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Abstract. Millions of tons of mineral dust are lifted by the
wind from arid surfaces and transported around the globe ev-
ery year. The physical and chemical properties of the min-
eral dust are needed to better constrain remote sensing ob-
servations and are of fundamental importance for the under-
standing of dust atmospheric processes. Ground-based in situ
measurements and in situ filter collection of Saharan dust
were obtained during the Fennec campaign in the central
Sahara in 2011. This paper presents results of the absorp-
tion and scattering coefficients, and hence single scattering
albedo (SSA), of the Saharan dust measured in real time dur-
ing the last period of the campaign and subsequent labora-
tory analysis of the dust samples collected in two supersites,
SS1 and SS2, in Algeria and in Mauritania, respectively. The
samples were taken to the laboratory, where their size and as-
pect ratio distributions, mean chemical composition, spectral
mass absorption efficiency, and spectral imaginary refractive
index were obtained from the ultraviolet (UV) to the near-
infrared (NIR) wavelengths. At SS1 in Algeria, the time se-
ries of the scattering coefficients during the period of the
campaign show dust events exceeding 3500 Mm ™", and a rel-

atively high mean SSA of 0.995 at 670 nm was observed at
this site. The laboratory results show for the fine particle size
distributions (particles diameter < Sum and mode diameter at
2-3 um) in both sites a spectral dependence of the imaginary
part of the refractive index Im(m) with a bow-like shape,
with increased absorption in UV as well as in the short-
wave infrared. The same signature was not observed, how-
ever, in the mixed particle size distribution (particle diame-
ter < 10 um and mode diameter at 4 um) in Algeria. /m(m)
was found to range from 0.011 to 0.0011i for dust collected in
Algeria and 0.008 to 0.002i for dust collected in Mauritania
over the wavelength range of 350-2500 nm. Differences in
the mean elemental composition of the dust collected in the
supersites in Algeria and in Mauritania and between fine and
mixed particle size distributions were observed from EDXRF
measurements, although those differences cannot be used to
explain the optical properties variability between the sam-
ples. Finally, particles with low-density typically larger than
10 um in diameter were found in some of the samples col-
lected at the supersite in Mauritania, but these low-density
particles were not observed in Algeria.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Mineral dust originating from deserts and other arid surfaces
is one of the most abundant aerosols in the atmosphere. Ac-
cording to Boucher et al. (2013), dust corresponds to 35 %
of the total continental aerosol mass of particles with diam-
eter smaller than 10 um. Roughly half of all aerosols above
North America are dust particles that have been transported
from other continents (Yu et al., 2012). Dust has a signif-
icant direct radiative effect on the Earth’s energy balance,
which likely acts globally to cool the planet. Regionally, be-
cause aerosol forcing depends on the brightness of the un-
derlying surface, over the Sahara itself dust imposes a pos-
itive radiative forcing primarily through longwave warm-
ing (Miller et al., 2014). Depending on the fraction of the
dust contributed by anthropogenic sources, the direct ra-
diative forcing exerted on the climate system is estimated
at —0.1 (—0.3 to +0.1) W m~2 (Boucher et al., 2013). To put
that in perspective, the total radiative forcing exerted by all
aerosols is estimated to be —0.45 (—0.95 to +0.05) W m 2
(Boucher et al., 2013). Recently, Kok et al. (2017) noted that
the global dust cooling effect would likely be smaller if the
coarse mode of dust particles were better represented in cli-
mate models. Dust also plays a role in cloud microphysics,
acting as ice nuclei and thereby influencing cloud develop-
ment and subsequently ice cloud radiative effects and pre-
cipitation characteristics (Atkinson et al., 2013; Prenni et al.,
2009). In addition to their effects on Earth’s energy balance
and water cycle, the transport of mineral dust particles is
known to be important for biological productivity in ocean
regions (Mahowald et al., 2009). Dust particles contain iron
and phosphorous, and when these nutrients are bioavailable
and dust is deposited into the ocean, phytoplankton use these
nutrients in photosynthetic activity (Jickells et al., 2005; Ma-
howald et al., 2008, 2009; Johnson and Meskhidze, 2013).
Likewise, dust is known to bring important nutrients to the
Amazon (Swap et al., 1992; Bristow et al., 2010; Rizzo et al.,
2013; Yu et al., 2015). Long distance transport of dust con-
tributes to air quality degradation (Yu et al., 2013; Pros-
pero et al., 2014) and may be a means for intercontinen-
tal transport of biological and disease agents (Smith et al.,
2012; Molesworth et al., 2002). The Sahara desert is the main
source of dust globally, contributing more than half of all
global emissions, with an estimated amount of 182 milliont
of dust carried across the western edge of the Sahara each
year (Chin et al., 2009; Yu et al., 2015).

While we expect Saharan dust to affect Earth’s climate
system and biogeochemical cycles, quantifying the effect is
still highly uncertain. Uncertainties are large because, lack-
ing strong observational constraints, diversity between model
estimates of key aerosol properties and processes is large.
For example, comparisons between different models show
high variability in the prediction of the most straightforward
aerosol property, total aerosol mass (Textor et al., 2006).
This variability grows even higher when a specific type of
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aerosol is considered. For instance, for dust aerosols, models
show a range in simulated atmospheric loading by a factor
of 4 and a range of simulated emissions of nearly a factor
of 10 (Huneeus et al., 2011). A large part of this variabil-
ity among various models predictions is associated with dif-
ferences in the parameters used to describe emission, trans-
port, and optical and microphysical properties of the aerosols
(Textor et al., 2006). Observational constraints on Saharan
dust are still too poor to bound estimates of the parame-
ters necessary for quantitative determination of dust climate
forcing and potential for fertilization of ecosystems. These
parameters include dust emissions, lofting, transport, depo-
sition, composition, microphysical, and optical properties.
Specifically, while models have been constrained over the
past 15 years by global measures of aerosol optical thickness
(AOT) made by a constellation of satellite sensors (Leno-
ble et al., 2013), translating from the observed optical loading
to a mass loading requires knowledge of the microphysical
and optical properties of each individual aerosol type, and
satellite sensors are incapable of providing this information.

The project “Fennec — The Saharan Climate System”
was conducted by a consortium of universities in France,
UK, and USA in 2011 (Washington et al., 2012). This
project joined efforts to address open questions on atmo-
spheric processes in central Sahara. Combining aircraft (Ry-
der et al., 2013a, 2015), ground-based (Marsham et al., 2013;
Todd et al., 2013; Hobby et al., 2013; Allen et al., 2013),
modeling, and/or satellite observations (Banks et al., 2013;
Chaboureau et al., 2016), the Fennec project successfully ob-
tained a broad data set of meteorological conditions, atmo-
spheric dynamics and structure, as well as dust emission and
transport mechanisms for the central Saharan region (Wash-
ington et al., 2012).

The present study focuses on the ground-based measure-
ments of the dust optical properties obtained using a custom-
made inverse integrated nephelometer and optical reflec-
tometer developed by the Laboratory of Aerosol, Clouds
and Optics (LACO) at University of Maryland, Baltimore
County (UMBC) and subsequent detailed laboratory anal-
yses of the samples collected by the LACO aerosol sam-
pling stations during the Fennec campaign. The in situ mea-
surements were taken during the intensive observation pe-
riod, from the end of May through June 2011. The LACO-
UMBC instruments were deployed in two locations: Super-
site 1 (SS1) in Bordj Badji Mokhtar (BBM), southern Alge-
ria, and a small village called Bir Moghrein near the Fennec
Supersite 2 (SS2) in Zouérat, Mauritania. The instruments
in both locations were operated by the Office National de la
Meteorologie (ONM) of Algeria and Mauritania with remote
assistance from the Fennec team.

In situ measurements of Saharan dust were complemented
with laboratory analyses for the characterization of their op-
tical properties using the methods presented in Martins et al.
(2009), Rocha-Lima et al. (2014), and Rocha-Lima (2015).
Size and aspect ratio distributions of the dust particles were
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obtained by scanning electron microscopy (SEM). Spectral
optical reflectance measurements from the ultraviolet (UV)
to the near-infrared (NIR) wavelengths were obtained for
each sample and the mean mass absorption efficiency and the
imaginary part of the refractive index were derived for dust
collected on filters at both supersites. The elemental compo-
sition of the dust samples was obtained by energy dispersive
X-ray fluorescence analysis (EDXRF). Finally, our optical
measurements were compared with a collocated AERONET
sun photometer in the main Supersite-1 in Algeria, when data
were available.

The next section places Fennec and the measurements pre-
sented here in context by providing a general background
of previous campaigns and measurements of dust in and
near the western Sahara. Section 3 describes the sites where
Fennec measurements were taken and the LACO-UMBC
ground-based instruments deployed during the Fennec cam-
paign. Section 4 presents the time series of the ground-based
measurements and Sect. 5 describes the laboratory measure-
ments of the samples collected during the campaign that al-
lowed the derivation of the dust spectral mass absorption effi-
ciency and imaginary refractive index. We intercompare our
results with other measurements obtained during the Fennec
and previous campaigns in Sect. 6. Finally, in Sect. 7, we
present a discussion and the conclusions.

2 Background

Project Fennec is one of a series of field campaigns de-
ployed in and surrounding the Sahara desert engaged in
characterizing Saharan dust. Focusing on the campaigns of
the past dozen years, we group these into three families:
(1) the Sahel and southern Sahara experiments of 2005—
2007 (the Bodélé Dust Experiment, BoDEx; Dust and
Biomass Experiment, DABEX; Dust Outflow and Deposi-
tion to the Ocean, DODO; African Monsoon Multidisci-
plinary Analysis, AMMA; NASA AMMA, NAMMA; and
Geostationary Earth Radiation Budget Intercomparison of
Longwave and Shortwave radiation, GERBILS) (Washing-
ton and Todd, 2005; Haywood et al., 2008; McConnell et al.,
2008; Redelsperger et al., 2006; Zipser et al., 2009; Hay-
wood et al., 2011); (2) the Moroccan and Cape Verde ex-
periments of 2006 and 2008 (Saharan Mineral Dust Exper-
iments — SAMUM-1 and SAMUM-2) (Heintzenberg et al.,
2009; Ansmann et al., 2011); and (3) the Fennec climate pro-
gramme of the central and western Sahara of 2011 and 2012
(Marsham et al., 2013; Banks et al., 2013; Todd et al., 2013;
Ryder et al., 2015). All three families included both ground-
based and airborne components. Figure 1 shows the general
areas of operation of these three families of campaigns.

The AMMA-DABEX-DODO campaign was a broad in-
vestigation of the meteorology, aerosols, and trace gases of
the Sahel and southern Sahara (Haywood et al., 2008; Mc-
Connell et al., 2008). Ground sites, aircraft, and modeling
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Figure 1. Northwestern Africa showing areas of operation of
three major families of dust field campaigns. AMMA, DABEX,
DODO, and BoDEXx are indicated by blue boxes. SAMUM exper-
iments are shown by green triangles. Fennec shown by red arrows
point to the location of Fennec Supersite 1 (SS1) in Bordj Badji
Mokhtar in Algeria and Fennec Supersite 2 (SS2) in Mauritania, in
the city of Zouérat (main location). The red dot marks the city of
Bir Moghrein, Mauritania, where the second LACO aerosol sam-
pling station was deployed during the Fennec campaign.

provided important information on both mineral dust and
biomass burning. These measurements clarified the chemi-
cal composition and some information on microphysical and
optical properties of these two aerosol types (Haywood et al.,
2008; Chou et al., 2008; Osborne et al., 2008; Formenti et al.,
2008; McConnell et al., 2010; Paris et al., 2010). Measure-
ments in the southern Sahara were made during the dry sea-
son (northern winter) when both dust and biomass burn-
ing aerosols are prevalent. The presence of biomass burning
aerosols limited some characterization of pure dust, but suf-
ficient pure dust cases were observed to determine dust as-
pect ratio, size distribution, extinction coefficient, and single
scattering albedo (SSA; at 550 nm) and compare these par-
ticle properties between locations in the southern Sahara to
those near the Atlantic coast. The accumulation-mode (nom-
inally 0.1 to 2.5 um) dust was found to be non-absorbing at
550 nm (Osborne et al., 2008) and the aspect ratio was 1.7
(Chou et al., 2008). Optical properties were estimated based
on filter samples from DODO (McConnell et al., 2010) for
short wavelengths only. Spectral optical properties were not
measured.

The SAMUM campaigns targeted dust aerosol on the
northwestern edges of the Sahara. SAMUM-1 in Morocco
was chosen to be close to dust sources and relatively free
from influence of biomass burning aerosols, and SAMUM-
2 on the Cape Verde Islands was chosen to represent
the dust and biomass burning outflow over the Atlantic
(Ansmann et al., 2011). SAMUM produced measurements
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for size-dependent composition and aspect ratio. Unlike
AMMA-DABEX, in SAMUM spectral optical properties
were reported. Optical properties included spectral absorp-
tion coefficient, imaginary part of the refractive index, and
SSA (Ansmann et al., 2011; Kandler et al., 2009, 2011;
Miiller et al., 2009; Wagner et al., 2012). In some studies,
the complex refractive index was derived using mixing rules
after mineral composition of the particles was determined
(Kandler et al., 2009, 2011; Otto et al., 2009). In other stud-
ies, aerosol optical properties including the imaginary part
of the refractive index and SSA were determined across a
wavelength spectrum from 250 to 800 nm based on measure-
ments of particles collected on filters (Miiller et al., 2009;
Wagner et al., 2012).

In all of these campaigns differences in aerosol microphys-
ical and optical properties were noted, dependent on mixtures
of dust with other aerosol types and even pure mineral dust.
Differences were linked to locations: inland versus coastal
(Osborne et al., 2008), Morocco versus Cape Verde (Ans-
mann et al., 2011), and northern versus southern fringes of
the desert (Ansmann et al., 2011). These differences were
apparent even when using the same instruments and apply-
ing the same analysis techniques (Kandler et al., 2011), mak-
ing clear that inherent differences exist in dust chemical, mi-
crophysical, and optical properties. Fennec was designed to
add new locations of dust sampling in the heart of the desert,
including one site deep in the central Sahara (Fig. 1), and
like previous campaigns approach dust characterization with
a full array of ground-based, airborne and satellite obser-
vations, and modeling (Marsham et al., 2013; Todd et al.,
2013; Ryder et al., 2013a; Banks et al., 2013). Fennec also
built upon previous field campaigns with new technology and
techniques that would aid in the overall characterization of
the dust and its meteorological underpinnings and, in light of
the present study, specifically in advances in the characteri-
zation of dust optical properties.

3 Instruments and sites
3.1 LACO aerosol sampling station

UMBC-LACO deployed two automated LACO aerosol sam-
pling stations, one at each Fennec supersite. The aerosol sam-
pling station is a system for collection of aerosol particles on
filters designed and built at UMBC. This instrument has a
cartridge with space for 16 filters, separated into two stages
for eight fine filters and eight coarse filters. Nuclepore fil-
ters with 25 mm diameter and 5.0 and 0.4 um pore diame-
ters were used as coarse (first-stage) and fine (second-stage)
filters, respectively, to collect the aerosol particles. Parti-
cles with aerodynamic diameters larger than 10 um were re-
moved by the aerodynamic impactor of the instrument inlet.
This impactor has a cut efficiency of 50 % for particles with
aerodynamic sizes of 10 um in diameter and density equal
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1 gecm™3 (Hopke et al., 1997). For particles of density around
2.6gcm™, such as dust, this is approximately equivalent a
cut size of 50 % at particle’s diameter of 6.1 um, assuming a
spherical shape of the particles.

The first-stage filters adequately prevent coarse particles
from passing through the pores to adhere to the second-
stage filter. Thus the second-stage filter represents a fine-
mode aerosol and the size distributions analyzed from the
second-stage filters include only particles with diameter less
than 5 um. The coarse particles in the sample adhere to the
first-stage filters, but so do many fine particles. There is over-
lap of size distributions of the first- and second-stage filters,
causing us to identify the first-stage filter as representing a
“mixed” size mode aerosol rather than a coarse mode.

Each sampling position in the cartridge is connected in-
dividually through vacuum tubes to the control system unit
containing automatic valves, flow meters, pump controller,
and the data acquisition system. The filters were pre-weighed
and the cartridges were prepared, individually labeled, and
packed at the LACO filter laboratory at UMBC to avoid in
field contamination. The filter in the eighth position of each
cartridge was not sampled and was used as reference blank.
The airflow pumped by the sampling station through the fil-
ters was set at 4L min~!. At the end of the campaign, car-
tridges containing the sampled filters were sent back to the
laboratory at UMBC for detailed analysis of mass, size, and
aspect ratio distribution, chemical composition, and spectral
optical reflectance measurements. See Table 1 for deploy-
ment durations and sampling periods.

3.2 Inverse integrating nephelometer and optical
reflectometer

The inverse integrating nephelometer and optical reflectome-
ter (N-OR system) were designed to make real-time mea-
surements of the scattering and absorption coefficients of am-
bient aerosol particles. This instrument connects an inverse
integrated nephelometer (N system) with an optical reflec-
tometer (OR system) into a single unit that was designed,
built, and tested at the LACO at UMBC.

The N system component measures the total scattering co-
efficient integrated over an angular range of 5-178°. An aero-
dynamic impactor in the inlet of the equipment cuts off par-
ticles larger than 10 pm in diameter. The internal laser beam
with wavelength of 670 nm illuminates particles entering the
inlet of the instrument. A photomultiplier tube detector and
a cosine diffuser are positioned perpendicular to the laser
beam, aiming to maximize the scattering angle coverage of
the instrument.

At the end of the N system, the OR system component
measures the change of reflectance of a Nuclepore filter in
real time as the particles collect on the filter and darken the
surface. The OR system uses three LEDs at wavelengths 450,
530, and 640 nm to illuminate the filter consecutively and al-
low for derivation of absorption at these three wavelengths.

www.atmos-chem-phys.net/18/1023/2018/
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Table 1. Characteristics and sampling period of the LACO-UMBC instruments deployed during the Fennec campaign.

Location Instrument Technique Sampling  Deployment
period duration
Algeria LACO aerosol sampling station Filter samples 1.5-12h  6-30 June
Real-time optical reflectometer Optical reflectance 45 22-30 June
Inverse integrating nephelometer ~ Scattering coefficient 4s 6-30 June
Mauritania  LACO aerosol sampling station Filter samples 6h 23 May-26 June

Table 2. Quantities derived from real-time ground-based in situ measurements and laboratory analysis of in situ filter collection of Saharan

dust samples during the Fennec campaign.

Instruments

Physical quantity

Real-time optical reflectometer
and inverse integrating nephelometer

Scattering coefficient,
absorption coefficient, SSA

LACO aerosol sampling station

Mass concentration, elemental composition,
spectral optical measurements (reflectance and refractive index)

This allows the simultaneous measurement of the scattering
and absorption coefficients of the aerosol particles, the cal-
culation of SSA for the 670 nm in real time (by scaling the
absorption coefficient from 640 to 670 nm using our spectral
measurements discussed on Sect. 4.4), and the creation of
time series of these optical parameters with a temporal reso-
lution of 45s.

Table 1 summarizes the characteristics and sampling pe-
riods of the ground-based measurements obtained by the
LACO-UMBC instruments during Fennec 2011. The sam-
pling period corresponds to the temporal resolution of each
instrument. For the LACO aerosol sampling station, the sam-
pling period of each filter, i.e., the interval on which fil-
ters were being replaced, was on the order of hours. There-
fore, the properties obtained later on from filter-based mea-
surements are time-averaged over the sampling period. A
summary of the physical quantities retrieved by each of the
LACO-UMBC instruments is presented in Table 2.

3.3 Fennec supersites

The LACO-UMBC instruments were deployed at SS1, BBM
in the heart of the central Sahara, and in a small village called
Bir Moghrein approximately 290 km north of SS2, which
was located in the city of Zouérat, Mauritania. The reason for
the deployment at a distance from SS2 was to avoid contam-
ination from aerosols produced from local mining operations
in Zouérat. See Fig. 1.

SS1 is located in BBM, Algeria (21.38°N, 0.92°E;
~420ma.s.l. — above sea level). In addition to the LACO-
UMBC instruments, the Fennec team deployed other instru-
ments at this location, including an AERONET Cimel sun
photometer. A detailed description of the other instruments
and measurements of the Fennec campaign at SS1 is avail-
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able in Marsham et al. (2013). Figure 2 shows an image of
the tower where the instruments were installed. The inlets
of both aerosol sampling stations and the nephelometer were
positioned at a distance of 3 m from the ground. The instal-
lation of this tower close to the ONM and to the airport facil-
itated access to the tower for replacement of filter cartridges.
Also, it allowed the operation of the aerosol sampling station
in manual mode, in which the operator collected more filters
during intense episodes of dust.

The location of the second automated LACO aerosol
sampling station was in the remote town of Bir Moghrein
(25.23° N, 11.62°W; ~360ma.s.l.). The aerosol sampling
station was operational from 23 May to 26 June 2011 col-
lecting three to four filters per day with its inlet also lo-
cated 3m above ground. Given the difficulty in accessing
the Bir Moghrein site, the station was preset to automati-
cally sample filters at the following periods of time: 07:00 to
13:00, 13:00 to 19:00 UTC, 19:00 to 21:00, and 21:00 to
07:00 UTC. No N-OR was deployed at Bir Moghrein, and
therefore no high temporal resolution data were collected
with the LACO-UMBC instruments at this site.

4 Time series of dust characterization

4.1 Time series of mass concentration and aerosol
scattering coefficients

LACO aerosol sampling stations were deployed at both sites,
allowing for measurements of aerosol mass concentration
as function of time, with a resolution of 6h except dur-
ing intense dust episodes at SS1, when samples were col-
lected at a higher frequency. The sampling station automati-
cally advanced measurements from filter to filter during mea-
surement periods defined in Sect. 3.2, accumulating aerosol

Atmos. Chem. Phys., 18, 1023-1043, 2018
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Figure 2. Tower at SS1 in Bordj Badji Mokhtar in Algeria with the LACO-UMBC instruments during an episode of low (a) and high (b)
concentration of dust aerosol taken on 8 and 17 June, respectively. The inverse integrating nephelometer, optical reflectometer, and the LACO
aerosol sampling station were installed with inlets 3 m above the ground level. Image credit: Mohammed Salah and Bouzine Ouchene, ONM,

Algeria.

mass on four different filters each day. After the end of
the campaign, cartridges containing the sampled filters were
sent back to UMBC. At the laboratory, each filter was post-
weighed and the mass collected in each filter was obtained.
The mean mass aerosol concentration for the period that each
filter was sampled was obtained by dividing the sampled
mass by the integrated flow of the sampling period of each
filter. The temporal resolution of the mass concentration time
series is nominally 6 h, based on the 6 h sampling period of
each filter, and the mass concentration time series is not a
real-time measurement. The sampling station filter cartridge
supports two size stages for each sampling period, as de-
fined in Sect. 2.2, and thus the mass concentration time series
is available for both the aerosol loading on the coarse-pore
(first-stage) and the fine-pore (second-stage) filters. The time
series of integrated scattering coefficient (Ssc,) Was measured
in real time every 4 s using the N system located only at SS1.

Figure 3 shows the concentration (in pgm™3) from the
first- (mixed) and second- (fine) stage filters for both sta-
tions in (a) Algeria and (b) Mauritania. Note that while
the first-stage filter successfully prevents coarse particles
(d > 5um) from passing through to the second stage, al-
lowing the second-stage filter to represent a true fine-mode
aerosol, both fine and coarse particles adhere to this first
stage, creating a mode of mixed sized particles. This size
separation of the two filters will be shown in Sect. 5. In
Fig. 3, we see that the mass concentration at SS1 in Algeria
reached levels approximately 10 times larger than in Mau-
ritania. In Algeria, the highest peaks of mass concentration
were observed on 13 and 18 June, with lesser events noted
on 16, 21-22, and 29-30 June. These peaks are associated
with the sudden moistening convective events described by
Marsham et al. (2013). Allen et al. (2013) also associated
part of the dust loading in some of these events to a break-
down of a low-level jet. On 25 June there is also a moisten-
ing event, but it does not have a corresponding peak in mass
concentration as measured by the aerosol sampling station at
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in Mm~! of dust in (a) Algeria and (b) Mauritania. For the mass
concentration, each data point represents the average for the given
sampling period. Fine-mode mass concentration is calculated from
the second-stage filters. Mixed mass concentration is calculated
from the first-stage filters, where both fine and coarse particles ad-
here to the surface. Note the different scales on the y axis in panels
(a) and (b). Uncertainties were estimated to vary between 3.0 and
7.0 ug m~3 for days with low and high mass concentrations, respec-
tively. The integrated scattering coefficient was measured at 670 nm
at SS1 in Algeria only in the period of 6-30 June 2011. Before
22 June events of dust that had its scattering coefficient exceeding
3500Mm™! saturated the equipment, as marked in the plot. Un-
certainties of the scattering coefficient were estimated to be within
5%.

SS1. In Mauritania, we see the distinction between the “mar-
itime phase” with low aerosol loading that occurs from 1 to
13 June and the onset of the “heat low phase” after that pe-
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riod with higher aerosol loading and greater influence from
the interior desert, as described by Todd et al. (2013).

Figure 3a also shows the integrated scattering coefficient
(in Mm™1) for the whole period of the campaign. In the first
week, there was a long period with relatively low dust load-
ing followed by a sequence of intense episodes of high dust
concentration. On 13 June, the high concentrations of aerosol
exceed the saturation limits of the nephelometer, and all the
data above 3500 Mm~! were not measured. On 22 June, the
detection scale of the nephelometer was reconfigured in or-
der to allow for higher dynamic range and prevent saturation.
The period from 22 to 30 June has the optimum configuration
conditions for the N-OR system. Note that the days of peak
scattering coefficient at SS1 correspond to some of the same
days of independently measured high mass concentration,
ie., 13, 18, 21-22, and 29-30 June. The 25 June also shows
a high scattering coefficient, but that day is missing from the
mass concentration time series, although 25 June, like the
other observed high mass and high scattering events, follows
a moistening event identified in Marsham et al. (2013).

It is important to note that dust events of short duration
observed in the scattering coefficient are not captured by the
measurements of mass concentration. This happens due to
different time resolution of the instruments used for these two
measurements. The mass concentration is averaged over 6 h,
while the nephelometer had a time resolution of 45 s.

4.2 Time series of aerosol absorption coefficient and
single scattering albedo

Simultaneous to the scattering coefficient measurements, the
same dust particles that passed through the nephelometer are
collected on filters and measured in real time by the reflec-
tometer. Due to a technical problem, the reflectometer did
not work properly at the beginning of the campaign. The re-
flectometer data presented in the next sections were obtained
after 22 June, after the problem had been identified and fixed.

The mass absorption efficiency (oaps), in m?2 g_l, is the pa-
rameter derived from the measured quantities of attenuated
reflectance of the filter (I/Ip) and aerosol mass concentra-
tion (o), in gm~2. The relationship between the measured
quantities and ayps is given by Eq. (1):

G [_1 I ]” X
0_205abs n(%) ' M

where [ is the measured reflectance and I is the reflectance
of the clean pristine filter. The functional relationship be-
tween o and the reflectance ratio is a power law of the log-
arithm, where b is an empirical power law coefficient deter-
mined to be 1.218 and G is a geometrical factor determined
to be equal 1 for a large range of geometries of the setup (an-
gle between light incidence and detection), including the one
used in this work. This method was previously derived and
calibrated by Martins et al. (2009) using Monarch 71 black
carbon particles manufactured by the Cabot Corporation, it
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was compared and showed good agreement against other ab-
sorption techniques by Reid et al. (1998) and applied to vol-
canic ash samples (Rocha-Lima et al., 2014). This technique
is based on the assumptions that the reflectance of the filter
decreases as particles are loaded on it and that the reduction
of the light reflected by the filter is due to absorption only
by the aerosol particles. The reflectance of the filters for the
red wavelength slightly increases when the first particles are
collected on their surface. We estimate that this effect is the
on order of 1-2 %, and it is included in the uncertainties of
the reflectance. A detailed description of this method can be
found in Martins et al. (2009) and Rocha-Lima et al. (2014).

This technique is based on the assumptions that the re-
flectance of the filter decreases as particles are loaded on it
and that the reduction of the light reflected by the filter is due
to absorption only by the aerosol particles. The reflectance of
the filters for the red wavelength slightly increases when the
first particles are collected on their surface. We estimate that
this effect is on the order of 1-2 %, and it is included in the
uncertainties of the reflectance.

The absorption coefficient (B,ps) in Mm~! is agps /P,
where p is the aerosol concentration (g m~?). For real-time
calculations of By using the reflectometer we measure the
darkening of the filter as a ratio of reflectance at two points in
time, #; and #p, with 1 (#1) substituting for Iy of Eq. (1). The
darkening of the filter is thus relative to the previous mea-
surement and is no longer referenced to the pristine filter.
Then, the power law equation given by Eq. (1) was rewritten
in terms of the linear absorption coefficient Baps = dabs/ 0,
where the concentration p=M/V (gm™>) depends on the
aerosol mass M collected and the volume V of air that passed
through the filter in the time interval Ar =1, — ;. We used
At =7.5 min to have higher sensitivity to the change of filter
reflectance. The total volume is obtained by integrating the
measured flow F in time, i.e., V = F - At. Using the aerosol
mass concentration o as the ratio of the aerosol mass M and
the sampled area of the filter Agyer, in Eq. (1), the depen-
dence with the aerosol mass M cancels out.

I (1@ L2138 Afier
ﬂabs_z[_ n(l(ll))] FAt

Figure 4 shows the results of the simultaneous measure-
ments of scattering and absorption coefficients (Bs., and
Babs) at SS1 for the period of 22-30 June. Figure 4a shows
the scattering coefficient in Mm ™! for 640 nm. This is a tem-
poral subset of the plot in Fig. 3a. During this period sev-
eral episodes of high concentration of dust were detected.
The largest episodes of dust were seen on 24, 29, and 30
June. Scattering measurements were taken every 4 s and are
shown in the plot averaged every 45 s in order to correspond
to the time scale of the reflectometer. Figure 4b shows the
reflectance of Nuclepore filters at three wavelengths normal-
ized by the reflectance of the clean filter measured at the be-
ginning of the sampling. Filters in the reflectometer were re-
placed approximately once per day. The sampling start time

x 10° )
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of each filter can be identified as the moment where the re-
flectance is close to 1. The slope of the curve of the re-
flectance is proportional to the amount of aerosol in the filter
at that moment and therefore to the concentration of the par-
ticles collected on the filter at that given instant.

Figure 4a and ¢ show similar trend between scattering and
absorption coefficients, obtained by the nephelometer and the
reflectometer, respectively. The uncertainties in the scatter-
ing measurements were estimated to be smaller than 5 % for
highly scattering particles such as dust particles. The uncer-
tainties in the absorption coefficient were estimated from the
error in the reflectance, integrated flow, and size of the fil-
ter where particles were collected in the filter. These errors
combined represent an uncertainty on the order of 3 % (or
2Mm™!, whichever is higher) in the absorption coefficient.

The SSA is defined as Bgca/(Bsca + Babs).- By obtaining
simultaneous scattering and absorption coefficients at SS1,
the calculation of a time series of SSA was possible at
670 nm, the wavelength measured by the nephelometer. Be-
cause Baps is obtained at 640 nm, this value of was extrapo-
lated to 670 nm based on spectral laboratory measurements
showed in Fig. 7a. The SSA time series are shown in Fig. 4d.
These results show variation along this period from 0.96
to close to 1, with a mean value around 0.995, which is
around 0.01 to 0.02 systematically higher than the values
for Saharan dust found in the literature at this wavelength,
as we discuss in Sect. 7. It is important to note that SSA is
a size-dependent quantity, and comparisons with other mea-
surements should take into account size differences, as dis-
cussed in Sect. 7.

5 Spectral imaginary part of the refractive index of
dust

In addition to the time-resolved measurements of aerosol
mass and optical properties, further analysis of the dust-laden
filters obtained during Fennec can reveal time-integrated
properties of the dust particles, namely the spectral imagi-
nary part of the refractive index. Using the same methodol-
ogy applied in Rocha-Lima et al. (2014), the derivation of the
imaginary refractive index was obtained by minimizing the
difference between the mean mass absorption efficiency de-
rived from direct measurements of the attenuated reflectance
on the filters (Eq. 2) and that calculated from Mie or T-matrix
theory using size and shape parameters obtained from other
analysis of the particles on the filters. The independent cal-
culation of mass absorption efficiency is governed by

S na(r) Qaps(m, x)A(r)dr
Gabs = : 3)
an(r)dpv(r)dr
0
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Figure 4. In situ measurements from SS1 in Algeria: (a) scatter-
ing coefficient in Mrnfl; (b) reflectance measurements normalized
with respect to a clean filter at three wavelengths, 450 nm (in blue),
530 nm (in green), and 670 nm (in red); (¢) derived absorption coef-
ficient for the period of 22 to 30 June 2011; and (d) single scatter-
ing albedo of the Saharan dust at 640 nm calculated by combining
the measurements of scattering and absorption coefficients from the
nephelometer and the reflectometer, respectively. Uncertainties are
discussed in Sect. 4.2.

where n (r)dr is the number of particles per unit of area with
radii in the range [r, r +dr] in a given microscopic area,
dp is the grain density of the particles, and v(r) is the vol-
ume of each particle. The absorption efficiency Qgaps(m, x)
is a function of the complex refractive index (m) and size
parameter (x) and was obtained by applying either Mie or T-
matrix theory following the same method applied in Rocha-
Lima et al. (2014). For all calculations the real part of the re-
fractive index was held constant spectrally at a value of 1.56
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Figure 5. Examples of typical spectral reflectances of the Sahara dust sampled at different days at SS1 in Algeria for (a) fine mode (second-
stage filter) and (b) mixed (fine + course) mode (first-stage filter), according to the loaded mass per unit area o of each filter in g m~2. Each
curve represents the average over 25 measurements of reflectance over the same filter. Uncertainties on the reflectance were estimated to be

a maximum of 2.0 % for the full wavelength range.

(Balkanski et al., 2007; Petzold et al., 2009). In a similar
method, Wagner et al. (2012) fixed the real part of the re-
fractive index to be 1.53 to derive the imaginary part of the
refractive index. The imaginary part of the refractive index
that yields the Qups(m, x) producing the closest calculated
aabs to the measured value of ayps from Eq. (2) is identified
as the retrieved value. The retrieval is performed for the en-
tire range of wavelengths from 350 to 2500 nm. This deriva-
tion requires laboratory measurements of the spectral optical
reflectance of the filters using a spectrometer to obtain opg
from Eq. (2), measurements using an SEM to obtain particle
size distribution and aspect ratio of the particles, a calcula-
tion of particle density, and radiative modeling of the parti-
cles using either a Mie or T-matrix code, as described in the
following subsections.

5.1 Spectral optical reflectance measurements and
derivation of mass absorption efficiency

The spectral reflectance from 350 to 2500 nm was obtained
for all sampled filters relative to blank filters using a Field-
Spec Pro from Analytical Spectral Device in the wavelength
range of 350 to 2500 nm and a reflectance lamp from ASD
Inc. The method applied in this analysis followed the same
experimental procedure used in Rocha-Lima et al. (2014).

The reflectance of the filters collected at both stations was
measured relative to a white reference. Figure 5 shows ex-
amples of reflectance spectra for fine and mixed modes for
filters of different mass loading collected on different days in
Algeria (SS1). The typical reflectance spectrum obtained for
the filters in Algeria shows a sharp decrease in reflectance
for wavelengths less than 650 nm. This strong spectral de-
pendence is what causes the dust to appear brown to our eye.
Some of the samples also presented a slight decrease in re-
flectance above 1000 nm. The ripples on the reflectance curve
above 2000 nm are measurement artifacts also observed in
clean filters.
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The reflectance of the filters collected in Mauritania pre-
sented significant spectral variations and three groups of
samples were identified based on the qualitative inspection of
the shape of the reflectance curve in the visible and NIR, as
shown in Fig. 6. Group 1 shows spectral reflectance similar to
the reflectance of the samples collected in Algeria as shown
in Fig. 5, with strongly decreased reflectance below 600 nm.
Filters from the group 2 have reflectance spectra with a flat
signal spanning the UV to visible wavelengths, a minimum
of reflectance around 860 nm, and then a slightly increasing
reflectance as a function of wavelength through the short-
wave infrared. Finally, group 3 has a reflectance spectrum
that seems to be a combination of groups 1 and 2.

SEM images of these three groups show that groups 2
and 3 contain extra-large particles comparatively to the sizes
from group 1. While the SEM images show irregularly
shaped particles, reminiscent of dust, our laboratory obser-
vations indicated that these extra-large particles have lower
density compared with typical dust. Firstly, the mass of the
filters from group 2 is relatively low, even though SEM im-
ages show a considerable number of particles on them. Sec-
ondly, these large particles are easily damaged by the elec-
tron beam of the microscope. Finally, the presence of the
aerodynamic impactor with nominal cutoff size of 10 um (or
approximately 6.1 um for a spherical dust particle of density
2.6 gcm™3) in the inlet should have removed most of these
particles, unless they have lower inertia and lower aerody-
namic sizes, i.e., lower mass density.

Thus, while the spectral reflectance, size, and density of
the particles of Mauritania group 1 resemble the dust proper-
ties and the measurements from SS1, the measured particle
properties of Mauritania groups 2 and 3 do not. The anoma-
lous spectral reflectance and particle sizes of groups 2 and 3
are always linked together, meaning we do not find filters
with groups 2 or 3 spectral reflectance without also finding
groups 2 and 3 particle size and density properties. These par-
ticles are sparse on the surface of the filters and the complete
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Figure 6. Examples of spectral reflectance and SEM images of Saharan dust from SS2 in Mauritania for (a, b) group 1, (¢, d) group 2, and
(e, f) group 3. Each curve represents the average over 25 measurements of reflectance over the same filter. Uncertainties on the reflectance
were estimated to be of a maximum of 2.0 % for the full wavelength range. The scale bar in the SEM images shows a 10 um scale for size
reference. The samples were collected on 21 June, 19 June, and 26 May 2011.

characterization of their properties and origin would require
dedicated microscopy and trajectory analysis, which are be-
yond the scope of this work. Therefore, for the remainder of
the analysis we will focus on the properties measured and
derived from Algeria and from Mauritania group 1 only.
From the spectral reflectance measurements and mass con-
centration applied to Eq. (2), we derived the spectral mass
absorption efficiency (in m? g~!) for fine and mixed particle
size distributions for SS1 and SS2 (group 1 only), as shown
in Fig. 7. The fine and mixed size distributions correspond
to the particles on the second- and first-stage filters, respec-
tively, as discussed in Sect. 4.2. For SS1, the mass absorption
efficiency of both fine and mixed modes is in good agree-
ment up to wavelength of 600 nm. Above that, fine and mixed
modes deviate from each other, with the fine mode exhibiting
higher values. For SS2, the mass absorption efficiency for the
fine mode is slightly higher than the mixed mode for wave-
lengths up to 600 nm, and both modes are compatible above
that. The uncertainties of these curves are represented by the
bands plotted around the central value of the mass absorption
efficiency corresponding to one standard deviation.
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5.2 Size distribution measurements

The number, area, and volume size distributions were ob-
tained from SEM images of the dust particles. Analysis in-
cluded both the first-stage filters with pore size 5 um and
the second-stage filters with pore size 0.4 um as shown in
Sect. 3.2.

Figure 8a and b show the fine and mixed particle size dis-
tributions for Algeria and Mauritania (group 1), respectively,
obtained by analyzing approximately 2000 particles. In this
example, these distributions show considerably larger frac-
tion of particles below 1 um of diameter in Mauritania. Com-
pared to Mauritania, Algeria is more centered in the Saharan
desert and closer to the major sources of dust and therefore
with higher fraction of fresh dust. Other studies also show
a decrease in coarse-mode fraction as sampling moves to-
wards aged dust and away from fresh dust near the major
sources (Weinzierl et al., 2009, 2011; Ansmann et al., 2011;
Ryder et al., 2013a, b).

The particle size distribution obtained by SEM images is
the distribution sampled on the filter and for consistency this
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is the size distribution used to derive the optical properties of
the dust collected on the filters using post-deployment mea-
surements in the laboratory. Note that SEM-derived size dis-
tributions are not directly compared with size distributions
from optical measurements or aerodynamic sizing without
adjustments (Reid et al., 2003) that are not made in the work
presented here.

5.3 Determination of grain density

The technique used for the measurements of the grain density
is based on the determination of the volume of the sample us-
ing the principle of gas displacement in a device under com-
pressions and it requires a bulk sample of at least 1-2 g of the
material, as was described in Rocha-Lima et al. (2014). The
major dust storms in Algeria caused significant uplift and de-
position of dust on the surface of the instruments. Once the
instruments arrived back at UMBC, dust deposited on the
instrument surfaces was gently collected using a brush and
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sieved using a 45 um mesh grid. The resulting bulk sample
obtained had the required mass needed for the grain den-
sity measurements. The average grain density obtained for
the Saharan dust from Algeria was 2.69 4 0.12 gcm™>. Be-
cause there was not enough material from SS2 in Mauritania
for a grain density analysis, we used the same grain density
for the samples of the group 1 collected at the supersite in
Mauritania.

The grain density for dust particles reported in the lit-
erature range from 2.1 to 2.6gcm_3 (Chen et al., 2011;
Reid and Maring, 2003; Reid et al., 2008; Wagner et al.,
2012). Ryder et al. (2013a) used 2.65gcm™ to parameter-
ize dust density during Fennec’s airborne measurements and
these values are compatible with our values measured in the
laboratory.

Atmos. Chem. Phys., 18, 1023-1043, 2018
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5.4 Determination of particle aspect ratio

Now that size distribution and particle grain density have
been determined, the final input needed to calculate oyps from
Eq. (3) is Qaps(m, x). If we assume that the particles are
spherical, we can use a Mie code to calculate Qgups(m, x).
However, the aspect ratio distribution of the particles shows
that they are typically non-spherical. Therefore, in addi-
tion to the Mie code, the extended-precision T-matrix code
(Mishchenko et al., 1996), assuming randomly oriented el-
lipsoidal particles, was used with a modified gamma distribu-
tion fitted to the measurements. The T-matrix code requires
aspect ratio of the particles as input. For the fine mode, the
value of the most probable aspect ratios used was obtained
as 1.3 for both supersites from the analysis of SEM images,
taken from the distribution shown in Fig. 9. This is for the
fine mode only, as the T-matrix code does not converge for
coarse particles in the wavelength range we are studying.
We note that the aspect ratio of mineral dust was measured
to be 1.7 during AMMA-DABEX (Chou et al., 2008; Hay-
wood et al., 2008) and 1.7-1.9 from samples collected dur-
ing SAMUM (Wagner et al., 2012). In Morocco, for dust
sizes with diameter > 0.5 um the aspect ratio was 1.6 (Kan-
dler et al., 2009). In Cape Verde, similar aspect ratios were
found (Kandler et al., 2011).

However, in a laboratory analysis of size-separated min-
eral dust the aspect ratio was 1.3 for small dust particles mea-
sured during SAMUM (Ansmann et al., 2011; Kandler et al.,
2009), similar to the results of our SEM analysis of the fine-
mode filters.

5.5 Derivation of spectral imaginary part of the
refractive index

Finally, the imaginary part of the refractive index of the dust
particles was derived using a minimization method applied
for the mass absorption efficiency for each wavelength and
the results are shown in Fig. 10. This minimization consists
of finding the imaginary part of the refractive index in which
the mass absorption efficiency derived from measurements of
optical reflectance (Fig. 7) matches the mass absorption ef-
ficiency calculated using Eq. (3). The real part of the refrac-
tive index is assumed to be a constant value of 1.56 for all
wavelengths. In the calculation of the absorption efficiency
Qabs(m, x), the shape of the fine particles was considered to
be first spherical and then spheroidal using Mie theory and
T-matrix theory, respectively. For the mixed mode, only Mie
theory was used since the T-matrix algorithm did not con-
verge for larger particles size.

Figure 10a shows that the imaginary part of the complex
refractive index for Saharan dust from Algeria has signifi-
cant spectral differences between fine and mixed mode. Both
fine and mixed modes present a significant increase inversely
proportional to wavelength below 600 nm. For longer wave-
lengths the values diverge considerably, as the imaginary part
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Figure 9. Particle aspect ratio distribution obtained using scanning
electron microscopy (SEM) analysis for the fine-mode size distribu-
tion of Saharan dust from Algeria and from group 1 in Mauritania.

of the refractive index of the mixed fraction remains nearly
constant relative to the values found for the fine fraction,
which increases significantly as a function of the wavelength.
Similarly, the same behavior found for the Algeria fine mode
is observed for both fine and mixed mode in Mauritania.
For the mixed mode in Mauritania, the mass absorption effi-
ciency and refractive index were derived for wavelengths up
to 1850 nm. Above this wavelength the minimization method
did not converge within an acceptable error of 5 %. Also for
Mauritania, the retrieval of the imaginary part of the refrac-
tive index using Mie theory introduced an uncertainty com-
parable to the uncertainties from the measurements. This is
likely related to the presence of more fine particles in this su-
persite. A possible explanation is the fact that the absorption
efficiency (Qabs) has a sharper variation for smaller size pa-
rameters, which introduce more variability in the retrieval of
the mass absorption efficiency in Eq. (3).

In a similar analysis Wagner et al. (2012) derive the spec-
tral imaginary part of the refractive index for a variety of min-
eral dust samples, including samples collected during SA-
MUM in Morocco. We compare our retrievals with their re-
sults in Sect. 7.

5.6 EDXRF analysis of Saharan dust

Selected dust samples collected in the Sahara were submitted
to EDXRF using an Epsilon 5 PanAnalytical spectrometer
at the Atmospheric Physics Laboratory at University of Sao
Paulo. A total of 150 samples, including first- and second-
stage filters from both supersites, were randomly selected for
this analysis. Figure 11 shows the average concentration in
percentage of the total mass of the main elements measured
for samples from Algeria and Mauritania.

Differences in the mean elemental composition can be
seen between the supersites. Notably, SS2 in Mauritania has
a higher concentration of sodium (Na) and chlorine (Cl),
which suggest a “marine influence”. The Ca/ Al ratio in
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Mauritania (0.57 and 0.64 for fine and mixed mode, respec-
tively) is larger than in Algeria (0.25 and 0.25 for fine and
mixed mode, respectively). That is in agreement with the
Ca/ Al ratio decreases observed in the Sahara from west to
east described by Formenti et al. (2011). Source areas and
composition has also been linked in Scheuvens et al. (2013),
where they have found that (Ca+ Mg) / Fe ratio is higher
for sources areas coincident with SS2 in Mauritania and usu-
ally lower for sources areas coincident with SS1 in Algeria.
The (Ca+ Mg) / Fe ratio for Mauritania was found equal to
(1.74 and 1.58 for fine and mixed mode, respectively) and
(1.0 and 0.87 for fine and mixed mode, respectively) in Alge-
ria. In addition to Na and Cl, trace elements usually related to
pollutants as vanadium (V), chromium (Cr), phosphorus (P),
and sulfur (S) are observed in higher concentration in the
fine mode at Mauritania. The concentrations of V in Algeria
and in the mixed mode in Mauritania were relatively low, on
the order of 100 ppm. These levels of V are compatible with
the natural abundance of this element in Earth’s crust (By-
errum, 1991; ATSDR, 2012). However, the concentration in
the fine mode at Mauritania was on average 3000 ppm, in-
dicating a significant contribution of anthropogenic sources
near this supersite. Differences in elemental composition are
made clear by plotting the ratio of Mauritania’s elemental
composition relative to Algeria, as seen in Fig. 12a and b,
and the ratio of the fine and mixed modes in these supersites
(Fig. 12c and d).

The iron content is higher in the mixed mode, although
the ratio of fine and mixed concentrations is still compatible
with one from the estimated uncertainties. Despite that, if we
consider only the concentration of Fe in Fig. 11, the mean
concentration in Algeria (6—7 %) is slightly higher than in
Mauritania (4.5-5.5 %).
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Figure 11. Mean mass concentration in percentage of the total mass
of the aerosol particles obtained for each element for fine and mixed
mode (fine + coarse) of the Saharan dust from Algeria and Mauri-
tania by energy dispersive X-ray fluorescence analysis (EDXRF).

6 Comparison between in situ and AERONET results

6.1 Comparison of scattering coefficient and total
column aerosol optical thickness

Collocated measurements performed by an AERONET
Cimel sun photometer at SS1 in Algeria allowed us to com-
pare our local ground-based measurements and derivations
with those obtained from total column measurements. For
example, the time series of the scattering coefficient pre-
sented in Sect. 3.2 was compared with AERONET (level 2.0)
AQT for the same period (Fig. 13). In Fig. 13a, based on
Marsham et al. (2013), Todd et al. (2013), and Garcia-
Carreras et al. (2015), we assume a Skm deep planetary
boundary layer (PBL) with a constant vertical profile of dust
in order to match the units with the scattering coefficient
measured by the nephelometer. We note that the clear condi-
tions observed during the first days of the experiment are also
apparent in the AERONET data. The AOT measurements are
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mode — and between different modes in the same site — (c¢) Algeria and (d) Mauritania — obtained by energy dispersive X-ray fluorescence

analysis (EDXRF).

higher after 13 June, but AERONET total column measure-
ments do not necessarily follow the fine details of the ground
level observations, nor do the AOT measurements follow the
full magnitude of large events. In some cases, this could be
because cold pools often arrive at night (Marsham et al.,
2013; Allen et al., 2013), when the sun photometer is not
measuring. In addition, AERONET does not report level 2.0
data during some of the major dust storm events, likely due to
its cloud screening process. Figure 13b shows that the corre-
lation between ground measurements and the total column is
better when the scattering coefficient is below ~ 400 Mm~!.
During intense events of dust storms when the scattering co-
efficients reach higher values, ground-based and total atmo-
spheric column measurements do not maintain the same cor-
relation, as the heavy dust loads occur during haboobs or
low-level-jet breakdown and are not expected to occupy the
full 5km deep layer of the well-mixed late afternoon PBL
(Marsham et al., 2013). For example, it can be seen in Ry-
der et al. (2013a) that during fresh dust events, as are likely to
be dominant during the high scattering periods shown here,
the vertical profile of dust is strongly dominated by loadings
in the bottom 1-2 km of the atmosphere.

6.2 Comparison of imaginary part of the refractive
index

The effective imaginary part of the refractive index derived
from the mass absorption efficiency measurements (Fig. 10a)
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were compared with AERONET retrievals for SS1 in Algeria
retrieved during the Fennec campaign. Figure 14a shows our
imaginary refractive index for fine and mixed mode where
the dashed lines indicate the AERONET wavelengths and
Fig. 14b shows the AERONET daily average of the imagi-
nary refractive index for all days during the campaign, when
available.

Notably, AERONET retrievals in Fig. 14b show a higher
imaginary part of refractive index on 16 and 26 June, with a
slightly increasing trend above 650 nm. AERONET retrievals
of size distributions give higher concentrations of fine parti-
cles for these days, which is also observed in our in situ data
in the time series of the fine-mode mass fraction obtained
by the ratio of the mass collected on the fine and the total
(fine + mixed) modes, as shown in Fig. 15.

The very high concentrations of fine-mode particles
on these days indicate that fine particles dominated the
AERONET retrieval of refractive index of the total column
of aerosols. This agrees with the different spectral signatures
we observe in our derivations of the refractive index in the
fine and mixed modes at SS1 in Algeria. The comparison
of our refractive index with AERONET retrievals at SS2 in
Mauritania was not possible, because AERONET does not
have measurements nearby. The closest AERONET to our
SS2 station was at Zouérat, 290 km away. It is interesting to
note that our retrievals of refractive index for the fine and
the mixed modes from SS2 in Mauritania follow the same
spectral dependence as the fine mode in Algeria, as seen in
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Figure 13. Intercomparison of AERONET total column measure-
ments with ground-based measurement at SS1 in Algeria. (a) Scat-
tering coefficient measured by the nephelometer at the Fennec tower
compared to AERONET AOT normalized by a factor of 5km.
(b) Scatterplot of the scattering coefficient obtained by normalizing
AERONET AOT by a factor of 5km and measured by the neph-
elometer.

Fig. 10b. In addition to that, it is important to note that the
fraction of fine particles in the mixed mode in SS2 is much
larger than in Algeria, as seen in the particle number dis-
tributions in the top panels of Fig. 8a and b and also in the
mean mass concentration shown in Fig. 11a and b. This dom-
inance of fine particles in the mixed mode may explain why
we found the same spectral dependence of the refractive in-
dex in both fine and mixed modes in Mauritania.

7 Discussion and conclusions

Real-time in situ measurements and in situ filter collection
were obtained from two Fennec supersites in the central Sa-
hara, one in Algeria and the other in Mauritania. In Maurita-
nia, analysis of the samples collected with the LACO aerosol
sampling station shows the presence of low-density particles
with aerodynamic diameters larger than 10 um on some days.
These particles are not typical of the dust observed in most of
the filters. They have more complex shapes and lower den-
sity and can be easily deteriorated during SEM analysis. In
contrast, the low-density particles were not observed in Al-
geria. Even when confining the analysis of Mauritania size
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distribution to only samples of group 1 (without the large
low-density particles), we find higher concentrations of fine
particles and low numbers of coarse particles in the mixed
mode. In contrast, the mixed mode in Algeria presents a more
pronounced number of coarse particles. Differences between
the two sites were also seen in the elemental composition ob-
tained by XRF analysis. The most notable differences were
the higher concentrations of Na, Cl, and S in the samples col-
lected in Mauritania. The ratio of some key chemical compo-
nents, such as Ca / Al and (Ca+ Mg) / Al, was found larger
for the Mauritania site comparatively to the Algeria site,
which is agreement with previous studies that have linked
the location of the sources areas and their composition and
also have observed that Ca / Al ratios decreases from west to
east in the Sahara (Formenti et al., 2011; Scheuvens et al.,
2013). This variation of dust chemical and optical proper-
ties at these two sites suggests that not all aerosol found over
the Sahara or transported from the Sahara can be modeled as
“typical” dust. This is an important result because it corrob-
orates previous work that Saharan aerosol exhibits different
optical and microphysical properties. In this work we see this
variation even in the central Sahara, where there have been
no previous measurements of this type over the past decade.
More studies are needed to fully characterize the Saharan re-
gional variability, as this information should be captured by
dust aerosol models attempting to simulate Saharan aerosol
and by remote sensing algorithms measuring dust properties
from space.

The spectral imaginary refractive index derived for the
fine mode in both sites shows a similar and distinctive bow-
shaped spectral dependence. Not only does the imaginary
part of the refractive index increase sharply at the short-
wave end of the spectrum, as expected, but the value also
increases from 650 nm towards the shortwave infrared. Wag-
ner et al. (2012) also derived spectral imaginary part of the
refractive index. Their spectral range spanned 300-950 nm,
and despite the relatively curtailed spectral range, there is
no apparent bow shape in their results. However, this bow-
shaped signature is seen in other previous work by Balkan-
ski et al. (2007) and references therein. It is also seen in the
AERONET retrievals at SS1 for days when the fine-mode
aerosol dominates. The bow shape was also seen in spectral
remote sensing retrievals of aerosol absorption over the Sa-
hara at some locations (Wells et al., 2012). In some models
(e.g., GISS: Tegen and Lacis, 1996; Miller et al., 2006), the
bow shape is also implicitly present to interpolate measure-
ments of the imaginary part of the refractive index that are
small within the visible (Patterson et al., 1977; Sinyuk et al.,
2003) to those higher values in the IR (Volz, 1973). The link
between the bow-shaped and fine-mode particles may also
explain why this spectral signature is not found in the mixed
mode at the Algeria station, which has a higher concentration
of coarse particles in its mixed mode. One of the major con-
clusions of this work is the identification of the bow-shaped
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spectral signature in the imaginary part of the refractive in-
dex of fine-mode particles over the Sahara.

The values of the imaginary part of the refractive in-
dex for fine-mode-dominated aerosols at both stations
are 0.00301 to 0.00451, 0.0015i to 0.00301, 0.0015i to 0.0025i,
and 0.0018i to 0.0030i, for wavelengths of 450, 550, 650, and
850 nm, respectively. Uncertainties of the imaginary part of
the refractive index for the fine mode were estimated to be
a maximum of 25 %. For the mixed mode in Algeria, where
coarse-mode particles dominate, the imaginary refractive in-
dex of the mixed mode is nearly constant above 650 nm.
Here, the imaginary refractive index is 0.0030i, 0.0005i,
0.00051, and 0.0005i for wavelengths of 450, 550, 650, and
850 nm, respectively, with maximum uncertainties on the or-
der of 25 %. These results are less than half of the values
retrieved by Wagner et al. (2012) for their SAMUM sam-
ples. However, the imaginary part of the refractive index of
the fine mode is consistent with values inferred from remote
sensing observations (Colarco et al., 2002, 2014; Kim et al.,
2011).
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The in situ measurements of scattering and absorption co-
efficients in Algeria allowed us to calculate the temporal SSA
of the Saharan dust at 670nm. Our values of SSA varied
from 0.96 to 1.0 and are 0.01 to 0.02 systematically higher
than the values measured by AERONET, although still com-
patible within uncertainties from both methods.

Ryder et al. (2013a) present results of dust optical prop-
erties measured and derived during Fennec from aircraft
over northern Mauritania and northwest of Mali. Differ-
ences between these airborne measurements and our ground-
based results appear striking at first glance. For example,
Ryder et al. (2013a) show that directly measured SSAs at
550 nm representing the accumulation mode (d < 2.5 um)
ranged from 0.91 to 0.99 with a mean of 0.97. Once the
full size distribution including the coarse mode was included,
Mie scattering calculations showed that the SSA at 550 nm
dropped to 0.86-0.97 (mean 0.92) when a refractive index
of 1.53-0.001i was assumed. In contrast, our ground-based
measurements for SSA at 670nm for d < 10um are 0.99
to 1.0. From typical spectral signatures of dust absorption
(e.g., Figs. 10 and 14) we would expect much less ab-
sorption and higher SSA values in our measurements than
from Ryder et al. (2013a) based on the differences in wave-
length alone. Adjusting the Fennec airborne measurements
to 670nm might increase the SSA values by around 0.1
(e.g., Otto et al., 2009). This would push the Fennec airborne
accumulation-only mode SSA values into the region of those
presented here but this is not the case for the SSA values rep-
resenting the full size distribution.

There are other factors contributing to the differences be-
tween the airborne and ground-based results. The size dis-
tribution measured by these aircraft observations showed a
strong coarse mode, with effective diameter covering 2.3—
19.4um and coarse-mode volume median diameter 5.8—
45.3 um. These are much larger particles than those collected
by the ground-based instruments for analysis, not because
larger particles did not exist at ground level but because the
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ground instruments purposely removed particles larger than
10 um diameter with an aerodynamic impactor. The absence
of the large particles in our analysis can explain some of
the divergence between the ground-based and airborne SSA
results that the wavelength differences cannot. These differ-
ences in instrumentation characteristics (wavelength and size
cutoff) make conclusions about real differences in optical
properties between near-ground and elevated dust difficult.
However, we note that AERONET retrieved total column
ambient SSA values at 675 nm at SS1 are most frequently in
the 0.975-0.99 range, which overlaps the ground-based and
airborne values for smaller size ranges and suggests that the
contribution of the largest particles to total column values is
small, though we note that AERONET retrievals do not fully
account for the coarse mode, which may additionally im-
pact on SSA retrievals (Hashimoto et al., 2012; Miiller et al.,
2010a, b; Ryder et al., 2015).

Overall, the results show that the dust of the central Sa-
hara measured during Fennec at ground level shows low
absorption characteristics and exhibits a distinctive spec-
tral bow-like shape unlike other more absorbing measure-
ments, especially other measurements of pure dust samples
from the SAMUM experiment in the northwest edge of the
desert. The bow-like shape, with increased absorption in the
shortwave infrared, may hold consequences for calculations
of spectrally integrated aerosol radiative effects. We also
find size dependence in the dust absorption spectral signa-
ture that has not been noted previously and may correspond
to other size-dependent characteristics such as aspect ratio
(Kandler et al., 2009) and composition (Kandler et al., 2007,
Moosmiiller et al., 2012). Like other studies we find distinc-
tive differences in the composition and optical characteris-
tics of the dust from the two Fennec sites, pointing once
again to the fact that not all Saharan dust is the same, even
pure dust isolated from biomass burning. Thus, measurement
campaigns like Fennec strategically placed in various desert
locations continue to be necessary in order to narrow the un-
certainties in characterizing dust microphysical and optical
properties, which will place constraints on attempts to model
the transport as well as radiative and climate effects of this
important aerosol type.
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