
1. Introduction
Saharan dust is exported in large quantities from the African continent and transported across the Atlan-
tic Ocean toward the Caribbean. Estimates amount to 136–222 Tg annually (H. Yu et al., 2019), although 
this may well be an underestimation (Adebiyi & Kok,  2020). This atmospheric dust can alter radiation 
budgets (Ryder et al., 2019) and can act as cloud condensation and ice nuclei (Atkinson et al., 2013; Twohy 
et al., 2009). Dust deposited in the ocean delivers nutrients, which in turn enhance the ocean's carbon cycle 
as they stimulate phytoplankton growth (Mills et al., 2004; Pabortsava et al., 2017). Large dust particles can 
subsequently enhance carbon export to the ocean floor by acting as mineral ballast particles that accelerate 
settling of organic matter aggregates (Pabortsava et al., 2017; Van der Jagt et al., 2018).

Dust emissions from northwest Africa show a large inter-annual variability, and the amount of dust dep-
osition decreases with increasing distance from the source (Goudie & Middleton,  2001; Van der Does 
et al., 2020). Dust particles are removed from the atmosphere by both dry and wet depositional processes 
(Bergametti & Forêt, 2014; Zender et al., 2003). Wet deposition of dust potentially increases the bio-availa-
bility of nutrients carried with the dust particles (Korte et al., 2018; Meskhidze et al., 2005), that can lead to 
an increased fertilization effect of dust deposition in the oceans (Ridame et al., 2014). The size of the emit-
ted dust particles is determined by conditions at the source, such as dust-source availability, wind velocity, 
erosion threshold, and soil particle size (Marticorena, 2014). Subsequently, the particle size of deposited 
dust over the ocean is related to the distance from the source, with dust deposited at proximal locations 
being coarser-grained than dust deposited at distal locations (Holz et al., 2004; Sarnthein et al., 1981; Van 
der Does et al., 2016).

Saharan dust transport and deposition were previously studied on continental Africa (Friese et al., 2017; 
Kandler et al., 2009; Marticorena et al., 2010; Skonieczny et al., 2013), in the eastern part of the North Atlantic 

Abstract Saharan dust is transported in great quantities from the North African continent every 
year, most of which is deposited across the North Atlantic Ocean. This dust impacts regional and global 
climate by affecting the atmospheric radiation balance and altering ocean carbon budgets. However, little 
research has been carried out on time series of Saharan dust collected in situ across the open Atlantic. 
Here, we present a unique three-year time series of Saharan dust along a trans-Atlantic transect, sampled 
by moored surface buoys and subsurface sediment traps. Results show a good correlation between the 
particle-size distributions of atmospheric dust and the lithogenic particles settling to the deep ocean floor, 
confirming the aeolian origin of the lithogenic particles intercepted by the subsurface sediment traps, even 
in the distal western part of the Atlantic Ocean. Dust from both dry and wet deposition as collected by the 
sediment traps, shows increased deposition fluxes and coarser grain size in summer and/or autumn that 
coincides with increased precipitation at the sampling sites as derived from satellite data. In contrast, both 
buoys that sampled dust during transport at sea level show little seasonal variation in both concentration 
and particle size, as the large amounts of dust transported in summer and early autumn at high altitudes 
are far above their sampling range. This implies that wet deposition in summer and autumn defines the 
typical seasonal trends of both the dust deposition flux and its particle-size distribution observed in the 
sediment traps.

DOES ET AL.

© 2021. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs 
License, which permits use and 
distribution in any medium, provided 
the original work is properly cited, 
the use is non-commercial and no 
modifications or adaptations are made.

Seasonality in Saharan Dust Across the Atlantic Ocean: 
From Atmospheric Transport to Seafloor Deposition
Michèlle van der Does1,2 , Geert-Jan A. Brummer1 , Laura F. Korte1 , and 
Jan-Berend W. Stuut1,3 

1Department of Ocean Systems, NIOZ – Royal Netherlands Institute for Sea Research, Texel, The Netherlands, 
2Helmholtz Centre for Polar and Marine Research, Department of Marine Geology, Alfred Wegener Institute, 
Bremerhaven, Germany, 3Department of Earth Sciences, Faculty of Science, Vrije Universiteit Amsterdam, The 
Netherlands

Key Points:
•  First time series of bi-weekly dust 

concentrations measured in situ 
across the remote Atlantic

•  Dust deposition fluxes and grain size 
peak in summer and/or autumn, 
with wet deposition dominating total 
dust deposition and seasonal trends

•  Large differences in dust 
characteristics exist between 
transport and deposition, while rain 
deposits more and coarser dust

Correspondence to:
M. van der Does,
michelle.van.der.does@awi.de

Citation:
van der Does, M., Brummer, G.-J. A., 
Korte, L. F., & Stuut, J.-B. W. (2021). 
Seasonality in Saharan dust across the 
Atlantic Ocean: From atmospheric 
transport to seafloor deposition. Journal 
of Geophysical Research: Atmospheres, 
126, e2021JD034614. https://doi.
org/10.1029/2021JD034614

Received 18 JAN 2021
Accepted 17 MAY 2021

10.1029/2021JD034614
RESEARCH ARTICLE

1 of 15

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Electronic Publication Information Center

https://core.ac.uk/display/478799274?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://orcid.org/0000-0002-5326-6078
https://orcid.org/0000-0003-4145-1281
https://orcid.org/0000-0001-7804-0481
https://orcid.org/0000-0002-5348-2512
https://doi.org/10.1029/2021JD034614
https://doi.org/10.1029/2021JD034614
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JD034614&domain=pdf&date_stamp=2021-06-04


Journal of Geophysical Research: Atmospheres

Ocean (Bory et al., 2002; Brust et al., 2011; Fischer et al., 2016; Friese et al., 2016; Sarnthein et al., 1981), 
or in the Caribbean and North and South America (Prospero et al., 2010, 2014; H. Yu et al., 2015). These 
observations have provided important and long-term records of Saharan dust deposition. However, these 
are mostly based on a small region in the ocean or on land. Atmospheric dust has also been sampled over 
and across the Atlantic Ocean during airplane campaigns (Ryder et al., 2019; Weinzierl et al., 2017) and 
shipboard expeditions (Baker et al., 2010; Stuut et al., 2005). However, these measurements represent snap-
shots in time. The combined results from these studies show that dust deposition peaks in winter in the 
east, close to the northwest African sources of the dust (Fischer et al., 2016; Fomba et al., 2014; Skonieczny 
et al., 2013), and in summer in the west, at distal sites in the Caribbean (Prospero et al., 2014). Satellite 
observations reveal largest interannual variability in spring and smallest in summer (H. Yu et al., 2019). 
The seasonality can be partly attributed to the latitudinal movement of the Intertropical Convergence Zone 
(ITCZ), influencing the prevailing dust-transporting wind systems (Adams et al., 2012; Ben-Ami et al., 2012; 
Nicholson, 2000; H. Yu et al., 2019). The Saharan Air Layer (SAL) transports the dust between 5 and 7 km 
in summer, as opposed to the Harmattan winds that transport the dust at lower altitudes (0–3 km) in winter 
(Adams et al., 2012; Muhs, 2013; Stuut et al., 2005; Tsamalis et al., 2013).

In situ time-series observations of dust deposition across the entire Atlantic Ocean are sparse, and therefore 
a unique long-term sampling campaign was started in 2012. This transect consisted of subsurface sediment 
traps along a transect from east to west at 12°N, directly underneath the main path of the Saharan dust 
plume (e.g., Van der Does et al., 2016). Previous results of this transect are summarized in Section 3.1 be-
low. The sediment traps collect dust during its descent from surface ocean toward the ocean floor, which 
can be several days up to weeks after deposition on the surface ocean. To get more information about the 
characteristics of Saharan dust after its trans-Atlantic transport, we sampled directly from the atmosphere 
close above the ocean surface with tethered surface buoys. This allows the comparison between dust during 
transport and dust after deposition, and the characterization of the changes the dust undergoes during dry 
and wet deposition and while settling to the ocean floor.

Here we present unique data of more than two years of atmospheric dust concentrations and dust particle 
size at two of the stations of the transect, collected from the atmosphere by moored surface buoys as well 
as passive air samplers. In addition, we expand the existing records of dust particle size and dust deposition 
fluxes from the sediment traps along the Atlantic transect. This comprehensive data set provides impor-
tant insights into magnitudes and changes of dust transport and deposition across the Atlantic Ocean, and 
especially the evolution of dust characteristics from transport to deposition. It is a unique combination of 
extensive spatial coverage from source to sink, as well as a continuous record over multiple years. This con-
tinuous data set of dust concentration, dust deposition fluxes and grain size along a transect in the remote 
open ocean will be useful for validating and constraining model simulations with various complexity, from 
fully coupled Earth system models (Kok et al., 2020) to simple deposition-enabled trajectory models (Y. Yu 
et al., 2020).

2. Material and Methods
Saharan mineral dust was sampled between October 2012 and March 2016 along a trans-Atlantic transect 
at 12°N (Figure 1a), using three sampling methods. At five sites (M1–M5), dust was collected by sediment 
traps moored at 1,200 and 3,500 m below the sea surface (below sea level - bsl; Figures 1b and 1c). For the 
second sampling year, 2014, the transect was expanded with two surface buoys, moored at two stations in 
the center of the transect (M3 and M4), that sampled dust in situ directly from the atmosphere. These buoys 
were equipped with 24 sample filters actively filtering the air. Both buoys were additionally equipped with 
a passive air sampler (MWAC – Modified Wilson and Cooke; Goossens & Offer, 2000). This unique com-
bination of different sampling methods delivers new insights into dust transport and deposition processes 
across the Atlantic, while the multi-year record allows for the identification of seasonal and inter-annual 
variability.
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2.1. Sediment Traps

Sediment traps were moored at five stations along a transect across the Atlantic Ocean, as described by Van 
der Does et al. (2016) and Korte et al. (2017). Four moorings were located at ∼12°N, and a fifth at ∼14°N 
(Figure 1a). Sediment traps were located at 1,200 m (upper, or U) and 3,500 m (lower, or L) below the ocean 
surface on each mooring. The traps contained 24 sampling bottles, pre-programmed to synchronously sam-
ple over 8 and 16-day intervals (Table 1). During the first year (2013), the traps sampled from October 19, 
2012 to November 7, 2013 at all five sites (henceforth called 13M1–13M5), at 16-day intervals. During the 
second year (2014), the traps sampled from November 23, 2013 until October 25, 2014 at M1–M4 (hence-
forth called 14M1–14M4), at 8- and 16-day intervals. This variable sampling resolution was applied to min-
imize sampling gaps and to synchronize sediment-trap sampling at all stations. The recovery was slightly 
different for the two sampling years, with seven sediment traps recovered after the first sampling year, and 
five after the second sampling year (Figures 1b and 1c). Detailed information on the mooring equipment 
and exact sampling intervals is given in the respective cruise reports (Stuut et al., 2012, 2013, 2015). For 
14M1-U only the first nine samples out of 24 could be recovered due to a rotation malfunction of the trap 
carrousel. Sediment-trap sample preparation is described in more detail by Van der Does et al. (2016, 2020). 
In brief, a biocide was added to the sampling bottles (HgCl2, 1.3 g L−1) and a pH buffer (borax; Na2B4O7 · 
10H2O, 1.3 g L−1, pH ≈ 8) that created a density slightly higher than the ambient seawater to prevent the 
solution diffusing out of the bottles. After recovery, samples were wet-sieved through a 1 mm mesh and 
subsequently split into 1/5 and 1/25 aliquots using a WSD10 rotary splitter (McLane Laboratories, USA). 
The average weight difference between replicate 1/5 splits is 2.7% (SD = 2.4), with 84% of all samples having 
a weight difference of <5% between splits.

A mid-date was assigned to each sample interval, which is the middle of their 8 or 16-day sampling periods. 
The samples were grouped into seasons: autumn (SON), winter (DJF), spring (MAM), and summer (JJA). 
Organic aggregates in which dust particles are incorporated have average settling velocities of about 200 m 
day−1 (Nowald et al., 2015), although much higher settling velocities up to 400 m day−1 can be reached 
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Figure 1. Set-up of trans-Atlantic dust sampling. (a) Sampling locations with sediment traps at stations M1–M5 
and moored surface buoys at M3 and M4. The map was created using Ocean Data View (Schlitzer, 2018). (b and c) 
Bathymetry along 12°N (source: gebco.net) with successful sediment-trap sampling of the 2013 and 2014 sampling 
series and surface buoys in 2014. In 2015 the surface buoys continued for a second year (not shown).
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during high dust deposition conditions (Van der Jagt et al., 2018). Therefore, we assume an average delay 
of 6 days for the aggregates to settle from the ocean's surface to the sediment traps at 1,200 m depth, and 
another 11.5 days to the sediment traps at 3,500 m depth, after initial residence in the surface waters (Brust 
et al., 2011). This agrees with previously determined settling velocities for these sediment-trap samples of 
>140 m per day (Korte et al., 2017; Van der Does et al., 2016).

2.2. Buoys and MWAC Samplers

In conjunction with the sediment traps, two dust-collecting surface buoys were moored at sampling sta-
tions M3 and M4, respectively (Figure 1). Such time series of in situ atmospheric dust observations over 
the remote tropical Atlantic Ocean are unique in its kind. The buoys were first deployed in November 
2013 (Buoys M3-A and M4-A; Stuut et al., 2013), subsequently re-deployed in 2014 and 2015 (Buoy M3-B; 
Bale, 2014; and Buoys M3-C and M4-C; Stuut et al., 2015), and recovered in 2016 (Stuut et al., 2016). The 
buoys were built at NIOZ, based on the aerosol-collecting buoys designed by E. Sholkovitz (e.g., Sholkovitz 
& Sedwick, 2006; Sholkovitz et al., 2001), and are still being developed (Figure 2). The buoys consist of a 
carrousel with 24 filters which rotate under the air inlet, synchronously with the subsurface sediment traps 
below the buoys at 8 to 22-day sample intervals (Table 1). The buoys collect aerosols by pumping air through 
the 47 mm polycarbonate filters of 0.2 µm pore size. These aerosols predominantly consist of mineral dust 
but also inevitably contain variable amounts of sea salts from spray. The volume of air filtered by the sam-
pler is monitored, and the buoys are linked to a meteorological sensor that monitors wind speed, wind 
direction, temperature, precipitation and relative humidity, which allows the buoys to only sample under 
favorable weather conditions, i.e., no precipitation (<0.2 mm min−1) or strong winds (<20 m s−1). Under 
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Sampler
Lat. 
(°N)

Lon. 
(°W)

Trap depth 
(m bsl)

km to 
African 

coast Sampling intervals Sampling period

Avg. 
modal 

grain size
Avg. dust 
content

13M1 12.00 23.00 1,150 700 16 days October 19, 2012–November 7, 2013 18.25 µm 14.27 mg m−2d−1

13M2 13.81 37.82 1,235; 3,490 2,300 16 days October 19, 2012–November 7, 2013 13.85 µm 3.11 mg m−2d−1

13M3 12.39 38.63 3,540 2,400 16 days October 19, 2012–November 7, 2013 16.47 µm 4.64 mg m−2d−1

13M4 12.06 49.19 1,130; 3,370 3,500 16 days October 19, 2012–November 7, 2013 10.39 µm 3.72 mg m−2d−1

13M5 12.02 57.04 3,520 4,400 16 days October 19, 2012–November 7, 2013 6.99 µm 8.69 mg m−2d−1

14M1 12.00 23.01 1,200 700 8 and 16 days November 23, 2013–March 31, 2014 15.20 µma 9.46 mg m−2d−1 a

14M2 13.81 37.82 1,190 2,300 8 and 16 days December 1, 2013–October 25, 2014 13.35 µm 2.86 mg m−2d−1

14M3 12.40 38.63 1,362 2,400 8 and 16 days December 1, 2013–October 17, 2014 12.85 µm 3.66 mg m−2d−1

14M4 12.04 49.22 1,110; 3,316 3,500 8 and 16 days December 9, 2013–October 25, 2014 11.10 µm 2.40 mg m−2d−1

Buoy 2014 M3-A ∼12.3 ∼38.7 - 2,400 8 and 16 days December 1, 2013–April 20, 2014 - -

Buoy 2014 M3-B ∼12.3 ∼38.7 - 2,400 8 days September 7, 2014–January 21, 2015 - -

Buoy 2015 M3-C ∼12.3 ∼38.7 - 2,400 11 and 22 days January 26, 2015–March 29, 2016 19.9 µm 0.0198 µg L air−1

Buoy 2014 M4-A ∼12.0 ∼49.1 - 3,500 15–16 days December 9, 2013–March 30, 2014 - -

Buoy 2015 M4-C ∼12.0 ∼49.1 - 3,500 11 and 22 days February 6, 2015–March 21, 2016 24.2 µm 0.0082 µg L air−1

MWAC 2014 M3 ∼12.3 ∼38.8 - 2,400 Continuously (281 days) November 24, 2013–September 1, 
2014

8.54 µm 0.05 mg day−1

MWAC 2014 M4 ∼12.0 ∼49.1 - 3,500 Continuously (425 days) November 28, 2013 –January 27, 
2015

11.29 µm 0.04 mg d−1

MWAC 2015 M3 ∼12.3 ∼38.8 - 2,400 Continuously (434 days) January 22, 2015–March 31, 2016 12.4 µm 0.13 mg d−1

MWAC 2015 M4 ∼12.0 ∼49.1 - 3,500 Continuously (422 days) January 28, 2015–March 25, 2016 10.29 µm 0.07 mg d−1

Abbreviation: MWAC, Modified Wilson and Cooke.
aAverage of nine samples.

Table 1 
Sampling Positions, Intervals, Average Particle Size and Dust Content (Deposition Flux or Dust Concentration) of Sediment Traps of 2013 (13M1–M5) and 2014 
(14M1–M4), Buoys of 2014 (M3-A and -B, M4-A) and 2015 (M3-C and M4-C), and MWAC Samplers of 2014 and 2015
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these conditions, sampling was carried out once daily starting at 10:00 
UTC for two hours (in 2014) or four hours (in 2015). If weather condi-
tions were not favorable, the air inlet did not open while the weather kept 
being monitored for a period of eight hours. When weather conditions 
then changed to favorable for at least one hour, the sampling scheme was 
initiated. When the weather conditions changed to unfavorable condi-
tions during sampling the schedule was aborted for another hour until 
another period of favorable conditions, limited to 18:00 UTC. The buoys 
are also equipped with a wind vane to keep the air inlet facing the wind, 
which was mostly blowing from an easterly direction. In addition, the 
buoys contain a satellite communications system (Iridium) that allows 
two-way communication.

In 2014, all buoy filters were recovered broken. Consequently, the dust 
concentration for the 2014 filters could not be determined, and not all 
broken filters contained sufficient material for particle-size analysis. The 
filters that did contain enough material for particle-size analysis may 
yield unreliable results due to the loss of coarse dust particles when the 
filter broke, and subsequent under-sampling. The dust collectors were 
modified for the second deployment in 2015, which included an addi-
tional acetate support filter underneath the sample filters, and a buffer 
chamber in the air-flow line to reduce oscillations of the filter caused 
by the membrane pump (Stuut et al., 2015). The volume of air sampling 
was also increased for the second year, as the first year revealed that the 
solar panels supplying power to the pumps worked very efficiently. After 

the second year of sampling (2015), all filters returned intact, and dust particle size and dust concentration 
could be determined. For each filter, an average of 2288 and 5914 L of air was sampled per day by buoys 
M3-C and M4-C, respectively, and each session the volume decreased as the filter became increasingly 
clogged by dust and sea salt. Since a larger volume of air was sampled per day for buoy M4, the engine must 
have sucked air through the filters at higher power, which could have influenced the collection of (large) 
dust particles. Due to technical problems with the power supplies of the buoys, the entire sampling sched-
ule was not completed for every deployment.

In addition to the filters, both buoys were equipped with an MWAC sampler (Modified Wilson and Cooke; 
Goossens & Offer, 2000), a passive air sampler that sampled continuously over the time the buoys were de-
ployed (Table 1). The sampling periods for the MWAC samplers ranged between 281 and 434 days (Table 1), 
which may have biased the particle size of the entire sample. The MWAC sampler consists of a plastic bottle 
which acts as settling chamber, and is connected to an inlet and outlet tube of 7.5 mm diameter (Figure 2). 
The samplers were installed vertically on the buoy's air inlet. The buoy's wind vane ensured continuous 
windward orientation of the MWAC's inlet tube. The samplers were located about 3 m above sea level (Fig-
ure 2). These MWAC samplers have very high sampling efficiencies, between 75% and 105% for dust with a 
median particle size of 30 µm at wind velocities between 1 and 5 m s−1 (Goossens & Offer, 2000). Average 
wind velocity as recorded by buoy M3 (A–C) ranged between 4.1 and 9.9 m s−1 per sampling interval, with 
maximum velocities up to 18.3 m s−1, well below the pre-set upper wind limit of 20 m s−1 for the buoys. For 
buoy M4 wind-velocity data are largely unavailable due to a technical failure of the electronics: for buoy 
M4-A wind velocities were recorded only for the first seven filters with large parts of the data missing, and 
for buoy M4-C no data were recorded at all. Sampling efficiency varies slightly with different wind speeds, 
but without apparent trends (Goossens & Offer, 2000). For sand-sized particles (median grain size of 132–
287 µm), the efficiency reported in literature is slightly higher (90%–120%), but constant and independent 
of wind speed, for velocities between 6.6 and 14.4 m s−1 (Goossens et al., 2000).

2.3. Grain-Size Analysis and Dust Masses

For grain-size analysis of the subsurface sediment-trap samples, a 1/25 aliquot of the original sample was 
used. Prior to grain-size and flux analysis, all biogenic constituents were chemically removed from the 
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Figure 2. Details of the dust-collecting buoy and Modified Wilson and 
Cooke (MWAC) sampler.
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sediment trap samples to isolate the dust fraction (Van der Does et al., 2016). In short, organic matter was 
removed by adding 10 mL H2O2 (35%), carbonates using 10 mL HCl (10%) and biogenic silica with 6 g NaOH 
pellets in 100 mL of sample solution in demineralized water. After particle-size analysis the sediment-trap 
samples were filtered over pre-weighed 25 mm ∅, 0.4 µm pore size polycarbonate filters, rinsed with Milli-Q 
water, and subsequently weighed again to obtain the dust mass >0.4 µm and therefore the deposition flux 
(Van der Does et al., 2020). The average weight difference between replicate 1/5 splits of each sample is 2.7% 
(SD = 2.4), with 84% of all samples having a weight difference of <5% between splits. The highest deviation 
was found to be 13.6% (Van der Does et al., 2020).

Besides mineral dust, the buoy filters contained significant amounts of sea salt, which had to be removed 
from the filters before analyses. The original 47 mm ∅, 0.2 µm pore size polycarbonate buoy filters were 
ashed in a low-temperature asher and subsequently washed with Milli-Q water onto pre-weighed filters 
(25 mm ∅, 0.4 µm pore size polycarbonate), dried and weighed again to obtain the mass of the dust fraction 
>0.4 µm. Next, the filters containing the dust were ashed again in order to retrieve the dust particles for 
particle-size analysis. Although some of the buoy samples collected in 2013 did not contain sufficient mate-
rial for reliable particle-size distributions, they did for N = 6 filters in M3-A, N = 3 in both M3-B and M4-A, 
N = 14 in M3-C and N = 20 in M4-C.

The MWAC samples only required the rinsing of the dust from the sample bottle with Milli-Q water prior 
to grain-size analysis, at the same time dissolving the present sea salts. After particle-size analysis these 
samples were also filtered and weighed on 47 mm ∅, 0.4 µm pore size (2014-MWACs) and 0.2 µm pore size 
(2015-MWACs) polycarbonate filters to establish long-term-averaged dust mass. Grain-size distributions of 
the MWAC samples were published by (Van der Does, Knippertz, et al., 2018).

Immediately prior to grain-size analysis of all samples, sodium pyrophosphate (Na4P2O7 · 10H2O) was 
added to disaggregate the particles. Particle-size distributions were obtained using a Coulter laser diffrac-
tion particle sizer (LS13 320), equipped with a micro liquid module (MLM), as described by Van der Does 
et al. (2016). A magnetic stirrer homogenized the sample during analysis, and degassed water minimized 
the influence of air bubbles on the measurements. This resulted in particle-size distributions in the range 
of 0.375–2000  µm, divided into 92 size classes. This way, both the particle-size analyses and deposition 
fluxes are of the same dust size fraction >0.4 µm. Reproducibility experiments as described by Van der Does 
et al. (2016) with internal glass-bead standards reveal that the reproducibility is better than 0.7 µm for the 
mean and 0.6 µm for the median particle size (1σ). The average standard deviation integrated over all size 
classes is better than 4 vol.%.

2.4. Aerosol Optical Depth (AOD) and Precipitation

Aerosol optical depth (AOD) and precipitation data at the buoy sampling sites M3 and M4 were obtained 
at a daily resolution from the Moderate Resolution Imaging Spectroradiometer (MODIS) Terra satellite and 
Tropical Rainfall Measuring Mission (TRMM), for 1 × 1° boxes around the sampling sites. This was done 
through the Giovanni online data system, developed and maintained by the NASA GES DISC. For smooth-
ing purposes, a 10-day running average was calculated.

3. Results
3.1. Previous Results of This Transect

Previous analyses of dust deposited on the seafloor and in subsurface sediment traps along the trans-Atlan-
tic transect have been reported previously and are briefly summarized here. Dust particle sizes of the first 
year of sampling (2013), as well as seafloor sediments from all stations, were presented by Van der Does 
et al.  (2016). These results showed a strong down-wind decrease in particle size, related to a decreasing 
contribution of large quartz particles and an increase of small clay minerals to the west (Korte et al., 2017). 
Dust deposition fluxes showed a similar downwind trend, with a significant decrease of dust deposition flux 
down-wind of the North African sources (Van der Does et al., 2020) for the upper (1,200 m) sediment traps 
for the first two years of sampling (2013 and 2014). Furthermore, the first two years of sampling revealed 
a distinct seasonal pattern of coarser dust particles deposited in summer (Van der Does et al., 2016) and 
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at the same time increased deposition fluxes as a result of wet deposition (Van der Does et al., 2020). Wet 
deposition of dust is thought to enhance the bioavailability of carried nutrients (Korte et al., 2018), thereby 
providing a fertilizer enhancing productivity of e.g., calcifying phytoplankton (coccolithophores) as found 
in the sediment traps (Guerreiro et al., 2017). Grain-size distributions of the MWAC samples were published 
in Van der Does, Knippertz, et al. (2018), who also showed the long-range transport of giant (>75 µm) dust 
particles over thousands of kilometers.

In the current study, the gaps in the existing records have been filled and the records and time series have 
been extended to cover three consecutive years. In this study we add dust deposition fluxes of the lower 
sediment traps (3,500 m) of the first two years of sampling (2013 and 2014), as well as grain-size distribu-
tions of the second sampling year (2014). We also present the unique and novel results of time series of two 
dust-collecting surface buoys, that collect dust during transport just before it is deposited into the ocean.

3.2. Sediment-Trap Samples

Dust deposition along the transect is characterized by both downwind as well as seasonal trends. The newly 
obtained data of the second year of sampling (November 2013–October 2014) show a similar downwind 
fining as for the first year, with coarser particles deposited closer to the source at the easternmost sediment 
trap at M1 (23°W), and finer-grained particles westwards over greater distances (Figure 3). Dust deposition 
along the transect is also characterized by a downwind decrease, as most dust is deposited at the easternmost 
station M1, closest to the west African coast and the Saharan source (Figure 3; Van der Does et al., 2020). 
This downwind trend was also demonstrated by Korte et al. (2017), who showed that quartz particles, which 
are generally coarser and heavier than clay minerals, are predominantly deposited at proximal sites.

The seasonal signal of dust deposition shows more and coarser dust particles deposited in the sediment 
traps in summer and autumn, and less and finer particles in winter and especially in spring (Figure 3). This 
was also observed with satellite observations, showing largest dust deposition over the Atlantic Ocean in 
summer (H. Yu et al., 2019).
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Figure 3. Modal grain sizes (lines) and dust deposition fluxes (bars) in the sediment traps of 2013–2014. The upper traps (1,200 m) are shown at the top of the 
graphs (right Y-axis has been inverted to ease comparison), and the lower traps (3,500 m) at the bottom (left Y-axis). Grain sizes of the first year of sampling 
(2013) and deposition fluxes of all upper traps were previously published in Van der Does et al. (2016, 2020).
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Overall, dust particle sizes and deposition fluxes in the lower (3,500 m) sediment traps show less seasonality 
(the difference between the season with highest average dust flux or coarsest grain size and the season with 
the lowest fluxes or finest sizes) during both years than in the upper (1,200 m) sediment traps (Figure 3). 
At the same time, the lower sediment traps tend to show higher fluxes than their upper counterpart dur-
ing the same year (13M2, 13M4 and 14M4; Figure 3). For the sediment traps at M4, geochemical analyses 
revealed that lateral input of Amazon-River sediments to the upper trap is minimal, if not absent (Van 
der Does, Pourmand, et al., 2018), while the lower trap at 13M5 was affected by downslope transport of 
sediment re-suspended from the nearby Barbados margin, causing much higher deposition fluxes than 
expected for the overall downwind decreasing trend, including the large outlier in April 2013 (Figure 3; 
Korte et al., 2020).

3.3. MWAC Samplers

The MWAC samplers that were attached to both buoys collected dust in parallel with the sediment traps 
at stations M3 and M4 in 2014, but only as a single composite sample over the entire mooring period. Dust 
collected using these two different sampling methods shows almost identical particle-size distributions 
(Figures 4b and 4c), although at station M3 the MWAC-sampler shows slightly finer dust than the sedi-
ment-trap average (Figure 4b). The grain-size distributions of the seafloor sediments are much finer grained 
than the dust intercepted in the water column or the atmosphere above, which is due to the much longer 
timespan these samples represent, of several hundreds of years of sediment accumulation. The secondary 
mode or “shoulder” of the grain-size distributions is represented in both the MWAC and sediment trap sam-
ples, demonstrating the close agreement between the two different sampling methods. Not only the upper 
traps but also the dust in the lower trap at M4 resembles the atmospheric dust very well. This demonstrates 
that although modal grain sizes in both the upper and lower traps show differences in seasonality and abso-
lute grain sizes (Figure 3), the average annual grain-size distributions are very similar to the dust collected 
from the atmosphere directly above. Moreover, dust collected by the MWAC samplers in 2015 also shows 
the expected downwind-fining trend, with dust collected by buoy M3 being coarser-grained than further 
downwind by buoy M4 (Figure 5n).

Dust accumulation in the MWAC samplers is very low, ranging from 0.04 to 0.13 mg day−1 (Table 1), which 
is not surprising, given the small opening of the samplers (7.5 mm ∅). In 2014 the difference between the 
two buoys is very small, however during both sampling years the total dust mass at the more proximal buoy 
M3 is larger than at the more distal buoy M4.
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Figure 4. (a) Grain-size distributions of 2014 buoy filters of M3-A & B (solid lines) and M4-A (dashed lines), and 2014 Modified Wilson and Cooke (MWAC) 
samples from buoys M3 and M4 (orange lines). Each line represents an individual sample. (b and c) Average grain-size distributions of 2015 buoy-C filters, 2014 
and 2015 MWAC samples, sediment traps (2013 and 2014 upper and lower traps) and seafloor sediments, from station M3 (b) and M4 (c).
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3.4. Buoy Filters

Although all the buoy filters of 2014 (M3-A, B; M4-A) were broken, some still contained enough dust for 
particle-size analysis, mostly collected during winter (Figure 4a). However, the grain-size distributions are 
likely biased due to the loss of coarser particles and under-sampling after the filters broke, resulting in 
irregular and less reliable particle-size distributions. Modal grain sizes range between 2.8 and 5.4 µm (first 
and main mode), and although fine-grained dust is expected in winter, they are much finer-grained than 
the finest-grained sediment-trap samples at M3 and M4 (Figure 3). All samples show a secondary mode at 
∼15 µm. The buoy grain-size distributions show finer-grained dust than that collected by the MWAC sam-
plers in 2014, which sampled for an entire year or even longer (Figure 4a).

In 2015 all buoy filters returned intact, and most contained enough dust for grain-size analysis (Figure 5). 
Modal grain sizes range between 7.8 and 38.0 µm (average 19.9 µm) for eastern buoy M3-C, and between 
14.9 and 38.0 µm (average 24.2 µm) for the more western buoy M4-C. Secondary shoulders in the grain-size 
distributions are mostly absent, and buoy samples are coarser-grained than the MWAC and sediment trap 
samples (Figure 4). Giant (>75 µm) quartz particles were found on the filters from both buoys (Figure 5o), 
which were transported over thousands of kilometres and collected directly from the atmosphere, and 
which confirms previous findings of such giant particles by Van der Does, Knippertz, et al. (2018). For some 
samples, dust collected by the more downwind buoy M4 appears to be coarser-grained, but their average 
grain-size distribution is very similar (Figure 5n).

In contrast to the subsurface sediment traps, the buoys sampled the dust directly from the air, and as a result 
they register the concentration of dust in the atmosphere, which is a measure for dust transport, as opposed 
to dust deposition over the ocean which is registered by the sediment traps. In 2015, an average of 2288 and 
5914 L of air were pumped through each filter per day for buoy M3-C and M4-C, respectively. Dust concen-
trations vary between 6.6 and 51.7 µg m−3 (average 19.8 µg m−3) for buoy M3-C, and between 2.5 and 33.0 µg 
m−3 (average 8.2 µg m−3) for buoy M4-C (Figure 6). This downwind decrease in concentration is much more 
evident than the accompanying grain-size distributions and modal grain sizes (Figure 5). Although there 
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Figure 5. (a–m) Comparison of grain-size distributions between buoy filters (F-nr.) of M3-C (orange) and M4-C (purple) in 2015. (n) Average grain-size 
distributions of buoys M3 (N = 14) and M4 (N = 20; solid lines) and the two 2015 Modified Wilson and Cooke (MWAC) samples (dashed lines). The modal 
grain sizes are included in the plots. (o) Giant dust particles found on buoy filters of M3-C (top) and M4-C (bottom). The sampling periods of the individual 
filters correspond to the samples of the bar graph shown in Figure 6.
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is no clear seasonal signal in dust concentrations over the year for either buoy, the individual peaks match 
well between the two sites, with a smaller amplitude and absolute concentrations for buoy M4. The dust 
concentrations also match the satellite-observed atmospheric dust load, represented by the aerosol optical 
depth for most of the year, except for summer, when atmospheric dust loads are high, but dust concentra-
tions as collected by the buoys are low, in parallel with increased precipitation (Figure 6).

4. Discussion
Dust sampling for this study was carried out using three different methods. First, dust was directly sampled 
from the atmosphere by the dust-collecting buoys over regular time intervals, revealing dust concentrations 
during atmospheric transport. Second, passive MWAC samplers attached to these buoys took one discrete 
sample of atmospheric dust during the entire deployment period of the buoys. Dust entering these samplers 
by raindrops cannot be excluded entirely since the glass tubes of the samplers do allow rainwater to enter. 
Third, the subsurface sediment traps collected both dry- and wet-deposited dust continuously at 1,200 and 
3,500 m depth along the full transect, synchronously with the dust-collecting buoys at the surface. Com-
bined, these methods show the relationship between atmospheric dust transport and dust deposition.

4.1. Atmospheric Dust: Transport Versus Deposition

There appears to be no clear seasonal trend for neither the atmospheric concentrations of dust nor the 
particle sizes during atmospheric transport, as sampled by the buoys (Figures 5 and 6). By contrast, dust 
deposition recorded by the subsurface sediment traps does show a clear seasonal trend of increased fluxes 
in summer and autumn with coarser-grained dust, and lower deposition fluxes with finer-grained dust in 
winter and spring. In the summer season, generally more and coarser dust is transported from its north Af-
rican sources with stronger winds at higher altitudes (Friese et al., 2017), at a maximum altitude of 5–7 km 
across the Atlantic Ocean (Muhs, 2013, Figure 7; H. Yu et al., 2019). These larger amounts of atmospheric 
dust are reflected by high AOD values (Figure 6), but most of this dust is above the sampling range of the 
surface buoys due to the high altitude of SAL transport. In winter, dust transport occurs at lower altitudes 
(Figure 7), between 0 and 3 km over the eastern Atlantic and between 0 and 2 km over the western Atlan-
tic (Muhs, 2013; Tsamalis et al., 2013), and is more susceptible to dry deposition along the transect (H. Yu 
et al., 2019). This dust is therefore more readily collected by the surface buoys that sample at sea level. At 
lower latitudes, wet deposition plays a more important role in winter, due to precipitation related to the 
ITCZ (H. Yu et al., 2019).

A comparison of dust deposition fluxes in the sediment traps combined with precipitation data from satel-
lites and with model simulations of dust deposition revealed that the main mechanism of dust deposition 
over the Atlantic Ocean is wet deposition, mostly occurring in summer (Bory et al., 2002; Van der Does 
et al., 2020). Over the eastern Atlantic, close to the source, dry deposition still plays a significant role, but 
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Figure 6. Measured atmospheric dust concentrations (bars) on the 24 buoy filters, aerosol optical depth (AOD, from 
Moderate Resolution Imaging Spectroradiometer (MODIS) Terra; solid lines) and precipitation (from Tropical Rainfall 
Measuring Mission (TRMM), dashed lines) for buoys M3-C and M4-C in 2015.
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along the downwind transect, wet deposition progressively becomes nearly the sole depositional process 
(Van der Does et al., 2020), as schematically illustrated in Figure 7. As it appears, precipitation events start-
ing in summer (Figure 6) wash out large amounts of dust from the atmosphere (H. Yu et al., 2019), which 
are not sampled by the buoys as sampling is halted as soon as rain is detected by their weather sensors. This 
results in high (wet) deposition fluxes in the sediment traps, while at the same time dust concentrations are 
low for the buoys at sea level. The onset of precipitation closely matches the sudden decrease in AOD at the 
buoy sites (Figure 6), implying a complete wash-out of dust from the atmosphere due to wet deposition. As 
this large increase in (wet) dust deposition is clearly observed in the sediment-trap samples, wet deposition 
therefore seems to determine the seasonal trend in both the particle size and the deposition flux. In winter 
and spring, dust deposition mostly happens by dry deposition (Figure 7b).

Although the dust collected by the buoys lack a clear seasonal signal, inter-annual variations are large. Very 
fine-grained dust was collected in winter 2014 and much coarser-grained dust throughout the entire year 
2015 (Figures 4 and 5), which may well be due to the selective loss of (coarse) particles caused by the broken 
filters in the 2014 sample set. However, the downwind decrease in dust concentrations measured by the 
buoys during both years is very clear, with larger amounts of atmospheric dust at the more eastern station 
M3, and lower dust concentrations downwind at M4 as a result of deposition and diffusion between the sta-
tions. The accompanying grain-size distributions are much more similar between both stations, and in some 
individual samples even coarser-grained for the more downwind buoy at M4 (Figure 5). This could be relat-
ed to the larger volume of air sampled by the buoy at M4, in turn related to the power at which the engine 
draws air through the filter, which could have increased the number of large particles sampled. Although 
dust concentrations are corrected for the increased air volume, their grain-size distributions are not. As the 
design of the buoys is still improving, further testing of the influence of the air volume sampled by the buoy 
on the grain-size distribution of the collected dust is necessary. Alternatively, the dust collected by the buoy 
at M4 could contain a larger contribution of giant dust particles at this site (Figure 5o), but this is difficult to 
quantify as the applied particle-size analysis method does not yield information on the number of particles.

The particle-size distributions of the dust collected by the MWAC samplers show many similarities to the 
dust collected by the buoys and the subsurface sediment traps. Only the 2014-MWAC sample from buoy M3 
is finer-grained than the synchronous sediment-trap samples, and also finer-grained than the MWAC-sam-
ple collected farther downwind at M4. This could be due to the fact that the sampling periods were not equal 
for both MWACs (Table 1). Especially the MWAC-sampler at M4 (Figure 4c) sampled for a longer period 
(14 months) than the sediment traps (10, 5 months) at the same site. Also, the MWAC sampler at buoy M3 
sampled until late August and may have missed most of the coarser-grained dust that is washed down by 
late-summer rains, although it is not clear how much wet-deposited dust the samplers collect. In addition, 
the different collection methods—atmospheric dust transport collected by the MWAC samplers with a pos-
sible small contribution from raindrops, and both dry- and wet-deposited dust collected by the sediment 
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Figure 7. Schematic overview of summer (a) and winter (b) dust transport over the Atlantic Ocean, not to scale. (a) 
Summer scenario depicting larger amounts and coarser-grained dust by both dry and wet deposition in the east, and 
lower amounts and finer-grained dust by predominantly wet deposition in the west. Dust transport occurs at high 
altitudes, up to 7 km. (b) In winter, the main deposition mechanism over the full transect is by dry deposition. Dust 
transport occurs at lower altitudes, between 0 and 3 km. Also, generally finer dust particles are deposited in winter.
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traps—can result in differences in particle-size distributions. In 2015 the MWACs show the expected down-
wind fining, with coarser-grained dust sampled at M3 and finer-grained dust at M4 (Figure 5). Because of 
the similarities between the grain-size distributions of the MWAC samplers and the sediment traps, we 
conclude that the dust sampled directly from the atmosphere is the same as the lithogenic particles captured 
by sediment traps below, confirming their common aeolian origin.

4.2. Dust Deposition (Sediment Traps)

Seasonal differences in deposition flux (dry and wet deposition combined) and particle size are largest in the 
sediment traps at M1 at the eastern edge of the transect (Figure 3), as most dust and coarsest-grained parti-
cles are deposited closest to the source (Mahowald et al., 2014; Ryder et al., 2013). This agreement between 
dust mass flux and particle size implies that the coarser-grained dust determines most of the dust flux at 
the most upwind site. Downwind, the decrease in particle size is accompanied by a decreased seasonal am-
plitude, which therefore reduces the relationship between deposition flux and particle size. The decrease in 
seasonality downwind is also the result of the rapid fall-out of coarser particles closer to the source, which 
leaves a lower variability of particles sizes for deposition at the more downwind stations, as well as a lower 
influence on the deposition flux of large dust storms coming from the source areas on the African continent.

In addition to the decrease in seasonality downwind, show the upper traps at 1,200 m depth stronger sea-
sonality than the lower sediment traps at 3,500 m depth, for which we propose several hypotheses. First, 
this observation could be due to the larger catchment area of the deeper traps. As settling particles are 
potentially displaced by lateral ocean currents, the deeper traps may sample particles which originated 
from different or additional regions than the upper traps, also called the “statistical funnel” (Siegel & Deus-
er, 1997; Waniek et al., 2000). Not only will this potentially change the particle flux in the lower traps with 
respect to the upper ones, but also delay their arrival in the lower traps given the longer settling times. In 
addition, the lower ocean-current velocities and lower lateral extent of mooring line motion at the depth 
of the lower traps could have increased the collecting efficiency for the slowest/smallest settling organic 
aggregates that carry the dust, and thus result in higher fluxes, although current velocities and trap tilt 
measured at both depths are well below critical levels (Korte et al., 2017). Second, there is a time lag be-
tween particle collection of larger versus smaller sizes by the upper and the lower traps, which is related to 
the differences in sinking velocity between small and larger dust particles. Large and heavy dust particles, 
such as giant quartz grains observed by Van der Does, Knippertz, et al. (2018) and also on the buoy filters 
(Figure 5o) will settle individually, but smaller dust particles will only do so agglomerated in marine snow 
(Van der Jagt et al., 2018), which will take some time to form before settling out. Clemens (1998) argued 
that the reason for a lacking relation between grain size and particle flux in sediment traps is the larger 
settling velocities of coarse-grained particles compared to finer-grained ones. This could in turn result in an 
expression of coarser-grained particles in the sediment traps during large dust storm events, while the as-
sociated high dust flux lags behind this signal as finer-grained particles have not yet settled to the sediment 
trap depth (Clemens, 1998). This effect would be larger at greater depths. In our sediment-trap samples 
we seem to observe this time-lag effect as the particle size increases before deposition fluxes increase (Fig-
ure 3). The same holds for larger/denser marine snow aggregates that settle faster than the smaller/lighter 
ones, which both carry the finer dust, leading to smoothening of the seasonal signal. Sampling at an even 
higher resolution should shed more light on the validity of this statement. Third, the deep sediment trap 
at M5 likely received a large contribution of fine-grained resuspended sediment from the nearby Barbados 
margin (Korte et al., 2020), either by nepheloid layers (Inthorn, Mohrholz, & Zabel 2006, Inthorn, Wagner, 
et al., 2006) and/or along-margin transport by ocean currents (Bonnin et al., 2006), leading to increased par-
ticle fluxes with depth (Honjo et al., 1982). At M5L (3,500 m BSL), the strong negative correlation between 
the deposition flux and particle size implies that a larger input of lithogenic material coincided with smaller 
modal grain sizes. Although the particle size of the lithogenic material collected at this station matches 
the down-wind fining trend, riverine particles or hemipelagic sediments are also characterized by smaller 
particle sizes (Filipsson et al., 2011; Holz et al., 2007), and the strong negative relation argues for increased 
input of such fine-grained sediments. Without a shallow sediment trap to compare, we hypothesize that 
nonaeolian sediments represent a (significant) contribution to this westernmost deep sediment trap. The 
other lower sediment traps used in the present study, however, are at a generous distance (880–1,320 m) 
above the seafloor, while all sediment traps at stations M1–M4 are located much further from continental 
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margins, where input of laterally transported riverine sediments is shown to be negligible (Van der Does, 
Pourmand, et al., 2018).

5. Conclusions
We present a unique time series of Saharan dust transport, sampled directly from the atmosphere by sur-
face buoys, and dust deposition, sampled by subsurface sediment traps at two depths along a transect in 
the tropical North Atlantic Ocean. This study has revealed important insights in the effects of long-range 
transport and (dry and wet) deposition of mineral dust on the grain-size distributions and deposition fluxes. 
Results show the high similarity between dust collected during atmospheric transport and the deposition of 
lithogenic particles collected while sinking to the ocean floor, demonstrating their common aeolian origin. 
However, they also reveal the differences between dust transport on one hand and deposition on the other. 
The subsurface sediment traps collected both dry- and wet-deposited dust, with increased deposition fluxes 
and coarser grain size in summer and autumn, due to wet deposition by summer rains. In contrast, the 
surface buoys only sampled dry dust in transport at sea level and lack the clear seasonal signal. This implies 
that the large amounts of dust transported at high altitudes in summer, brought down by wet deposition, 
determines the seasonality of both the deposition flux as well as the particle size of the deposited dust. 
Consequently, satellite observations of atmospheric dust cannot be directly extrapolated to oceanic dust 
deposition fluxes. The processes involved in dust transport as well as dry and wet deposition have a more 
complex relationship than previously thought. The sampling transect presented here has been and will be 
continued for at least several more years, albeit with a different set-up, and future studies will involve the 
additional wet-deposition sampling by the surface buoys. This study provides important new insights into 
these processes that can be used for climate model simulations that incorporate dust transport and deposi-
tion, and for the interpretation of long-term paleorecords of dust deposition.

Data Availability Statement
Data used in this manuscript are available at https://doi.pangaea.de/10.1594/PANGAEA.922926.
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