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“ […] one might at first doubt whether the dust came from Africa; but considering that it has 

invariably fallen with the wind between N.E. and S.E., that is, directly from the coast of Africa; 

that the first commencement of the haze has been seen to come on with these winds; that coarser 

particles have first fallen; that the dust and hazy atmosphere is more common near the African 

coast than further in the Atlantic; and lastly, that the months during which it falls coincide with 

those when the harmattan blows from the continent, and when it is known that clouds of dust 

and sand are raised by it, I think there can be no doubt that the dust which falls in the Atlantic 

does come from Africa.” 

Charles Darwin, 1846 
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Preface 

This Ph.D. thesis deals with the modern Saharan dust cycle. It was written within the scope of 

the MARUM (Centre for Marine Environmental Sciences) CCP1 (cross cutting project 1): 

‘Aerosol-induced feedbacks in the Earth system’ and was funded by the DFG (German Science 

Foundation). During the Ph.D. project the author conducted several short research stays at the 

NIOZ (Royal Netherlands institute for sea research) adding up to a total duration of ~ 3.5 

months. Therefore, both, the laboratories of the MARUM as well as of the NIOZ were utilized 

for sample preparation and data acquisition by the author. One paper and three manuscripts 

evolved in connection with the Ph.D. project which are provided in chapter 6 to 9. In the 

following, a short outline of the individual chapters of the thesis will be given. Further, the 

scientific contribution of each author to the paper and manuscripts will be pointed out.  

Chapter 1 provides a short introduction to the thesis including the motivation of the study, the 

current state of the art and the open scientific questions to be investigated.   

Chapter 2 describes the study area under investigation. The location of the dust sampling sites 

onshore and offshore northwest (NW) Africa are depicted. Moreover, the modern 

environmental conditions characterizing the study area are outlined. 

Chapter 3 specifies the dust sampling techniques of the sites under investigation. In this chapter 

the working principle of the marine sediment trap moorings and continental dust collectors is 

explained.  

Chapter 4 specifies the methods that were used to analyse the dust samples under investigation. 

It includes a detailed explanation of the pre-treatment steps of the samples as well as a detailed 

description on the working principle of the instruments used.  

Chapter 5 provides a short summary of the main results of the individual paper and manuscripts 

with respect to the research questions stated in chapter 1. 

Chapter 6 comprises the paper entitled ‘Environmental factor controlling the seasonal 

variability in particle size distribution of modern Saharan dust deposited off Cape Blanc’. The 

paper deals with the seasonal and spatial variability in particle size of modern Saharan dust 

deposited offshore NW Africa. C. Friese wrote the manuscript. Half of the particle size data 

was acquired by M. van der Does (sediment trap mooring CB) and the other half by C. Friese 

(sediment trap mooring CBi). U. Merkel and M. Iversen were involved in the discussion of the 

results. G. Fischer provided the sediment trap samples and supervised M. Klann in carrying out 
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the flux analysis of the sediment trap samples. J.-B. Stuut supervised the particle size analysis 

and the writing of the manuscript. This paper was published in the journal ‘Aeolian Research’.  

Chapter 7 comprises the manuscript entitled ‘Seasonal provenance-changes of present-day 

Saharan dust collected on- and offshore Mauritania’. In the manuscript the seasonal and spatial 

variability in the particle size and mineralogy of modern Saharan dust deposited offshore and 

onshore NW Africa is examined. C. Friese wrote the manuscript. The samples of the marine 

sediment trap moorings were analysed for particle size by C. Friese. The continental dust 

samples were analysed for particle size and flux by H. van Hateren. The samples chosen for 

mineralogical investigation were prepared for subsequent analysis by C. Friese. C. Vogt 

executed the XRD-analysis and was involved in the discussion of the results. G. Fischer 

provided the sediment trap samples and supervised M. Klann in carrying out the flux analysis 

of the sediment trap samples. J.-B. Stuut supervised the particle size analysis and the writing of 

the manuscript. This manuscript was submitted to the journal ‘Atmospheric Chemistry and 

Physics’. 

Chapter 8 comprises the manuscript entitled ‘The impact of precipitation on the particle size 

distribution of modern Saharan dust deposited in Senegal, Mauritania and offshore 

Mauritania’. In the manuscript the particle size of Saharan dust deposited in NW Africa 

during the wet season and the dry season are compared. C. Friese wrote the manuscript. K. 

Wetterauer carried out the particle size analysis. B. Marticorena provided the samples. J.-B. 

Stuut supervised the particle size analysis and the writing of the manuscript. This manuscript 

is in preparation for submission to ‘Aeolian Research’.  

Chapter 9 includes the manuscript entitled ‘The ballasting effect of Saharan dust on 

aggregate formation and scavenging: results from experiments conducted off Cape Blanc, 

Mauritania’. The manuscript deals with the influence of Saharan dust on the aggregate 

formation and sinking speed of particles in the ocean water column. H. van der Jagt wrote the 

manuscript. C. Friese executed the particle size analysis of the onshore dust samples (Iwik). 

H. van der Jagt executed the incubation experiments. M. Iversen supervised the incubation 

experiments and the writing of the manuscript. G. Fischer and M. Iversen were involved in 

the discussion of the results. J.-B. Stuut provided the dust samples (Iwik). This manuscript is 

in preparation and will be submitted soon.  

Chapter 10 depicts and summarizes the main conclusions of the paper and manuscripts of the 

Ph.D. thesis.   



VI 
 

Chapter 11 states new open questions that arose from the results of the Ph.D. thesis. The 

strategies how to approach these questions in future research are outlined.   
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Abstract 

Hundreds to thousands of tons of mineral dust are emitted from the earth’s deserts to the atmosphere 

each year. Subsequently, mineral dust can be transported over thousands of kilometres with the 

prevailing winds in the atmosphere until it is deposited on land or in the ocean. On the one hand, the 

atmospheric dust transport and deposition has an important impact on human health and the earth’s 

climate system. On the other hand, the dust emission, transport and deposition is controlled by 

parameters of climate change such as precipitation, wind speed, temperature and vegetation cover. Last 

but not least, the sensitivity of mineral dust properties to environmental parameters is used as a proxy 

to reconstruct the climate of the past which is required to test climate models. The large mineral dust 

emissions, it’s relation to climate and impact on human health underscores the importance to understand 

the dust cycle. However, research gaps still exist with respect to modern emission, transport and 

deposition of mineral dust. The Saharan desert is the world’s largest source of atmospheric mineral dust 

and has been studied at least since the 18th century. Up to now, the major potential dust source areas are 

known and it has been unravelled that precipitation results in a decrease in the particle size of deposited 

Saharan dust on the NW African margin. Further, it is well-known that the seasonal change in insolation 

on the African continent results in a seasonal change in the altitude of Saharan dust transport. However, 

research gaps still exists with respect to the influence of the seasonal change in the dust transport on the 

resulting particle size, mineralogical composition and provenance of Saharan dust. Therefore, the aim 

of the present Ph.D. thesis was to investigate whether the seasonal change in atmospheric circulation 

results in a seasonal variation in particle size, mineralogical composition and provenance of Saharan 

dust. The strategy was to measure the particle size and mineralogy of modern Saharan dust collected 

during several years onshore NW Africa in continental dust traps and offshore NW Africa in marine 

sediment trap moorings. By comparing the particle size and mineralogy data to concurrent 

meteorological data and satellite images, possible connections between the dust properties and 

meteorological conditions were inferred. Dust which deposited offshore NW Africa was transported 

with the trades in winter and in the Saharan air layer (SAL) during summer. The particle size of the 

deposited dust varied seasonally according to dust-storm events year-round, trade-wind speed in winter 

and wet deposition from the SAL in summer. A seasonal change in the dust mineralogical composition 

and provenance was observed which could be related to the seasonal change in the dust transport. 

Onshore NW Africa, the particle size of deposited dust varied seasonally according to meteorological 

parameters depending on the location of the sampling site. In the major dust source area at ~ 20 °N, dust 

was predominantly transported in the trade wind layer year-round. Therefore, the particle size varied 

seasonally according to the trade wind speed and the mineralogical composition and dust sources 

according to the direction of the trade winds. In contrast, the particle size of Saharan dust deposited 

outside a major dust source area at ~ 15 °N was controlled by the dust transport distance during spring 

and by the wet deposition from the SAL during summer.    
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Zusammenfassung 

Jedes Jahr werden hunderte bis tausende Tonnen an Mineralstaub von den Wüsten der Erde in die 

Atmosphäre geblasen. Danach kann der Mineralstaub über tausende von Kilometern mit den 

vorherrschenden Winden in der Atmosphäre transportiert werden bis er an Land oder im Ozean wieder 

deponiert wird. Einerseits beeinflusst der Transport in der Atmosphäre und die Deposition die 

Gesundheit des Menschen und das Klimasystem der Erde. Andererseits wird die Emission, der Transport 

und die Deposition des Saharastaubes vom Klima selbst beeinflusst durch Änderungen im Niederschlag, 

in der Windgeschwindigkeit, in der Temperatur und in der Vegetation. Nicht zuletzt kann die Sensitivität 

der Mineralstaubeigenschaften hinsichtlich Umweltfaktoren als ein Proxy genutzt werden, um die 

Klimavergangenheit zu rekonstruieren. Dies ist wiederum notwendig, um Klimamodelle zu testen.  Die 

großen Staubemissionen, der Zusammenhang mit dem Klima und Einfluss auf die menschliche 

Gesundheit verdeutlichen wie wichtig es ist, den Staubzyklus zu verstehen. Jedoch gibt es immer noch 

Forschungslücken hinsichtlich heutiger Staubemission, Staubtransport und Staubdeposition. Die 

Saharawüste ist die weltweit größte Quelle für atmosphärischen Mineralstaub und wurde mindestens bis 

zurück in das 18. Jahrhundert studiert. Bislang sind die Haupt- Staublieferquellen bekannt und es wurde 

gezeigt, dass Niederschlag zu einer Erniedrigung der Partikelgröße bei deponiertem Saharastaub an der 

Nordwestafrikanischen Küste führt. Außerdem ist es bekannt, dass die saisonale Veränderung der 

Insolation auf dem Afrikanischen Kontinent zu einer saisonale Änderung in der Höhe des 

Staubtransportes führt. Jedoch gibt es immer noch Forschungslücken hinsichtlich des Einflusses der 

saisonalen Veränderung im Staubtransport auf die Partikelgröße, mineralische Zusammensetzung und 

Herkunft des Saharastaubes. Daher ist das Ziel dieser Dissertation zu untersuchen, ob die saisonale 

Veränderung in der Atmosphärenzirkulation zu einer saisonalen Veränderung in der Partikelgröße, 

mineralogische Zusammensetzung und Herkunft des Saharastaubes führt. Hierfür wurde die 

Partikelgröße und mineralogische Zusammensetzung von modernem Saharastaub, welcher während 

mehrerer Jahre auf dem Festland und seewärts von NW Afrika mit marinen 

Sedimentfallenverankerungen und kontinentalen Staubkollektoren gesammelt wurde, untersucht. 

Mögliche Zusammenhänge zwischen den Staubeigenschaften und den meteorologischen Bedingungen 

konnten mit Hilfe eines Vergleiches zwischen der Partikelgröße- und Mineralogie- Daten und den 

zeitlich übereinstimmenden meteorologischen Daten und Satellitenbildern hergeleitet werden. Staub, 

der seewärts von NW Afrika deponiert, wurde im Winter mit den Passatwinden und im Sommer im 

„Saharan Air Layer“ (SAL) transportiert. Die saisonale Variation in der Partikelgröße wurde durch 

ganzjährige Staubsturmereignisse, die Passatwindgeschwindigkeit im Winter und die Nassdeposition 

vom SAL im Sommer bestimmt. Eine saisonale Veränderung in der mineralogischen Zusammensetzung 

des Saharastaubes konnte beobachtet werden, die sich auf die saisonale Veränderung im Staubtransport 

zurückführen ließ. Der Zusammenhang zwischen der saisonalen Variation in der Partikelgröße und den 

meteorologischen Parametern war unterschiedlich je nach Festlandlokation. In der Haupt- 
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Staublieferregionen bei ~ 20 °N wurde der Staub das ganze Jahr über mit den Passatwinden transportiert. 

Daher variierten die Partikelgrößen saisonal je nach Passatwindgeschwindigkeit und die 

mineralogischen Zusammensetzungen je nach Passatwindrichtung. Im Gegensatz dazu wurden die 

Partikelgrößen des Saharastaubes, der außerhalb von Haupt- Staublieferregionen deponiert wurde bei ~ 

15 °N, durch die Transportdistanz im Frühjahr und durch die Nassdeposition aus dem SAL im Sommer 

kontrolliert.   
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1 Introduction  

1.1 Why study Saharan mineral dust?  
 

The earth’s atmosphere is loaded with mineral, sea salt, sulphate and black and organic carbon 

aerosols. In Fig. 1 the distribution of these aerosols is displayed which has been modelled by 

supercomputers of the National Aeronautics and Space Administration (NASA). It can be 

clearly seen that mineral dust is the most important aerosol by mass (Knippertz and Stuut, 

2014). Mineral aerosols are sourced by the world’s semi-arid and arid areas where rainfall is 

below 200 to 250 mm (Pye, 1995;Prospero et al., 2002). About 500 to 4000 Mt are emitted 

globally per year (Huneeus et al., 2011) out of which ~ 75 % is redeposited on land and ~ 25 % 

leave the continent (Shao et al., 2011). Annually, ~ 180 Mt are transported from the Saharan 

desert offshore to the Atlantic Ocean (Yu et al., 2015) and ~ 20 % of this mass even reach the 

Caribbean. Therefore, the Saharan desert is an important source of atmospheric mineral dust in 

the world.     

 

Figure 1: The modelled distribution of different dust types in the global atmosphere: mineral dust (red), sea 

salt (blue), sulphate (white) and black and organic carbon (green) (picture downloaded from NASA: 

svs.gsfc.nasa.gov). 

The enormous amounts of mineral dust transported in the atmosphere has an important impact 

on human health (Morman and Plumlee, 2014) and the earth’s climate system (Maher et al., 

2010). When mineral dust is inhaled chronically or repeatedly, diseases like asthma, meningitis 
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or pneumoconiosis may develop (Morman and Plumlee, 2014). The impact of mineral dust on 

the earth’s climate system is shown in Fig. 2 (Mahowald et al., 2014). In the atmosphere, 

mineral dust scatters and absorbs incoming solar radiation (Haywood and Boucher, 2000) and 

is involved in cloud formation and precipitation (Yoshioka et al., 2007). When deposited into 

the ocean, the nutrients supplied by mineral dust may increase the ocean primary production 

resulting in increased carbon fluxes to the deep sea (Martin et al., 1990). When deposited on 

ice, the albedo decreases due to the rise in the amount of dark surfaces (Painter et al., 2007). 

Besides impacting on climate, mineral dust reacts sensitively to climate parameters such as 

precipitation, wind, temperature and vegetation cover (Knippertz and Stuut, 2014). Last but not 

least, the sensitivity of mineral dust properties to environmental parameters is frequently used 

to reconstruct the climate of the past using sediment core records. Climate modellers need the 

information on past climate fluctuations in order to test their climate models which are required 

to predict the climate of the future (Maher et al., 2010). 

 

Figure 2: The impact of atmospheric mineral dust on the earth’s climate system (Mahowald et al., 2014). 
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1.2 A brief history of Saharan dust research  
 

The earliest report about Saharan dust was written in the 18th century by Dobson (1781). 

Matthew Dobson was impressed by the observations made by his friend Mr. Norris about a 

wind called the ‘Harmattan’ during his visits to the western African coast. Therefore, he 

instructed him to gather new information and execute experiments during the next visits. Based 

on the results, Dobson (1781) explained in his report that the Harmattan is a wind which is 

loaded with some kind of particles, is extremely dry and blows during December to February 

to the African coast. The Harmattan may be either curative or noxious to humans depending on 

the source area of the wind. Based on triangulation Dobson (1781) reconstructed the origin of 

the wind system lying near 15°N and 25 °E. However, he did not realize back at that time that 

he already identified a source area of mineral dust.   

One century later, in the 19th century, Darwin (1846) interpreted observations of dustfalls 

which have been made during several ship cruises offshore NW Africa. Further, Darwin (1846) 

sampled and interpreted dust which fell on a cruise with the research vessel (RV) Beagle 

offshore NW Africa during January 1833. He concluded that the sources of the dust which fell 

on the vessels was most likely the African continent because of the following arguments: (1) 

the wind was from northeast (NE) and southeast (SE), (2) dust closer to the coast was coarser 

and haze was more common and (3) dustfalls were observed in the Harmattan season. 

Moreover, Darwin (1846) described a seasonality in the offshore dust transport. During the 

Harmattan season when the wind blows NE, dust is transported far offshore. In contrast, during 

the remaining months when the surface winds blow parallel to the coast dust is transported only 

a short distance offshore (Darwin, 1846).  

Again, many years have passed until eventually, in the 20th century, a growing interest in dust 

research arose (e.g. (Radczewski, 1939;Biscaye, 1964;Game, 1964;Prospero et al., 

1970;Carlson and Prospero, 1972;Prospero and Carlson, 1972;Lange, 1975;Diaz et al., 

1976;Koopmann, 1981;Tsoar and Pye, 1987;Ratmeyer et al., 1999a)). To begin with, 

Radczewski (1939) analysed the mineralogy and particle size in the ocean surface sediments 

offshore NW Africa and concluded that red-stained quartz may be used to identify aeolian-

derived particles from fluvial supplied particles. However, later on Game (1964) observed 

unstained quartz grains in aeolian dust sampled during a research cruise with the RV Dunstan 

offshore NW Africa during February 1964. In addition, Koopmann (1981) analysed the quartz 

grains in the carbonate free sediment fraction of surface sediments collected during ship cruises 



4 
 

offshore NW Africa in 1971 and 1975 and showed that the staining of the quartz grains points 

to a certain dust source area instead of serving as an indicator for aeolian-derived particles. Red-

stained quartz grains are most likely transported with midtropospheric winds and are derived 

from the southern Saharan and Sahelian laterites, while unstained quartz is transported with the 

trade winds from the NW Sahara, Atlas mountains and coastal areas (Koopmann, 1981). An 

extensive study of the mineralogical composition of gravity core surface sediments offshore 

Africa by Biscaye (1964) shed more light into the potential source areas of terrestrial particles 

deposited offshore. According to the latitudinal distribution of some key minerals in the surface 

sediments Biscaye (1964) concluded that the minerals have been transported from the adjacent 

continent and that some minerals are indicative for certain source areas. For instance, the 

mineral kaolinite and gibbsite are most abundant in the surface sediments offshore Central 

Africa, while chlorite is most abundant in the surface sediments offshore the higher latitudes. 

Thus, kaolinite and gibbsite are considered indicative for the laterites of central Africa.  

In the 70s, dust transport and deposition processes were studied more in detail. Three papers 

were published which proved the transport of Saharan dust at higher altitude across the Atlantic 

(Prospero et al., 1970;Carlson and Prospero, 1972). The authors showed the existence of a warm 

and dry air layer between ~ 0.6 and 5.5 km during aircraft flights offshore NW Africa based on 

radiosonde soundings and radon-222 concentrations. Based on its continental origin, 

characteristics and spatial homogeneity the air layer was denoted as the ‘Saharan air layer’ 

(SAL) (Carlson and Prospero, 1972;Prospero and Carlson, 1972;Diaz et al., 1976). The SAL 

frequently contains mineral dust which originates from the African continent and gets injected 

in the SAL due to intense dry convection (Carlson and Prospero, 1972).  The particle size of 

deposited Saharan dust was extensively studied by analysing the carbonate free sediment 

fraction of 80 surface sediments provided by the Lamont Doherty Geological Observatory 

(USA) and collected during ship cruises with the RV Meteor and RV Valdiva offshore NW 

Africa in 1971 and 1975 (Lange, 1975;Koopmann, 1981). These studies revealed a fining in the 

surface sediments with increasing distance to the African coast which is attributed to the faster 

gravitational settling of coarse compared to fine particles out of a moving dust cloud. Further, 

an excess in fine particles (< 6 μm) were observed in the surface sediments near large river 

mouths which is considered indicative for the fluviatile particle supply (Lange, 

1975;Koopmann, 1981).  

In the late 20th century, wind tunnel experiments revealed how the particle size of Saharan dust 

is related to mechanisms like the injection height and the wind speed of the transporting air 

layer (Tsoar and Pye, 1987). The mean diameter of suspended dust exponentially decreases 
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with height. According to Stoke’s law, the transport distance of a particle with a given size 

increases with increasing wind speed according to Eq. (1):  

 
𝐿 =  

�̅�2 𝜀  

𝐾2𝐷4  
 (1) 

where �̅� is the wind speed, ɛ is the coefficient of turbulent exchange, 𝐾 =  
𝜌𝑠 g

18𝜇𝐾
  where ρs is the 

particle density, g is the acceleration due to gravity, μ is the dynamic viscosity of air and D is 

the particle diameter. As a result, assuming a constant transport distance, a shift to coarser 

particles can be expected for a given sampling location with increasing wind speed of the dust 

transporting air layer (Tsoar and Pye, 1987). In 1999, Ratmeyer et al. (1999a) observed a 

seasonal variation in the particle size of deposited Saharan dust in marine sediment trap 

moorings offshore NW Africa which was interpreted to be caused by a seasonal change in the 

height of the dust transporting air layer. 

In the beginning of the 21st century, the mineralogical composition of deposited Saharan dust 

samples was frequently used as a provenancing tool (e.g. (Caquineau et al., 2002;Skonieczny 

et al., 2013)). For instance, dust sampled in coastal Senegal was interpreted to be sourced by 

the Sahel in winter as shown by low illite/kaolinite (I/K) ratios and lower palygorskite contents 

compared to the summer samples (Skonieczny et al., 2013). The I/K ratio was further analysed 

in dust sampled on the Cape Verde Islands by Caquineau et al. (2002) who identified broad 

source areas lying in the north-western Sahara as well as central and southern Sahara and Sahel. 

Last but not least, Scheuvens et al. (2013) outlined the major source areas based on a review of 

remote sensing studies of Saharan dust. Skonieczny et al. (2013) was the first author who 

showed that wet deposition of Saharan dust transported in the SAL results in a decrease in the 

particle size of deposited Saharan dust in Senegal.  

 

To sum up, the above mentioned studies have mainly shown so far that: 

1. the major Saharan dust source areas were identified and kaolinite was identified as a 

tracer mineral for Sahelian dust sources  

2. the particle size of deposited Saharan dust decreases with increasing transport distance 

and decreasing wind speed of the transporting air layer 

3. the dust transport varies seasonally: in summer offshore dust transport occurs in the 

SAL and in winter in with the surface trade winds  

4. wet deposition results in a decrease in particle size of deposited Saharan dust in Senegal 

 



6 
 

However, research gaps still exists on the influence of the seasonal change in atmospheric 

circulation and related seasonal change in dust transport on:   

1. the grain-size distribution of deposited Saharan dust  

2. the mineralogical composition of deposited Saharan dust 

 

It can be hypothesized that the mineralogy and particle size of Saharan dust varies according 

to the variations in atmospheric circulation modulated seasonally by the movement of the 

intertropical convergence zone (ITCZ).   

 

1.3 Scientific questions  
 

To test how the particle size and mineralogical composition of deposited Saharan dust is related 

to the seasonal change in atmospheric circulation the following scientific questions need to be 

answered with this study:  

1. Does the particle size of Saharan dust deposited in the ocean and on land vary 

seasonally?  

2. How does the particle size of deposited Saharan dust relate to meteorological 

parameters? 

3. Is there a difference between the sources of dust deposited in the ocean versus on land?  

4. Do the source regions vary seasonally? What are the related mineralogical tracers? 

The research strategy to address the scientific questions is to analyse the particle size and 

mineralogical composition of modern Saharan dust deposited offshore and onshore NW Africa. 

Offshore, dust was sampled in the deep sea with marine sediment traps and on the ocean surface 

with a scientific buoy. Onshore, dust was sampled in continental dust traps.  

To trace seasonal cycles, the particle size distribution was measured using a three year sample 

series with a temporal resolution of two to three weeks regarding the offshore sediment trap 

samples and a two year sample series with a monthly resolution regarding one continental dust 

trap. The mineralogical composition was analysed in two summer and two winter samples in 

each of the sediment trap and dust collector sample series. To investigate the influence of 

precipitation on the particle size of deposited dust, Saharan dust was sampled on the continent 

during the dry season and wet season with a total as well as a wet deposition sampler. The 

obtained particle size and mineral data was compared to meteorological data, back-trajectories 

and satellite images.  
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In order to relate the particle size time series gathered with the marine sediment traps to 

meteorological parameters, the time delay in the sinking of the dust particles in the ocean water 

column to the deep sea needs to be known. Therefore, a further important scientific question 

had to be answered:  

5. What is the settling speed of mineral dust in the water column? 

Offshore NW Africa, Saharan dust minerals are incorporated into faecal pellets and marine 

snow aggregates in the surface water (Ternon et al., 2010). Therefore, the research strategy to 

answer the question was to collect in situ marine snow aggregates from the surface water 

offshore NW Africa near the sediment trap sites using the OSIL Marine snow Catcher (MSC). 

Afterwards, the sinking speed of the collected aggregates was measured in a vertical flow 

system.  
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2 Study area 

2.1 Sampling Sites  
 

The location of the two marine sediment trap mooring sites, the scientific buoy, the marine 

snow catcher and the two continental dust collector sites are shown in Fig. 3. The marine 

moorings are located offshore Cape Blanc (Mauritania) in the NE equatorial Atlantic Ocean ~ 

250 km apart from each other. During the research cruise with the RV Meteor in 1988 (M9), 

the mooring site CB (~21°16’ N, ~20°48’ W) was installed. It was moored ~ 200 nautical miles 

(nm) from the coast in the deep sea at a water depth of ~ 4100 m (Zenk et al., 1989). Later, the 

mooring site CBi (~20°45’ N, ~18°42’ W) was installed during a RV Meteor cruise in 2003 

(M58). It was moored ~ 80 nm from the coastline on the continental slope in a water depth of 

~ 2700 m (Bleil et al., 2006). Thus, the mooring site CB is situated in the mesotrophic ocean, 

while the mooring site CBi is located in the eutrophic ocean (Bleil et al., 2006). The scientific 

buoy Carmen (~21°15’ N, ~20°56’ W) was positioned near the site CB. The first deployment 

occurred in 2013 during the research cruise with the RV Poseidon (Pos 445). During the 

research cruise with the RV Poseidon in 2015 (Pos481), the MSC (~ 20°30’ N, ~ 17°45’ W) 

was deployed ~ 50 nm from the coast. It was lowered on 27 February into the eutrophic surface 

water offshore Cape Blanc to a water depth of 60 m (Fischer et al., 2015).  

 

Figure 3: Location of the study sites under investigation: the marine sediment trap moorings CB and CBi, 

the scientific buoy Carmen, the MSC deployment and the continental dust collector near Iwik and in 

Bambey. 
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The continental dust collectors are located on the shoreline of NW Africa. The dust collector 

site Iwik (~19°53' N, ~16° 18' W) was installed in in 2013 by Thomas Oudman (NIOZ) with 

the help of Sidi Camara (PNBA). It is located in the Banc d’Arguin National Park (PNBA) near 

Iwik (Mauritania). Hence, the site Iwik is positioned only ~ 250 km away from to the mooring 

sites CB and CBi. On the contrary, the continental sampling site Bambey (14°42’ N, 16°30’ 

W) is located further south in Bambey (Senegal) ~ 500 km from Iwik. The site Bambey operated 

since 2013 and is hosted by the National Agronomic Research Centre of Bambey (CNRA) of 

the Agronomic Research Institute of Senegal (ISRA).  

 

2.2 Geological setting  
 

The major potential dust source areas (PSA) in NW Africa are displayed in Fig. 4. The PSA’s 

were outlined by Scheuvens et al. (2013) based on a review of a number of satellite observations 

and mineralogical investigations of Saharan dust. In the following, the geological evolution of 

the geological provinces that underlay the PSA’s will be outlined.    

PSA 1 is located at the northern flank of Africa. It is underlain by the eastern Atlas and the 

northern Grand erg/Ahnet Basin and Ghadames Basin. The Atlas chain formed due to the 

conversion of the African and European plates starting in the late Eocene (Benaouali-Mebarek 

et al., 2006). The Ahnet and Ghadames Basin used to be depositional Basins on the northern 

shelf of the African craton during the Paleozoic and were closed during the Hercynian orogeny 

~ 300 million years ago (Selley, 1997a).  

The PSA 2 is underlain by the Reguibat Shield and Mauritanides as well as by the Senegal-

Mauritania, Aaiun-Tarfaya, Tindouf and Taoudeni Basins. The Reguibat Shield is part of the 

West African craton and consist of old Precambrian basement rocks (Piqué, 2001). The 

Mauritanide thrust belt formed during the Hercynian orogeny and occasionally outcrops at the 

western margin of the Tindouf Basin, the Reguibat Shield as well as the Taoudeni Basin (Bosse 

and Gwosdz, 1996). The Aaiun-Tarfaya Basin and the Senegal-Mauritania Basin are passive 

margin Basins (Ranke et al., 1982;Wissmann, 1982). Analog to the Ahnet and Ghadames 

Basins, the Tindouf Basin was a former depositional basin on the northern shelf of the African 

craton during the Paleozoic and was closed during the Hercynian orogeny (Selley, 1997a). The 

intracratonic Taoudeni Basin covers a vast area of the West African craton and formed during 

the Proterozoic ~ 1000 million years ago (Villeneuve, 2005).  
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The PSA 3 is underlain by the western Hoggar and parts of the Ahnet, Taoudeni and Iullemeden 

Basins. The Hoggar chain stabilized since the end of the Proterozoic and constitutes a collision 

belt between the West African craton and a mobile belt to the east (Boullier, 1991). The 

Iullemeden Basin is an interior sag Basin and was filled with sediments since the beginning of 

the early Mesozoic ~ 250 million years ago (Schlüter, 2008).  

 

Figure 4: Geological overview of Africa: geological provinces and major potential dust source areas  

(shapefile of the geological provinces: downloaded from the USGS website 

http://certmapper.cr.usgs.gov/geoportal , major potential dust source areas: redrawn from Scheuvens et al. 

(2013)). 

The PSA 4 is underlain by parts of the Fezzan and Nubian Uplifts and the Sirte and Murzuk 

Basins. The eastern Fezzan Uplift consists of volcanic rocks and the volcanic activity started 

about six million years ago (Tawadros, 2011). However, the origin of the volcanism is still not 

understood (Abdel-Karim et al., 2013). The sediments of the northern Nubian Uplift were 

http://certmapper.cr.usgs.gov/geoportal


11 
 

deposited in a shelf environment during the Eocene transgression (El Makkrouf, 1988). The 

Sirte Basin may be regarded as a Cretaceous collapse rift that formed due to the opening of the 

Atlantic Ocean (Selley (1997c), and references therein). Analog to the Ahnet, Ghadames and 

Tindouf Basins, the Murzuk Basin was also a former depositional basin on the northern shelf 

of the African craton during the Paleozoic and was closed during the Hercynian orogeny 

(Selley, 1997a). The PSA is further underlain by the paleolake ‘Fezzan’ which existed during 

middle Pleistocene humid episodes (Geyh and Thiedig, 2008).  

The PSA 5 is underlain by the Chad Basin. The Chad Basin is an intracratonic sag Basin filled 

with Mesozoic to Cenozoic sediments (Schlüter, 2008;Schuster et al., 2009). During the middle 

Holocene, ~ 8500 to 6300 years ago, the Lake ‘Chad’ reached its largest expansion with a paleo 

surface of 350000 km2 in the Chad Basin and is thus termed lake ‘Mega-Chad’ (Schuster et al., 

2009).   

The largest mass of Saharan dust that is transported in the atmosphere consists of silt-sized 

particles. Clay-sized dust particles are abundant in number, however do not contribute to the 

mass of Saharan dust. The larger settling velocity of sand-sized compared to silt-sized particles 

results in a relative depletion in sand-sized particles in the atmosphere (Kok et al., 2012). 

Therefore, abrasion in sand dunes is not an important dust-production mechanism for long-

distance dust transport (Scheuvens et al., 2013). Areas beneficial for silt production are (1) 

terminal lakes or playas, (2) regions on the flanks of topographic highs and (3) areas north of 

15°N where rainfall is below 200 to 250 mm (Prospero et al., 2002). The conditions favourable 

for the production of silt-sized particles in Africa are displayed for chosen PSA’s in Fig. 5. 

In the PSA 1 many ephemeral drainage channels from the Atlas Mountains to the low lands 

transport fine-grained mineral particles downslope to ephemeral salt and dry lakes. These 

ephemeral salt and dry lakes are also referred to as ‘chotts’ and constitute important dust hot-

spots. The largest chotts are chott Melrhir in Tunesia and chott Jerid in Algeria (Fig. 5a) 

(Prospero et al., 2002).  

Similarly, in the PSA 2 fine-grain particles can be found to the east and west of an elevation 

which runs parallel to the coast. This elevation is called the ‘Adrar Soutouff’ and paleo drainage 

systems could be observed on the flanks of the elevation (Prospero et al., 2002). During the 

Pleistocene, many playas developed to the east of the elevation (Fig. 5b) (Prospero et al., 2002).  

In the PSA 3 paleo drainage channels from the Hoggar Mountains which are now covered by 

sand dunes were observed using satellite imagery by Chorowicz and Fabre (1997). The drainage 
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resulted in the accumulation of fine-grained particles in the playas west of the Hoggar 

Mountains (Prospero et al., 2002). The last drainage from the Hoggar Mountains occurred in 

the beginning of the 19th century (Chorowicz and Fabre, 1997). Furthermore, a depression is 

located in PSA 3 between the Hoggar Mountains and the Aïr Mountains which is filled with 

fine-grained particles due to the drainage from ephemeral rivers and streams from the Aïr 

Mountains (Fig. 5c) (Prospero et al., 2002).  

Today, the climate in the PSA 4 is hyperarid with an annual precipitation of less than ~ 20 mm. 

However, in the middle Pleistocene the paleolake ‘Fezzan’ existed which was filled with fine-

grained minerals (Geyh et al., 1999) (similar to PSA 5, Fig. 5d).  

In the PSA 5 the Bodélé depression is located which is the most intense dust source in the world 

(Washington et al., 2003). The Bodélé is fed with fine-grained particles due to the drainage of 

the Tibesti mountains to the North (Washington et al., 2003). During the middle Holocene ~ 

8500 to 6300 years ago, the Bodélé depression was part of the lake Mega-Chad which was filled 

by fine-grained particles from drainage of the Tibesti Mountains (Prospero et al., 2002). In 

addition, the lake Mega-Chad was filled with diatomites from algae living in the lake (Fig. 5d) 

(Schuster et al., 2009).   

 

Figure 5: Schematic overview of examples of dust production in chosen major PSA’s. (a) PSA 1 and the salt 

lakes (chotts), (b) PSA 2 and several Pleistocene playas (c) PSA 3 with playas as well as the central 

depression (d) PSA 5 and the Bodélé depression.   
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2.3 Atmospheric setting  
 

The atmospheric circulation over the African continent changes seasonally due to a seasonal 

shift in insolation (Nicholson, 2009). Figure 6 presents the seasonal change in the wind systems 

over NW Africa. During winter (Fig. 6a), the ITCZ is positioned near ~ 12° N and the NE 

surface trade winds which are part of the northern Hadley cell blow across the onshore and 

offshore sampling sites (Stuut et al., 2005;National Geospatial-Intelligence Agency, 2006).  

In contrast, when the ITCZ shifts to ~ 21 °N during summer (Fig. 6b), SW monsoonal surface 

winds which are part of the southern Hadley cell blow in Senegal to sampling site Bambey 

(National Geospatial-Intelligence Agency, 2006). Onshore and offshore Mauritania, the trade 

winds still blow over the sampling sites owing to the location north of the ITCZ (National 

Geospatial-Intelligence Agency, 2006). However, the trade winds shift from a predominant NE 

direction to a more dominant NNE direction (Darwin, 1846;National Geospatial-Intelligence 

Agency, 2006). At an altitude of ~ 3-4 km the African easterly jet (AEJ) is blowing near ~ 16 

°N during summer. Further up in the atmosphere, at an altitude of ~ 12 km the Tropical Easterly 

Jet (TEJ) is blowing near ~ 8 °N during summer (Nicholson, 2013). The inflow of moist 

monsoonal air with the SW surface winds and its subsequent convection results in intense 

precipitation on the northern African continent during summer.  The rain belt is associated with 

convection lying between the AEJ and the TEJ near ~ 10 °N. Smaller amounts of rainfall occur 

near ~21 °N in the vicinity of the ITCZ (Nicholson, 2009).  

 

Figure 6: Atmospheric circulation over NW Africa during (a) winter and (b) summer. 

Saharan dust emission, transport and deposition is related to the seasonal variation in 

atmospheric circulation (Knippertz and Todd, 2012). In Fig.7 the seasonal contrast in the dust 
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cycle is presented for the study area under investigation. During winter (Fig. 7a), dust is 

entrained on the African continent due to dust devils (Koch and Renno, 2005), low-level jets 

(LLJ’s) and surges in Harmattan winds (Koch and Renno, 2005;Knippertz and Todd, 2012). 

The dust transport to the onshore and offshore sampling sites occurs within the surface trade 

winds. Owing to the lack of frequent precipitation, dust is deposited predominantly dry from 

the trade wind layer onshore (Marticorena et al., 2017) and offshore NW Africa (Stuut et al., 

2005). The deposition of mineral dust from the trade wind layer occurs due to gravity 

(Koopmann, 1981).  

 

Figure 7: Saharan dust emission, transport and deposition during (a) winter and (b) summer.  

During summer (Fig. 7b), dust is emitted associated with dust devils, ‘haboobs’, LLJ’s, the 

Saharan heat low (SHL) and the passage of African easterly wave (AEW) disturbances 

(Knippertz and Todd, 2012). Saharan dust that is emitted to the lower atmosphere during 

summer is transported within the trade winds to coastal Mauritania (National Geospatial-

Intelligence Agency, 2006). The offshore directed dust transport within the trade winds does 

not occur or only at small distance because the trade winds blow frequently parallel to the coast 

during summer (Darwin, 1846;Carlson and Prospero, 1972) (Fig. 6b). Strong dry boundary 

layer convection on the African continent during summer results in the injection of Saharan 

dust up in the SAL. The AEJ blowing at a height of ~ 3-4 km leads to a westward flow of the 

SAL and accompanied dust particles across the Atlantic Ocean (Carlson and Prospero, 1972). 

Dust deposition during summer occurs due to gravitational settling but also due local 

precipitation on- and offshore NW Africa (Bory et al., 2002;Skonieczny et al., 2013).  
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2.4 Oceanic setting  
 

Saharan dust was sampled offshore in the deep sea with the marine sediment trap moorings. 

Therefore, it was necessary to gather information on the water masses and currents in the study 

area to better understand the dust transport through the water column. The water masses 

offshore Cape Blanc are shown in Fig. 8a. The surface circulation down to ~ 100 m wd is 

influenced by the southward-flowing Canary current (CC) and the poleward-flowing coastal 

counter current or Mauritania current (MC). Between ~ 100 and 1000 m wd, the poleward 

flowing undercurrent is situated. Below the counter current, the poleward flowing South 

Atlantic Central Water (SACW) and the North Atlantic Central Water (NACW) meet 

(Mittelstaedt, 1991). The zonal front which forms at the boundary of the relatively salty NACW 

and fresher SACW is referred to as the Cape Verde Frontal Zone (CVFZ) ((Meunier et al., 

2012) and references therein).  

The circulation of the water masses is displayed in Fig. 8b. The surface circulation of the study 

area is driven by the seasonal variation in the atmospheric circulation. During winter and spring, 

the CC flows southward and becomes detached from the continental slope and flows south-

westerly near 21° N. This track of the CC was also observed after the anchorage of the scientific 

buoy ‘Carmen’ failed in 2013: the buoy drifted off in a south-westerly direction to the Cape 

Verde islands. The MC only extends to ~14 to 17° N during winter. In contrast, during summer, 

the MC occurs over the whole shelf and slope south of 21° and turns west, when it encounters 

the CC. The surface currents flow with a maximum speed of ~ 15 cm s-1. The undercurrent 

transports water masses along the continental slope from ~ 5-10 °N to latitudes up to 26° N 

year-round and flows with a maximum speed of ~ 10 cms-1. The SACW and NACW flow with 

low maximum speeds of only 5 cms-1 (Mittelstaedt, 1991). In the vicinity of the CVFZ eddies 

evolve which lead to a lateral mixing of the NACW and the SACW (Meunier et al., 2012).  

Upwelling of subsurface water masses occurs year-round between 21° and 26 °N due to the 

continuing occurrence of the trade winds (Mittelstaedt, 1991;Cropper et al., 2014). Eddies 

occurring near the CVFZ and due to topographic effects lead to an offshore transport of the 

upwelled NACW and SACW in so called Cape Blanc filaments (Meunier et al., 2012).  
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Figure 8: Oceanography offshore Cape Blanc: (a) a simplified schematic cross section along ~ 18° W 

showing the water masses with depth. The location of the upper and lower sediment traps of site CBi in the 

water masses are depicted. (b) A simplified circulation scheme of the water masses.  

Due to the permanent annual upwelling of nutrient-rich subsurface water masses, the surface 

water is characterized by high algae concentrations offshore Cape Blanc (Van Camp et al., 

1991). Consequently, the surface waters are also rich in zooplankton which feed on the algae. 

Further, frequent ‘marine snow’ which consist of the organic detritus of dying algae and 

zooplankton as well as faecal pellets produced by zooplankton can be found in the surface water 

offshore Cape Blanc (Iversen et al., 2010).  Saharan dust particles that settle in the ocean surface 

offshore Cape Blanc are incorporated into these faecal pellets and marine snow aggregates in 

the surface water (Ternon et al., 2010;Iversen and Robert, 2015).  

The ballasting of the faecal pellets and marine snow aggregates with Saharan dust, carbonate 

and opal is shown in Fig. 9. Due to ballasting, the density of the faecal pellets and marine snow 

aggregates increases resulting in anomalously high particle sinking velocities offshore Cape 

Blanc (Ploug et al., 2008b;Fischer and Karakas, 2009;Iversen et al., 2010;Iversen and Ploug, 

2010;Iversen and Robert, 2015). An average sinking velocity of ~ 240 m d-1 was estimated for 

aggregates sinking through the deep water offshore Cape Blanc (Fischer and Karakas, 2009). 

Due to the incorporation into faecal pellets and marine snow aggregates, fine dust particles can 

be transported into the deep sea (Ternon et al., 2010). The study area is further characterized by 

the resuspension of fine shelf sediments that are transported offshore in nepheloid layers in a 

water depth of ~200 to 500 m (Karakas et al., 2006). However, these particles may be 

predominantly dispersed horizontally because of a lack of dense aggregate formation in 

subsurface water depths. Larger resuspended shelf particles migrate downslope to the 

continental slope (Karakas et al., 2006).    
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Figure 9: The ballasting hypothesis: Loading of marine snow aggregates and faecal pellets with (a) mineral 

dust, (b) coccolith and (c) diatom shells in the surface water.  
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3 Material  

3.1 Sediment trap samples 
 

In Fig. 10 a sketch of the sediment trap moorings CB and CBi is presented. The moorings 

consist of an upper and a lower sediment trap each. The traps sample dust removed from the 

atmosphere by dry and/or wet deposition. The samples of the upper sediment trap of both 

moorings were chosen for analysis. The advantage of the upper sediment trap was the shorter 

transport distance of the dust particles in the water column. Thus, the time delay in a seasonal 

signal is shorter and less variable in the upper traps compared to the lower traps. Therefore, the 

upper traps are more advantageous for a comparison to concurrent atmospheric conditions. In 

the sampling period 2014 to 2015 no samples were available for the upper sediment trap at site 

CB due to malfunction of the instrument. Therefore, the samples of the lower sediment trap 

deployment were used instead. Additional sample series of the lower sediment trap at site CB 

were used in order to analyse vertical transport processes in the water column. Both, the upper 

and the lower trap were positioned in the deep sea. While the upper traps were situated in a 

water depth of ~ 1300 mbsl, the lower sediment traps at site CB were situated at a water depth 

of ~ 3600 mbsl. Thus, the sampling of nepheloid layers which occur commonly in a depth of 

~200 to 500 m (Karakas et al., 2006) was unlikely. 

The sediment traps were of the type Kiel (model SMT-230, SMT-234 and SMT-243). A conical 

shape allows the marine particles to settle inside the trap. In order to inhibit the settlement of 

larger zooplankton swimmers inside the sediment trap, the 0.5 m2 large opening was fitted with 

a 1 cm2 grid at the top. Underneath the conical opening the sample cups were positioned which 

rotated according to a pre-programmed sampling interval (Fischer and Wefer, 1991). In order 

to enable a comparison between the mooring sites, the sampling interval of the traps were 

synchronized. Prior to deployment the sampling cups were pre-treated including the following 

steps (Fischer and Wefer, 1991): (1) filling with NaCl to increase the salinity leading to a 

minimized outflow of water during sampling,  (2) poisoning with HgCL2 in order to inhibit 

microbial and zooplankton activity which may alter the sediments (Fischer et al., 

1996;Buesseler et al., 2007).  
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Figure 10: The sediment trap moorings CB and CBi offshore Cape Blanc (sketch redrawn after Fischer et 

al. (2013)). The sediment traps which were used for this study are highlighted with a red box.  

Owing to the ocean currents and the depth of the sediment traps, dust that settles at quite some 

distance in the ocean surface can be collected. In order to enable a more accurate comparison 

to meteorological parameters, the collection area of the upper trap of the mooring CBi was 

calculated.  

Figure 11 shows how the average horizontal distance (b2) a particle travelled until ending up 

in the trap was calculated based on trigonometry. Given an average vertical particle settling 

velocity of a = ~ 240 md-1 ≈ 0.28 cms-1 (Fischer and Karakas, 2009) and an average current 

velocity of b = 3.75 cms-1 (Mittelstaedt, 1991), the side c could be estimated according to Eq. 

(2) (Pythagoras, ~ 500 years BC):  

 (𝑎)2 + (𝑏)2 =  (𝑐)2 (2) 
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The next step was to calculate the angle α according to Eq. (3) (Pythagoras, ~ 500 years BC): 

 
sin( 𝛼) =  

(𝑎)

(c)
 (3) 

 

Then, (α2) and (β2) could be calculated according to Eq. (4) and Eq. (5) (Pythagoras, ~ 500 

years BC):  

 (𝛽2) = 90° −  𝛼 (4) 

 (𝛼2) = 180° − 90° − (𝛽2) (5) 

 

Further known is the trap depth ((a2) = 1300 m). Hence, the side (c2) could be calculated 

according to Eq. (3) and the horizontal length scale (b2) according to Eq. (2).  

An even simpler way to calculate the distance (b2) is by assuming that:  

 (𝑎2)

(𝑏2)
=  

𝑎

𝑏
 (6) 

 

Both calculations give a horizontal distance of 17420 m which is ~ 20 km. As a result, mostly 

dust that settles at a horizontal distance of ~ 20 km away from the traps in the ocean surface 

may have been collected in the upper traps. The lower traps may even collect dust particles that 

have been mostly deposited at a horizontal distance of ~ 50 km away from the traps in the ocean 

surface.  
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Figure 11: Calculation of the horizontal length scale for the particle collection with the upper trap of the 

sediment trap mooring CBi.  

In Tab. 1 the sampling specifications of the sediment trap deployments under investigation are 

given. The samples were labelled with the trap site (CB or CBi), the depth (upper or lower), the 

deployment series (1-25) and the sample cup number (1-40). The samples of ten sediment trap 

series between the year 2003 to 2006 and 2013 to 2015 were analysed. Deployment and 

recovery of the samples was executed during several scientific research vessel expeditions (e.g. 

most recent cruise with RV Poseidon: Pos481 (Fischer et al., 2015)). The sampling interval 

ranged from 9.5 to 26 days depending on the time period between deployment and recovery of 

the traps.  
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Table 1: Specifications of the sediment trap series CB and CBi. 

Trap 

series 

GeoB 

No. 

Trap 

type 

Sampling 

period 
Cruises Position 

Trap 

depth 

[m] 

Water 

depth 

[m] 

No. of 

samples 

Sampling 

interval 

CBi upper 

1 - 
SMT 

243 

05.06.2003

-

05.04.2004 

M58/2, 

Pos310 

 

20°45' N 

18°42' W 
1296 2714 20 

1 x 10d + 

19 x 15.5d 

2 9630-2 

SMT 

230 

 

18.04.2004

-

20.07.2005 

Pos310, 

M65/2 

 

20°45' N 

18°42' W 
1296 2714 16 

1 x 22d + 

14 x 23d + 

1 x 22d 

3 9630-5 

SMT 

230 

 

25.07.2005

-

25.07.2006 

M65/2, 

Pos344 

 

20°46' N 

18°42' W 
1277 2693 17 17 x 21.5d 

11 18006-2 
SMT 

243 

29.01.2013 

– 

25.03.2014 

Pos 

445, 

Pos464 

20°46.4' N 

18°44.4' W 
1406 2800 18 

17x21d, 1 

x20d 

12 
19402-

01 

SMT 

234 

NE 

14.02.2014 

- 

23.02.2015 

Pos464, 

Pos481 

20°46.4' N 

18°44.5' W 
1356 2750 20 

1x12.5 d, 

19x19.5 

CB upper 

14 - 
SMT2

43 

31.05.2003

-

02.11.2003 

(Cups 11-

20 could 

not be 

used) 

M58/2, 

Pos310 

21°17’ N, 

20°48’ W 
1246 4162 10 10 x 15.5d 

24 18001-1 

SMT 

234 

NE 

24.01.2013 

- 

05.02.2014 

Pos445, 

Pos464 

21°16.9’ N 

20°50.6’ W 
1214 4160 18 

1x26 d, 

16x21 d, 

1x15 d 

CB lower 

15 9629-2 

SMT 

234 

 

18.04.2004

-

20.07.2005 

Pos310, 

M56/2 

21°18’ N, 

20°48’ W 
3624 4162 20 20 x 23d 

16 9629-5 
SMT 

230 

25.07.2005

-

28.09.2006 

M65/2, 

Pos344 

 

21°17’ N, 

20°48’ W 
3633 4160 20 20 x 21.5d 

25 19401-1 

SMT 

234 

NE 

07.02.2014 

– 

21.02.2015 

Pos464, 

Pos481 

21°17.8’ N 

20°47.8’ W 
3622 4160 20 

19x19.5 d, 

1x9.5 d 
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3.2 MWAC samples  
 

In Fig. 12a-b a photographs of the scientific buoy Carmen and the dust mast near Iwik are 

given. The recovery and deployment of the buoy into the NE Atlantic Ocean was executed 

during several research cruises. In between the buoy was moored offshore for approximately 

one year in order to gather meteorological data and to sample dust (Fig. 12a). In Iwik two dust 

masts were installed which sampled dust at five different heights. The sampling bottles were 

switched once a month (Fig. 12b).   

 

Figure 12: (a) Dust-collecting scientific buoy Carmen after having been re-deployed into the NE Atlantic 

Ocean on 23 August 2014. (b) Recovery of the dust samples of the dust mast in Iwik, Mauritania 

(photograph provided by J.-B. Stuut).   

In Fig. 13 a sketch of the sampling sites is given.  Dust was sampled using Modified Wilson 

and Cooke (MWAC) sampling bottles (Wilson and Cooke, 1980;Mendez et al., 2011). When 

using the MWAC samplers dust that is transported in the atmosphere is collected as opposed to 

deposited dust.  

Offshore, atmospheric dust was collected with an MWAC sampler which was mounted on the 

mast of buoy Carmen at a height of 2 m above sea level. Onshore, atmospheric dust was 

collected with MWAC samplers attached to two masts each. On each mast two sampling bottles 

were attached at 5 different heights respectively. The samples of the MWAC bottles attached 

to 2.40 and 2.90 of mast 1 and 1.90, 2.40 and 2.90 of mast 2 were used for analysis. By using 

the higher sampling bottles, the influence of localized dust sources was minimized which was 

required in order to enable a comparison to the marine sediment trap samples and the buoy 
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MWAC sample. Both, the mast on the buoy as well as the masts near Iwik were aligned to the 

current wind direction with the aid of a wind vane.  The advantage of the MWAC dust sampler 

is its efficiency (Goossens and Offer, 2000) and most common use in atmospheric dust 

sampling (Zobeck et al., 2003).   

 

Figure 13: A sketch of the two dust-collecting buoy ‘Carmen’ offshore Mauritania and the two dust collector 

masts near Iwik, Mauritania. 

In Fig. 14 a schematic sketch of the MWAC sampler is given. Atmospheric dust that passes 

through the inlet tube of the MWAC collectors, settles inside the bottle due to a pressure drop 

inside. The diameter of the opening of the inlet is about 7.5 mm (Goossens et al., 2000). 

 

Figure 14: Schematic sketch of the MWAC sampler (after (Goossens and Offer, 2000)).  

In Tab. 2 the sampling specifications of the MWAC series under investigation are given. The 

MWAC samples of the dust collector in Iwik were labelled with the mast number (1 or 2), the 

height (1-5), the bottle number (A or B) and the year and month of sampling. The MWAC 
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sample attached to the buoy was labelled with the sampling duration and station number. The 

samples of three dust collector series between 2013 and 2015 were analysed. Deployment and 

recovery of the samples near Iwik was carried out by Thomas Oudman and Anne Dekinga of 

the NIOZ coastal science department. Deployment and recovery of the MWAC sample attached 

to the buoy was executed during RV Pelagia cruise 64PE392 (Stuut et al., 2015) and RV Maria 

S. Merian cruise MSM48 (Zonneveld et al., 2015). While the sampling interval of the MWAC 

sample attached to the buoy was 450 days, the temporal resolution of the samples near Iwik 

was much higher with an average sampling interval of 30 days.   

Table 2: Specifications of the MWAC time series and samples. 

Dust 

collector 

series 

Trap type 
Sampling 

period 
Position 

Height 

[m] 

No. of 

samples 
Sampling intervals 

Iwik 13 MWAC 
27.01.2013 – 

20.01.2014 

19°53' N 

16° 18' W 

2.90, 

1.90 
44 

19 d, 28 d. 32 d, 29 d, 40 

d, 21 d, 31 d, 61 d, 31 d, 

31 d, 35 d 

Iwik 14 MWAC 
20.01.2014 - 

18.01.2015 

19°53' N 

16° 18' W 

2.90, 

2.40 
39 

26 d, 28 d, 31 d, 30 d, 31 

d, 30 d, 31 d, 31 d, 30 d, 

32 d, 29 d, 34 d 

CB-MWAC MWAC 
23.08.2014 – 

16.11.2015 

21°16' N 

20°56' W 
2.00 1 450 d 

 

3.3 Frisbee and MTX samples  
 

In Fig. 15a-d the sampling station in Bambey is shown together with the dust collectors. The 

collectors were situated on the roof of a local building in Bambey (Fig. 15a). Dust was sampled 

on top of the building using two type of samplers: A passive inverted ‘Frisbee’ shape collector 

(Frisbee) (Hall and Waters, 1986;Hall and Upton, 1988) (Fig. 15b,c) and a passive MTX ARS 

1010 automatic deposition sampler (MTX) (MTX Italia SPA, Modane, Italy) (Fig. 15d). The 

Frisbee was filled with marbles to limit dust resuspension and rain splashing (Fig.15c). Both 

sampling devices, the Frisbee and each of the MTX buckets have an opening with a diameter 

of 30 cm respectively. 
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Figure 15: Photographs of the sampling site Bambey and the dust collectors. (a) The sampling site, (b) the 

Frisbee dust collector, (c) view on top of the Frisbee sampler and (d) the passive MTX ARS 1010 sampler 

(photographs by Anais Féron (LISA)).  

In Fig. 16 a sketch of the sampling site is presented. The Frisbee sampler was positioned at a 

height of 6.50 m above the ground and was used to sample both dry and wet deposited dust 

(total deposition). Samples were gathered weekly or directly after a rain event if rainfall was 

present during the sampling interval. The advantage of the Frisbee collector is the good 

sampling efficiency (Hall and Waters, 1986;Hall and Upton, 1988). Fig. 16 also shows a sketch 

of the MTX sampler. It was situated below the Frisbee sampler, at a height of 5.5 m above the 

ground. When using the MTX sampler, only wet deposited dust is sampled. Two sampling 

buckets were either covered with an aluminium lid or exposed to the atmosphere based on the 

activation by a humidity sensor. Samples were collected after each rain event.  

 

Figure 16: A sketch of the sampling site and dust collectors in Bambey, Senegal.  
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The Frisbee sampler was equipped with a flow deflector ring to bent the wind into the Frisbee 

(Wiggs et al., 2002). In Fig. 17 the shape of the deflector ring is displayed which consist of an 

inner diameter of 38. 4 cm and an outer diameter of 64 cm (Goossens, 2007;Marticorena et al., 

2017). 

 

Figure 17: Characteristics of the flow deflector ring of the Frisbee sampler (after Goossens (2007). 

In Tab. 3 the sampling specifications of the Frisbee and MTX series under investigation are 

given. The Frisbee samples were labelled with ‘FR’ and the MTX samples with ‘BBH’. Further, 

the samples were labelled with the date of collection. The samples of two series of the year 

2013 were analysed. Deployment and recovery of the samples was executed by local 

technicians of the ISRA: Macoumba Diop, Seynabou Der-Ba (CNRA-ISRA) and Anais Féron 

(LISA). The sampling interval ranged from 1 to 13 days regarding the FR samples. With respect 

to the BBH samples, the sampling resolution was much higher with one to 21 hours since dust 

was collected during rainfall only. The intention was to study the difference between wet and 

dry deposition. Therefore, the sampling was carried out from the dry into the rainy season. 

Table 3: Specifications of the FR and BBH time series. 

Trap 

series 

Trap 

type 

Depo

sition 

Sampling 

period 
Position 

Trap 

height 

[m] 

No. of 

samples 
Sampling intervals 

FR 13 

Inverted 

Frisbee 

 

Total 
17.04.2013 -

07.10.2013 

14°42’ N 

16°30’ W 
6.5 38 

1 x 13 d, 

10 x 7 d, 2 x 6 d, 1 x 5 

d, 6 x 4 d, 8 x 3 d, 7 x 2 

d, 2 x 1 d 

BBH 13 

MTX 

ARS 

1010 

 

Wet 
30.06.2013 - 

07.10.2013 

14°42’ N 

16°30’ W 
5.5 28 

4 x 1 h, 1 x 2 h, 3 x 3 h, 

3 x 4 h, 4 x 5 h, 2 x 6 h, 

1 x 8 h, 2 x 9 h, 1 x 10 

h, 1 x 12 h, 1 x 13 h, 1 

x 14 h, 1 x 16 h, 1 x 18 

h, 1 x 20 h, 1 x 21 h 
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3.5 Marine snow catcher samples 
 

The marine snow aggregates were sampled using a marine snow catcher (MSC) as shown Fig. 

18. During the deployment 100 l of water were collected in a water depth of 60 m. During 

collection, the turbulence is reduced through two large terminal apertures leading to the rapid 

sinking of marine snow particles into the collector (Lampitt, 1996).    

 

Figure 18: The marine snow catcher: (a) photograph of the device (Fischer et al., 2015), (b) sketch of the 

deployment offshore Cape Blanc. 

After recovery, the instrument was stored on deck for two hours in order to allow the 

aggregates to settle to the bottom. Then, the top 95 l were sucked and the lower sampling 

section was disconnected. In Tab. 4 the sampling specifications of the catcher are given.  

Table 4: Specifications of the snow catcher deployment.  

Collector 

type 

GeoB 

No. 
Cruise 

Sampling 

time 
Position 

Sampling 

depth [m] 
Water depth [m] 

OSIL 

Marine 

snow 

catcher 

19406-5 Pos 481 27.02.15 
20° 30’ N 

17°45’ W 
60 306 
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4 Methods  

4.1 Sample preparation  
 

The steps involved in the pre-treatment of the samples under investigation for subsequent 

analysis are shown in figure 19.  

 

Figure 19: Sample preparation of the samples under investigation.  
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The sediment trap samples were treated after recovery by Marco Klann according to the steps 

described in Fischer and Wefer (1991): first, the particulate material was sieved through a 1 

mm mesh in order to remove large swimmers. Afterwards, the samples were splitted into five 

equal aliquots using a McLane rotary liquid splitter. While only a 1/25 split of the original 

sample was required for particle size analysis, a 1/5 split was used for the composition analysis 

of the particle flux. 

For particle-size analysis, the sediment-trap samples were pre-treated in the grain-size lab of 

NIOZ. In the marine realm, not only mineral dust is sampled with the sediment traps, but also 

organic matter, carbonate and biogenic opal which is derived from settling marine algae and 

zooplankton. Therefore, in order to study the particle size of mineral dust, the lithogenic fraction 

needed to be isolated from the bulk sediment by using a series of pre-treatment steps. A 

selection of photographs that were made during the lab work are shown in Fig. 20. Based on 

the methodology of Stuut (2001) the sediment trap samples were treated as follows in order to 

isolate the lithogenic fraction: (1) the excess superstitial water of the sediment trap samples 

(Fig. 20a) was siphoned and the sample was rinsed with ~ 25 ml distilled water in 1000 ml 

beakers. By covering the beakers with a plastic foil contamination of the samples with dust 

from the lab was prevented (Fig. 20b). The organic matter was oxidized by adding 10 ml H2O2 

(35 %) to the sediment sample and by boiling the sample until the reaction stopped (Fig. 20c). 

Afterwards the mixture was filled up to 100 ml with distilled water and the sample was cooled 

down to room temperature. (2) Next, the calcium carbonate was dissolved by adding 10 ml HCl 

(10 %) to the sediment sample and by boiling the mixture for exactly 1 minute. Subsequently, 

the mixture was filled up to 1000 ml with distilled water. The next morning the sample was 

decanted to ~100 ml and filled up again to 1000 ml with distilled water. (3) In the next morning 

the sample was decanted to ~ 100 ml. The biogenic silica was dissolved by adding 6 g of NaOH 

pellets to the sample and by boiling the mixture for 10 minutes. Again, the mixture was filled 

to 1000 ml with distilled water. After 7 hours the sample was decanted to ~ 100 ml and filled 

up again to 1000 ml with distilled water. (4) The next morning the mixture was decanted to ~ 

100 ml and filled into ~200 ml beakers this procedure was continued until the sample could be 

filled into 20 ml beakers (Fig. 20d). Aggregates were frequently observed in the samples which 

may have formed in the ocean and/or due to centrifugal pre-treatment of some samples to speed 

up the laboratory work. Therefore, before the measurement, each sample was added with ~ 10 

drops of Na4P2O7*10H2O and boiled shortly in order to ensure the disaggregation of all 

particles.    
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Figure 20: Preparation of the sediment trap samples for subsequent particle size analysis. (a) Trap samples 

before preparation, (b) trap samples filled in 1000 ml beakers and covered with a plastic foil, (c) boiling 

with 10 ml H2O2 (35 %) in order to remove the organic material, (d) samples filled into 20 ml beakers.  

Two summer and two winter samples of the sediment mooring site CBi (upper trap) that have 

been analysed for particle size were further analysed for mineralogical composition. The 

samples were pre-treated in the grain-size lab of the MARUM. The maximum weight of the 

dust in the four samples was ~ 70 mg which is much below the required sample amount (~ 1 g) 

normally needed for an X-ray diffraction (XRD) analysis on the powdered bulk sediment using 

sample containers. Therefore, a specific sampling preparation procedure according to standard 

clay fraction mineral assemblage determination (c.f. Moore and Reynolds (1989)) was executed 

in order to analyse the mineralogical composition of the mineral dust samples (see e.g. Liu et 

al. (2014) for the applied preparation of sediment trap samples). In clay mineral assemblage 

investigations of very small amounts of samples pipetting on glass slides is the preferred choice 

(see Petschick et al. (1996) for a comparison of preparation techniques). The sample preparation 

was done under the supervision of Jiangoa Liu (during his research stay at MARUM) who is 

affiliated with the South China Sea Institute of Oceanography. (1) First, the samples stored in 

demineralised water were pipetted on a glass slide each. (2) Second, the glass slides were dried 

in nature conditions (air temperature 25-30°C) over the weekend. 

For composition analysis, the 1/5 split of the original sediment trap samples were pre-treated in 

the sediment-lab of the MARUM by Marco Klann. The working steps are based on Fischer and 

Wefer (1991). Again, the lithogenic fraction was the fraction of interest. In order to estimate 
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the lithogenic flux, the total mass and the amount of organic carbon, carbonate and biogenic 

opal in the samples needed to be known. The total mass was determined with a high precision 

balance. Organic carbon and biogenic opal were determined as follows: (1) first, the carbonate 

was removed with 2N HCl. (2) Second, organic carbon was measured of the carbonate-free 

sediment sample using a CHN-Analyser. Total carbon was estimated by combustion without 

pre-treatment. (3) Third, biogenic opal was determined by sequential leaching (Müller and 

Schneider, 1993). The samples were freeze-dried between all steps in order to weight the 

fractions.  

The MWAC samples were pre-treated in the grain size lab of the NIOZ. First, the sample mass 

was measured with a high precision balance. The samples consisted of four replicate samples 

due to the two masts (1 and 2) and two sampling bottes (A and B) each. One of the four 

replicates (Mast 2, bottles B, height 2.90 m) was used for microscopic investigations, while the 

other three replicates (Mast 1, bottles A and B, mast 2 bottle A, height 2.90 m) was used for 

particle flux and size analysis. With respect to the results of the particle size and flux analysis, 

only the samples with the highest mass out of the three replicate samples were interpreted 

because it was assumed that the bottles have sampled dust most efficiently. Two winter and two 

summer samples of the three replicates (collection height 1.90, 2.40 and 2.90 m) that contained 

enough material were prepared for XRD analysis. The sampling preparation of the MWAC 

samples chosen for XRD analysis was analogue to the sediment trap samples. For particle-size 

analysis, the weighted MWAC samples were solely pre-treated with three drops of 

Na4P2O7*10H2O to assure that samples were minimally dispersed (McTainsh et al., 1997). The 

particle flux analysis as well as the microscopic investigations did not require any pre-treatment 

steps except for weighting of the samples. Regarding the microscopic investigations it was 

considered sufficient to analyse 10 MWAC samples of the year 2013 in order to investigate 

seasonal trends and to compare to the particle size results.  

The Frisbee and MTX samples were pre-treated locally in Bambey by Macoumba Diop and 

Seynabou Der-Ba (CNRA-ISRA) based on the protocol and training given by Anais Féron 

(LISA). The pre-treatment for particle size analysis was executed in the grain-size lab of the 

MARUM. The samples were (1) first rinsed with a large volume of water after collection. (2) 6 

hours later, the water was decanted and (3) the excess water was siphoned. (4) Subsequently, 

the sample was dried in an oven. Analog to the MWAC samples, the Frisbee and MTX samples 

were weighted with a high precision balance. Due to the drying in the oven, the samples 

developed aggregates. Therefore, the samples had to be dispersed before particle size analysis. 
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An addition with ~ 20 ml of distilled water did not sufficiently disperse the samples. Hence, (1) 

150 mg of Na4P2O7*10H2O and 100 ml of distilled water was added to each sediment sample 

and the mixture was boiled for a few minutes. After this step, the samples were still not fully 

disaggregated. It was assumed that the organic matter in the samples may lead to a bonding of 

the particles. Therefore, (2) the organic matter was eliminated from the sample. In order to 

oxidize the organic matter, each sample was treated with 10 ml of H2O2 (35 %) and boiled 

subsequently until the reaction stopped. After this step, the samples were fully disaggregated 

and ready for analysis.  

The aggregates sampled with the marine snow catcher were examined on board using a 

microscope. Afterwards, the collected aggregates were incubated in roller tanks with GF/F 

(microbe filter) filtered seawater. Half of the incubations were added with dust suspensions 

while the other half were added with a blanc. After 36 hours, the aggregates were transferred 

using a wide bore pipette from the roller tanks to the vertical flow system.     

4.2 Composition analysis and dust fluxes 
 

Different type of dust fluxes were calculated depending on the type of collector used. While 

sediment traps, the Frisbee collector and MTX sampler were used to study the deposited dust 

flux, the MWAC sampler was used to analyse the horizontal dust fluxes and atmospheric dust 

concentrations. It is important to distinguish between the deposition and horizontal dust flux 

when comparing the dust fluxes. Only about 1 % is deposited from a horizontally moving dust 

cloud. As a result, horizontal dust fluxes are by a factor of ~ 100 times larger compared to dust 

deposition fluxes (Goossens, 2008).  

The total dust deposition (lithogenic) fluxes (FTD) [mgm-2d-1] of the marine sediment trap 

samples were calculated according to Eq. (7) (Fischer and Wefer, 1991):  

 𝐹𝑇𝐷 = 𝑙𝑖𝑡ℎ𝑜𝑔𝑒𝑛𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝑑𝑢𝑠𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑐𝑎𝑟𝑏𝑜𝑎𝑛𝑡𝑒 − 𝑜𝑝𝑎𝑙 − 2 𝑥 𝐶𝑜𝑟𝑔 (7) 

 

The amount of the total mass, opal and organic carbon were derived by Marco Klann as 

described in the sample preparation section. Thus, the amount of carbonate in the samples could 

be calculated according to Eq. (8) (Fischer and Wefer, 1991):  

 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 − 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛 (8) 
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The horizontal dust fluxes (Fh) [gm-2d-1] of the MWAC samples were calculated according to 

Eq. (9) given by Hans van Hateren:  

 
𝐹ℎ =

𝑀𝐴𝑅

𝐴
∗ 

1

𝜂
 (9) 

 

Where MAR is the mass accumulation rate [gd-1], A is the cross-sectional area of the inlet tube 

of the MWAC sampler (0.000044 m2) and η is the estimated sampling efficiency of MWAC 

bottles (90 %) (Goossens and Offer, 2000).  

The dust concentrations (DL) [μgm-3] of the MWAC samples were calculated according Eq. 

(10) given by Hans van Hateren:  

 
𝐷𝐿 =  

𝑀𝐴𝑅

𝑣 ∗ 𝐴
∗

1

𝜂
 (10) 

 

Where MAR is the mass accumulation rate [μgs-1], v is the mean wind speed per sampling 

month as given by the local meteorological sensor [ms-1], A is the cross-sectional area of the 

inlet tube of the MWAC sampler (0.000044 m2) and η is the estimated sampling efficiency of 

MWAC bottles (90 %) (Goossens and Offer, 2000).   

The total and wet dust deposition fluxes (FTD, FWD) [gm-2d-1] of the Frisbee and MTX 

samplers were calculated according to Eq. (11) (Marticorena et al., 2017): 

 
𝐹(𝑇𝐷,𝑊𝐷) =  

𝑀

𝐴 ∗ 𝑇
 (11) 

 

Where M is the mass of the samples [g], A is the surface area of the collector (0.07 m2) and T 

is the sampling interval [d].  
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4.3 Grain-size analysis 
 

The grain-size measurements were carried out in the MARUM and NIOZ grain size labs using 

the Coulter LS 13320 laser particle sizer instrument. The advantage of the laser particle sizer 

is the quick, accurate and precise data acquisition and the measurement of large size intervals 

(Bloemsma et al., 2012). A further advantage of the method is the feasibility of measuring small 

dust samples (< 1 g).  In Fig. 21 a schematic overview of the particle sizer is given. The LS 

13320 is equipped with a 780 nm laser beam which is expanded and parallelized with the aid 

of two lenses. Further, the instrument is equipped with a micro liquid module (MLM) to which 

a suspension can be added. The expanded and parallelized laser beam passes through the 

suspension and is diffracted by each particle. The diffraction angle increases with decreasing 

particle size. A Fourier lens behind the MLM serves to focus the un-diffracted light to a point 

at the centre of the detector. In addition, light that has been diffracted by a specific angle is 

refracted by the Fourier lens so as to fall on a specific detector. Thus, only the surrounding 

diffraction pattern is recorded at the detector which does not vary with particle movement 

(Syvitski, 1991). 

The software (LS13320 version 5.01) of the instrument converts the obtained intensity 

distributions into a size distribution according to the Fraunhofer or Mie theory. For particles 

larger than ~ 40 times the wavelength of light (> ~ 30 µm) the refractive index is irrelevant. 

Therefore, in that case, the Fraunhofer theory is applied for the calculation of the grain-size 

distribution. For smaller particles (< ~ 30 µm), the Mie theory is applied since it takes into 

account the refractive indices of the sample. When analysing mineral dust which is 

predominantly of silt size, the Mie theory should be applied. Therefore, the refractive index of 

quartz (R.I. = 1.56) was entered in the laser settings. The Mie theory is only applicable to 

spheres, hence, the suspended particles are assumed to be spherical. The laser particle sizer 

allows the detection of 92 size classes ranging from 0.4 to 2000 µm (Coulter, 2003). The 

detection limits are within the size range of interest. First, particles larger than 2000 µm are 

only transported short distance due to rolling and saltation (Tsoar and Pye, 1987) and will thus 

not be collected by the oceanic sediment traps. Second, particles smaller than 0.4 µm will not 

settle or at an anomalously low sinking velocity in the ocean water column resulting in reduced 

sampling by the oceanic sediment traps (Personal communication with J.-B. Stuut). The 

frequency of each particle diameter is calculated by the laser software either as volume, number 

or surface area percentage. The volume percentage was chosen as a frequency unit for 

subsequent analysis because the resulting distributions showed the largest variability among the 
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samples. A logarithmic size scale was used to better visualize the frequency of particles 

characterized by a relatively small volume (personal communication with J. Titschack).  

The software of the laser particle sizer further calculates the geometric and arithmetic moment 

statistics of the obtained grain-size distributions. Since the particle size distributions were 

plotted on a logarithmic size scale, the geometric statistics were used for further analysis. The 

following statistics were used and were calculated by the software:  

Mean grain size: �̅�𝑔 = 𝑎𝑛𝑡𝑖𝑙𝑜𝑔 [
∑(𝑛𝑐 𝑥 log 𝑋𝑐)

∑ 𝑛𝑐
]  (12) 

Modal grain size:  The channel centre with the maximum volume percentage  

Standard 

deviation:  
𝑆𝐷𝑔 = 𝑎𝑛𝑡𝑖𝑙𝑜𝑔 √

∑[𝑛𝑐(𝑙𝑜𝑔𝑋𝑐 −  𝑙𝑜𝑔�̅�𝑔)2]

∑ 𝑛𝑐
 (13) 

 

Where nC is the percentage of particles in the n’th size class, Xc is the weighted size class centre 

and X̄g is the geometric mean of the distribution (Coulter, 2003).  

 

Figure 21: The compounds of the coulter laser particle sizer LS 13320:  (1) schematic overview of the 

instrument (after Syvitski (1991)), (2) the intensity registered by the detector array and (3) the grain-size 

distribution as well as (4) some moment statistics calculated by the laser software. 

Referring to Stuut (2001) the laser-diffraction particle sizers produce precise and accurate 

measurements of glass-bead standards and mixtures of those. However, only precision values 
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with respect to the mean particle size were provided by Stuut (2001). Therefore, the precision 

of the LS13320 regarding the modal size range of the dust samples (10 to 55 µm) was further 

tested. A grain-size measurement of the glass-bead Ballotini A standard was executed which 

has a modal grain size of 31.31 µm. A subsample of the standard was added with a spoon to the 

large cell of the laser and a grain-size measurement was run 20 times on the subsample. Each 

measurement lasted for 90 seconds in order to accurately represent the particles in suspension. 

In Fig. 22a the resulting grain-size distributions of the standard A6 are displayed. As can be 

visualized, the grain-size distributions were well comparable and the modal grain size did not 

deviate from 31.31 µm. Thus, the mean precision of the instrument with respect to the modal 

grain sizes 10 to 55 µm was half of the average bin width: ± 1.26 µm (± 4.00 %).  

The accuracy of the LS13320 was estimated by measuring the grain-size distribution of the 

external standard G15 offered by Beckmann Coulter. The standard was verified by the company 

with coulter counter measurements, laser diffraction and optical analyses. Further, the standard 

is NIST (National Institute of Standard and Technology) -verified and BAM (Bundesanstalt für 

Materialforschung) -verified. The limits for the mean and standard deviation of the G15 

standard were given by the company: mean = 15.07 ± 1.8 and standard deviation = 7.121 ± 

2.25.  Since the samples under investigation were measured in the MLM, the accuracy of the 

measurement was also tested using the MLM. The grain-size distributions of the sediment trap 

samples under investigation were measured by pipetting a subsample in suspension from the 

small 20 ml beakers (Fig. 20d) to the MLM. Therefore, analogously, the standard G15 was also 

measured by pipetting a subsample in suspension from a small beaker to the MLM. Three 

subsamples of the standard G15 were taken and five measurement runs were executed each. In 

Fig. 22b it can be depicted that the mean and standard deviations of the grain-size distributions 

were within the limits given by the company.  
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Figure 22: Precision and accuracy of the LS 13320. (a) 20 runs of one subsample of the standard A6 (b) run 

4 of 3 subsamples taken with the pipette of the standard G15.   

Regarding the sediment trap samples a subsample was sucked from the small beakers by stirring 

the suspension with the pipette prior to pipetting. As a result, a well-mixed subsample was taken 

which was representative of the original sample. The systematic error regarding the pipetting 

of a subsample was investigated by measuring the glass-bead Ballontini A standard after taking 

a subsample with a spoon (N=10 times) and after pipetting from a 20 ml beaker (11 times). In 

Fig. 23a,b the resulting grain-size distributions are displayed. The deviations in the grain-size 

distributions were low and the measurements were well comparable between the two 

subsampling methods (Fig. 23a). The average modal grain size of standard A6 measured after 

taking a subsample with the spoon was 31.51 µm. The modal grain sizes of the grain-size 

distributions measured after taking a subsample with a pipette deviated by 0 - 3.08 µm from 

31.51 µm. Hence the maximum systematic error was + 3.08 µm (+ 9.77 %) with respect to the 

grain-size class 31.51 µm. The average grain-size distribution of the samples measured after 

taking a subsample with the pipette was even better comparable to the average grain-size 

distribution of the samples measured after taking a subsample with a spoon (Fig. 23b). The 

average modal grain size of the pipetted samples was 32.35 µm, thus the average systematic 

error was only + 0.84 µm (+ 2.67 %) with respect to the grain size class 31.51 µm. The 

systematic error is below the mean estimated precision of the instrument. Therefore, an 

analytical error equal to the mean precision (± 1.26 µm, ± 4.00 %) was considered for grain-

size analysis.   
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Figure 23: Measurements of the Ballotini A standard after taking a subsample with the pipette versus with 

the spoon. (a) Run 4 of all 10 and 11 individual measurements, (b) average distribution of the individual 

measurements.  

During the measurement the sample suspension was automatically stirred in the MLM with a 

magnet stirrer in order to keep the samples in suspension during measurement. Prior to the 

measurement, different speeds of the magnet stirrer could be chosen in the laser settings. The 

effect of the stirring speed on the resulting measured grain-size distribution was investigated 

using a Ballotini A standard, a sediment trap sample and a Chinese loess sample. In Fig. 24a it 

can be depicted that the measured grain-size distributions of the Ballotini A standard as well as 

the sediment trap sample are identical when using the stirrer speed 30 and 80. Except when 

using a stirrer speed of 10, the coarse shoulder in the grain-size distribution of the sediment trap 

sample is shifted to slightly smaller particle sizes. In Fig. 24b it can be depicted that a stirrer 

speed of 80 lead to the disaggregation of the Chinese loess particles and thus to a shift to finer 

particle.  

Thus, the stirrer speed was set to 80 regarding the sediment trap samples in order to disaggregate 

the observed aggregates (see sample preparation section) and to keep the sample in suspension. 

In contrast, the aim was to measure minimally dispersed (McTainsh et al., 1997) continental 

MWAC samples in order to investigate the dust transport processes. Therefore, the stirrer speed 

was set to 30 and the first run was chosen from each measurement regarding the MWAC 

samples.  
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Figure 24: The influence of the stirrer speed setting on the measured grain-size distribution. (a) One 

subsample of the standard Ballotini A and one subsample of the sediment trap sample CBi 3 upper # 2 were 

measured five times with different stirrer speeds (run 4 was chosen).  (b) 3 subsamples of a Chinese loess 

sample was measured with different stirrer speeds (all 5 runs shown).  

4.4 Mineralogy  
 

The X-ray diffraction pattern analyses were executed in the laboratory of the research group 

Crystallography (University of Bremen, Central Laboratory for Crystallography and Applied 

Material Sciences, ZEKAM, Department of Geosciences).  

The X-ray diffraction was measured on a Philips X’Pert Pro multipurpose diffractometer. In 

Fig. 25 a schematic overview of an x-ray diffractometer is given. The measurement for samples 

under investigation was executed with the following specifications. First, X-rays were 

generated in a copper anode (kα 1.541, 45 kV, 40 mA). Second, the x-rays passed through a 

divergence slit which defined the degree of divergence to 1/4°. Subsequently, the x-rays 

encountered the sample. The beam and detector were rotated according to an angle step size of 

0.016° 2θ and with a time step of 100 seconds. Whenever the x-ray meet the sample at a suitable 

reflection angle, a diffraction occurs according to Bragg’s law, Eq. (14):  

 𝑁𝜆 = 2 𝑑 sin 𝜃 (14) 
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where N is an integer, λ is the wave length of the x-rays [nm], d is the lattice distance of the 

mineral [Å] and θ is the diffraction angle [°]. Next, the diffracted x-ray passed through a 

detector slit, a collimator and a scattering slit. Eventually, the intensity of the diffracted x-rays 

was encountered with angle at the X’Celerator detector system. Based on Bragg’s law, the 

lattice distances can be calculated from the detected angles. Each mineral has a certain known 

lattice distance and crystal structure. Therefore, the minerals could be identified based on the 

detected lattice distances. The mineral identification and semi quantification was accomplished 

by using the Philips software ‘X’Pert HighScoreTM’. An error (standard deviation) regarding 

the semi-quantification of ± 5 % should be considered for samples with > 20 % clays (Moore 

and Reynolds, 1989). However, the semi-quantification of well-crystallized minerals like quartz 

which one of the most abundant mineral in dust samples (Scheuvens et al., 2013) can be done 

with better standard deviations (Tucker and Tucker, 1988;Vogt et al., 2002).  

 

Figure 25: The compounds of the x-ray diffractometer (1) Schematic overview of the instrument (revised 

after Tucker and Tucker (1988)), (2) the intensity registered by the detector array with angle and  (3) the 

intensity versus the calculated lattice diameter.  
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4.5 Sinking velocity analysis 
 

The size-specific sinking velocities of individual marine snow aggregates were measured on 

board the RV Poseidon during research cruise Pos481 using a vertical flow system (Ploug and 

Jørgensen, 1999). In Fig. 26 a schematic overview of the vertical flow system is given. It consist 

of a 10 cm high circular Plexiglas tube with a diameter of 5 cm equipped with a nylon net in 

the middle. From below, water is flowing which is parallelized and uniformed by the nylon net 

(Ploug and Jørgensen, 1999). Above the nylon net, each aggregate was placed in the middle of 

the flow chamber and the upward flow was increased until the aggregate was floating one 

diameter above the net. In order to estimate the sinking velocity, the flow speed at which the 

aggregate was floating one diameter above the net was determined and then divided by the 

cross-sectional area of the flow chamber.  

 

Figure 26: Vertical flow system (after Ploug and Jørgensen (1999)). 
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5 The findings of the paper and manuscripts 

The papers and manuscripts which were created during the Ph.D. aided to answer the 

scientific questions stated in Chapter 1. In Tab. 4 the outcome of the studies is summarised.  

Table 4: Short summary of the main conclusions of the papers and manuscripts of this Ph.D. thesis. 

Study area Scientific Questions Results and conclusions 

Friese et al. (2016), published in ‚Aeolian Research‘ 

Offshore 

Mauritania 

(1) Does the particle size of 

Saharan dust deposited in 

the ocean and on land vary 

seasonally? 

(2) How does the particle 

size of deposited Saharan 

dust relate to meteorological 

parameters? 

(1) In the ocean: Yes, a clear seasonal cycle was observed for three 

years of particle size data with generally coarser particles during 

summer. 

(2) In the ocean: Dust-storm events year-round result in the deposition 

of anomalously coarse particles offshore Cape Blanc. The trade wind 

speed determines the particle size of deposited Saharan dust during 

winter. In contrast, frequent rainfall is connected with the deposition of 

anomalously coarse dust during summer. 

Friese et al. (2017), submitted to ‘Atmospheric Chemistry and Physics’ 

On- and 

offshore 

Mauritania 

(1) Does the particle size of 

Saharan dust deposited in 

the ocean and on land vary 

seasonally? 

(2) How does the particle 

size of deposited Saharan 

dust relate to meteorological 

parameters? 

(3) Is there a difference 

between the sources of dust 

deposited in the ocean 

versus on land? 

(4) Do the source regions 

vary seasonally? What are 

the related mineralogical 

tracers? 

 

(1) On land: Yes, a clear seasonal cycle was observed for the two years 

of particle size data with generally coarser particles during summer. 

(2) On land: the particle size of Saharan dust collected on land 

correlated to the trade wind speed year-round. Further, rainfall results 

in the deposition of anomalously fine dust transported at higher 

altitude. 

(3) Yes. The source region of dust sampled on land were mainly 

proximal, while the source regions of dust sampled in the ocean were 

distal and proximal. Further, more local areas sourced the dust 

collected on land, while more regional areas sourced the dust collected 

in the ocean. 

(4) Yes. On land, source regions varied according to the seasonal 

change in the wind direction of the trade winds. In the ocean, source 

regions varied according to the seasonal change in the altitude of the 

dust transport. Mineralogical tracers: Dolomite, Sepiolite, Fluellite, 

Garnet and Anhydrite => Western Sahara; Gibbsite => Banc d’Arguin; 

Rutile and Serpentine => Western Mauritania; Chlorite => northern 

Mali; Ferryglaucophane => NE Mali; Zeolite => northern Mali and/or 

Libya 

Friese et al, (2017), in preparation for ‘Aeolian Research’ 

Senegal 

(2) How does the particle 

size of deposited Saharan 

dust relate to meteorological 

parameters? 

(2)  On land: rainfall resulted in the deposition of anomalously fine 

dust. 

Van der Jagt et al., (2017), in preparation 

Offshore 

Mauritania 

(5) What is the settling 

speed of mineral dust in the 

water column? 

(5) The mean settling speed of marine snow aggregates (in which 

Saharan dust has most likely been incorporated in the surface water) 

was 319 ± 210 md-1. 

 

 

  



44 
 

6 Environmental factor controlling the seasonal variability in 

particle size distribution of modern Saharan dust deposited off 

Cape Blanc 

Carmen A. Friese 1, Michèlle van der Does2, Ute Merkel1, Morten H. Iversen1, Gerhard 

Fischer1, Jan-Berend W. Stuut1,2 

 

1MARUM – Center of Marine Environmental Sciences, Bremen University, Leobener Str., D-28359 Bremen, 

Germany 

2NIOZ – Royal Netherlands Institute for Sea Research, Department of Ocean Systems, and Utrecht University, 

PO Box 59, 1790 AB Den Burg, Texel, Netherlands 

Published in ‘Aeolian Research’ 

 

Abstract 

The particle sizes of Saharan dust in marine sediment core records have been used frequently as a proxy 

for trade-wind speed. However, there are still large uncertainties with respect to the seasonality of the 

particle sizes of deposited Saharan dust off northwestern Africa and the factors influencing this 

seasonality. We investigated a three-year time-series of grain-size data from two sediment-trap moorings 

off Cape Blanc, Mauritania and compared them to observed wind-speed and precipitation as well as 

satellite images. Our results indicate a clear seasonality in the grain-size distributions: during summer 

the modal grain sizes were generally larger and the sorting was generally less pronounced compared to 

the winter season. 

Gravitational settling was the major deposition process during winter. We conclude that the following 

two mechanisms control the modal grain size of the collected dust during summer: (1) Wet deposition 

causes increased deposition fluxes resulting in coarser modal grain sizes and (2) the development of 

cold fronts favors the emission and transport of coarse particles off Cape Blanc. Individual dust-storm 

events throughout the year could be recognized in the traps as anomalously coarse-grained samples. 

During winter and spring, intense cyclonic dust-storm events in the dust-source region explained the 

enhanced emission and transport of a larger component of coarse particles off Cape Blanc. The outcome 

of our study provides important implications for climate modellers and paleo-climatologists.  

 

Keywords: Saharan dust, particle size spectrum, sediment trap mooring, wet deposition, gravitational 

settling, dust-storm  
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Introduction 

Mineral dust is an important component in the climate system since large amounts (~500 to 

~4000 Mt) are emitted globally per year (Huneeus et al., 2011), feeding back on climate through 

e.g., the oceanic biological carbon pump, the atmospheric energy balance, precipitation and sea 

surface temperature (Prospero and Lamb, 2003;Stuut et al., 2008;Maher et al., 2010). When 

deposited into the ocean, mineral dust can affect the efficiency of the oceanic biological carbon 

pump as follows: on the one hand the input of dust-related micronutrients increases the oceanic 

primary production leading to increased carbon fluxes (Martin, 1990;Martin et al., 1991;Jickells 

et al., 2005). On the other hand, the ballasting of marine snow aggregates and fecal pellets with 

dust minerals leads to increased densities and sinking velocities. As a consequence, the time for 

remineralization of organic matter in the water column is reduced resulting in an increase in the 

organic carbon fluxes to the deep sea (Ploug et al., 2008a;Iversen et al., 2010;Iversen and 

Robert, 2015).  

 

In addition, dust emission, transport, and deposition react sensitively to climate parameters such 

as rainfall, wind, temperature and vegetation cover (Knippertz and Stuut, 2014). The physical 

and chemical characteristics of mineral dust in sediment core records can be used as a 

qualitative proxy for paleo-environmental conditions (Rea, 1994). However, quantitative proxy 

data are required in order to explain modern temporal variability in dust mobilization, transport 

and deposition (IPCC, 2007;Stuut et al., 2008). This information is needed to facilitate the 

paleoclimatic interpretation of dust in sedimentological records (Caquineau et al., 2002;Stuut 

et al., 2005;Scheuvens et al., 2013) and to test the representation of the dust cycle in climate 

models, which are also applied for future climate scenario simulations  (Luo et al., 

2003;Mahowald et al., 2003;Huneeus et al., 2011).  

 

In the dust-source region, a certain threshold wind velocity is required to mobilize dust particles. 

The uplift of coarse dust particles and aggregates larger than 20 µm up to heights of 100 m only 

occur during intense dust storms and so-called ‘haboobs’ (Tsoar and Pye, 1987). Prospero et al. 

(1970) related an anomalously coarse spring dust sample obtained at Barbados to a single 

African dust storm using satellite photographs. Furthermore, Rea (1994) hypothesized that giant 

quartz grains in sediment-core records reflect individual high-energetic dust storms. More 

grain-size data are required to test the hypothesis whether dust storm events as depicted on 
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satellite images are reflected in depositions of anomalously coarse dust downwind from the dust 

source.  

 

Transport processes can alter the initial particle-size distribution of the released mineral dust. 

The mean diameter of suspended dust decreases exponentially with atmospheric height (Tsoar 

and Pye, 1987). The mean grain size of dust particles decreases horizontally with increasing 

transport distance due to the preferential gravitational settling of coarser particles (Darwin, 

1846;Holz et al., 2004). Furthermore, the transport distance of dust particles increases linearly 

with wind speed (Tsoar and Pye, 1987). Coarser grain sizes of deposited dust in sediment-trap 

records offshore Cape Verde and in onland dust collectors at M’bour (Senegal) during boreal 

summer have been related to the seasonal change in the altitude of the dust transport (Ratmeyer 

et al., 1999a;Skonieczny et al., 2013). According to these studies, higher-altitude transport of 

Saharan dust (~3 km height) during summer led to the deposition of a larger percentage of 

coarser particles at the sampling sites, while most finer particles remained in suspension and 

could be transported across the Atlantic to the Caribbean (Carlson and Prospero, 1972). Again, 

more grain-size data are required to test this hypothesis.  

 

Whereas dry deposition includes the preferential gravitational settling of coarse particles, wet 

deposition after in-cloud scavenging results in the settling of increased amounts of submicron 

particles (Jung and Shao, 2006). Dust deposited during summer-rain events at the sampling site 

M’bour (Senegal) (Fig. 1) features a larger volume percentage of fine particles < 10 µm 

(Skonieczny et al., 2013). These latter authors relate the larger component of finer particles to 

the scavenging of these smaller particles from higher altitudes due to precipitation.   

 

We hypothesize that a complex interplay of factors including transport and depositional 

processes and the wind speed in the source region are responsible for seasonal variations in the 

modal grain size of deposited Saharan dust. We therefore investigated a dataset of dust 

deposited in sediment-traps off Cape Blanc between 2003 and 2006. Based on grain-size 

analysis and meteorological data as well as satellite images, we aim to answer the following 

questions: 

 

1. What is the seasonal variability in particle size of mineral dust in marine sediments over 

the period 2003 - 2006? 
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2. Can we distinguish dust-storm events, observed from satellite images, from background 

dust in marine sediments based on (modal) particle size?  

3. What is the influence of meteorological parameters (wind speed, precipitation) on the 

modal particle size of dust in marine sediments off Cape Blanc? 
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Study site 

Atmospheric setting 

The sediment trap mooring sites CB (mesotrophic, ~21°16’ N, ~20°48’ W) and CBi (eutrophic, 

~20°45’ N, ~18°42’ W) are positioned in the northeastern (NE) equatorial Atlantic Ocean 

offshore Cape Blanc (Mauritania) at about 200 and 80 nautical miles from the coast, 

respectively. This region offers an excellent opportunity to study modern dust mobilization, 

transport, and deposition since about 50 Mt of dust are deposited between the African coast and 

35°W each year (Yu et al., 2015). An additional advantage of this study area is the lack of 

fluvial input (Ratmeyer et al., 1999b).  

 

 

 

Figure 1: Locations of the sediment-trap moorings CB (yellow circle) and CBi (red circle) offshore Cape 

Blanc and the environmental conditions during boreal winter (a) and boreal summer (b) in the area under 

investigation. Note the seasonal change in predominant dust source regions (orange boxes, illustrated after 

Stuut et al. (2005), Goudie and Middleton (2001), Knippertz and Todd (2010), Schepanski et al. (2007)) and 

3-day back-trajectories (red lines = 5500 m altitude, orange lines = 3000 m, dark blue lines =1000 m, 

darkgreen lines = 10 m ending on 01.02.2006 (a) and 30.08.2003 (b), calculated using the HYSPLIT 

Trajectory model on the NOAA website at: http://ready.arl.noaa.gov). The study sites of other authors are 

also indicated (black circles, 1= Koopmann et al., 1981; 2= Matthewson et al., 1995; 3= Ratmeyer et al, 

1999a,b; 4= Stuut et al., 2005; 5= McGregor et al., 2009; 6=Fillipsson et al., 2011; 7=Skonieczny et al., 2013). 

 

The meteorology of the study area is controlled by the seasonal variability in insolation. Over 

the western African continent the core of the Intertropical Convergence Zone (ITCZ) shifts 
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meridionally from ~12°N during winter to ~21°N during summer (Nicholson, 2009). This 

implies a seasonal change in precipitation and winds over the African continent, which is 

strongly related to dust mobilization and transport offshore Cape Blanc (Prospero and Nees, 

1977). Rainfall at about 20°N (latitude of our study site) is most intense during summer and fall 

in West Africa and is related to the monsoon and the northward propagating ITCZ. During late 

summer the rain belt is associated with a large core of rising air lying between the African 

easterly jet (AEJ) and the tropical easterly jet (TEJ), a region which corresponds to the southern 

track of the African easterly waves (AEWs) at ~10°N (Nicholson, 2009). A smaller branch of 

rising air with smaller amounts of rainfall exists in the region of the surface expression of the 

ITCZ and the northern track of the AEWs at ~21°N (Nicholson, 2009).  

 

During boreal winter, dust is transported predominantly from Mauritania and the coastal areas 

of Western Sahara to the sediment-trap mooring sites within the low-level NE-trade winds, 

which are part of the large-scale northern Hadley cell (Hamilton and Archbold, 1945;Stuut et 

al., 2005) (Fig. 1.a). The maximum wind speed of the NE-trade winds is ~50 km h-1 near the 

surface, however NE-winds blow up to altitudes of 3 km (Fig. 2.a) (Stuut et al., 2005). Dry NE-

surface winds laden with dust on the African continent are locally known as ‘Harmattan’, which 

translates to ’wind that carries dust’ (Dobson, 1781). Strong dust-storm events during winter 

may evolve due to the penetration of cold air with high wind velocities from higher latitudes to 

lower latitudes (Knippertz and Fink, 2006). 

 

Figure 2: (a) Satellite image showing a winter low-level dust outbreak captured on 5 March 2004. The 

volcano of the Cape Verde Island Fogo (altitude 2829 m) sticks through the dust plume. (b) Satellite image 

showing a summer dust outbreak on 23 July 2006. Saharan dust is situated to the east of a dense band of 

clouds. Both images © NASA Earth Observatory. 
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During boreal summer, the main source area for dust transport offshore northwestern (NW)-

Africa is the Sahel, especially Mauritania and Mali (Middleton and Goudie, 2001;Schepanski 

et al., 2007;Knippertz and Todd, 2010) (Fig. 1.b). The lower atmosphere is characterized by 

NE-trade winds, which transport significant amounts of dust when having an overland 

trajectory (Carlson and Prospero, 1972). In the Caribbean, Saharan air has been identified as an 

isentropic layer of warm and dry air bordered by two strong inversions. This layer of Saharan 

air has been denoted the ’Saharan Air Layer’ (SAL) based on its continental origin, 

characteristics, and spatial homogeneity (Carlson and Prospero, 1972;Prospero and Carlson, 

1972;Diaz et al., 1976). The SAL frequently contains high dust concentrations and is situated 

between ~0.6 km (950 hPa) and ~5.5 km (500 hPa) offshore NW Africa (Prospero and Carlson, 

1970;Carlson and Prospero, 1972). Strong dry boundary layer convection on the African 

continent during summer and fall leads to the entrainment of dust into the SAL. When the ITCZ 

and the low-level monsoonal flow move northwards, the dust-containing SAL is lifted above 

the cooler monsoonal air masses. The AEJ blowing at an altitude of >3 km (700 hPa) leads to 

a westward movement of the SAL and accompanying dust particles (Carlson and Prospero, 

1972). The strength and direction of the dust transport is also connected to the passage of AEW 

disturbances (Jones et al., 2003). On satellite images (Fig 2.b), the Saharan air including the 

dust front can be observed in a relatively cloud-free area away from the AEW track which 

exhibits pronounced bands of clouds. Wind velocities within the SAL are maximum at an 

altitude of ~3-4 km (600-700 hPa) with 70 km h-1 in the area of the Cape Verde islands (Carlson 

and Prospero, 1972). Amplified moist convection during summer can trigger strong dust-storm 

events, or haboobs (Knippertz and Todd, 2010). 

 

During spring, dust-storm events occur most frequently and dust is sourced from a large area 

centered on Mauritania and Mali (Middleton and Goudie, 2001). This is also the season of 

generally high dust deposition fluxes on the Senegalese margin (Skonieczny et al., 2013). 

During spring, cyclonic storms favoring the emission of dust occur more frequently over the 

African continent owing to the large temperature contrast between the cold mid- and high 

latitudes and quickly heating subtropical landmasses (Knippertz, 2014). During fall, 

atmospheric dust loadings are generally low (Knippertz and Todd, 2012).  
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Oceanic setting 

The surface water circulation offshore Cape Blanc is influenced by two wind-driven surface 

currents: The southward-flowing Canary Current (CC) and the poleward-flowing coastal 

countercurrent or Mauritania current. Owing to the seasonal shift in atmospheric circulation the 

surface currents shift seasonally off Cape Blanc. During winter and spring, the sediment-trap 

mooring locations are overlain by the CC which becomes detached from the continental margin 

at these latitudes. During summer, the mooring locations are within the influence of the 

poleward flowing coastal countercurrent. Below, the deeper water masses include the poleward 

flowing undercurrent extending down to water depths of 1000 m (Mittelstaedt, 1991). The 

poleward flowing South Atlantic Central Water (SACW) is situated below the countercurrent 

(Mittelstaedt, 1991).  

 

As has been shown by previous studies, the grain sizes of aerosol samples, sediment trap and 

surface sediments at site CB resemble each other well, hence horizontal advection of particles 

in the water column while sinking towards the sea floor is considered minimal (Ratmeyer et al., 

1999b;Stuut et al., 2005). In addition, deep-sea sediment-trap studies in combination with 

particle-camera investigations at site CBi suggest that little particle transformations occur 

between the surface waters and the deep ocean (Nowald et al., 2015). At site CB, particles have 

been estimated to sink with a high mean settling speed of ~240 m d-1 (Fischer and Karakas, 

2009). High particle sinking velocities in the study area are the result of aggregate formation 

and ballasting of the marine snow aggregates and fecal pellets with dense carbonate, opal and 

Saharan dust particles (Ploug et al., 2008b;Fischer and Karakas, 2009;Iversen et al., 

2010;Iversen and Ploug, 2010;Iversen and Robert, 2015). Aggregate formation and ballasting 

is most important in the surface waters (less than 250 m water depth) (Iversen et al., 2010). The 

incorporation of dust particles in larger marine aggregates and fecal pellets is the mechanism 

by which fine-grained dust particles are transported from the surface ocean to the deep sea 

(Ternon et al., 2010).  
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Material and Methods 

Sediment-trap samples 

The samples of six sediment-trap deployments at the sediment trap mooring stations CB 

(mesotrophic) and CBi (eutrophic) during 2003-2006 were chosen for grain-size analyses (Tab. 

1). The distance between the sampling locations CB and CBi is ~250 km. The upper traps of 

site CB and CBi sampled at a water depth of ~1300 mbsl. The lower trap at site CB sampled at 

a water depth of ~3600 mbsl.  

Table 1: Specifications of the six sediment trap series CB and CBi. 

Sediment 

trap 

series 

Trap 

type 

Sampling 

period 

Cruise 

deployment 

Cruise 

recovery 
Position 

Trap 

depth 

[m] 

Water 

depth 

[m] 

No. of 

samples 

Sampling 

intervals 

CBi 1 

upper 

SMT 

243 

05.06.2003 - 

05.04.2004 
M58/2 Pos310 

20°45.0' N 

18°42.0' W 
1296 2714 20 

1 x 10.5d 

+ 19x 

15.5d 

CBi 2 

upper 

SMT 

230 

18.04.2004 - 

20.07.2005 
Pos310 M65/2 

20°44.7' N 

18°42.1' W 
1296 2714 16 

1x22d + 

14x 23d + 

1x22d 

CBi 3 

upper 

SMT 

230 

25.07.2005 - 

25.07.2006 
M65/2 Pos344 

20°45.6' N 

18°41.9' W 
1277 2693 17 17x21.5d 

CB 14 

upper 

SMT 

243 

31.05.2003 - 

02.11.2003 

(Cups 11-20 

could not be 

used) 

M58/2 Pos310 
21°17.2’ N 

20°47.6’ W 
1246 4162 10 10x15.5d 

CB 15 

lower 

SMT 

234 

18.04.2004 - 

20.07.2005 
Pos310 M65/2 

21°17.9’ N 

20°47.8’ W 
3624 4162 20 20 x 23d 

CB 16 

lower 

SMT 

230 

25.07.2005 - 

28.09.2006 
M65/2 Pos344 

21°16.8’ N 

20°47.8’ W 
3633 4160 20 

20 x 

21.5d 

 

The sediment traps are conical and of the type Kiel (model SMT-230/234/243) with an opening 

of 0.5 m2 and fitted with a 1 cm2 grid at the top. Twenty sample cups rotated according to a 

preprogrammed sampling interval (Fischer and Wefer, 1991). The sampling intervals of the 

traps were synchronized between the two mooring stations during most of the time, enabling 

an excellent comparison between the two sites. The sampling interval ranged from 10.5 days to 

23 days (Tab.1). Deployment and recovery of the chosen sediment-trap samples was executed 
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during the expeditions M58/2, POS310, M65/2 and POS344 (Meinecke, 2005;Bleil et al., 

2006;Krastel, 2006;Fischer and Ruhland, 2008). Individual working steps related to trap 

deployment and treatment are described in Fischer and Wefer (1991): prior to deployment, the 

sampling cups were filled with ambient seawater. 100 g NaCl suprapur was added to 1 l 

seawater and from this 20 ml was added to each sample cup to increase the salinity from 35 ‰ 

to 40‰. As a result, the water density inside the cups was larger than the ambient seawater 

leading to minimized outflow of water during sampling. Further, the cups were poisoned with 

1 ml of a saturated solution of HgCl2 in seawater per 100 ml of filtered seawater. Consequently, 

microbial and zooplankton activity in the samples was inhibited, which can alter the sediments 

via organic material consumption and particle remineralization (Fischer et al., 1996;Buesseler 

et al., 2007). After recovery, the particulate material was sieved through a 1 mm mesh to remove 

swimmers. Subsequently, the samples were split into five equal aliquots with the aid of a 

McLane rotary liquid splitter. For grain-size analysis, 1/25 split of the original sample was used. 

When interpreting sediment-trap data the following possible limitations and biases should be 

taken into account. First, ocean currents and the tilt of the sediment trap affect the particle 

collection efficiency: for current velocities >12 cm s-1 the collection efficiency decreases with 

increasing current speed and with decreasing particle mean diameter and settling velocity 

(Baker et al., 1988). However, Aanderaa current meter data from mooring site CB reveal current 

velocities rarely exceeding 12 cm s-1 at water depths of ~3600 m (Helmke et al., 2005), and a 

study on the trapping efficiency of several sediment traps moored at different depths indicates 

that significant undertrapping only occurs at less than 1200 m water depth (Yu et al., 2001). 

Second, the exact collection area of the traps cannot be determined accurately since there are 

no quantitative particle settling rates and horizontal advection data available for the area. Hence, 

limitations in the comparison of trap data with local meteorological data should be considered. 

Assuming a mean particle vertical settling velocity of 240 m d-1 (Fischer and Karakas, 2009) 

and a mean horizontal current speed of 3.75 cm s-1 (Mittelstaedt, 1991), the horizontal length 

scale of the upper trap catchment is roughly 20 km whereas the lower trap at site CB might 

have a horizontal length scale of roughly 50 km. This is in agreement with the findings of Siegel 

et al. (1990), giving a general horizontal length scale of approximately 15-60 km for a trap at 

1000 m and 60-120 km for a trap at 4000 m water depth.  
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Grain-size analysis 

Grain-size analyses (see also Filipsson et al. (2011), Meyer et al. (2013) and Stuut (2001) for 

methodology) were carried out to analyze transport and deposition of Saharan dust. However, 

the recovered sediments consisted not only of mineral dust but also of a large proportion of 

biogenic silica, calcium carbonate, and organic material originating from marine plankton. In 

order to isolate the lithogenic material, which is the fraction of interest in the samples, all 

biogenic material was removed with the following chemical-pretreatment steps: (1) the organic 

matter was oxidized by adding 10 ml H2O2 (35%) to the sediment sample and by subsequently 

boiling the sample until the reaction stops, (2) calcium carbonate was dissolved by adding 10 

ml HCl (10%) to the sediment sample and by subsequently boiling the mixture for exactly 1 

minute and (3) biogenic silica was dissolved via adding 6 g of NaOH pellets to the sediment 

sample and by boiling the mixture for 10 minutes. Before analysis, each sample was boiled 

shortly with 10 drops of Na4P2O7*10H2O and stirred to assure the full disaggregation of the 

particles. The samples of CBi-3 were centrifuged in order to speed up the laboratory work. 

However, after centrifugal treatment, some samples developed aggregates. Hence, additional 

treatment in the ultrasonic bath for one minute was required for the samples of CBi-3 to assure 

disaggregation. Each sample was analyzed using the laser particle sizer Beckmann Coulter 

LS13320 with addition of a Micro Liquid Module (MLM) since this instrument allows quick, 

accurate, and precise data acquisition of large size intervals (Stuut, 2001).  

Laser-diffraction particle sizers have been shown to produce accurate and precise 

measurements of glass-bead standards and mixtures of those [Stuut, 2001]. The precision of the 

instrument and systematic errors with respect to the modal grain size have been estimated using 

an internal glass-bead standard A6. The mean precision of the instrument is ± 1.26 µm (± 4.00 

%) for the measured modal grain size range of our samples (10 - 55 µm). The systematic error 

with respect to the grain-size class 31.51 µm can be as large as + 3.08 µm (+ 9.77 %), while the 

mean deviation is only + 0.84 µm (2.67 %) which is below the mean estimated instrument 

precision. Hence, an analytical error of ± 1.26 µm (± 4.00 %) was considered for the results. 

The accuracy of the grain-size distributions has been verified by measuring the external 

standard G15 offered by Beckmann Coulter. The resulting mean and standard deviations of the 

grain-size distributions were within the limits given by the company. 
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Satellite images and meteorological data 

The obtained grain-size time-series of the upper trap deployments CBi 1-3 was correlated to 

available local meteorological data (wind speed, precipitation) and compared with available 

near-by continental meteorological data (dew point, temperature, wind direction, wind speed, 

pressure, visibility). In addition, the grain-size time-series was compared to available satellite 

quasi-true color images.  

Local daily zonal wind-speed data (20th Century Reanalysis V2 dataset) for specific 

atmospheric levels was provided by the NOAA physical science division, Boulder, Colorado, 

USA on their web site (http://www.esrl.noaa.gov/psd).  The zonal wind speed was downloaded 

for the atmospheric levels 1010 hPa to 500 hPa using a grid point in the dataset (21°N, 19°W) 

with  coordinates closest to mooring station CBi (~20°45’ N, ~18°42’ W). Local daily 

precipitation data (TRMM dataset) was taken from the Giovanni online data system, developed 

and maintained by the NASA GES DISC (http://gdata1.sci.gsfc.nasa.gov). The daily 

precipitation data was downloaded as area-averages around CBi (20° 33’ – 20° 48’ N, 18° 36’ 

– 18° 43’ W) according to the assumed catchment area of the upper trap (40 x 40 km²).  

Continental hourly weather data from the Nouadhibou meteorological station (20° 55’ N, 17° 

1’ W) (see Fig. 2.b for the location of Nouadhibou) was ordered online from the Cedar Lake 

Ventures website (https://weatherspark.com).  Satellite quasi-true color RGB images (MODIS 

dataset) were provided by the NASA Ocean Biology Distributed Active Archive 

Center (OB.DAAC), Goddard Space Flight Center, Greenbelt MD on their website 

(http://oceancolor.gsfc.nasa.gov).  
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Results 

Grain-size analysis 

Grain-size distributions 

The Coulter LS13320 laser particle sizer was used to measure the frequency of each particle-

size bin (particle diameter) in volume percentages. For the calculation of the particle volume 

each particle was assumed to be spherical (Syvitski, 1991). In Figure 3 typical winter and 

summer grain-size frequency distributions are shown. The seasons were defined based on the 

astronomical calendar. Measured particle sizes ranged from 0.4 µm to 250 µm. Particles smaller 

than 0.4 µm could not be detected by the Coulter laser particle sizer. A common characteristic 

of the measured grain-size distributions was the coarse shoulder in the size spectrum between 

~100 and 250 µm. This has been observed before (Glaccum and Prospero, 1980) and is related 

to the platy shape of mica particles with an aerodynamic size smaller than their optical size 

(Stuut et al., 2005). The particle-size distribution of the summer samples was generally wider 

and showed larger volume percentages of submicron particles and particles with sizes above 

100 µm compared to the winter distributions. Hence, the standard deviation (σ) was larger for 

the summer samples than for the winter samples. The standard deviation is a measure of the 

sorting of the grain-size distribution: the larger the standard deviation the weaker the sorting. 

Thus, the summer samples were characterized by a weaker sorting than the winter samples.  

 

Figure 3: Selected examples for typical summer (red) and winter (blue) grain-size distributions 

from the upper trap series (1-3) at the eutrophic sediment trap site CBi.  
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The grain size for which the grain-size distribution shows the highest frequency is called the 

modal grain size (Basu and DasGupta, 1997). The three year grain-size time-series mainly 

exhibits unimodal grain-size distributions (Fig. 3) which are a typical feature of aeolian 

sediments (Pye, 1987). Bimodal grain-size distributions are evident for ~7 % of the samples 

and were only observed for sediment-trap samples with a relatively long sampling interval of 

21 or 23 days (not shown). The modal grain sizes ranged from ~10 to ~55 µm in the entire 

material analysed for this study (Tab. 1). In a seasonal plot of modal grain sizes of the upper 

trap samples (Fig. 4a), the summer samples exhibited generally coarser modal grain sizes than 

the winter samples. The modal grain sizes peaked during summer with a maximum of 55 µm. 

Furthermore, a larger spread in the modal grain sizes for the summer and spring samples was 

evident. The seasonal cycle was underlain by ’background dust’ having modal grain sizes of 

10-25 µm. Larger modal grain sizes of >25 µm can be found throughout the year. However, 

they are more abundant during spring and summer. Similar to the upper trap series the modal 

grain sizes of the lower trap series vary seasonally. However, peak modal grain sizes were 

shifted to late summer and early fall (not shown).   

The online daily database of quasi-true color satellite images was checked for dust storm events 

by investigating each day of the sampling intervals of the upper trap CBi (Tab. 1). For 14 

samples from site CBi with coarse modal grain sizes (> 25 µm), deposition occurred during 

time intervals including a dust storm event, as illustrated by the satellite images. The modal 

grain sizes of these 14 samples deposited during dust storm events are displayed in blue colour 

in Figure 4a together with satellite images illustrating the dust storm events (Fig. 4c-f).  
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Figure 4: (a) Results of grain-size analysis from the upper traps of sites CBi and CB. The modal 

grain sizes are plotted as a function of calendar day to investigate seasonality. Note that samples 

from different years are drawn within one figure. Coarse modal grain-size events (> 25 µm) of the 

CBi trap samples with dust storm events during the sampling interval are marked in blue. Symbols 

in the plot are drawn on the mid-point of the sampling interval. (b) Locations of the sediment trap 

moorings CB and CBi. (c-f) Quasi- true color satellite images of dust events occurring during 

sampling intervals with anomalously coarse dust (>25 µm).  
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Spatial variability 

We compared modal grain sizes from the two trap sites in order to analyse possible changes in 

grain-size distributions with increasing distance from the dust sources. A clear spatial trend 

could be observed when comparing the mean modal grain size of the two sediment trap mooring 

sites (Fig. 5). A mean modal grain size of 24 µm was calculated using the modal grain size 

values from three years of the upper trap series CBi 1-3. In contrast, the average modal grain 

sizes from two years of the lower trap series CB 15-16 was finer with 19 µm. This difference 

is even larger when comparing the synchronous samples from the two upper trap series of CB 

14 and CBi 1: the time-series from the upper trap, CBi 1, showed a mean modal grain size 

which was coarser by 7 µm than in the upper trap time series CB 14 (Fig. 5). A mean sorting 

of 3 µm was calculated for three years of the upper trap series CBi 1-3. The lower trap series 

CB 15 and 16 featured a better mean sorting of 2.7 µm for a time frame of two years. The 

mooring CBi was located closer to the source than CB. Hence, the mean modal grain size 

decreases and the sorting increases with increasing distance from the African continent.  

The lower sediment trap series from CB 16 showed peaks in the modal grain size which were 

similar to those observed for the upper trap series CBi 3. However, there was a time delay of 

one sampling cup between the peaks observed in the upper and the lower traps (Fig. 5). Two 

modal grain-size peaks in the lower trap of CB 16 that could not be recognized in the upper trap 

CBi 3 exhibited a bimodal grain-size distribution. The grain sizes of the upper trap series CBi 

2-3 and lower trap series CB 15-16 have been correlated respectively. The bimodal distributions 

in the time series of CB 16 were excluded from the correlation, and the grain sizes as well as 

the lithogenic fluxes of the lower trap series were shifted by one sampling interval. A correlation 

above a coefficient of determination (R2) of 0.2 is considered significant at the 99% confidence 

level for two-tailed probabilities. A positive correlation significant at the 99% confidence level 

(R2=0.3) was found for the modal, median and mean grain sizes and the standard deviations of 

the grain-size distributions (not shown). 
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Figure 5: Time series of modal grain size of the sites CB 14-16 and CBi 1-3. Black arrows indicate 

peaks in the modal grain size of the upper trap series CBi which can be observed in the lower trap 

series CB with a time delay. White arrows mark samples of the lower trap series CB which are 

characterized by a bimodal grain-size distribution. 

Seasonal variability 

The sorting and modal grain sizes of the samples differed not only depending on the distance 

to the source but also depending on the season during which the dust was transported and 

deposited. For inter-seasonal comparison, mean sortings and modal grain sizes for each season 

have been calculated for the samples of the upper trap series at CBi 1-3. The samples that are 

characterized by dust-storm events occurring during the sampling-interval have been included 

in the calculation. An advantage of the upper traps for seasonal investigation was the shorter 

transport pathway of the particles in the water column compared to the lower traps. It has been 

suggested that particles off Cape Blanc sink with 5 m d-1 (Nowald et al., 2006) to 732 m d-1 

(Ploug et al., 2008a). This indicates that the upper traps will most likely show signatures from 

a recent dust storm while the deep ocean traps could have sampled dust particles from anything 

between a few weeks ago until several months ago. This complicates the correlation of the 

particle signal of the lower traps to environmental factors for a certain time interval. Therefore, 

the lower traps are not considered in this section. 

A tendency to broader and coarser grain-size distributions of the summer samples as opposed 

to the winter samples is visualized in Figure 6.a. The mean modal grain size was around 29 µm 

for the summer months as opposed to the winter months, which were  characterized by a smaller 

mean modal grain size of 22 µm. Whereas summer samples were characterized by a weaker 
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mean sorting of 3.1 µm, the winter samples featured a mean sorting of 2.9 µm. Both spring and 

fall featured intermediate mean modal grain sizes of 23 µm. Spring and fall samples were 

characterized by an intermediate sorting of 3.0 µm (not shown).   

 

Figure 6: Modal grain size versus sorting for the CBi 1-3 samples. Sorting can be given either by 

(a) the standard deviation of the distribution (σ) or by (b) the mean divided by the modal grain size 

of the distribution. Dust storm events during the sampling interval are indicated by crosses.   

The sorting of a grain-size distribution can also be derived by dividing the mean by the modal 

grain size (Fig. 6b). Values <1 indicated that the grain-size distribution was asymmetric and 

skewed to the left.  For coarse samples (modal grain size > 25 µm), an average sorting of 0.5 

was derived for summer and 0.7 for winter. When taking into account dust-storm events during 

sampling intervals, a tendency towards weaker sorting was found for the anomalously coarse 

summer samples that deposited during sampling intervals including dust-storm events. 

Therefore, summer samples with anomalously coarse modal grain sizes and dust-storm events 

during the sampling interval were characterized by more asymmetric and left-skewed grain-

size distributions.  

Interannual variability 

The modal grain-size time series in Figure 5 illustrates the interannual variability over the time 

period of three years. For all sediment trap samples studied, the modal grain size was at its 



62 
 

maximum in September 2005 with ~55 µm and at its minimum in February to March 2005 with 

~10 µm.  

In Table 2 seasonal and annual averages of modal grain sizes and sortings are given for the 

upper sediment trap series CBi 1-3. The grain-size data of the site CB was not used for 

interannual comparison, because the data was obtained from one upper trap series and two 

lower trap series which biases a comparison. The largest year-to-year variation in mean modal 

grain sizes was observed for the spring season and the smallest spread for the fall season. In 

contrast, the annual variation in the mean sorting was largest for the fall season and smallest 

for the winter season.  

A closer look at the modal grain sizes of the upper sediment trap series CBi 1-3 indicated that 

events with coarse modal grain sizes (>25 µm) occurred not on an annual basis. In winter 

(February and March) 2004 two events were apparent but could not be found during the 

following two winter seasons. Coarse modal grain-size events during spring were evident for 

the years 2003 and 2006, however such events were absent for the years 2004 and 2005. In 

2003 and 2005, coarse modal grain-size events were observed for the fall season as opposed to 

the year 2004 which lacked these coarse-mode events during fall (not shown).   

Table 2: Annual mean and seasonal mean modal grain sizes and sorting (σ) of the grain-size distributions 

from CBi 1-3 upper traps.  

CBi trap series no. Year Winter Spring Summer Fall 
Annual mean 

(all samples) 

 Mean modal grain size [µm] 

CBi 1 upper 2003 - 42 29 23 - 

CBi 1 + 2 upper 2004 26 19 27 22 24 

CBi 2 + 3 upper 2005 17 15 31 23 22 

CBi 3 upper 2006 20 27 29 - - 

 Mean sorting (σ) [µm] 

CBi 1 upper 2003 - 2,9 3,2 2,7 - 

CBi 1 + 2 upper 2004 2,8 2,9 2,9 2,9 2,9 

CBi 2 + 3 upper 2005 2,9 2,9 3,1 3,4 3,1 

CBi 3 upper 2006 3,1 3,3 3,3 - - 
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Wind-strength and precipitation 

For comparison with concurrent atmospheric conditions (wind strength and precipitation) only 

the modal grain-size data of the upper sediment trap series CBi 1-3 was used, because of the 

shorter time delay in the seasonal signal compared to the deeper traps. A time delay of two days 

was assumed for the particles to sink to the upper trap, from the ocean’s surface to 1300 m 

depth, since large zooplankton fecal pellets can sink with a speed of 732 ± 153 m d-1 (Ploug et 

al., 2008b). Hence, a time shift of two days ahead in time was applied to the wind-strength and 

precipitation data to enable a comparison to the upper trap modal grain-size data for the 

respective sampling period.  

In order to correlate the wind-strength data to the grain-size data, the mean zonal wind strength 

(for easterly directions only) at different atmospheric levels (1010 hPa to 500 hPa, ~100 – 5500 

m height) was calculated at the trap site for the respective sediment-trap sample time interval 

with a time shift of two days ahead in time. A correlation above a coefficient of determination 

(R2) of 0.5 is considered significant at the 99% confidence level for two-tailed probabilities. 

In Figure 7 the modal grain sizes are plotted versus the corresponding mean easterly zonal wind 

speed at 1000 hPa (near-surface winds) for the winter season. A positive correlation was evident 

for the modal grain sizes of the background dust (10-25 µm) and five different low-level winds 

(wind strength at 1010 hPa, 1000 hPa, 950 hPa, 900 hPa and 850 hPa) with a coefficient of 

determination of R2=0.8 which is significant at the 99.9 % confidence level. The two coarse 

modal grain size events (>25 µm) during February and March 2004 were excluded from the 

regression since they are far off a linear relationship at any atmosphere level we checked. The 

linear regression line crosses the y-axis at y ≈10 µm. The coefficient of determination decreases 

from R2=0.8 to R2=0.5 with increasing altitude in the atmosphere between the 850 hPa and 700 

hPa levels. At the atmospheric levels 650 hPa and 500 hPa no significant correlation was 

observed at the 99% confidence level (R2<0.5). A significant positive correlation at the 99% to 

99.9% confidence level (0.5<R2<0.8) between the easterly zonal wind speed at 1000 hPa and 

the modal grain size (10-25 µm) was found when mean easterly wind strengths were calculated 

for the sampling period of the traps with time shift of 1 and 3-7 days ahead of the sampling time 

period. The best positive correlation was found when relating the modal grain size (10-25 µm) 

to the mean easterly wind speed at 1000 hPa during the sampling interval without a time shift 

of the wind speed data (R2=0.9, significant at the 99.9 % confidence level). During the other 

seasons no significant positive correlation between the modal grain sizes and the mean wind 

strength was observed (R2<0.3 which is even below the 95% confidence level). 
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Figure 7: Mean easterly zonal wind strength (22° N, 20° W) for the respective sampling period (shifted two 

days ahead in time) at 1000 hPa vs. modal grain size for the winter samples of CBi 1-3. The modal grain size 

of the deposited aeolian sediments (‘background dust’) increased with increasing wind strength (R2=0.8).  

In order to study the influence of precipitation on the grain-size distribution of the deposited 

dust, the modal grain size of each sample was plotted versus the number of rain events (for 

precipitation > 0.2 mm d-1) around the CBi trap site during the respective sampling intervals, 

shifted two days ahead. Again, a correlation above a coefficient of determination (R2) of 0.5 is 

considered significant at the 99% confidence level for two-tailed probabilities. For the summer 

months a positive correlation (R2=0.7) was found to be significant at the 99.9% confidence level 

(Fig. 8.a). In addition, the number of rain events were weighted against the sampling interval 

by dividing the respective number of rain events by the length of the respective sampling time 

interval. When weighting the number of rain events by the sampling interval of the traps the 

correlation was weaker but still evident (R2=0.6) at the 99 % confidence level (Fig. 8.b). A 

positive correlation significant at the 99% confidence level (R2>0.5) between the number of 

rain events above the mooring location and the modal grain size was also detected when no 

time shift was applied, and for time shifts of 1 or 3-7 days ahead in time of the meteorological 

data. No significant positive correlations with precipitation were detected for the other seasons 

at a confidence level of 99 % (R2<0.15 which is below the 90% confidence level). 
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Figure 8: Number of rain events (22°N, 20°W) during the sampling time interval (shifted two days ahead in 

time) vs. modal grain size of the respective summer samples in CBi 1-3: the modal grain size of the deposited 

aeolian sediments increases with increasing number of rain events without (a) and with (b) weighting by the 

sampling time interval.  

In general, dust deposited during dry summer intervals showed finer modal grain sizes than dust 

deposited during sampling intervals including rain events. Summer samples from wet sampling 

intervals are characterized by a larger number percentage of large grains around 30-100 µm 

compared to summer dust deposited during dry intervals. In addition, the summer samples 

deposited during wet intervals are characterized by a larger number percentage of small grains 

around 0.4-0.7 µm.  

In Table 3 the meteorological data of the airport station at Nouadhibou, Mauritania, is provided 

of occasions when possible cold fronts moved towards the mooring locations. Cold fronts are 

characterized by a sudden increase in dew point temperature, surface pressure, wind speed and 

dust concentration and a decrease in temperature (Knippertz et al., 2007). The cold fronts 

identified based on these characteristics (Tab. 3) from the Nouadhibou airport station data 

occurred predominantly in the afternoon. Most importantly, the assumed cold fronts appeared 

during sampling time intervals with coarse modal grain sizes (>25 µm) of the dust deposited 

offshore Cape Blanc. Please note that satellite quasi-true color images of dust storm events were 

available for the days 22.09.2003, 03.10.2003 and 12.10.2005 when cold fronts occurred (Fig. 

4.c,e).  
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Table 3: Possible cold fronts identified using the hourly meteorological data from the airport station at 

Nouadhibou. Standard meteorological conditions (averages) during summer and fall are also given in the 

table. 

Date 

[dd.mm.yyyy] 

UTC Time 

[hh:mm] 

Dew 

point [°C] 

Temperature 

[°C] 

Wind 

direction 

Wind 

speed 

[m s-1] 

Pressure 

sealevel 

[mbar] 

Visibility 

[km] 
Comment 

04.08.2003 15:00 19.9 24.5 360 (N) 9.8 1011.2 7 dust or sand raised by wind 

 16:00 23 24 360 (N) 11.8 1009.7 4 dust or sand raised by wind 

08.09.2003 12:00 17 32.2 20 (NNE) 5.1 1012.1 7 dust or sand raised by wind 

 13:00 22 31 140 (SE) 6.7 1012.5 7 dust or sand raised by wind 

22.09.2003 23:00 21 24 10 (N) 3.1 1013.5 11  

 00:00 23 27 130 (SE) 12.3 1016.5 4 dust or sand raised by wind 

03.10.2003 13:00 17 35 50 (NE) 3,6 1013.4 4 dust or sand raised by wind 

 14:00 20 30 330 (NNW) 7,2 1013.5 4 dust or sand raised by wind 

12.10.2003 00:00 18.2 23.8 20 (NNE) 9.8 1012.2 8 dust or sand raised by wind 

 01:00 21 24 20 (NNE) 10.3 1011.4 8 dust or sand raised by wind 

12.10.2005 20:00 19 31 40 (NE) 10,8 1012.6 2 dust or sand raised by wind 

 21:00 22,6 30,5 20 (NNE) 13,4 1014 10 dust or sand raised by wind 

Standard meteorological conditions (averages) 

summer 20 24  7 1012.8 9  

fall 16 23  6 1014.6 10  
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Discussion 

Grain-size distributions of proximal NW African dust 

The predominantly unimodal grain-size distributions, typical for wind-blown sediments (e.g., 

(Sarnthein et al., 1981) compare well to other grain-size studies of mineral dust in the region 

(Koopmann, 1981;Ratmeyer et al., 1999a;Ratmeyer et al., 1999b;Holz et al., 2004;Stuut et al., 

2005;Tjallingii et al., 2008;Mulitza et al., 2010;Skonieczny et al., 2011;Skonieczny et al., 

2013). Saharan dust sampled off western Africa on filters with a minimum temporal resolution 

of four hours, and dust sampled in dust collectors situated in Senegal with a minimum temporal 

resolution of seven days, also showed almost entirely unimodal grain-size distributions (Stuut 

et al., 2005;Skonieczny et al., 2011;Skonieczny et al., 2013). Considering the lower temporal 

resolution (21-23 days) of time series CB 15-16 and CBi 2-3, the collection of multiple dust 

outbreaks in one cup was likely and might explain the apparent existence of unusual bimodal 

grain-size distributions for these time-series. Bimodal grain-size distributions might be the 

result of the deposition of dust that has travelled short as well as long distances within the 

atmosphere or strongly varying wind speeds of the dust-transporting atmospheric layers during 

the sampling time interval.  

The measured maximum particle sizes of Saharan dust (250 µm) (Fig. 3) deposited off Cape 

Blanc is in agreement with the recorded particle-size range of dust collected off the northwest 

African continent. Stuut et al. (2005) frequently observed particles with sizes up to 200 µm on 

dust filter samples collected along the western African coastline. Further, dust particles larger 

than 100 µm have been recorded in sediment cores retrieved from the Cape Verde Terrace 

(Matthewson et al., 1995), off Morocco (McGregor et al., 2009) and off Cape Blanc (Filipsson 

et al., 2011) (Fig. 1). In addition, dust collected at an altitude of 170 m on air filters during an 

aircraft flight near Sal island revealed mica flakes with diameters up to 350 µm and quartz 

particles with diameters up to 90 µm (Glaccum and Prospero, 1980). Hence, the observed 

particle sizes of the dust deposited in the traps under investigation are within the typical size 

ranges of dust observed in the study area.  

The grain-size distributions of this study showed a coarse shoulder between ~100 and 250 µm 

(Fig. 3). Stuut et al. (2005) also observed a coarse shoulder in the grain-size distributions for 

modern dust sampled offshore NW-Africa. These authors argued that the coarse shoulder 

represented platy particles with large diameters such as micas. The Stokes terminal settling 

velocity is smaller for platy particles than for spherical particles of similar diameter 
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(Santamarina and Cho, 2004). When taking into account the observed wind speeds of easterly 

direction in the study area, which are on average 5 m s-1 and rarely exceeding 10 m s-1, it is 

unlikely that large spherical particles have been transported continuously to the sediment trap 

moorings. Therefore, the coarse shoulder in the grain-size distributions of the trapped dust has 

most likely been caused by large particles of the platy types.   

The mean modal grain size of 19 µm measured for the two years of the lower trap series CB 

15-16 corresponded to the modal grain size of 19 µm obtained for the surface sediments of 

sediment core GeoB 2912-2 (Schulz et al., 1994;Ratmeyer et al., 1999b). In addition, the mean 

modal grain size of 24 µm obtained for the three years of the upper trap series CBi 1-3 is 

consistent with the value of 23 µm found in surface sediments of sediment core GIK 12328-4 

(Seibold, 1972;Koopmann, 1981). Further, a Q-mode analysis (Kipp, 1976) using the grain-

size data of 84 surface sediments showed a maximum occurrence of a modal grain size of 24 

µm centred around 16-21°N and 20°E off NW-Africa (Seibold, 1972;Sarnthein et al., 1981), 

which is close to where the sediment trap mooring site CBi is positioned.  

The modal grain size of the collected dust decreased from the proximal mooring site CBi to the 

more distal mooring site CB (Fig. 5). Tsoar and Pye (1987) showed that the distance (L) 

travelled by a suspended particle obeying Stokes’ Law is dependent on a transport component 

(U2ɛ) as well as the gravitational settling speed of the particle (K2D4). This dependency is 

expressed in the equation L = U2ɛ/K2D4, where U is the wind speed, ɛ is the coefficient of 

turbulent exchange, K = ρs g/18μ, where ρs is the particle density, g is the acceleration due to 

gravity, μ is the dynamic viscosity of air and D is the particle diameter (cm). Hence, the distance 

travelled by a particle decreases with decreasing wind speed and coefficient of turbulent 

exchange as well as increasing particle density and size. Assuming a comparable wind speed 

and coefficient of turbulent exchange between the two mooring sites, the distance a particle 

travels in the study area increases with decreasing size and density (L~1/K2D4). Thus, size-

dependent gravitational settling was one major mechanism by which Saharan dust deposited at 

our sampling sites since the modal grain size decreased with increasing transport distance. The 

downwind decrease in modal grain size of deposited Saharan dust offshore NW-Africa has been 

attributed to gravitational settling also previously (Darwin, 1846;Hellmann and Meinardus, 

1901;Semmelhack, 1934;Radczewski, 1939;Fütterer, 1980;Koopmann, 1981;Sarnthein et al., 

1981;Morales, 1986;Tsoar and Pye, 1987;Weltje and Prins, 2003;Holz et al., 2004) and is 

confirmed by our data. Hence, gravitational settling seems to be an overall mechanism by which 

the particles deposit in the eastern Atlantic (Prospero and Carlson, 1972).     
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Dust-storm events 

The grain-size data of sediment trap mooring site CBi showed anomalously coarse modal grain-

size events (> 25 µm) simultaneously with dust storm events year-round (Fig. 4.c-f). Spring 

was generally characterized by a high frequency of dust-storm events in large parts of Northern 

Africa as a consequence of the large temperature contrast between the cold mid- and high 

latitudes and quick heating of subtropical landmasses (Knippertz, 2014). As a result, energy for 

strong synoptic-scale disturbances is provided leading to cyclonic storms with sharp cold fronts 

(Schütz et al., 1981;Rea, 1994;Knippertz, 2014). Knippertz et al. (2007) described such a dust 

storm event from June 6th 2006 (see satellite image in Fig. 4.f) and related it to density currents 

in the Atlas mountains with enhanced surface wind speeds. Intensified moist convection in 

mountainous regions and associated rainfall result in the evaporational cooling of hot and dry 

air masses below and consequent downhill acceleration of cold air which mobilizes dust along 

the fringes of the mountains (Knippertz et al., 2007). Thus, the development of density currents 

in the Atlas mountains might be a mechanism eventually leading to anomalously coarse dust 

deposits off Cape Blanc during spring.  

The sediment trap samples collected during the summer season were characterized by frequent 

coarse grain-size events in combination with dust-storm events (Fig. 4c-f). In addition, cold 

fronts have been identified in Mauritania (Tab. 3) occurring during three sampling intervals 

with coarse modal grain-size events. The grain-size data of the upper trap time series CBi 1-3 

further suggested that the modal grain size during summer was related to the frequency of 

rainfall events at the mooring location (Fig. 8a,b). A summer dust storm event occurring on 

July 17th 2006 during the sampling interval of an anomalously coarse dust sample has been 

described by Knippertz and Todd (2010). Satellite images showing dust storm events offshore 

NW-Africa are available for July 19th (not shown), 20th (Fig. 4f), and 23rd (Fig. 2b) which might 

correspond to the documented event on July 17th 2006. The event on July 17th 2006 was 

characterized by a strong cyclonic vortex associated with an AEW that was situated over eastern 

Mali and travelled to western Mauritania the next day. As a result, easterly winds, to the 

northwest of the cyclonic center and convective cold pools, enabled the mobilization of dust 

which was subsequently transported offshore in the northeasterly flow (Knippertz and Todd, 

2010). Moist convection is shown to be connected to the passage of AEW disturbances 

(Nicholson, 2009) and has been identified as a key mechanism for dust emission during the 

summer season (Svenningsson et al., 1997;Knippertz et al., 2007;Knippertz and Todd, 2010). 

The so called “haboobs” refer to large-scale dust-storm events which result from cold fronts 
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caused by moist convection (Knippertz and Todd, 2012).  At the leading edge of the cold front 

very sharp increases in wind speeds and particle concentrations typically occur (Knippertz, 

2014). Field and laboratory wind tunnel experiments indicate that dust particles >20 µm will be 

lifted up to 100 m in the atmosphere only with intense vertical air mixing (Pye, 1987). Hence, 

an increase in moist convection and surface wind speeds due to the passage of intensified AEW 

disturbances could have resulted in an enhanced entrainment of coarser particles into higher 

altitudes of the SAL. The rainfall events over the sediment trap sites (Fig. 8a,b) could be 

connected to these intensified AEW disturbances over the West African continent. During 

summer the dust front above the mooring locations can be observed to the east of a dense band 

of clouds which is in turn coupled to large-amplitude African disturbances (Carlson and 

Prospero, 1972) (Fig. 2b). Therefore, a possible enhanced entrainment of coarser particles into 

higher altitudes of the SAL as well as increased rainfall over the mooring sites could be both 

the result of intensified AEW disturbances travelling from the West African continent across 

the Atlantic Ocean.   

Cold fronts were also identified for three anomalously coarse dust samples collected during fall 

2003 and 2005 (Tab. 3). Hence, cold fronts could also be a mechanism resulting in the increased 

emission and transport of coarse particles offshore Cape Blanc during fall. 

Two winter samples feature anomalously coarse modal grain sizes which were sampled during 

two prominent dust storm events occurring on February 3rd and March 4th 2004 (Fig. 4d). The 

observation of anomalously coarse winter samples has also been made by Charles Darwin on 

the H.M.S. Spey in 1838. He interpreted the dust to have been raised via a squall from the 

African coast (Darwin, 1846). The dust storm event during March 2004 (Fig. 4d) has been 

studied by Knippertz and Fink (2006). These authors explained that the dust storm event was 

caused by an intensification of a subtropical anticyclone over the Atlantic Ocean due to the 

penetration of cold air and strong winds into lower latitudes. The intensification of the 

anticyclone was accompanied by a cyclogenesis over the central northern Sahara, strong 

northerly winds over the northern Sahara and little rainfall. On March 3rd, near-surface winds 

were enhanced to 20 m s-1 over the Sahara. It was a synoptic scale dust event considering that 

modeling results revealed dust sources ranging from Mauritania, Chad and Niger, Libya, Egypt 

and Sudan for the March 2004 dust event (Shao et al., 2010).  
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Dry versus wet deposition 

We observed that dust deposited in summer during rain events shows a larger number 

percentage of submicron particles and a slightly larger number percentage of coarse particles 

(30-100 µm) compared to summer dust deposited in the absence of rain (not shown). In 

addition, the summer samples were generally characterized by a weaker sorting as opposed to 

the winter samples (Fig. 6a,b).  

During summer, Saharan dust transport takes place within the SAL at altitudes of ~ 600 to 5500 

m (Prospero and Carlson, 1970;Carlson and Prospero, 1972;Prospero and Carlson, 1972). At 

higher altitudes, submicron particles are more abundant since they have low settling velocities 

and can be more effectively transported to higher altitudes by turbulence as opposed to coarse 

particles (Tsoar and Pye, 1987). The settling of submicron particles from the atmosphere is 

controlled by Brownian diffusion and turbulent processes (Bergametti and Forêt, 2014). 

Brownian diffusion accounts for particles with diameters smaller than 0.1 µm and can be 

neglected for the interpretation of our data since the detection minimum of the laser particle 

sizer is 0.4 µm. The deposition velocity due to turbulent processes is at a minimum (Bergametti 

and Forêt, 2014). Consequently, the settling speeds of submicron particles might be too low in 

order to deposit from high altitudes by dry deposition. Therefore, wet deposition seems to be 

the general mechanism leading to elevated percentages of submicron particles in our summer 

dust samples. This is in accordance with the aircraft study of Carlson and Prospero (1972) 

suggesting that rainfall associated with the AEW disturbances leads to the wash-out of a dust 

fraction from the Saharan air entering the disturbance. The laser particle sizer records the 

diameter of a particle according to the axis which is oriented to the laser beam (Xu and Di 

Guida, 2003). Thus, the availability of platy particles results in the measurement of small and 

large diameters depending on which side of the particle has been oriented to the laser beam 

during particle size analysis (Xu and Di Guida, 2003). Consequently, a larger component of 

platy clay minerals in the summer samples may have led to generally broader particle-size 

distributions because both the short and the long axis of the clays were measured with the laser 

particle sizer.  

We observed a weak positive relationship between the modal grain size and the lithogenic flux 

of the summer samples (R2=0.4, not shown). Further, we observed a larger fraction of coarse 

particles in the summer samples deposited in time intervals including rain events (not shown).  

Hence, a larger fraction of coarse particles in the samples deposited in time intervals including 

rain events might be the result of a larger overall dust deposition during rain events. A few more 
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particles >25 µm can result in a coarser modal grain-size value in the measured volume 

frequency distribution.   

Two summer samples of the year 2003 showed larger modal grain sizes for the same time 

interval at site CB compared to site CBi (Fig. 5) which is counterintuitive when considering the 

general source-to-sink decrease in particle size due to gravitational particle settling. However, 

the sampling time intervals of these summer samples were characterized by rain events, which 

suggests that wet deposition can overprint the gravitational settling signal in the sediment trap 

samples.  

Wind speed of the dust-transporting atmospheric layer 

The data suggested a positive correlation between the lower atmospheric wind strength (1010-

850 hPa) and the deposited grain sizes of the background dust (modal grain size <25 µm) off 

Cape Blanc during the winter season (Fig. 7). The distance travelled by a suspended particle 

(L) is given by the equation: L = U2ɛ/K2D4 (Tsoar and Pye, 1987). Assuming a constant 

transport distance, the deposited particle size increases with increasing wind speed and 

coefficient of turbulent exchange and decreasing particle density (D4~ U2ɛ/K2). Hence, 

presuming a constant source region, the transport of larger particles to the sediment-trap 

location was facilitated by increased wind strengths. Small particles can travel even further with 

increased wind velocities due to their small gravitational settling velocity. As a result, the modal 

grain size of the deposited dust was shifted towards larger sizes with increasing wind velocity 

(Fig. 7). During winter, dust is transported offshore Cape Blanc within the low-level trade winds 

with maximum velocities near the surface (Pye, 1987;Stuut et al., 2005) (Fig. 1). This is why 

the correlation between the modal grain size and the wind strength is best for lower atmospheric 

levels (1010-850 hPa). Dust mostly originates from Mauretania and the coastal areas of the 

western Sahara (Lange, 1982;Stuut et al., 2005). Hence, the transport distance is fairly constant 

during winter and the modal grain sizes of the deposited dust are solely determined by the trade 

wind pattern and strength. 

The transport at higher altitudes during summer in the SAL may explain the low correlation 

between the modal grain sizes of the deposited Saharan dust and wind strength in the trade-

wind layer during summer and fall. However, we suggest that moist convection in the source 

region could have triggered the entrainment of large particles to higher altitudes, and that wet 

deposition by rainfall was the principle factor controlling the particle-size distribution at our 

trap sites during summer.  
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Transport processes in the water column  

The grain-size distributions and lithogenic fluxes of the upper traps CBi 2-3 were compared to 

the grain size distributions of the lower traps CB 15-16 (Fig. 5) to investigate vertical particle 

transport processes in the water column. This investigation is feasible because minimal 

horizontal particle advection occurs in the study area (Ratmeyer et al., 1999b;Stuut et al., 2005).  

The modal and mean grain sizes and the standard deviations of the grain-size distributions 

correlated positively between the upper and the lower traps. A positive correlation is in 

accordance with the findings of Ratmeyer et al. (1999b) who investigated a one year 

synchronized grain-size time series of the upper and lower traps of the mooring site CB. They 

concluded that no significant particle alteration takes place during transport in the water column 

offshore Cape Blanc (Ratmeyer et al., 1999b). Possible scavenging and ocean currents did not 

alter the initial particle size distributions as observed in the upper traps significantly. This 

supports that dust particles are transported as aggregates and not as single particles in the deep 

ocean offshore Cape Blanc (Ratmeyer et al., 1999b;Fischer and Karakas, 2009;Iversen et al., 

2010;Ternon et al., 2010).  

The grain sizes of the upper trap also correlated positively to the lower traps when applying a 

time shift to the lower trap time series, which is necessary due to the large vertical distance 

between the traps. Correspondingly, the seasonal peak in the modal grain sizes of the lower trap 

series was shifted towards late summer to early fall. This indicated that the particle size signal 

was transferred with a time delay due to the transport of the particles in the water column.The 

peak in modal grain size (55 µm) in September 2005 of the upper trap series CBi 3 can be 

observed in the concurrent sample of the lower trap series CB 16 (42 µm), and with a time delay 

of one sampling interval in the next sample of the lower trap series CB 16 (42 µm) (Fig. 5). The 

two dust events occurring on 06 September 2005 (not shown) and 21 September 2005 (Fig. 4e) 

might be associated with the observed coarse modal grain-size peaks. Therefore, a time delay 

of 5 (min.) to 19 (max.) days can be derived for the particles of the first dust storm event to 

settle from the upper to the lower trap within the same sampling interval and for the particles 

of the later dust storm event to settle into the next sampling interval of the lower trap at CB. As 

a result, the average vertical particle settling velocity was estimated to be from ~121 to ~460 m 

d-1 between the upper and lower traps. The estimated particle sinking speeds were in the range 

of the sinking speeds determined by major flux correlations between the upper and lower trap 

at site CB which is 265 m d-1 during summer (Fischer and Karakas, 2009).  
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The two bimodal grain-size distributions of the lower trap series CB 16 (Fig. 5) probably 

represent additional input of coarse particles since the coarse peak cannot be found in the upper 

trap series CBi 3. The additional input of coarse particles might be explained by downslope 

migration of heavy particles which has been modeled for the region offshore Cape Blanc 

(Karakas et al., 2006).  

Implications for modelling and paleo-climatology 

Measured data of dust emission for individual particle sizes are not available up to now (Shao, 

2004). Further, model predictions of dust emission from different dust models are not consistent 

(Shao et al., 2011). The simplified dust emission scheme of Shao (2004) reflects that dust 

emission of a given particle size bin is proportional to the saltation mass transport and depends 

on the soil properties in the source regions. Our data suggest the emission and transport of a 

larger portion of large grains (>25 µm), possibly due to increased atmospheric turbulence, 

vertical mixing of air, and surface wind speed in the source regions due to cyclonic storms, 

AEW disturbances, and cold fronts. Therefore, these processes should be represented in climate 

models, e.g. through sufficiently high resolution.  

In addition to the dust emission schemes, there are still uncertainties with respect to the dust 

deposition parameters in dust models (Shao et al., 2011). Wet deposition is often estimated as 

a function of precipitation, scavenging and the airborne dust concentration. However, 

scavenging is dependent on parameters like the particle size or precipitation rates, and is 

therefore difficult to estimate. Our results showed that wet deposition of Saharan dust offshore 

Cape Blanc during the summer months is not only associated with increased deposition of 

submicron particles but also with increased percentages of large particles (> 25 µm). This 

should be taken into account in further developments of scavenging parameterizations. 

The grain size of the terrigenous fraction of sediment core records has been used frequently as 

a measure of paleo-wind intensity (Parkin, 1974;Sarnthein et al., 1981;Rea, 1994). Further, the 

relative contributions of grain-size distribution end-members (Holz et al., 2007) as well as the 

median diameter (Matthewson et al., 1995) or coarse particle fluxes (Diester-Haass and 

Chamley, 1978) have been used as a proxy for wind intensity offshore NW-Africa using 

sediment core samples. Our data confirm that the trade wind intensity can be related to modal 

grain sizes of the background dust (<25 µm) deposited offshore NW-Africa with a high 

coefficient of determination of R2=0.8 during the winter season. However, during the other 

seasons, dust mobilization and transport connected to convection on the continent, AEW and 
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other synoptic-scale disturbances hinder the correlation between the trade winds and the 

background dust during these seasons. Sediment core records do not resolve seasonal variability 

and the sampling intervals rather represent time slices in the order of 100s to 1000s of years. 

As a result, the modal grain size of sediment core samples includes a signal of the mean winter 

trade-wind intensity, the intensity of moist convection on the continent during summer and fall 

as well as the intensity of dust storm events.  

Year-round dust storm events as well as two or more rainfall events lead to a large-amplitude 

grain-size response. Thus, year-round dust storm events and precipitation seem to be important 

environmental parameters with respect to the modal grain sizes of sediment core records.   

 

The mean lithogenic flux of the anomalously coarse samples was calculated for each season. 

The results indicated that the mean lithogenic fluxes of the anomalously coarse samples were 

larger than the mean lithogenic flux of the background dust (not shown). Regarding the three 

years of the upper sediment trap series CBi under investigation coarse particles with a diameter 

larger than 25 µm contributed to 35 % of the total deposited lithogenic sediment (not shown). 

An interseasonal comparison revealed that summer was the season with the largest contribution 

of coarse particles to the total sediment with 12 % and fall the season with the smallest 

contribution with 6 % (not shown). Further, we observed a weak positive relationship between 

the modal grain size and the lithogenic flux of the summer samples (not shown). Consequently, 

summer is an important season with respect to the deposition of coarse particles. However, the 

other seasons play a significant role as well.  

 

The mean and maximum of the lithogenic flux of the upper sediment trap series CBi 1-3 under 

investigation reached their peaks during spring (not shown). A pronounced seasonal variability 

in dust deposition fluxes with highest dust fluxes during winter/spring has been observed near 

the Senegalese margin (Skonieczny et al., 2013). A multidecadal particle flux record of the 

sediment trap mooring site CB located  more offshore, however, indicates larger mean 

lithogenic flux during winter (Fischer et al., 2016). The anomaly of the winter lithogenic flux, 

however, is smaller than the observed interannual variability in the lithogenic fluxes (Fischer 

et al., 2015). Thus, winter and spring are important seasons with respect to the grain-size signal 

of sediment core records offshore northwestern Africa.  

 

Consequently, the availability of dust-storm events during winter and spring may be the 

environmental factor that influences the variability in the grain-size distribution of sediment 
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core records. However, coarse particle deposition during summer also plays an important role 

as reflected in the relatively large contribution of the lithogenic flux of coarse particles during 

summer to the total lithogenic flux. Therefore, the modal grain size of a sediment core sample 

offshore northwestern Africa should be mainly influenced by dust-storm events during 

winter/spring as well as dust-storm events and rainfall events during summer.  
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Conclusions 

The grain-size distributions of the sediment trap mooring samples confirmed typical features of 

mineral dust blown offshore NW-Africa. Summer dust samples were characterized by generally 

coarser modal grain sizes and were less well-sorted. The grain-size distributions were 

influenced by various environmental factors depending on the season:  

 Wind speed (winter): the NE trade-wind speed at the mooring location was positively 

correlated with the modal grain size of the deposited dust (for modal grain sizes < 25 

µm).  

 Precipitation (summer): increased particle fluxes due to wet deposition explain larger 

modal grain sizes of the samples. Cold fronts (haboobs) lead to the deposition of 

anomalously coarse dust samples (modal grain sizes > 25 µm).   

 Episodic dust storm events (year-round): cyclonic dust storms and haboobs lead to the 

deposition of anomalously coarse dust (modal grain sizes > 25 µm).   

The outcome of our study has implications for modellers and paleo-climatologists. The 

emission- and wet-deposition schemes of dust models can benefit from the information that 

larger particles are emitted than usually accounted for by models and that summer rainfall leads 

to elevated percentages of submicron as well as large dust particles. Further, the modal grain 

size of sediment-core records obtained to reconstruct the climate history off NW-Africa is not 

only influenced by the paleo-trade-wind intensity, but also by the paleo-frequency of local 

precipitation and dust storm events, and by the paleo-intensity of moist convection in the source 

area.   
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Abstract  

Saharan dust has a crucial influence on the earth climate system and its emission, transport, and 

deposition are intimately related to environmental parameters. The alteration in the physical and 

chemical properties of Saharan dust due to changes in environmental parameters is often used to 

reconstruct the climate of the past. However, to better interpret possible climate changes the dust source 

regions need to be known. By analysing the mineralogical composition of transported or deposited dust, 

potential dust source areas can be inferred. Summer dust transport offshore Northwest Africa occurs in 

the Saharan air layer (SAL). In contrast, dust transport in continental dust source areas occurs 

predominantly with the trade winds. Hence, the source regions and related mineralogical tracers differ 

with season and sampling location. To test this, dust collected in traps onshore and in oceanic sediment 

traps offshore Mauritania during 2013 to 2015 was analysed. Meteorological data, particle-size 

distributions, back-trajectory and mineralogical analyses were compared to derive the dust provenance 

and dispersal. For the onshore dust samples, the source regions varied according to the seasonal changes 

in trade-wind direction. Gibbsite and dolomite indicated a Western Saharan and local source during 

summer, while chlorite, serpentine and rutile indicated a source in Mauritania and Mali during winter. 

In contrast, for the samples that were collected offshore, dust sources varied according to the seasonal 

change in the dust transporting air layer. In summer, dust was transported in the SAL from Mauritania, 

Mali and Libya as indicated by ferryglaucophane and zeolite. In winter, dust was transported with the 

Trades from the Western Sahara as indicated by e.g. sepiolite and fluellite.  

Keywords: Saharan dust, MWAC, sediment trap, mineralogy, particle size, major potential source 

area, provenance 
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Introduction 

Mineral dust influences global climate through many feedback mechanisms and is in turn 

influenced by variations in environmental parameters. The emission, transport and deposition 

of mineral dust reacts sensitively to parameters of climate change like rainfall, wind, 

temperature and vegetation cover (Knippertz and Stuut, 2014). In turn, the emission, transport 

and deposition of mineral dust has an impact on the atmospheric energy balance (Haywood and 

Boucher, 2000), precipitation distribution and amplitude (Yoshioka et al., 2007), sea surface 

temperatures (Lau and Kim, 2007) as well as the oceanic carbon pump  (Martin, 1990;Martin 

et al., 1991;Jickells et al., 2005;Ploug et al., 2008a;Iversen et al., 2010;Iversen and Robert, 

2015). The sensitivity of mineral dust to environmental parameters is used to reconstruct the 

climate of the past (Diester-Haass and Chamley, 1978;Stein, 1985;Rea, 1994;Holz et al., 

2007;Tjallingii et al., 2008;Mulitza et al., 2010). For instance, the particle size of mineral dust 

in ocean sediment records varies according to the paleo-frequency of dust-storm and rainfall 

events (e.g., (Friese et al., 2016). Further, the mineralogical composition of mineral dust in 

sediment core records can be used as a qualitative proxy for the paleo-dust source activity 

(Scheuvens et al., 2013).  

Every year, about 2000Mt dust are emitted from source areas around the world, of which 75% 

are deposited on land and 25% into the oceans (Shao et al., 2011).The Saharan Desert is the 

world’s largest source of mineral aerosols with an annual dust transport of ~180 Mt westwards 

towards the North Atlantic (Yu et al., 2015). About 140Mt is actually deposited into the North 

Atlantic Ocean (Yu et al., 2015). In addition, about 430 Mt is blown from the Sahara towards 

the equatorial Atlantic (Shao et al., 2011) and therefore constitutes an essential component of 

the global climate system. The source regions of Saharan dust have been studied frequently by 

analysing the mineralogical composition of dust collected at continental sites (e.g.(Schütz and 

Sebert, 1987;Khiri et al., 2004;Kandler et al., 2009;Skonieczny et al., 2011;Skonieczny et al., 

2013), during aircraft flights (e.g.(Formenti et al., 2008), on research ships (Chester et al., 

1971;Chester and Johnson, 1971b;Chester and Johnson, 1971a;Chester et al., 1972;Aston et al., 

1973;Stuut et al., 2005) and with gravity cores offshore NW Africa (Biscaye, 1964;Biscaye, 

1965;Griffin et al., 1968;Rateev et al., 1969;Diester-Haass and Chamley, 1978;Lange, 

1982;Meyer et al., 2013). Continental dust studies in northern Morocco revealed that dust is 

produced predominantly locally (Khiri et al., 2004;Kandler et al., 2009). For instance, a high 

percentage of quartz and feldspar and a low amount of micas in the dust samples was interpreted 

to represent mostly local dust sources and the availability of calcite sources from proximal 
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coastal dunes in Morocco (Khiri et al., 2004). Further, also in Morocco, dust was sampled in 

Tinfou at a height of 4 m during the SAMUM 2006 field campaign. These samples were 

analysed for their physical and chemical properties. The particle size correlated to local surface 

wind speed suggesting the contribution of local dust (Kandler et al., 2009). In contrast, in 

coastal Senegal dust is sourced by the Sahel during winter as shown by low illite/kaolinite (I/K) 

ratios and lower palygorskite contents as opposed to the summer samples which were suggested 

to be originating from the Sahara (Skonieczny et al., 2013). Further, the I/K ratio in dust 

sampled on the Cape Verde Islands showed that dust was derived from strongly varying 

sources: north-western  Sahara, central and southern Sahara and the Sahel (Caquineau et al., 

2002). Hence, dust collected on land is predominantly of local provenance, while the sources 

of dust sampled offshore NW Africa are of regional and long-distance provenance. As a result, 

a large seasonal difference can be expected in the composition of the marine climate archives, 

related to the different dominating transport mechanisms of dust in summer and winter (Friese 

et al., 2016).  

To test this, we compared the mineralogical composition, the fluxes, and the particle size of 

Saharan dust sampled from 2013-2015 in Iwik (Mauritania) in on-land dust traps with Saharan 

dust sampled from 2013-2015 offshore Cape Blanc (Mauritania) in sub-marine sediment traps. 

By comparing the data with meteorological data, back trajectories, the African lithology and 

satellite images we aim to address the following questions:   

1) Is there a seasonal variation in the transport patterns of dust deposited on land? 

2) What are the source regions of dust trapped on land versus dust trapped in the ocean? 

3) Do these source regions vary seasonally? 

4) Can we identify characteristic minerals that constitute a tracer for certain source areas? 

North African dust sources  

The major potential source areas (PSA) of northern African dust are summarized in a review 

by Scheuvens et al. (2013), see Fig. 1). Predominant dust transport towards western Africa and 

offshore the Atlantic Ocean occurs from the foothills of the Atlas mountains, Western Sahara 

and Western Mauritania (PSA 2), southern Algeria and northern Mali (PSA 3) and Western 

Chad including the Bodélé depression (PSA 5) (Scheuvens et al., 2013). In contrast, dust 

sourced from Tunisia and northern Algeria (PSA 1) is transported predominantly to the western 

Mediterranean and Western Europe (Stuut et al., 2009). Central Libya (PSA 4) is the most 

important region for dust transport to the eastern Mediterranean (Scheuvens et al., 2013).  
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Figure 1: Location of the sediment trap moorings CB and CBi offshore Cape Blanc and the MWAC dust 

collector on shore near Iwik (shapefile of the surface lithology and the geological provinces: downloaded 

from the USGS website http://rmgsc.cr.usgs.gov/ecosystems/africa.shtml#SL and 

http://certmapper.cr.usgs.gov/geoportal/catalog/main/home.page, major potential dust source areas: 

redrawn from Scheuvens et al. (2013), ocean currents: redrawn from Mittelstaedt (1991)).  

Geological characterisation of dust-producing areas 

In the following the lithology of the geological provinces that underlay the major PSA’s is 

outlined (Fig. 1).  

The PSA 1 is underlain by the eastern Atlas chain and the northern Grand erg/Ahnet and 

Ghadames Basins. The outcrops in the Atlas uplift are composed of e.g. limestones, sandstones 

http://rmgsc.cr.usgs.gov/ecosystems/africa.shtml#SL
http://certmapper.cr.usgs.gov/geoportal/catalog/main/home.page
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and evaporites (Piqué, 2001). The thick strata overlying the northern Ahnet and Ghadames 

Basin consist of e.g.  sandstones and mudstones (Selley, 1997b).  

The PSA 2 is underlain by the Reguibat Shield, the Mauritanides and the Senegal-Mauritania, 

Aaiun-Tarfaya, Tindouf and Taoudeni Basins. The western part of the Reguibat Shield is 

dominated by granitic rocks, while the eastern part is dominated by metamorphic and granitic 

rocks (Schofield et al. (2006) and references therein). West of the Reguibat Shield, the 

Mauritanides consist of a metamorphic belt and ophiolite (Villeneuve, 2005). West of the 

Taoudeni Basin, the Mauritanides are characterized by granites, quartzites and strongly 

metamorphosed rocks (Villeneuve, 2005). While the Aaiun-Tarfaya Basin features outcrops 

with dolomites and limestones, the Senegal-Mauritania Basin is characterized by very few 

carbonate deposits (Bosse and Gwosdz, 1996). The Tindouf Basin is characterized by mainly 

sandy deposits (Selley, 1997a, b).  

The PSA 3 is underlain by the western Hoggar and parts of the Ahnet, Taoudeni and Iullemeden 

Basins. The Pharusian belt located in the western Hoggar is characterized by Eburnean 

granulites, gneiss, graywackes and magmatic rocks (Boullier, 1991). In the southern Ahnet 

Basin sandstone strata crop out. On the eastern edge of the Taoudeni Basin outcropping 

sediments are characterized by conglomerates, sandstones and limestones (Bertrand-Sarfati et 

al., 1991). The outcrops of the Iullemeden Basin are composed of e.g. sandstones, carbonaceous 

shale, laterites and massive clays (Kogbe, 1973).  

The PSA 4 is underlain by parts of the Fezzan and Nubian uplifts and the Sirte and Murzuk 

Basins. The eastern Fezzan uplift consists of ocean island basalts (Cvetković et al., 2010;Abdel-

Karim et al., 2013), while sediments outcropping in the northern Nubian uplift are composed 

of e.g. sandstones, limestones and gypsiferous horizons (El Makkrouf, 1988). The southern 

Sirte Basin is covered by sands, gravel and sand seas (Selley, 1997c). Outcrops of the eastern 

Murzuk Basin are composed of marine limestones and alluvial sandstones (Selley, 1997b, a).  

The PSA 5 is underlain by the Chad Basin. During the Holocene, the Chad Basin was filled 

with fine-grained particles from the drainage of the Tibesti mountains to the north (Prospero et 

al., 2002). Hence, the sediments that outcrop in the central Chad Basin are characterized by 

fluvial and alluvial sediments such as laminated diatomites, pelites and coastal sandridges 

(Schuster et al., 2009).   

The continental dust collector Iwik (~19°53' N, ~16° 18' W) is located in PSA 2 in the Parc 

National de Banc d'Arguin (PNBA) near Iwik in Mauritania (Fig. 1). The local soils surrounding 
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the dust collector are composed of sandy deposits often rich in fossil shells and partly cemented 

by lime (Einsele et al., 1974).  

Atmospheric setting 

Saharan dust emission, transport and deposition are related to seasonal variations in 

atmospheric circulation (Knippertz and Todd, 2012). The intertropical convergence zone 

(ITCZ) shifts meridionally from ~12 °N during boreal winter to ~ 21 °N during boreal summer 

resulting in a seasonal change in rainfall and winds over the African continent (Nicholson, 

2009).  

During summer, continental rainfall is most intense and the rain belt is positioned near ~10°N 

with smaller amounts of rainfall near ~ 21°N. Dust emission is driven by low level jets, so-

called ‘haboobs’, African easterly waves (AEWs) and high surface winds associated with the 

Saharan heat low (Knippertz and Todd, 2012). N trade winds blow in coastal Mauritania year-

round (National Geospatial-Intelligence Agency, 2006). The offshore transport of Saharan dust 

particles occurs within the ‘Saharan air layer’ (SAL) at an altitude of about 3 km (Prospero and 

Carlson, 1970;Carlson and Prospero, 1972;Prospero and Carlson, 1972;Diaz et al., 1976). 

During winter, dust emission is driven by the break-down of nocturnal low-level jets after 

sunrise, increased surges in Harmattan winds and microscale dust devils and dust plumes (Koch 

and Renno, 2005;Knippertz and Todd, 2012). Dust is transported within the low-level NE and 

E trade winds to coastal Mauritania (Dobson, 1781) and also offshore to the sediment-trap 

mooring sites (Stuut et al., 2005). 

Oceanic setting 

The surface-water circulation offshore Cape Blanc is influenced by the southward-flowing 

Canary Current (CC) and the poleward-flowing coastal counter current or Mauritania Current 

(Fig. 1). Underneath, the undercurrent is flowing poleward in water depths down to 1000 m 

(Fig. 1). The undercurrent flows along the continental slope and transports water masses 

originating from ~5-10 °N to latitudes up to 26 °N. The poleward flowing South Atlantic 

Central Water (SACW) and the southward flowing North Atlantic Central Water (NACW) are 

situated below the counter current and meet offshore Cape Blanc (Mittelstaedt, 1991). The 

study area is positioned in a zone of permanent annual upwelling of sub-surface water masses 

(Cropper et al., 2014). The NACW and SACW may be upwelled and mixed laterally off Cape 

Blanc (Meunier et al., 2012). The permanent annual upwelling of nutrient-rich subsurface 
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waters results in high phytoplankton concentrations offshore Cape Blanc (Van Camp et al., 

1991). As a result, the surface waters are rich in organic detritus, usually referred to as ‘marine 

snow’, and faecal pellets which are produced by marine zooplankton (Iversen et al., 2010). 

 

Individual Saharan dust particles which settle at the ocean surface hardly settle to the deep sea. 

Instead, fine dust particles can be transferred from the ocean surface to the deep sea by being 

incorporated into marine snow aggregates and faecal pellets (Ternon et al., 2010). The 

aggregate formation and ballasting of marine snow aggregates and faecal pellets with marine 

carbonate and opal as well as with Saharan dust particles results in anomalously high sinking 

velocities (Ploug et al., 2008b;Fischer and Karakas, 2009;Iversen et al., 2010;Iversen and Ploug, 

2010;Iversen and Robert, 2015). Dust-loaded particles that sink into the deeper water column 

are assumed to have a mean settling speed of ~ 240 m d-1 at site CB (Fischer and Karakas, 

2009).  

 

The buoy Carmen (~21°15’ N, ~20°56’ W) and the sediment trap mooring sites CB (~21°16’ 

N, ~20°48’ W) and CBi (~20°45’ N, ~18°42’ W) are located ~ 200 and ~ 80 nautical miles 

offshore Cape Blanc in the north-eastern (NE) equatorial Atlantic ocean (Fig. 1).  
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Material and Methods 

Sediment traps  

 

Saharan dust was collected in the ocean using marine sediment traps of the type Kiel (model 

SMT-234/243) which are conical with an opening of 0.5 m2 (Fig. 2).  The principle of particle 

collection is much the same as described by Van der Does et al. (2016b) and Korte et al. (2016). 

At the top of the opening a honeycomb grid is installed to prevent large swimmers (>1 cm) 

from entering the trap. The sediment traps were equipped with twenty sample cups which 

rotated according to a pre-programmed sampling interval (Fischer and Wefer, 1991). The 

sampling interval was chosen depending on the timing of the ship expeditions.  

 

Figure 2: The marine sediment trap moorings CB and CBi offshore Cape Blanc and the dust masts near 

Iwik, Mauritania. On the left, a sketch of the sediment trap mooring (sketch of CB 24 copied from Fischer 

et al. (2013)) together with a photograph of the trap (downloaded from www.kum-kiel.de) is displayed. On 

the right, a sketch of the dust mast together with a photograph of the MWAC sampling bottles is depicted.  

 

http://www.kum-kiel.de/
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The sampling intervals were synchronized between the two sites. The intervals ranged from 9.5 

days to 21.5 days (Table 1). Deployment and recovery of the sediment-trap samples was 

performed during the Research Vessel Poseidon expeditions POS445 (Fischer et al., 2013), 

POS464 (Fischer et al., 2014) and POS481 (Fischer et al., 2015) (Table 1). The working steps 

related to the trap deployment and treatment are described in Fischer and Wefer (1991). In order 

to prevent outflow of water from the cups during sampling, each sampling cup was filled with 

20 ml of filtered (<0.2 µm) seawater with a salinity of 40 ‰. To produce seawater with a salinity 

of 40 ‰, 100 g NaCl suprapur was added to 1 l of filtered seawater. Microbial and zooplankton 

activity was inhibited inside the trap samples by adding 1 ml of a saturated solution of the 

biocide HgCl2 per 100 ml of seawater. After recovery, swimmers <1 cm were removed from 

the samples by sieving each sample through a 1 mm mesh. A McLane rotary liquid splitter was 

used to split the <1 mm fraction of each sample into five equal aliquots.  

The samples of two sediment-trap deployments during 2013-2015 of the sediment trap mooring 

stations CB and CBi were chosen for grain-size analyses (Table 1). The upper traps sampled at 

an average water depth of ~ 1300 m and the lower trap sampled at a water depth of ~3600 m 

(Table 1).  

Table 1: Specifications of the sediment trap samples collected during 2013-2015 chosen for flux and grain-

size analysis.  

Trap 

series 

Trap 

type 

Sampling 

period 

Cruise 

deploy

ment 

Cruise 

recovery 
Position 

Trap 

depth 

[m] 

Water 

depth 

[m] 

No. of 

samples 

Sampling 

intervals 

CBi 11 

upper 

(GeoB 

18006-2) 

 

SMT 

243 

29.01.2013 – 

25.03.2014 
Pos445 Pos464 

20°46.4' N 

18°44.4' W 
1406 2800 18 

17x21d, 1 

x20d 

CBi 12 

upper 

(GeoB 

19402-01) 

SMT 

234 

NE 

14.02.2014 - 

23.02.2015 
Pos464 Pos481 

20°46.4' N 

18°44.5' W 
1356 2750 20 

1x12.5 d, 

19x19.5 

CB 24 

upper 

(GeoB 

18001-1) 

 

SMT 

234 

NE 

24.01.2013 - 

05.02.2014 
Pos445 Pos464 

21°16.9’ N 

20°50.6’ 

W 

1214 4160 18 

1x26 d, 

16x21 d, 

1x15 d 

CB 25 

lower 

(GeoB 

19401-1) 

 

SMT 

234 

NE 

07.02.2014 – 

21.02.2015 
Pos464 Pos481 

21°17.8’ N 

20°47.8’ 

W 

3622 4160 20 
19x19.5 d, 

1x9.5 d 

 

Dust which settles at the ocean surface is advected by ocean currents during settling in the water 

column. As a result, particles that settle in an area of ~ 40 x 40 km2 in the ocean surface above 
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the traps may be collected in a water depth of ~ 1300 m (Friese et al., 2016). Two winter and 

two summer samples were chosen for X-ray Diffraction (XRD) measurements (Table 2). 

Table 2: Sediment trap and MWAC samples chosen for mineralogical investigation.   

Sample Sampling period Mast Bottle 
Elevation/water 

depth [m] 
Sampling interval 

CBi 11 upper # 8 25.06.-16.07.13 - - 1406 21d 

CBi 12 upper # 2 26.02.-18.03.14 - - 1356 20d 

CBi 12 upper # 10 01.08.-21.08.14 - - 1356 20d 

CBi 12 upper # 17 16.12.-04.01.15 - - 1356 19d 

Iwik 13-7-2-3B 24.06.-15.07.13 2 B 1.90 21d 

Iwik 14-8-2-5B 15.08.-15.09.14 2 B 2.90 31d 

Iwik 14-12-1-4A 15.12.14-18.01.15 1 A 2.40 34d 

Iwik 14-2-2-5B 15.02.-15.03.14 2 B 2.90 28d 

 

Modified Wilson and Cooke (MWAC) samplers 

Saharan dust was collected on land near Iwik, Mauritania, with a passive dust sampler 

consisting of two masts (1 and 2) with two sets of five air sampling bottles each (A and B, Fig. 

2). The dust sampling bottles are referred to as modified Wilson and Cooke (MWAC) samplers 

(Wilson and Cooke, 1980;Mendez et al., 2011) and consist of a closed Polyethylene bottle 

through which the wind can pass via two glass tubes of 8 mm openings. Thus, a big difference 

between the traps and the MWAC collectors is the much smaller collection area of the MWAC 

collectors with 44 mm2. The MWAC dust sampler was chosen because it is one of the most 

common (Zobeck et al., 2003) and most efficient dust samplers (Goossens and Offer, 2000). 

The sampling bottles were mounted horizontally at five different heights. The masts were 

aligned to the ambient wind direction via a wind vane (Fig. 2).  

The samples collected in 2013-2015 were chosen for subsequent flux and grain-size analyses 

(Table 3). Saltating dust particles may be collected in the lower sampling bottles at 90 cm. 

However, the aim was to analyse dust transported in suspension to enable a better comparison 

between the continental and marine sites. Therefore, the highest sampling bottles attached to 

the mast at 2.90 m height were used for microscope, flux and grain-size analysis (Table 2). One 

series of bottles (series B2) of mast 2 were analysed with the microscope. The other three 

replicate samples (bottles A1 and B1 of mast 1, bottles A2 of mast 2) were analysed for flux 

and grain-size analysis. Out of the three replicate samples, the sample with the highest mass 
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was chosen for the interpretation of the flux and grain-size data because this bottle was assumed 

to have sampled most efficiently. Three samples mounted at a height of 2.40 m of mast 2 were 

chosen to test the effect of the chemical pre-treatments that we do to isolate the terrigenous 

fraction from marine sediments on the resulting grain-size distributions (Fig. 2). Two winter 

and two summer samples that contained enough material were chosen for XRD measurements 

(Table 2).  

Furthermore, dust was sampled with a MWAC dust sampler mounted on the mast of buoy 

Carmen, at about 2 m above the sea surface (Stuut et al., 2015). A wind vane was attached to 

the mast which aligned the sampler to the ambient wind direction. This MWAC dust sample 

was also analysed for grain-size distribution.    

Table 3: Specifications of the MWAC samples collected during 2013-2015 chosen for flux and grain-size 

analysis. 

Dust collector 

series 
Trap type 

Sampling 

period 
Position 

Height 

[m] 

No. of 

samples 
Sampling intervals 

Iwik 13 MWAC 
27.01.2013 – 

20.01.2014 

19°53.1' N 

16° 17.6' W 
2.90 11 

19 d, 28 d. 32 d, 29 d, 40 

d, 21 d, 31 d, 61 d, 31 d, 

31 d, 35 d 

Iwik 14 MWAC 
20.01.2014 - 

18.01.2015 

19°53.1' N 

16° 17.6' W 
2.90 13 

26 d,. 28 d, 31 d, 30 d, 31 

d, 30 d, 31 d, 31 d, 30 d, 

32 d, 29 d, 34 d 

CB-MWAC MWAC 
23.08.2014 – 

16.11.2015 

21°15.8' N 

20°56.1' W 
2.00 1 450 d 

 

Microscopy 

The MWAC samples chosen for microscopic investigation were analysed with a Leica M165 

C microscope. Microscope pictures were taken using a Leica DFC420 camera attached to the 

microscope. The software Leica application suite 3.8 was used for taking the pictures.   

 

Dust and lithogenic fluxes 

1/5 splits of the sediment trap samples were analysed for dust fluxes and the bulk components 

following the method presented in Fischer and Wefer (1991). The lithogenic flux [mgm-2d-1] 

was estimated according to Eq. (1):  

𝑙𝑖𝑡ℎ𝑜𝑔𝑒𝑛𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝑑𝑢𝑠𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 − 𝑜𝑝𝑎𝑙 − 2 𝑥 𝐶𝑜𝑟𝑔  (1) 
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Organic carbon was measured after the removal of carbonate with 2N HCl using a CHN-

Analyser (HERAEUS). Total carbon was estimated by combustion without pre-treatment. 

Carbonate was determined according to Eq. (2):  

𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 − 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛                    (2) 

Biogenic opal was determined with a sequential leaching technique (Müller and Schneider, 

1993).  

The MWAC samples chosen for dust flux analyses were weighed on a Mettler-Toledo AT261 

Delta Range balance with a precision of 0.0001 g. Mean atmospheric dust concentrations were 

estimated as Eq. (3): 

DL =
𝑀𝐴𝑅

(𝑣∗𝐴)
∗  

1

η
              (3) 

Where DL is the mean dust concentration [μgm-3], MAR is the mass accumulation rate [μgs-1], 

v is the mean wind speed per sampling month [ms-1], A is the cross-sectional area of the inlet 

tube of the MWAC sampler [m2] and η is the estimated sampling efficiency of MWAC bottles. 

A sampling efficiency of 90 % was assumed based on an efficiency study of  Goossens and 

Offer (2000). Mean horizontal dust fluxes were calculated according to Eq. (4): 

𝐹ℎ =  
𝑀𝐴𝑅

𝐴
∗

1

η
             (4) 

where Fh is the horizontal dust flux [mgm-2d-1], MAR is the mass accumulation rate [mgd-1], A 

is the cross-sectional area of the inlet tube of the MWAC sampler [m2] and η is the estimated 

sampling efficiency of MWAC bottles.  

Particle size  

A 1/25 split of the marine sediment trap samples was analysed for particle size of the terrigenous 

fraction. The samples were pre-treated before measurement in order to isolate this fraction (see 

also Filipsson et al. (2011);Friese et al. (2016),  Meyer et al. (2013) and Stuut (2001) for 

methodology) with the following steps: (1) removal of organic matter: Addition of 10 ml of 

H2O2 (35%) to the sediment sample and subsequent boiling until the reaction stops, (2) removal 

of calcium carbonate: Addition of 10 ml HCl (10%) to the sediment sample and subsequent 

boiling for exactly 1 minute and (3) removal of biogenic silica: Adding 6 g of NaOH pellets to 

the sediment sample and subsequent boiling for 10 minutes. Before particle-size analysis, 10 

drops of Na4P2O7*10H2O were added to each sample to assure the full disaggregation of the 

particles. The pre-treatment of the MWAC samples differed from the pre-treatment of the 
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sediment trap samples as, obviously, these samples did not contain any biogenic material 

originating from marine plankton. Further, the disaggregation of particles needed to be kept at 

minimum to allow for the study of dust transport processes, the so-called ‘minimally dispersed’ 

aeolian fraction (McTainsh et al., 1997). Therefore, the MWAC samples were solely pre-treated 

with three drops of Na4P2O7*10H2O before analysis. The marine sediment-trap samples as well 

as the MWAC samples were analysed with the laser particle sizer Beckmann Coulter LS13320 

at NIOZ using a Micro Liquid Module (MLM). This instrument allows quick, accurate, and 

precise data acquisition of large size intervals (Bloemsma et al., 2012). An analytical error of ± 

1.26 μm (± 4.00 %) was considered for the measurements (Friese et al., 2016). 

To investigate the comparability of the MWAC samples with the oceanic sediment-trap 

samples, the particle-size distribution of the MWAC sample attached to buoy Carmen was 

compared to the averaged particle-size distributions of the upper and lower trap series at site 

CB (Fig. 3a). The grain-size distribution of the MWAC sample was comparable to both 

sediment trap time series even though the sampling time period was different.  

 

Figure 3:  (a) Grain-size distributions for the station CB: Dust sampled with the MWAC sampler 2 m above 

sea level, with the upper sediment trap at 1214 mbsl and the lower trap at 3622 mbsl. (b) Grain-size 

distributions of samples of the Iwik 14 time series which have been pre-treated with HCl, H2O2 and NaOH 

(dotted lines) and without pre-treatment (lines).  
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To ensure that the pre-treatment steps of the traps did not influence the terrigenous fraction 

itself, tests were made in which the on-land MWAC samples were exposed to the same pre-

treatment steps as the marine samples (Fig. 3b). One spring sample has been measured with and 

without a chemical pre-treatment. Two fall dust samples were obtained from the same height 

and mast and sampling interval, however from different bottles (A and B) and were measured 

with and without pre-treatment. The figure indicates that a pre-treatment of the Iwik dust 

samples did not alter the particle distributions of the samples significantly. Further, the particle-

size distribution of dust sampled with different bottles is comparable.   

Mineral assemblages 

Two winter and two summer samples of the MWAC dust collector and the sediment-trap series 

CBi were chosen for XRD analysis (Table 3). X-Ray Diffraction pattern analyses were carried 

out in the laboratory of the research group Crystallography (University of Bremen, Central 

Laboratory for Crystallography and Applied Material Sciences, ZEKAM, Dept. of 

Geosciences). 

Due to the small amount of material in the available dust samples (< 100 mg), the preparation 

for the measurement was done by pipetting a demi-water-sample mixture on glass slides. A 

thorough preparation commonly increases reproducibility of the results, however, the standard 

deviation given by Moore and Reynolds (1989) of ±5% can be considered as a general guideline 

for mineral groups with >20% clay fraction. In addition, the determination of well-crystallized 

minerals like quartz, calcite or aragonite can be done with better standard deviations (Tucker 

and Tucker, 1988;Vogt et al., 2002). The X- Ray Diffraction was measured on a Philips X’Pert 

Pro multipurpose diffractometer equipped with a Cu-tube (k 1.541, 45 kV, 40 mA), a fixed 

divergence slit of ¼°, a secondary Ni-Filter and the X’Celerator detector system. The 

measurements were carried out as a continuous scan from 3 – 85° 2θ, with a calculated step size 

of 0.016° 2θ (calculated time per step was 100 seconds). Mineral identification was 

accomplished using the Philips software X’Pert HighScore™, which, besides the mineral 

identification, can give a semi-quantitative value for each identified mineral on the basis of 

Relative Intensity Ratio (R.I.R.)-values. The R.I.R.-values are calculated as the ratio of the 

intensity of the most intense reflex of a specific mineral phase to the intensity of the most intense 

reflex of pure corundum (I/Ic) referring to the “matrix-flushing method” after Chung (1974). 

Unfortunately R.I.R. values are sparse for clay minerals and long chain organic materials 

hampered the quantification of our samples.  
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Meteorological data 

The obtained flux and size data were compared to near-by meteorological data (wind speed, 

wind direction and precipitation).  

Wind direction, wind speed and precipitation data with a 20 minute resolution were gathered 

for the sampling site CB (21°17’ N – 21°12’ N, 20°56’ W - 20°54’ W) during the buoy Carmen 

deployments from November 2013 to September 2015 with a Vaisala WXT520 meteorology 

sensor. The size of the dataset was reduced by calculating four hour averages. Moreover, wind 

direction and wind-speed data with a resolution of five minutes to one hour were gathered 

during sampling at site Iwik (19°53.1' N, 16° 17.6' W) from January 2013 to January 2015 with 

a Davis 6250 Vantage Vue meteorology sensor. The size of the dataset was reduced by 

calculating one-hour averages. Further hourly precipitation data were gathered from the station 

Arkeiss (20° 7' N, -16° 15' W) from December 2013 to March 2015 with another Davis 6250 

Vantage Vue meteorology sensor. Continental hourly wind direction and wind-speed data was 

acquired for the Nouadhibou meteorological station (20° 55’ N, 17° 1’ W) online from the 

Cedar Lake Ventures website (https://weatherspark.com).  

Local daily precipitation data (TRMM 3B42 dataset, 0.25° spatial resolution) were derived 

from the Giovanni online data system, developed and maintained by the NASA GES DISC 

(http://gdata1.sci.gsfc.nasa.gov). Daily precipitation data were downloaded as area-averages 

around CBi (20° 58' N - 20° 34' N, 18° 56 W - 18° 32' W), Iwik (19° 41' N - 20° 5'N, 16° 29' 

W - 16° 05' W), CB/Carmen (21° 05' N - 21° 29' N, 21° 02' W - 20° 38' W) and Arkeiss (20° 

19' N - 19° 55' N, 16° 28' W - 16° 04' W) according to the assumed catchment area of the upper 

trap (~ 40 x 40 km2).  

 

Mapping with ArcMap 

The mapping software ArcMap version 10.3.1 was used to analyze the source regions of the 

dust samples investigated for mineralogical composition. A map was created with four-day 

back-trajectories for days with a dust-storm event as depicted on satellite images. In addition, 

the African surface lithology was included in the map and soils rich in the minerals calcite, 

kaolinite and chlorite were marked.     

Satellite quasi-true colour RGB images (MODIS dataset) were retrieved from the NASA Ocean 

Biology Distributed Active Archive Centre (OB.DAAC), Goddard Space Flight Centre, 

Greenbelt MD, on their website (http://oceancolor.gsfc.nasa.gov).  
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Four-day back trajectories (at altitudes of 10, 3000, 4500 and 5500m) were calculated ending 

at the dust collector site Iwik (19°52’ N, 16°17’ W) and at the proximal marine trap site CBi 

(20°46’,18°44’ W) using the Hybrid Single Particle Langrangian Integrated Trajectory 

(HYSPLIT) model (Stein et al., 2015) and the reanalysis dataset (2.5° spatial resolution) on the 

NOAA website at http://ready.arl.noaa.gov.  

An ArcGIS layer file of the African surface lithology 

(new_af_lithology_w_glbcvr_waterbdy_90m_dd84_final.lyr) was downloaded from the U.S. 

Geological survey (USGS) website: 

http://rmgsc.cr.usgs.gov/outgoing/ecosystems/AfricaData.    

An ArcGIS shape file of the African soils (DSMW.shp) was downloaded from the website of 

the food and agriculture organization of the United Nations (FAO) at 

http://www.fao.org/geonetwork/srv/en/metadata.show?id=14116. The mean percentage of 

calcite, chlorite and kaolinite in the clay fraction of Saharan soils in general and for each soil 

type is given by Journet et al. (2014). The average percentages of calcite, chlorite and kaolinite 

in the clay fraction of Saharan soils are 8.9 %, 4.1 % and 29 %, respectively (Journet et al., 

2014). Soils with larger percentages of calcite, chlorite or kaolinite in the clay fraction than the 

average percentages were marked in the ArcGIS map.    

 

 

  

http://ready.arl.noaa.gov/
http://rmgsc.cr.usgs.gov/outgoing/ecosystems/AfricaData.
http://www.fao.org/geonetwork/srv/en/metadata.show?id=14116
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Results 

Meteorology 

In Fig. 4 the meteorological data of the sites Carmen/CB, CBi, Iwik, Arkeiss and Nouadhibou 

during 2013 to 2014 are presented (see Fig 4a for location of the sites). The rainfall frequency 

is given in Fig. 4b for each site. The number of rainfall events were calculated regarding the 

TRMM stations for precipitation rates >1 mmd-1 because smaller precipitation amounts which 

were detected by the satellite may not actually reach the ground.  Regarding the ground stations 

Carmen and Arkeiss, a threshold of >0.2 mmd-1 was used in order to exclude events which may 

be related to anomalously high moisture instead of rainfall.  

According to the TRMM satellite product the annual precipitation frequency was larger on the 

shoreline (station Arkeiss and Iwik) than offshore (station CBi and Carmen) (Fig. 4b). This may 

be explained by a decrease in atmospheric water vapor content due to precipitation when the 

winds move westward. Moreover, the TRMM satellite product indicated larger rainfall 

frequencies during the summer season compared to the winter season regarding the oceanic 

stations Carmen, CBi, Iwik and Arkeiss. Larger summer rainfall frequencies can be explained 

by the summer northward shift of the ITCZ to ~ 21° N resulting in more frequent moist 

convection and rainfall in the study area.  

The annual rainfall frequency at the site Arkeiss and the summer rainfall frequencies at the sites 

Arkeiss and Carmen compare quite well between the sensors and the TRMM observations. 

However, the spatial and seasonal trends observed by the TRMM data were not supported by 

the sensor on buoy Carmen and by the ground station in Arkeiss. The larger annual and winter 

rainfall frequency recorded with the sensor on buoy Carmen may be related to water emission 

from the ocean surface during time periods with strong surface winds. Further, disagreements 

between the ground stations and the TRMM stations maybe caused by the local signal recorded 

by the respective rain sensor. A larger number of rain sensors would most likely improve the 

comparability to the TRMM data.  
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Figure 4: Meteorological data (a) map showing the study sites CB, CBi and Iwik and the meteorological 

station in Nouadhibou under investigation (b) precipitation at the study sites CB, CBi and Iwik (c) wind 

direction and speed at the study sites CB and Iwik and at the meteorological station in Nouadhibou.  
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The wind direction and speed for the ground stations Carmen, Nouadhibou and Iwik are 

displayed in Fig. 4c. The annual average surface wind velocity was maximum offshore at buoy 

site Carmen/CB with ~ 8 m/s. The buoy recorded a larger average wind velocity during winter 

than during summer, which is consistent with this season being dominated by the Trades. On 

the shoreline, the average wind velocity was slightly larger during summer than during winter. 

The predominant annual wind direction was NE at site Carmen and Iwik, while predominant 

NW winds were recorded for the site Nouadhibou. The wind direction changed from 

predominant NE during winter to predominant NNE direction during summer at site Carmen. 

A similar, but less pronounced seasonal trend can be observed for the continental site Iwik. In 

Nouadhibou, the predominant winter wind direction is NNW switching to a predominant NW 

wind direction during summer. Obviously, with winds originating from the open ocean, not a 

lot of dust is anticipated. Therefore, we interpret these wind directions as being very local and 

caused by the shape of the peninsula of Cape Blanc. 

Microscope findings of the dust samples from Iwik 

In Fig. 5 the results of the microscopy investigation of the Iwik 2013 time series are presented. 

In general, the majority of the particles consisted of angular and moderately spherical quartz 

grains with a diameter of ~ 50 μm (Fig. 5a,b). A small percentage of large platy minerals with 

a diameter of ~ 200 μm were found in all samples (Fig. 5b). Large quartz grains with a diameter 

of ~ 150 to 200 μm were detected in 45 % of the samples. An anomalously high percentage of 

sub-angular and moderately spherical quartz grains with an average diameter of ~ 200 μm was 

observed in one summer sample (Fig. 5c). Aggregated grains occurred in all samples. However, 

the percentage and size of the aggregates as well as the size of the aggregated grains differed 

from sample to sample. Usually, the size of the aggregated grains was ~ 50 μm (Fig. 5a). Two 

samples were characterized by aggregates composed of particles with a smaller size of ~ 20 μm 

(Fig. 5d).       
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Figure 5: Microscopic photographs of selected dust samples from the Iwik 2013 time series. (a) Spring dust 

sample with a ~ 250 x 150 μm aggregate, (b) spring dust sample with a ~ 200 x 100 μm  mica chip, (c) summer 

dust sample with ~ 200 x 200 μm quartz grains, (d) fall dust sample with a ~ 600 x 250 μm aggregate.  

Dust fluxes and size on land and in the ocean 

In Table 4 the average dust fluxes are given for the sampling sites Iwik, CBi and CB. The dust 

concentrations at site Iwik were determined based on the measured wind speed of the 

meteorological sensor attached to the sampling mast. For four samples no wind data were 

available due to a failure of the instrument. For these samples a wind velocity was assumed 

based on the seasonal averages calculated from the available wind data of the meteorology 

sensor in Iwik (Fig. 4c). The annual average horizontal dust fluxes at site Iwik were of the same 

order of magnitude during 2013 and 2014. The PM10 concentration was calculated in order to 

enable a comparison to other study sites where only dust particles smaller than 10 μm were 

sampled. The annual average dust fluxes decreased from the on-land site Iwik towards the 

proximal site CBi and the distal site CB. The dust fluxes were about 1000 times smaller at the 

oceanic sites compared to the continental site. A stronger decrease in the fluxes was observed 

from site Iwik to CB during summer compared to winter. The variation in the seasonal average 

dust fluxes were well comparable between the continental and oceanic site CBi. A seasonal 
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trend in the dust fluxes could not be observed for the ocean sites CBi and CB. However, a 

seasonal trend was observed for site Iwik when taking into account the spring and fall samples. 

The average dust concentration was maximum during spring plus winter 2013 and 2014 with 

393 μgm-3 and 341 μgm-3, respectively, and minimum in fall 2013 and 2014 with 48 and 68 

μgm-3, respectively. The dust fluxes generally decreased with collection height in the mast 

between 90 and 290 cm (not shown).  

Table 4: Seasonal and annual average dust fluxes and average modal grain size, mean/mode ratio and 

standard deviation of the grain-size distributions from Iwik 13-14, CBi 11-12 upper and CB 24 upper time-

series.  

Series Year Winter Summer Annual 

Average dust fluxes [mg.m-2.d-1] (dust concentration  [μg.m-3]) 

Iwik 13 2013 10000 (30) 113000 (268) 95000 (214) 

CBi 11 upper 2013 106 168 99 

CB 24 upper 2013 53 44 45 

Iwik14 2014 208000 (603) 55000 (127) 102000 (275) 

CBi 11+12 upper 2014 98 20 47 

Average modal grain size [μm] 

Iwik 13 2013 44 49 48 

CBi 11 upper 2013 27 39 29 

CB 24 upper 2013 16 17 16 

Iwik 14 2014 45 49 48 

CBi  11+12 upper 2014 34 44 33 

Average mean/mode ratio [μm] 

Iwik 13 2013 0.7 0.6 0.6 

CBi 11 upper 2013 0.5 0.3 0.5 

CB 24 upper 2013 0.7 0.8 0.7 

Iwik14 2014 0.6 0.4 0.6 

CBi 11+12 upper 2014 0.5 0.3 0.5 

Average standard deviation [μm] 

Iwik 13 2013 2.8 3.1 3.0 

CBi 11 upper 2013 3.0 3.3 3.1 

CB 24 upper 2013 2.7 2.6 2.6 

Iwik 14 2014 2.8 3.5 3.1 

CBi 11+12 upper 2014 3.1 3.3 3.0 

 

The statistical values of the measured grain-size distributions for the stations CB, CBi and Iwik 

are given in Table 4. In addition, the measured grain-size distributions for the time series of the 

stations CB, CBi and Iwik are displayed in Fig. 6. In Fig. 6a the average grain-size distribution 

for the samples of each of the three stations for the year 2013 are given. The maximum 

measured particle size decreased from ~223 μm on land at site Iwik to ~169 μm at the proximal 

site CBi and ~140 μm at the distal site CB (Fig. 6a). In addition, the average modal grain size 

decreased from ~48 μm at site Iwik to 16 μm at site CB (Table 4). Bimodal grain-size 

distributions were encountered for 23 % of the CBi 11-12 samples, 13 % of the Iwik 13-14 
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samples, and none of the CB 24 samples. The bimodal distributions of the Iwik 13-14 time 

series were characterized by an additional fine mode peaking at ~16 μm besides the more 

pronounced and variable coarse mode peaking at ~42 to 55 μm. Two of the Iwik dust samples 

characterized by a fine grain-size peak were collected during summer and fall respectively. The 

sorting of the CB samples was better than the sorting of the Iwik and CBi time series as 

indicated by the average geometric standard deviations of 2.6 µm for CB and 3.1 µm for both 

Iwik and CBi (Table 4). The lowest average mean/mode ratio was recorded for the CBi time-

series with ~0.5 due to the weak sorting of the samples (Table 4).  

In Fig. 6b-c the measured grain-size distributions for winter and summer samples are displayed. 

The averaged modal grain size for the summer samples was coarser grained compared to the 

winter samples of the respective grain-size time series (Table 4). The seasonality in modal grain 

size was largest for the CBi 11 upper trap series of the year 2013 with a difference of ~12 μm 

(Table 4). The average standard deviation was larger and the average mean/mode ratio was 

smaller in the summer samples compared to the winter samples regarding the sites Iwik and 

CBi (Table 4). In other words: the summer samples of sites CBi and Iwik were less well sorted 

(Fig. 6b and c). This seasonal trend was not observed in the CB 24 upper samples which were 

generally well sorted. (Table 4). 

 

Figure 6: Grain-size distributions of the stations Iwik, CBi and CB (a) averaged for the samples of the year 

2013 (b) winter samples (c) summer samples.  
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In Fig. 7a –c the results of the correlation between the characteristics of the dust sampled on 

land and the local meteorological data are presented. In Fig. 7a the particle sizes were correlated 

to the surface wind speed data (N = 13 samples). A correlation above a coefficient of 

determination (R2) of 0.3 was considered significant at the 95 % confidence level for two-tailed 

probabilities. The modal particle size of the Iwik samples showed a positive linear correlation 

with the daily wind speed events with R2 = 0.5, which is significant at the 99.31 % confidence 

level. A better positive linear correlation was obtained when excluding the spring sample 

resulting in R2 = 0.7 which is significant at the 99.96 % confidence level.  

In Fig. 7b the dust fluxes were correlated to the surface wind-speed data (N = 10 samples). A 

correlation above R2 = 0.4 was considered significant at the 95 % confidence level for two-

tailed probabilities. The horizontal dust flux of the Iwik samples correlated positively to the 

daily wind speed events during the sampling interval with R2 = 0.7 which is significant at the 

99.75 % confidence level. Moreover, a significant linear correlation with R2 = 0.6 was observed 

at the 99.15 % confidence level between the dust fluxes and the mean wind strengths during the 

sampling intervals (not shown).  

In Fig.7c the particle size of the Iwik summer samples was correlated to the local TRMM 

precipitation data (N= 6 samples). In this case a correlation above R2 = 0.7 was considered 

significant at the 95 % confidence level for two-tailed probabilities. A good linear negative 

correlation with R2 = 0.9 was observed which is significant at the 99.78 % confidence level.  

 

Figure 7: Correlation between the observed local surface wind speed at site Iwik and the measured (a) modal 

grain size and (b) flux. (c) Correlation between the observed local precipitation at site Iwik (TRMM data) 

and the modal grain size of the summer samples. 
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Mineral assemblage of dust sampled on land and in the ocean 

In Table 5 the mineralogical composition averaged over all eight samples, averaged over the 

four Iwik samples and the four CBi samples is given. All dust samples contained the minerals 

quartz and mica. Further minerals that occurred with significant quantities but which were not 

present in all dust samples were feldspar, amphibole, zeolite, chlorite and palygorskite. Calcite, 

dolomite, gibbsite, kaolinite, smectite, sepiolite, fluellite, anhydrite, rutile and serpentine 

occurred only in some samples resulting in a low average abundance ≤ 1%. However, we argue 

that these minerals can be used as dust source indicators because of (1) the characteristic 

distribution of gibbsite, kaolinite, smectite and sepiolite in North Africa according to different 

weathering regimes (Biscaye, 1964) and (2) the characteristic occurrence of fluellite, anhydrite, 

rutile and serpentine according to outcropping rock type (Deer et al., 1992). Further minerals 

that occur in low abundances (≤ 3%) were summarized as ‘other minerals’ and will not be 

discussed in the manuscript. While the continental samples were dominated by quartz and 

feldspar, the marine samples were dominated by mica, followed by quartz and feldspar. 

Table 5: Results of the mineralogical investigation: Mineral assemblage averaged over all samples (Total), 

the Iwik samples (Iwik) and the CBi samples (CBi).  

* Qz 

[%] 

Fsp 

[%] 

Mi 

[%] 

Amf 

[%] 

Pal 

[%] 

Chl 

[%] 

Cc 

[%] 

Dol 

[%] 

Gib 

[%] 

Zeo 

[%] 

Kao 

[%] 

Sme 

[%] 

Se 

[%] 

Rut 

[%] 

Serp 

[%] 

Ga 

[%] 

Anh 

[%] 

Flu 

[%] 

Total 25.1 21.5 25.5 5.1 3.4 4.4 0.6 0.1 1.0 3.8 0.9 0.4 1.1 0.5 0.3 0.1 0.1 1.1 

Iwik 33.3 30.8 18.0 5.0 3.3 1.8 1.3 0.3 2.0 0.0 0.0 0.0 0.0 0.8 0.5 0.0 0.0 0.0 

CBi 17.0 12.3 33.0 5.3 3.5 7.0 0.0 0.0 0.0 7.5 1.8 0.8 2.3 0.3 0.0 0.3 0.3 2.3 

*Qz = quartz, Fsp = feldspar, Mi = mica, Amf = amphibole, Pal = palygorsite, Chl = chlorite, Cc = calcite, Dol = dolomite, Gib = gibbsite, 

Zeo = zeolite, Kao = kaolinite, Sme = smectite, Se = sepiolite, Rut = rutile, Serp = serpentine, Ga = garnet, Anh = anhydrite, Flu = fluellite 

 

In Fig. 8a-c the results of the mineralogical investigation of the eight chosen dust samples are 

presented. Figure 8a depicts again the average composition of the samples per sampling site 

(N=4). The minerals zeolite, anhydrite, garnet, sepiolite, fluellite, kaolinite and smectite were 

only found in the marine samples. Only the continental sample of 15.08.-15.09.14 contained 

traces of zeolite. While gibbsite, serpentine, calcite and dolomite were detected in the 

continental dust samples, these minerals were absent in all marine samples. The absence of 

calcite and gibbsite may have been caused by the pre-treatment of the marine sediment-trap 

samples with HCl. Although the concentration of the used acid is fairly low (10%) and the 

exposure time of the samples was exactly 1 minute, we cannot exclude that carbonate minerals 

were dissolved. Therefore, the absence of these minerals in the marine traps will not be 

discussed further. 
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In the following, the seasonality in the average mineralogical composition will be outlined for 

each site as given in Fig. 8b,c. At site Iwik, the winter dust samples were characterized by the 

occurrence of chlorite, serpentine and rutile, while the summer samples were characterized by 

the minerals gibbsite and dolomite. At site CBi, the winter dust samples were characterized by 

the occurrence of the minerals sepiolite, fluellite, kaolinite, smectite, garnet and anhydrite, 

while the summer samples were characterized by the mineral rutile. Only for the marine trap 

samples an annual average chlorite/kaolinite ratio (C/K = 4) could be derived owing to the 

occurrence of kaolinite.  

 

Figure 8: Mineralogical composition (a) averaged over all samples and for sites Iwik and CBi, (b) averaged 

for the winter samples at sites Iwik and CBi and for each individual winter sample and (c) averaged for the 

summer samples at sites Iwik and CBi and for each individual summer sample. The category ‘other 

minerals’ comprises the minerals todorokite, sodalite, konicklite, guyanaite, nitratnine, urea, bernalite, 

akermanite, mixed-layer clay and talc.  
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Identification of dust source regions using ArcMap 

In Fig. 9-12 the results of the four day back-trajectory analysis are presented for each sample 

which has been analyzed for mineralogical composition. Two heights, 10 m (according to Stuut 

et al. (2005)) and 4500 m (according to Skonieczny et al. (2013)) were chosen to cover both 

low- (trades) and high-level (SAL) dust transport. Only the low-level back-trajectories were 

plotted for site Iwik because of the correlation of the measured dust characteristics to the low-

level wind speed. Moreover, the MWAC samplers were designed to only sample dry deposition, 

whereas the marine sampling sites collect material settling through the water column, i.e., dust 

resulting from both dry- and wet deposition. The back-trajectories at 3000 and 5500 m can be 

found in the supplements.  

Figure 9 illustrates a typical late-winter situation. During the sampling interval at least two dust 

storms occurred (Fig. 9c,d). Both the low-level back-trajectories ending at the continental trap 

site Iwik and at the oceanic trap site CBi point to a dust source within the major PSA 2 

(Scheuvens et al., 2013). Some calcite was present in the continental dust sample, but no 

chlorite nor kaolinite was detected. Therefore, the dust source was most likely located in the 

nearby southwestern Reguibat Shield where sediments are rich in calcite and quartz and 

depleted in chlorite and kaolinite (Fig. 9a). Dust deposited in the marine traps during the time 

interval was characterized by the occurrence of chlorite and kaolinite. A small area of chlorite-

rich sediments is located in the shoreline of the Western Sahara (Fig. 9b). However, kaolinite 

is not present in anomalously high amounts in the proposed source area (Fig. 9b).  

Figure 10 represents a typical early-winter situation. During the sampling interval at least three 

dust storms occurred (Fig. 10e-g) and one lasted for several days which complicates the 

determination of the likely dust source areas. All back trajectories pass through the major PSA 

2 and some point to the PSA 1 and PSA 3 (Scheuvens et al., 2013). Dust sampled in the marine 

traps during this sampling interval did not contain any chlorite, while the dust trapped at Iwik 

did. Chlorite may have been supplied to Iwik from a source area nearby the Senegal-Mauritania 

Basin (Fig. 10a) or as far as the eastern Taoudeni Basin (Fig. 10b) due to the anomalously high 

chlorite content of the soils in these areas. The continental sample is further characterized by 

the occurrence of calcite and the absence of kaolinite which fits to the soils of the chosen source 

areas (Fig. 10a,b). The marine sample was characterized by the occurrence of zeolite and 

absence of chlorite. Therefore, zeolite may have been derived from the extrusive volcanic rocks 

of the northern Taoudeni Basin (Fig. 10c). A further source area might be the southern shoreline 

of Western Sahara similar to what was observed for the sample obtained during winter 2014 
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(Fig. 9b, Fig. 10d). Again, the marine winter sample contained the mineral kaolinite which 

cannot be explained with the back-trajectories and the soil map.  

 

Figure 9: Low-level (10 m) four-day back trajectories of dust events ending during the sampling interval 

15.02.-15.03.14 at site Iwik and during the sampling interval 26.02.-18.03.14 at site CBi. The potential dust 

source areas and the mineralogy of the samples are given in the subfigures a-b. The dust-storm events 

occurring during the sampling interval are indicated in subfigures c-d. 
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Figure 10: Low-level (10 m) four-day back trajectories of dust events ending during the sampling interval 

15.12.14-18.01.15 at site Iwik and during the sampling interval 16.12.14-04.01.15 at site CBi. The potential 

source areas and the mineralogy of the samples are given in the subfigures a-c. The dust storm events 

occurring during the sampling interval are indicated in subfigures e-g. 



106 
 

In Fig. 11 a typical early-summer situation is presented. Only one dust storm event was 

observed during the sampling interval (Fig. 11c). The low-level back trajectories ending at site 

CBi run offshore. The low-level back trajectory ending at site Iwik passes through the major 

PSA 2 and the high-level back trajectory passes through the major PSA 2 and 3 (Scheuvens et 

al., 2013). Dust sampled on land at site Iwik was characterized by the absence of chlorite, 

kaolinite and calcite which fits to the soils of northern Tidra Island (Fig. 11a). In contrast, dust 

sampled offshore at site CBi was characterized by chlorite and by the absence of kaolinite which 

fits to the chlorite rich soils in the Mauritanides of Mauritania (Fig. 11b). 

In Fig. 12 a typical late-summer situation is illustrated. At least five separate dust events could 

be identified (Fig. 12f-j) of which one lasted for two days. The low-level back trajectories 

ending at site CBi run offshore. The low-level back trajectories ending at site Iwik pass through 

the major PSA 2. The high-level back trajectories pass through the major PSA 2, PSA3 and 

PSA 4  (Scheuvens et al., 2013). Dust deposited in the continental traps was characterized by 

the presence of calcite and the absence of chlorite and kaolinite. Therefore, the source area of 

the dust was most likely in the Western Sahara where soils rich in calcite but poor in chlorite 

and kaolinite are located (Fig. 12a,b). Dust sampled with the oceanic traps during this sampling 

interval was characterized by the absence of chlorite and kaolinite and by the presence of a high 

percentage of zeolite (22 %) (Fig. 8c). Therefore, a possible source area may have been 

extrusive volcanic rocks of the northern Taoudeni Basin (Fig. 12c) and the Fezzan uplift (Fig. 

12e). Ferryglaucophane may have been sourced by the Pharusian belt (Fig. 12d).  
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Figure 11: High- (4500 m) and low-level (10 m) four-day back trajectories of a dust event ending during the 

sampling interval 24.06.-15.07.13 at site Iwik and during the sampling interval 25.06.-16.07.13 at site CBi. 

The potential source areas and the mineralogy of the samples are given in the subfigures a-b. The dust storm 

event is indicated in subfigure c. 
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Figure 12: High- (4500 m) and low-level (10 m) four-day back trajectories of dust events ending during the 

sampling interval 15.08.-15.09.14 at site Iwik and during the sampling interval 01.08.-21.08.14 at site CBi. 

The potential source areas and the mineralogy of the samples are given in the subfigures a-c. The dust storm 

events are indicated in subfigures e-i.   
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Discussion 

Comparison of dust collected on land and in the ocean 

Dust concentrations  

Annual average dust concentrations of ~214 (2013) and 275 μgm-3 (2014) were estimated for 

the site Iwik (Table 4). These estimates were larger than what has been measured for 

background dust concentrations in Morocco which were in the order of 100 μgm-3 during spring 

2006 (Kandler et al., 2009). However, in Morocco dust was collected at a larger height of 4 m 

and the sampling time is much shorter leading to the monitoring of less dust events. The 

horizontal dust fluxes at site Iwik correlated positively to wind speed (Fig. 7b) and decreased 

with collection height (not shown). This underscores the proximity of this continental site to 

the dust emission source.   

At the distal oceanic site CB, the annual average dust deposition flux was ~ 45 mgm-2d-1 (Table 

4). The dust flux was slightly larger than the average annual dust flux observed at site CB 

between 1988 and 2012 with ~ 30 mgm-2d-1 (Fischer et al., 2016). The slightly larger dust fluxes 

may have been caused by the anomalously high frequency in dust storm events as observed on 

satellite images occurring during the studied time period (not shown). The average horizontal 

fluxes at site Iwik were ~ 1000 times larger with ~ 100000 mgm-2d-1 (Table 4) due to the 

different sampling technique. The MWAC samplers do not measure deposition fluxes but 

foremost dust concentrations. Only 1% or less drops out of a moving dust cloud, hence, the 

horizontal dust flux is at least ~100 times higher than the dust deposition flux (Goossens, 2008). 

In addition, the observed general decrease in the dust flux from the site Iwik to the sites CBi 

and CB can be explained via the increase in the distance to the source area. Decreased dust 

deposition fluxes offshore NW Africa with increasing distance from the African coast were also 

observed by Bory and Newton (2000) analysing the lithogenic fluxes in marine sediment traps. 

The stronger decrease in the dust fluxes from site Iwik to CB during summer compared to winter 

(Table 4) may be explained in the following. During summer, dust was additionally transported 

with the trades to the site Iwik, (Fig. 9-12) leading to anomalously higher dust deposition at site 

Iwik compared to the oceanic sites. Further, the washout of dust during offshore transport may 

have depleted the atmospheric dust cloud resulting in strongly decreased dust deposition fluxes 

at site CB compared to site CBi during summer.   
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Dust transport 

The measured grain-size distributions for dust trapped at 2.90 m on land at site Iwik and for 

dust settling in the ocean were nearly all unimodal (Fig. 6). Unimodal grain-size distributions 

are typical for wind-blown sediments (Pye, 1995). Unimodal grain-size distributions were also 

measured for dust deposited in a vertical dust sampler in M’Bour (Skonieczny et al., 2011), 

dust sampled on ship vessels (Stuut et al., 2005) and in other sediment trap samples offshore 

NW Africa (Ratmeyer et al., 1999b;Friese et al., 2016;Van der Does et al., 2016a).  

The measured annual average modal grain size at site Iwik was 48 μm (Table 4). The obtained 

average annual modal grain size was close to the coarse mode of 44 μm observed by Gillies et 

al. (1996) for dust trapped at a height of 10 m during spring in Fakarbé (Mali) which is located 

about 700 km southeast of Iwik. Gillies et al. (1996) conclude that the coarse mode in the dust 

samples points to locally-derived dust. Based on this observation, we argue that also the dust 

trapped near Iwik was most likely generally of regional instead of long-distance provenance. 

The distance to the main source area may be, however, not in the direct surrounding of the dust 

collector since dust sampled with MWAC samplers in the vicinity of barchan dunes of the 

Bodélé depression at 2.4 m height is characterized by a larger modal particle size of ~ 100 μm 

(Chappell et al., 2008). The annual average modal and maximum particle size gradually 

decreased from the on-land site Iwik, to the proximal oceanic site CBi and the distal oceanic 

site CB (Table 4, Fig. 6a). This decrease in particle size between the stations CB and CBi was 

observed before and was attributed to the preferred gravitational settling of coarse particles 

during dust transport (Friese et al., 2016). Moreover, many studies have confirmed a downwind 

fining of the terrigenous fraction of surface sediments offshore NW Africa (Radczewski, 

1939;Lange, 1975;Fütterer, 1980;Koopmann, 1981;Holz et al., 2004), and it is intuitively 

logical. 

The three samples of the Iwik time series that were characterized by an additional small peak 

in the grain-size distribution around ~ 16 μm were sampled during sampling intervals of 

anomalously high wind velocity. The back-trajectories of one of these samples pointed towards 

a proximal and more distal dust source (Fig. 12a,b). Therefore, it may be possible that wind 

velocities were high enough during the sampling interval to transport dust from more distant 

sources (Fig. 12b) to the sampling site resulting in the small peak in the grain-size distributions. 

On the other hand, microscopic examination prior to particle-size analyses of the Iwik samples 

revealed that the samples included many aggregates (Fig. 5d). Hence, locally derived 

aggregates may have been sampled during periods of high wind velocities. These aggregates 
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may have been dispersed in the demineralized water during the measurement of the laser 

resulting in the observed additional fine peak at ~16 μm. Further, precipitation was encountered 

according to the TRMM data during the sampling interval of two of these three samples. 

Therefore, a further explanation for the bimodal grain-size distributions may be the deposition 

of finer dust particles from higher altitude of the SAL due to precipitation. Two of the three 

oceanic samples that were characterized by bimodal grain-size distributions have several 

proposed dust source areas each (Fig. 10, 12). Thus, the sampling of long- as well as short-

travelled dust may have resulted in a bimodal grain-size distribution.  

At the on-land site Iwik, a positive correlation between the modal grain sizes and wind 

velocities was observed (Fig. 7a). This implied that dust was transported with the trade winds 

from sources of a quite constant distance year-round. During dust storm events particles with a 

diameter of 40 to 50 µm may be transported ~ 100 km (Tsoar and Pye, 1987). The proposed 

source areas all fall in this range except for the winter sample of 2014-2015 (Fig. 10). The 

winter sample was characterized by an anomalously low modal grain size of 38 µm and particles 

of this size may be transported more than 100 km during dust storm events (Tsoar and Pye, 

1987). Moreover, Van der Does et al. (2016a) observed how particles up to 100 µm were 

transported ~ 3500 km across the Atlantic Ocean.   

Dust mineralogical composition 

In the dust sampled at Iwik the minerals quartz, feldspar, mica, amphibole, palygorskite, 

chlorite, calcite, dolomite, gibbsite, rutile and serpentine were present (Fig. 8a). The observed 

occurrence of the minerals quartz, feldspar, mica, chlorite and calcite has also been described 

for the bulk size fraction of soil samples and dust samples collected in Mauritania (Schütz and 

Sebert, 1987). Palygorskite, mica and chlorite have also been detected by Skonieczny et al. 

(2013) in the PM30 size fraction of a three-year time series of dust deposition at M’Bour, 

Senegal, more than 500km south of Iwik, Mauritania. Smectite and kaolinite, which were absent 

in the Iwik samples, were the dominant minerals of the dust sampled at M’Bour (Skonieczny 

et al., 2013). Smectite and kaolinite are considered as indicative for wet tropical soils and their 

relative abundance in soils increases southwards along the northwest African coast (Biscaye, 

1964;Lange, 1982). We argue that the mineralogical differences between the two sites are 

explained by the >500 km distance between Iwik and M’Bour and the fact that the latter station 

is surrounded by tropical soils. Gibbsite, rutile and serpentine have not been reported in any 

continental dust study so far and thus seem to be indicative for locally-derived dust (Fig. 9a, 

Fig. 11a).  
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The dust sampled at the proximal marine site CBi contained the minerals quartz, feldspar, mica, 

amphibole, palygorskite, chlorite, zeolite, kaolinite, smectite, sepiolite, rutile, garnet, anhydrite 

and fluellite (Fig. 8a). The first seven of these minerals were also found in the clay and/or silt 

and sand fraction of Saharan dust sampled during ship cruises parallel to the coast about 70 km 

off Cape Blanc (Chester et al., 1971) and perpendicular to the coast about 80 to 180 km off 

Cape Blanc (Chester and Johnson, 1971b). Analogous to the samples of this study, the PM20 

fraction of surface sediments of the piston cores RC05-57, RC05-60 and A180-44 also feature 

zeolites and the surface sediments of core RCRC05-57 also traces of pyrophyllite (sepiolite 

belongs to the pyrophyllite group) (Biscaye, 1964). Further, rutile was also present in the silt 

and sand fraction of Saharan dust sampled perpendicular to the coast on the research vessel 

(Chester and Johnson, 1971b). Palygorskite was found in the clay fraction of the surface 

sediment of sediment core GIK12329 (19° 22’ N, 19°56’ W) offshore Cape Blanc and is 

considered a characteristic mineral of Saharan dust (Lange, 1975). The observed annual average 

C/K ratio (C/K=4) recorded for the bulk size fraction of the trap samples was larger than the 

C/K ratio (C/K=0.3-1) recorded in the clay fraction of surface sediment samples offshore Cape 

Blanc by Lange (1982). The disagreement may be due to the generally larger percentage of 

kaolinite in the clay fraction compared to the silt fraction (Journet et al., 2014).  

 

The dust samples of the site Iwik were further characterized by a dominance in quartz and 

feldspar (Fig. 8a). A dominance in quartz has also been described for continental dust samples 

and soil samples collected in Mauritania by Schütz and Sebert (1987). More than 20 papers 

published XRD data of northern African dust reporting quartz as the main mineral in most dust 

samples (Scheuvens et al., 2013). Moreover, the continental sampling site is surrounded by sand 

dunes which are rich in quartz minerals (Schlüter, 2008;Lancaster, 2013). A high quartz content 

may therefore point to predominantly locally derived dust. The observed increase in micas and 

decrease in quartz and feldspar observed for the marine samples relative to the Iwik samples 

(Fig. 8a) can be explained via the preferential gravitational settling of the larger dust minerals 

quartz and feldspar during transport (Delany et al., 1967;Chester and Johnson, 1971b;Glaccum 

and Prospero, 1980;Schütz and Sebert, 1987). A strong downwind decrease in quartz content 

in Saharan dust was also observed by Korte et al. (2016). 
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Mineralogy as a provenancing tool  

Dust collected on land 

The back trajectories indicate that the dust sources for the dust collected in Iwik during winter 

were located NE and E of the sampling site (Fig. 9a, Fig.10a,b), while those during summer 

were located W (within the PNBA) and NNE of the sampling site (Fig. 11a, Fig. 12a,b). This 

is in accordance with a change in the dominant local surface wind direction from NE in winter 

to NNE in summer (Fig. 2) and is also reflected in the clay-mineralogical composition of the 

samples.  

Generally, there is not much variability in the clay-mineralogical composition of the Iwik 

samples. The back trajectories for the winter sample of 2014 indicate that the material was 

blown from the southwestern Reguibat Shield (PSA 2) (Fig. 9a). The lack of palygorskite in 

this sample does not fit to the proposed bulk palygorskite content (1-30 %) of PSA 2 (Scheuvens 

et al., 2013). We argue that the sampled dust was most likely derived from a single localized 

source instead of externally mixed sources of PSA 2 during transport. The sample included the 

characteristic minerals rutile and serpentine (Fig. 8b) which are usually a result of metamorphic 

processes (Deer et al., 1992). Indeed, the western Reguibat Shield is composed of metamorphic 

and granitic rocks (Schofield et al. (2006) and references therein) and the rocks are intruded by 

serpentinites (Schlüter, 2008). The sample was further characterized by the highest quartz 

percentage among all samples (~ 50 %) (Fig. 8b). The sand dunes of the Azefal sand sea which 

cover part of the southwestern Reguibat Shield might have sourced these quartz grains (Fig. 

9a). The sand dunes may have been fed by outcropping carbonate deposits at the northern rim 

of the Taoudeni Basin via the NE-trade winds leading to anomalously high percentages of 

calcite in the sand dunes (Fig. 9). Thus, the sand dunes may have also sourced the calcite present 

in the sample (Fig. 8b).   

 

The winter sample of 2014-2015 was suggested to be sourced from sediments of the northern 

Senegal-Mauritania Basin (PSA 2) (Fig. 10a) and the eastern rim of the Taoudeni Basin (PSA 

3) (Fig 10b). The palygorskite content of the sample (8 %) fits to the proposed bulk palygorskite 

content of PSA 2 (Scheuvens et al., 2013). This points to several externally mixed sources 

during transport instead of single local source. The sample was further characterized by calcite 

and chlorite (Fig. 8b). The sediments in the northern Senegal-Mauritania Basin (Fig. 10a) 

comprise Quaternary chalky horizons (Wissmann, 1982) which may have sourced the calcite. 

More likely, calcite may have been derived from the Mesozoic carbonate sequences cropping 
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out in the eastern rim of the Taoudeni Basin (Bertrand-Sarfati et al., 1991) (Fig. 10b). A source 

area lying at the Algerian/Mali border was also suggested for a chlorite and calcite bearing dust 

sample collected on the Canary Islands (Alastuey et al., 2005). The winter dust sample trapped 

at site Iwik was further characterized by the lowest feldspar percentage (~ 5 %), highest mica 

percentage (~ 40 %) (Fig. 8b) and lowest modal grain size (~ 38 µm) among all Iwik dust 

samples analysed for mineralogy. The Stokes terminal settling velocity is smaller for platy 

particles than for spherical particles of similar diameter (Santamarina and Cho, 2004). 

Therefore, a long-distance transport of dust from the eastern Taoudeni Basin to Iwik may have 

resulted in a depletion in spherical quartz particles (Fig. 5a,b,c) and an enrichment in platy mica 

particles (Fig. 5b).  

 

The summer sample of 2013 was proposed to be sourced from the near-by northern Tidra Island 

(PSA 2) (Fig. 11a). Again, the absence of the mineral palygorskite is noteworthy which points 

to a single localized dust source. The sample was further characterized by the mineral gibbsite 

(Fig. 8c). The northern Tidra Island is famous for the local occurrence of west Africa’s 

northernmost mangroves (Proske et al., 2008) which grow in humid and warm climates. Humid 

and warm conditions are also beneficial for the formation of gibbsite which forms through 

tropical weathering (Deer et al., 1992). Therefore, we argue that the soils of Tidra Island 

supplied the gibbsite found in the sample. A localized small gibbsite maximum was outlined 

for the surface sediments offshore Cape Blanc (Biscaye, 1964) which further supports the view 

that gibbsite is supplied from a local source. The sample was further characterized by 

anomalously large moderately spherical quartz grains (Fig. 5c) emphasizing a short travel 

distance of the dust. 

 

The summer sample of 2014 was most likely sourced by sediments of the Western Sahara (PSA 

2) (Fig. 12a,b). The palygorskite content of the sample (5 %) matches with the proposed bulk 

palygorskite content of PSA 2 (Scheuvens et al., 2013). Hence, dust was supplied from several 

local dust sources of PSA 2 which were mixed during transport. The sample was further 

characterized by calcite and dolomite (Fig. 8c). Sediments outcropping in the Western Sahara 

are composed of Tertiary sediments (Wissmann, 1982) with limestone deposits (Bosse and 

Gwosdz, 1996) that may explain the calcite found in the sample (Fig., 12a). Upper cretaceous 

outcrops in the Aaiun-Tarfaya Basin near Laâyoune comprise dolomites (Bosse and Gwosdz, 

1996) and could have sourced the dolomite found in the sample (Fig. 12b). A further evidence 

for dolomite-bearing dust transport from the Aaiun-Tarfaya Basin is a local dolomite maximum 
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outlined for the surface sediments offshore the Western Sahara (Johnson, 1979). A Saharan dust 

sample trapped in NE Spain also contained dolomite and calcite and was related to a source 

area lying in the Western Sahara (Avila et al., 1997).  

 

Dust collected at the marine sites 

The seasonal contrast in the dust transport patterns (high-level Saharan Air Layer vs. low-level 

Trades) potentially leaded to strongly deviating dust sources for the material deposited in the 

marine trap samples. During winter, the back trajectories indicated that the potential dust source 

areas were located NE of the sampling site (Fig. 9b, Fig. 10c,d), while those during summer 

were located NE, E and SE of the sampling site (Fig. 11b, Fig.12a,c,d,e). This large variability 

in wind patterns can clearly be recognized in the clay-mineralogical compositions of the 

samples throughout the seasons. 

Considering the much larger catchment area of the traps, several localized dust sources may 

have been sampled with the traps. As a result, the composition of the analyzed samples fit well 

to the bulk composition of the chosen PSA. The back trajectories indicate that the winter sample 

of 2014 originated from the shoreline of the Western Sahara (PSA 2) (Fig. 9b). The observed 

C/K ratio (C/K=1) and the palygorskite content (11 %) are in agreement with the bulk 

compositional C/K ratio (C/K=0-1) and palygorskite content of PSA 2 (Scheuvens et al., 2013). 

The sample was further characterized by the presence of chlorite, kaolinite, smectite, garnet, 

anhydrite and fluellite (Fig. 8b). The characteristic occurrence of garnet together with the 

highest quartz content (33 %, Fig. 8b) among all CBi samples confirms a short transport 

distance of the trapped dust. Chlorite may be sourced from a small coastal area where chlorite-

rich fluvisols are found (Journet et al., 2014) (Fig. 9b). The mineral fluellite which is a 

weathering product of phosphate may have been derived from outcropping phosphate deposits 

near the Bucraa phosphate mine (Moreno et al., 2006) (Fig. 9). The occurrence of kaolinite in 

the sample is remarkable as this mineral was not observed in high amounts in the soils 

underlying the back trajectories. However, the sample was further characterized by a lack of 

feldspar (Fig. 8b), which tends to be hydrothermally altered to kaolinite (Deer et al., 1992). The 

same process may explain the presence of anhydrite in this sample, although this mineral could 

also originate from evaporites along the coast. Another explanation for the presence of kaolinite 

and smectite may be the transport of these minerals from southern latitudes via the poleward-

flowing undercurrent to the trap site CBi (Fig. 1). Kaolinite and smectite were found in the clay 

fraction of the surface sediments off Senegal (Nizou et al., 2011) and may have been brought 
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into the ocean by the Senegal River, and redistributed by ocean currents (Biscaye, 1964). The 

season of high Senegal River sediment supply is between July to October/November (Gac and 

Kane, 1986). Assuming a mean speed of ~10 cm/s  of the undercurrent (Mittelstaedt, 1991), it 

may take about two months for the particles to travel a distance of ~500 km to the trap site CBi. 

This time delay might explain the observed occurrence of these minerals in the trap samples 

during winter, but not during summer.  

 

The back trajectories of the winter sample of 2014 to 2015 lead to the Reguibat Shield (PSA 2) 

(Fig. 10c) and coastal Western Sahara (PSA 2) (Fig. 10d). The observed C/K ratio (C/K=0) and 

palygorskite content (1 %) fall within the ranges of these minerals in PSA 2 (Scheuvens et al., 

2013). The sample was further characterized by the mineral zeolite (Fig. 8b). Zeolites are 

formed from volcanic glass and tuff and form well-developed crystals in basalts (Deer et al., 

1992). Therefore, the source area of the zeolites may have been outcropping volcanic rocks in 

the northern Taoudeni Basin (Fig. 10c). These rocks belong to mafic dikes and sills which are 

commonly basalts with dotted patches of glass (Verati et al., 2005). An additional indication 

for a distant dust source may be the lowest quartz content (4 %) among all samples (Fig. 8b). 

The CBi trap sample was further characterized by the minerals sepiolite and smectite (Fig. 8b). 

Sepiolite belongs to the pyrophyllites which is a mineral that also may be considered indicative 

of tropical weathering (Moore and Reynolds, 1989). Similar to the winter dust sample recovered 

during 2014, sepiolite and smectite may have been derived from humid weathering on the wet 

shoreline of the Western Sahara (Fig. 10d) or from current transport of clay particles from the 

Senegal River mouth. Palygorskite-sepiolite mafic clays were found in soil samples of the 

Western Sahara (Moreno et al., 2006) which may supports a Western Saharan source. 

 

Based on the back trajectories, the summer sample of 2013 was suggested to be sourced from 

the Mauritanides (PSA 2) (Fig. 11c). This is confirmed by the palygorskite content of the 

sample (2 %) (Scheuvens et al., 2013). Outstanding minerals in this sample are chlorite and 

rutile (Fig. 8c). Outcrops in the Mauritanides west of the Taoudeni Basin feature strongly 

metamorphosed rocks (Villeneuve, 2005) and greenschist facies (Dallmeyer and Lécorché, 

2012) which may have been the source of the rutile and chlorite.    

 

The reconstructed source area of the summer sample of 2014 was the Pharusian belt (PSA 3) 

(Fig. 12c) and the extrusive volcanics of the northern Taoudeni Basin (PSA 2) (Fig. 12d). The 

lack of palygorskite in the sample  does corroborate with PSA 4 (‘not detected’) (Scheuvens et 
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al., 2013) suggesting that the provenance of the dust sample may be mainly confined to PSA 4. 

The sample was further characterized by zeolite and ferryglaucophane (Fig. 8c). The dike 

swarms and sills of the northern Taoudeni Basin (Verati et al., 2005) (Fig. 10c, Fig. 12c) and/or 

the basalts of the Fezzan uplift (Fig. 12e) may have sourced the zeolite. Indeed, zeolite was 

described as one of the main secondary minerals in the basaltic rocks of the central Al-Harui 

Al-Abyas basalt flows (Abdel-Karim et al., 2013) and in vesicles of the east Al Haruj basalts 

(Cvetković et al., 2010) of the Fezzan uplift. Traces of zeolite were also detected in the Iwik 

sample during this sampling interval. It may be that the zeolite dropped out of the high-altitude 

dust cloud and was subsequently transported via the surface trade winds to the continental trap 

site. The presence of ferryglaucophane and the absence of feldspar and chorite in the sample 

indicates highly metamorphous outcrops constituting the dust source. Therefore, the sample 

may have been additionally sourced by the Pharusian belt (Fig. 12c) because blueschists were 

observed in Timétrine (Caby, 2014) and glaucophane bearing eclogites in the Gourma fold and 

thrust belt north of Gao (Caby et al., 2008). The sample was further characterized by the highest 

mica content (44 %) among all samples (Fig. 8c) supporting a large dust transport distance. 
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Summary and conclusions 

The fluxes, grain-size distributions and the mineral assemblages of the continental trap samples 

and oceanic sediment trap samples were well comparable to the characteristics of Saharan dust 

reported for the region. The following main findings were made: 

- dust deposited on the continent was predominantly transported with the trade winds from 

proximal sources, while dust deposited in the marine traps was transported with both the 

trade winds (winter, proximal) and in the Saharan Air Layer (summer, distal) from proximal 

and distal sources 

- the percentage of mica relative to the quartz content increased in the deposited dust with 

increasing transport distance, most likely due to the platy shape of these minerals, which 

reduces settling 

To conclude, the particle size and mineralogy of Saharan dust recorded in continental climate 

archives should be interpreted differently with respect to paleo-environmental conditions 

compared to marine climate archives; the on-land archive seems to reflect a much more local 

signal as compared to the regional signal that is recorded in the marine sediments. Given the 

relationship between particle size and wind strength, we suggest that the particle size in the 

continental archive in NW Africa may indicate the paleo-wind strength of the trade winds. This 

is an intuitively logical conclusion, but it has not been demonstrated before so clearly. Finally, 

we have shown how the mineralogical composition of the samples can be used for 

provenancing of dust particles found in both on-land and marine dust archives.  
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Appendices 

Satellite RGB images 

 

In Fig. A1-4 satellite RGB true colour images are shown of the identified dust storms occurring 

during the sampling interval of the samples analysed for dust provenance. On 31 July 2014 only 

few dust can be observed which overlies the sampling location CBi (Fig. A2). This fits to the 

observed minor percentage of the mineral ferryglaucophane (7 %) in the sample which was 

suggested to be sourced on 31 July 2014 from PSA 3. Zeolite, which was more abundant (22 

%) in the dust sample, was therefore most likely derived from PSA 4 due to the major dust 

storm event occurring on 7 August 2014 (Fig. A3).  

 

 

Figure A1: Dust storm on 02 July 2013. 
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Figure A2: Dust storm on 31 July 2014. 

 

Figure A3: Dust storm on 07 August 2014. 
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Figure A4: Dust storm on 08 August 2014. 

 

Four day back-trajectories 

 

In Fig. A5-8 the four day back-trajectories are shown calculated at the heights 3000 m, 4500 m 

and 5500 m ending at site CBi. These high altitude back-trajectories were calculated for the 

identified summer days with dust storm events (shown in Fig A1-4). On the one hand, a height 

of 4500 m was chosen by Skonieczny et al. (2013) in a dust provenance study to represent the 

Saharan air layer (SAL). On the other hand, a height of 5500 m was chosen by Ratmeyer et al. 

(1999a) in a dust transport study to represent the SAL. Maximum wind velocities within the 

SAL are observed at a height of ~ 3 - 4 km in the area of the Cape Verde Islands during summer 

according to Carlson and Prospero (1972). Therefore, we also plotted the back-trajectories at a 

height of 3000 m. In order to investigate which air layer should be chosen for provenance 

studies, the back trajectories of the different heights were compared.  

The back-trajectories deviated slightly from each other regarding their direction and length. The 

back-trajectories at 3000 m showed the most deviation. Further, the back-trajectories at 4500 

m showed the best agreement with the source areas and the minerals in the samples. Therefore, 

we chose to use the trajectories at 4500 m for provenance studies according to Skonieczny et 

al. (2013). 

 



122 
 

 

Figure A5: Four day back-trajectories at a height of 3000 m, 4500 m and 5500 m on 02 July 2013. 
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Figure A6: Four day back-trajectories at a height of 3000 m, 4500 m and 5500 m on 31 July 2014. 
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Figure A7: Four day back-trajectories at a height of 3000 m, 4500 m and 5500 m on 07 August 2014. 
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Figure A8: Four day back-trajectories at a height of 3000 m, 4500 m and 5500 m on 08 August 2014. 
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Abstract 

Mineral dust does not only impact climate by influencing the earth’s radiative balance and the oceanic 

carbon pump, it’s physical and chemical properties are also related to changes in the wind speed, 

precipitation and vegetation cover. The sensitivity of the particle size of deposited Saharan dust to wind 

speed is frequently used as a proxy for the paleo wind intensity. However, the particle size is also 

influenced by changes in the rainfall frequency. When dust is deposited in the ocean the change in the 

particle size due to precipitation differs compared to dust deposited on land. To better understand the 

mechanisms responsible for this difference, new particle flux and size data was gained for total deposited 

dust and wet deposited dust in Bambey, Senegal during 2013. The results were compared to local 

meteorological data, back-trajectories and satellite images. Further, the data were compared to available 

particle flux and size data of dust deposited in and offshore Mauritania in the same year. The results 

indicated that wet deposition resulted in increased scavenging of particles smaller than 10 µm from the 

Saharan air layer on the continent. In contrast, rainfall at the oceanic sites occurred together with the 

deposition of anomalously coarse particles offshore. The emission, transport and deposition of the coarse 

particles was related to mesoscale convective events occurring on the continent. 

 

 

Keywords: Saharan dust, particle flux, particle size, mesoscale convective events, precipitation 
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Introduction 

The earth’s climate is influenced by the transport and deposition of mineral dust. The 

atmospheric transport of mineral dust has an impact on the atmospheric energy balance 

(Haywood and Boucher, 2000), the precipitation distribution as well as amplitude (Yoshioka et 

al., 2007) and sea surface temperatures (Lau and Kim, 2007). The deposition of mineral dust in 

the ocean impacts the oceanic carbon pump (Martin, 1990;Martin et al., 1991;Jickells et al., 

2005;Ploug et al., 2008a;Iversen et al., 2010;Iversen and Robert, 2015). In turn, the emission, 

transport and deposition of mineral dust reacts sensitively to changes in the wind speed, rainfall, 

temperature and vegetation cover related to a changing climate. The sensitivity of mineral dust 

to environmental conditions is used to reconstruct the paleo climate which is required to test 

climate models (Diester-Haass and Chamley, 1978;Stein, 1985;Rea, 1994;Holz et al., 

2007;Tjallingii et al., 2008;Mulitza et al., 2010).    

The particle size of mineral dust has been used frequently as an indicator for the paleo wind 

speed of the transporting air layer. However, recent studies suggest that the particle size may 

also be used as an indicator for paleo precipitation frequency (Friese et al., 2016). Further 

quantitative proxy data are required to investigate the interplay between rain-related deposition 

and the resulting particle size of deposited mineral dust (Friese et al., 2016). Offshore northwest 

(NW) Africa, rainfall causes an increase in the modal grain size of the deposited dust (Friese et 

al., 2016). In contrast, onshore NW Africa decreased modal grain sizes are observed during 

time intervals with frequent precipitation (Skonieczny et al., 2013). The difference in these 

observations may be due to local differences in dust emission, transport and deposition.  

To test this we analysed the particle size and fluxes of Saharan dust sampled in Senegal with a 

total and wet deposition sampler during the dry (spring) and wet season (summer) in 2013. By 

comparing the data with local meteorological data and with the results of the particle-size 

analyses onshore and offshore Mauritania (Friese et al. (2017), submitted) we aim to answer 

the following scientific questions:  

1. What is the variability in the particle size and flux of dust deposited during the dry 

season versus the wet season?  

2. What are the environmental factors driving the modal particle size and flux during the 

dry season versus the wet season? 

3. How do the particle size and flux data of the Bambey station compare to the available 

particle size and flux data of the stations Iwik, CBi and CB? 
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Study area 

The sampling site is located in Bambey (14°42’ N, 16°30‘ W) about 60 km east of M’Bour 

(Fig. 1a,b). The site is hosted by the ‘National Agronomic Research Centre of Bambey’ 

(CNRA) of the ‘Agronomic Research Institute of Senegal’ (ISRA). It is situated in the Sahel 

which is a 400 km wide regional transition zone between the dry Sahara to the north and the 

tropical rainforest to the south (White, 1983). While the average annual precipitation is less 

than 51 mm in Nouadhibou (Sahara), it increases to 585 mm in Dakar (Sahel) and further to 

1750 mm at Conakry (tropical rainforest) (National Geospatial-Intelligence Agency, 2006). 

Thus, the sampling site is surrounded by the typical wooded grassland of the Sahel zone 

(Frederiksen and Lawesson, 1992) (Fig. 1.c). The sampling site is underlain by outcropping 

Eocene sandy to chalky sediments (Wissmann, 1982). The vegetation in the study area acts as 

a trap for the particles (Pye, 1995) resulting in relatively low dust emissions. Therefore, the 

study area is not situated within a major potential dust source areas as defined by Scheuvens et 

al. (2013) (Fig. 1a,b). 

Atmospheric setting 

The seasonal shift in the intertropical convergence zone (ITCZ) from 12°N during boreal winter 

to ~21°N during boreal summer results in a seasonal change in precipitation and wind 

circulation in the study area (Nicholson, 2009). Saharan dust emission, transport and deposition 

is tightly coupled to the seasonal variation in the atmospheric parameters (Marticorena et al., 

2010;Knippertz and Todd, 2012).   

During spring, the large temperature contrast between the cold mid- and high latitudes and the 

hot subtropical continents leads to the frequent development of cyclonic storms on the African 

continent that favour dust emission (Knippertz, 2014). Spring dust sources were observed in a 

large area centred on Mauritania and Mali (Middleton and Goudie, 2001). During spring, dust 

is transported close to the surface towards Senegal (Léon et al., 2009). The surface trade winds 

blow from the north and are sometimes deflected by the sea breeze towards the NW (Fig. 1a) 

(National Geospatial-Intelligence Agency, 2006). The ITCZ and rain belt are positioned south 

of the sampling site resulting in dry conditions in the study area (National Geospatial-

Intelligence Agency, 2006) (Fig. 1a). Therefore, dust is deposited dry only owing to the lack of 

precipitation. 

During summer the dominant synoptic scale weather system that leads to dust emission are 

African easterly waves (AEWs) (Knippertz and Todd, 2012). In eastern Mali and northern 
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Mauritania dust was shown to be emitted associated with the AEW vortex and convective cold 

pools forming to the east of the AEW (Knippertz and Todd, 2010). Local dust emissions were 

not observed in Senegal during June (Lebel et al., 2010). In July, southwest (SW) monsoonal 

surface winds start blowing to the study site owing to the northward shift of the ITCZ (National 

Geospatial-Intelligence Agency, 2006) (Fig. 1b). The SW monsoonal winds are weaker 

compared to the northern (N) trade winds and are sometimes shifted to the west (W) and NW 

due to the sea breeze in the morning (National Geospatial-Intelligence Agency, 2006). Dust is 

predominantly transported at high altitudes (4500m, Friese et al. (2017), submitted) within the 

Saharan air layer (SAL) in the direction of Senegal during summer (Léon et al., 2009). The 

inflow of the moist monsoonal winds during summer results in frequent precipitation in the 

study area and thus wet deposition of Saharan dust (Fig. 1b).  

Figure 1: Sampling sites during (a) spring and (b) summer 2013. Further indicated are several four day 

back-trajectories (downloaded from HYSPLIT trajectory model, spring: ending on days with dust storm 

events as identified on RGB images, summer: ending on days with precipitation as identified by the local 

meteorological sensor), major dust source areas (green lines after Scheuvens et al. (2013)), precipitation 

(grid downloaded online from Giovanni averaged over spring and summer 2013) and high aerosol index 

(grey boxes, downloaded online from Giovanni averaged over spring and summer 2013).  (c) The sampling 

site and sampling collectors in Bambey, Senegal.  
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Material and Methods 

Inverted Frisbee sampler for dry and ‘total’ deposition 

A passive inverted ‘Frisbee’ shaped collector (Hall and Waters, 1986;Hall and Upton, 1988) 

equipped with a flow detector ring (Wiggs et al., 2002) was used to sample total dust deposition 

(Fig. 1c, Tab. 1). It was filled with marbles to limit dust resuspension and rain splashing. The 

inverted Frisbee sampler was chosen because of the better aerodynamic characteristics and 

collection efficiencies compared to conventional gauges (Hall and Waters, 1986;Hall and 

Upton, 1988). The average surface wind speed was ~ 2 ms-1 during the sampling period of this 

study (not shown). For wind speeds of 2 ms-1 and a particle size of 50 μm the collection 

efficiency is given with ~ 90 % (Hall and Upton, 1988). The collection efficiency increases 

with decreasing particle size for particles < ~ 80 - 100 μm due to turbulent diffusion (Hall and 

Upton, 1988). Therefore, dust samples caught with the Frisbee are shifted to finer sizes 

(Goossens, 2007). The error with respect to dust with a median diameter of 39 μm is ~ 8 % for 

a wind speed of 2 ms-1 and slightly increases to ~ 13 % for a wind speed of 4 ms-1 (Goossens, 

2007). The sampler was located on the roof of the local building at a height of ~ 6.5 m. Sampling 

was executed on a weekly interval, except for periods with rain after which the Frisbee was 

emptied for the next sampling session. After collection, the sampler was rinsed with a large 

volume of water. After six hours, the water was decanted, the excess water was siphoned and 

the sample was subsequently dried in an oven. Afterwards, the samples were weighed with a 

balance with a precision of 0.0001 g. The samples of the year 2013 (FR 13) were chosen for 

grain-size and deposition flux analyses.  

MTX automatic collector for ‘wet’ deposition 

A passive MTX ARS 1010 automatic deposition sampler (MTX Italia SPA, Modane, Italy) was 

used to sample dust resulting from wet deposition (Fig. 1c, Tab. 1). The collector was composed 

of two buckets with a diameter of 30 cm each. A humidity sensor was attached to the buckets 

which activates an aluminium lid to cover or uncover the buckets. The sampler was located on 

the roof of the building at a height of ~ 5.5 m. After each precipitation event the samples were 

collected. Like the samples collected with the inverted Frisbee sampler, the samples of the MTX 

sampler were rinsed with a large volume of water, decanted, siphoned, dried and weighed. The 

samples of the year 2013 (BBH 13) were chosen for grain-size and deposition flux analyses. 
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Table 1: Specifications of the FR and BBH dust time series collected during 2013 chosen for grain-size and 

deposition flux analyses.  

Trap 

series 

Trap 

type 
Deposition 

Sampling 

period 
Position 

Trap 

height 

[m] 

No. of 

samples 
Sampling intervals 

FR 13 

Inverted 

Frisbee 

 

Total 
17.04.2013 -

07.10.2013 

14°42’ N 

16°30’ W 
6.5 38 

1 x 13 d, 

10 x 7 d, 2 x 6 d, 1 x 5 d, 6 x 

4 d, 8 x 3 d, 7 x 2 d, 2 x 1 d 

BBH 13 

MTX 

ARS 

1010 

 

Wet 
30.06.2013 - 

07.10.2013 

14°42’ N 

16°30’ W 
5.5 28 

4 x 1 h, 1 x 2 h, 3 x 3 h, 3 x 

4 h, 4 x 5 h, 2 x 6 h, 1 x 8 h, 

2 x 9 h, 1 x 10 h, 1 x 12 h, 1 

x 13 h, 1 x 14 h, 1 x 16 h, 1 

x 18 h, 1 x 20 h, 1 x 21 h 

 

Deposition flux 

Daily total (FTD) and wet deposition (FWD) fluxes [gm-2d-1] were calculated according to Eq. (1) 

(Marticorena et al., 2017):  

𝐹𝑇𝐷,𝑊𝐷 =  
𝑀

(𝐴 ×𝑇)
                                  (1) 

Where M is the weight of the samples [g], A is the surface area of the collector [m2] and T is 

the sampling interval [d]. Both the Inverted Frisbee and the MTX ARS 1010 collector have a 

surface area of 0.07 m2.  The sampling interval is the number of days between the date of 

installation of a clean collector and the date of collection of a deposition sample.  

Particle size 

The FR 13 as well as the BBH 13 sample series featured aggregates after having been dried in 

the oven. Therefore, each sample was pre-treated before measurement in order to disperse the 

aggregates. The pre-treatment involved two steps: (1) 150 mg of Na4P2O7*10H2O and 100 ml 

of distilled water was added to each sample and the mixture was boiled for a few minutes. (2) 

10 ml of H2O2 (35 %) was added to each sample and the mixture was boiled until the oxidation 

reaction was finished and the excess H2O2 was disintegrated into H2O and O2. The samples 

were analysed with the laser particle sizer Beckmann Coulter LS 13320 with addition of a Micro 

Liquid Module (MLM). The advantage of the instrument is the quick, accurate and precise data 

acquisition of large size intervals (Stuut, 2001). The analytical error of the measurements was 

± 1.26 μm (± 4.00 %) (Friese et al., 2016). 
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Meteorological data 

Campbell scientific instruments were used to measure the wind speed and direction, air 

temperature, relative humidity and precipitation at the study site Bambey (14°42’ N, 16°30’ 

W). The data was gathered at an hourly resolution from April to October 2013. The wind speed 

and direction were measured using a 2DWindSonic sensor, temperature and relative humidity 

using 50Y or HMP50 sensors and rainfall using an ARG100 tipping bucket rain gauge. The 

meteorological instruments were situated on the roof of the local building at a height of ~ 6.5 

m.  

In addition, a Davis 6250 Vantage Vue meteorology sensor was used to measure wind direction 

and wind-speed data at the site Iwik (19°53.1' N, 16° 17.6' W). The data was gathered at a five 

minute to one hour resolution from January to June 2013 and from September 2013 to January 

2015. The sensor was attached to a mast at a height of ~ 2 m.   

Satellite data 

Satellite quasi-true colour RGB images (MODIS dataset) were retrieved from the NASA 

Worldview website (https://worldview.earthdata.nasa.gov).  

Satellite Enhanced Vegetation Index (EVI) images (MODIS terra dataset, 1 km resolution) were 

retrieved from the online data pool, courtesy of the NASA EOSDIS Land Processes Distributed 

Active Archive Centre (LP DAAC), USGS/Earth Resources Observation and Science (EROS) 

Centre, Sioux Falls, South Dakota (https://reverb.echo.nasa.gov/reverb).  

 

 

  

https://reverb.echo.nasa.gov/reverb


133 
 

Results 

Meteorology 

In Fig. 2a-b the local surface wind speed and direction during spring and summer are displayed 

for the sites Bambey (Senegal) and Iwik (Mauritania). The locations of the sites on the 

continental margin can be viewed in Fig. 2c. Since no meteorological data were available for 

the site Iwik during summer 2013, the data of summer 2014 was shown instead. On average, 

the wind speed was smaller at Bambey compared to Iwik by ~ 4 ms-1. Further, the wind direction 

was predominantly NW at Bambey, while NNE and NE winds prevailed at Iwik. The average 

wind speeds were larger during spring compared to summer at both sites. At Bambey, the 

predominant wind direction shifts from NW during spring to W during summer related to the 

northward migration of the ITCZ over the site. The wind direction during rainfall was 

predominantly from the SW due to the moisture bearing monsoonal winds blowing onshore. At 

Iwik, the wind direction slightly changed from NNE and NE during spring to predominantly 

NNE directions during summer.   

 

Figure 2: Local surface wind direction and speed for (a) Bambey and Iwik during spring 2013 and (b) 

Bambey during summer 2013 and Iwik during summer 2014. 
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In Fig. 3 the hourly precipitation is displayed with respect to Bambey during spring and summer 

2013. As it can be clearly seen, there is absolutely no rainfall in the dry season in spring 2013. 

On 30 June 2013, the first rainfall event occurred announcing the beginning of the rainy season. 

The peak in the rainfall can be observed during the end of August until the beginning of 

September with a maximum value detected on 30 August 2013 with ~ 30 mmh-1.  

 

Figure 3: Local precipitation at Bambey during spring and summer 2013.   

Satellite images 

In Fig. 4a-b the change in the vegetation cover is displayed for the study area Bambey using 

satellite RGB and EVI index images. Usually, the normalized difference vegetation index 

(NVDI) is used to investigate trends in vegetation coverage. However, soil reflectance in 

sparsely vegetated areas may bias the NVDI (Pettorelli et al., 2005). The newly developed EVI 

index accounts for the soil reflectance (Pettorelli et al., 2005). Therefore, the EVI index was 

used in order to investigate vegetation trends in the study area under investigation which is 

characterized by sparse vegetation during the dry season. In Fig. 4a it can be clearly seen that 

there is no vegetation at Bambey and that the northern limit of vegetation is situated south of 

the sampling site in June. However, with the beginning of precipitation at the study site, the 

vegetation cover quickly shifts northwards. As a result, the study area is surrounded by 

vegetation during August as can be visualized in Fig. 4b.  
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Figure 4: Vegetation cover in NW Africa.  (a)  Satellite image on 30 June 2013 and monthly average EVI 

index for June 2013 (b) Satellite image on 15 August 2013 and monthly average EVI index for August 2013 

(Images: NASA worldview and NASA EOSDIS LP DAAC).  

More frequent dust storm events as depicted on satellite RGB images occurred in the study area 

during spring compared to summer 2013 (not shown). In Fig. 5 a prominent dust-storm event 

is displayed which occurred on 11 June 2013 and lasted for six days. In the figure it can be 

depicted that not only the site Bambey, but also the sites Iwik, CBi and CB are within the 

influence of the dust storm.  
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Figure 5: Dust-storm event occurring on 11 June 2013 and lasting until 17 June 2013 (Image: NASA 

Worldview).   

Deposition flux 

The FTD and FWD of the dust samples from April to October 2013 are shown in Fig. 6. The 

highest FTD was recorded in the dry season from 11 to 18 June with 1.61 gm-2d-1.  

During the wet season, the lowest FTD was recorded from 8 to 12 August with 0.03 gm-2d-1. 

Only a few days later, from 15 to 17 August, a deposition event occurred with an anomalously 

high FTD of 0.69 gm-2d-1. This event was primarily related to dry deposition since only 0.09 gm-

2d-1 of FWD was recorded during the sampling interval. The highest FWD was recorded at the 

beginning of the wet season from 1 to 4 July with 0.34 gm-2d-1. The trend in the FTD was roughly 

mirrored by the trend in the FWD. ~ 30 % of the synchronous samples showed equal FTD and 

FWD fluxes (FTD/FWD ratio = 1). 



137 
 

 

Figure 6: Total and wet deposition flux in Bambey, Senegal during spring and summer 2013.  

In Tab. 2 the average dust fluxes and related standard deviations during spring and summer 

2013 of Bambey are compared to the stations Iwik, CBi and CB (Friese et al. (2017), submitted). 

The average FTD recorded in Bambey during spring was only 0.5 % of the horizontal dust flux 

(FH) recorded at site Iwik. Further, less than 10 % of the FTD recorded at Bambey was observed 

in the marine sediment traps during spring. During summer, the FTD at the Bambey and the 

oceanic traps were comparable, while the FH at site Iwik was 600 times larger. On the contrary, 

the FH for dust trapped at Iwik was larger during summer compared to spring. Analog, the FTD 

at the oceanic sediment trap sites CBi and CBi were larger in summer compared to spring. 

During summer, dry deposition was as large as FWD at Bambey as given by the on average two 

times larger FTD compared to FWD.   

Table 2: Average dust fluxes at the sites Bambey, Iwik, CBi and CB during spring and summer 2013. 

Standard deviations are given in brackets.  

Study site 
Mean flux in spring 2013 

[gm-2d-1] 

Mean flux in summer 2013 

[gm-2d-1] 
Reference 

Bambey FTD* = 0.42 (0.44) 
FTD* = 0.19 (0.14) 

FWD* = 0.10 (0.08) 
This study 

Iwik FH* = 83 (24) FH* = 113 (123) Friese et al. (2017), submitted 

CBi FTD* = 0.06 (0.06) FTD* = 0.16 (0.06) Friese et al. (2017), submitted 

CB FTD* = 0.04 (0.04) FTD* = 0.06 (0.04) Friese et al. (2017), submitted 

*FTD: Total deposition flux, FWD: Wet deposition flux, FH: Horizontal flux 
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In Fig. 7a-b the results of the correlation of the deposition flux data with the local 

meteorological data are presented.  

Regarding the spring dry deposition samples (FTD, N=7) a correlation above a coefficient of 

determination (R2) of 0.6 was considered significant at the 95 % confidence level for two-tailed 

probabilities. The daily FTD correlated positively linearly to the frequency of the SW surface 

winds during the sampling interval with a coefficient of determination of R2 = 0.9 which is 

highly significant at the 100 % confidence level. The FTD did not correlate to the local mean 

surface wind speed significantly (R2 < 0.5).  

Regarding the summer wet deposition samples (FWD, N=21) a correlation above a coefficient 

of determination (R2) of 0.2 was considered significant at the 95 % confidence level for two-

tailed probabilities. The wet deposition flux per hour of rainfall correlated exponentially 

negatively to the hours of rainfall during the sampling interval with a coefficient of 

determination of R2 = 0.5 which is highly significant at the 100 % confidence level. Again the 

FWD did not correlate to the local mean surface wind speed significantly (R2 < 0.1).  

 

Figure 7: Correlation between the dust deposition fluxes and local meteorological data. (a) The FTD 

increased linearly with increasing frequency of SW surface winds.  (b) The wet deposition flux per hour of 

rainfall in summer exponentially decreases with increasing hours of rainfall.  

Particle size 

The particle-size distributions of the total deposited dust samples in Bambey from April to 

October 2013 are shown in Fig. 8a-b. Moreover, the particle-size distributions of the samples 

gathered at the stations Iwik, CBi and CB from April to October 2013 (Friese et al. (2017), 
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submitted) were added to Fig. 8a,b. The particle-size distributions of the Bambey total 

deposition samples were averaged over some samples in order to synchronize the time interval 

according to the CB and CBi samples. The following characteristics could be observed for the 

Bambey samples: the measured particle sizes ranged from minimum 0.4 μm (the lower 

detection limit of the laser particle sizer) to maximum 245 μm. A coarse shoulder could be 

observed for some dust samples between ~80 and ~200 μm which can be related to platy 

particles that behave aerodynamically differently (Stuut et al., 2005). The particle diameter in 

the grain-size distribution with the highest frequency is called the modal grain size (Basu and 

DasGupta, 1997). Most particle-size distributions were unimodal, meaning that only one 

frequency peak was observed in each distribution. A special characteristic of some of the 

summer samples of the sites Bambey, Iwik and CBi was the observed fine shoulder between ~ 

5 and ~ 15 μm (Fig. 8b) which was not observed for the spring samples (Fig. 8a).  

 

Figure 8: Grain-size distributions of total deposited dust collected in (a) spring and (b) summer 2013 at the 

study site Bambey, CBi and CB (Friese et al. (2017), submitted) and grain-size distributions of atmospheric 

dust collected in Iwik (Friese et al. (2017), submitted).  

The modal particle size of the total as well as wet deposited dust with time is shown in Fig. 9. 

A background modal particle size around 20 μm can be depicted as a baseline in the figure for 

the dry as well as the wet season with events being characterised by increased values.  

Two anomalously coarse modal events can be recognised in the grain size (> 100 μm) during 

the dry season:  185 μm was measured between 11 and 18 June and 154 μm between 18 and 25 

June. The trend in the modal particle size during the dry season was similar to the trend in the 

FTD fluxes during the dry season (Fig. 6).  
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During the wet season, also two events are shown in the modal grain sizes by a coarsening of 

the deposited dust to 128 μm from 15 to 17 August and to 116 µm from 17 to 21 August. The 

modal particle sizes of the wet deposited samples were well comparable to the modal particle 

sizes of the total deposited samples. 45 % of the synchronous total and wet deposition samples 

showed the same modal grain size during the respective sampling interval. Contrary to the dry 

season, the wet season was characterized by anomalously fine-grained samples. Five 

synchronous total as well as wet deposition samples exhibited a modal particle size smaller than 

10 μm. The wet deposition samples were characterized by more frequent modal particle sizes 

< 10 μm with ten samples in total compared to the total deposition samples. On average, 45 % 

of the synchronous samples exhibited a smaller modal grain size by ~ 4 μm of the wet deposited 

compared to the total deposited dust. Out of these samples three wet deposition samples were 

characterized by an anomalously large deviation in the modal particle size compared to the 

synchronous total deposited sample with a difference of ~ 11, 14 and 93 μm, respectively. These 

samples were further characterized by a sampling interval ≥ 4 days. Only two synchronous 

samples were characterized by a slightly larger modal grain size by ~ 2 μm on average of the 

wet deposited compared to total deposited dust.  

 

Figure 9: Modal grain size of total and wet deposition samples in Bambey, Senegal during spring and 

summer 2013.  

In Tab. 3 the average modal grain size, mean grain size to modal grain size ratio (mean/mode 

ratio) and standard deviation of the grain-size distributions of dust sampled at Bambey are 
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compared to the stations Iwik, CBi and CB (Friese et al. (2017), submitted). The average modal 

grain size of total and wet deposited dust sampled in summer in Bambey is smaller with 19 μm 

and 17 μm, respectively, compared to the spring samples characterized by a modal grain size 

of 23 μm. However, the observed difference is in the range of the standard deviations and 

therefore considered not significantly large enough. In contrast, significantly larger modal grain 

sizes during summer compared to winter are observed at site CBi (Friese et al. (2017), 

submitted). Thus, the summer average modal grain size of dust trapped at site CBi is larger than 

the summer average modal grain size of dust trapped at Bambey.  

The average mean/mode ratio and standard deviation are a measure of the sorting of a grain-

size distribution. The values did not significantly differ between the spring dry deposited 

samples and the summer total and wet deposited samples. On the contrary, offshore Mauritania, 

at site CBi, the sorting of dust sampled during summer was significantly weaker compared to 

dust sampled during spring (Friese et al. (2017), submitted).  

Table 3: Average grain-size statistics of the sites Bambey, Iwik, CBi and CB during spring and summer 

2013. Standard deviations are given in brackets.  

Study site Deposition Sampling interval Spring 2013 Summer 2013 Reference 

Average modal grain size [μm]  

Bambey Total 1-13 d 23 (4) 19 (7) This study 

Bambey Wet 1-20 h - 17 (8) This study 

Iwik Total 21-61 d 50 (0) 49 (7) Friese et al. (2017), submitted 

CBi Total 21 d 16 (1) 40 (5) Friese et al. (2017), submitted 

CB Total 21 d 13 (3) 17 (4) Friese et al. (2017), submitted 

Average mean/mode ratio [μm]  

Bambey Total 1-13 d 0.7 (0.1) 0.6 (0.2) This study 

Bambey Wet 1-20 h - 0.6 (0.2) This study 

Iwik Total 21-61 d 0.5 (0.0) 0.6 (0.1) Friese et al. (2017), submitted 

CBi Total 21 d 0.7 (0.0) 0.4 (0.1) Friese et al. (2017), submitted 

CB Total 21 d 0.8 (0.0) 0.8 (0.1) Friese et al. (2017), submitted 

Average standard deviation [μm]  

Bambey Total 1-13 d 3.2 (0.2) 3.2 (0.2) This study 

Bambey Wet 1-20 h - 3.1 (0.3) This study 

Iwik Total 21-61 d 3.2 (0.1) 3.1 (0.2) Friese et al. (2017), submitted 

CBi Total 21 d 2.8 (0.2) 3.3 (0.1) Friese et al. (2017), submitted 

CB Total 21 d 2.5 (0.0) 2.6 (0.1) Friese et al. (2017), submitted 

 

In order to investigate the difference in the particle-size distribution of total deposited versus 

wet deposited dust, some chosen synchronous particle-size distributions were plotted in Fig. 

10a-d. When both the Frisbee as well as the MTX sampler sampled only wet deposited dust 

during a synchronous time interval, the particle-size distributions were very similar (Fig. 10a). 

With increasing total to wet deposition flux (FTD/FWD) ratio and increasing sampling interval, 
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three synchronous samples deviated with respect to the modal particle size and sorting (Fig. 

10b-d). On average, the deviation in the modal particle size of the wet deposited samples is 

largest for a FTD/FWD ratio = 3 with a decrease of ~ 3.5 μm and smallest when FTD/FWD = 1 with 

a decrease of ~ 0.5 μm. The largest deviation in the modal grain size was found for the largest 

FTD/FWD ratio (FTD/FWD = 16) with ~ 93 μm (Fig. 10d).  

 

Figure 10: Comparison of some synchronous summer grain-size distributions of total and wet deposited 

dust for different FTD/FWD ratios. (a) FTD/FWD =1, (b) FTD/FWD = 2 and (c) FTD/FWD = 3 and (d) FTD/FWD = 16.   

In Fig. 11a-b the influence of wet deposition on the resulting grain-size distribution of deposited 

Saharan dust is illustrated. In Fig. 11a the average distributions of total deposited dust in spring 

and summer was plotted together with the average distribution of the wet deposited dust in 

summer. In the figure it can be depicted that the average grain-size distribution of dry deposited 

dust during spring is well sorted and unimodal. In contrast, a fine shoulder can be observed 

between 5 to 10 μm in the averaged grain-size distribution of total deposition as well as the wet 

deposition summer samples. The average grain-size distribution of the summer wet deposited 

dust samples did not differ significantly from the average distribution of the summer total 

deposited dust samples.  

In Fig. 11b the average distributions of the total deposited dust during summer were plotted for 

different FTD/FWD ratios. Dust deposited during time intervals when the total deposition flux is 

~ 3 times higher than the wet deposition flux (FTD/FWD=3) is well sorted on average. In contrast, 
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a second mode in the averaged grain-size distribution around ~ 8 μm could be observed when 

only wet deposition occurred during the sampling interval (FTD/FWD=1).  

 

Figure 11: Averaged grain-size distributions of the Bambey samples over (a) total deposition in spring as 

well as total and wet deposition in summer and (b) over different FTD/FWD ratios regarding the summer total 

deposited samples.  

In Fig. 12a-c the results of the correlation analysis of the grain-size data to the flux data are 

presented. Regarding the spring total deposition samples (N=8) a correlation above a coefficient 

of determination (R2) of 0.5 was considered significant at the 95 % confidence level for two-

tailed probabilities. Regarding the summer wet deposition samples (N=21) a correlation above 

a coefficient of determination (R2) of 0.2 was considered significant at the 95 % confidence 

level for two-tailed probabilities.  

The modal grain size of the spring samples correlated exponentially positively to the FTD during 

the sampling interval with a coefficient of determination of R2 = 1 which was significant at the 

100 % confidence level (Fig. 12a). The modal grain size of the wet deposited samples did not 

correlate to FWD. Instead, a shift to smaller particle sizes was observed for the summer wet 

deposition samples with increasing FWD: the percentage of particles smaller than 10 μm 

correlated exponentially positively to the FWD with a coefficient of determination of R2 = 0.4 

which was considered significant at the 98 % level (Fig. 12b). The modal grain sizes further 

correlated exponentially positively to the standard deviation –a measure of sorting— of the 
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samples with a coefficient of determination of R2 = 0.6 which was considered significant at the 

100 % confidence level (Fig. 12c). 

 

Figure 12: Correlations of the particle-size data with the flux data. (a) The modal grain size exponentially 

increased with FTD during spring, (b) the FWD increased exponentially with the amount of PM10 (< 10 µm) 

particles during summer and (c) the modal grain size exponentially increased with increasing standard 

deviation during summer.   

In Fig. 13a the modal grain sizes of the total deposited samples were correlated to the wind 

data. The data were grouped into two modal grain size groups: > 100 μm and < 100 μm (spring). 

Regarding the group < 100 μm (N= 7) a correlation above a coefficient of determination (R2) 

of 0.6 was considered significant at the 95 % confidence level for two-tailed probabilities. 

Owing to the small amount of samples characterized by a modal grain size > 100 μm (N=4) the 

confidence level could not be calculated for this group. The modal grain size group < 100 μm 

during spring correlated linearly positively to the frequency in surface winds blowing from SW 

(<225° to >180°) during the sampling interval with a coefficient of determination of R2 = 0.7 

which was considered significant at the 99 % confidence level. The modal grain size group > 

100 μm correlated linearly positively to the average wind speed during the sample interval with 

a coefficient of determination of R2 = 0.9. A relationship of the modal particle size to wind 

direction and speed was not observed for the wet deposited samples.  

In Fig. 13b the modal grain size of the wet deposition samples was plotted versus the mean 

surface wind speed. In the figure it can be observed that the modal grain sizes > 10 μm increased 
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with increasing mean wind speed, while the modal grain size < 10 μm showed no relation to 

wind speed.  

 

Figure 13: (a) Correlations of the particle-size data of the total deposition samples with the wind data. The 

modal grain sizes < 100 μm correlated to wind direction, while the modal grain sizes > 100 μm correlated to 

mean wind speed during the sampling interval. (b) The modal grain size of the wet deposition samples > 10 

μm increased with increasing mean wind speed during the sampling interval.  
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Discussion 

Dry season - spring 2013 

Regional dust transport 

The average spring FTD recorded at Bambey was 0.42 gm-2d-1 (Tab. 2). Comparable average 

spring FTD were obtained at site M’Bour at a height of 8 m, about 70 km from Bambey, from 

2006 to 2011 with ~ 0.39 gm-2d-1 (Marticorena et al., 2017). The good agreement between the 

fluxes may be explained by similar emission strengths of the source areas. The slightly smaller 

fluxes by 0.03 gm-2d-1 at site M’Bour may be due to the position of the site near the shoreline 

and thus less dust transport to the sites when the surface winds blow from offshore direction 

(Fig. 2a). Much larger FTD were observed during spring 1990 in Mali with 2.5 to 29 gm-2d-1 

(McTainsh et al., 1997) and Niger with 6.7 gm-2d-1 (McTainsh et al., 1997) due to the frequent 

transport of dust from the source areas via the NE trade winds to the sites. On the contrary, 

wind is blowing sometimes from offshore at the sites Bambey and M’Bour in Senegal resulting 

in a relatively lower dust supply (Fig. 2a).  

The spring particle-size distributions measured at Bambey were characterized by well-sorted 

unimodal distributions which was also described for dust deposited during spring 2006 to 2009 

in M’Bour, Senegal (Skonieczny et al., 2013). The average modal particle size of dust deposited 

during spring in Bambey was 23 μm (Tab. 3). A smaller average modal grain size is evident for 

the PM30 size fraction of dust deposited in M’Bour at 8 m during spring 2006 to 2009 with ~ 

18 μm, but could well be the result of the larger particles not being considered. Another reason 

why generally smaller particles are observed may be due to the higher altitude of the sampler 

in M’Bour compared to dust sampled in Bambey. Two anomalously coarse modal grain size 

events (> 100 μm) occurred at the end of the dry season (Fig. 9). Dust with a large modal grain 

size of ~ 100 μm was observed in atmospheric dust samples in the vicinity of barchan dunes of 

the Bodélé depression (Chappell et al., 2008). Therefore, the anomalously coarse dust was most 

likely derived from local dust sources.  

Trade-wind speed and direction 

A correlation between local surface wind speed and the FTD was not observed at Bambey (not 

shown). Similarly, the dust concentration and wind speed were not correlated for dust trapped 

offshore Africa on the Cape Verde Islands (Kandler et al., 2011), while a good correlation of 

dust concentration and wind speed was observed in a major dust source area in Morocco 
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(Kandler et al., 2009). In the source area, dust is lifted when local wind speeds reach the local 

erosion threshold for dust emission, which depends on e.g., vegetation, surface roughness, and 

moisture ((Kok et al., 2012) and references therein).  

During spring, the FTD and modal grain size of dust trapped at Bambey increased when the 

surface winds were blowing from a SW direction (Fig. 7a and 13a). This implies that the dust 

was transported with the surface winds during the dry season. Further, dust emission may have 

been largest and the transport distance may have been shortest for a dust source lying southwest 

of the sampling site.  

The anomalously large FTD (> 1.5 gm-2d-1) and modal grain size (> 100 μm) recorded in spring 

during the 11 to 18 June sampling interval (Fig. 6 and 9) were not correlated to the frequency 

in SW surface winds. Instead, the large deposition flux and particle size was related to the dust 

storm event occurring on 11 June 2013 (Fig. 5) which lasted six days and therefore during most 

of the sampling interval. The deposition of anomalously coarse Saharan dust due to dust-storm 

events was observed before for dust sampled offshore NW Africa by Friese et al. (2016). A 

further anomalously coarse-grained event (particles > 100 μm) was encountered at the end of 

the dry season (Fig. 9). The two coarse events (> 100 μm) of the dry season correlated to the 

average surface wind speed (Fig. 13a). Again, this implied that the anomalously coarse dust 

was transported at lower altitude with the surface winds. Considering that the average wind 

speed was not larger for the coarse samples compared to the other total deposition samples (not 

shown), only an anomalously short transport distance together with a dust-storm event 

occurring nearby (Fig. 5) may explain the transport and deposition of the coarse dust to the site 

under investigation.  

Comparison to the sites CB, CBi and Iwik: Transport with the trade winds 

We hypothesise that the average dust fluxes at the sites was controlled by the source emission 

strength, the distance to the source and the frequency of dust transport. At Iwik, the average FH 

is extremely large with 84 gm-2d-1 during spring (Tab. 2) (Friese et al. (2017), submitted). One 

reason for the larger fluxes is the sampling of the atmospheric dust transport fluxes which are 

about 100 times larger than dust deposition fluxes (Goossens, 2008). But the more important 

reason for the higher observed dust flux at the sampling site is the position in a major potential 

dust source area with a large emission strength ((Friese et al., 2017), submitted). The spring 

average FTD observed at the oceanic sediment trap sites are about seven times lower compared 

to Bambey (Tab. 2) (Friese et al. (2017), submitted). During spring 2013, the wind blew NNE 

and NE in Iwik (Fig. 2a) which is located near the latitude of the oceanic sampling sites. This 
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implied that dust was mostly transported with the surface trades to the oceanic sites when the 

winds blew NE. However, offshore dust transport was greatly reduced or lacking when NNE 

winds prevailed. During these time periods the offshore surface winds blew more parallel to the 

shoreline and therefore did not take up large quantities of dust on the continent. A lack in 

offshore dust transport with the trades during summer when the surface winds blew NNE was 

observed before by Friese et al. (2017), submitted, regarding the site CBi. Hence, the fluxes at 

the oceanic sites were smaller compared to the continental site Bambey because dust was most 

likely transported less frequently offshore.   

The spring particle-size distributions measured at site Bambey were well comparable to the size 

distributions obtained for the sites Iwik, CB and CBi in that all sites were characterized by well-

sorted unimodal distributions (Fig. 8). However, the modal particle sizes deviated. A coarser 

spring average modal grain size of ~ 50 μm can be observed for atmospheric dust sampled in 

Iwik in 2013 (Tab. 3) due to the location in a major dust source area and thus short dust transport 

pathway (Friese et al. (2017), submitted). In contrast, the oceanic sediment trap sites CBi and 

CB are characterized by a spring average modal grain sizes smaller than 18 μm (Tab. 3) due to 

the relatively distal position to the dust source area compared to the continental sites. The 

average modal grain size at site Bambey was smaller with ~ 23 μm (Tab. 3) compared to site 

Iwik which may be explained by the ~ two times lower average surface wind velocity in the 

study area (Fig. 2a).  

The FTD and local surface wind speed did not correlate regarding dust sampled in Bambey and 

at the oceanic sediment traps (Friese et al. (2017), submitted). In contrast, the FH (horizontal 

dust transport) and local surface wind speed events were well correlated at the continental site 

Iwik (Friese et al. (2017), submitted). Therefore, we conclude that dust sampled at Iwik is 

emitted locally, while dust sampled at the oceanic sites CBi, CB and Bambey was transported 

from more distal sources. Moreover, the particle size of the dust samples < 100 μm at Bambey 

(not shown) and the dust samples of the oceanic sites did not correlate to wind speed (Friese et 

al., 2016) in spring. The settling velocity of a particle during transport decreases with decreasing 

size and increasing wind speed. Therefore, at a constant transport distance the particle-size 

distribution of deposited dust is shifted to coarser particles with increasing wind speed (Tsoar 

and Pye, 1987). Thus, we conclude that the dust travel distance at Bambey and the offshore 

mooring sites was variable during spring according to the locally varying wind directions (Fig. 

2a).  
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Wet season - summer 2013 

Regional dust transport  

The average summer FTD recorded at Bambey was 0.19 gm-2d-1 (Tab. 2). The lower average 

FTD recorded during summer compared to spring at Bambey must be due to the seasonal change 

in dust emission and transport in Senegal. During summer, dust is predominantly transported 

in the SAL from distant sources to Senegal (Léon et al., 2009;Marticorena et al., 2010). A lower 

contribution of local dust emission and surface dust transport during summer compared to 

spring may result in lower FTD as has been suggested previously by Marticorena et al. (2010). 

The beginning of the rainy season (Fig. 3) obviously leads to increased local soil moisture and 

vegetation cover and thus limited local dust emission during summer as has been stated before 

by Marticorena et al. (2010). The increase in the vegetation cover during summer in the study 

area can be clearly seen in Fig. 4. The average summer FTD at site M’Bour is slightly smaller 

compared to Bambey with 0.15 gm-2d-1 during 2006 to 2011 (Marticorena et al., 2017). The 

slightly lower FTD in M’Bour compared to Bambey may be due to the progressive wet 

deposition of Saharan dust from the SAL during transport. Further, the slightly lower fluxes in 

M’Bour may be due to the position of the site on the shoreline resulting in reduced dust transport 

to the site when winds blow from offshore directions in summer (Fig. 2b).  

The average modal grain size of total deposited dust was ~ 19 μm at Bambey (Tab. 3). The 

smaller modal particle size in summer compared to spring may again point to the predominantly 

higher altitude transport of Saharan dust in the SAL to the sampling site (Léon et al., 2009) 

from more distal dust sources. Analogous to the dry season, two anomalously coarse dust 

deposition events (> 100 μm) were observed for the wet season which correlated to the average 

surface wind speed (Fig. 13a). This again implied that anomalously coarse dust was episodically 

derived with the surface winds from relatively local dust sources.  

Wet deposition 

At Bambey the FWD decreased with increasing hours of rainfall (Fig. 7b). A similar observation 

was made in M’Bour during 2006 to 2012: the scavenging ratio decreases with increasing 

amount of precipitation (Marticorena et al., 2017). The authors concluded that most of the 

atmospheric dust is deposited during the first minutes of precipitation. With increasing rainfall 

duration the dust concentration in the atmosphere decreases leading to a decrease in the washout 

(Marticorena et al., 2017).  
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Wet deposited dust during summer at Bambey was generally characterized by an increased 

percentage of fine particles smaller than 10 μm compared to dry deposited dust in spring (Fig. 

11a). The below-cloud wet scavenging of particles with a diameter between 2.5 and 10 μm due 

to inertial impaction is more efficient than the dry deposition velocity in this size range (Foret 

et al., 2006). This may explain the generally larger percentage of particles smaller than 10 μm 

in wet deposited samples compared to dry deposited samples. Further, increased precipitation 

may have limited the supply of local mobilized dust resulting in a longer transport distance and 

thus a larger amount of smaller particles in the dust cloud. 

However, the grain-size distribution of most of the wet deposition samples were well 

comparable to the grain-size distribution of the total deposition samples in summer (Fig 11a). 

Further, the modal grain sizes were well comparable for ~ 45 % of the synchronous total and 

wet deposition samples (Fig. 9), while only ~ 30 % of the samples were characterized by wet 

deposition only (FTD/FWD = 1) (Fig. 6). As a result, wet deposition may not in all cases have 

resulted in the enhanced deposition of particles smaller than 10 μm. The particle size of 

suspended dust in the atmosphere decreases with increasing height (Tsoar and Pye, 1987). 

Therefore, it may be hypothesized that only when dust was transported at higher altitude to 

Bambey, rainfall resulted in the enhanced deposition of particles finer than 10 μm. In contrast, 

wet deposition may not have resulted in the increased deposition of particles < 10 μm when 

dust was transported in the lower surface wind layer to Bambey. This interpretation may also 

be supported by the observation that the coarser wet deposition samples (modal grain size > 10 

μm) slightly related to the surface trade wind speed, while the finer wet deposition samples 

(modal grain size < 10) lacked this relation (Fig. 13b). Further, an increase in the percentage of 

particles smaller than 10 μm was observed in the wet deposited samples with increasing wet 

deposition flux (Fig. 7b). It may be that with increasing wet deposition flux also the frequency 

in the washout of the SAL increased. A rather sporadic washout of the SAL may also explain 

why some synchronous wet and total deposition samples with a longer sampling period show 

smaller modal particle sizes for the wet deposited samples compared to the total deposition 

samples (Fig. 10b,c,d, Fig. 9). A decrease in the modal particle size and an increase in the 

percentage of smaller particles in dust deposited during a high-flux wet deposition event in July 

2007 was also observed in M’Bour (Skonieczny et al., 2013). Analogously, these authors 

explained the decrease in the modal grain size by the scavenging of Saharan dust from higher 

altitude.  
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Comparison to the sites CB, CBi and Iwik: Convective systems 

While the site Bambey was characterized by lower average FTD during summer compared to 

spring, the sites Iwik, CBi and CB were characterized by increased summer average dust fluxes 

in 2013 (Tab. 2) (Friese et al. (2017), submitted). During summer, amplified moist convection 

can trigger strong haboobs (Knippertz and Todd, 2010). It may be that the sites Iwik, CBi and 

CB were influenced by increased emissions from haboobs due to their proximity to the major 

dust source area. Similarly, increased FTD fluxes due to the passage of convective systems have 

been observed in Mali and Niger at the beginning of the wet season between 2006 and 2011, 

while M’Bour did not capture these events (Marticorena et al., 2017).  The vegetation cover 

and high soil moisture during summer limited local dust emission in and around Bambey (Fig. 

4). Further, the surface winds blew predominantly NW in summer at Bambey (Fig. 2b) resulting 

in a lack of dust supply from major dust source areas via the trade winds.  

The summer particle-size distributions measured at Bambey were well comparable to the size 

distributions obtained for the sites Iwik and CBi (Fig. 8b). The size distributions were 

characterized by less-well sorted distributions with an additional fine shoulder ((Friese et al. 

(2017), submitted;Friese et al. (2016)). During summer, the average modal particle size of 

deposited Saharan dust was larger at the oceanic site CBi with ~ 40 μm compared to spring and 

also compared to the continental site Bambey (Tab. 3). The larger modal particle size recorded 

at CBi may be the result of the transport of coarse particles in the SAL to the mooring sites 

which have been emitted in the near-by major source area due to the passage of convective 

systems. In contrast, the average modal particle size was finer at Bambey during summer 

compared to winter. This may have been caused by the washout of Saharan dust from the SAL 

which has been transported from more distant dust sources. As a result, the convective events 

were not captured at Bambey during summer. The observed increase in the modal grain size of 

deposited Saharan dust with increasing local rainfall frequency at the offshore site CBi may be 

related to the offshore transport of coarse particles due to moist convective events (Friese et al., 

2016). The average modal grain size of dust deposited at Iwik during summer (~ 50 μm) was 

comparable to the spring modal grain size at site Iwik with ~ 49 μm, however larger compared 

to the summer average modal grain size of dust sampled at site Bambey (Tab. 3). Thus, the 

particle size of dust trapped in Iwik was most likely increased by convective events but also 

decreased by the washout of fine particles from the higher altitude SAL. The fine shoulder 

observed in some summer particle size distributions at the continental sites Iwik and Bambey 

(Fig. 8b) may have resulted from washout of Saharan dust from higher altitude. 



152 
 

Conclusions 

Depending on the sampling site and season, the particle-size distribution of deposited Saharan 

dust in NW Africa is influenced by different emission, transport and deposition mechanisms: 

- Senegal: the variation in the dust transport distance in the trade winds determined the 

modal grain size of deposited dust during spring. During summer, rainfall resulted in 

the washout of particles smaller than 10 μm when dust was transported in the Saharan 

air layer (SAL). In summer, local dust sources were inactive due to vegetation.  

- Mauritania: local convective events resulted in an increase in the modal particle size 

of deposited Saharan dust, while local rainfall resulted in the washout of relatively fine 

particles from the SAL during summer. 

- Offshore Mauritania: mesoscale convective events over the continent resulted in the 

transport and deposition of anomalously coarse particles offshore during summer.  
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Abstract 

Carbon sequestration in the oceans is driven by the formation, sinking and sedimentation of aggregated 

organic material. This downward carbon flux usually correlates with lithogenic mineral fluxes, such as 

Saharan dust, suggesting that these minerals are incorporated into aggregates and act as ballast, thereby 

potentially increasing the downward carbon flux. Fine-grained dust particles can be incorporated during 

aggregate formation and via scavenging by settling aggregates. We studied the effects of dust on 

aggregate formation and scavenging in the Cape Blanc area (Mauritania), which is strongly influenced 

by Saharan dust deposition. Incubations with a natural plankton community and Saharan dust resulted 

in enhanced aggregate formation, with increased aggregate numbers and sinking velocities. In situ-

collected aggregates incubated with Saharan dust did not differ in size and sinking velocity compared 

to in situ-collected aggregates incubated without dust, indicating that they did not scavenge fine-grained 

particles during the incubation. The collected aggregates may have been already saturated with ballast 

minerals during their formation, thereby limiting scavenging capacity. Therefore aggregates that are 

formed in areas with high concentrations of ballast minerals, as for instance the waters off North West 

Africa, might scavenge little ballast minerals and are less influenced by suspended lithogenic material 

in deeper water layers when they sink. 

Keywords: Saharan dust, ballasting, particulate organic carbon export, marine snow 
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Introduction 

Carbon sequestration is driven by the formation and sinking of aggregated organic 

material into the deep ocean. The time period for which carbon is sequestered into the ocean is 

depending on the depth it ultimately reaches. This depth increases with increasing sinking 

velocity of the aggregates and decreases by increased (microbial) remineralisation and 

fragmentation of the aggregates (Iversen and Ploug, 2013). Therefore, increased sinking 

velocity of aggregates improves carbon sequestration efficiency (Alldredge and Silver, 1988) 

(Alldredge & Jackson, 1995). 

The downward fluxes of minerals, such as silicate, carbonate and Saharan dust, are often 

closely correlated to the downward flux of particulate organic carbon (POC) (Armstrong et al., 

2002;Francois et al., 2002;Klaas and Archer, 2002). It has been hypothesized that these 

minerals are incorporated as ballast into aggregates, resulting in increased sinking velocities. 

This incorporation can take place during the formation of aggregates in the surface and 

subsurface ocean or when aggregates ‘scavenge’ dust particles while sinking  (Passow and De 

La Rocha, 2006). The effect of the incorporation of these ballast minerals in aggregates are 

enhanced aggregate formation, higher size-specific sinking velocities but also fragmentation 

into smaller aggregates (Hamm, 2002;Passow and De La Rocha, 2006;Engel et al., 2009a;Engel 

et al., 2009b;Lee et al., 2009;Iversen and Robert, 2015).  Ballasted aggregates are re-

mineralised at the same rate as non-ballasted aggregates (Ploug et al., 2008a;Iversen and Ploug, 

2010), but due to their increased sinking velocity they might sink faster and are thus re-

mineralised at greater depth. The combination of these different factors influencing aggregate 

dynamics might enhance the downward POC flux, but fragmentation might counteract this 

effect. As most ballasting studies used phytoplankton cultures to form aggregates (e.g. (Hamm, 

2002;Passow and De La Rocha, 2006)), these model studies do not describe the complex 

interaction between a plankton community and lithogenic ballast minerals.  

Large, settling aggregates might scavenge suspended or slower sinking particles, as for 

instance lithogenic minerals that can act as ballast material (Asper et al., 1992;Stolzenbach, 

1993). Scavenging, or coagulation, depends on the concentration, size and sinking velocity of 

both aggregates and particles, and stickiness (Simon et al., 2002;Burd and Jackson, 2009). 

Transparent exopolymer particles (TEP) play an important role in aggregate stickiness 

(Alldredge et al., 1993;Engel, 2000). However, this sticky material might also become saturated 

with ballast minerals (Passow, 2004). Scavenging of ballast minerals from deeper water layers 

could alter the composition and sinking velocity of a settling aggregate, though in long-term 
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sediment trap samples this alteration effect cannot be seen (Ratmeyer et al., 1999b). Therefore, 

it is unclear if scavenging of lithogenic material is occurring under in situ-conditions. 

During a cruise in the high productive Eastern Boundary Upwelling area off Mauritania 

(Ratmeyer et al., 1999b;Fischer and Karakas, 2009;Nowald et al., 2015), we investigated the 

role of ballast minerals on the formation, sinking and scavenging of aggregates, using the 

natural plankton community, in situ aggregates and Saharan dust. We seeded natural plankton 

communities with two dust concentrations to simulate the effect of a dust input, and incubated 

in situ aggregates with dust to study the scavenging effect. Our results show that Saharan dust 

enhances the formation of aggregates and increases sinking velocity. However, we did not find 

any indication that Saharan dust can be scavenged by already formed and sinking aggregates. 
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Material and methods 

We studied the influence of Saharan dust on the formation and settling of aggregates 

during the RV Poseidon during cruise (POS481) from 15 February to 3 March 2015 off Cape 

Blanc (Mauritania). This region (Figure 1) is located within the Canary Current system and is 

the second most productive of the four Eastern Boundary Upwelling Systems (Carr, 2001). The 

particulate organic carbon export is strongly influenced by Saharan dust, seemingly due to a 

ballasting effect by mineral dust causing large particles to sink faster (Armstrong et al., 

2002;Dunne et al., 2007;Iversen et al., 2010). Peak flux events often follow distinct dust 

outbreaks during winter and summer, although it is not known whether these dust outbreaks 

cause higher aggregate formation or the dust is scavenged by sinking aggregates (Fischer et al., 

2016).  

 

Figure 1. Overview of the area and the sample locations. 

 

Dust suspensions 

The dust samples used for the experiments were collected with a modified Wilson and 

Cooke sampler (Wilson and Cooke, 1980;Mendez et al., 2011), which collected wind-

transported dust in the Parc National de Banc d’Arguin in Mauritania (~19°53' N, ~16° 18' W), 

during 2013. The sampling bottles were attached to a mast at about 290 cm above the ground 

and were replaced every month; the collected dust was stored dry and dark. The suspensions 
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used for the experiments were made by shaking the samples vigorously, letting them rest for 5 

seconds to let the fast-sinking particles settle out, and removing 5 ml that was thereafter mixed 

with GF/F seawater. The dust suspension used for the aggregate formation experiment with 

high dust was made from the sample collected in August, and contained 4.2 mg/L when added 

to a roller tank, while the dust suspension used for the aggregate formation experiment with 

low dust and the experiment with in situ collected aggregates contained 1.4 mg/L, and was 

made from the sample in April. Particle size-distributions for both samples were determined 

using a Beckmann Coulter laser particle sizer (LS 13 320) equipped with a Micro Liquid 

Module (MLM). The advantage of the instrument is the quick, accurate and precise data 

acquisition of large intervals. An analytical error of ± 1.26 μm (± 4.00 %) was considered for 

the measurements  (Friese et al., 2016).  

The two dust samples used for the experiments had a similar composition. They 

consisted of mainly quartz, carbonate, and clay minerals (Figure 2), there was also some 

hematite and calcite visible. The peak in the particle size frequency (given in volume %) was 

around 30 μm. Microscopic observation of one aggregate formed during the incubation with 

the high dust treatment and water collected from the fluorescence maximum layer showed 

presence of larger minerals than observed in both used dust suspensions. This may indicate a 

presence of dust in the collected water samples.  
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Figure 2. Picture of the smear slide of the low dust suspension, and a F1 dust-ballasted aggregate under 

normal light (left) and polarized light (right). In the right picture, white is mainly quartz, brown/red 

is clay minerals. The minerals visible were bigger than the ones found in the dust suspension. 

 

Aggregate formation with dust – F1 and F2 incubations 

To investigate the effect of a sudden input of dust minerals on the formation of 

aggregates from a plankton community, we performed two experiments in which we incubated 

fluorescence maximum water with added dust at a high and low concentration. The Formation 
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1 (F1) treatment and Formation 2 (F2) treatment were incubated with dust at concentrations of 

4.2 and 1.4 mg/L respectively. Water was taken with a CTD rosette on stations GeoB 19401-2 

(21°18.9´N 20°50.34´W, F1) and GeoB19403-4 (20°51.87`N 18°57.08´W, F2) in the 

fluorescence maximum layer (20 m). For both the F1 and F2 incubations, we filled 10 roller 

tanks (1.15L, diameter: 14 cm, depth: 7.5 cm) with the sampled water, and thereafter added the 

dust suspension to five of the tanks. The other five received a blank solution of GF/F filtered 

seawater. The roller tanks were placed on a roller table rotating with a speed of 3 RPM for 36 

hours in darkness at 19°C to allow aggregate formation, after which the formed aggregates were 

collected, their individual size and sinking velocity was determined and frozen at -20°C. 

Sinking aggregates with dust – Scavenging (S) incubation 

To study how settling aggregates scavenge dust when they sink through the water 

column, we collected in situ marine snow aggregates with the OSIL Marine Snow Catcher 

(MSC). The MSC can sample intact in situ-formed aggregates, which allows us to study the 

composition, size and sinking velocity of natural aggregates from different depths (Riley et al., 

2012). The used aggregates were collected at station GeoB 19406-5 (20°29.97´N 17°44.98´W) 

from 60 m depth and divided evenly over eight roller tanks filled with GF/F filtered seawater 

collected from the MSC. To four of them a 1 ml dust suspension was added, while the other 

four received a 1ml blank solution. The roller tanks were incubated in the same way as the 

experiments described above, and afterwards size and sinking velocity of all aggregates were 

determined.  

Size, sinking velocity and POC 

After the roller tank incubation, individual aggregates were gently transferred to a 

vertical flow system (Ploug and Jørgensen, 1999)  that was filled with GF/F filtered seawater 

collected from the same CTD rosette or the MSC and kept at the same temperature as the roller 

tank incubations. The x-,y-, and z-axis of each aggregate was measured in the vertical flow 

system using a horizontal dissection microscope and an ocular. The volume was thereafter 

calculated assuming an ellipsoid form, which was used to calculate the equivalent spherical 

diameter (ESD). The sinking velocity was measured by placing the aggregate in the middle of 

the flow chamber and increasing the upward flow until the aggregate was floating one diameter 

above the net. The sinking velocity was thereafter calculated by determining the flow speed 

three times, and dividing the average of these measurements by the area of the flow chamber. 
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We determined the size of all aggregates and sinking velocities of all or at least 15 aggregates 

per tank. 

 To determine the particulate organic carbon (POC) per aggregate for each treatment, 

one to four aggregates of a similar size were filtered onto pre-combusted GF/F filters, gently 

washed with demineralized water, dried at 40°C for 24 hours, fumed with 37% HCl and 

analyzed with a GC elemental analyzer (Elementar vario EL III). We pooled aggregates in size 

classes where possible. The POC to volume ratio of the measured aggregate size classes was 

then used to calculate the POC content of the aggregates in each treatment group.  

Excess density 

The excess density was calculated using the Navier-Stokes drag equation, as described in 

(Iversen and Ploug, 2010): 

∆𝜌 =  
𝐶𝐷𝜌𝑤𝑤2

4

3
𝑔𝐸𝑆𝐷

          (1) 

Where CD is the dimensionless drag force: 

𝐶𝐷 =
24

𝑅𝑒
+  

6

1+𝑅𝑒0.5 + 0.4        (2) 

And Reynolds number (Re): 

𝑅𝑒 = 𝑤𝐸𝑆𝐷
𝜌𝑤

𝜂
          (3) 

𝜌𝑤 is the density of seawater at 19°C with a salinity of 36 psu (1.0258 g cm-3) , 𝜂 the dynamic 

viscosity (1.0610 10-2 g cm-1 s-1) w the sinking velocity in cm s-1, g the gravitational acceleration 

(981 cm s-2), and ESD the equivalent spherical diameter in cm.  

Solid hydrated density 

The solid hydrated density was determined as described in (Iversen and Robert, 2015). 

However, due to a high amount of minerals in some of the used aggregates, it was not possible 

to determine the solid hydrated density of the whole aggregate, since they were denser than the 

densest layer. Therefore we gently broke up the aggregates and determined the density of the 

different layers in which material would accumulate.  
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Statistical analysis 

Statistics was performed in R (R Development Core Team, 2008). Differences in the 

relation between ESD and sinking velocity between control and treatment were calculated using 

a linear model that estimated both intercept and slope for each group. The data were log-log 

transformed prior to analysis to assume linearity.  Afterwards, 95% confidence intervals were 

calculated for each predicted parameter. If the CI’s for one of the parameters did not overlap, 

the groups were determined as significantly different.  

For all other tests, a Wilcoxon rank sum test was used, since the data did not follow a 

normal distribution. Furthermore, to estimate the effect of dust added to the water column, we 

calculated Cohens D for effect size: 

𝑑 =  
�̅�1−�̅�2

𝑠
           (8) 

where the standard deviation s for both groups is: 

𝑠 =  √
(𝑛1−1)𝑠1

2+(𝑛2−1)𝑠2
2

𝑛1+𝑛2−2
         (9)  
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Results 

POC, size and dry weight of formed aggregates 

The start POC concentrations of the water used for the incubations were 0.17 mg/L for the F1 

and 0.15 mg/L for the F2 concentration. The total dry weight was 3.14 and 1.29 mg/L 

respectively, suggesting that the F1 water contained more inorganic material. The aggregates 

formed in the F1 were smaller than in the F2 incubation and had higher sinking velocities (Table 

1, Wilcoxon rank sum test, p<0.01). Interestingly, the total aggregated volume did not differ 

significantly between the two experiments, although within each experiments the effect of 

added dust is clearly visible (Wilcoxon rank sum test, p=0.2). The solid hydrated density of the 

organic part of the aggregates was 1.15 ± 0.013 g/mL. The density of the inorganic minerals 

could not be determined using this method, but as it consists mostly of quartz, which has a 

density of 2.66 g/mL, the density of the dust mixture will probably be slightly lower, in the 

range 2.2-2.6 g/mL. The S incubation resulted in larger aggregates with relatively high sinking 

velocities, and minor differences between tanks with and without dust added.  

Table 1. Mean sinking velocity, size, total aggregated volume, equivalent spherical diameter (ESD), 

Particulate Organic Carbon (POC) to volume ratio and dry weight (DW) to volume ratio and POC to 

volume ratio for each incubation.  

Experiment Sinking velocity 

(m day-1) 

Total agg. vol. 

(mm3 L-1) 

ESD 

(mm) 

POC 

(mg mm-3) 

DW 

(mg mm-3) 

wt% POC 

F1 
Dust 430 ± 280 8.98 ± 3.11 0.62 ± 0.51 0.0048 0.2214 2.2 % 

Control 133 ± 108 0.79 ± 0.48 0.52 ± 0.30 0.0098 0.1917 5.11 % 

F2 
Dust 109 ± 42 71.88 ± 22.81 0.75 ±0.61 0.0042 0.0642 6.5 % 

Control 42 ± 23 3.43 ± 4.47 1.45 ± 0.78 0.0015 0.0576 2.6 % 

S 
Dust 403 ± 280 17.21 ± 6.81 1.40 ± 0.80 0.0051 0.3811 1.3 % 

Control 319 ± 210 17.10 ±5.64 1.29 ± 0.85 0.0050 0.2386 2.1 % 
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Aggregate formation and settling under dust influence 

In the F1 incubation, the first aggregates in the roller tanks with dust added were formed 

earlier than in the control tanks (12 and 24 hours respectively). The total aggregated volume 

and the amount of aggregates formed were significantly higher in the tanks with dust added 

compared to the controls (two-sampled t-test, p<0.01). The average aggregate size of dust 

aggregates was not significantly different from control aggregates (Wilcoxon rank sum test, 

p=0.72). Also the dry weight to volume ratio was not different between control and dust 

aggregates, but control aggregates had a higher POC to volume ratio (Table 1), suggesting that 

the dust aggregates contained a higher amount of mineral particles. The dust aggregates also 

had higher sinking velocities and a higher excess density (Figure 3). The relation between size 

and sinking velocity was significantly different (linear regression on log-transformed data, 

p<0.01).  

 

Figure 3. Overview of the three experiments Formation 1 (F1), Formation 2 (F2), and Scavenging (S). The 

first row shows the size versus sinking velocity for each incubation, with fitted regression lines for dust 

and control aggregates. The second row of graphs shows the excess densities. The last graph shows the 

total aggregated volume per incubation. Average ± SD. 
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In the F2 incubation the results were similar. Dust aggregates, however, were 

significantly larger than control aggregates (Wilcoxon rank sum test, p<0.01). The dry weight 

per volume ratios of dust aggregates and control aggregates were similar, but control aggregates 

interestingly had a lower POC/volume ratio. The sinking velocity of dust aggregates was again 

higher than control aggregates (Wilcoxon rank sum test, p<0.01) and also the relation between 

size and sinking velocity was significantly different for dust and control aggregates (linear 

regression on log-transformed data, p<0.01).  

 

Size, sinking velocity and composition of in-situ collected aggregates 

incubated with dust 

After incubation, the total aggregated volume and total amount of aggregates per liter was the 

same for dust and control aggregates (Figure 3 and Table 1, two-sampled t-test, p=0.98 and 

p=0.83 respectively). Also the average volume per aggregate did not differ (Wilcoxon rank sum 

test, p=0.46), nor did the relation between size and sinking velocity. Although there was no 

difference in the relation between size and sinking velocity, the measured aggregates that were 

incubated with dust had a 50% higher dry weight per volume than the control aggregates (Table 

1). The carbon content per volume did on the other hand not differ at all. Also in the excess 

density values no large differences appeared.   
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Discussion 

Downward POC fluxes are often correlated to lithogenic mineral fluxes in the ocean 

(e.g. (Armstrong et al., 2002;Francois et al., 2002;Klaas and Archer, 2002)), especially in 

regions strongly influenced by Saharan dust (Ternon et al., 2010;Nowald et al., 2015;Fischer et 

al., 2016). Saharan dust deposited in the waters off Cape Blanc is a mixture of small and coarse 

grains with a modal grain size of 10-55 μm (Friese et al., 2016), and the largest grains (up to 

250μm) can settle with sinking velocities of 24-86 m day-1 (Bressac et al., 2012). The more 

abundant finer grains have lower sinking velocities that limit their potential to sink out 

individually (e.g. particles smaller than 10 μm have sinking velocities up to 6 m day-1 according 

to Stokes’ Law). Therefore they have to be incorporated in aggregates to be transported into the 

deep ocean, which occurs when the particle concentration in the surface water is high enough 

for aggregation and subsequent particle export (Jackson and Lochmann, 1992;Burd and 

Jackson, 2009).  

In this study we observed that the addition of Saharan dust to a natural plankton 

community enhances aggregate formation, resulting in higher aggregate numbers and increased 

size-specific sinking velocities, which is in line with previous studies (Hamm, 2002;Passow 

and De La Rocha, 2006;Iversen and Robert, 2015). An increased number of aggregates and 

higher sinking velocities may lead to an increased POC flux. This effect was shown with 

mesocosm experiments in the Mediterranean Sea, where an input of Saharan dust resulted in a 

2-6 times higher POC flux (Bressac et al., 2014). 

In ballasting experiments conducted with phytoplankton from cultures, mineral 

ballasting increased aggregate fragmentation, resulting in smaller aggregates (Hamm, 

2002;Passow and De La Rocha, 2006). However, in our experiments using seawater containing 

a natural phytoplankton community, dust did not influence aggregate size. The waters off Cape 

Blanc are known to be ballasted almost year-round with high amounts of Saharan dust (Karakas 

et al., 2006;Iversen et al., 2010). A dust deposition event or an artificial addition of dust might 

therefore have a rather limited effect on aggregate size. This is supported by Nowald et al. 

(2015), who showed that aggregate size (around 1 mm) remains almost constant year-round at 

Cape Blanc, and Saharan dust deposition leads to increased aggregate numbers rather than 

increased aggregate size. Therefore the number of aggregates rather than size drives the POC 

flux at Cape Blanc (Nowald et al., 2015). 
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Future oceans might receive higher dust deposition due to increased desertification and 

increasing trade winds (e.g. (Naiman, 1976;Shao et al., 2011)). Based on our results, an 

increased dust deposition can increase the downward POC flux off Cape Blanc. An increase in 

dust deposition in the area is disputed, as recent studies suggest that rainfall in the Sahel (one 

of the main dust source regions,(Friese et al., 2017), submitted) have increased in the last two 

decades and that the region is now ‘greening’, thereby limiting dust emission (Fontaine et al., 

2011;Lucio et al., 2012).  

The coupling between dust deposition and POC flux depends on the biogeochemical 

composition of the surface water (Bressac et al., 2014), as sufficient organic material and 

lithogenic minerals have to be available in the surface water for aggregate formation and 

subsequent downward POC transport (Ternon et al., 2010). The aggregates collected for our 

study only contained 5 wt% organic carbon, implying that the amount of organic material in 

the surface waters is controlling the downward POC flux in heavily dust-influenced regions 

such as Cape Blanc.  

Increased dust deposition can lead to an increase in the amount of organic material in 

the surface waters, due to its fertilizing effect on primary producers (Jickells et al., 2005;Ridame 

et al., 2014). However, the ecosystem off Cape Blanc is largely controlled by nutrients 

originating from upwelling and effects of additional nutrient input by dust are insignificant 

(Pradhan et al., 2006;Ohde and Siegel, 2010;Messié and Chavez, 2015). Upwelling might 

intensify with stronger offshore winds due to global warming (Bakun, 1990;McGregor et al., 

2007;Cropper et al., 2014), thereby further weakening the fertilizing effects of dust deposition. 

However, no evidence for this intensification in upwelling is found in the long-term sediment 

trap records off Cape Blanc between 1988 and 2012 (Fischer et al., 2016).  

The process of mineral scavenging by aggregates depends on the concentration of 

suspended minerals and the scavenge area of an aggregate (Stolzenbach, 1993;Barkmann et al., 

2010;Jackson and Burd, 2015). In our experiments with in situ-collected aggregates from the 

Cape Blanc region, we did not observe mineral scavenging by settling aggregates. Aggregates 

incubated with dust did not differ from aggregates incubated without dust in size, number and 

size-specific sinking velocity. Aggregates are limited in the amount of ballast minerals they can 

accumulate, with saturation rates up to 95 wt% minerals (Passow, 2004). The aggregates used 

for this experiment contained less than 5 wt% organic carbon, suggesting that they were already 

heavily ballasted. This implies that aggregates formed in surface waters with high dust 

deposition are already ballasted up to maximum carrying capacity and are therefore unable to 
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scavenge more dust when descending into the deep ocean. This also applies to nepheloid layers, 

e.g. observed off Cape Blanc (Karakas et al., 2006;Fischer et al., 2009;Karakas et al., 2009), 

which are water layers with a high concentration of minerals that are transported from the 

continental shelf and slope. Because the settling aggregates have a limited scavenging capacity, 

minerals within the nepheloid layers are little affected by aggregates that sink through them. 

Therefore these layers can persist in dust influenced regions such as Cape Blanc, even after 

export of detritus following phytoplankton blooms (Karakas et al., 2006;Fischer et al., 2009).  
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10 Conclusions 

The outcome of the Ph.D. project confirmed that the mineralogy and particle size of Saharan 

dust deposited on- and offshore NW Africa varied according to the seasonality in atmospheric 

circulation modulated by the movement of the ITCZ. In Fig. 27-28 the seasonal changes in the 

dust sources, emission, transport and deposition are visualized which impacted on the particle 

size and mineralogy of deposited Saharan dust.  

The environmental factors determining the seasonality in particle size of deposited Saharan 

dust is displayed in Fig. 27. During winter, when the ITCZ was positioned near ~ 12° N the 

wind speed of the trade winds determined the particle size of deposited Saharan dust on- and 

offshore Mauritania. Dust-storm events resulted in the enhanced emission and deposition of 

anomalously coarse dust offshore Mauritania. Winter dust-storm events were associated with 

an intensification of the subtropical anticyclone over the Atlantic Ocean leading to cyclogenesis 

over the central northern Sahara with strong surges in the trade winds.  

 

Figure 27: Meteorological parameters determining the particle size of Saharan dust deposited on- and 

offshore Mauritania during (a) winter and (b) summer. 

During summer, when the ITCZ was positioned near ~ 21 °N the particle size of deposited 

Saharan dust onshore Mauritania was also driven by the trade-wind speed. In contrast, local 

dust emission and transport with the surface winds was strongly reduced in Senegal during 

summer because the northward shift in the rain belt resulted in increased local vegetation cover 

and soil moisture. Wet deposition of Saharan dust transported at higher altitude in the SAL 

resulted in the deposition of anomalously fine dust onshore in Mauritania and also Senegal. 
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Offshore dust transport rarely occurred with the trade winds, because the trade winds frequently 

ran parallel to the shore and therefore lacked dust entrainment in summer. Instead, dust was 

transported in the SAL offshore and the particle size was therefore driven by the frequency in 

moist convective dust-storm events. These events occurred when AEW’s intensified resulting 

in strong haboob dust storms on the continent. As a result, anomalously coarse dust was emitted 

into the SAL and was subsequently transported and deposited offshore.  

The seasonal change in the source regions and mineralogical tracers of deposited Saharan dust 

is displayed in Fig. 28. During winter, the trade winds blew predominantly from NE direction 

in NW Africa north of 21° N. Consequently, dust that deposited on- and offshore NW Africa 

was transported with the trade winds from sources lying to the NE. Dust that deposited offshore 

Mauritania was sourced by the Western Sahara and northern Mali. In addition, ocean currents 

redistributed fine clay particles in the NE Atlantic Ocean which were delivered during the 

monsoon season with the Senegal River. Dust that deposited onshore Mauritania was sourced 

by western Mauritania and northern Mali.  

During summer, the trade winds blew predominantly from NNE direction on- and offshore 

Mauritania. Therefore, dust that deposited onshore was transported from sources lying to the 

NNE. These sources were located in the Western Sahara and the Banc d’Arguin National Park. 

Offshore, dust was transported with the SAL which resulted in distant dust sources. These 

sources were located in western Mauritania, northern Mali, eastern Mali and Libya.  

 

Figure 28: Sources and related mineralogical tracers of Saharan dust deposited on- and offshore Mauritania 

during (a) winter and (b) summer.  
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The outcome of the Ph.D. thesis has important implications for palaeontology, climate-

modelling and remote sensing. The analysis of particle size in continental climate archives in 

NW Africa in major dust source areas may indicate the paleo-wind strength of the trade winds. 

In contrast, the particle size in marine sediment core archives offshore NW Africa may indicate 

a combination of the frequency of dust-storm events, summer moist convective events and 

winter trade-wind speed. The newly derived provenance indicator minerals may aid in 

reconstructing the paleo-source regions of Saharan dust deposited in both continental as well 

as oceanic climate archives in and offshore NW Africa. The observation of the deposition of 

anomalously coarse Saharan dust offshore NW Africa due to dust-storm events should be 

incorporated in climate models. Remote sensing will benefit from the new findings on the 

mineralogical composition of Saharan dust collected in NW Africa since the refractive indices 

of the minerals are important for satellite inversion algorithms (Di Biagio et al., 2014).  
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11 Outlook  

During the Ph.D. project the stated research questions were answered. However, new questions 

arose which could not be answered using the employed material and methods. Therefore, 

further studies are needed to answer these questions:   

1. How do the grain-size distribution and mineralogy of Saharan dust collected at the sea 

surface at site CBi compare to the particle size distribution and mineralogy of dust 

collected in the upper traps at site CBi?  

2. What is the grain-size distribution of dry deposited Saharan dust at site CBi during 

summer? How does the grain-size distribution of dry deposited dust compare to total 

deposited dust at site CBi? 

3. What are the source regions of Saharan dust deposited in Senegal? 

4. How does the grain-size distribution of dust deposited in Senegal compare to the grain-

size distribution of dust deposited offshore Senegal? 

To answer these questions, the following samples need to be gathered and investigated (Fig. 

29). Atmospheric dust filters (cellulose filters), dust #16 - #19 (~ 20° 46’N, ~17° 57’ W to ~21° 

6’ N, ~19° 15’ W), were gathered near site CBi with the Anderson dust collectors on board of 

RV Merian during research cruise MSM 48 in November 2015 (Zonneveld et al., 2015). The 

atmospheric dust filters collected near site CBi can be analysed for grain size distribution and 

for mineralogy and compared with dust sampled in the upper sediment trap of site CBi during 

November 2015.  

New atmospheric dust samples need to be collected with the scientific dust collecting buoy 

Carmen (proposed sampling location: ~ 20°35’ N, ~ 18°40’ W) near the sediment trap site 

CBi. The buoy is equipped with a filter sampling carousel which switches automatically 

according to a pre-programmed sampling interval. Dust is sucked on the filters by pumping air 

through the filters. Thus, only dust which is transported in the atmosphere is sampled instead 

of wet deposited dust. In addition, dust needs to be sampled with the upper sediment trap CBi 

during the same sampling period in order to enable a comparison to total deposited Saharan 

dust. The sampling intervals need to be synchronized between the buoy Carmen and the 

sediment trap CBi in order to enable an excellent comparison. Both sample series, the filter 

samples of the buoy and the sediment trap samples of the upper trap of site CBi, shall be 

analysed for particle size distributions. 
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The samples of the site Bambey (Senegal) should be investigated for mineralogical 

composition. In addition, new samples of the sediment trap mooring CV (~ 11° 29’N, ~ 21°01’ 

W) positioned the Cape Verde Islands may be investigated. The site CV is located ~ 500 km 

SW of the site Bambey (Senegal). To enable a comparison to the samples of the site Bambey, 

and also to the sites Iwik, CBi and CB, the samples of the year 2013 should be investigated for 

mineralogy and particle size.  

 

Figure 29: Proposed sampling sites and samples offshore NW Africa for future research: cruise track and 

filter numbers of dust filters collected during MSM48 near CBi, the proposed position of scientific buoy 

Carmen near CBi, the marine sediment trap moorings CB, CBi and CV and the continental study site in 

Bambey.  
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