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Abstract. Realistic size equivalence and shape of Sahararl Introduction
mineral dust particles are derived from in-situ particle, li-

dar and sun photometer measurements during SAMUM-1 . )
in Morocco (19 May 2006), dealing with measured size- Saharan mineral dust is one of the most abundant aerosols

and altitude-resolved axis ratio distributions of assumed the Earth’s atmosphere and is transported from Africa to

spheroidal model particles. The data were applied in op/AMerica over the Atlantic OcearPérkin et al. 1972 Do-
tical property, radiative effect, forcing and heating effect N€rty etal, 2008 Prospero et a|2010. Itis hence assumed

simulations to quantify the realistic impact of particle non- {© have a non-negligible influence on global climate. This
sphericity. It turned out that volume-to-surface equivalent'mpaCt may be the result of interactions between the radiation

spheroids with prolate shape are most realistic: particle nonWithin the atmosphere and the dust particles leading directly

sphericity only slightly affects single scattering albedo and© @ certain heating. To study such processes with regard to
asymmetry parameter but may enhance extinction coefficienftmospheric radiative effects (forcing) and atmospheric heat-
by up to 10 %. At the bottom of the atmosphere (BOA) the "9 effects, the dust optical properties have to be determined

Saharan mineral dust always leads to a loss of solar radiatiori® @PPly them in a radiative transfer model. However, these
while the sign of the forcing at the top of the atmosphere epend on a number of factors that make unique conclusions

(TOA) depends on surface albedo: solar cooIing/warmingW'r't' their_ra(_ji_ativ_e impact _difficult. This is problematic,
over amean ocean/land surface. In the thermal spectral ranga/1c€ ambiguities in the optical properties may occur when
the dust inhibits the emission of radiation to space and warm&@'ying several parameters such as complex refractive index,
the BOA. The most realistic case of particle non-sphericitytyP'Fal dust size dlstnb.utlons, chemical c_:omposmon, part|clel
causes changes of total (solar plus thermal) forcing by 55/5 94NiXing state, size equivalence and particle shape. Thus, mi-
at the TOA over ocean/land and 15 % at the BOA over bothCroscopic properties of the dust particles have to be consid-

land and ocean and enhances total radiative heating withi§"€d @s @ starting point to simulate the optical properties and
the dust plume by up to 20 %. Large dust particles signiﬁ_radlatlve transfer through dusty atmosphei®skplik et al,

cantly contribute to all the radiative effects reported. They200). Measurements of the micro-physical properties of the

strongly enhance the absorbing properties and forward scafdust particles are invaluable to realistically constrain some of
ihe independent parameters. Such observations were exten-

tering in the solar and increase predominantly, e.g., the total’, i ) )
TOA forcing of the dust over land. sively performed durlng th_e research _prOjegt SAMU_M-l in

May/June 2006. Its main aims were to investigate typical size
distributions, the mineralogical as well as chemical composi-
tion and the realistic particle shape of the dust particles close
to the source of their insertion into the atmosphere. This in-
formation can then be applied to simulate macro-physical
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as backscatter coefficient and the lidar ratio to be compared
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with lidar observations as also performed during SAMUM- the ground surfacéXubovik et al, 2002, may lead to SSA in
1. Such comparisons may also help to constrain independerthe visible range, which is significantly larger than dust SSA
parameters, which is one of the goals of this paper, that iscalculated with in-situ dateattrall et al, 2003. Obviously,
to constrain realistic size equivalence and shape of Saharaturrent retrievals of dust properties have certain inaccuracies
mineral dust particles based on all available SAMUM-1 dataas recently demonstrated Mdiller et al.(2010.
that were important for this study. Saharan mineral dust mainly consists of silicates with a
Large dust particles have a big impact on the ensemblesolume fraction of 65—85 % where the components of kaoli-
optical properties. As recently discussed, this particle frac-nite and illite are most abundant. Second most frequent min-
tion significantly increases the absorption of solar radiation,eral group is carbonate followed by sulfates as reported by
represented by a decreased single scattering albedo (SSA) Doz et al. (2009 who investigated North African dust under
the visible spectral rangeOfto et al, 2007 McConnell et  different long-range transport scenarios. These results corre-
al.,, 2008 Otto et al, 2009 McConnell et al. 2010, which spond to previous observations performed during SAMUM-
affects the radiative budget. The realistic determination ofl near the source regioikéndler et al. 2009 Otto et al,
large particles and the absorbing properties of the dust is2009. Moreover, Saharan mineral dust particles were found
hence, very important, since uncertainties in the latter mayto be internally mixed as recently investigatedbgll'Osto
have big effects when regionally modelling scenarios of dustet al.(2010 andHand et al(2010).
outbreaks over AfricaSolmon et al(2008 have shown that The assumption of homogeneous spherical dust particles
different cases of solar SSA result in different forcings andis a further source of error in determining the dust forc-
heating effects and, thus, cause different dynamical feeding. Many studies have demonstrated the inadequacy of
backs, which influence regional precipitation in Northwest the homogeneous spherical approximation for non-spherical
Africa. Mallet et al.(2009 simulated uncertainties in the so- mineral dust particles (e.@chulz et al. 1998 1999 Kah-
lar and thermal dust forcing to which moderate changes imert 2004 Veihelmann et aJ.2006 Kahnert and Nousi-
SSA may lead. It turned out that SSA affects surface forcingainen 2006 Kahnert et al. 2007. That it may even be
stronger than reasonable changes in the asymmetry paranone of the dominant sources of error in quantifying the forc-
eter (ASP) and surface albedo. In combination with ASPing of mineral dust has been shown Kghnert and Kylling
these authors found that, keeping in mind that large particle§2006, Kahnert et al.(2005 and Otto et al. (2009 who
enhance ASP and diminish SSA in the solar spectral rangassumed spheroidal model particles to account for particle
(Otto et al, 2007, a decreasel/increase (and vice versa) innon-sphericity. A spheroidal particle can either be of pro-
SSA/ASP results in radiative effects at the bottom of the at-late or oblate shape and is described by the axis ratio (AR)
mosphere (BOA) counteracting each other. However, at thef its half axes. Coz et al.(2009 measured cross sections
top of the atmosphere (TOA) the same changes in both SSAf non-spherical dust particles, which were fitted to ellipses
and ASP lead to radiative effects having the same sign. Thef certain ARs. They determined patrticle size, characterised
combined radiative effect is comparable to that induced byby a size-equivalent diametér,, by assuming cross section
changes in the surface albedo. Thus, large dust particles magquivalence and prolate particle shape. It turned out that the
have a big influence on the radiative and heating effects ofmost frequent AR is about.8 and is reported to be larger
atmospheric dust. The effect of SSA changes in simulatedhan ARs observed close to source regions. This corresponds
solar radiative fluxes at the surface has also been investigatetd Kandler et al(2009 who measured AR distributions dur-
recently byMcFarlane et al(2009, which was found to be ing SAMUM-1 with maxima at about.b for dust particles
larger than impacts due to reasonable changes in precipitableollected closer to source region. However, the treatment
water vapour, ozone, surface albedo, total optical depth andf prolate shape and cross section equivalence is only one
ASP in the particular cases considered. In the thermal spegossibility to approximate non-sphericity. In contr&to
tral range it is also the larger particles in the size distributionet al. (2009 found oblate shape and volume equivalence to
that impact the direct radiative effe¢iénsell et al.2010. be most representative for dust particles as observed during
Due to the big influence of large particles exact size distri-SAMUM-1. But these authors assumed a “constant AR” for
bution measurements are essential. Efforts have been madmch model particle, a term which meant and also means
to measure them\Neinzierl et al, 2009. Nevertheless each henceforth that AR does not vary with particle size and no
measurement is accompanied by certain inaccuraBiegl(  (frequency) distribution of AR is applied for every model
et al, 2003 and, unfortunately, it is difficult to measure large particle. However, in the present paper we deal with such
particles, since they, e.g., may be picked by the inlet sys-AR distributions, measured during SAMUM-1 and varying
tem (cut-off problem). Thus, we wish to study the effect of with particle size, to derive the realistic particle shape and
maximum particle size in a dust size distribution on optical size equivalence.
properties and forcing in order to simulate the cut-off prob- The vertical distribution of a dust layeQ(ijano et al.
lem. In this context we would like to note that independent 2000 Goémez-Amo et al. 2010 and the spectral albedo
remote sensing techniques, e.g., to derive micro-physical parBierwirth et al, 2009 of the underlying ground surface is
ticle properties from radiometric radiation measurements atlso important when quantifying the radiative forcing of the
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Saharan mineral dust. Therefore we wish to apply vertical
profile data of the dust and surface albedo data, measured 5,7~~~ ' '~ T

during SAMUM-1, in our simulations in which a dust plume ; 4850.0 m as/ D, [um]
is assumed to be located over a mean land and ocean surface. sl 0.100
In the context of the previous discussion and latest litera- T 0.375

ture we would like to mention that the assumptions w.r.t. size
distribution, chemical composition, mixing state and particle —
model as made b@tto et al.(2009 can be treated to be re-
alistic with regard to Saharan mineral dust. Thus, that work
is the basis for our present study. k
Section2 summarises the SAMUM-1 measurements on 1.0
which our study is based. Secti@describes the radiative [
transfer calculations performed within the scope of our sen- 50
sitivity studies w.r.t. optical properties (Sed), radiative i
effects (Sectb) and dust forcing (Sec6) with regard to the

20F

frequency [
&
T

00F

impact of particle non-sphericity. The latter is also discussed ol =
in heating effect simulations in Se@t. Finally, Sect8 offers I
conclusions. i
25
2 Observations and in-situ data during SAMUM-1 20F

The first measurement campaign of the SAMUM consortium
took place in May and June 2006 in Morocco (SAMUM-1),
around Zagora (ZGA;-730 m above sea level [a.s.l.]), Tin-
fou (~ 720ma.s.l.) and Ouarzazate (OZ¥,1150ma.s.l.). 101
An overview of SAMUM-1 can be found itleintzenberg
(2009. In the following we refer to the campaign day 19 051
May 2006 and to the measured data, which were impor- i
tant for our paper. These are given next: (1) environmental ool
conditions Tesche et al.2009, that is, vertical profiles of 30F
pressure, temperature and relative humidity, (2) size distri- ’
butions of the airborne Saharan duatginzierl et al, 2009,
(3) chemical composition as a function of particle sigar-
dler et al, 2009 and (4) spectral surface albedo in the solar
spectral rangeRierwirth et al, 2009. Based on these com-
prehensive observations it was possible to start with micro-
scopic properties of the dust particles as claime&bigolik
etal.(200)), e.g., a size-resolved complex refractive index of -
the observed dust ensemble was derivetiq et al, 2009, 1.0
which is also applied in our recent radiation simulations. i
The treatment of non-spherical dust particles leads to ad- 5[
ditional free variables, that is, size equivalence and parti- :
cle shape, which have to be constrained by observations.
Kandler et al.(2009 performed single particle analyses of
ground- and aircraft-based in-situ data and fitted ellipses to
the cross sections of the observed dust particles to derive par-
ticle_ axis ratip (AR) distril_)utions as f_;lfunCtion of a vglume- Fig. 1. Frequency of dust particle axis ratio (AR) as a function of
equivalent diameteDy (Fig. 1), that is, the assumption of particle sizeDp, and altitude, derived bitandler et al.(2009 on
spheroidal model particles is reasonable. Nevertheless, theg May 2006 during SAMUM-1 over Morocco. The cross sections
actual shape (prolate or oblate) is uncertain due to the exef the individual particles were measured and fitted to ellipses of
perimental limitations and we may realistically assign the certain ARs. Although the observations did not provide information
measured functional relation between AR abglto AR as  about the real particle shape, a prolate spheroid was assumed w.r.t.
a function of the equivalent diamet&x, defined in Sect3.2 each particle by rotating the ellipse around the longest half axis to
when dealing with both prolate and oblate model particles. derive Dp as the volume-equivalent diameter of this spheroid.

frequency [1]
o
T

frequency [1]
&
T

00F

1.0 1.5 2.0 25 3.0
axis ratio [1]

www.atmos-chem-phys.net/11/4469/2011/ Atmos. Chem. Phys., 11, 44692011



4472 S. Otto et al.: Size equivalence and particle shape of Saharan dust

For constraining particle non-sphericity, that means size While TRAVIS was applied in simulations of the radiative
equivalence and patrticle shape, the ground-babesche et  transfer through a Saharan mineral dust plume in a limited
al, 2009 and aircraft-basedEsselborn et gl.2009 lidar solar spectral range (18 to 2167 um) within the scope of
measurements that were performed during SAMUM-1 will a radiative closure studyotto et al, 2009, according to the
be applied, which were already used in the previous paper ofadiation and surface albedo measurements during SAMUM-
Otto et al.(2009. These authors simulated vertical profiles 1 (Bierwirth et al, 2009, we now consider the total solar
of the dust backscatter coefficient and lidar ratio, assumingange (02 to 4 um) and, additionally, the thermal spectral
spheroidal particles, and compared them with the lidar dataregion (4 to 40 um).

They found oblate particles and volume equivalence to be

most probable. However, in that study constant ARs were as3.2 The treatment of spheroidal dust particles

sumed for each model particle, which is less realistic. Hence,

we wish to apply the AR distributions as have been measuredNatural dust particles are non-sphercial. The “diamefgy”

during SAMUM-1. of a measured particle is, thus, always an equivalent diam-
eter De, a notation that is prefered in the following. As
discussed in Sec® dust particles may be approximated by

3 Radiative transfer calculations model spheroids. Since SAMUM-1 did not provide informa-
tion about size equivalence, we may interpret the measured

3.1 The applied model quantity De w.r.t. a model spheroid as follows:

The latest version of the radiative transfer model TRAVIS
(Toolbox for Radiative transfer Applications from ultraViolet
to far-Infrared wavelengthS) is applied. Its basic features are
described in previous paper®tto et al, 2007 2009. The 2. Surface equivalence (SEQVJ2 is the diameter of a
following issues were revised or extended: sphere having the same surface area as the spheroid.

— Running modes with variable spectral resolution: line- 3
by-line, fine- or broad-band.

1. Volume equivalence (VEQV)Dg is the diameter of a
sphere having the same volume as the spheroid.

. Volume-to-surface equivalence (VSEQ\); is the di-
ameter of a sphere having the same volume-to-surface

— Incident solar constant correction according to the day ~ arearatio as the spheroid.

of year gdunkowski et al.2007). 4 Lo . ) 1
. Longest axis equivalence (LAEQVRe = 5 De is the

— Ground elevation. length of the longest half-axis of the spheroid (maxi-

. . L mum dimension).
— Rayleigh scattering parameterisationBates 1984

Nicolet, 1984 Bucholtz 1995 Thomas and Stamnges 5. Shortest axis equivalence (SAEQWe = %De is the
1999 Bodhaine et a).1999. length of the shortest half-axis of the spheroid (mini-

— Aerosol and cloud parameterisatio@héttle and Fenn mum dimension).

1979 Stephens1979 Slingo, 1989 Hu and Stamnes

; : ! In each case of size equivalence and a measured particle of
1993 Dobbie et al.1999 Lindner and Lj 2000.

diameterDe we may calculate the diametdd, of a sec-

— Latest HITRAN dataRothman et a) 2009 to calculate ond sp_here having. the same volume as the respective r_nodel
gas absorption. spheroid. ThgrDv isa functl_on of D¢ and the aspect ratio

(ASR) € , which may be defined to be 1 for prolate and

— Spectral surface albedo daBofker et al, 1985 Feis- > 1 for oblate spheroidsdito et al, 2009. Based onDy
ter and Grewgl1995 Baldridge et al.2009. the volume-equivalent size parameter is defined\by ”TD"

) ) that also depends abe ande. Figure2 showsxy as a func-

— Scattering database for single (homogeneous angion of p,, at three wavelengths for a prolate 1) and an
orlentatlon—gveraged) sphero@al partlcles_ gxtendgd bYoplate ¢ = 2) spheroid (both having the same AR afD) in
exac_t null-field (NF) method. in the .transmon region o cases of size equivalence. Large particlbg ¢~ 3 um)
of this method and geometrical optics approximation v jead to values of, much larger than 50 (drawn as black
(GOA) methods (for details to the codes applied seeyqi;ontal line in Fig.2), which is an approximate bound

Otto et al, 2009 and the corresponding works cited 5 15 which recent exact scattering codes converge. In the

therein), that is, for volume-equivalent size parametersgnecira| transition region to and within the thermal range

between 50 ar!d 100; Interface to a secpnd scatterinq)\ > 4m) xy do mostly not exceed 50, that is, the extinc-
databasegchmidt et al.2009 based on anindependent (o properties of a single model spheroid are provided by

NF code. exact NF methods. Size equivalence has a big influence on
the size (parameter) of a single model spheroid.

Atmos. Chem. Phys., 11, 4469490 2011 www.atmos-chem-phys.net/11/4469/2011/
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The determination af, of a single model spheroid is re-
quired, since its extinction properties are stored in recent soof T T T T T T
databased{tto et al, 2009 Schmidt et al.2009 as a func- L ASR 4=0.55 um

tion of x, ande as well as of the realg and imaginary part = = 50 PO Pte
ny of a complex refractive index. To yield the optical prop- g 400 = -~
erties of an observed dust ensemble, the measured size dls‘;e E '/.--/' P
tribution N (De) must be integrated w.r.D. weighted by the & 00l — VEQV 7 -
single particle extinction properties. Thus, g within the § Eooe \S/gggv P

size bind De, xy has to be computed before database accessg o LAEQV o o

Sincexy depends oD, andx as well asDy, on De, € and size 2 -..- SAEQV

200 §

quiva

equivalence, the latter two variables can be freely selected

next toix. For exampleQtto et al. (2009 considered constant g F T 1
ARs for prolate and oblate model spheroids, while we wish to S 1o0F =
average over our measured AR distributions (E)gSuch an s g 1
integration is performed w.r.&’ > 1 (¢’ =1 for spheres) that f 1
e:;l,forprolate ande = ¢’ for oblate spheroids. Finally, i
only size equivalence and particle shape (prolate or oblate) E A=4.00um 7
are the independent parameters when simulating the spectraE 60 | -
optical properties of the dust. Xk T
A more detailed description of the treatment of spheroidal § so - — —
dust particles and the accuracy of the combination of NF and § g o _/»/”'
GOA methods to compute single spheroid optical properties & 40F o T
are given byOtto (2011). 5
S a0 3

3.3 The cut-off problem 2 E
o E 3

(V5] il 3

Due to technical limitations the sampling of large particles “E’ 20§
(De >~ 3um) is problematic. Recent studies report that § N3 E
losses of coarse mode particles may oc&eid et al, 2003 g E
Linke et al, 2006 Johnson et a.2008a McConnell et al, ; R T T
2008 Chen et al.2011). While Schmid et al.(2000 per- 30 T
formed cut-off correctiondyicConnell et al(2010 refer the ; A=100um
optical properties, based on size-limited particle information, 25 A
to the observed accumulation mode of the entire dust ensem- i s
ble. The same should be done, e.g., for imaginary parts of £ ,, s - ]
the complex refractive index or single scattering albedo in i o 7
the visible spectral range derived from limited particle data ’ i i

(Haywood et al.2003 Osborne et al.2008 Johnson et a|. 15;
2008h Raut and Chazett®008 Johnson et gl2009 Mc-
Farlane et a).2009, which then may not be representative
for the entire dust population. For demonstration how these
particle losses affect the dust optical properties and radiative
effects we perform integrations of size distributions stepwise
up to various maximum particle diametedg max (Sects4.1
and6.1).

10

volume-equivalent size parameter x,, [1]

5

10 20 30 40
. L. . equivalent diameter D, [um]

3.4 Atmospheric radiative effect — forcing "
Fig. 2. Volume-equivalent size parametey as a function of the

equivalent diametebe of a measured particle, which is represented
F4(z,4) = F_(z,1) whereF, and F_ mean the upward and by a prolate and an oblate model spheroid with an AR of n

downward spectral irradiances at a certain altitudand 3565 of five types of size equivalence. (top) At 550 nm, (centre) at
wavelengthi. The so-called atmospheric radiative effect 4 m and (bottom) at 10 um wavelength. The horizontal black lines

or forcing, a notation that we prefer for simplification,zat  in the top and centre figures correspond to a size parameter of 50,
is generally given by spectrally integrating the deviations in an approximate value above which current exact scattering codes do
simulated net flux densities compared to a reference scenarimot converge.

The net radiative flux density is defined W¥,(z,1) =

www.atmos-chem-phys.net/11/4469/2011/ Atmos. Chem. Phys., 11, 44692011
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where the reference scenario refers to clear-sky conditions

and surface albedo is the same in both cases as well.
AF(z)= / [Fn (z.A) — F! (z,k)]d)» (1) To compare the heating effects of two different sets of cer-

tain free parameters, e.g., spherical or spheroidal model par-
ticles, a so-called change of heating effect is computed in
units of % (Sect7).

I

in units of W nT2 where F,, denotes the perturbed arf|
the reference cas©fto et al, 2009. I, is certain spectral
interval covering wavelengths from2to 4 um in the solar

and from 4 to 40 um in the thermal spectral range. The computations are based on two main scenarios of the
If the amount of the incoming solar radiation is equal for jn_sjtu observed dust within a realistic model atmosphere

both cases, as we assume in the following, Bjjr¢sults in - (molecular absorption and Rayleigh scattering) abolemd

and anoceansurface. For both ground types an averaged
AF(TOA) = / [F+(TOA, L) — F/.(TOA, M) ]dA (2) spectral Lambertian albedo is applied, depicted as dashed or-

ange curves in Fig3: in the case of the land surface ASTER
data and SAMUM-1 measurements on 19 May 2006 were
at the top of the atmosphere (TOA). This forcing describescombined to extend the latter to the ultraviolet and thermal
the radiation |OSS of the |Oca| Earth—atmosphere Syste%pectra| region (top) For the ocean case a mean Spectra'
(EAS). For the bottom of the atmosphere (BOA) we refer to glhedo was computed with the help of a moving average over

Otto et al.(2009 and consider changes in the downward ra- wavelength based on several datasets covering different spec-
diation as it would be observed by a radiation measuremengra| ranges (bottom).

instrument, that iS, we define the forCing independently of TRAVIS was prepared as given next:
Egs. (1) and @) by

3.6 The assumed scenarios

Inx

— While in the case of land the environmental condi-

_ or tions observed around OZT site on 19 May 2006 (see
AF(BOA) = / [F-(BOA.3) — FZ(BOA. 1) dA. 3 Sect.2) are applied, namely a model atmosphere down
I to L15kma.s.l. (OZT), we assume a tropical standard

Forcings were computed in the solar and thermal spectral ~ tmosphereAnderson et &).198§ down to Okm a.s.l.
range. The sum of both yields the total forcing. A reference 1" the ocean case. In both situations the dust layer
scenario always represents a clear-sky atmosphere, which ~fanges from 15 to 56km a.s.l. such that the ocean
consists of absorbing and Rayleigh scattering gas molecules ~ SCenario represents the case of the same dust plume but
only. Each perturbed atmosphere additionally contains the  liftéd as during long-range transport over the Atlantic
observed Saharan mineral dust where particles are treated as  9¢€an.
spheres and spheroids. The surface albedo is also equal for _ pyst load and layering as reported Itto et al.
a forcing simulation but differs in cases of the dust over land (2009 based on in-situ size distribution measurements
and ocean as underlying surface. (Weinzierl et al, 2009 and vertical profiling Esselborn

To show, e.g., the effects of the particle non-sphericity the et al, 2009 Tesche et a]2009.
so-called change of forcing is simulated in units of % by

comparing the forcing of spheroidal and spherical particles — Size-resolved complex refractive index of the dust as
(Sect.6). derived byOtto et al.(2009 based on in-situ measured

chemical composition dat&éandler et al.2009.

3.5 Atmospheric heating effect — Vertical resolution ofAz =25m over land and 100 m

over ocean surface from ground up to an altitude of
20kma.s.l. Above 20km in both cases a vertical in-
crement ofAz =1 km is assumed up to a maximum al-
titude of 70 km a.s.l. This means 489 and 250 homoge-
neous layers over land and ocean.

Based on net radiative flux density, specific hgaand air
densityp, the vertical radiative heating rate is defined by

oot /an(z,)»)d)h
cpp(2) dz
I

— Fine-band mode with a spectral wavelength resolution:
which may be computed for a local model atmosphere in the A\ =1nm between @ and 2170 pm,Ax = 2.5 nm be-

solar, thermal and total spectral ranfyg,. Simulating the tween 2170 and 5 um, and a wavelength incremant
radiative heating rates of a perturbed scendfi@) and of according to a wavenumber resolution of 1chbe-
a reference cas#’ (z), analogously to the forcing concept tween 5 and 40 um wavelength.

(Sect.3.4), the so-called heating effect is given by ) )
— Ozone column of 296 DU in all cases representing 19

AH(z)=H(z)—H'(2) (4) May 2006 during SAMUM-1 Bierwirth et al, 2009.

Atmos. Chem. Phys., 11, 4469490 2011 www.atmos-chem-phys.net/11/4469/2011/
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— Solar constant of 1365Wm~2 for 2006 Shanmugam

and Ahn 2007 corrected to day 139 of year (19 May). g
. . ) 04F ASTER sqi{\s' . ' A
— Solar zenith angle of Vin all computations; aver- i Ay T e ]
aged spectral surface albedos of Bgdashed orange  _ g
curves); surface temperature for land of°8D (Bier- % 03[ E
wirth et al, 2009 and for ocean of 22C (Otto et al, § g
2007); surface emissivity of D that is comparable to ~ © i A
the mean value of 97 observed during SAMUM-1 at & 02; R E
OZT by Ansmann et al(2009. a3 f I
— Discrete ordinate solver is used with 32 streams and  *'| Y M E
the same number Legendre expansion coefficients of the F / Ao ".,
scattering phase function. 0okt A
Main differences to the previous investigatioftp et al, 1 wavelength [um] "
2009 are the following: we now consider the total (solar
plus thermal) spectral range and in-situ measured AR dis- %%
tributions (Fig.1) that vary with particle size and altitude ACP Ocean water
instead of constant axis ratios for each model particle when ~ °% ] ater

dealing with spheroidal scatterers. With both particle models _
we wish to demonstrate the ambiguities to which the treat- 5 %%
ment of non-spherical particles may lead (Séc).

The dust particles involved are treated as spheres andd 003
spheroids (Sec8.2). Full-spectral ensemble integrated opti-
cal properties and irradiance fields with and without the mea-
sured dust are presented (Sedtand5).

In all cases of the Saharan mineral dust (over land and 0.0
ocean) forcings and heating effects are simulated for both
spherical and under various assumptions of spheroidal model  9-90
particles. Then changes of forcing and heating effect are 1 10
computed by varying the particle model (Seétand7). The wavelength [um]
simulations are performed separately for solar, thermal and
total spectral range. F

Shibed
1

surfac

0.02

ig. 3. Averaged spectral surface albedo (dashed orange curves) as
used in our solar and thermal radiative transfer simulations. (top)
Land surface: 101 datasets, measured on 19 May 2006 during
SAMUM-1 (Bierwirth et al, 2009, were averaged over time (green
and red curves correspond to different time intervals around noon)
. . . . and are combined with an averaged soil albedo based on 58 datasets
4.1 Large spherical particles and imaginary part of ASTER (Baldridge et al.2009. (bottom) Ocean surface: data

. . (blue) received bySchider (2009 as used imOtto et al.(2007),
Otto et al. (2007 computed the spectral single scattering provided by MOSART Cornette et al.1994 green) for water and
albedow of a dust plume over the Canary Islands basedasTER for seawater (red) were spectrally averaged.

on literature data of the spectral complex refractive index of

dust. Large particlesfe >~ 3 um), which were observed at

lower altitudes, led to smaller values af at visible wave- ) )
lengths Golmon et al. 2008 compared to higher altitudes solar/thermal and cause increased forward scattering over
where no large particles were found. To point out the role ofth€ entire spectral range. With regard to the cut-off prob-

these particles these authors calculated band-averaged sifg™ (Sect:3.3) we emphasise that a neglect of this particle
gle scattering albedo, size integrated up to a maximum parfractlon, caused by technical limitations in particle measure-

ticle diameterDe max. Here we avoid spectral averaging and ments, leads to optical properties which are not representa-

present the full-spectrat of the dust over Morocco, based tive for the entire dust population.

on refractive index data derived from measurements, in cases The dust optical properties also depend on the spectral
of various values oDe max as depicted in Figd. The same  complex refractive index assumed. The single scattering
was done for the asymmetry parameter, which is shown inalbedo that is displayed in Fid.is based on a size-resolved
Fig. 5. Both images illustrate the impact of the large par- refractive index with values of 1.51-1.55 (real part) and
ticles: these result in enhanced absorption/scattering in th@.0008—0.006 (imaginary part) at 550 n@t{o et al, 2009.

4 Optical properties

www.atmos-chem-phys.net/11/4469/2011/ Atmos. Chem. Phys., 11, 44692011



4476 S. Otto et al.: Size equivalence and particle shape of Saharan dust

10—

Level 2: 4850.0 m asl

single scattering albedo [1]
asymmetry parameter [1]

L Level 1: 3250.0 m asl

single scattering albedo [1]
asymmetry parameter [1]

| Level 1: 3250.0 m asl
0.0 R

1 10 1 10
wavelength [um] wavelength [um]

Fig. 4. Single scattering albedo of spherical Saharan mineral dusfFig. 5. The same as in Figl, but for asymmetry parameter.
particles at the two altitude levels of the number concentration size
distribution measurements, on 19 May 2006 over OZT site about
noon {Weinzierl et al, 2009, as a function of wavelength. Modal tical depth as demonstrated by Fig.showing the optical
parameters, which were fitted to the data, were applied for size indepth as a function 0De max, and their non-consideration
tegration up to a maximum particle diamef@g max. The coloured  \yoy|d result in a value of- 0.33 at 500 nm, which is lower
curves represent various valuesia max between 1 and 50 pm. than ~ 0.39 for De max= 50 um (18 %) and much lower
compared to the value of4R (+27 %) measured byesche
et al.(2009 on 19 May 2006 about noon. Thus, the total size
To account for uncertainties in the imaginary part (IM) we distributions have to be applied in realistic considerations.
performed a second sensitivity study at 532 nm (lidar wave- \We stress the role of the large dust particles not only be-
length) by treating all particles to have the same value ofcause of their radiative effect©fto et al, 2007 Solmon
IM. Varying IM in the reasonable range betweef@8 and et al, 2008 McFarlane et a).2009 Mallet et al, 2009,
0.008 andDe, max We found that a decrease of IM counteracts put especially with regard to the problem to retrieve them
an increase 0De max (Fig. 6). In other words, two different  applying passive remote sensing techniques. For example,
combinations of IM ande max May lead to the same value Kaufman et al(2001) reported a negligible dust absorption
of . This ambiguity might be one reason for difficulties in and aw of ~0.97 in the visible spectrumDubovik et al.
simultaneous derivation of imaginary part and coarse modg2002 presented retrieval data @ (1) over Cape Verde
fraction by recent dust retrievalsi(iller et al, 2010. Islands and derived averaged values (years 1993-2000) of
Figure6 shows thats depends strongly oDe max for val- w (440/1020 ~ 0.93/0.99 assuming spherical dust parti-
uesDe max <~ 20 um. For larger values does not change cles. Applying a similar retrieval method, but considering
significantly. This might lead to the conclusion that large spheroidal particlesDgunjobi et al.(200§ found smaller
particles De max >~ 20 pm might be negligible. However, values ofw (440/1020 ~ 0.89/0.93 (—4.3/ — 6.1 %) over
these particles contribute significantly to the total dust op-Cape Verde (years 1996—-2003). Such relatively large values

Atmos. Chem. Phys., 11, 4469490 2011 www.atmos-chem-phys.net/11/4469/2011/
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0.95 7 Fig. 7. Simulated spectral total optical depth of spherical mineral
= 7 dust particles as measured on 19 May 2006 over OZT site about
§ 090 B noon. Coloured curves represent various values of the maximum
S ] particle diameteDe, max between 1 and 50 pm (see Fj.

o I ]
= 0.85
I9) r 1 .
§ r ] compared the results to measured lidar and sun photome-
o 0s80f ’ ter data. It turned out that volume equivalence and oblate
2 k ] model particles were most probable to fit the observations.
1Z] B . . .

L . However, these authors stated in their conclusions that the

0.75 ; . :

r ] assumption of constant ARs for each model particle might

ook Leve'1:§25°-°mas' | | | 1 be one solution only. Due to ambiguities the inversion of

' shape information from ensemble data of the optical proper-
10 20 30 40

ties does not have to be unique. Thus, we wish to consider
a more realistic situation and extend these computations by
Fig. 6. The same as in Figd, but for the single wavelength of ~considering measured AR distributions (Fig. Our simula-

532 nm and as a function of the maximum particle diamBkgfax tions are based on the same micro-physical particle data and
between 1 and 50 pm. The coloured curves represent various valugg'e compared with the same lidar and sun photometer data as
of the size-constant imaginary part (“Im”) of the complex refractive applied byOtto et al.(2009. An overview of the times of
index. For the real part a size-constant value 86lwas applied  day, on 19 May 2006 over the OZT site, to that the measure-
(Otto et al, 2009. ment data refer is given next:

maximum particle diameter [um]

— Size distributions: 11:23-12:06 UTG®kinzierl et al,
of = in the solar range are in contrast to simulated values of ~ 2009.
~0.8at550 nm based on in-situ da@t{o et al, 2007 2009 — Mean vertical profile of total number concentration:

Miller et al, 2010 and to dust modelJattrall et al, 2003. 10:50-12:20 UTC Qtto et al, 2009 Weinzierl et al
These discrepancies demonstrate that further efforts have to 2069_ ' ' ’

be made in developing improved aerosol retrieval algorithms.
Furthermore, the exploitation of passive polarimetric mea- — Mean total optical depth (sun photometer): 10:00-11:15
surements may provide valuable information. First efforts UTC (Tesche et al2009.

have been made blyi et al. (2007 who found a value of

~ 0.9 at 550 nm for spherical coarse African mineral dust
particles.

— Mean backscatter coefficient and lidar ratio (two inde-
pendent lidars): 09:59-11:18dsche et a).2009 and
11:08-11:10 UTCEsselborn et al2009.

4.2 Realistic size equivalence and particle shape Keeping in mind the assumptions made w.r.t. the treat-
ment of spheroidal model particles (Se&t), Fig. 8 shows
Otto et al.(2009 simulated vertical profiles of dust backscat- the simulated spectral total optical depth of the mineral dust
ter coefficient and lidar ratio, assuming spheroidal particlesplume as a function of particle shape, that is either pro-
of constant ARs in various cases of size equivalence, andate or oblate model spheroids, and size equivalence. Large

www.atmos-chem-phys.net/11/4469/2011/ Atmos. Chem. Phys., 11, 44692011
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wavelength [um]

Fig. 8. Simulated spectral total optical depth of spherical (yel-

low) and spheroidal mineral dust particles as measured on 19 May
2006 over OZT site about noon. Either prolate (red) or oblate (blue)
shapes were considered when averaging over the measured AR dis-
tributions (Fig.1). Size equivalence cases were applied as discussedz
in Sect.3.2

altitude asl [k

differences in particle shape only occur for LAEQV and
SAEQV, which both lead to unrealistically low and high op-
tical depths. Thus, VEQV, SEQV and VSEQV remain as
candidates for reasonably fitting the observations.

Figure9 depicts simulated vertical profiles of the backscat-
ter coefficient and lidar ratio compared to the lidar data,
which are well-matched by both VEQV, SEQV and VSEQV,
but in the case of prolate shape only. To derive the most

S. Otto et al.: Size equivalence and particle shape of Saharan dust
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probable size equivalence case we compared optical depthisg 9. The same as in Fig, but for backscatter coefficient (top)
computed at 500 nm to the mean value measured by a suind lidar ratio (bottom) at 532 nm compared to lidar data (black) as

photometer. The results a summarised in Tablegrolate
particles and the case of VSEQV lead to the smallest devia-
tion. Hence best fit to the measurements carried out for one
particular situation during SAMUM-1 is given hyplume-to-
surface equivalencandprolate particle shapeWith regard

measured on 19 May 2006 over OZT site about noon (2ct.

Table 1. Values of the optical depth simulated at 500 nm wave-
length for the cases of size equivalence and particle shape @ Fig.

to uncertainties in optical depth measurements and the relasng representative for the mineral dust observed on 19 May 2006
tively small deviations between the cases VEQV, SEQV andoyer OZT site about noon. The values in parentheses mean devia-
VSEQV for prolate shape, the lidar data together with thetions to the respective mean value 04214 0.005 measured via a

more realistic consideration of AR distributions enables us tosun photometer byesche et al2009.

state that at least prolate shape is more realistic than oblate.

These results of realistic size equivalence and particle
shape, that is, volume-to-surface equivalence and prolate
shape, are in contrast to previous results, that is, volume
equivalence and oblate shapettp et al, 2009, however,
where constant ARs for each model particle were assumed.
This demonstrates explicitly the ambiguities w.r.t. free vari-
ables when ensemble optical property calculations involve
the treatment of non-spherical particles, and that particle
models beyond our simple spheroid approximation may lead
to differing results.

Atmos. Chem. Phys., 11, 4469490 2011

Spheres  0.386 (—8.28 %)

Spheroids oblate prolate
VEQV 0.400 (-5.06%) Q0398 (—5.36 %)
SEQV 0385 (—8.47%) Q386 (—8.27 %)
VSEQV 0431 (¢231%) Q424 (+0.82%)
LAEQV 0.303 (—280%) 0230 (—45.24 %)
SAEQV 0709 (+685%) 0528 (+25.43 %)
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Fig. 10. Simulated percental deviations in the single scattering E
albedo (top) and asymmetry parameter (bottom) between prolateg
spheroidal and spherical model particles as a function of wavelength§
applying the measured AR distributions (Fig. The full-spectral

computations were performed assuming the size equivalence cas
of VEQV (blue), SEQV (green) as well as VSEQV (red) and are
representative for an altitude of 3375m a.s.l. at the centre of the-

tion gom S,

evia

4.3 Non-sphericity effects

mineral dust plume as observed on 19 May 2006 over OZT site © C
about noon. 5 [
8 B
N

-10

Considering the realistic particle shape, prolate model

spheroids, and averaging over the measured distributions of

the AR (Fig.1), we computed single scattering albedo and

aSYm“?etW par?‘met%ras well as absorption, scattering and Fig. 11. The same as in Fid.0, but for absorption (top), scattering

extinction coefficient at 3375m a.s.l. (2225m above groundcentre) and extinction coefficient (bottom) at ground level of OZT

level) at the centre of the Saharan dust plume (observed o150 m a.s.l.).

19 May 2006 over the OZT site and extending from 1150

to 5600 ma.s.l.) and at the ground surface of OZT (1150 m

a.s.l.). Assuming also spherical model particles we calcu-

lated full-spectral deviations to the case of spheroidal ones. The effects of the prolate particles an and g are

These are depicted in FighkDand11. relatively small QOtto et al, 2009. The respective
spheroidal-spherical deviations are within+1 % in the

wavelength [um]
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solar and~+4 % in the thermal spectral range where larger - ——
variabilities were found. Oblate particles, e.g., lead to larger r 2=70000.0 m asl
differences ing with a minimal value of~ —3 % in the so- 1.000

lar (not shown), illustrating that prolate particles are less ~ glg FI|3EuRstE

backscattering than oblate ond3tto et al, 2009. More- g L VSEQV prolate
over, the case of VSEQV that was found to be most realistic & (199 -
results in smallest/largest deviations in the solar/thermal re-< Al | LA
gion compared to the other two cases. g > TR ““‘J\vﬁg
Significant spheroidal-spherical deviations may be found ‘ R R T
. . . - - . g 0010 | ||\ g " E
in the absorption, scattering and extinction coefficient with = ; R N
largest values for the case of VSEQV of about 10 % over the ol IR
entire spectral range. o H | |
0.001 L
300 ¢ 10 [| : /
- 280 F i RE
5 Radiative effects 200F o LI E

A [%]

E S |
To demonstrate the radiative effects of Saharan mineral dust Eg £ \\Wu || AR ]
we treated the dust layer, observed on 19 May 2006 over s0F o 1 s |0 ) . " 6o
OZT site about noon, to be located directly over an elevated 0k et e—— E
land surface (OZT-likez =1150ma.s.l.) and as a lifted 1 10
layer over an ocean surface=£ 0 ma.s.l.) whereas the lat- wavelength [um]
ter case describes the situation of long-range transport of the - R
dust over the Atlantic ocean. Both ground types are repre- r G 2=1150.0 m asl
sented by a mean surface albedo (Hgtop and bottom). 1.000 & ﬁm ™ E
For detailed information about these two scenarios and the~ Eoly ™ No Dust 1
o X ' Eoll i SPHERE

radiative transfer model settings see S8d. g Lol AN VSEQV prolate

Figures12 and13 each show the upward (top panel) and ks 0100 | | RN -
downward (bottom panel) spectral irradiances at the TOA g Al (Y 1
and BOA whereas the former figure represents the dust over§ i (. " f
land and the latter one the dust over ocean. The dust parti-3 I I P ) f B,

. . S 0.010 & . 1N oy E

cles are treated to be spherical as well as spheroidal ones off . | | B w W E
prolate and oblate shape assuming size equivalence cases of i 1
VSEQV and VEQV, respectively. The scenario of oblate par- i ‘

H ; : 0.001 L P N . .
ticles and VEQV represents the shape properties, which were 300 F ! " =

found to be most realistic in a previous papé&ttp et al, 250 o AV E
2009. But note that these authors considered constant ARs . 200 & / ] fh E

. . . X 150 P I 3

for each model particle in contrast to our more realistic con- = I ] ) E
; : fatr ; E sof E 1 E
sideration of measured AR distributions and VSEQV. Each 128 S [ E
top and bottom panel of the two figures also shows spectral ok R " fw N ]

percental deviations in the irradiances, always compared to
the case of a clear-sky atmosphere (“No Dust”).
Considering the downward component at the BOA (bot-

tom panels) it turns out that both over land and ocean the_. . Lo .
| diation is sianifi | d dd h €\Flg. 12. Simulated solar and thermal irradiances, representative
solar radiation s signiticantly reduced due to the presence o or the mineral dust plume observed on 19 May 2006 over OZT site

the dust compared to clear sky, while there is an enhancemen,,t noon and considered directly over a mead surface (Fig3,

in the thermal irradiances. These effects are larger in the langbp), for spherical (green), prolate (VSEQV, red) and oblate (VEQV,
(A up to —35 % in the solar and up t¢-300 % in the ther-  yellow) spheroidal model particless represents the deviations to
mal spectral range) than in the ocean caseaup to—30%  the case of a dust-free atmosphere (blue). (top) Upward part at the
in the solar and up t8-30 % in the thermal range) and larger TOA (z =70kma.s.l.) and (bottom) downward part at the BOA
in the thermal than in the solar region. Both demonstratefOZT, z=1.15kma.s.l.). The solar incident irradiance at the TOA
the influence of the surface albedo, which is higher for Iand,is indicat_ed by grey curves. The simulations were performed for a
in combination with the dust, and that direct ground-basedS°lar zenith angle of0

radiometric measurements to detect minderal dust should

rather be performed at the thermal window region.

wavelength [um]
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Fig. 13. The same as in Fidl2, however, for the situation of the
observed mineral dust plume, which is now lifted over a me@@an
surface (Fig.3, bottom) and whose lower boundary is located at
z=115kma.s.l. whereby the BOA is represented by sea level (
Oma.s.l.).

surface temperature of the land (Se&6) emitting a larger
amount of radiation that can be absorbed. In the solar spec-
tral range the mineral dust causes, apart from the absorption
band regions, a significant reduction of the upwardly trans-
ferred radiation over landA up to —15 %), while the ra-
diation loss of the Earth-atmosphere system is significantly
forced for the ocean scenarin (s negative for wavelengths
lower than~ 450 nm only, but becomes significantly positive
for larger wavelengths).

All these radiative effects reported are forced by the pro-
late dust particles, since the absolute valua @ larger than
in the case of spherical particles for most of the wavelengths
considered. Oblate model particles act more backscattering
than prolate ones, since the respectivas always larger
at the TOA. Moreover, particle non-sphericity leads to rel-
atively small changes in the irradiance|af| ~ 2 % for most
situations. Larger deviations only occur (1) in the down-
ward radiation at the BOA for dust over land (Fig, bottom
panel) at the window region and (2) in the upward radiation
at the TOA for dust over ocean (Fig3, top panel) in the
mid-infrared spectral regiony(0.7 to 3 um wavelength).

Thus, subject to the sensitivities found above, non-
sphericity information might be retrieved by ground-based
radiometric measurements over land but rather by satellite-
based observations over ocean if the measurement accuracy
is sufficient for both strategies. For exampf@tto et al.
(2009 reported uncertainties of about 3 % in the solar irra-
diance measurements and of 5% in the solar-surface-albedo
data Bierwirth et al, 2009. Compared to ou”A compu-
tations such a measurement accuracy is not sufficient for
constraining particle non-sphericity of mineral dust particles
compared to simulations. The consideration of radiances or
polarimetric measurements might be more promising, since
larger sensitivities may be expectdd ¢t al., 2007).

6 Radiative budget calculations

Following Egs. (—3) we computed solar, thermal and total
forcings (Sect3.4) of the Saharan mineral dust plume, ob-
served on 19 May 2006 over OZT site about noon, over a
mean land and ocean surface (S&8d5) assuming spherical
dust particles. To demonstrate the influence of particle non-
sphericity on the dust forcing we treated the dust particles to
be spheroids (Sec3.2).

6.1 Spherical particles — the role of large particles

We wish to study the effect of large (spherical) dust particles
on the dust forcing by integrating the single particle opti-

At the TOA the mineral dust causes qualitatively the sameca| properties over the measured size distributions up to vari-
effects in the thermal range: the upward irradiance is reduce@us maximum diamete®e max (Sect4.1). Figurel4 shows
both over land and ocean, that is, terrestrial emission fromsolar, thermal and total forcings at TOA (top), directly above
the Earth-atmosphere system to space is inhibited whereage plume (centre) and at the BOA (bottom) as a function of

the effects over landA up to —14 %) are twice as in the
case of dust over ocear (up to —7 %) due to the higher

www.atmos-chem-phys.net/11/4469/2011/
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N ———— At the BOA AF(BOA) is always negative in the solar
ToA o Ocean spectral range. Due to absorption of radiation the dust causes
A Land Thermal ] a reduction of the downward solar radiation both over land
Total and ocean (Sech). The largerDe max is, the stronger is this
decrease. For both surface types @gdmax= 50 pm simi-
lar values ofA F(BOA) of about—90 W m2 were obtained.
The opposite is the case in the thermal region. Due to emis-
sion of radiation the dust always causes a positive thermal
forcing at the BOA with a value of about22.5 W m~2 for
De max= 50 pm over land, which is significantly larger than
the +7.5Wm~2 over ocean. The total effect is negative in-
dicating a cooling at the ground surface, since a significant
fraction of the radiation, penetrating the dust layer, is ab-
7 sorbed. Increasing particle size enhances this effect.
] At the TOA AF(TOA) is always negative in the thermal
spectral range. This means a reduction of thermal radiation
that leaves Earth to space. The dust acts as a source of radia-
tion in downward direction by inhibiting thermal emission in
1 upward direction (Secb). This warming effect is the larger
. the largerDe max is and is more significant over land. In the
solar rangeA F(TOA) is positive both over ocean and land
for small values 0fDe max < 5 pm, which corresponds to a
solar cooling of the Earth-atmosphere system. However, for
B increasingDe max larger than approximately 5 pm, the forc-
1 ing remains relatively constant in the case of ocean while
it decreases dramatically in the case of the dust over land
whereas it becomes negative. That is, the solar forcing of
mineral dust over an ocean surface is always positive (solar
cooling) but may be either positive or negative (solar warm-
ing) depending on the dust particle size. Qualitatively the
same can be stated for the total dust forcing with values of
about 5Wn72 and a total cooling in the ocean as well as
values of about-40 W m~2 and a total warming in the land
case (forDe max= 50 um). Only slight changes in the forc-
ings occur at the top of the dust layer compared to the TOA.

forcing [W m”]

-20 -

20~

forcing [W m’]

-40 -

20

-20 [~

401 6.2 Spheroidal model particles

forcing [W m’]

60 We wish to study the influence of the particle non-sphericity

on the dust forcing. Considering the Saharan mineral dust

plume, observed on 19 May 2006 over OZT site about noon
i 1 over a mean land and ocean surface, Elgdepicts the so-

-100 - j lar dust forcings (left) at the TOA (top) and BOA (bottom)

- - - for spherical (Mie) and spheroidal model particles, which

are treated to be of prolate (red) and oblate (blue) shape in

various cases of size equivalence (LAEQV, SAEQV, SEQV,
Fig. 14. Simulated solar, thermal and total forcings of the mineral VEQV and VSEQV). Compared to .the_case of spheres we
dust plume, observed on 19 May over OZT site about noon, over £alculated percental changes of forcing in all the cases of par-
mean land and ocean surface as a function of the maximum partiticle non-sphericity (right) whose effects we wish to quantify.
cle diameteDe, max (Sect4.1) assuming spherical model particles. The same was done for thermal (Fig) and total spectral

For computational details see Se@s}and3.6. (top) AF(TOA), range (Figl17).

(centre)AF (z) atthe upper boundary of the dust layer atan altitude  In the solar range the dust forcing at the TOA is always
of z=5.6kma.s.I. and (bottom) F (BOA). positive in the ocean case but negative in the land case.
This corresponds to a cooling and warming of the Earth-
atmosphere System, respectively. Prolate dust particles are

-80 [
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Fig. 15. Simulated solar forcings of Saharan mineral dust (left) and changes of forcing caused by spheroidal particles compared to sphercial
ones (right) at the TOA (top) and BOA (bottom) over a mean land and ocean surface. See main text for details.
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Fig. 16. The same as in Fid.5, but for thermal spectral range.
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Fig. 17. The same as in Fid.5, but for entire (total) spectral range.

always less backscattering than oblate ones for the rathestmosphere system, and always negative values at the BOA.
realistic cases of SEQV, VEQV und VSEQV. Compared to Assuming spherical dust particles their forcing at the TOA
spherical particles only a slight change of forcing is found for amounts to about 5W nf and —40 W m2 over ocean and
prolate shape and VSEQYV in the land scenario, but a valudand, respectively, while dust forcing at the BOA is approxi-
of 30 % in the case of the dust over ocean. At BOA alwaysmately—80 W m~2 for both surface types. Comparing these
negative dust forcings occur representing the loss of downvalues to the respective forcings of realistic non-spherical
ward radiation. This reduction is enhanced by both prolateparticles, that is, VSEQV and prolate spheroids (S44&),

and oblate spheroidal particles in cases of SEQV, VEQV undhe changes of forcing due to particle non-sphericity are
VSEQV up to a maximum value of about 20 %. given next:

In the thermal range the dust forcing is always negative at
the TOA and positive at the BOA whereas these effects are
more significant in the case of dust over land. Thus, mineral
dust inhibits the emission of thermal radiation to space. For — 5% at the TOA over land: the influence of particle non-
the cases SEQV, VEQV and VSEQV differences between sphericity is weak.
prolate and oblate shape are negligible. Comparing VSEQV
to Mie theory, this case of non-sphericity increases the forc- 15% BOA bOt.h over land and ocean: the decrease of
ing at both TOA and BOA by about 10 %. downward radiation is forced.

Total dust forcing is qualitatively comparable to the find-  These changes of forcing, due to the realistic consideration
ings in the solar range: positive/negative values at the TOAof particle non-sphericity presented above, seem to be quite
over ocean/land, indicating a cooling/warming of the Earth-large compared to the changes in the respective irradiances

— 55% at the TOA over ocean: the back scatter and cool-
ing effect of the Earth-atmosphere system is enhanced.
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in Figs.12 and13. For example, in the solar spectral range we obtain a change of solar forcing at the TOA for the dust
and at the TOA (top figures) the deviations between the redver ocean of

(“VSEQV prolate”) and green (“SPHERE") curves amount 0.05.89.7

less than 20 % whereas in the visible range these differenced= ——7—— -100%~41%

are even smaller of about 2 % (Sef}. Such small values when dealing with spheroids of realistic prolate shape and
correspond to simulations of changes in dust layer reflectivity 9 pn . P . pe
olume-to-surface equivalence instead of spherical particles.

due to the use of spheroidal dust particles instead of spheric he exact computation yield a value of about 30 % (Bfg.

ones as performed tu et al(2009 at 550 nm wavelength top, right). This demonstrates that relatively small mean

for a non-reflecting ground surface as in the case of an ocean. I : ; .
. . .. spectral deviations of about 5% in the irradiances between
These authors found that the relative errors in the reflectivity ;
. - SA and SA do not automatically translate to an also only

due to spherical approximation (SA) are always less than 5 % . . .
ive percent change in the dust forcing. Obviously, small

compared to the non-spherical approximation (NSA) deal- . ; L . -
P phen pproximation ) spectral irradiance variations due to particle non-sphericity

ing with model spheroids. Regarding i (top), that is, may sum to larger changes of forcing. Thus, the neglect of

the upwardly transferred radiation at the TOA in the solar : L I~ i .
. particle non-sphericity in radiative forcing calculations may
spectral rangd, from 0.2 to 4 um wavelength in the case L
6Ilead to significant errors.

of mineral dust over a typical ocean surface, we see that

mean spectral deviation of 5% between the red and green

curve might be realistic. With the help of this constant devia-7  Heating effects

tion we may estimate the change of forcing induced by NSA

compared to SA as follows. Prolate spheroidal particle shape was found to be realistic for
With regard to Sect3.4 and Eg. 2) we may introduce the particles of the Saharan mineral dust plume observed on

AFsa(TOA) and AFnsa(TOA), that is, the forcings at 19 May 2006 over OZT site about noon (Se&D). It also

the TOA for spherical and spheroidal (prolate shape andurned out that the dust layer causes a strong reduction of

VSEQV) model particles, respectively. Sinég (TOA, 1) downward solar radiation at the BOA (Secksand6). In

is equal in both cases we may write the case of the dust over a mean land surface the upward
component at the TOA is also diminished. In the thermal
AFnsA(TOA) — AFsa(TOA) window region the dust inhibits the transmission of radia-

_ _ tion to space. Thus, we expect significant radiative heating
- / [F+ Nsa(TOA.2) — F sa(TOA. )] da. within the dust plume. Therefore we computed heating ef-
Iz, fects AH(z) by Eq. @) assuming spherical dust particles

: . . and simulated changes of heating effect when dealing with
AssumingF, nsa(TOA, 2) :=c F+,sa(TOA, 2) we find prolate spheroidal model particles compared to the spheres

A Fsa(TOA) — A Fsa(TOA) (Sect.3.5. Again we assume the dust layer to be located
over a mean land and ocean surface (S26}.
=(C—1)/F+,SA(TOA,k)d)»- Figure 18 displays AH (z) for the measured dust over

land for the solar (top), thermal (centre) and total (bot-
: tom) spectral range and various models of prolate spheroids
=F+sA (size equivalence cases LAEQV, SAEQV, SEQV, VEQV and

The change of forcing in units of % may then be written as VSEQV), while Fig.19depicts the same but for the dust over
ocean (lifted layer extending from. 15 to 56 km altitude

In

NSA —AFsp a.s.l.). Since the dust absorbs solar radiation and blocks ther-
A Fnsa(TOA) — AFsa(TOA) 100 % l.). Since the dust absorbs sol diati d blocks th
AFsa(TOA) ’ 0 mal emission to space, always positive values of the heating
(c—1)Fi.sa effect are obtained in the solar as well as negative and posi-
=——"".100%=:34. i i ithi -
A Fsa(TOA) tive ones in the thermal range within the upper and lower al

titude range of the dust plume, respectively, which is qualita-
For our estimation we assume the mean positive five pertively independent of the underlying reflecting surface (land
cent deviation, that is; = 1.05. AFsa(TOA) can be read or ocean). In sum this yields total heating effects, which are
off in Fig. 15 (top, left, “Mie”) yielding a value of about 11  always positive meaning a heating of the atmosphere within
W m~2, while F4.sa was calculated to amount §9W m—2, the dust layer. Moreover, this demonstrates that the warming
which is of the same order of magnitude as computed byimpact of the land and the cooling impact of the ocean sur-
Otto et al.(2007) for a comparable situation of Saharan min- face, caused by different surface temperatures and spectral
eral dust over the Canary Islands who presented a value ddurface albedos, is forced and alleviated by the dust.
1211 W m~2 in the solar range for their reference case (see The changes of the total heating effects caused by pro-
their Table 4), already containing the measured dust approxitate spheroidal dust particles compared to spheres are shown
mated by spherical particles. With the help of these number$-ig. 20. Size equivalence is varied when considering the dust
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Fig. 18. Simulated heating effects H (z) by Eq. @) of the Saharan  Fig. 19. Simulated heating effecta H(z) by Eq. @) of the Saha-

mineral dust plume, observed on 19 May 2006 over OZT site aboutan mineral dust plume, observed on 19 May 2006 over OZT site

noon, over a mealand surface assuming spherical (Mie) and pro- about noon, lifted over a measceansurface assuming spherical

late spheroidal model particles for various cases of size equivalencéMie) and prolate spheroidal model particles for various cases of

(LAEQV, SAEQV, SEQV, VEQV and VSEQV), representative for size equivalence (LAEQV, SAEQV, SEQV, VEQV and VSEQV),

solar (top), thermal (centre) and total (bottom) spectral range. representative for solar (top), thermal (centre) and total (bottom)
spectral range.
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8 Conclusions

T L N N
E This study of the radiative impact of Saharan mineral dust
close to the source region represents one single measurement
day during SAMUM-1 only. To extend the results data of
additional campaign days may be considered.

Large mineral dust particles have a big influence on the
radiative impact of the dust. This necessitates more careful
ground- and aircraft-based measurements of coarse aerosol
particles. Beyond, the consideration and quantification of the
two independent quantities “particle shape” and optical “size
equivalence” in size distribution measurements are impor-
g tant for accurately modelling the radiative impact of aerosols
t Land L .

T N S (and clouds). In principle, this holds for all measurements,
50 0 50 100 which involve particle sizing, e.g., the determination of the
chemical composition as a function of particle size. Note
that the two quantities maybe different for size distribution
and chemical composition measurements. Additionally, both
may also vary with particle size depending on the applied
measurement techniques. We did not consider such complex
cases, however, we demonstrated that experimental informa-
tion about these two quantities are highly important for op-
tical modelling purposes. Our results might also be of inter-
est for the interpretation of size measurements of cloud ele-
ments and accurate modelling their optical properties within
the scope of fast parameterisations: is the usually applied
equivalence assumption of “maximum dimension” correct?

altitude asl [km]

altitude asl [km]
w
T
TR FTRERTTE] FERT R RT] FURTRRE NN PR TR RRETE AR

- Ocean Total Our concept to consider micro-physical particle data as a
L starting point has successfully been applied. Such treatment
-100 0 100 200 requires assumptions w.r.t. the spectral complex refractive in-

change of heating effect [%] dex (SCRI). A simple volume mixing rule was applied to

) ) calculate SCRI based on in-situ chemical composition data,
Fig. 20. Changes of total heating effectH (¢) of the Saharan a1 s 4 five-component dust mixture, and literature data for
mineral dust plume, observed on 19 May 2006 over OZT site alDou\/arious mineral components. For a better entirely spectral

noon, caused by prolate spheroidal particles compared to spherical .
ones, assuming various cases of size equivalence (LAEQV, SAEQ\;':overage we would like to stress the need for extended SCRI

SEQV, VEQV and VSEQV). Mineral dust over a mean land (top) data, e.g., in the solar spectral range and for further minerals.
and ocean surface (bottom). Moreover, more complex mixing rules to derive an ensemble

refractive index might be interesting to discuss.
Higher vertical resolution in aircraft-based aerosol parti-

cle measurements of size distribution and total number con-

ensemble over land and ocean. For the most realistic case Qb ntration in conjunction with chemical analyses is the basis
volume-to-surface equivalence (VSEQV), as it turned out ingor 4 more realistic treatment of aerosols in radiative transfer

Sect.4.2, the non-sphericity of the dust particles increasesgjmyjations, since this provides more detailed information
the heating impact of the dust by about the vertical layering and structure of an aerosol-loaden
atmosphere. In particular, this might be important to consider
in aircraft-based observations of Saharan mineral dust during
its long-range transport from North Africa to America.

Hence, the non-sphericity of the dust particles causes a Our radiative forcing and heating effect simulations refer
non-negligible impact on the radiative heating, which might to a local atmospheric situation only. It has been shown that
be important for the dynamics in the troposphere and Earth’'article non-sphericity has a non-negligible radiative impact,
climate keeping in mind that Saharan mineral dust is trans-€.g., on the heating effect within the dust layer. However, the
ported over long distances from North Africa westwards to climate impact of particle non-sphericity and its dynamical
America. feedback on regional or global scale can only be explored

applying more complex dynamical models in which the dust
optical properties are parameterised. Our databases of single

— 10 and 20 % at lower and upper altitude range of the
dust layer over both surface types.
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scattering properties, mainly established w.r.t. mineral dustChen, G., Ziemba, L. D., Chu, D. A., Thornhill, K. L., Schuster,
together with the precious SAMUM-1 data may be appliedto G. L., Winstead, E. L., Diskin, G. S., Ferrare, R. A., Burton, S.
derive parameterisations of the optical properties of mineral P., Ismail, S., Kooi, S. A., Omar, A. H., Slusher, D. L., Kleb,
dust to account for it in regional and global models. M. M., Reid, J. S., Twohy, C. H., Zhang, H., and Anderson, B.
Radiative transfer quantities as the ensemble optical E.: Observations of Saharan dust microphysical and optical prop-
. N . . erties from the Eastern Atlantic during NAMMA airborne field
properties may not be bijective functions of certain free

h . hvsical . fth | campaign, Atmos. Chem. Phys., 11, 723-7did;10.5194/acp-
parameters, e.g., the micro-physical properties of the aerosol 1, 753759172011

particles as typical particle size and imaginary part of its Comette, W. M., Acharya, P. K., Robertson, D. C., and Anderson,
complex refractive index. This fact may be problematic vice G, p.: Moderate spectral atmospheric radiance and transmittance
versa when deriving, e.g., micro-physical aerosol properties code (MOSART), Rep. R-057-94 (11-30), Photon Res. Assoc.,
from standard radiometric or lidar measurements (inversion) Inc., La Jolla, Calif., 1994.

in aerosol retrievals. With regard to the latter, the implicationCoz, E., G®mez-Moreno, F. J., Pujadas, M., Casuccio, G.
of our work is that they have to consider the terms “particle S., Lersch, T. L., and Aifiano, B.: Individual particle
shape” and “size equivalence” of the naturally non-spherical characteristics of North African dust u_nder different long-
particles. Additionally, the application of polarisation-based ~'ange transport scenarios, Atmos. Environ., 43, 1850-1863,

. : : . doi:10.1016/j.atmosenv.2008.12.0£909.
ae_rc_nsql retnevalg t(_) polarimetric data seems promising tODaII'OStO, M., Harrison, R. M.. Highwood, E. J., O'Dowd,
minimise uncertainties.
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