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Abstract. Millions of tons of mineral dust are lifted by the wind from arid surfaces and transported around the globe every
year. The physical and chemical properties of the mineral dust are needed to better constrain remote sensing observations
and are of fundamental importance for the understanding 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
5

paper presents results of the absorption and scattering coefficients, and hence, single scattering albedo (SSA), of the Saharan
dust measured in real time during the last period of the campaign, and subsequent laboratory 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 aspect 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,
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the time series of the scattering coefficients during the period of the campaign show dust events exceeding 3500 Mm−1 and a
relatively high mean SSA of 0.995 at 670 nm was observed at this site. The laboratory results show for the fine distributions
(particles diameter < 5µm and peak value at 2-3µm) 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 ultraviolet and also in the shortwave infrared. The same
signature was not observed, however, in the mixed size distribution (particles diameter < 10µm and peak value at 4µm) in
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Algeria. Im(m) was found to range from 0.011 to 0.001i 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 modes distributions were observed from EDXRF
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measurements, although those differences cannot be used to explain the optical properties variability between the samples.
Finally, particles with low-density typically larger than 10 µm in diameter were found in some of the samples collected at the
supersite in Mauritania, but these low-density particles were not observed in Algeria.

1
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Introduction
Mineral dust originating from deserts and other arid surfaces is one of the most abundant aerosols in the atmosphere.

According to Boucher et al. (2013), dust corresponds to 35% of the total continental aerosol mass of particles with diameter
smaller than 10 µm. 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 significant direct radiative effect on the Earth’s energy balance, which likely globally
acts to cool the planet. Regionally, because aerosol forcing depends on the brightness of the underlying surface, over the
10

Sahara itself dust imposes a positive radiative forcing primarily through longwave warming (Miller et al., 2014). Depending
on the fraction of the dust contributed by anthropogenic sources, the direct radiative forcing exerted on the climate system
is estimated at -0.1 (-0.3 to +0.1) Wm−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) Wm−2 (Boucher et al., 2013). Recently, Kok et al. (2017) noted
that the global dust cooling effect is likely to be smaller by better representing the coarse mode of dust particles in climate
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models. Dust also plays a role in cloud microphysics, acting as ice nuclei and thereby influencing cloud development and
subsequently ice cloud radiative effects and precipitation 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 are known to be important
for biological productivity in ocean regions (Mahowald et al., 2009). Dust particles contain iron and phosphorous, and if these
nutrients are bioavailable, when the dust is deposited into the ocean phytoplankton use these nutrients in photosynthetic activity
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(Jickells et al., 2005; Mahowald 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 contributes to air quality degradation (Yu et al., 2013; Prospero et al., 2014) and may be a means for intercontinental
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 million tons of dust carried
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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 lacking strong observational constraints, diversity between model estimates
of key aerosol properties and processes are 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
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even higher when a specific type of aerosol is considered. For instance, for dust aerosols, models show a range in simulated
atmospheric loading by a factor of four and a range of simulated emissions of nearly a factor of ten (Huneeus et al., 2011). A
large part of this variability among various models predictions is associated with differences in the parameters used to describe
emission, transport, and optical and microphysical properties of the aerosols (Textor et al., 2006). Observational constraints on
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Saharan dust are still too poor to bound estimates of the parameters necessary for quantitative determination of dust climate
forcing and potential for fertilization of ecosystems. These parameters include dust emissions, lofting, transport, deposition,
composition, microphysical and optical properties. Specifically, while models have been constrained over the past fifteen years
by global measures of aerosol optical thickness made by a constellation of satellite sensors (Lenoble et al., 2013), translating
5

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, U.K. and
U.S.A in 2011 (Washington et al., 2012). This project joined efforts to address open questions on atmospheric processes
in central Sahara. Combining aircraft (Ryder et al., 2013a, 2015), ground based (Marsham et al., 2013; Todd et al., 2013;
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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 obtained a broad data set of meteorological conditions, atmospheric dynamics and structure,
as well as dust emission and transport mechanisms for the central Saharan region (Washington et al., 2012).
The present study focuses on the ground-based measurements of the dust optical properties obtained using a custum-made Inverse Integrated Nephelometer and Optical Reflectometer developed by the Laboratory of Aerosol, Clouds and Optics (LACO)
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at University of Maryland, Baltimore County (UMBC) and subsequent detailed laboratory analyses of the samples collected
by the LACO Aerosol Sampling Stations during the Fennec campaign. The in situ measurements were taken during the intensive observation period, from end of May through June 2011. The LACO-UMBC instruments were deployed in two locations:
Supersite 1 (SS1): Bordj Badji Mokhtar (BBM) in southern Algeria and in a small village called Bir Moghrein nearby the
Fennec Supersite 2 (SS2) in Zourete, Mauritania. The instruments in both locations were operated by the Office National de la
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Meteorologie (ONM) of Algeria and Mauritania with remote assistance of the Fennec team.
In situ measurements of Saharan dust were complemented with laboratory analyses for the characterization of their optical
properties using the methods presented in Martins et al. (2009) and Rocha-Lima et al. (2014). Size and aspect ratio distributions of the dust particles were obtained by scanning electron microscopy. Spectral optical reflectance measurements from the
ultraviolet (UV) to the near infrared (NIR) wavelengths were obtained for each sample and the mean mass absorption effi-
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ciency and the imaginary part of the refractive index were derived for dust collected on filters at both supersites. The elemental
composition 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 presented here in context by providing a general background of
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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 campaign. Section 4
presents the time series of the ground-based measurements and Section 5 describes the laboratory measurements of the samples collected during the campaign that allowed the derivation of the dust spectral mass absorption efficiency and imaginary
refractive index. We intercompare our results with other measurements obtained during the Fennec and previous campaigns in
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Section 6. Finally, in Section 7, we present a discussion and the conclusions.
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Figure 1. Northwestern Africa showing areas of operation of 3 major families of dust field campaigns. AMMA/DABEX/DODO/BoDEx
is in blue boxes. SAMUM in green triangles. Fennec shown by red arrows pointing to the locations of Fennec Supersite 1 (SS1) in Bordj
Badji Mokhtar in Algeria, Fennec Supersite 2 (SS2) in Mauritania at the cities of Zourete (main location). The red dot marks the city of Bir
Moghrein, in Mauritania, where the second LACO Aerosol Sampling Station was deployed during the Fennec campaign.

2

Background
Project Fennec is one of a series of field campaigns deployed 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
5

Outflow and Deposition to the Ocean – DODO, African Monsoon Multidisciplinary Analysis – AMMA, NASA AMMA –
NAMMA, and Geostationary Earth Radiation Budget Intercomparison of Longwave and Shortwave radiation (GERBILS))
(Washington and Todd, 2005; Haywood et al., 2008; McConnell et al., 2008; Redelsperger et al., 2006; Zipser et al., 2009;
Haywood et al., 2011), (2) the Moroccan and Cape Verde experiments of 2006 and 2008 (Saharan Mineral Dust Experiments
– SAMUM1 and SAMUM2) (Heintzenberg et al., 2009; Ansmann et al., 2011), and (3) the Fennec climate programme of the
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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 a 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 investigation of the meteorology, aerosols and trace gases of the Sahel
and southern Sahara (Haywood et al., 2008; McConnell et al., 2008). Ground sites, aircraft and modeling provided important
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information on both mineral dust and biomass burning. These measurements clarified the chemical 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). Measurements in the southern Sahara
were made during the dry season (northern winter) when both dust and biomass burning aerosols are prevalent. The presence of
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biomass burning aerosols limited some characterization of pure dust, but sufficient pure dust cases were observed to determine
dust aspect ratio, size distribution, extinction coefficient and single scattering albedo (at 550 nm), and compare these particle
properties between locations in the southern Sahara to those near the Atlantic coast. The accumulation mode (nominally 0.1 to
2.5 µm) 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).
5

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
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produced measurements for size dependent composition and aspect ratio. Unlike AMMA/DABEX, in SAMUM spectral optical
properties were reported. Optical properties included spectral absorption coefficient, imaginary part of the refractive index and
single scattering albedo (Ansmann et al., 2011; Kandler et al., 2009, 2011; Müller et al., 2009; Wagner et al., 2012). In some
studies, complex refractive index was derived using mixing rules after mineral composition of the particles were determined
(Kandler et al., 2009, 2011; Otto et al., 2009). In other studies, aerosol optical properties including the imaginary part of the
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refractive index and single scattering albedo were determined across a wavelength spectrum from 250 to 800 nm based on
measurements of particles collected on filters (Müller et al., 2009; Wagner et al., 2012).
In all of these campaigns differences in aerosol microphysical and optical properties were noted, dependent on mixtures
of dust with other aerosol types and even for pure mineral dust. Differences were linked to locations: inland versus coastal
(Osborne et al., 2008), Morocco versus Cape Verde (Ansmann et al., 2011), and northern versus southern fringes of the desert

20

(Ansmann et al., 2011). These differences were apparent even when using the same instruments and applying the same analysis
techniques (Kandler et al., 2011), making clear that inherent differences exist in dust chemical, microphysical 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 observations and modeling (Marsham et al., 2013; Todd et al., 2013; Ryder et al., 2013a; Banks et al.,
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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 characterization of dust optical properties.

3

Instruments and sites

3.1
30

LACO Aerosol Sampling Station

UMBC-LACO deployed two automated LACO Aerosol Sampling Stations, one at each Fennec Supersite. The Aerosol
Sampling 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 in 2 stages for 8 fine filters and 8 coarse filters. Nuclepore filters with 25 mm
diameter and 5.0 and 0.4 µm pore diameters were used as coarse (1st stage) and fine (2nd stage) filters respectively to collect
5

the aerosol particles. Particles with aerodynamic diameters larger than 10 µm were removed by the aerodynamic impactor of
the instrument inlet. This impactor has a cut efficiency of 50% for particles with aerodynamic sizes of 10 µm in dimeter and
density equal 1 g/cm3 (Hopke et al., 1997). Without taking the shape of the particles into account, for particles of density
around 2.6 g/cm3 , such as dust, this is approximately equivalent a cut size of 50% to spherical particles with a diameter of
5

6.1µm.
The 1st stage filters adequately prevent coarse particles from passing through the pores to adhere to the 2nd stage filter.
Thus the 2nd stage filter represents a fine mode aerosol and the size distributions analyzed from the 2nd stage filters include
only particles with diameter less than 5 µm. The coarse particles in the sample adhere to the 1st stage filters, but so do many
fine particles. There is overlap of size distributions of the 1st and 2nd stage filters, causing us to identify the 1st stage filter as
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representing a “mixed” size mode aerosol, rather than a coarse mode.
Each sampling position in the cartridge is connected individually 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
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sampling station through the filters was set at 4 liters per minute (LPM). At the end of the campaign, cartridges 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 deployment durations and sampling
periods.
3.2

20

Inverse Integrating Nephelometer and Optical Reflectometer

The Inverse Integrating Nephelometer and Optical Reflectometer (N-OR system) were designed to make real time measurements of the scattering and absorption coefficients of ambient aerosol particles. This instrument connects an Inverse Integrated
Nephelometer (N system) with an Optical Reflectometer (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 coefficient integrated over an angular range of 5-178 degrees. An
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aerodynamic impactor, in the inlet of the equipment cuts off particles larger than 10 µm in diameter. The internal laser beam
with wavelength of 670 nm illuminates particles entering the inlet of the instrument. A photomultiplier tube (PMT) 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
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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 allow for derivation of absorption at these three wavelengths. This allows
the simultaneous measurement of the scattering and absorption coefficients of the aerosol particles, the calculation of single
scattering albedo for the 670 nm in real time (by scaling the absorption coefficient from 640 nm to 670 nm using our spectral
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Table 1. Characteristics and sampling period of the LACO-UMBC instruments deployed during the Fennec campaign.
Location

Instrument

Algeria

Mauritania

Technique

Sampling

Deployment

period

duration

LACO Aerosol Sampling Station

Filter samples

1.5-12 h

6-30 June

Real-time Optical Reflectometer

Optical reflectance

45 sec

22-30 June

Inverse Integrating Nephelometer

Scattering coefficient

4 sec

6-30 June

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.
Physical quantity

Instruments

Scattering coefficient,

Real-time Optical Reflectometer

Absorption coefficient, SSA

and Inverse Integrating Nephelometer

Mass concentration, Elemental composition,
Spectral optical measurements (Reflectance and Refractive index)

LACO Aerosol Sampling Station

measurements discussed on Sec. 4.4), and the creation of time series of these optical parameters with a temporal resolution of
45 seconds.
Table 1 summarizes the characteristics and sampling periods of the ground-based measurements obtained by the LACOUMBC instruments during Fennec 2011. The sampling period corresponds to the temporal resolution of each instrument. For
5

the LACO Aerosol Sampling Station, the sampling period of each filter, i.e. the interval on which filters were being replaced,
was on the order of hours. Therefore, the properties obtained later on from filter based measurements are time-averaged over
the sampling period. A summary of the physical quantities retrieved by each of the LACO-UMBC instruments is presented in
Tab. 2.
3.3

10

Fennec supersites

The LACO-UMBC instruments were deployed at Supersite 1 (SS1): Bordj Badji Mokhtar (BBM) in the heart of the central
Sahara, and in a small village called Bir Moghrein approximately 290 km north of Supersite 2 (SS2) that was located in the
city of Zourete, Mauritania. The reason for the deployment at a distance from SS2 was to avoid contamination from aerosols
produced from local mining operations in Zourete. See Fig. 1.
Supersite 1 (SS1) is located in BBM–Algeria (21.38 N, 0.92 E, ≈420 m above sea level). In addition to the LACO-UMBC
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instruments, the Fennec team deployed other instruments 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 available in Marsham et al.
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a)

b)

Figure 2. Tower at SS1 in Bordj Badji Mokhtar in Algeria with the LACO-UMBC instruments during an episode of low (left) and high
(right) concentration of dust aerosol taken on June, 8 and 17, respectively. The Inverse Integrating Nephlometer, Optical Reflectometer and,
the LACO aerosol sampling station were installed with inlets three meters above the ground level. Image credits: Mohammed Salah and
Bouzine Ouchene – ONM Algeria.

(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 meters from the ground. The installation of this tower close to the
ONM and to the airport facilitated 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 (location
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25.23 N, 11.62 W, ≈360 m above sea level). The aerosol sampling station was operational from 23 May to 26 June 2011
collecting three to four filters per day with its inlet also located 3 meters above ground. Given the difficulty in accessing the
Bir Moghrein site, the station was preset to automatically sample filters in the following periods of time: 07:00 to 13:00 UTC,
13:00 to 19:00 UTC, 19:00 to 21:00 UTC, and 21:00 to 07:00 UTC. No Nephelometer-Optical Reflectometer was deployed at
10

Bir Moghrein, and therefore no high temporal resolution data was 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 6 hours, except during intense dust episodes at SS1 where samples were collected
15

at a higher frequency. The sampling station automatically advanced measurements from filter to filter during measurement
periods defined in Section 3.2, accumulating aerosol 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
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of the mass concentration time series is nominally six hours, based on the six hour 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 defined in Section 2.2, and thus the mass concentration time series is available for both the aerosol loading
on the coarse pore (1st stage) and the fine pore (2nd stage) filters. The time series of integrated scattering coefficient (βsca )
5

was measured in real time every four seconds using the N system located only at SS1.
Figure 3 shows the concentration (in µg/m3 ) from the 1st (mixed) and 2nd (fine) stage filters for both stations in (a) Algeria
and (b) Mauritania. Note that while the 1st stage filter successfully prevents coarse particles (d > 5 µm) from passing through
to the 2nd stage, allowing the 2nd 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 Section 5. In
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Fig. 3, we see that the mass concentration at SS1 in Algeria reached levels approximately ten times larger than in Mauritania. In
Algeria, the highest peaks of mass concentration were observed on 13 and 18 of June, with lesser events noted on 16, 21-22 and
29-30 of 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. The 25th
is also a moistening event, but does not have a corresponding peak in mass concentration as measured by the Aerosol Sampling
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Station at SS1. In Mauritania, we see the distinction between the “maritime phase” with low aerosol loading that occurs from
1 to 13 June and the onset of the “heat low phase” after that period with higher aerosol loading and greater influence from the
interior desert, as described by Todd et al. (2013).
Figure 3 (a) 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 loading followed by a sequence of intense episodes of high dust
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concentration. On June 13, the high concentrations of aerosol exceed the saturation limits of the nephelometer, and all the
data above 3500 Mm−1 were not measured. On June 22, the detection scale of the nephelometer was reconfigured in order
to allow for higher dynamic range and prevent saturation. The period from June 22 to June 30 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, i.e. 13, 18, 21-22 and 29-30 June. The 25th of June also shows a
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high scattering coefficient, but that day is missing from the mass concentration time series, although, the 25th , like the other
observed high mass/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 hours, while the nephelometer had a time resolution of 45 seconds.
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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 reflectometer. Due to a technical problem, the reflectometer did not work
properly at the beginning of the campaign. The reflectometer data presented in the next sections were obtained after June 22,
after the problem had been identified and fixed.
9

a) Algeria

b) Mauritania

Figure 3. Mass concentration in µg m−3 and scattering coefficient in Mm−1 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 2nd stage
filters. Mixed mass concentration is calculated from the 1st stage filters where both fine and coarse particles adhere to the surface. Note the
different scales on the y-axis in plots (a) and (b). Uncertainties were estimated to vary between 3.0 and 7.0 µg m−3 for days with low and
high mass concentrations respectively. The Integrated Scattering Coefficient was measured at 670 nm at SS1 in Algeria only in the period of
June 6-30, 2011. Before June 22, events of dust that had its scattering coefficient exceeding 3500 Mm−1 saturated the equipment, as marked
in the plot. Uncertainties of the scattering coefficient were estimated to be within 5%.

The mass absorption efficiency (αabs ), in m2 g−1 is the parameter derived from the measured quantities of attenuated reflectance of the filter (I/I0 ) and aerosol mass concentration (σ), in g m−2 . The relationship between the measured quantities
and αabs is given by Eq. (1),

σ=


 b
G
I
− ln
,
2αabs
I0

(1)

5

10

where I is the measured reflectance and I0 is the reflectance of the clean pristine filter. The functional relationship between
σ and the reflectance ratio is a power law of the logarithm, where b is an empirical power law coefficient determined to be
1.218 and G is a geometrical factor determined to be equal 1 for a large range of geometries of the setup (angle between
light incidence and detection), including the one used in this work. This method was previously derived and calibrated by
5

Martins et al. (2009) using Monarch 71 black carbon particles manufactured by the Cabot Corporation, it was compared and
showed good agreement against other absorption techniques by Reid et al. (1998) and applied to volcanic ash samples (RochaLima 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
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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 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
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the on order of 1-2%, and it is included in the uncertainties of the reflectance.
The absorption coefficient (βabs ) in Mm−1 is αabs /ρ, where ρ is the aerosol concentration (g m−3 ). For real time calculations
of βabs using the reflectometer we measure the darkening of the filter as a ratio of reflectance at two points in time, t1 and
t2 , with I(t1 ) substituting for I0 of Eq. (1). The darkening of the filter is thus relative to the previous measurement 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
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absorption coefficient βabs = αabs /ρ, where the concentration ρ = M/V (g/m3 ) depends on the aerosol mass M collected
and the volume V of air that passed through the filter in the time interval ∆t = t2 − t1 . We used ∆t = 7.5min 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 · ∆t. Using that the aerosol mass concentration σ as the ratio of the aerosol mass M and the sampled area of the
filter Af ilter , in the Eq. 1, the dependence with the aerosol mass M cancels out.



1.218
1
I(t2 )
Af ilter
25 βabs =
− ln
·
· 106
2
I(t1 )
F · ∆t

(2)

Figure 4 shows the results of the simultaneous measurements of scattering and absorption coefficients, (βsca and βabs ), at
SS1 for the period of June 22-30. Figure 4 (a) shows the scattering coefficient in Mm−1 for 640 nm. This is a temporal subset
of the plot in Fig. 3 (a). During this period several episodes of high concentration of dust were detected. The largest episodes
30

of dust were seen on 24, 29 and 30 day of June. Scattering measurements were taken every 4 seconds and are shown in the
plot averaged every 45 seconds in order to correspond to the time scale of the reflectometer. Figure 4 (b) shows the reflectance
of Nuclepore filters at three wavelengths normalized by the reflectance of the clean filter measured at the beginning of the
sampling. Filters in the Reflectometer were replaced approximately once per day. The sampling start time of each filter can
11

be identified as the moment where the reflectance is close to 1. The slope of the curve of the reflectance is proportional to the
amount of aerosol in the filter at that moment and therefore to the concentration of the particles collected on the filter at that
given instant.
Figures 4 a) and c) show similar trend between scattering and absorption coefficients, obtained by the nephelometer and the
5

reflectometer, respectively. The uncertainties in the scattering measurements were estimated to be smaller than 5% for highly
scattering particles such as dust particles. The uncertainties in the absorption coefficient were estimated from the error in the
reflectance, integrated flow, and size of the filter where particles were collected in the filter. These errors combined represent
an uncertainty on the order of 3% (or 2 Mm−1 , whichever is higher) in the absorption coefficient.
The single scattering albedo (SSA) is defined as βsca /(βsca + βabs ). By obtaining simultaneous scattering and absorption
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coefficients at SS1, the calculation of a time series of SSA was possible at 670 nm, the wavelength measured by the nephelometer. Because βabs is obtained at 640 nm, this value of was extrapolated to 670 nm based on spectral laboratory measurements
showed in Fig. 7 (a). The SSA time series are shown in Fig. 4 (d). 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 Sec. 7. It is important to note that SSA is a size-dependent quantity,

15

and comparisons with other measurements should take into account size differences, as discussed in Sec. 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 imaginary part
of the refractive index. Using the same methodology applied in Rocha-Lima et al. (2014), the derivation of the imaginary
20

refractive index was obtained by minimizing the difference between the mean mass absorption efficiency derived 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 calculation of mass absorption
efficiency is governed by
R∞
αabs =

25

0

nA (r)Qabs (m, x)A(r)dr
R∞
,
nA (r)dp v(r)dr
0

(3)

where nA (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 volume of each particle. The absorption efficiency Qabs (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 refractive index was held constant
spectrally at a value of 1.56 (Balkanski et al., 2007; Petzold et al., 2009). In a similar method, Wagner et al. (2012) fixed the real
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part of the refractive index to be 1.53 to derive the imaginary part of the refractive index. The imaginary part of the refractive
index that yields the Qabs (m, x) producing the closest calculated αabs to the measured value of αabs from Eq. 2 is identified
12

a)

b)

c)

d)

Figure 4. In situ measurements from SS1 in Algeria a) scattering coefficient in Mm−1 , 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), c) derived absorption coefficient for the
period of June 22 to June 30, 2011, and d) Single scattering 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 Sec. 4.2.
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a)

b)

Figure 5. Examples of typical spectral reflectances of the Sahara dust sampled at different days at SS1 in Algeria for a) fine mode (2nd
stage filter) and b) mixed (fine+course) mode (1st stage filter), according to the loaded mass per unit area σ 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.

as the retrieved value. The retrieval is performed for the entire range of wavelengths from 350 to 2500 nm. This derivation
requires laboratory measurements of the spectral optical reflectance of the filters using a spectrometer to obtain αabs from
Eq. 2, measurements using a Scanning Electron Microscope (SEM) to obtain size distribution and aspect ratio of the particles,
a calculation of particle density and radiative modeling of the particles using either a Mie or T-matrix code, as described in the
5

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 FieldSpec
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).
10

The reflectance of the filters collected at both stations was measured relative to a white reference. Figure 5 shows examples
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 dependence is what causes the dust to appear brown to our eye. Some of the samples also
presented a slight decrease in reflectance above 1000 nm. The ripples on the reflectance curve above 2000 nm are measurement

15

artifacts also observed in clean filters.
The reflectance of the filters collected in Mauritania presented 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
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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 shortwave infrared. Finally, Group 3 has a reflectance spectrum that seems to be a combination of
Groups 1 and 2.
5

Scanning Electron Microscopy (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 observations 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 images show a considerable number of particles on
them. Secondly, these large particles are easily damaged by the electron beam of the microscope. Finally, the presence of the
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aerodynamic impactor with nominal cutoff size of 10 µm (or approximately 6.1 µm for a spherical dust particle of density
2.6 g cm3 ) in the inlet should have removed most of these particles, unless they have lower inertia and lower aerodynamic
sizes, i.e., lower mass density.
Thus, while the spectral reflectance, size and density of the particles of Mauritania Group 1 resembles the dust properties and
the measurements from SS1, the measured particle properties of Mauritania Groups 2 and 3 do not. The anomalous spectral
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reflectance and particle sizes of Groups 2 and 3 are always linked together, meaning we do not find filters with Group 2 or 3
spectral reflectance without also finding Group 2 and 3 particle size and density properties. These particles are sparse on the
surface of the filters and the complete characterization of their properties and origin would require dedicated microscopy and
trajectory analysis, which are beyond 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.
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From the spectral reflectance measurements and mass concentration applied to Eq. 2, we derived the spectral mass absorption
efficiency (in m2 g−1 ) for fine and mixed 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 2nd and 1st stage filters, respectively, as discussed in Section 4.2. For SS1,
the mass absorption efficiency of both fine and mixed modes is in good agreement up to wavelength of 600 nm. Above that, fine
and mixed mode deviate from each other, with the fine mode exhibiting higher values. For SS2, the mass absorption efficiency

25

for the fine mode is slightly higher than the mixed mode for wavelengths 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.
5.2

Size distribution measurements

The number, area, and volume size distributions were obtained from SEM images of the dust particles. Analysis included
30

both the 1st stage filters with pore size 5 µm and the 2nd stage filters with pore size 0.4 µm as shown in Section 3.2.
Figure 8 a) and b) show the fine and mixed distributions for Algeria and Mauritania (Group 1), respectively, obtained by
analyzing approximately 2000 particles. In this example, these distributions shows considerably larger fraction of particles
below 1 µm of diameter in Mauritania, compared with Algeria. Other studies also show a decrease in coarse mode fraction
as sampling moves towards aged dust and away from fresh dust near the major sources (Weinzierl et al., 2009, 2011; Ans15

a)

b)

c)

d)

e)

f)

Figure 6. Examples of spectral reflectance and SEM images of Saharan dust from SS2 in Mauritania for a) and b) Group 1, c) and d)
Group 2, and e) and 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 µm
scale for size reference. The samples were collected respectively, on June 21, June 19, and May 26, 2011.

mann et al., 2011; Ryder et al., 2013a, b). This is in agreement that Algeria is more centered in the Saharan desert, closer to
the major sources of dust and therefore with higher fraction of fresh dust.
The size distribution obtained by SEM images is the distribution sampled on the filter and for consistency this is the size
distribution used to derive the optical properties of the dust collected on the filters using post-deployment measurements in the
5

laboratory. Note that SEM derived size distributions are not easily 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.
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a)

b)

Figure 7. Spectral mass absorption efficiency (αabs ) for fine and mixed mode particles of the Saharan dust collected on filters during the
Fennec campaign a) Algeria and b) Mauritania (Group 1). Uncertainties shown as error bands in this figure were estimated by propagating
the error from the power law fitting, and they represent one standard deviations around the central black lines.

b) Mauritania

a) Algeria

Figure 8. Particle number and volume distribution versus particle diameter obtained by analysis of SEM images for a fine and a coarse filter
of Saharan dust sampled in a) Algeria and b) Mauritania (Group 1). The size distribution obtained by SEM corresponds to the projected
area equivalent diameter of the particles. In the lower panel in gray is shown the AERONET size distribution for the period of the campaign
for a) the BBM site, collocated with the LACO-UMBC Aerosol Sampling Station and b) the Zourete site, approximately 290 km from Bir
Moghrein. Note that AERONET volume density is per unit area, not volume, and is thus plotted with its own y-axis scale, shown in gray on
the right hand side of the figures.
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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
using the principle of gas displacement in a device under compressions and it requires a bulk sample of at least 1–2 grams
of the material, as was described in Rocha-Lima et al. (2014). The major dust storms in Algeria caused significant uplift
5

and deposition 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 sieved using a 45 µm mesh grid. The resulting bulk sample obtained
had the required mass needed for the grain density measurements. The average grain density obtained for the Saharan dust from
Algeria was 2.69±0.12 g cm−3 . Because 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.
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The grain density for dust particles reported in the literature range from 2.1–2.6 g cm−3 (Chen et al., 2011; Reid and Maring,
2003; Reid et al., 2008; Wagner et al., 2012). Ryder et al. (2013a) used 2.65 g cm−3 to parameterize dust density during
Fennec’s airborne measurements and these values are compatible with our values measured in the laboratory.
5.4

Determination of particle aspect ratio

Now that size distribution and particle grain density have been determined, the final input needed to calculate αabs from Eq.
15

(3) is Qabs (m, x). If we assume that the particles are spherical, we can use a Mie code to calculate Qabs (m, x). However, the
aspect ratio distribution of the particles shows that they are typically non-spherical. Therefore, in addition to the Mie code, the
extended-precision T-matrix code (Mishchenko et al., 1996) assuming randomly oriented ellipsoidal particles was used with a
modified gamma distribution 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 ratio used was obtained as 1.3 for both supersites from the analysis of SEM
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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 aspect ratio of mineral dust was measured to be
1.7 during AMMA/DABEX (Chou et al., 2008; Haywood et al., 2008), and 1.7–1.9 from samples collected during SAMUM
(Wagner et al., 2012). In Morocco for dust sizes with diameter > 0.5 µm aspect ratio was 1.6 (Kandler et al., 2009). In Cape
Verde, similar aspect ratios were found (Kandler et al., 2011).

25

However, in a laboratory analysis of size separated mineral dust the aspect ratio was 1.3 for small dust particles measured
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
30

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 efficiency calculated using Eq. 3. The real part of the refractive index
is assumed to be a constant value of 1.56 for all wavelengths. In the calculation of the absorption efficiency Qabs (m, x),
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Figure 9. Particle aspect ratio distribution obtained using Scanning Electron Microscopy (SEM) analysis for the fine mode distribution of
Saharan dust from Algeria and from Group 1 in Mauritania.

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 converge for larger particles
size.
Figure 10 a) shows that the imaginary part of the complex refractive index for Saharan dust from Algeria has significant
5

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 wavelength the values diverge considerably, as the imaginary part 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 efficiency and refractive index

10

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 refractive index using Mie theory introduced an uncertainty comparable to the uncertainties from the measurements. This is likely related to the presence of more
fine particles in this supersite. A possible explanation is the fact that the absorption efficiency (Qabs ) has a sharper variation
for smaller size parameters, which introduce more variability in the retrieval of the mass absorption efficiency in Eq. 3.
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In a similar analysis Wagner et al. (2012) derive the spectral imaginary part of the refractive index for a variety of mineral dust
samples, including samples collected during SAMUM in Morocco. We compare our retrievals with their results in Section 7.
5.6

EDXRF analysis of Saharan dust

Selected dust samples collected in the Sahara were submitted to Energy Dispersive X-ray Fluorescence analysis (EDXRF)
using an Epsilon 5 PanAnalytical spectrometer at the Atmospheric Physics Laboratory at University of Sao Paulo. A total
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b)

a)

Figure 10. Imaginary part of the complex refractive index derived for mixed and fine particles of Saharan dust from a) Algeria and b)
Mauritania (Group 1). Mie theory and T-matrix was used assuming the real part of the refractive index Re(m) = 1.56 and grain density
dp = 2.69 g cm−3 . The error bars of the imaginary part of the complex refractive index were estimated by studying the sensitivity of the
minimization method to the uncertainties of the real part of the refractive index, the mass absorption efficiency, the particles’ cross section,
volume, and grain density.

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 Mauritania by Energy Dispersive X-ray Fluorescence analysis (EDXRF).

of 150 samples, including 1st and 2nd 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.
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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 Mauritania (0.57 and
0.64 for fine and mixed mode, respectively) 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.
5

(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 usually 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 Algeria. 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
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fine mode at Mauritania. The concentrations of vanadium in Algeria and in the mixed mode in Mauritania were relatively
low, on the order of 100 ppm. These levels of vanadium are compatible with the natural abundance of this element in Earth’s
crust (Byerrum, 1991; ATSDR, 2012). However, the concentration in the fine mode at Mauritania was on average 3000 ppm,
indicating a significant contribution of anthropogenic sources nearby 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. 12 (a) and (b), and
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the ratio of the fine and mixed modes in these supersites (Fig. 12 (c) 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 of 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%).

6
20

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 compare our
local ground-based measurements and derivations with those obtained from total column measurements. For example, the time
series of the scattering coefficient presented in Section 3.2 was compared with AERONET (level 2.0) aerosol optical thickness
(AOT) for the same period (Fig. 13). In part a), based on Marsham et al. (2013); Todd et al. (2013); Garcia-Carreras et al.
25

(2015), we assume a 5 km 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 conditions observed during the
first days of the experiment are also apparent in the AERONET data. The AOT measurements are higher after 13 June, but
AERONET total column measurements 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
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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. Part b) shows that the
correlation between ground measurements and the total column is better when the scattering coefficient is below ≈ 400 Mm−1 .
During intense events of dust storms when the scattering coefficients reach higher values, ground based and total atmospheric
21

a)

b)

c)

d)

Figure 12. Relative elemental composition in logarithmic scale for each element between different sites (a) fine mode and (b) mixed mode
and between different modes in the same site (c) Algeria and d) Mauritania, obtained by Energy Dispersive X-ray Fluorescence analysis
(EDXRF).

column measurements do not maintain the same correlation, as the heavy dust loads occur during haboobs or low-level-jet
breakdown and are not expected to occupy the full 5 km deep layer of the well mixed late afternoon PBL (Marsham et al.,
2013). For example, it can be seen in Ryder 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
5

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. 10 a),
were compared with AERONET retrievals for SS1 in Algeria retrieved during the Fennec campaign. Figure 14 a) shows our
imaginary refractive index for fine and mixed mode where the dashed lines indicate the AERONET wavelengths and Fig. 14 b)
10

shows the AERONET daily average of the imaginary refractive index for all days during the campaign, when available.
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a)

b)
Figure 13. Intercomparison of AERONET total column measurements with ground–based measurement at SS1 in Algeria. a) Scattering
coefficient measured by the nephelometer at the Fennec tower compared to AERONET AOT normalized by a factor of 5 km, b) Scatterplot
of the scattering coefficient obtained by normalizing AERONET AOT by a factor of 5 km and measured by the nephelometer.

Notably, AERONET retrievals in Fig. 14 b) show a higher imaginary part of refractive index on days 16 and 26 of June, with
a slightly increasing trend above 650 nm. AERONET retrievals of size distributions give higher concentrations of fine particles
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.
5

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–Algeria. The comparison of our refractive index
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b)

a)

Figure 14. a) Spectral imaginary part of the refractive index for Saharan dust from SS1 in Algeria. The dashed lines indicate wavelengths
of AERONET retrievals. b) AERONET (level 2.0) mean daily retrievals of imaginary part of refractive index from the collocated sun
photometer. The outlier days exhibiting higher than average values correspond to 06/16 (bright green) and 06/26 (dark rust).

Figure 15. Fine mass fractions were obtained by dividing the mass concentrations of the fine mode to that of the total (fine+mixed) modes
collected on filters using the LACO aerosol sampling station during the Fennec experiment at SS1 – Algeria. Two main peaks were observed
on days 16 and 26 of June indicating the lower concentration of coarse particles.

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 Zourete, 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 Fig. 10 b). In addition to that, it is important to note that the fraction of fine particles in the mixed mode in
5

SS2 is much larger than in Algeria, as seen in the particle number distributions in the top panels of Figs. 8 a) and (b) and also
in the mean mass concentration shown in Figs. 11 a) and (b). This dominance of fine particles in the mixed mode may explain
why we found the same spectral dependence of the refractive index in both fine and mixed modes in Mauritania.

24

7

Discussion and Conclusions
Real time in situ measurements and in situ filter collection were obtained from two Fennec supersites in the central Sahara,

one in Algeria and the other in Mauritania. In Mauritania, analysis of the samples collected with the LACO Aerosol Sampling
Station shows the presence of low density particles with aerodynamic diameters larger than 10 µm in some of days. These
5

particles are not typical of the dust observed in most of the filters. They have more complex shapes, lower density and can be
easily deteriorated during SEM analysis. On the other hand, the low density particles were not observed in Algeria. Even when
confining the analysis of Mauritania size distribution to only samples of Group 1 (without the large low density particles),
we find higher concentrations of fine particles and low number 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
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the elemental composition obtained by XRF analysis. The most notable differences were the higher concentrations of Na, Cl,
and S in the samples collected in Mauritania. The ratio of some key chemical components, 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 sources areas and their composition (Formenti et al., 2011; Scheuvens et al., 2013). This variation of dust
chemical and optical properties at these two sites suggest that not all aerosol found over the Sahara or transported from the
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Sahara can be modeled as “typical” dust. This is an important result because it corroborates 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 regional 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.
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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 shortwave end of the
spectrum, as expected, but the value also increases from 650 nm towards the shortwave infrared. Wagner 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-shape signature is seen in other
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previous work by Balkanski 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 Sahara 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 measurements 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
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between the bow shape 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 conclusions of
this work is the identification of the bow-shaped spectral signature in the imaginary part of the refractive index of fine mode
particles over the Sahara.

25

The values of the imaginary part of the refractive index for fine mode dominated aerosols at both stations are 0.0030i to
0.0045i, 0.0015i to 0.0030i, 0.0015i to 0.0025i, and 0.0018i to 0.0030i, for wavelengths of 450 nm, 550 nm, 650 nm 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 index of
5

the mixed mode is nearly constant above 650nm. Here, the imaginary refractive index is 0.0030i, 0.0005i, 0.0005i, 0.0005i for
wavelengths of 450 nm, 550 nm, 650 nm and 850 nm, respectively, with maximum uncertainties on the order of 25%. These
results are less than half of the values retrieved by Wagner et al. (2012) for their SAMUM samples. 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 coefficients in Algeria allowed us to calculate the temporal single
scattering albedo of the Saharan dust at 670 nm. Our values of single scattering albedo varied from 0.96 to 1.0 and are 0.01 to
0.02 systematically higher than the values measured by AERONET, although still compatible within uncertainties from both
methods.
Ryder et al. (2013a) present results of dust optical properties measured and derived during Fennec from aircraft over northern

15

Mauritania and North West of Mali. Differences 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 µm) 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 670 nm for

20

d< 10 µm are 0.99 to 1.0. From typical spectral signatures of dust absorption (e.g. Figs. 10 and 14) we would expect much less
absorption and higher SSA values in our measurements than from Ryder et al. (2013a) based on the differences in wavelength
alone. Adjusting the Fennec airborne measurements to 670 nm 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 representing the full size distribution.
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There are other factors contributing to the differences between the airborne and ground-based results. The size distribution
measured by these aircraft observations showed a strong coarse mode, with effective diameter covering 2.3–19.4 µm and
coarse mode volume median diameter 5.8–45.3 µm. 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 ground instruments purposely
removed particles larger than 10 µm diameter with an aerodynamic impactor. The absence of the large particles in our analysis
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can explain some of the divergence between the ground-based and airborne SSA results that the wavelength differences cannot.
These differences in instrumentation characteristics (wavelength and size cut-off) 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
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small, though we note that AERONET retrievals do not fully account for the coarse mode, which may additionally impact on
SSA retrievals (Hashimoto et al., 2012; Müller et al., 2010a, b; Ryder et al., 2015).
Overall, the results show that the dust of the central Sahara measured during Fennec at ground-level shows low absorption
characteristics and exhibits a distinctive spectral bow-like shape unlike other more absorbing measurements, especially other
5

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 signature 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; Moosmüller et al., 2012). Like other studies we find distinctive differences in the composition and optical characteristics

10

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 uncertainties in characterizing dust microphysical and optical properties, which
will place constraints on attempts to model the transport, radiative and climate effects of this important aerosol type.

Acknowledgements. We thank the entire Fennec team, specially the authors would like to thank M. Salah-Ferroudj, B. Ouchene, A. Ouladichir,
15

and A. Saci from The Met office in Algeria and Sidate Deyane in Mauritania for their hard working in the installation and operating of the
Fennec instruments during the Fennec campaign. We are thankful to the engineering team at LACO-UMBC for their support in all areas of
preparation and assembling the Aerosol Sampling Stations and the Integrating Nephelometer sent to Sahara for the Fennec campaign, especially, Dominik Cieslak, John Hall, Kevin Townsend, Tim Kuester. We thank the scientific and technical support of Manfredo H. Tabacniks,
Alexandre Lima Correa and Ana Lucia Loureiro from the University of São Paulo. Adriana Rocha-Lima thanks all the members of her PhD

20

committee for the incentive and ideas in how to improve this work: Raymond Hoff, Zhibo Zhang, Nickolay Krotkov, Andreas Beyersdorf,
and Laszlo Takaks. We thank Martin Todd for his effort in establishing and maintaining the Bordj Badji Mokhtar AERONET site during the
Fennec campaign. J. Marsham was funded by the NERC Fennec (NE/G017166/1) and SWAMMA (NE/L005352/1) projects. R. Washington
was funded by NERC Fennec (NE/G016283/1)project. We thank Ron Miller and an anonymous referee for their contributions.

27

References
Allen, C. J. T., Washington, R., and Engelstaedter, S.: Dust emission and transport mechanisms in the central Sahara: Fennec ground-based
observations from Bordj Badji Mokhtar, June 2011, J. Geophys. Res. Atmos., 118, 6212–6232, doi:10.1002/jgrd.50534, 2013.
Ansmann, A., Petzold, A., Kandler, K., Tegen, I., Wendisch, M., Müller, D., Weinzierl, B., Müller, T. and Heintzenberg, J.: Saharan Mineral
5

Dust Experiments SAMUM-1 and SAMUM-2: what have we learned?, Tellus B63, 403–429. doi:10.1111/j.1600-0889.2011.00555.x,
2011.
ATSDR (Agency for Toxic Substances and Disease Registry): Toxicological profile for Vanadium. Atlanta, U.S. Department of Health and
Human Services, Public Health Service, 2012.
Atkinson, J. D., Murray, B. J., Woodhouse, M. T., Whale, T. F., Baustian, K. J., Carslaw, K. S., Dobbie, S., O’Sullivan, D., Malkin, T. L.: The

10

importance of feldspar for ice nucleation by mineral dust in mixed-phase clouds, Nature 498, 355–358, doi:10.1038/nature12278, 2013.
Balkanski, Y., Schulz, M., Claquin, T., and Guibert, S.: Reevaluation of Mineral aerosol radiative forcings suggests a better agreement with
satellite and AERONET data, Atmos. Chem. Phys., 7, 81–95, doi:10.5194/acp-7-81-2007, 2007.
Banks, J. R., Brindley, H. E., Flamant, C., Garay, M. J., Hsu, N. C., Kalashnikova, O. V., Klüser, L., and Sayer, A. M.: Intercomparison of
satellite dust retrieval products over the west African Sahara during the Fennec campaign in June 2011, Remote Sensing of Environment

15

136, 99–116, doi:10.1016/j.rse.2013.05.003, 2013.
Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G., Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., Lohmann, U., Rasch, P.,
Satheesh, S. K., Sherwood, S., Stevens, B., and Zhang, X. Y.: Clouds and Aerosols. In: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, [Stocker, T. F., Qin,
D., Plattner, G. K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex V. and Midgley, P. M. (eds.)]. Cambridge University

20

Press, Cambridge, United Kingdom and New York, doi:10.1017/CBO9781107415324.016, 2013.
Bristow, C. S., Hudson-Edwards, K. A., and Chappell, A.: Fertilizing the Amazon and equatorial Atlantic with West African dust, Geophys.
Res. Lett. 37, L14807, doi:10.1029/2010GL043486, 2010.
Byerrum, R.U.: Vanadium. In: Merian E, ed., Metals and their compounds in the environment. Weinheim, Germany: VCH, 1289-1297, 1991.
Chaboureau, J. P., Flamant, C., Dauhut, T., Kocha, C., Lafore, J.P., Lavaysse, C., Marnas, F., Mokhtari, M., Pelon, J., Reinares Martínez, I.,

25

Schepanski, K., and Tulet, P.: Fennec dust forecast intercomparison over the Sahara in June 2011, Atmos. Chem. Phys., 16, 6977-6995,
doi:10.5194/acp-16-6977-2016, 2016.
Chen, G., Ziemba, L. D., Chu, D. A., Thornhill, K. L., Schuster, G. L., Winstead, E. L., Diskin, G. S., Ferrare, R. A., Burton, S. P., Ismail, S.,
Kooi, S. A., Omar, A. H., Slusher, D. L., Kleb, M. M., Reid, J. S., Twohy, C. H., Zhang, H., and Anderson, B. E.: Observations of Saharan
dust microphysical and optical properties from the Eastern Atlantic during NAMMA airborne field campaign, Atmos. Chem. Phys., 11,

30

723–740, doi:10.5194/acp-11-723-2011, 2011.
Chin, M., Kahn, R. A., and Schwartz, S. E.: Atmospheric Aerosol Properties and Climate Impacts, A Report by the U.S. Climate Change
Science Program and the Subcommittee on Global Change Research, National Aeronautics and Space Administration, Washington, D.C.,
USA, 128 pp, 2009.
Chou, C., Formenti, P., Maille, M., Ausset, P., Helas, G., Harrison, M., and Osborne, S.: Size distribution, shape, and composition of mineral

35

dust aerosols collected during the African Monsoon Multidisciplinary Analysis Special Observation Period 0: Dust and Biomass-Burning
Experiment field campaign in Niger, January 2006, J. Geophys. Res. 113, D00C10, doi:10.1029/2008JD009897, 2008.

28

Colarco, P., Toon, O., Torres, O., and Rasch, P.: Determining the UV imaginary index of refraction of Saharan dust particles from
Total Ozone Mapping Spectrometer data using a three-dimensional model of dust transport, J. Geophys. Res., 107(D16), 4289,
doi:10.1029/2001JD000903, 2002.
Colarco, P. R., Nowottnick, E. P., Randles, C. A., Yi, B., Yang, P., Kim, K.-M., Smith, J. A., and Bardeen, C. G.: Impact of radiatively
5

interactive dust aerosols in the NASA GEOS-5 climate model: Sensitivity to dust particle shape and refractive index, J. Geophys. Res.
Atmos., 119(2), doi:10.1002/2013JD020046, 2014.
Formenti, P., Rajot, J. L., Desboeufs, K., Caquineau, S., Chevaillier, S., Nava, S., Gaudichet, A., Journet, E., Triquet, S., Alfaro, S., Chiari,
M., Haywood, J., Coe, H., and Highwood, E.: Regional variability of the composition of mineral dust from western Africa: Results from
the AMMA SOP0/DABEX and DODO field campaigns, J. Geophys. Res., 113, D00C13, doi:10.1029/2008JD009903, 2008.

10

Formenti, P., Schütz, L., Balkanski, Y., Desboeufs, K., Ebert, M., Kandler, K., Petzold, A., Scheuvens, D., Weinbruch, S., and Zhang, D.:
Recent progress in understanding physical and chemical properties of African and Asian mineral dust, Atmos. Chem. Phys., 11, 8231–
8256, doi:10.5194/acp-11-8231-2011, 2011.
Garcia-Carreras, L., Parker, D., Marsham, J., Rosenberg, P., Brooks, I., Lock, A., Marenco, F., McQuaid, J., and Hobby, M.: The Turbulent
Structure and Diurnal Growth of the Saharan Atmospheric Boundary Layer, J. Atmos. Sci., 72, 693–713, doi:10.1175/JAS-D-13-0384.1,

15

2015.
Hashimoto, M., Nakajima, T., Dubovik, O., Campanelli, M., Che, H., Khatri, P., Takamura, T., and Pandithurai, G.: Development of a new
data-processing method for SKYNET sky radiometer observations Atmos. Meas. Tech., 5, 2723–2737, doi:doi:10.5194/amt-5-2723-2012,
2012.
Haywood, J. M., Pelon, J., Formenti, P., Bharmal, N., Brooks, M., Capes, G., Chazette, P., Chou., C., Christopher, S., Coe, H., Cuesta, J.,

20

Derimian, Y., Desboeufs, K., Greed, G., Harrison, M., Heese, B., Highwood, E.J., Johnson, B., Mallet, M., Marticorena, B., Marsham, J.,
Milton, S., Myhre, G., Osborne, S.R., Parker, D. J., Rajot, J. L., Schulz, M., Silingo, A., Tanré, D., and Tulet, P.: Overview of the Dust
and Biomass-burning Experiment and African Monsoon Multidisciplinary Analysis Special Observing Period-0, J. Geophys. Res., 113,
D00C17, doi:10.1029/2008JD010077, 2008.
Haywood, J. M., Johnson, B. T., Osborne, S. R., Baran, A. J., Brooks, M., Milton, S. F., Mulcahy, J., Walters, D., Allan, R. P., Klaver,

25

A., Formenti, P., Brindley, H. E., Christopher, S. and Gupta, P.: Motivation, rationale and key results from the GERBILS Saharan dust
measurement campaign, Q.J.R. Meteorol. Soc. 137, 1106–1116. doi:10.1002/qj.797, 2011.
Heintzenberg, J.: The SAMUM-1 experiment over Southern Morocco: overview and introduction, Tellus B61, 2–11. doi:10.1111/j.16000889.2008.00403.x, 2009.
Hobby, M., Gascoyne, M., Marsham, J., Bart, M., Allen, C., Engelstaedter, S., Fadel, D., Gandega, A., Lane, R., McQuaid, J., Ouchene,

30

B., Ouladichir, A., Parker, D., Rosenberg, P., Ferroudj, M., Saci, A., Seddik, F., Todd, M., Walker, D., and Washington, R.: The Fennec Automatic Weather Station (AWS) Network: Monitoring the Saharan Climate System, J. Atmos. Oceanic Technol., 30, 709–724,
doi:10.1175/JTECH-D-12-00037.1, 2013.
Hopke, P. K., Xie, Y., Raunemaa, T., Biegalski, S., Landsberger, S., Maenhaut, W., Artaxo, P., and Cohen, D.: Characterization of the Gent
Stacked Filter Unit PM10 sampler, Aerosol Sci. Technol., 27, 726–735, doi:10.1080/02786829708965507, 1997.

35

Huneeus, N., Schulz, M., Balkanski, Y., Griesfeller, J., Prospero, J., Kinne, S., Bauer, S., Boucher, O., Chin, M., Dentener, F., Diehl, T.,
Easter, R., Fillmore, D., Ghan, S., Ginoux, P., Grini, A., Horowitz, L., Koch, D., Krol, M. C., Landing, W., Liu, X., Mahowald, N., Miller,
R., Morcrette, J.-J., Myhre, G., Penner, J., Perlwitz, J., Stier, P., Takemura, T., and Zender, C. S.: Global dust model intercomparison in
AeroCom phase I, Atmos. Chem. Phys., 11, 7781–7816, doi:10.5194/acp-11-7781-2011, 2011.

29

Jickells, T. D., An, Z. S., Andersen, K. K., Baker, A. R., Bergametti, G., Brooks, N., Cao, J. J., Boyd, P. W., Duce, R. A., Hunter, K. A.,
Kawahata, H., Kubilay, N., laRoche, J., Liss, P. S., Mahowald, N., Prospero, J. M., Ridgwell, A. J., Tegen, I., and Torres, R.: Global Iron
Connections Between Desert Dust, Ocean Biogeochemistry, and Climate, Science 308, 5718, 67–71, doi:10.1126/science.1105959, 2005.
Johnson, M. S. and Meskhidze, N.: Atmospheric dissolved iron deposition to the global oceans: effects of oxalate-promoted Fe dissolution,
5

photochemical redox cycling, and dust mineralogy, Geosci. Model Dev., 6, 1137-1155, doi:10.5194/gmd-6-1137-2013, 2013.
Kandler, K., Benker, N., Bundke, U., Cuevas, E., Ebert, M., Knippertz, P., Rodríguez, S., Schütz, L., and Weinbruch, S.: Chemical composition and complex refractive index of Saharan Mineral Dust at Izaña, Tenerife (Spain) derived by electron microscopy, Atmospheric
Environment 41, 37, 8058-8074, ISSN 1352-2310, doi:10.1016/j.atmosenv.2007.06.047, 2007.
Kandler, K., Schütz, L., Deutscher, C., Ebert, M., Hofmann, H., Jäckel, S., Jaenicke, R., Knippertz, P., Lieke, K., Massling, A., Petzold,

10

A., Schladitz, A., Weinzierl, B., Wiedensohler, A., Zorn, S., and Weinbruch, S.: Size distribution, mass concentration, chemical and
mineralogical composition and derived optical parameters of the boundary layer aerosol at Tinfou, Morocco, during SAMUM 2006,
Tellus B, 61, 32–50, doi:10.1111/j.1600-0889.2008.00385.x, 2009.
Kandler, K., Lieke, K., Benker, N., Emmel, C., Küpper, M., Müller-Ebert, D., Ebert, M., Scheuvens, D., Schladitz, A., Schütz, L. and
Weinbruch, S.: Electron microscopy of particles collected at Praia, Cape Verde, during the Saharan Mineral Dust Experiment: particle

15

chemistry, shape, mixing state and complex refractive index, Tellus B63, 475–496. doi:10.1111/j.1600-0889.2011.00550.x, 2011.
Kim, D., Chin, M., Yu, H., Eck, T. F., Sinyuk, A., Smirnov, A., and Holben, B. N.: Dust optical properties over North Africa and Arabian
Peninsula derived from the AERONET dataset, Atmos. Chem. Phys., 11, 10733-10741, doi:10.5194/acp-11-10733-2011, 2011.
Kok, J. F., Ridley, D. A., Zhou, Q., Miller, R.L., Zhao, C., Heald, C.L., Ward, D.S., Albani, S., and Haustein, K.: Smaller desert dust cooling
effect estimated from analysis of dust size and abundance, Nature Geosci. 10, 4, 274–278, doi:10.1038/ngeo2912, 2017.

20

Lenoble, J., Remer, L., and Tanré, D.: Aerosol remote sensing, Springer Science & Business Media, ISBN-10: 3642177247, 2013.
Mahowald, N., Jickells, T. D., Baker, A. R., Artaxo, P., Benitez-Nelson, C. R., Bergametti, G., Bond, T. C., Chen, Y., Cohen, D. D., Herut,
B., Kubilay, N., Losno, R., Luo, C., Maenhaut, W., McGee, K. A., Okin, G. S., Siefert, R. L., and Tsukuda, S.: Global distribution of
atmospheric phosphorus sources, concentrations and deposition rates, and anthropogenic impacts, Global Biogeochemical Cycles 22,
GB4026, doi:10.1029/2008GB003240, 2008.

25

Mahowald, N. M., Engelstaedter, S., Luo, C., Sealy, A., Artaxo, P., Benitez-Nelson, C., Bonnet, S., Chen, Y., Chuang, P. Y., Cohen,
D. D., Dulac, F., Herut, B., Johansen, A. M., Kubilay, N., Losno, R., Maenhaut, W., Paytan, A., Prospero, J. M., Shank, L. M., and
Siefert, R. L.: Atmospheric iron deposition: Global distribution, variability, and human perturbations, Annu. Rev. Mar. Sci. 1,245–278,
doi:10.1146/annurev.marine.010908.163727, 2009.
Martins, J. V., Artaxo, P., Kaufman, Y. J., Castanho, A. D., and Remer, L.: Spectral absorption properties of aerosol particles from 350–

30

2500nm, Geophys. Res. Lett. 36, L13810, doi:10.1029/2009GL037435, 2009.
Marsham, J. H., Hobby, M., Allen, C. J. T., Banks, J. R., Bart, M., Brooks, B. J., Cavazos-Guerra, C., Engelstaedter, S., Gascoyne, M., Lima,
A. R., Martins, J. V., McQuaid, J. B., O’Leary, A., Ouchene, B., Ouladichir, A., Parker, D. J., Saci, A., Salah-Ferroudj, M., Todd, M. C.,
and Washington, R.: Meteorology and dust in the central Sahara: Observations from Fennec supersite–1 during the June 2011 Intensive
Observation Period, J. Geophys. Res.–Atmos. 118, 4069–4089, doi:10.1002/jgrd.50211, 2013.

35

McConnell, C. L., Highwood, E. J., Coe, H., Formenti, P., Anderson, B., Osborne, S., Nava, S., Desboeufs, K., Chen, G., and Harrison, M.
A. J.: Seasonal variations of the physical and optical characteristics of Saharan dust: Results from the Dust Outflow and Deposition to the
Ocean (DODO) experiment, J. Geophys. Res. 113, D14S05, doi:10.1029/2007JD009606, 2008.

30

McConnell, C. L., Formenti, P., Highwood, E. J., and Harrison, M. A. J.: Using aircraft measurements to determine the refractive index of
Saharan dust during the DODO Experiments, Atmos. Chem. Phys., 10, 3081-3098, doi:10.5194/acp-10-3081-2010, 2010.
Miller, R. L., Cakmur, R. V., Perlwitz, J., Geogdzhayev, I. V., Ginoux, P., Koch, D., Kohfeld, K. E., Prigent, C., Ruedy, R., Schmidt, G. A.,
and Tegen, I.: Mineral dust aerosols in the NASA Goddard Institute for Space Sciences ModelE atmospheric general circulation model, J.
5

Geophys. Res., 111, D06208, doi:10.1029/2005JD005796, 2006.
Miller, R.L., P. Knippertz, C. Pérez García-Pando, J. P. Perlwitz and I. Tegan: Impact of dust radiative forcing upon climate. In Mineral Dust:
A Key Player in the Earth System. P. Knippertz and J.-B. W. Stuut, editors. Springer, 327–358, ISBN 978-94-017-8977-6, 2014.
Mishchenko, M. I., Travis, L. D., and Mackowski, D. W.: T-matrix computations of light scattering by nonspherical particles: A review,
Journal of Quantitative Spectroscopy and Radiative Transfer 55 (5), 535–575, doi:10.1016/0022-4073(96)00002-7, 1996.

10

Molesworth, A. M., Cuevas, L. E. , Morse, A. P., Herman, J. R., and Thomson, M. C.: Dust clouds and spread of infection, Lancet, 359,
81–82, doi:10.1016/S0140-6736(02)07304-X, 2002.
Moosmüller, H., Engelbrecht, J. P., Skiba, M., Frey, G., Chakrabarty, R. K., and Arnott, W. P.: Single scattering albedo of fine mineral dust
aerosols controlled by iron concentration, J. Geophys. Res., 117, D11210, doi:10.1029/2011JD016909, 2012.
Müller T., Schladitz, A., Massling, A., Kaaden, N., Kandler, K., and Wiedensohler, A.: Spectral absorption coefficients and imaginary parts

15

of refractive indices of Saharan dust during SAMUM-1, Tellus B, 61, 79–95, doi:10.1111/j.1600-0889.2008.00399.x, 2009.
Müller, D., Ansmann, A., Freudenthaler, V., Kandler, K., Toledano, C., Hiebsch, A., Gasteiger, J., Esselborn, M., Tesche, M., Heese, B.,
Althausen, D., Weinzierl, B., Petzold, A., and von Hoyningen-Huene, W.: Mineral dust observed with AERONET Sun photometer, Raman lidar, and in situ instruments during SAMUM 2006: Shape-dependent particle properties, J. Geophys. Res.-Atmos., 115, D11207,
doi:10.1029/2009jd012523, 2010a.

20

Müller, D., Weinzierl, B., Petzold, A., Kandler, K., Ansmann, A., Müller, T., Tesche, M., Freudenthaler, V., Esselborn, M., Heese,
B., Althausen, D., Schladitz, A., Otto, S., and Knippertz, P.: Mineral dust observed with AERONET Sun photometer, Raman lidar, and in situ instruments during SAMUM 2006: Shape independent particle properties, J. Geophys. Res.-Atmos., 115, D07202,
doi:10.1029/2009jd012520, 2010b.
Osborne, S. R., Johnson, B. T., Haywood, J. M., Baran, A. J., Harrison, M. A. J., and McConnell, C. L.: Physical and optical properties

25

of mineral dust aerosol during the Dust and Biomass-burning Experiment, J. Geophys. Res., 113, D00C03, doi:10.1029/2007JD009551,
2008.
Otto, S., Bierwirth, E., Weinzierl, B., Kandler, K., Esselborn, M., Tesche, M., Schladitz, A., Wendisch, M. and Trautmann, T.: Solar radiative effects of a Saharan dust plume observed during SAMUM assuming spheroidal model particles, Tellus B, 61: 270–296,
doi:10.1111/j.1600-0889.2008.00389.x, 2009.

30

Paris, R., Desboeufs, K. V., Formenti, P., Nava, S., and Chou, C.: Chemical characterisation of iron in dust and biomass burning aerosols
during AMMA-SOP0/DABEX: implication for iron solubility, Atmos. Chem. Phys., 10, 4273-4282, doi:10.5194/acp-10-4273-2010, 2010.
Patterson, E. M., Gillette, D. A., and Stockton, B. H.: Complex index of refraction between 300 and 700 nm for Saharan aerosols, J. Geophys.
Res., 82, 3153–3160, doi:10.1029/JC082i021p03153, 1977.
Petzold, A., Rasp, K., Weinzierl, B., Esselborn, M., Hamburger, T., Dornbrack, A., Kandler, K., Schutz, L., Knippertz, P., Fiebig, M. and

35

Virkkula, A.: Saharan dust absorption and refractive index from aircraft-based observations during SAMUM 2006, Tellus B, 61: 118–130,
doi:10.1111/j.1600-0889.2008.00383.x, 2009.

31

Prenni, A. J., Petters, M. D., Kreidenweis, S. M., Heald, C. L., Martin, S. T., Artaxo, P., Garland, R. M., Wollny, A. G., Pöschl, U.: Relative
roles of biogenic emissions and Saharan dust as ice nuclei in the Amazon basin, Nature Geoscience 2, 402–405, doi:10.1038/ngeo517,
2009.
Prospero, J. M., Collard, F. X., Molinié, J., and Jeannot, A.: Characterizing the annual cycle of African dust transport to the
5

Caribbean Basin and South America and its impact on the environment and air quality, Global Biogeochem. Cycles, 29, 757–773,
doi:10.1002/2013GB004802, 2014.
Redelsperger, J., Thorncroft, C., Diedhiou, A., Lebel, T., Parker, D., and Polcher, J.: African Monsoon Multidisciplinary Analysis: An
International Research Project and Field Campaign, Bull. Amer. Meteor. Soc., 87, 1739–1746, doi:10.1175/BAMS-87-12-1739, 2006.
Reid, J. S., Hobbs, P. V., Liousse, C., Martins, J. V., Weiss, R. E., and Eck, T. F.: Comparisons of techniques for measuring short-

10

wave absorption and black carbon content of aerosols from biomass burning in Brazil, J. Geophys. Res., 103(D24), 32031–32040,
doi:10.1029/98JD00773, 1998.
Reid, J. S., Maring, H. B,: Foreword to special section on the Puerto Rico Dust Experiment (PRIDE), J. Geophys. Res., 108, D19, 8585,
doi:10.1029/2003JD003510, 2003.
Reid, J. S., Jonsson, H. H., Maring, H. B., Smirnov, A., Savoie, D. L., Cliff, S. S., Reid, E. A., Livingston, J. M., Meier, M. M., Dubovik, O.,

15

and Tsay, S.-C.: Comparison of size and morphological measurements of coarse mode dust particles from Africa, J. Geophys. Res. 108,
D19, 8593, doi:10.1029/2002JD002485, 2003.
Reid, J. S., Reid, E. A., Walker, A., Piketh, S., Cliff, S., Al Mandoos, A., Tsay, S.-C., and Eck, T. F.: Dynamics of southwest Asian dust
particle size characteristics with implications for global dust research, J. Geophys. Res., 113, D14212, doi:10.1029/2007JD009752, 2008.
Rizzo, L. V., Artaxo, P., Müller, T., Wiedensohler, A., Paixão, M., Cirino, G. G., Arana, A., Swietlicki, E., Roldin, P., Fors, E. O., Wiedemann,

20

K. T., Leal, L. S. M., and Kulmala, M.: Long term measurements of aerosol optical properties at a primary forest site in Amazonia, Atmos.
Chem. Phys., 13, 2391-2413, doi:10.5194/acp-13-2391-2013, 2013.
Rocha-Lima, A., Martins, J. V., Remer, L. A., Krotkov, N. A., Tabacniks, M. H., Ben-Ami, Y., and Artaxo, P.: Optical, microphysical and
compositional properties of the Eyjafjallajökull volcanic ash, Atmos. Chem. Phys., 14, 10649–10661, doi:10.5194/acp-14-10649-2014,
2014.

25

Rocha Lima, A.: Optical, microphysical, and compositional properties of volcanic ash, dust, and other atmospheric aerosols, Ph.D. thesis
from University of Maryland, Baltimore County, Natural Science Collection, ProQuest Dissertations & Theses Global, 2015.
Ryder, C. L., Highwood, E. J., Rosenberg, P. D., Trembath, J., Brooke, J. K., Bart, M., Dean, A., Crosier, J., Dorsey, J., Brindley, H., Banks, J.,
Marsham, J. H., McQuaid, J. B., Sodemann, H., and Washington, R.: Optical properties of Saharan dust aerosol and contribution from the
coarse mode as measured during the Fennec 2011 aircraft campaign, Atmos. Chem. Phys., 13, 303–325, doi:10.5194/acp-13-303-2013,

30

2013a.
Ryder, C. L., Highwood, E. J., Lai, T. M., Sodemann, H., and Marsham, J. H.: Impact of atmospheric transport on the evolution of microphysical and optical properties of Saharan dust, Geophys. Res. Lett., 40, 2433–2438, doi:10.1002/grl.50482, 2013b.
Ryder, C. L., McQuaid, J. B., Flamant, C., Rosenberg, P. D., Washington, R., Brindley, H. E., Highwood, E. J., Marsham, J. H., Parker,
D. J., Todd, M. C., Banks, J. R., Brooke, J. K., Engelstaedter, S., Estelles, V., Formenti, P., Garcia-Carreras, L., Kocha, C., Marenco, F.,

35

Sodemann, H., Allen, C. J. T., Bourdon, A., Bart, M., Cavazos-Guerra, C., Chevaillier, S., Crosier, J., Darbyshire, E., Dean, A. R., Dorsey,
J. R., Kent, J., O’Sullivan, D., Schepanski, K., Szpek, K., Trembath, J., and Woolley, A.: Advances in understanding mineral dust and
boundary layer processes over the Sahara from Fennec aircraft observations, Atmos. Chem. Phys., 15, 8479–8520, doi:10.5194/acp-158479-2015, 2015.

32

Scheuvens, D., Schütz, L., Kandler, K., Ebert, M., and Weinbruch, S.: Bulk composition of northern African dust and its source sediments –
A compilation, Earth-Science Reviews, 116, 170–194, doi:10.1016/j.earscirev.2012.08.005, 2013.
Sinyuk, A., Torres, O., and Dubovik, O.: Combined use of satellite and surface observations to infer the imaginary part of refractive index of
Saharan dust, Geophys. Res. Lett., 30(2), 1081, doi:10.1029/2002GL016189, 2003.
5

Smith, D. J., Jaffe, D. A., Birmele, M. N., Griffin, D. W., Schuerger, A. C., Hee, J., Roberts, M. S.: Free Tropospheric Transport of Microorganisms from Asia to North America, Microbial Ecology, 64 (4), 973–985, doi:10.1007/s00248-012-0088-9, 2012.
Swap, R., Garstang, M., Greco, S., Talbot, R., Kallberg, P.: Saharan dust in the Amazon Basin, Tellus B – Chem. Phys. Meteorol., 44 (2),
133–149, doi:10.1034/j.1600-0889.1992.t01-1-00005.x, 1992.
Tegen, I. and Lacis, A. A.: Modeling of particle influence on the radiative properties of mineral dust aerosol, J. Geophys. Res. 101, 19,

10

237–19, 244, doi:10.1029/95JD03610, 1996.
Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, F., Diehl,
T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I.,
Iversen, I., Kloster, S., Koch, D., Kirkevåg, A., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Montanaro, V., Myhre,
G., Penner, J., Pitari, G., Reddy, S., Seland, Ø., Stier, P., Takemura, T., and Tie, X.: Analysis and quantification of the diversities of aerosol

15

life cycles within AeroCom, Atmos. Chem. Phys., 6, 1777–1813, doi:10.5194/acp-6-1777-2006, 2006.
Todd, M. C., Allen, C. J. T., Bart, M., Bechir, M., Bentefouet, J., Brooks, B. J., Cavazos-Guerra, C., Clovis, T., Deyane, S., Dieh, M., Engelstaedter, S., Flamant, C., Garcia-Carreras, L., Gandega, A., Gascoyne, M., Hobby, M., Kocha, C., Lavaysse, C., Marsham, J. H., Martins,
J. V., McQuaid, J. B., Ngamini, J. B., Parker, D. J., Podvin, T., Rocha-Lima, A., Traore, S., Wang, Y., Washington, R.: Meteorological and
dust aerosol conditions over the western Saharan region observed at Fennec Supersite–2 during the intensive observation period in June

20

2011, J. Geophys. Res. Atmos., 118, 8426–8447, doi:10.1002/jgrd.50470, 2013.
Volz, F. E.: Infrared optical constants of ammonium sulfate, Sahara dust, volcanic pumice and fly ash, Appl. Opt., 12, 564–568,
doi:10.1364/AO.12.000564, 1973.
Wagner, R., Ajtai, T., Kandler, K., Lieke, K., Linke, C., Müller, T., Schnaiter, M., and Vragel, M.: Complex refractive indices of Saharan dust
samples at visible and near UV wavelengths: a laboratory study, Atmos. Chem. Phys., 12, 2491-2512, doi:10.5194/acp-12-2491-2012,

25

2012.
Washington, R., and Todd, M. C.: Atmospheric controls on mineral dust emission from the Bodélé Depression, Chad: The role of the low
level jet, Geophys. Res. Lett., 32(17), L17701, doi:10.1029/2005gl023597, 2005.
Washington, R., Flamant, C., Parker, D., Marsham, J., Mc- Quaid, J., Brindley, H., Todd, M., Highwood, E., Ryder, C., Chaboureau, J. P.,
Kocha, C., Bechir, M., and Saci, A.: Fennec – The Saharan Climate System, CLIVAR Exchanges No. 60, 17, 31–32, 2012.

30

Weinzierl, B., Petzold, A., Esselborn, M., Wirtth, M., Rasp, K., Kandler, K., Schütz, L., Koepke, P. and Fiebig, M.: Airborne measurements of dust layer properties, particle size distribution and mixing state of Saharan dust during SAMUM 2006, Tellus B, 61, 96–117.
doi:10.1111/j.1600-0889.2008.00392.x, 2009.
Weinzierl, B., Sauer, D., Esselborn, M., Petzold, A., Veira, A., Rose, M., Mund, S., Wirth, M., Ansmann, A., Tesche, M., Gross, S.
and Freudenthaler, V.: Microphysical and optical properties of dust and tropical biomass burning aerosol layers in the Cape Verde

35

region - an overview of the airborne in situ and lidar measurements during SAMUM-2, Tellus B, 63, 589–618, doi:10.1111/j.16000889.2011.00566.x, 2011.
Wells, K. C., Martins, J. V., Remer, L. A., Kreidenweis, S. M., and Stephens, G. L.: Critical reflectance derived from MODIS: Application
for the retrieval of aerosol absorption over desert regions, J. Geophys. Res., 117, D03202, doi:10.1029/2011JD016891, 2012.

33

Yu, H., Remer, L. A., Chin, M., Bian, H., Tan, Q., Yuan, T., and Zhang, Y.: Aerosols from overseas rival domestic emissions over North
America, Science, 337(6094), 566–569, doi:10.1126/science.1217576, 2012.
Yu, H., Remer, L. A., Kahn, R. A., Chin, M., Zhang, Y.: Satellite perspective of aerosol intercontinental transport: From qualitative tracking
to quantitative characterization, Atmospheric Research, 124 (28), 73–100, doi:10.1016/j.atmosres.2012.12.013, 2013.
5

Yu, H., Chin, M., Bian, H., Yuan, T., Prospero, J. M., Omar, A. H., Remer, L. A., Winker, D. M., Yang, Y., and Zhang, Z.: Quantification
of trans-Atlantic dust transport from seven-year (2007–2013) record of CALIPSO lidar measurements, Remote Sensing of Environment,
159, 232–249, doi:10.1016/j.rse.2014.12.010, 2015.
Zipser, E., Twohy, C., Tsay, S., Hsu, N., Heymsfield, G., Thornhill, K., Tanelli, S., Ross, R., Krishnamurti, T., Ji, Q., Jenkins, G., Ismail, S.,
Ferrare, R., Chen, G., Browell, E., Anderson, B., Hood, R., Goodman, H., Heymsfield, A., Halverson, J., Dunion, J., Douglas, M., and

10

Cifelli, R.: The Saharan Air Layer and the Fate of African Easterly Waves – NASA’s AMMA Field Study of Tropical Cyclogenesis, Bull.
Amer. Meteor. Soc., 90, 1137–1156, doi:10.1175/2009BAMS2728.1, 2009.

34

