 2006. From the database, we can directly retrieve also reported in the database. Although the samples have not
the scattering-matrix elements for any given aspect ratio avbeen collected in the atmosphere, their shapes and composi-
eraged over a given size distribution withi02< x <625  tions can be considered to be representative of atmospheric
(Dubovik et al, 2006. In the samples there are particles dust, and their sizes cover the expected size range. Presently,
whose size parameter exceeds this range. These particles are measured scattering matrices exist from samples collected
thus ignored, but their contribution to the matrix elementsfrom the atmosphere.
is estimated to be negligible. Scattering cross sections are The properties of the samples are summarized in Table
also extracted, as they are needed for weighting when comThe effective radiifeff) of the samples range from 1.0 um to
puting shape-distribution integrated quantities. The results3.2 um and the effective standard deviations of radig)(
are compared to laboratory measurements of five differenfrom 1.0 to 20. FollowingHansen and Travi€l974), these
samples at two wavelengths, which are further discussed imjuantities are defined as
Sect. 3. The refractive indices: of the samples are only

2
known within a certain confidence range. For this reason,. . _ Jyr-mrin(rydr ®)
we perform computations for five different valuesmfwith [wr2n(rydr -’

Re@n) = 1.55 and 1.7, Im{) = 0.001 and 0.01, and a cen-

tral value ofm = 1.6+ 0.003. The feldspar sample was ad- [.(r —re)2mr2n(r)dr

ditionally modeled withn = 1.6+ 0.00%i, m = L6+00%, %=/ "z 5 5 ©)

m =1.5540.003, andm = 1.74+0.003. These values are
based on the estimated rangeroprovided by\Volten et al. By replacingr by ref in Eq. @), we can define the effective
(2007 andMufioz et al.(2002). Size parametexes.

The model shapes include nine aspect ratios for oblate The samples have been measured at wavelengths of
spheroids witke = 1.2, 1.4,..., 2.8, and nine aspect ratios for 441.6 nm and 632.8 nm, and cover scattering angles ffom 5
prolate spheroids wite = 1/1.2, 1/1.4,..., 1/2.8. This cor-  to 1732. Angles from 8 to 170 have been measured with
responds to shape parameterg ef 0.2,0.4...,1.8 (oblate),  5° angular resolution, and angles larger than°1&@h 1°
andé =—-0.2,-0.4,...,—1.8 (prolate). In addition, corre- resolution. The origins and the characteristics of the samples
sponding results for spheres are computed (, £ =0). vary. For example, the shapes of the loess and Saharan dust

The size-averaged optical properties are calculated correare perhaps most representative of the atmospheric aerosols
sponding to each of the model shapes for all five samples aas they are collected from surface deposits. The feldspar
both wavelengths. The volume-equivalent size is assumedsample, on the other hand, was ground from a feldspar rock
The use of area equivalence was also briefly tested, but itand might thus be more angular than natural dust particles,
performance appeared to be comparable to that of the volbut its size distribution resembles that of atmospheric dust in
ume equivalence in reproducing the measured scattering, soackground conditions. The clay samples are commercial.
further considerations using different size equivalences were The measured scattering matricés, are related to the
deemed unnecessary to our applications. The ensemblghase matrix in Eq.1) by an unknown normalisation coeffi-
averaged phase matrix is obtained averaging over the 19 agient: P=y -F. BothF andP are so-called Mueller matrices.
pect ratios weighted by the assumed shape distribution an@he element ratio®;; / P11 can thus be directly compared to
also by their corresponding scattering cross sections, whiclthe measured;j/ F11, but the phase functioR; first needs
specify the total power scattered in all directions. Differentto be properly normalised according to E&).(However, to
shape distributions have been tested, with a focus of§the = compute the normalisation integral we need to have the phase
model given in Eq.6). function for the entire angular range frorhi @ 180. As we
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P11 -P12/P11 P22/P11
—_——

Fig. 1. Measured and simulated scattering-matrix elements for the loess sample at waveler@888 nm. The measurements are shown
with small black dots and their error bars. Different solid lines depict scattering by different spheroids with refractive imdexX. &5+
0.001;, ranging from prolate (red) to oblate (blue) aspect. The dashed black line is the corresponding simulation for a sphere.

have no direct measurements of the forward-scattering directhen expressed in percentages. We name this error-quantity
tions, the phase function between angles framd5° are

obtained directly from the corresponding computations. The

simulated results are then matched with the observed phase 100 %/17?

function at the scattering angte=5°. The backscattering AD
angles, which do not contribute much to the normalisation

integral, are extrapolated simply by using the measured valué&lere, P = P;;/ P11, except that for the phase functigh=

at 173 for all angles from 17%to 180°. Other methods for P11. The advantage here is that the errors of different

| Pobs— Psimld®. (10)

o

extrapolation have been suggested, e.gl.ibyet al. (2003, scattering-matrix elements are readily comparable with each
Kahnert and Nousiaingi2006, andkahnert and Nousiainen other. On the downside, the measurement uncertainty is
(2007). not taken into account. If we want to give more emphasis

for side scattering, we can use the I8g() instead of P11

when calculating they for the phase function. Indeed, we

have mainly used the logarithmic form, as it gives more even
4 Results weight for all measurement angles.

We also experimented with many other cost functions,

To compare simulations and measurements, we apply thincluding x? errors, Eq. A7), summed over measurement
measured size distribution, select a refractive index, and avpoints, and the so-calléigg value, which is defined such that
erage the simulations over sizes and shapes as described &t 80 % of all observation points the discrepancy between
Sect.2. The quality of fit is then evaluated by computing measurements and simulations is smaller thagn In the
a cost function that quantifies the (dis)agreement betweegase ofx? andsg statistics, the cost function for assessing
the simulations and measurements. As the preferred coghe agreement between measurements and model is calcu-
function, we use the area between the measured and modated at the measurement points excluding°1 172, and
eled matrix elements (i.e., the well-knowanorm; see, e.g., 173 to preserve angular equality in the analyses.
Kreyszig 1993 page 994). The area is calculated only for We note that we have restricted ourselves to using homo-
scattering angles at which measurements are available, andgeneous, highly symmetrical model particles with smooth
is normalised by dividing it with the angular span of the mea- surfaces; real mineral particles are irregularly shaped, ex-
surements46 = 168 for all samples considered here), and pected to be inhomogeneous and are likely to be composed of

Atmos. Chem. Phys., 11, 5345363 2011 www.atmos-chem-phys.net/11/5347/2011/
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Table 1. Summary of the sample properties. Th@ andoef values have been computed from the measured size distribution; thg Re(
an estimate; Im) is estimated to be between19and 107 for all samples.

\ reff [UM]  oeff Re(m)  main constituents production  origin colour

feldspar 1.0 1.0 15-1.6 K-feldspar, plagioclase, quartz crushed Finland light pink

red clay 15 1.3 15-1.7 biotite, illite, quartz commercial France red brown

green clay 1.55 1.2 1.5-1.7 Iillite, kaolinite, montmorillonite, commercial France green
quartz

loess 3.9 1.6 15-1.7 K-feldspar, illite, quartz, calcite, collected Hungary yellow brown
chlorite, albite

Saharan dust 8.2 20 15-1.7 quartz, clay minerals, collected Saharan desert  yellow brown
calcium carbonate

birefringent and thus anisotropic mineral species (&gu- integrated values for all aspect ratios separately. This gives
siainen 2009. Moreover, we have assumed that the par-an indication of how well the measurements can be modeled
ticle properties are not size or shape dependent while, foby using spheroids.

real atmospheric dust particles, this is not necessarily the |n Fig. 2 three scattering-matrix elementsiat 6328 nm
case. For examplé;laquin et al.(1999 propose different  have been plotted for each sample studied. Shown are both
mineralogies for clay and silt fraction particles. More re- the measurement error bars and the coverages by different
cently, physical and optical properties have been measuregpheroids. The length of the error bar covered is accounted
for different size classes of airborne Saharan dust in the SAwhen Ca|cu|ating coverages, SO that one Sing|e outlier point
MUM campaign Heintzenberg2009. Measured refractive  with a huge error bar might lower the coverage percentage
indices were found to be varying in-between different sizesjgnificantly, which is exactly what happens with the feldspar
plasseslVIU!lgr et al, ZOOQand Petzold et a|.200_9, which . Py/ P11 element in the upper right corner of F@. The
is not surprising considering that also the chemical ‘Fompos"coverages averaged over all matrix elements and foPthe
tion was found to varyKandler et al. 2009andSchladitz et element separately are shown in Tafor both wave-
al., 2009. lengths. None of the measured samples are fully covered by
the spheroid simulations. Feldspar stands out as the one sam-
4.1 Assessing the overall performance of spheroids ple that can most readily be modeled with spheroids for both
wavelengths. Less than half of the measurement points for
We first want to establish how well the model of spheroids Saharan dust, on the other hand, are bracketed by the simula-
works for our samples. One way to do it would be to treattions, making this sample very challenging for the model of
the shape distribution and the refractive index as free paramespheroids. Overall, the average coverage is better for samples
ters, apply a fitting algorithm to find optimal values for these with small ref. Likewise, the standard deviation is smaller
and then compute the cost function. However, since onlyfor samples with smakef, indicating that coverages are also
positive weights are possible in the shape distribution, a nonmore consistent between different phase-matrix elements for
linear fitting algorithm must be used, and such methods arssamples with smakles. Thus, the model of spheroids clearly
not guaranteed to locate the global minimum even when mulseems more promising for samples with smaff. On the
tiple initial states are used. We thus adopt a simpler methoather hand, there does not seem to be systematic differences
where we investigate how well the measurement points ardetween the wavelengths, although the effective size param-
bracketed by simulations of individual spheroidal shapes. Ifeter is over 40 % larger at 441.6 nm than at 632.8 nm wave-
a measurement point lies outside the range of those matrilength.
ces covered by different aspect ratios, then it is impossibleto |n Fig. 3, the minimum+ values, Eq. 10), of all
fit that measurement point with any shape distribution. Thisscattering-matrix elements for each sample are plotted as a
leads us to consider how well this necessary condition forfunction of the effective size parameter. A rising slope can
successful fitting is met for different samples. The non-linearpe fitted to the data and its existence clearly indicates that the
fits are only performed for selected cases and are considereshheroid model works better for smaller sizes, especially in
in more detail in Sec#.2 the case of the phase function. The slopes become slightly
Investigations on how well the measured scattering-matrixsmaller if only the best-fit refractive indices for each element
elements can be covered by spheroids’ of different shapeare considered. It is interesting to note that all the other
and refractive indices are thus performed. The term “cover-values show strong dependence on size excepP{iof P11
age” refers to the percentage of measurement points that am@nd P34/ P11, which are reproduced quite well with spheroids
within the range obtained by considering the spheroids sizeregardless of the size range. Moreover, the minimgm
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Fig. 2. Coverage of the measured scattering-matrix elements by model spheroids&n3®avelength for the matrix elemenksy,

— P15/ P11 and Pyo/ P11. Each row corresponds to one sample from smallest (feldspar) to the largest effective radius (Sahara). Measurements
are shown with diamonds and error bars, and the shaded area indicates the coverage by different spheroids (all shapes and refractive indices
excluding spheres. The Mie spheres are shown with solid lines for each refractive index. To normalise the nfgasleatent, it has been

extrapolated with the = 3 model shape distribution for the angles 6£6°.
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Table 2. Percentages of spheroid coverages for different samples. 90 - o PN
P12/P11 0
% | 4416 nm | 6328nm 8or
% P22/P11
F11 avg. o F11 avg. o 70 +
feldspar | 100 92 5| 99 89 19 +  P33/P1I (8>
red clay 72 62 24| 71 58 24 60 & P34/P )
greenclay| 84 61 29| 81 63 19 -7
loess 76 55 35| 74 59 27 50| o PasPTl s .- o
Sahara 23 43 34| 75 48 29 > All g X
4OF | _ _ _pn - %
30
values of these elements do not seem to depend much on tt
refractive index assumed. This is probably mostly due to the 20
extensive coverage provided to these elements by the mod
spheroids, allowing us to obtain good fits with different re- 10
fractive indices. 2D 4
0o 20 40 60 80 100 120
4.2 Optimal shape distributions X it

Another, independent approach to assess the model of o . .
spheroids is to derive a shape distribution that provides théig- 3. Minimum v/, Eq. (L0), errors of the scattering-matrix ele-
optimal fit to the measurements. This fit can be optimizedMents as a function of the effective size paramesgr All modeled
separately for each sample, matrix element, and the refractivéefraot've indices are included. The solid line (slope = 0.2) is linear
index. These optimized shape distributions can be found b regression representing the average of all dots while the dashed line
L - P - p. >fslope =0.4) is solely foPq 1.
using a nonlinear fitting algorithm based on the Levenberg-
Marquardt method (for detailed description, see Appendix).

Optimizing the aspect-ratio weights separately for eacheights for matrix elements of all samples are collected in
matrix element is a ime-consuming process and was, thererig s There the wavelength is taken to be 688m and re-
fore, performed for a selected set only, including all the sam-g5ctive indexm = 1.55+0.00%. An immediate conclusion
ples and matrix elements at= 6328 nm with one refrac- o the gistribution is that extreme aspect ratios are clearly
tive index (n = 1.55+0.001/) used for the scattering COM- o5t common in the best-fit shape distributions. The form of
putations. In addition, fittings for the other wavelength(  he total distribution of weights encourages us to use a power-
4416 nm) and use of other refractive indices (R¢=1.55 |5 shape distribution as an a priori assumption in more de-

and 17, Im(m) = 0.00% and Q0L:) were tested for feldspar  (5jjeq studies of the search for the optimal valuedoHence,
and loess samples. These represent samples with ;mall a%dpower-law functiorC - |£|" is fitted in Fig.4 (solid black
largeref; loess was chosen instead of Sahara due to its bettqrne), resulting inn = 18. Alson = 3 line (red) is plotted in

coverage. o ~thefigure for reference. Itis of interest to note that in a study
The fitting results (shown later in Fig) reveal that in by Nousiainen et al(2006), the results favoured the extreme

some cases, the optimal shape distribution of spheroids réshapes, which in that study h#l = 1.6. Here as well, the

produces the measured scattering matrices quite well. As ixtreme shapes are found to be strongly favoured, but as now

the previous section, we once again see that the spheroidge have includedt| = 1.8, the|¢| < 1.6 had far less weight
seem to work best for smaller size parameters: for feldspargn, the results.

red clay, and green clay, the fits are relatively good; whereas,

for loess and Saharan samples, the spheroids cannot produge3 ¢” parametrisation

scattering patterns similar to the measurements. Especially,

the matrix element®,,/ P11 and P44/ P11 prove to be impos-  Nousiainen et al(2006 suggested a simple one-parameter

sible to reproduce using spheroids. Figreproduced with  (n) shape distribution for modelling mineral dust based on

the optimal shape distributions (not shown) leads % a their simulations for the feldspar sample. Here, we investi-

reff slope of 0.2 for the average of all elements as well as forgate how well such a parametrisation works in general, and to

that of P11 alone. what extent the best-fit varies between the samples. To find
One main goal of this study is to investigate the validity of the optimalz, we vary its value from 0 to 18 and identify the

spheroidal model particles from a broader perspective. Fowalue that gives the smallest cost functions. nAt 18, the

this reason, we are particularly interested in general trendsery extreme shapeg & —1.8 and 18) include 88% of the

in the optimal shape distributions. The optimal aspect-ratioscatterers and four most extreme shages {1.8,—1.6,1.6

www.atmos-chem-phys.net/11/5347/2011/ Atmos. Chem. Phys., 11,5343-2011
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Best—fit shape distribution, 632.8 nm, 1.55 + 0.001i errors. TheP1; element, often the most important for practi-
! ; ' P ) cal considerations, however, is uniformly best modeled with
sl - * —';125?111 < the equiprobable distributiom & 0) or, when considering
e P33/P11 o area differencesy(), on average witt = 0.4. Unlike Py1,
06l ° b -f’ifém the best-fiu for the asymmetry parametgiis slightly larger.
- . . T average | There seems to be a common trend that the phase func-
04l - b o o] tion fits best whem is very small, whilst the fitting errors for
" ; polarisation components are minimized with values around
o2l | n =10 (which is when 70 % of scatterers hggé= 1.8 and
90% haveé| > 1.6) or even higher. This inconsistency indi-
N = g B o os s oo d __gﬁﬁgzﬁ'_;_ cates that the model of spheroids is not entirely accurate for
prolate (min. 1/2.8) ~ spherical  oblate (max. 2.8) real mineral dust particles.

The spheroids perform, however, much better than the ho-
Fig. 4. Scatter plot of weights obtained for different spheroidal mogeneous sphere approximation (HSA). This improvement
shapes when fitting different scattering-matrix elements of all sam-n modelling accuracy is particularly clear for other samples
ptl)(les ;Onjdfre(z' Tr)‘e C°|°r5|ref?r to d)ifflerent (S"_"”;g’lesd ‘:":]Spa’éxcept Sahara. The matrix elements that improve most are
ue), reda cla ray), green cia reen), loess (pIink), an anaral . ;
<(1Iust (black). }(/)ngiy t{leg\]/vavelengvhi 6328nm haz been consid- P12/ Pua, Paa/ PryandPsa/ Puy; o improvements are always
) ; - at least 30 % for the Sahara and 50 % for the other samples.
ered andn has been fixed at35+0.001i. Solid lines represeit When the whole scattering matrix is considered, it is possi-
shape distributions with different values forthe black line shows : ’
n =18 that is the best value for this particular scatter plot, and theble_ to reach 50% |mpr0vemer_1ts on the average of all scat-
red line, corresponding to= 3, is shown for reference. tering matrix elements, excluding Saharan sample. In some
special cases, individual scattering-matrix elements obtained
from HSA may produce better fits, but the averagever all
and 18) contain 99 % of the population. The upper limit of matrix elements is always at least 20 % better for spheroids
n =18 was chosen to include the best-fit value of 18 obtainedregardless of the value or the refractive index (of those used
in the previous section. We also tested other shape distribuhere).

tions, which are discussed in the end of this chapter. We experimented also with other kinds of shape distribu-
Table 3 summarizes the results for the optimal tions besides the”. The simplest correction, which slightly
parametrized Shape distributions under different Crite'improved the results especia”y for small ValuesxlpWas to
ria.  As the cost functions, we consider eight different |eave three or five of the most spherical shapes out altogether.
variations, namely: Also a cosine shaped distribution was investigated, where the
distribution peaked at the spherical shapes and decreased to-
wards the more extreme axis ratios. This kind of distribution
averagey? for the independent non-zero phase matrix rarely matched the performance of the equiprobable distribu-
elements, excludingy1; tion and was thus abandoned.

Modeled matrix elements produced by oblate particles
vary from each other more than do models by prolates, which
average’gg for all independent non-zero phase matrix might be why shape distributions of solely oblate particles
elements; seem to produce slightly better fits to the measurements than
those composed purely of prolates. A distribution that con-
sists of both oblates and prolates usually performs best over-
—  value for log(P11); all. It seems that both prolates and oblates_ are nee_ded when

good fits are sought throughout the scattering matrix for the
— average) for all matrix elements, each with that pro-  whole angle span. Occasionally, a shape distribution tweaked
duces the best fit; into either prolate or oblate side yielded slight improvements
when compared to the simp¢ distribution. However, in-
troducing an asymmetry between oblates and prolates would
introduce an additional free parameter without consistent or

Obviously, best fits are obtained at differenfor different ~ €ven notable improvement to the results.

samples; this is natural and expected. Interestingly, with While the spheroid scheme is superior to spheres, its per-
the x?2 criteria they are often obtained either with the least formance is far from perfect especially for samples with
(n =0) or the most/ = 18) extreme shape distributions con- larger particles. The optimal shape distributions seem to
sidered. This is at least partly due }& approach giving vary from sample to sample but also, to some degree, be-
huge emphasis to few points with very small measurementween wavelengths. The latter implies that the optimal shape

— x? for phase functiorPy1;

8go for P1q;

— the asymmetry parameter

— average) for all matrix elements withw: that produces
the best-fitg.
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Table 3. The best-fits values ofé” shape distributions, Eq6), using different criteria. The refractive index with which the best-fit value
was obtained is indicated by:=1.55+40.00%; » =1.55+40.01; ¢ =1.740.00% ; d =1.74+0.0L. ande =1.6+0.003. The last row
shows the column averages when excluding the caseswith8.

| Fi1 avg. dgoPi1 dgo(avg.) g | ¥log(P11) v avg. best v all Best-g

441.6nm
feldspar 0.0b 30a Oab Oab 2.7 1.1d 20a 6.2
red clay 00b 18c Oa od 1.3 0.1b 18 ¢ 8.8
greenclay| 0.0b 18d Oc Oc 1.0 0.4b 18 ¢ 6.5
loess 0.0d 18c Oa od 4.4 04c 18 ¢ 11.0
Sahara 0.0c 00c Ob Ob 0.0 0.0c 15¢c 9.7

632.8nm
feldspar 6.0b 15b Oc Oc 9.4 0.7b 5.0a 8.2
red clay 0.0b 18d Oa od 3.1 0.2b 18c 9.3
greenclay| 0.0b 18d Oc 1lc 3.4 0.7b 18d 9.9
loess 0.0a 0.0a Ob Ob 5.7 0.1la 18c 7.0
Sahara 0.0c 00c Ob od 0.0 0.0c 09c 9.5
MEAN 0.6 9.45 0 0.2 3.1 0.4 11.7 8.8
w/o. 18 0.9 2.4 3.6

distribution for spheroids is not unambiguously connected tofor the feldspar sample for which the spheroid model works
the actual shapes of the particles. best, we obtain best-fit from 1.55+0.001 to 1.7+ 0.0

at > =4416 nm, from one extreme to the other, depending
4.4 Robustness of model with respect to refractive index on the criterion adapted. The Saharan sample, on the other

hand, favors the complementary extremes fro653 0.01
The refractive index: of the samples is one of the sources of to 1.7+ 0.001i. Behaviour is similar foi. = 6328 nm. This
uncertainty in our analyses. Indeed, we do not even know taesult strongly implies that it is very challenging to reliably
what degree the samples can be characterized with a singi@vert both the optimal shape distribution and the refractive
refractive index. To account for the uncertaintysinsimula-  index of real dust particles from the angular dependence of
tions have been conducted with a variety of values, chosen tthe scattering-matrix elements using simple model shapes
bracket the expected range. Still, none of the values used such as spheroids. The best+italso depends on the wave-
is likely to be exactly right for any of the samples. length and varies between samples, but these are expected

One of the key questions related to this is whether theand reasonable results.

m dependence of scattering is sufficiently linear over the To get more insight into the relation of the refractive index
considered interval that, when we bracket thevalues, we  and shape distribution, we plotted cost functions bracketed
also bracket the single-scattering propertiesNbusiainen  over refractive indices for three samples (feldspar, red clay,
(2007, the dependence of the asymmetry parameter on thend Saharan dust) in Fi§. The average/ error, Eq. (0),
refractive index was studied for shape- and size distributionsf all matrix elements and the asymmetry parameter differ-
of spheroids. It was found that depends om: monotoni-  ence are shown for the wavelength of &im for three dif-
cally and fairly linearly over a wide range of refractive in- ferent values of: (in columns). The longer wavelength be-
dices. For individual, scattering-angle dependent phase mahaves quite similarly and is not shown. Feldspar, whilst being
trix elements the situation is bound to be more complicatedclearly well mimicked with our model distributions, changes
but luckily the angular forms of the matrix elements do not its 'best refractive index’ behaviour with the changing shape
seem to be overly sensitive to fairly modest variations:in  distribution. On average, a combinationot= 1.5540.001i

(e.g.,Nousiainen and VermeulgB003 Mufioz et al, 2007). andn = 3 works best for it, althougl?;; can be best mod-
We are thus confident that, to a large extent, we also coveeled withm = 1.55+40.01i. v values forP;;1 (not shown)
the single-scattering properties in our treatment. and g of red clay (represented in fourth row of Fif) are

To estimate the sensitivity to refractive index, we take aminimized withm = 1.55+ 0.01; for all n. Green clay be-
closer look at the results for the nine different valuesnof haves similarly to the red clay and is not shown. The be-
for the feldspar sample and the five different values:dbr haviour for total error is more varied. Perhaps surprisingly,
the other samples. The summary of the results is given in TaSaharan dust is the only particle type that shows a very con-
ble 3. The first obvious observation is that the best-fit refrac- sistent refractive index behaviour for all averages ané 1
tive index depends on the fitting criterion used. For example(not shown) for both wavelengths. This might be partly due
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tot, n=0 tot, n=3 tot, n=18
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T
73 P ;
g & 16 1.6 1.6 I v
1.55 1.55 1.55
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3
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Fig. 5. Cost function dependence on the values of refractive inde®olumns from left to right represent differegit distributions, Eq. §),

with n =0,3, and 18, respectively. Small cost function values are shown in blue whilst the worst fit values are shown in red. One should note
from the colorbars that the scale varies, values increasing with increasing particle size. Three minerals are represented nithfiddtl

two rows representing feldspar, then the red clay and last two rows Saharan dust. For each mineral two cost functions are shown on separat
rows, namely the averagk value, Eq. 10), of all scattering-matrix elements (tot.) and that of the asymmetry parameter grror (

to poor performance of spheroids on the Saharan sample, adso on theP;; element for the shorter wavelength. For
large errors may mask any subtleties caused by differing re6328 nm, the results of loess are not so conclusive as a lower
fractive indices. For loess (not shown), the=1.7+0.00L real part and a higher imaginary part of the refractive index
provides the best fit on the average of all the elements andre also producing good modelling results gorOverall, it
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seems that out of our options, reasonably good choices fodistribution of spheroidal particles that would provide suf-
refractive indices would be: = 1.55+ 0.001 for feldspar, ficiently accurate results for a wide range of mineral dust
m = 1.5540.01; for both clays, andn = 1.7+ 0.001 for samples, spectral bands, and for different optical parameters.
both loess and Sahara. One challenge in using spheroidal model particles in opera-

Finally, we tested whether the matrices could be fitted bettional applications, e.g. in a climate model, is that the shape
ter using a linear combination of different refractive indices distribution introduces many free parameters (as many as we
rather than a single, fixed value. Thus, we assumed thahave discrete aspect ratios in our ensemble of model parti-
the samples could be composed of multiple dust modes witttles). Also, possible shape distribution differences between
their unique refractive indices; however, for simplicity, each available measured samples and real atmospheric dust lead
mode was assumed to have the same shape and size distribus to seek for a generic shape distribution that would work
tion. More detailed considerations are outside the scope ofor a large range of dust particles thus also including those in
this study. For comparison, we also calculated the refractivéhe atmosphere. By specifying an a priori shape distribution,
indices that produce the worst fits. and by averaging the optical properties over this shape distri-

Curiously, none of the best or worst fits include the mid- bution, we reduce the free parameters to the particle size and
dlemost of our refractive index values,= 1.6+0.003. The refractive index, just like in the homogeneous sphere model.
reason for this is that our modeled scattering-matrix element$o0 replacing lookup tables based on spheres by those based
in most of the cases fall on one or the other side of the meaon spheroids would be quite straightforward.
surements, so that the most extreme modelling results will In satellite remote sensing, it may be possible to optimize
always be favoured with 100 % concentration. This mightthe shape distribution to get best agreement with the mea-
indicate a problem with the overall suitability of the spheroid surements. However, it may be questioned how meaningful it
approach on real mineral dust. For example, if spheroids arés to perform fitting of optical observations with such a large
incapable of producing sufficiently strong depolarisation orset of free parameters. In climate models, on the other hand,
tend to under- or overestimate linear polarisation, it wouldsuch a fitting procedure is not even possible in principle. In
be natural for the distribution to favour thevalue that pro-  the future, there might be source-dependent shape informa-
duces scattering matrices with the smallest error. ke tion available for climate modelling, but the authors are not
value thus retrieved might have little to do with the actwal aware of any such data being available currently. Further,
value of the sample. as shown here, the connection between the real shapes and

Alternatively, it could also be that the behaviour is con- the best-fit shape distribution of spheroids may not be clear.
nected to possible size distribution errors; it is well known Therefore, a generic shape distribution might be very usable
that accurate measurements of size distribution are notorifor climate modelling purposes. For such a purpose, it is best
ously difficult (Reid et al, 2003. Then again, the size de- to use a criterion that optimizes the asymmetry parameter,
pendence of the phase matrix elements for shape-averaget$ ¢ is a key parameter in computing radiative fluxes (e.g.,
spheroids is not strong. This can be seen very clearly fromKahnert et al.2009.
Fig. 9 of Nousiainen(2009, where the simulated phase ma- By taking the average of the shape distributiovalues
trices for the same samples as considered here are showthat minimize the error of the asymmetry parameter for the
In each case, the refractive index and the shape distributioest performing refractive index for each particle and wave-
has been the same, so the only differences between the sad@ngth, we getz =2.9. If only the clays and feldspar are
ples are their different size distributions. As can be seen, théaken into account, the distribution becomes slightly steeper:
phase matrices are very similar. Therefore, errors in the size = 3.2. The standard deviations between different samples,
distributions are not expected to be critical for the results ob-however, are notably large, namely 3 in both cases, meaning
tained here. that quite likely the generic shape distribution is only able

to portray different populations on average. Interestingly, the
feldspar scattering matrix is, on average, best minimized with
5 Generic shape distribution n=23.0 for 4416 nm and: = 2.5 for 6328 nm.
In Fig. 6, ¢ values obtained from the comparisons of sim-

Spheroidal model particles are a promising alternative to houlations and measurements are illustrated. For each of the
mogeneous spheres for both climate forcing and remote sensamples, we have used only one well performing refractive
ing applications. As a model geometry, spheroids are signifindex, same for both wavelengths. For feldspar we used
icantly more flexible and provide, in most cases, more ac-1.55+ 0.001, for red clay and green clay = 1.55+ 0.01i,
curate results for the optical properties of mineral aerosolsand for loess and Sahava= 1.7+ 0.001%. Wider bars cor-
than homogeneous spheres. In the preceeding sections wespond to the wavelength of 682im, whilst the thinner
have investigated the versatility, but also the limitations, ofblack bars on top of them represent 48dm. Each row cor-
the spheroidal particle model by performing a comprehen-responds to one sample from smallest (feldspar) to the largest
sive validations study. In this section we determine whethereffective radius (Sahara). Three different representations
we can give specific recommendations for a generic shapef the £” distribution are shown for each scattering-matrix
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Fig. 6. v values, Eq.10), for model scattering-matrix elements and asymmetry parameter error compared to the measurements. Wider bars
correspond to the wavelength of 682m, whilst the thinner bars represent 8im. Each row corresponds to one sample from the smallest
(feldspar) to the largest effective radii (Sahara). On each row there are seven bar groups. The left-most group and the left y-axis shows the
asymmetry parameter error, whilst the other groups and the right y-axis are for different scattering-matrix ¢lealeps. In each group

three different representations of #hédistribution, Eq. §), namelyn =0, 3 and 10, are shown. The darkest rightmost bar represenis the

value obtained when using Mie spheres.

element, from lightest bars & 0) darkening towards = 3 tion. This confirms that using any reasonable distribution
andn = 10 as indicated in the legend. The darkest right- of spheroids tends to produce better results than the Mie
most bar represenig obtained when using HSA. Logarith- scheme. When the asymmetry parameter is the criterion, a
mic area difference was also investigated in the cask of reasonable first assumption for a spheroid shape distribution
element, but it produced consistent results with the linear apis to use the power law function with= 3. For the polarisa-
proach, so we left it out of the figure. It can be seen that, intion elements it might prove profitable to favour heavily the
almost all cases throughout the matrix elementséthemod-  most extreme shapes £ 18, which is the maximum used in
els work better than the Mie solution (HSA) regardless of theour analyses).

n used. Only exceptions are seen in g/ P11 element of
loess and Sahara sample, for which the Mie spheres perforrﬂ
slightly better than the equiprobable=£ 0) andn = 3 distri-
butions, and in the Saharan sampkes element at 445 nm,
which is the only case when the Mie solution is the best op-

When using a generic shape distribution= 3 distribu-
on) to describe the optical properties of any of our sam-

ples, the improvements compared to using HSA are gener-
ally huge. Only for the Saharan sample do the spheroids
fail to decrease the error on asymmetry parameter from that

Atmos. Chem. Phys., 11, 5345363 2011 www.atmos-chem-phys.net/11/5347/2011/



S. Merikallio et. al.: Spheroid modelling 5359

P P11 —P12/P11 P22/P11

feldspar
=

P11 -P12/P11 P22/P11

0.5

redclay

0 45 90 135 180
P P11 —P12/P11 P22/P11

greenclay

5 P11 -P12/P11 P22/P11

0.5 'i'!'

loess

0 45 90 135 180
P11 —P12/P11 P22/P11

05 "I} i

sahara

]
&
-0.5 0
0 45 90 135 180 0 45 90 135 180 0 45

i !

Fig. 7. Measurements with error bars (black), spheroid models (blue and green), and HSA (red) shown for the three key scattering-matrix
elements of every sample. Thrgé model runsp =0 (dotted blue line), 3 (solid blue line), and 10 (dashed blue line) are shown as well as
the optimal shape distribution (solid green line). Here we have use@328 nm.

produced by Mie particles. For the other particles, spheroiddistribution results (Sect.2) are plotted. It should be noted
decrease the Mie error by 60—100 % (60 % for green clay athat the optimal distribution is acquired independently for all
4416 nm, 70 % for red clay at 446 nm and more than 85% matrix elements, making the comparisons to &iemodel

for both wavelengths of loess. Feldspar for both wavelengthsomewhat unfair. For all fitted shape distributions in the
and clays at 638 nm all have 100 % improvement, meaning figure (green lines), the refractive index= 1.55+ 0.001

that the model successfully reproduces the measured asyniras been used. For tt§¢ models, on the other hand, we
metry parameter). have always used that has been deemed best for the sam-

Performance of spheroids is illustrated in Fig.where P& overall (see Sec#.4). This has led us to use =

three Key scattering-matrix elements are shown for all samd-55+0.00% for feldspar,m = 1.55+ 0.0 for both clays
ples. Measurements, spheroids with=0,3, and 10, the andm = 1.7+ 0.00% for loess and Saharan samples. When

homogeneous sphere approximation, and the optimal shage®mparing this figure with the values in Tat8git is noted
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that the observed behaviour differs in some respects becauseilts indicate that shape distributions that put more weight on
of the used refractive indices. For example, while in Table the most extreme aspect ratios often, but not always, provide
it can be seen that = 1.55+ 0.00% provides the smallest the best fits of the measurements.
error for loessP11 with n =0, the behaviour seen in Fig. Based on this observation, we have investigated the per-
demonstrates how the choice of a higher real refractive indexformance of a simple one-parameter power-law shape dis-
herem = 1.7+0.001, also leads to a preference of different, tribution, Eq. 6). Other types of shape distributions, some
in this case of a larger. Overall, it can be seen that the opti- with more free parameters, were also considered, but they
mally tuned elementwise shape distributions do not lead intadid not result in any significant or consistent improvements.
universally better results although locally the improvementsAccordingly, the best-fit power-law shape distributions for
might be notable. different samples at different wavelengths have been com-
pared. The impact of using a different size equivalence
would most likely not have extended beyond minor details in
6 Summary and conclusions the results. In particular, it is noted that different size equiv-
alences weight different aspect ratios differently, which can
We started our investigation by identifying three open prob-be partially compensated by the shape distribution weights,
lems regarding the use of spheroidal model particles in rethus the retrieved values afmight be somewhat affected.
mote sensing and climate modelling. We wanted to (i) per-  Although relatively good results can be acquired by var-
form a more comprehensive validation study to test the applifous shape distributions, it turns out that it is not possi-
cability of spheroids to modelling mineral dust optical prop- ble to suggest a single shape distribution that would be the
erties; (ii) stake out the range of validity of the spheroidal best choice in all cases. Not only does the best-fit distri-
particle model; and (iii) investigate if we can find a generic bution vary between the samples, but it also varies between
shape distribution of spheroids that is applicable to a broadhe wavelengths, the metrics used for specifying the good-
range of mineral dust samples. To address these questions wess of fit, the quantities fitted, and the refractive index as-
have used shape distributions of spheroids to reproduce theumed. While it is rather reasonable that the best-fit dis-
scattering matrix elements measured in a laboratory for fivetributions would be different for different samples that can
different mineral dust samples at two wavelengths. We havesonsist of differently shaped dust particles, it is disconcert-
made use of a database of pre-computed single-scatterin@g that it also depends on the wavelength. This implies that
properties for spheroids dyubovik et al.(2009. The mea-  the best-fit shape distributions do not necessarily correlate
sured scattering matrix elements, as well as the size distribuwith the actual dust particle shapes. Indeed, these findings
tions and the estimated ranges for the complex refractive insuggest that, when inverting dust physical properties from
dices of the samples of interest, have been obtained from théhe single-scattering properties, the use of simplified model
Amsterdam Light Scattering Databasélfen et al, 2006. shapes, such as spheroids, may lead to erroneous results even
The volume-equivalent size has been assumed. when the agreement is good — the smallness of the residuals
Our results indicate that earlier validation studies that werein the fitting may not guarantee the accuracy or correctness
limited to feldspar aerosols may have overestimated the veref the results.
satility of spheroids for modelling mineral aerosol optical  Despite all shortcomings of the spheroidal particle model
properties. This is especially true for mineral dust samplesthat this study revealed, our results confirm that spheroids are
with larger effective size parameters. Measurements of th&uperior to the homogeneous sphere approximation (HSA)
smallest particles can most readily be reproduced whilst thén almost all cases. Also, for climate modelling purposes,
scattering matrices of largest particles are more difficult, of-in which we mainly try to overcome the inaccuracy of the
ten impossible, for spheroids to mimic. There are also differ-HSA, a shape distribution with = 3 seems to be a reason-
ences in how the model fares on different scattering matrixable choice. This distribution tends to produce significantly
elements. For example, a generally poor reproductiaPef ~ more accurate asymmetry parameter values than the HSA ap-
element with spheroids indicates strong limitations in pre-proach. We thus suggesta= 3 distribution to be used in cli-
dicting depolarisation properties of real dust particles. mate models. When one wishes to optimise the phase func-
We have also analysed the best-fit shape distributions fotion, an equiprobable:(= 0) or a very low value of (n < 1)
the samples at both wavelengths. We have used a non-lineaeems to perform better. When, on the other hand, one aims
fitting algorithm to find optimal shape distributions. The at the best all-around reproduction of the scattering-matrix,
merit of this approach is to (i) obtain an upper bound for the optimal value of often raises significantly; in half of our
how faithfully the spheroidal particle model can fit the mea- cases right up to our upper limit af= 18. Also, the best-fit
surements; and (ii) try to find a general pattern in the best-fitshape distributions obtained using the non-linear fitting algo-
shape distributions, which can help in the development of arithm resemble high shape distributions.
generic shape distribution that could be used for atmospheric
dust in cases when optimisation is not possible and no addi-
tional information about dust particles is available. The re-
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Recently, a database of single-scattering properties for tri- The objective is to optimise the shape distribution weights
axial ellipsoidal mineral dust aerosols has emerdddng p; such that the differential scattering behaviour of the en-
et al, 2010. Using tri-axial ellipsoids could possibly be semble of model particles mimics that of the reference sam-
the next logical step towards better operational aerosol modple as closely as possible. More specifically, we want to fit
elling, although having all three principal axes differing from the quantity
each other increases the complexity of the model. However, L
although most likely further enhancmg the fits, thesg n_e_WB; (05 p1. . pL) =Zp1Csca(§z)P,-S']m(9;$1)wz (A5)
model shapes do not necessarily bring any more reliability " = ’
into retrievals, as their shapes are almost as distant from the )
real dust particle shapes as spheroids are. It is thus suggestiythe quantity
thz_at inversion algqrithm develqpers used ot_her criteria in ad'Ai,j(G) = CscaPi j (6) (A6)
dition to small residuals to validate the retrievals. There are
also other promising shapes currently studied elsewhere, e.gdy optimising the weightg;, I =1,..., L. Note that this ap-
Poisson-Voronoi tessellatiofshimoto et al.2010 and non- ~ Proach is an extension of earlier wdflehnert et al(2002b;
symmetric hexahedrd( et al, 2010), but single-scattering Kahnert(2004; Nousiainen et al(200§. The main differ-
properties appear not to be currently available for sufficientence is that we previously fitted the Muller matrix elements

size- and wavelength range to consider climate model applithemselves, whereas in the present work we fit the Mueller
cations, for example. matrix elements scaled by the scattering cross section. The

former approach is equivalent to the latter only if the model
particles and the reference system all have the same scatter-

Appendix A ing cross section. Ideally, the measure employed for defin-
ing size-equivalence of nonspherical particles would ensure
Fitting of the Mueller matrix that nonspherical particles of equivalent sizes have the same

scattering cross section. In practice, this is not always the
Suppose we have a reference sample of particles with knowgase. For this reason, the approach employed in this study
optical properties. The Mueller matrix elemens ; (6;) is slightly more accurate than that employed in our earlier
have been measured at discrete angles.,0gx. The cor-  Work.
responding standard deviations of these measurements are The linear least-squares method solves the fitting problem
denoted byo; j x. The scattering cross secti@fca can be by minimising the quantity

obtained by determining the size-distribution and refractive X , ) 2

index of the sample, and by performing Lorenz-Mie compu- _2 _ Aij (O — Bi,j(ek’ P1.--:PL) A7
; xZ=> : (A7)

tations. e Oi,j.k

Suppose further that we have a set of model particles,

such as spheroids of different shape parameigrs.,&; A prob[em Is that thg_weightm,...,pL should .have the
with corresponding Mueller matrix elemerﬁsim(asl) and  Properties of probabilities, i.e., they have to satisfy the con-
sJ ’ !

. . . im ; straints
with scattering cross sectiot$n (&), [ =1,...,L. Given a

shape-mixture with distribution functiop(¢), the averaged L _1 A8
optical properties of an ensemble of model particles are giver;pl wr= (A8)
by O<p=l. (A9)

(PS™©)) =

oo . . .
/ p(c?)Csca(E)Pf']m(G;é)d%‘, (A1) These constraints can be enforced by replacing the expres-

(csm Jo sion in Eg. A5) by
. 00
(Ceca) :/ P(&)Cscal§)0E. (A2) L m2c PS™@6; gnw
2 Jo > B (0:h12.....h12) = izl cha(Sz) RGN
Zm:lhrznwm
In discrete form this becomes . . L
The weightshy,...,h; are determined by minimising the
. 1 & . quantity
(IO = ¢ Cm)szcsca(sz)Pf',We;sz)w,, (A3) . ,
sca’ |=1 A; j(6k)— Bi j(6k;h12,...,h12)
L X2=Z< / / ) . (A11)
sim k=1 i j.k
(Csm) = Y _ piCscd &y, (A4)
=1 Finally, one sets
. . . . . h 2
where the coefficients); denote the integration weights of b= I (A12)

the numerical integration method employed. Zrl;l:lh;?n Wy
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Equation Al1l2) ensures that the constraints given in Hansen, J. E. and Travis, L. D.: Light Scattering in Planetary At-

Egs. A8) and QA9) are satisfied. Substitution of EA12) r_nospheres, Space Sci. Rev., 16, 527-610, 1974.
into Eg. A10) yields an expression on the right hand side Heintzenberg, J.: The SAMUM-1 experiment over Southern
that is formally identical to that of EqAG). However, in Morocco: overview and introduction, Tellus B, 61, 2-11,

Egs. A10) and A12) the coefficientsp; are forced to be O_|°i:10'1111/j'?600'0889'2908'004032009'
non-negative and normalised to unity. Ishimoto, H., Zaizen, Y., Uchiyama, A., Masuda, K., and Mano,

. e . . . Y.: Shape modeling of mineral dust particles for light-scattering
Finally the optimised weightg,; are substituted into calculations using the spatial Poisson Voronoi tessellation, J.

Egs. A3) and A4) to obtain the best-fit Mueller matrix and Aerosol Sci., 41, 501-512, 2010.
scattering cross section of the ensemble of model particlescahnert, F. M.: Reproducing the optical properties of fine desert
Note that Eq. A7) defines a linear least-squares problem. dust aerosols using ensembles of simple model particles, J.
By contrast, Eq.A11) needs to be solved with non-linear  Quant. Spectrosc. Radiat. Transfer, 85, 231-249, 2004.
least-sgquares minimisation techniques. We employed a starikahnert, F. M., Stamnes, J. J., and Stamnes, K.: Can simple particle
dard approach for such problems known as the Levenberg- shapes be used to model scalar optical properties of an ensemble
Marquardt methodRress et al.1992. Note further that the of wavelength-sized particles with complex shapes?, J. Opt. Soc.
least-squares technique requires that the number of known Am. A, 19, 521-531, 2002a. e
gquantities should be at least twice as large as the number o'?ahnert’ F. M., Stamnes, J. J., and Stamne.s' K.: Using simple par-
. . ticle shapes to model the Stokes scattering matrix of ensembles
unknoqu. Thus, th? number of scattering ang-les, at which of wavelength-sized particles with complex shapes: Possibilities
observations are avallablg, shquld be at least twice as large as g limitations, J. Quant. Spectrosc. Radiat. Transfer, 74, 167—
the number of model particles in the ensemble, Kez 2L. 182, 2002b.
In our case k=37, andL=17, so the condition is satisfied. ~ Kahnert, M. and Nousiainen, T.. Uncertainties in mea-
sured and modelled asymmetry parameters of mineral dust
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