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Abstract

Experimental estimations of the infrared refractive index of African mineral dust have
been retrieved from laboratory measurements of particle transmission spectra in the
wavelength range 2.5-25 um. Five dust samples collected at Banizoumbou (Niger) and
Tamanrasset (Algeria) during dust events originated from different Western Saharan
and Sahelian areas have been investigated. The obtained real (n) and imaginary (k)
parts of the refractive index for the different dust cases vary in the range 1.1-2.7 and
0.05-1.0, respectively, and appear to be strongly sensitive to the mineralogical com-
position of the particles, especially in the 8—12 um and 17-25 pm spectral intervals.
Dust absorption is controlled mainly by clays, and, in minor fraction, by quartz and Ca-
rich minerals. Size distribution, and the coarse fraction in particular, plays also a role
in determining the refractive index. Significant differences are obtained when compar-
ing our results with existing experimental estimations available in the literature, and
with the values of the OPAC (Optical Properties of Aerosols and Clouds) database.
The different datasets appear comparable in magnitude, with our values of n and k
falling in the range of variability of past studies. However, literature data fail in accu-
rately reproducing the spectral signatures of main minerals, in particular clays, and
they significantly overestimate the contribution of quartz. We also found that the real
and the imaginary parts of the refractive index from part of literature studies do not
verify Kramers—Kronig relations, thus resulting theoretically incorrect. The comparison
between our results, from Western Africa, and literature data, from different locations in
Europe, Africa, and the Caribbean, nonetheless, confirms the expected large variability
of the infrared refractive index of dust, thus highlighting the necessity for an extended
systematic investigation. Aerosol intensive optical properties relevant to radiative trans-
fer (mass extinction efficiency, kg, single scattering albedo, @, and asymmetry factor,
g), have been calculated, by using the Mie theory, for the five analysed dust samples,
based on the estimated refractive index and measured particle size distribution. The
optical properties show a large sample-to-sample variability. This variability is expected

10598

Jaded uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq

uI
| II I

Jaded uoissnosiq

ACPD
14, 1059710657, 2014

Refractive index of
African mineral dust

C. Di Biagio et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/10597/2014/acpd-14-10597-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/10597/2014/acpd-14-10597-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

to significantly impact satellite retrievals of atmospheric and surface parameters and
estimates of the dust radiative forcing.

1 Introduction

Mineral dust is one of the most abundant aerosol species in the atmosphere and
strongly contributes to the total aerosol content (Textor et al., 2007; Huneeus et al.,
2012). The arid and semi-arid regions of West Africa, i.e. the Sahara and the Sahel,
account for more than 60 % of the total annual dust emission, and are by far the most
significant sources of mineral dust at the global scale (Prospero et al., 2002; Laurent
et al., 2008; Ginoux et al., 2012). Once emitted, African dust is transported for thou-
sands of kilometres across the Atlantic Ocean (e.g., Ben-Ami et al., 2009, 2010) and
the Mediterranean basin (e.g., Israelevich et al., 2002), thus affecting the environment
at intercontinental distances.

Mineral dust directly affects the planetary radiative balance by absorption and scat-
tering of radiation (Sokolik and Toon, 1996). Due to their high atmospheric load, dust
aerosols are observed to exert a significant radiative effect both close to source re-
gions and in transport areas (Haywood et al., 2003; Highwood et al., 2003; Di Biagio
et al., 2010). As a consequence of the effect on radiation, mineral dust impacts the
atmospheric thermal structure and stability (Kishcha et al., 2003; Heinold et al., 2008),
with possible effects on cloud formation and properties (Rosenfeld et al., 2001; Kluser
and Holzer-Popp, 2010), as well as on atmospheric photochemical reactions (Casas-
anta et al., 2011). The implications on the hydrological cycle, in particular, are of great
relevance for water-stressed semi-arid areas, as it is the case of the Sahel, mainly in
relation to possible feedback mechanisms on dust emission in these regions (Carlsaw
et al., 2010).

Due to its characteristic mineralogical composition and extended particle size spec-
trum (from tenths of nanometers to tenths of micrometers), mineral dust effectively
interacts with both the solar and the terrestrial infrared radiation fields (Ackerman and
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Chung, 1992; Hsu et al., 2000; Brindley and Russell, 2009). In terms of magnitude,
the instantaneous solar effect is considerably larger than the infrared one, which gen-
erally becomes relevant only for very high dust amounts (e.g., Slingo et al., 2006).
However, while the solar contribution is effective only during daytime, the infrared term
acts throughout the 24 h, thus on a daily basis it may compensate for a large fraction of
the diurnal shortwave perturbation (e.g., di Sarra et al., 2011). The infrared term needs
therefore to be taken into account in order to estimate the whole dust radiative effect.

The interaction of atmospheric dust with infrared radiation has also been shown to
significantly affect the interpretation of remote sensing data. In particular, several key
climatic parameters, such as the atmospheric temperature profile, sea surface temper-
ature, and greenhouse gases concentration, are derived from satellite measurements
over narrowband infrared channels (MODIS, Moderate Resolution Imaging Spectrora-
diometer; SEVIRI, Spinning Enhanced Visible and Infrared Imager; AVHRR, Advanced
Very High Resolution Radiometer; HIRS, High-resolution Infrared Radiation Sounder;
AIRS, Atmospheric Infrared Sounder; IASI, Infrared Atmospheric Sounding Interferom-
eter). Misinterpretations of the data occur when the infrared radiative effect of dust is
not accurately taken into account within satellite inversion algorithms (e.g., Ackerman,
1997; Sokolik, 2002; DeSouza-Machado et al., 2006). On the other hand, the dust in-
frared signature obtained in satellite data, especially in the 8—12 um window region, is
used to detect the presence and estimate the properties of dust from space (Legrand
et al., 2001; Pierangelo et al., 2004; Kliser et al., 2011; Banks and Brindley, 2013;
Capelle et al., 2013).

Still, very large uncertainties persist in the estimation of the dust infrared radiative
effect (Haywood et al., 2005; Balkanski et al., 2007; Bierwirth et al., 2009). One of
the main causes for this is the poor knowledge of the dust optical properties in this
portion of the spectrum (e.g., Wang et al., 2006). Dust infrared optical properties, in
fact, cannot be directly measured by in situ instruments or remote sensing techniques,
but have to be estimated based on the knowledge of the physico-chemical properties
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of particles, i.e. composition, size distribution, and shape (Levin and Lindberg, 1979;
Highwood et al., 2003).

In this sense, the complex refractive index, m = n - ik, the parameter linking the
physico-chemical and the optical properties of aerosols, remains a major unknown
(e.g., Sokolik et al., 1993; Claquin et al., 1998).

The dust complex refractive index is mainly controlled by particle mineralogical com-
position (Patterson et al., 1981; Sokolik et al., 1998). Dust is composed of several
minerals, such as clays (kaolinite, illite, smectite, chlorite), quartz, Ca-rich carbonates
(calcite, dolomite) and sulphates (gypsum), feldspars (orthose, albite), and iron and
titanium oxides, each characterised by specific lattice vibrational-rotational transitions,
therefore by its own spectral refractive index in the infrared (Sokolik and Toon, 1999).
Consequently, the magnitude and the spectral dependence of the dust complex refrac-
tive index depend on the abundance and state of mixing (internal or external) of its
main constituents (e.g., Mishchenko et al., 2004). Due to the diverse soil mineralogy
of the different source areas (Claquin et al., 1999), the composition of dust aerosols
varies depending on the region of origin (e.g., Caquineau et al., 2002). The proportion
between the different minerals at emission also critically depends on the surface wind
speed of erosion, which also determines their size distribution (Gomes and Gillette,
1993; Marticorena and Bergametti, 1995). Quartz, feldspars, and Ca-rich species are
generally more abundant in the coarse mode component, while clays dominate the fine
fraction (e.g., Pye et al., 1987; Kandler et al., 2009). The mineralogical composition of
dust then changes rapidly after emission mainly as a consequence of the progressive
loss of coarse particles due to gravitational settling (Schitz et al., 1981; Maring et al.,
2003). This process reduces the abundance of quartz, feldspars, and Ca-rich species
in the dust aerosol, thus yielding clay richer particles. Also, when travelling over marine
or polluted environments, the composition of dust may additionally modify due to the
interaction with other aerosol types (e.g., sea salts, soot) or atmospheric gases (e.g.,
nitrates, sulphates) (Formenti et al., 2011a). As a consequence of all these processes,
the complex refractive index of mineral dust is expected to vary as a function of the
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source region and during atmospheric transport. The complete characterization of this
variability is necessary to evaluate the magnitude of the dust radiative effect along its
whole atmospheric lifecycle.

At infrared wavelengths the aerosol refractive index is generally estimated by means
of the so-called spectroscopy pellet technique. This approach consists in dispersing
aerosol particles in a matrix of transparent material, which is then pressed to form
a homogeneous pellet. The reflectance or absorption spectrum of the pellet is mea-
sured and analysed by means of an appropriate optical theory to retrieve the com-
plex refractive index of particles (e.g., Mooney and Knacke, 1985; Roush et al., 1991;
Thomas et al., 2005). The majority of past studies on the dust refractive index us-
ing this approach have considered single minerals composing dust instead of natural
samples (see Table 1 in Otto et al., 2009). Due to the differences in the chemical and
crystallographic state between the reference minerals and the minerals in the natural
aerosol, and also to the difficulty of finding an appropriate mixing rule, the calculation
of the dust refractive index based on information on its single constituents has been
demonstrated highly uncertain (Otto et al., 2009; McConnell et al., 2010). On the other
hand, only very few studies, from a limited number of geographical locations worldwide,
have been performed on natural aerosol samples (Volz, 1972 and 1973; Fisher, 1976;
Patterson, 1981; Fouquart et al., 1987; see also Sokolik et al. (1993) and (1998) and
references therein). Hence, to date, the natural variability of the dust infrared refractive
index remains not represented.

In this study we apply the transmission pellet spectroscopy technique (e.g., Orofino
et al., 1998; Marzo et al., 2004; Marra et al., 2005) to provide new experimental esti-
mates of the infrared complex refractive index of dust aerosols. Natural particle sam-
ples from Western Sahara and the Sahel, some of strongest sources at the global scale
(Ginoux et al., 2012), have been considered. The main objective is to test the sensitivity
of the dust infrared refractive index to the physico-chemical properties of particles, in
particular to the mineralogy of the source region.
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Dust samples analysed here have been collected during the AMMA 2006 campaign
(African Monsoon Multidisciplinary Analysis; Redelsperger et al., 2006) at the ground-
based super-sites of Banizoumbou (13.5°N, 2.6°E, 250 ma.s.l.), located in a remote
area ~ 60 km east of Niamey in Niger (Rajot et al., 2008), and Tamanrasset (22.8° N,
5.5°E, 1370 ma.s.l.), in the heart of the Hoggar massif in South Algeria (Cuesta et al.,
2008). Five different dust cases were selected based on their different origin and min-
eralogical composition, three from the Banizoumbou site, and two from Tamanrasset.
As we focus on the refractive index variability near source regions, the five cases have
been chosen to be representative of local emission episodes or of dust at most after
1-2 days of their atmospheric transport.

The paper is organised as follows: Sect. 2 is dedicated to the presentation of the
five dust episodes and to the identification of their different source region. In Sect. 3 we
present the measurements used in this analysis and the main algorithm for complex re-
fractive index estimation. The physico-chemical properties obtained for the considered
samples are discussed in Sect. 4. Section 5 is then dedicated to the presentation and
discussion of the spectroscopy measurements and complex refractive index results.
The effect of the variability of the refractive index and size distribution on the optical
properties of dust, as well as its possible implications on radiative transfer and satel-
lite remote sensing, is investigated in Sect. 6. The main conclusions of this study are
discussed in Sect. 7.

2 Selection of dust events and identification of their source region

Five different dust cases were selected in this study based on their different origin
and mineralogical composition. Three of them were collected at the Sahelian site of
Banizoumbou and the other two at the Saharan site of Tamanrasset.

Samples were taken during different periods corresponding to the different phases of
the West Africa Monsoon (WAM) annual cycle and associated AMMA Special Observ-
ing Periods (SOPs). For Banizoumbou, one of the dust samples was taken during the
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wintertime dry season (January—February 2006, AMMA SOPO; sample ID: SOP0-47),
and the other two during the pre-Monsoon season (June 2006, AMMA SOP1; samples
ID: SOP1-8 and SOP1-17). Emission of dust from the Sahel seldom occurs during the
dry season and aerosols collected at Banizoumbou in that period correspond to trans-
port from Saharan areas (Rajot et al., 2008). The SOP0—-47 case considered here dur-
ing the dry season, in particular, occurred on 9 February 2006 and was associated to
a medium-range transport event which originated in the Central-Western part of Niger,
between the Algeria-Niger and the Mali-Niger frontier regions, possibly including desert
areas close to the Air massif. In contrast with the dry season, the pre-Monsoon phase
is characterized by a maximum in Sahelian dust emissions (Marticorena et al., 2010).
Identification of erosion conditions leading to aeolian emission have been performed by
combining surface wind field and aerosol mass/concentration measurements, with the
data on sand grain horizontal flow obtained by means of a saltiphone installed in prox-
imity of the sampling site station (Klaver, 2012). Two different local erosion episodes are
considered from the pre-monsoon season at Banizoumbou: SOP1-8, which occurred
on 4 June 2006 between 16:52 and 17:36 UT, and SOP1-17, between 8 June 2006 at
22:33UT and 9 June at 06:40 UT. The SOP1-8 event was identified as the strongest
erosion episode of the entire SOP1 period at Banizoumbou, based on the measured
surface wind speed (> 10 ms™ during the whole event, consistently above the 6 ms™"
threshold for local emission estimated by Rajot et al., 2008) and horizontal dust grain
flux (peak at ~ 700 counts s ). SOP1-17 was instead a post-erosion event character-
ized by the advection of dust which was locally emitted at Banizoumbou ~ 3 h before
the sampling started.

Tamanrasset data considered here have been acquired in the second part of 2006,
during the Monsoon season (July—August 2006, AMMA SOP2; sample ID: N32), and
the end of the Monsoon, during the Inter Tropical Convergence Zone (ITCZ) retreat
(October—November 2006; sample ID: N93). As discussed by Cuesta et al. (2008), local
dust production at Tamanrasset (over the Hoggar massif) is very low, and most aeolian
dust over this area is transported from a variety of different source regions as a result of
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different dust lifting mechanisms (e.g., low-level jets, cold pools, or topographic flows).
The event considered here in correspondence of the Monsoon season over the Sahel,
which occurred between 21 and 27 July 2006 (N32 sample taken in the first part of
the episode, between 23 and 24 July), originated at the Algeria-Niger frontier and was
caused by the succession of three cold pools outflows generated by Mesoscale Con-
vective Systems (MCS). The ITD (Inter-Tropical Discontinuity) organized the three cold
pools in a dust front, which propagated northwards to Tamanrasset (see Cuesta et al.,
2009a). The origin of the N93 post-Monsoon dust event over Tamanrasset, instead,
was associated to an intrusion of the Sub Tropical Westerly Jet (STWJ) into Morocco
and North-Western Algeria, which led to the formation of downslope winds along the
Saharan side of Atlas Mountains. These winds induced the formation of a dust front
which moved southward reaching Tamanrasset between 5 and 7 October 2006 (N93
sample taken throughout the whole event, between 5 and 7 October) (see Cuesta et al.,
2008 and Supplement). For both events (during and after the Monsoon season over the
Sahel), the transport time from the source regions to the sampling site of Tamanrasset
was estimated to be about 1 day. A summary of the main information for the selected
Banizoumbou and Tamanrasset dust events is reported in Table 1.

Cases considered here represent typical dust events over West Africa. The source
areas identified for the different dust episodes are also relevant for medium and long
range transport. The Atlas Mountains, between Morocco and Algeria, for instance, rep-
resent a strong active area for dust transport towards both other Saharan areas, as
observed for sample N93, as well as to the Western and Central Mediterranean basin
(Israelevich et al., 2002), and to a lesser extent to the Atlantic Ocean (Caquineau et al.,
2002). On the other hand, emissions from the North and Northwestern part of Niger
are among the large sources for dust export towards the North Atlantic Ocean and the
Americas (Caquineau et al., 2002; Reid et al., 2003; Laurent et al., 2008).
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3 Measurements and methods

Aerosol samples have been collected at the two sites on 47 mm polycarbonate Nu-
clepore filters (nominal pore size 0.4 um). The sampling time during the events (see
Table 1) varied between a few hours to 1-2 days, mainly depending on the measured
aerosol concentration. Dust particles deposited on filters have been analysed to obtain
their bulk mineralogical composition. Then the infrared transmission spectra have been
measured on the samples of collected dust to estimate their complex refractive index.
The number size distribution of dust particles in the diameter range 0.3-20 um was
measured during filter sampling by means of a Grimm Optical Particle Counter (OPC,
model 1.108). Full details on spectroscopy measurements and algorithm for complex
refractive index estimation, dust filter chemical analyses, and procedures for size dis-
tribution data corrections are provided in the following paragraphs.

3.1 Infrared spectroscopy and dust complex refractive index estimation

Transmittance spectra (T) of collected dust particles have been recorded in the wave-
length range 2.5-25 pm (400—-4000 cm'1) with 2cm™ resolution by means of a Bruker
Optics Equinox 55 FT-IR spectrometer. The instrument uses a Globar source, with
a potassium bromide (KBr) beamsplitter and a deuterated triglycine sulphate (DTGS)
detector. The infrared transmission spectroscopy has been performed by means of the
usual pellet technique (i.e., Volz, 1972; Koike et al., 1980; Mooney and Knacke, 1985)
using KBr as transparent matrix in which dust grains have been dispersed.

Dust particles collected on Nuclepore membranes need to be extracted from filters
to mix with the KBr powder and then to produce the pellets. Extraction of dust par-
ticles is a delicate operation which has to be achieved by avoiding as much as pos-
sible contaminations or modifications of the sample. Different procedures have been
tested for optimizing dust extraction and KBr mixing. The best obtained experimental
protocol is described in the following: (i) Suspension of dust particles in ethanol solu-
tion. To allow dust particles to detach from the filter membranes, filters are immersed,
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dust-loaded face downward, in 10—-15mL of ethanol and shaken for ~ 5—10 min at ul-
trasonic frequencies. The ultrasonic shaking procedure is repeated 2—3 times, until the
aerosol has completely leaved the filter; (ii) Separation of dust and ethanol. The dust-
ethanol suspension is centrifuged at a speed of 11 000 rpm for ~ 1 h, thus permitting
an effective separation between the liquid (ethanol) and the solid (dust) phases. After
centrifugation the dust-ethanol solution is left in vertical position for 1 day to sediment
dust particles which had remained in suspension. At this point, having the liquid and
solid phases well separated, ~ 95 % of ethanol is removed by pipe aspiration, while
the remaining ~ 5 % is left to evaporate for 1 day; (iii) Dilution of dust particles in the
KBr matrix. Once extracted and transferred in a glass tube, dust particles are weighed
and then diluted in a KBr matrix. A high-quality pure potassium bromide (ACROS Or-
ganics IR grade) is used. The mass of KBr is set to obtain a total of 0.1 % of dust in
the mixture. Dust and KBr are weighed by means of a Sartorius microbalance (model
LE225D) whose maximum sensitivity is 10 ug. The dust-KBr mixture is then mechani-
cally shaken for about 10 min to create a homogeneous mixing. The obtained dust-KBr
samples and the pure KBr are placed in the oven to dry at the temperature of 100°C
for ~12h. Passing the samples in the oven does not modify the dust mineralogical
composition, as at these temperatures the only effect is water evaporation; (iv) Pellet
production. Each of the 5 dust-KBr mixture samples is softly grounded in agate mortar,
in order to slightly change the size of dust grains, and then is pressed under vacuum
at the pressure of ~ 10 Tons for 1-2 min to form a thin pellet. About 150 mg of powder
is needed to create a homogeneous pellet of 13 mm diameter and < 1 mm thickness.
3 pure 150 mg KBr pellets are also produced. Then all the pellets are put in the oven
at 100 °C until they are used for transmission spectroscopy measurements to avoid as
much as possible water vapour absorption, in particular by the highly hygroscopic KBr.
All the laboratory operations we have described here are accomplished in clean condi-
tions, i.e., working in a permanently ventilated room, and manipulating the samples in
a laminar flow bench.
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Spectroscopic measurements have been performed on the 5 dust-KBr and the 3
pure KBr samples. Pellets were placed in the spectrometer chamber purged of CO,
gas and H,O vapour. A total of 20 and 40 scans were averaged to produce the dust-
KBr and the pure KBr spectra, respectively. The 3 spectra of pure KBr have been
averaged and used to correct the baseline of dust-KBr. This correction allows removing
the signal due to the water vapour or other gases possibly absorbed in the pellet by
KBr. Once corrected for the baseline signal, the dust-KBr spectra have been smoothed
by performing a 9-point running average.

Starting from the measured transmission spectra of the dust-KBr pellets, the real
and the imaginary parts of the dust refractive index have been estimated following the
procedure already applied by various authors to investigate Martian dust (e.g., Orofino
et al., 1998; Marzo et al., 2004; Marra et al., 2005). The details of this procedure are
reported in the following.

Based on the Beer—Bouguer—Lambert law, the spectral transmittance, 7 (1), through
a thin section of a specific medium is given by:

’
In (W) = Agyy(A) - X (1)

where a,(4) is the spectral extinction coefficient of the medium and x the pathlength
of radiation. In our case the medium is a pellet composed of a matrix of transparent
material (KBr) in which a small amount of grain particles (dust) are uniformly dispersed.
Uyt (A1) Mmay thus be written as the product of the grain extinction cross section, Cg,; (1),
by the f /V ratio, where f is the volume fraction of grain particles in the sample and V
is the volume of a single particle (Bohren and Huffman, 1983). We can imagine grain
particles to be compressed within the pellet in a homogeneous slab (f = 1) of thickness
d= pﬂs, with M the total grain mass contained in the pellet, p the density of the grain
material (~ 2.5 gcm'3 for dust), and S the surface of the pellet (1.33 cmz), to obtain:
Cext(/l) _ §Oext(/1)
V 4 a

()

Aoxt (/1) =
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where Q. (1) is the grain extinction efficiency and a the particle radius. Assuming
extinction is dominated by absorption, Qg ~ Q4ps, We can write explicitly the Q,p5(4)/a
ratio as a function of the measured transmittance as:

Oabs(’l) _ 4,08 1
~a am" (m) ©)

a 3M
For very small grains (a < 4, i.e. the Rayleigh limit) embedded in a matrix of transparent
material, the ratio between the absorption efficiency and the particle radius can be
written following Mie theory for spherical particles as (Bohren and Huffmann, 1983):

e(A) -1
enIm _( ) . (4)
e(d)+2
Em = (”o,m)2 is the real dielectric function of the matrix, with n, , the real component
of the KBr refractive index, and (1) the dielectric function of the grain material relative

Oabs(/l) _ 8_7T
a A

to the matrix. The value of (ng ,,) for KBr has been set at 1.54, constant in the whole
infrared spectral range considered, as also reported in Orofino et al. (1998), and thus
&m = 2.37. The dielectric function may be written using the Clausius—Mossotti relation
as the sum of N Lorentzian harmonic oscillators:

—_ f— N F

s +2 gl@+2 |15 @f - @? - iy;®

where @ is the angular frequency of radiation (@ = 2mc/A, [s‘1]), c is the velocity of
light in vacuum, and ¢, is the real dielectric function of the grain material relative to

the matrix in the limit of high frequencies, i.e. at visible wavelengths, ¢, = (j—g) with
m / vis

&g = <”0,9)3is and g, = (”o,m)\z,is, square of the real components of the refractive index
at visible wavelengths for the grain material and the matrix. ()., @nd (ngg) ., have
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been set at 1.57, and 1.53, respectively, as the mean of the values reported in literature
for KBr (e.g. Orofino et al., 1998) and African dust (e.g., Osborne et al., 2008; Petzold
et al., 2009; Formenti et al., 2011b). (®;, v;, F;) are the three fundamental parameters
characterizing the jth oscillator, and in particular @; is the eigenfrequency, y; is the
damping factor, and F; is a quantity related to the plasma frequency strength, @, ;,

and the oscillator strength, f;, through the relation F; = %f/-@ﬁ,j. By combining Egs. (4)
and (5), we have:

N F.v.
Qusl®) _to |5 e ©)

a c .
j=1 (@f - @2> + y/?caz

Starting from the transmission measurements and by applying Eq. (3) an experimental
estimation of the ratio Q,,s(®)/a can be obtained. A procedure of iterative non-linear
fitting can be applied to the experimental Q. (®)/a spectrum to determine the 3N
values of the oscillator parameters in Eq. (6). Once estimated, the 3N parameters are
used to calculate the dielectric function of the grain material relative to the matrix, g(1),
by applying Eq. (5). The absolute dielectric function of the grain material £4(4) is then
estimated by multiplying £(1) by &,,. Finally, the spectral real, ng (4), and imaginary, kg
(1), parts of the grain material complex refractive index can be determined using the
following equations:

1[ 2 2 1\
ng=<§ (aé) +(s") + &g > (7)
1 : 2 2 1\ /2
kg=<§ (8'g> +(8'g'> - &4 >

The real and imaginary parts of both the dielectric function and refractive index are
not independent quantities. They are related through the Kramers—Kronig relations,
10610
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which for the refractive index can be written as:
2 TQ-k(Q
ng(@) - 1 = EP —Q2 — @)2 .
0

20 [ n(Q)
kg(@)=—7p/mdg

dQ (8)

0

where P is the Cauchy Principal value of the integral. It should be noticed that the
retrieval method based on the Lorentzian dispersion theory used here allows to obtain
(eg,€4) and (ng, kg) couples which automatically satisfy the Kramers—Kronig relations,
as it is not the case for other estimation approaches, as discussed in Sect. 5.

Three main hypotheses are assumed in this retrieval procedure: (i) scattering from
dust is negligible; (ii) dust particles verify the Rayleigh limit (2 < 4, or a/1 < 1, with
a radius of the particles), (iii) dust is assumed to have a spherical shape. Concerning
the first hypothesis, as dust particles represent ~ 0.1 % of the pellet mass, we can
reasonably assume that, if present, the scattering comes almost exclusively from the
KBr matrix, which instead constitutes the ~ 99.9 % of the pellet. The spectra baseline
correction with the pure KBr spectra allows removing this signal contribution. It has
to be pointed out, in any case, that our measurements show a negligible scattering
contribution for both the pure KBr and the dust-KBr cases. Regarding the second point,
i.e., the Rayleigh limit a <« 4, the verification of this assumption has been tested for our
dust samples using co-located measurements of the particle number size distribution
(Grimm data shown in Fig. 1 and discussed in the next sections). At the wavelengths of
10 and 20 um, the condition a/A < 0.1, which can be considered satisfactory to verify
the Rayleigh limit, is fulfilled on average by the 94 and 98 % of particles (in number).
Finally, for what concerns the third point, taking into account particles non-sphericity
would require a much more complex retrieval scheme. We have decided to neglect
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this effect at this stage, thus obtaining retrieval conditions which are similar to those of
previous literature studies on the dust refractive index.

3.2 Dust mineralogical composition

Different techniques have been combined to yield the most complete characterization
of the composition of mineral dust, including: (i) Wavelength Dispersive X-Ray Fluores-
cence (WD-XRF, Panalytical PW-2404 spectrometer) to determine the dust elemental
composition (Na, Mg, Al, Si, P, K, Ca, Ti, Fe); (ii) X-Ray Diffraction (XRD, Siemens D500
diffractometer) to estimate the particles’ mineralogical composition in terms of clays
(kaolinite, illite, smectite, chlorite), quartz, Ca-rich species (calcite, dolomite, gypsum),
and feldspars (orthose, albite); (iii) the CBD-method (Lafon et al., 2004) to determine
the dust iron oxide content; (iv) the X-ray Absorption Near Edge Structure (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS) to retrieve the iron speciation be-
tween hematite and goethite. The details of the experimental protocols and data treat-
ment for the different techniques are extensively discussed in Caquineau et al. (1997
and 2002), Lafon et al. (2004), Klaver et al. (2011), and Formenti et al. (2008, 2014).
The full set of mentioned analyses has been carried out on the SOP0—47, SOP1-8, and
SOP1-17 samples. Instead, for the N32 and N93 samples only XRD measurements
have been possible.

Starting from these measurements, the dust mineralogical composition for the differ-
ent samples has been estimated through the procedure described in Appendix A.

3.3 Dust particles size distribution

The particle number size distribution between 0.3 and 20 um on 15 size channels was
measured at the two sampling sites by means of a Grimm OPC (Grimm Inc., model
1.108) (Heim et al., 2008) operated at 1 min (Tamanrasset) and 5min (Banizoumbou)
time resolution. The Grimm OPC was factory calibrated with monodisperse polystyrene
sphere latex (PSL) whose complex refractive index at the instrument operating wave-

10612

Jaded uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq

uI
| II I

Jaded uoissnosiq

ACPD
14, 1059710657, 2014

Refractive index of
African mineral dust

C. Di Biagio et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/10597/2014/acpd-14-10597-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/10597/2014/acpd-14-10597-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

length (780 nm) is 1.59-0/. We have corrected the measured sphere-equivalent optical
diameter in a sphere-equivalent geometrical diameter by taking into account the com-
plex refractive index of the sampled aerosol (i.e., Liu and Daum, 2000). The optical-
to-geometric diameter conversion has been done by recalculating the calibration curve
considering the refractive index of dust aerosol. Optical calculations have been per-
formed using Mie theory for spherical particles. The complex refractive index was set
at 1.53-0.002/, in the range of values available in the literature for Saharan dust (e.g.,
Osborne et al., 2008; Petzold et al., 2009). After refractive index correction the diameter
measurements range for the Grimm 1.108 became 0.38-28.9 um.

The average of the size distribution data measured in correspondence of each of the
five dust filter samplings has been calculated. Continuous Grimm data were available
for the three Banizoumbou SOPs dust events, whereas for Tamanrasset measurements
were acquired only at the end of the dust episode for N32 (26 July 2006 from 10:00 to
14:17) and at the beginning for N93 (5 October 2006 between 01:00 and 08:07).

4 Physico-chemical properties of the selected dust cases

Figure 1 shows the normalised number and volume size distributions obtained for the
five different dust events considered in this study. All size distributions are charac-
terised by a multimodal structure with five main modes, in volume centred at about
<0.6, 1, 2.5, 5, and 12 um diameters. The first mode at diameter < 0.6 pm is not very
well defined because of the lower size cut of the Grimm OPC at 0.3 um. N32 and N93
distributions show also an additional defined mode, centred at ~ 25 um, not present in
the SOPs cases. This additional mode is possibly associated to resuspension of par-
ticles very locally at the Tamanrasset site during the dust event. In terms of number
distributions, the samples show a similar particle content in the whole size range, with
the exception of SOP1-8, which is richer in coarse particles (diameter > 5pum), and
N93, which presents a lower particle content in the whole diameter range ~ 0.8—25 pm.
For N93, this is likely due to the fact that Grimm has measured at the very early stage
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of the dust event, thus before the maximum of the atmospheric dust load. In order to
model the behaviour of the size distribution data, multimodal lognormal fits have been
performed, and the fitting curves obtained are also shown in Fig. 1. Seven lognormal
modes have been necessary to fit the experimental curves. The mean of the 5 lognor-
mal fitting curves obtained considering (mean_A) or discarding (mean_B) the N32 and
N93 mode at 25 pm has been calculated, and data are also plotted in Fig. 1.

The mineralogical composition obtained for the five dust samples is reported in Ta-
ble 2 and summarized in what follows: (i) SOP0—47 and N32 are originated in the
same source areas in north-northwestern Niger, so they are essentially characterized
by the same mineralogical composition with ~89-90 % of clays, 6 % of quartz, and
4% of iron oxides. The only significant difference between the two is the clays parti-
tioning, with only kaolinite and illite detected in SOP0—-47, and also smectite identified
as a major clay component in N32; (ii) even if emitted during a Sahelian erosion event,
SOP1-17 presents a mineralogy very similar to that of SOP0—47 and N32. This may
be explained considering that SOP1-17 particles has been sampled more than 3h
after the main erosion event had occurred, so likely after the dust plume has been
deprived of its component of larger particles, rich in quartz and feldspars, due to the
rapid gravitational settling process (i.e., Glaccum and Prospero, 1980; Pye, 1987). This
is also consistent with the measured size distribution for this sample. For SOP1-17,
the only case for which iron speciation is available, goethite is observed to dominate
over hematite (80 % vs. 20 % of the iron oxide content); (iii) SOP1-8, emitted in corre-
spondence of a strong Sahelian local erosion event, differs from all the other samples
because of its low amount of clays (52 %), mainly kaolinite and illite, and enrichment in
quartz (40 %) and feldspars (3 %). The high quartz content also explains the larger frac-
tion of particles, especially of diameter larger than ~ 10 um, which account for ~ 60 %
of the particle volume size distribution, observed for this sample; (iii) N93 is charac-
terized by a lower content of clays (67 %), mainly kaolinite and smectite, together with
larger amounts of quartz (17 %) and Ca-rich species (11 % of calcite and gypsum), the
latter in particular indicative of Northwestern Sahara source areas.
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5 Results
5.1 Dust infrared absorption spectra

The absorbance spectra (A =10g,o(1/T), with T the transmittance) measured in the
spectral range 2.5-25 um for the five different dust samples are shown in Fig. 2. The
uncertainty on the measured spectra is less than 3 % and has been estimated as the 3o
variability of the signal in the regions of no dust absorption (A < 0.01). This uncertainty
takes into account for the variability of the noise and the offset components of the
measured signal.

The main features of the different spectra essentially follow the signatures of clay
species (kaolinite, illite, smectite; see Fig. 3 as a reference for single mineral features
and Table 3 for identified band positions and their assignments). The dust largest ab-
sorption is observed in the window region 8-12 um (maximum of A from 0.08 to 0.21)
and at wavelengths larger than ~ 17 um (maximum of A from 0.04 to 0.10), therefore
where the strongest absorption bands of clays are found. Coincident or superimposing
bands for the different clay species are present at ~ 9.0, 9.7, 9.9, 18.8, 19.3, 21.4, and
23.1 um (bands peak wavelengths), while an additional single band mainly associated
to kaolinite is identified in the 10.4—11.2 pm spectral region. Absorption by quartz in the
atmospheric 8—12 um window region (single band at ~ 9.2 um) and above 17 um (two
bands centred at ~ 20 and 22 um) appears to be masked by the clay signals, while
a more clear signature emerges at ~ 12-13um. This is the case for the quartz-rich
SOP1-8 sample which shows an enhanced absorption over this band compared to the
other dust cases. The calculated ratio of the quartz band peak intensity (at ~ 12.5 um)
between SOP1-8 and the other samples varies between a minimum of 1.32—1.36 for
SOP1-17 and N93 to a maximum of 1.45—1.56 for SOP0—47 and N32, thus indicat-
ing the contribution of quartz in SOP1-8 to determine about 30-50 % increase of the
absorption in this band.

As for the quartz, also the spectral signatures of the other minerals, e.g. Ca-rich
species, are apparent only when the absorption of clays becomes very low. This is the
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case of sample N93 for which it is possible to detect the signal of calcite at ~ 7 and ~
11.4 um, and also of gypsum, whose band between 8.2 and 9.2 um appears to combine
with the clays and quartz bands determining a broadening of the N93 spectrum in this
part of the window spectrum. A small signature is also observed for all the different
samples between 14 and 16 um, possibly associated to the combined effect of Ca-rich
minerals and iron oxides absorbing in this spectral interval (calcite, gypsum, hematite,
goethite). Strongest signatures of iron oxides, which mainly occur at wavelengths larger
than 15um (two large bands centred at ~ 19 and 23 um for hematite, and one at ~
18 um for goethite), are instead very difficult to detect due to their superposition with
clay bands.

Almost negligible differences in terms of the position of the absorption bands are
observed for the different samples. Conversely, a marked sample-to-sample variabil-
ity of the amplitude of the band peaks is noticed. In general, the lowest absorbance
is observed for SOP1-8 while highest values are obtained for N32 and N93. This is
likely linked to the clay content and its speciation, as well as dust size distribution, for
the different dust cases. The weaker absorption observed for SOP1-8, for instance,
can be associated to the lowest illite and kaolinite content measured for this sample,
thus reducing the clay minerals absorption features. The largest absorption of N32 and
N93 may be instead related, at least as first assumption, to the presence of smectite
as a dominant clay species together with kaolinite. Major absorption bands of smec-
tite are, in fact, coincident and comparable or even stronger in intensity to those of
kaolinite, so the combined effect of the two clays results in an enhancement of the ab-
sorption at these wavelengths. There is also another consideration to possibly explain
the larger absorption obtained for the N32 and N93 samples. As already pointed out in
Sect. 4, the two Tamanrasset samples present in their size distribution a defined mode
of larger particles, more efficient in interacting with infrared radiation, compared to the
Banizoumbou samples. This means that, even with a similar mineralogical composition
of dust between the two sites, we have to expect larger absorption for Tamanrasset
dust due to the differences in the size distribution. This assumption can be tested, for
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instance, by considering the peak value of kaolinite band at ~ 10.9 um, for which we ob-
tain slightly larger intensities for N32 and N93 samples (0.046 and 0.05, respectively)
compared to those of the SOPs samples (0.043 for SOP0—47 and 0.033 for SOP1-8
and SOP1-17), which we know to have a similar or rather larger content of kaolinite.
The role of size distribution possibly allows also to explain the fact that sample N93,
which has a global smaller content of clays but a larger fraction of coarse particles
(see Fig. 1), presents an absorption which in intensity is comparable to that of the clay
richer N32. The fact of observing differences in the absorption spectra which are co-
herent with the variability of the size distribution measured for the different samples
confirms that the dust size has little changed during sample manipulations and pellet
production.

Few narrow peaks are also observed at ~ 2.7 um for all the samples, at ~ 4.2 for
SOP0-47 and SOP1-17, and at ~ 7.2 um for SOP0-47, SOP1-8, and SOP1-17. The
peaks at 4.2 and 7.2um are very likely due to CO, and organic matter, respectively,
which have contaminated the samples after dust-KBr pellet production. The intensity
of these narrow peaks appears, in fact, to be proportional to the absorption band of
H,O observed between ~ 2.7 and 4 um for all the samples (not shown in the spectra
of Fig. 2 because removed through baseline correction), which in turn is associated to
the KBr water absorption occurred meanwhile spectroscopic manipulations. Absorp-
tion by carbonate species (i.e., calcite) may also partly contribute to the 7.2 um band.
The signal measured at 2.7 um is instead mainly related to clays (kaolinite and illite)
(e.g., Saikia and Parthasarathy, 2010). These narrow peaks have been thus taken into
account for successive analyses.

5.2 Dust infrared complex refractive index

Starting from the measured transmittance spectra, the Q,,s(1)/a ratio has been cal-
culated by applying Eq. (3). The uncertainty on the calculated Q,,s(1)/a, taking into
account the uncertainties on the measured spectra (< 3 %) and the estimated pellet
dust content (< 7 %), varies between a minimum of 2.4 % for N32 to a maximum of
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6.4 % for SOP1-8. As discussed in Sect. 3.1, a procedure of iterative non-linear fitting
has been applied to the experimental Q,,5(4)/a to obtain the values of the 3N parame-
ters necessary to estimate the real and imaginary parts of the dust refractive index. The
fitting procedure has been performed using the Levenberg—Marquardt technique (e.qg.,
Pujol, 2007). Reasonable guesses for the oscillator parameters are manually entered
as inputs, then the fitting routine returns optimized parameters. The initial number and
position of oscillators is set to be equal to that of the absorption bands present in the
experimental Q,,s(1)/a spectrum. Additional oscillators may be subsequently added in
order to improve the results of the best fit procedure. To guarantee a successful anal-
ysis, however, the number of fitting oscillators should remain limited; furthermore, the
obtained 3N oscillator parameters must all have positive values (Spitzer and Kleinman,
1961; Roush et al., 1991). The experimental Q,,s(1)/a spectra together with the the-
oretical curves obtained from the nonlinear fitting procedure are shown in Fig. 4. The
number of oscillators used for each fit, also reported in the plot, is between 22 and 29.
Residuals (R) between the experimental and the fitted Q,,s(1)/a and normalized by
the measurement error have been calculated to verify the goodness of the results. An
example is shown in Fig. 5, where the spectral R obtained for two of the five analysed
dust samples (SOP1-8 and N93) are plotted. It indicates that the Q,,,s(1)/a spectra are
fitted within their estimated uncertainty (|R| < 1) approximately in the entire wavelength
range with significant absorbance (A > 0.01). Discrepancies between the experimental
and the fitted curves (|R| < 10) are obtained for 1 < 6-7 um and in few narrowbands
between 12 and 17 um, thereby in spectral regions where dust absorption is close to
zero. The set of 3N parameters estimated from the Q,,s(1)/a fits have been used to
calculate, by applying Egs. (5) and (8), the real (n) and the imaginary (k) parts of the
refractive index.

A sensitivity analysis was carried out in order to assign an uncertainty to the re-
trieved values of n and k, whose determination is based on a minimization procedure.
The sensitivity analysis is aimed at assessing how the uncertainties on the measured
Q.ps(4)/a affect the retrieved parameters. To this purpose, the values of n and k are
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also obtained by using as input the observed Q,.s(1)/a+ one standard deviation on
their measurement. The deviations of the values of n and k retrieved in the sensitivity
study with respect to those obtained in the first inversion are assumed to correspond
to the one standard deviation uncertainty. The results show the uncertainty is small
(< 1.5%, averaged over the whole spectral range) for the real part of the refractive
index, while more significant (< 25 %) for the imaginary part.

The obtained n and k for the five dust samples considered in this study are shown
in Fig. 6. As expected, the retrieved n and k reproduce well the features detected
in the absorbance spectra, both in terms of spectral signature and relative intensities
between the different samples. Evident is the contribution of clays, especially in the
8—12um and 17-25 um spectral intervals where multiple bands, reproducing the ab-
sorption due to kaolinite, illite, and smectite, are observed. The sharp transition from
low absorption outside these spectral ranges to the maxima absorption within them,
determines the largest variations of the refractive index. In the 8-12 um window, the
imaginary part rapidly increases from < 0.001 to peak values of 0.3-0.85, while the
real part ranges between 1.1 and 2.0. Above 17 um, k peaks at 0.45-1.0, and n varies
between 1.2 and 2.7. As for absorbance, refractive index data display a very weak
quartz signature, with the only exception of the 12—13 um band, where the absorption
of quartz induces an increase of k to values of ~ 0.09 for SOP1-8 and < 0.06 for the
other samples. The contribution of calcite to the refractive index of N93 is marked at
~7um (k ~ 0.07), while it is almost indistinguishable at ~ 11.4 um due to its superpo-
sition with clay bands. Also, a refractive index comparable to that of quartz and calcite
(k ~0.06-0.08) is observed at 14-16 um due to the combination of calcite, gypsum,
and iron oxides signatures.

A small red shift of less than 0.3 um (or 100m'1) is observed in correspondence of
the different refractive index peaks compared to the experimental absorption spectra.
This is possibly associated to the fact of using Mie theory to reproduce dust absorp-
tion in our retrieval algorithm. Our 10cm™" shift is however smaller compared to the
25-40cm™' Mie induced shift reported by several authors investigating the extinction
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spectra of several clay and non-clay dust constituent minerals (Hudson et al., 2008a
and 2008b; Laskina et al., 2012). This suggests the effect of shifting due to the use
of Mie theory to be partly mitigated when considering the extinction spectra of dust
particles instead of single minerals.

Our results show the dust refractive index to significantly vary in magnitude for the
five analysed samples. For instance, within main clay absorption bands we obtain for
N32 and N93 values of k which are 2—3 times larger compared to SOP1-8. Differences
up to 30—40 % are also observed for the real part in the considered cases. As discussed
in Sect. 5.1, this variability is linked to the variability of mineralogical composition and
size distribution observed for the different dust events. In conclusion, these results,
despite obtained considering aerosols from a limited number of sources from Western
Africa, appear rather significant as they clearly put in evidence the sensitivity of the
refractive index to the physico-chemical properties of dust particles.

5.3 Comparison with literature data and the OPAC database

The results of our analysis have been compared with other studies providing direct es-
timates (spectroscopy data on dust collected at different sites, i.e. Germany, Barbados,
Niger; Volz, 1972, and 1973; Fouquart et al., 1987), and mineralogy-based calculations
(Longtin et al., 1988) of the dust infrared refractive index, as well as syntheses of avail-
able literature data (Carlson and Benjamin, 1980; Sokolik et al., 1993). These studies
have been selected as they serve as the main basis for models for aerosol optical prop-
erties (e.g., Toon and Pollack, 1976; Shettle and Fenn, 1976 and 1979; WMO, 1986;
D’Almeida, 1991) and global aerosol databases, such as OPAC (Optical Properties of
Aerosols and Clouds; Hess et al., 1998), and GADS (Global Aerosol Data Set; Koepke
et al., 1997), all extensively used in a wide variety of radiative and climatological stud-
ies. Besides, the OPAC aerosol database plays a very important role in satellite remote
sensing as it is the most used reference for dust properties in the retrieval algorithms
of several sensors measuring in the thermal infrared (MODIS, SEVIRI, AVHRR, HIRS,
AIRS, IASI) (see Table 1 in Kluser et al., 2012). Owing to its widespread utilisation
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and relevance for atmospheric application, the complex refractive index of the desert
aerosol model from the OPAC database is also considered for comparison with our
results.

The results of the comparison are shown in Fig. 7. For both the real and the imag-
inary parts, our estimates of the dust refractive index fall, over the whole considered
spectrum, in the range of variability reported in literature data. For the imaginary part,
a similar spectral behaviour is observed in the 8-12 um window region between our
data and the different literature datasets, with the only exception of Longtin et al. (1988)
due to the large contribution of quartz in their calculations. The spectral signatures from
the different clay species appear smoothed in the curves taken from literature, where
only a major single peak between 9 and 10 um is observed, compared to our data,
where multiple clay peaks are detected in the 8—12 um spectral interval. The majority
of the different datasets presents the signature of calcite at ~ 7 um identified in the &
spectrum, also observed in our data for the N93 sample. Above 11-12 um, the imagi-
nary part of the refractive index obtained in this study is lower in magnitude compared
to most of literature data at nearly all spectral bands. For the real part of the refractive
index, a comparable spectral variability is obtained between our data and the different
literature datasets in the 2.5—17 um spectral range, also if a significant weaker variation
is observed for our results in the 8—12 um window. The best agreement, also in terms
of measured intensity, is found with the real part by Volz (1972) in the whole 8-25 um
interval. For literature data, and Longtin et al. (1988) in particular, a stronger contri-
bution of quartz is observed in both the real and the imaginary spectra, with strong
peaks detected at ~ 9.2, 12.5, 20 and 22 um. Furthermore, above 17 um the different
datasets, with the only exception of Fouquart et al. (1987) and in part Volz (1973), ap-
pear to mostly neglect the signatures of clays, which instead are observed to dominate
our n and k experimental curves.

For both the real and the imaginary parts, the ensemble of literature data and our
estimates are observed to span a relative large interval of values. This variability is
related, as a first hypothesis, to the fact that the different studies refer to dust from
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diverse source regions as well as to different stages of their atmospheric lifetime, thus
to particles characterized by a different composition and size distribution, so optical
properties. A large variability of the dust infrared refractive index has been also docu-
mented by Patterson et al. (1981) and Otto et al. (2007), who compiled literature data
from additional studies. For instance, for the imaginary part they reported a range of
values spanning the interval 0.02—1.0 at 8—12 um, comparable to that in Fig. 8. Thus,
the comparison between our results and literature data confirms the large variability
of the complex refractive index associated with the variability of dust physico-chemical
properties.

As discussed by Sokolik et al. (1993), however, differences between the various
datasets might be associated not only to the specific physico-chemical state of parti-
cles, but also with uncertainties due to using different methods in estimating the dust
refractive index. This is, for instance, the case when comparing our data with those
by Volz (1972) and (1973). In these studies the real and imaginary parts of the dust
refractive index were derived by two different measurements: the imaginary part using
transmission measurements and the real part using reflectance measurements, both
with the standard pellet technique. For the imaginary part, the transmission spectra
inversion was performed by applying a method which is mostly consistent with our ap-
proach, and this also explains the good comparison with our data for k. For the real
part they inversed the reflectance spectra by combining the specular reflectance law
and the previous estimated imaginary part of the refractive index. We found, however,
that by following this procedure they obtained real and imaginary parts of the refrac-
tive index which do not verify the Kramers—Kronig relationship, and this explains why
there is a larger disagreement with our results especially in the 8—12 pm window for n.
Similar considerations are valid also for Carlson and Benjamin (1980) and OPAC data.
This also implies that caution has to be used when making use of these refractive index
data as, from a theoretical point of view, they result incorrect.
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6 Infrared intensive optical properties of mineral dust
6.1 Sensitivity to refractive index and size distribution

Intensive optical properties relevant to radiative transfer (mass extinction efficiency,
Ko, M2g~"; single scattering albedo, ®; asymmetry factor, g), have been calculated
for the five analysed dust samples based on their estimated complex refractive index
and measured particle size distribution.

Two sets of kg, ®, and g have been computed: (i) at first, calculations have been
performed by considering for the different samples their own complex refractive index,
while fixing a unique size distribution for all the cases (i.e., the mean_B average size
distribution shown in Fig. 1). This permits to focus exclusively on the effect of refractive
index variability on the estimated properties; (ii) as a second approach, kg, @, and g
have been calculated by taking into account for the own dust sample complex refractive
index and size distribution. In this case, the combined effect of refractive index and size
distribution variability will emerge from the results. In this study, we have decided to
neglect the effect of particle shape (e.g., Kalashnikova and Sokolik, 2002; Nousiainien
et al., 2009), and dust optical calculations have been performed using Mie theory for
spherical particles. The ensemble of calculated dust optical properties is reported in
Fig. 8. By comparison, also the spectral optical properties obtained using the OPAC
refractive index, calculated considering the mean_B size distribution, are shown in the
plot.

We consider at first data obtained for the fixed dust size distribution (Fig. 8a). Cal-
culated optical properties, k. and @ in particular, follow the spectral signature and
variability of the complex refractive index, with the strongest absorption observed in
the window region and at wavelengths > 17 pm. kg,; and @ vary in the range ~ 0.05—
0.25 and ~ 0.25-1.0, respectively. The asymmetry factor is observed to decrease ap-
proximately linearly with 1 for all the samples, with values ranging from a maximum
of ~0.75 at 2.5 um to a minimum of 0.25 at 25 um. Moderate differences are obtained
between the different samples for k., and g, while larger variations are observed for @,
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especially below 10 um and in the range 12—-23 um. In comparison to our data, the cal-
culation based on the OPAC refractive index appear to overestimate dust extinction (up
to 0.1 m? g‘1 increase), especially at 9—10 um, mainly due to the stronger contribution
of scattering for the OPAC real refractive index, and at 12—14 um, in correspondence
of the quartz band. Absorption from OPAC is considerably larger than our estimates at
the 2.5-8 um and 11-17 um spectral ranges, with differences in ® reaching up to 0.6
at several bands. An underestimation of the dust absorption is observed in the win-
dow region between 9 and 10 um, with differences in ® up to 0.15. When looking at
the asymmetry factor, OPAC calculations appear quite in agreement with our results in
reproducing the magnitude and the spectral decrease of g.

Differences between the different samples, and also between our samples and
OPAC, considerably increase when the own size distribution for each case is taken into
account (Fig. 8b). kg, ®, and g vary in this case in the range ~ 0.05-0.35, ~ 0.25-
1.0, and ~ 0.05-0.75, respectively. The largest differences, compared to the results
of Fig. 9a, are obtained for N93, due to the combination of a relatively high refractive
index and a strong fraction of coarse particles for this sample. Also for SOP1-17 signif-
icant differences can be observed, especially at ~ 10 um and for wavelengths < 6 pm,
mainly due to the dominant mode of particles at 5 um in its size distribution. SOP1-8,
although very rich in coarse particles, presents, in a wide spectral range, the lowest Ag,;
and highest @ (i.e., less absorption), and this is caused by the very low values of the
refractive index measured for this sample compared to the other dust cases. However,
for SOP1-8 sample the effect of having a dominant mode of coarse particles strongly
influences g, for which the largest values are obtained.

The comparison of our results with those obtained in other studies is very difficult
due to the large variety of refractive index and size distribution data used in the litera-
ture. McConnell et al. (2010), for instance, have estimated intensive optical properties
in the spectral range 0.2—10 um for Western Saharan dust aerosols based on internal
and external mineralogy based calculations of the refractive index and aircraft in situ
measurements of the particles size distribution. Our results (Fig. 8a) for both kg, and
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g appear in reasonable agreement (less than about 0.05 absolute difference in mean)
with the estimates by McConnell et al. (2010), while lower values (up to 0.2 absolute
value difference) are obtained in our study for the single scattering albedo in the win-
dow region. In another study, Hansell et al. (2011) have analysed the variability of kg
as a function of the physico-chemical properties of dust, therefore by testing a large
number of models for refractive index and particle size distribution. Their results span
a relatively extended interval, with k. in the 8-12.5um spectral region varying be-
tween about 0 and 1.2 m? g'1. Our results fall in the range of variability reported in that
study. Hansell et al. (2011) have also shown that the differences in k,,; due to the vari-
ability of the refractive index and size, may significantly amplify when the effect of the
shape of particles is considered in the optical calculations. This aspect deserves to be
accounted for in future investigations.

6.2 Implications for satellite remote sensing

The possible impact of the variability of the dust infrared optical properties on the bands
used for satellite retrievals has been investigated. The main information used by the
different satellite inversion algorithms to estimate various dust parameters, such as
optical depth at 10 um, altitude, or effective radius, is the priori estimate of its spectral
infrared optical depth (e.g., Pierangelo et al., 2004; Kluser et al., 2011 and 2012).
Therefore, to test the satellite sensitivity to dust properties we have focused on the
differences between our estimates of k,,; and those based on the OPAC model in the
window spectral region. The variability of the spectral mass extinction coefficient is, in
fact, proportional to the variability of the aerosols spectral optical depth. The calculated
Koyt In the 8—12.5um range is shown in Fig. 9, where also the main bands for dust
retrieval in the thermal infrared from the AIRS and IASI satellites are reported. In most
of cases, with the exception of the channels at ~ 8 um, the OPAC k,,; is observed
to fall approximately at the mean of the ensemble of values estimated in this study.
A disagreement up to 0.1 m? g‘1 , corresponding to 50—-100 % of the OPAC k,; absolute
value, is observed with respect to the minimum and maximum of k., for our samples in
10625
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correspondence of the different AIRS and IASI bands. Considerable differences in term
of spectral variation are also obtained between the OPAC and our experimental kg,
especially in the 8.5-10 and 11-12.5 um regions. The results of this simple comparison
suggest that the fact of not taking into account the variability of dust properties, i.e.
using the OPAC model in satellite inversion algorithms, is expected to possibly induce
a significant source of uncertainty on the dust retrievals.

Dust absorption also affects the satellite retrieval of key land and atmospheric param-
eters. In Fig. 9, for instance, we also report the two MODIS thermal infrared broadband
channels, the 31 and 32 centred at 11 and 12 um, used to estimate the Sea Surface
Temperature (SST). The retrieval scheme for SST uses the estimated brightness tem-
perature at the two channels (BT;; and BT;,), as well as their calculated difference
(BT4; — BT45). The absolute value and spectral variations of kg, affect both quantities.
The dust effect on the retrieval of BTy and BT, has been reported by several au-
thors to be one of the causes for the observed bias between satellite derived SST and
surface measurements (e.g., May et al., 1992; Chan and Gao, 2005; Merchant et al.,
2006). The OPAC model is not able to reproduce the variability of the kg, both in terms
of absolute intensity and spectral changes, therefore contributing to the uncertainties
in SST estimations. For example, the integrated area of k., over the 11 and 12pum
MODIS bands is 0.089 and 0.087 for OPAC, compared to 0.123 and 0.110 for the esti-
mated maxima values of k., at the bands, and 0.067 and 0.054 for the corresponding
ket Maxima. These results indicate that, with respect to our data, OPAC may underesti-
mate, approximately by a factor 2 and an order of magnitude, respectively, the absolute
intensity and the spectral variability of the dust signature at the 11 and 12 um bands,
therefore contributing to the uncertainties on SST estimations.

6.3 Implications for dust radiative forcing

Ky data can be also used to provide with a first guess approximation of the dust in-
frared radiative forcing sensitivity to dust properties. To that we have decided to focus
on the forcing efficiency (FE, Wm™2 1'1) which is the key parameter describing the
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aerosol radiative effect. FE is defined as the ratio between the radiative forcing, gen-
erally calculated over the whole solar or infrared broadband ranges, and the aerosol
optical depth, usually taken at visible wavelengths. The calculation of the forcing effi-
ciency with respect to the optical depth at another wavelength 1, (FE /11) to that in the
visible (FE,;s), can be performed through the relation:

’[ .
FE,, = FEviS%. )

’11
The % term is a non linear function of the aerosol size and refractive index, and may

strongly l/ary as a function of the intensity of absorption bands at infrared wavelengths.
Here we want to test the changes in the dust infrared FE when this is calculated with re-
spect to the optical depth at 8, 10, and 12 um. For the dust infrared forcing efficiency, we
have taken as a reference the mean of the cloud-free FE,;s values reported by Brind-
ley and Russel (2009) at the top of the atmosphere (TOA) for North Africa (~ 15 Wm™
(’l'_1 )o.s5um)- Calculations of FEg m, FE4o,m, and FE,,,, have been performed for sam-
ples SOP0-47, N32, and N93, for which measurements of the optical depth at 0.50 pm,
i.e. the 7,j5, were available from AERONET data at the stations. The optical depth at 8,
10, and 12 um for SOP0-47, N32, and N93 has been calculated as the product between
Koyt (Fig. 9, dashed curves) and the column dust load, DL (g m’z) estimated for each
case. DL has been retrieved as the ratio of the measured 7, 50,m and the (Keyt)o 50um
which has been calculated with the Mie theory considering the measured dust size
distribution and assuming a particle refractive index at 0.50 um of 1.53 - 0.002/. The
obtained 7g,m, T1oum, @and 745,m and associated FE are reported in Table 4. The dust
optical depth at infrared wavelengths varies between a minimum of 0.10 to a maximum
of 0.92, with resultant 7, 59,m 10 Tgym, T1oum, @nd Ty, ratios between 1.4 and 3.6.
The calculated FEg,,, FE4o,m, and FEq,,, are thus up to more than three times larger
than FEq 50,m, With an estimated maximum of 54.0Wm~2 77" The forcing efficiency
shows significant variations as a function of the wavelength, as well as an important
sensitivity to the variability in the optical properties of dust. Differences of the FE for the
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three cases are relatively small at 10 pm (~2-4Wm™2 77", corresponding to 9-18 %
difference), and increases at 8 and 12 um (up to ~ 10-12Wm=2 777, corresponding to
about 30 % difference). Hence, these results underline the significant role of the optical
properties in modulating the infrared radiative impact of dust.

7 Conclusions

In this paper we have presented new experimental estimates of the infrared complex
refractive index of African mineral dust. The particle refractive index has been derived
from laboratory transmission spectra (2.5-25um) by applying a retrieval algorithm
which combines Mie and Lorentz dispersion theories. Spectroscopy measurements
have been performed on five natural dust samples collected at the sites of Banizoum-
bou (Niger) and Tamanrasset (Algeria) during the AMMA campaign in 2006 and which
originated in different Western Saharan and Sahelian source regions. Co-located in
situ measurements of the dust size distribution and laboratory analyses of particle min-
eralogy have been considered together with spectroscopy data in order to relate the
spectral features of the refractive index to the physico-chemical properties of particles.
The main results of our study may be summarized as follows:

1. For all the different samples, the measured dust absorption spectra and estimated
complex refractive index are strongly sensitive to the mineralogical composition of
particles. The main features of the different spectra follow the signatures of clay
species (kaolinite, illite, smectite), with the largest absorption bands observed in
the 8-12um and 17-25 pm spectral regions. In the 8-12 um window, the imag-
inary part rapidly increases from < 0.001 to peak values of 0.3—0.85, while the
real part ranges between 1.1 and 2.0. Above 17 um, k peaks at 0.45-1.0, and
n varies between 1.2 and 2.7. Absorption by quartz and other minor minerals,
such as Ca-rich species, arises only when the clay signature becomes very low.
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Absorption by iron oxides is observed to be almost negligible, in contrast with its
crucial role at solar wavelengths (Sokolik and Toon, 1999).

. Our results show the dust refractive index to significantly vary in magnitude for

the five analysed cases. Differences between maxima and minima values within
main absorption bands for the different samples may reach 1.0 for n and 0.6 for
k, corresponding to ~ 40 % variability for n and changes of a factor 2-3 for k.
The variability of n and k is linked to the variability of particle mineralogy, mainly
clay amount and speciation, and size distribution, in particular the coarse fraction,
observed for the different dust events.

. The results of this study have been compared with other direct spectroscopy es-

timates and indirect calculations of the infrared refractive index available in the
literature and corresponding to dust collected both close to their source regions
and along their atmospheric transport. The comparison indicates the results of
our study and literature data to be comparable in magnitude. However, when re-
lated to our results, literature data appear to fail in reproducing the signatures of
main minerals, in particular clays and quartz. We also found that the real and the
imaginary parts of the refractive index from considered literature studies do not al-
ways verify Kramers—Kronig relations, thus resulting theoretically inaccurate. The
comparison between our results, from Western Africa, and literature data, from
different locations in Europe, Africa, and the Caribbean, nonetheless, confirms
the expected large spatio-temporal variability of the infrared refractive index of
dust, thus highlighting the necessity for an extended systematic investigation.

. Aerosol intensive optical properties relevant to radiative transfer (kq,;, ®, g), have

been calculated for the five analysed dust samples based on their estimated

complex refractive index and measured particle size distribution. Results indicate

a strong sample-to-sample variability for dust infrared optical properties, with k.,

®, and g varying in the range 0.05-0.35, 0.25-1.0, and 0.05-0.75, respectively,

due to the combined changes of both the refractive index and size distribution for
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the different samples. This observed variability has been tested to possibly have
an impact on satellite retrievals and dust radiative forcing in the thermal infrared.
For instance, in terms of radiative effect, the changes in k., may determine up to
~10Wm™=2 77" variability in the dust infrared forcing efficiency.

Spectral complex refractive index data obtained in this study are made available as
Supplement to this paper for use in remote sensing and radiative transfer calculations.

Appendix A

Estimation of dust mineralogical composition

Starting from the measurements described in Sect. 3.2 (WD-XRF, XRD, CBD, XANES,
and EXAFS), the mineralogical composition of the different dust samples has been
estimated through the following procedure.

At first, the Total Dust Mass (TDM) collected on the filters has been determined.
For samples SOP0—47, SOP1-8, and SOP1-17, the TDM has been obtained directly
from an on-line Tapering Element Oscillating Microbalance (TEOM, model 1400a, Rup-
precht and Patashnick Albany, USA; 5% uncertainty) available at Banizoumbou (Ra-
jot et al., 2008). These measurements were not available at Tamanrasset. Another
possible approach to estimate the TDM consists in calculating it based on the XRF
measured elemental composition. XRF analysis was not possible on N32 and N93
samples due to the high amount of dust particles deposited on the filters. We there-
fore considered four filters sampled immediately before and after the N32 and N93
events. For these filters, for which elemental composition was available from XRF
analysis, the TDM was estimated as described in Formenti et al. (2014). Co-located
Level 2.0 AERONET measurements at 0.50 um obtained at Tamanrasset (Cuesta et al.,
2008) allowed the estimation of an average aerosol optical depth (7) for these cases.
A linear relationship (y = bx) between TDM and T can be established for these filters
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(F.’2 =0.87) with b = (3122 + 367) ug. The obtained b has been then used, together
with the measured 7 (see Table 1), to extrapolate the TDM for the N32 and N93 events.
The uncertainty on the obtained TDM is ~ 12 %. This procedure for the estimation of
the TDM assumes the existence of a proportionality relation between the dust mass
(sampled at the ground) and the aerosol optical depth (measured over the whole at-
mospheric column). This hypothesis can be considered valid at Tamanrasset where
the distribution of dust particles has been observed to be generally uniform within the
so called Saharan Atmospheric Boundary Layer, SABL (from a maximum altitude of
~ 6km down to the ground) (Cuesta et al., 2008 and 2009b). CALIPSO lidar transects
(http://www-calipso.larc.nasa.gov/products/lidar) passing very close to Tamanrasset in
correspondence with the two considered dust events also confirms this assumption.

As a second step, the apportionment of the TDM between the different minerals has
been evaluated in the following way:

1. the mass of quartz (with an uncertainty of +£3 %), Ca-rich species (calcite, £3 %,
dolomite, £10%, gypsum, +5%), and feldspars (orthose, +7 %, albite, £2 %)
have been estimated, both for the Banizoumbou and the Tamanrasset sam-
ples, from XRD analysis by applying the calibration coefficient reported in Klaver
et al. (2011) and Formenti et al. (2014);

2. the mass of iron oxides has been obtained from CBD (+10 %) for the SOP0—47,
SOP1-8, and SOP1-17. For the N32 and N93 cases, instead, the iron oxide con-
tent has been estimated from the elemental Fe assuming the ratio between the
iron in the form of oxide and the total elemental Fe to be 0.59 (Formenti et al.,
2008). The Fe content of the N32 and N93 events has been calculated with a pro-
cedure similar to that used for TDM, i.e. by performing a linear fit (y = dx) of the
measured Fe and 7 for the four dust samples obtained before and after the two
considered events. The result in this case is d = (142 + 18) ug, with a correlation
R? =0.87. The uncertainty on the iron oxide content estimated through this pro-
cedure is ~ 12%. For SOP1-17 sample only, the speciation between hematite
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and goethite has been also determined through XANES and EXAFS analyses
(Formenti et al., 2014);

3. the mass of clays (kaolinite, illite, smectite, chlorite), which cannot be directly de-
termined from XRD data due to the absence of appropriated calibration standards
for these components, has been estimated as the difference between TDM and
the total mass of quartz, Ca-rich species, feldspars, and iron oxides. The mass
apportionment between the different clays species can be performed when only
kaolinite (K) and illite (I) are present. In this case the mass of the two clays can
be separated by the knowledge of their ratio 1/K, as estimated by Caquineau
et al. (2002). For SOP0-47, SOP1-8, and SOP1-17, the I/K ratio was set at
0.1. For the N32 and N93 samples, instead, also smectite was detected in XRD
spectra and the mass apportionment between the different clay species cannot
be done. The uncertainty on the estimated total clay mass, calculated with the
error propagation formula considering the uncertainties on TDM and the other
identified mineral species, varies between 8 and 20 %.

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/14/10597/2014/
acpd-14-10597-2014-supplement.zip.
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Table 1. Main characteristics of the five dust cases selected in this study: the sample ID, the &
measurement site, the date and time of beginning and end of the observed dust event, the as-
sociated filter sampling time interval within the event, and the identified dust source region. The & )
. 2 S Title Page ‘
mean aerosol optical depth (7) at 0.50 pm and the Angstrom exponent (a, calculated between =
: A : e S
0.44 and 0.87 um) obtained from AERONET.measurements during filter sampling for the differ = Abstract Introduction
ent cases are also reported; no data are available for the SOP1-8, when the solar zenith angle @
at the start of the sampling was > 70°, and for the SOP1-17, which corresponds to nighttime
data.
:
Sample ID  Measurement site  Dust event period: Dust sampling period within the event:  Dust source To.50um Q0.44-0.87ym 0 ]
beginning—end (date and time in UT) beginning—end (date and time in UT) (from AERONET) (from AERONET) (@)
SOP0-47  Banizoumbou 9 Feb 2006 01:50-10 Feb 2006 02:20 9 Feb 2006 09:28-9 Feb 2006 16:32 Algeria-Niger and Mali-Niger  0.52 0.15 % — “
frontier areas 7))
SOP1-8 Banizoumbou 4 Jun 2006 16:52—4 Jun 2006 17:36 4 Jun 2006 16:52—4 Jun 2006 17:36 Local erosion event - = 6
SOP1-17 _ Banizoumbou 8 Jun 2006 22:33-9 Jun 2006 06:40 8 Jun 2006 22:33-9 Jun 2006 06:40 _ Local erosion event - - = _ —
N32 Tamanrasset 21 Jul 2006 ~ 21:00-27 Jul 2006 ~ 18:00 23 Jul 2006 09:55-24 Jul 2006 11:41  Eastern part of the 1.30 0.06 ;)U
Algeria-Niger frontier area o]
N93 Tamanrasset 5 Oct 2006 ~ 00:00-07 Oct 2006 ~ 12:00 5 Oct 2006 13:09-7 Oct 2006 10:40 Algerian Atlas 0.48 0.1 2
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Table 2. Mineralogical composition (% by mass) of the five samples from the Banizoumbou
and the Tamanrasset sites. The estimated uncertainties associated to the identification of the
different mineral species are: clays (£8-20 %), quartz (+3 %), calcite (£3 %), dolomite (£10 %),
gypsum (+5 %), orthose (+£7 %), albite (£2 %), iron oxides (£10-12 %).

Sample ID | Clays | Quartz | Ca-rich | Feldspars | Iron Oxides

| Kaolinite | lllite | Smectite | | Calcite | Dolomite | Gypsum | Orthose | Albite | Hematite | Goethite
SOP0-47 | 81% | 8% | ND 6% |ND [<1% [<1% |<1% [<1% | 4%
SOP1-8 | 47% | 5% | ND | 40% | ND | ND IND 3% |<1%| 4%
SOP1-17 | 80% | 8% | ND |6% |ND | ND IND  |<1% |ND [1% | 4%
N32 \ 90% (clays) 5% | <1% |ND | <1% [ <1% | <1% | 4%
N93 \ 67 % (clays) |17% [6% | ND 16% | <1% |<1% | 4%

ND = Not Detected.
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Table 3. Position of main detected dust infrared band peaks with associated mineral species

and transition assignment.

Wavelength (um)

Wavenumber (cm'1)

Mineral specie

Assignment

2.7
2.76
7.0
8.8
9.0
9.2
9.7
9.9
10.9
11.4
12,5
12.9
18.8
19.3
21.4
23.1

3700
3620
1431
1135
1117
1092
1035
1008
914
876
800
777
533
519
468
433

kaolinite

kaolinite

calcite

gypsum

kaolinite, smectite
quartz

illite, kaolinite, smectite
kaolinite

kaolinite

calcite

quartz

quartz

kaolinite

illite, smectite

illite, kaolinite, smectite
illite, kaolinite

OH stretching

OH stretching
(003)2' stretching
SO, stretching
Si-O stretching
Si-O stretching
Si-O stretching
Si-O stretching
Al-OH deformation
C-O stretching

Si-O bending

Si-O bending

Fe-O, Fe, 04, Si-O-Al stretching
Al-O-Si deformation
Si-O-Si bending
Si-O deformation
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Table 4. Estimated dust optical depth and TOA forcing efficiency (FE, Wm™ 1_1) at 8, 10, and
12 um for the SOP0-47, N32, and N93 cases (see text for details). The measured 7 at 0.50 um
from AERONET is also reported.

8um 10 um 12um
Tosoum (from AERONET) 75,  FEgym  Tioum  FEiopm  Ti2um  FEizum
SOP0—-47 0.52 0.18 42.6 0.31 25.1 0.20 39.8
N32 1.30 0.36 54.0 092 212 0.48 40.8
N93 0.48 0.17 43.2 0.31 23.1 0.23 31.1
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o
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Fig. 1. Particle number (dN/dlog D) and volume (dV/dlog D) size distributions (normalized with
respect to the total number and total volume of particles, respectively) obtained for the five
selected dust events. The dots indicate the GRIMM measured values, while the lines are the
multimodal lognormal fits data. Black and grey dashed lines are the averages of the volume size
distributions for the five samples obtained including (mean_A, black dashed line) and excluding
(mean_B, grey dashed line) the largest mode at ~ 25 um for N32 and N93 samples. The legend
in bottom panel identifies the line styles used in the plot.
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Fig. 2. Absorbance spectra measured in the spectral range 2.5-25 pum for the five different dust
samples. The legend identifies the line styles used in the plot.
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Fig. 3. Real (n) and imaginary (k) parts of the complex refractive index in the spectral range
2.5-25 ym for individual minerals composing dust. References for the plotted curves are: kaoli- Full Screen / Esc
nite (Glotch et al., 2007); illite (Querry, 1987); montmorillonite (a mineral of the smectite family,
taken here as representative for this clay species) (Glotch et al., 2007); quartz (Peterson and
Weimnman, 1969); calcite (Querry et al., 1978; Long et al., 1993); dolomite (Querry, 1987); gyp-
sum (Long et al., 1993); hematite (Marra et al., 2005); goethite (Glotch and Rossman, 2009).
No literature data are available for feldspars (orthose and albite) at infrared wavelengths. The
colour code used for the different minerals is indicated in the legend.
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Fig. 4. Comparison between the experimental Qs(1)/a (cm‘1) spectra (black curves) and the
theoretical ones obtained from the nonlinear fitting procedure (yellow curves). The line styles
used in the plot and the number of oscillators for each fit are also indicated in the legend.
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Fig. 5. Residuals (R = (e’;p—_ﬁt)) of the fit normalized by the measurement errors calculated for
exp

SOP1-8 and N93. In the residual calculation, exp is the experimental Q,.(1)/a, while fit is
the Q4,s(1)/a obtained from the fitting procedure. The measurement error, o,,,, is 6.4 % for
SOP1-8 and 5.9 % for N93. Red lines indicate the +1 interval.
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Fig. 7. Comparison of our results with other direct and indirect estimates of the dust refractive
index as reported in the literature. The plot reports the real and the imaginary parts of the re-
fractive index for: 1. Volz (1972) (indicated as VO72 in the plot): rainout dust aerosols collected
in Germany and composed of a mixture of soil particles, fly ashes, and pollen (spectroscopy
method; also used as the “dust-like” model in Shettle and Fenn, 1979); 2. Volz (1973) (indi-
cated as VO73): Saharan dust collected at Barbados, West Indies (spectroscopy method); 3.
Fouquart et al. (1987) (indicated as FO87): Saharan sand collected at Niamey, Niger (spec-
troscopy method); 4. Carlson and Benjamin, (1980), Sokolik et al. (1993) (indicated as CA80):
mineral dust model, as used in the OPAC and GADS databases (based on a synthesis of mea-
surements on Saharan dust or generally on desert aerosols); 5. Longtin et al. (1988) (indicated
as LO88): dust sand, i.e. modelled as an internal mixture of hematite (10 % by volume) and
quartz. In the internal mixing hypothesis the dust refractive index is calculated as the volume
average of the refractive indices of individual minerals; 6. OPAC desert model: modelled as an
internal mixture of a water soluble component at 80 % relative humidity (5 % by volume), and
mineral dust in nucleation (3 % by volume), accumulation (72 % by volume), and coarse (20 %
by volume) modes (Hess et al., 1998), where dust refractive index for the three modes is that
reported in curve 4 for the mineral dust model. The region in blue in the plot indicates the range
of variability of the results of this study. The legend in bottom panel identifies the line styles
used in the plot for literature data.
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Fig. 8. Mass extinction efficiency (ko, m“g™~ '), single scattering albedo (@), and asymmetry =
factor (g) computed with the Mie theory between 2.5 and 25 um for the five analysed dustcases. &

Calculations have been performed by considering for each sample the estimated refractive and
(a) the same size distributions for the five cases, i.e. the mean_B reported in Fig. 1, or (b) the Full Screen / Esc
own size distribution measured in correspondence of each sample. By comparison, also the
spectral optical properties obtained using the OPAC refractive index, calculated considering
the mean_B size distribution, are shown in the plot. The legend in top left panel identifies the
line styles used in the plot.
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Fig. 9. Mass extinction efficiency (k.,, m°g~") calculated for the five dust cases in the 7.5—
12.5 um spectral range. Continuous and dashed lines are plotted as in Fig. 9. Vertical lines and
the two shaded areas refers to the following different satellite remote sensing channels: (grey
dashed lines) six AIRS channels for dust retrieval in the thermal infrared (8.10, 8.15, 9.31,
10.36, 11.48, 11.86); (black dashed line) IASI channel for dust optical depth retrieval at 10 um;
(grey shaded areas) the two MODIS broadband channels (10.78-11.28 and 11.77-12.27 um)
used for Sea Surface Temperature (SST) estimation.
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