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Abstract: Atmospheric aerosol deposition (wet and dry) is an important source of macro and micronu-
trients (N, P, C, Si, and Fe) to the oceans. Most of the mass flux of air particles is made of fine mineral
particles emitted from arid or semi-arid areas (e.g., deserts) and transported over long distances
until deposition to the oceans. However, this atmospheric deposition is affected by anthropogenic
activities, which heavily impacts the content and composition of aerosol constituents, contributing to
the presence of potentially toxic elements (e.g., Cu). Under this scenario, the deposition of natural
and anthropogenic aerosols will impact the biogeochemical cycles of nutrients and toxic elements in
the ocean, also affecting (positively or negatively) primary productivity and, ultimately, the marine
biota. Given the importance of atmospheric aerosol deposition to the oceans, this paper reviews the
existing knowledge on the impacts of aerosol deposition on the biogeochemistry of the upper ocean,
and the different responses of marine biota to natural and anthropogenic aerosol input.

Keywords: atmospheric aerosols; atmospheric deposition; upper ocean; atmospheric nutrients;
mineral dust; organic aerosols; marine biota

1. Introduction

Atmospheric aerosols play an important role in climate because they can modify,
both directly and indirectly, the Earth’s radiative balance. Direct effects originate from the
absorption and/or scattering of solar radiation by atmospheric aerosols, whereas indirect
effects are mainly determined by the influence of aerosols on both cloud droplet and ice
nuclei activation and the subsequent impact on cloud radiative properties and precipita-
tion [1]. Aerosols can be emitted directly into the atmosphere (primary aerosols) from both
natural (e.g., sea-salt, mineral aerosols (or dust), and volcanic dust) and anthropogenic
sources (e.g., combustion of fossil fuels, waste and biomass burning, industrial activities,
mining, and agricultural activities), or formed in the atmosphere (secondary aerosols)
through gas-to-particle conversion processes (nucleation and condensation) of volatile
organic compounds (VOCs) and/or photochemical processing of primary aerosols (atmo-
spheric aging) [1,2]. Due to this multitude of sources and formation processes, aerosols vary
in composition and size, which grants them an important role in eliciting deleterious effects
on air quality and human health. As reviewed by Heal et al. [3], aerosols cover a size range
of more than five orders of magnitude, from a few nanometers (nm) to several micrometers
(µm), which strongly influences particle lifetime in the atmosphere and, hence, the spatial
extent of their influence. For regulatory purposes, the ambient PM is typically quantified
using the PM10 (aerodynamic diameter less than 10 µm) and PM2.5 (aerodynamic diameter
less than 2.5 µm) metrics. In terms of chemical composition, the atmospheric PM consists of
a complex mixture of water-soluble inorganic salts (e.g., sulphate (SO4

2−), nitrate (NO3
−),
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and ammonium (NH4
+)), insoluble mineral dust (e.g., calcium sulfate (CaSO4) and calcium

carbonate (CaCO3)), trace elements of both anthropogenic (e.g., Pb, Cd, and Ni) and natural
(e.g., Si, Al, Fe, Ca, and Mn) origin, biogenic organic particles (e.g., pollen, spores, and plant
fragments), and carbonaceous material (which includes water-soluble and water-insoluble
organic compounds plus elemental carbon) [4–9].

Once in the atmosphere, aerosols can be transported over long distances and deposited
onto terrestrial surfaces. Indeed, the lifetime of aerosols in the atmosphere is determined by
wet and dry deposition, with wet deposition losses being typically estimated to account for
the majority of submicron particle removal from the atmosphere [10,11]. Furthermore, wet
deposition is eventually more important locally or regionally, close to aerosols emission
sources, whereas dry deposition would be more important in areas far from emission
sources. As far as the ocean is concerned, atmospheric deposition of aerosols can impact
the biogeochemical cycles of several important nutrients in the ocean, especially Fe, N, and
P [12], thus enhancing ocean productivity (Figure 1). For example, eolian dust fluxes from
arid regions (e.g., Saharan dust) represent a source of nutrients, namely Fe, for the open
ocean and induce important changes in the microbial plankton community [13]. On the
other hand, the deposition of anthropogenic aerosol components (e.g., toxic elements, such
as Cu, or dissociation products of strong acids (HNO3 and H2SO4) and bases (NH3)) can
potentially exert toxic effects and change the patterns of marine primary production [14,15].
Atmospheric deposition can also contribute to the oceanic dissolved organic and black
carbon pool, with the latter being one of the most refractory forms of organic matter in the
ocean, thus potentially affecting regional ecosystems and global carbon reservoirs [16,17].
The impact of atmospheric aerosol deposition to the upper ocean is certainly very dynamic,
altering both the surface seawater chemistry and marine biological production. It is,
therefore, timely to address this topic and reflect on what is known about the deposition of
aerosols onto the upper ocean and their impacts on marine biota.
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Figure 1. Conceptual diagram illustrating the aerosols sources (natural and anthropogenic), transport,
and deposition onto marine ecosystems, inducing biotic responses. Upon deposition onto the upper
ocean, aerosols can impact nutrient and toxic elements availability, ocean biogeochemistry, ocean
productivity, and carbon cycling. The description of these topics can be seen in the relevant sections.
Fe—iron; N—nitrogen; P—phosphorous; OC—organic carbon; BC—black carbon.
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2. Mineral Dust Deposition onto the Upper Ocean

The literature shows the considerable effort that has been devoted to the quantification
and identification of major dust source regions and transport pathways until deposition
onto the upper ocean [18,19]. The long-lived isotope thorium-232 (232Th) has been used
to quantify the lithogenic inputs into the oceans (e.g., [20–22]) since it is supplied by dust,
whereas other isotopes (such as 234Th and 230Th) are produced uniformly throughout the
ocean by radioactive decay of dissolved uranium (238U and 234U, respectively) [23]. The
rate at which the dissolved 232Th is released by mineral dissolution can be constrained by a
Th removal rate derived from either 234Th:238U or 230Th:234U, assuming that the chemical
speciation and residence time of each dissolved Th isotope is independent of its supply
process [23]. The calculated fluxes of dissolved 232Th can in turn be used to estimate
fluxes of other lithogenic-derived dissolved metals, such as Fe [21,24]. As highlighted by
Hayes et al. [21], one must be careful when using measurements of 232Th to quantify dust
deposition to the ocean, since the influence of coastal input must be taken into account.
The authors suggest that the combined measurements of Th isotopes and 228Ra, with the
later originating in coastal waters in contact with sediments, will allow the assessment
of the potential sedimentary sources of 232Th [21]. Besides Th isotopes, the cosmogenic
radioisotope beryllium-7 (7Be) in ocean surface waters has also been used as a tracer of
atmospheric deposition processes (e.g., [25–27]). As described by Shelley et al. [27], this
radioisotope is deposited in the ocean predominantly via precipitation and is subsequently
homogenised in the mixed layer. As the mean life-time of 7Be is 77 days, this radioisotope
can be used as a tracer of atmospheric deposition on seasonal timescales. For example,
7Be data in the upper ocean has been used to quantify the atmospheric deposition flux of
trace elements (e.g., Al, Mn, Fe, Ti, Y, Zr, Ni, Cu, Sr, Mo, Ag, and Pb) to surface waters of
the North Atlantic at latitudes greater than 40◦ N and further compared to trace elements
flux estimates obtained by the traditional “dry + wet deposition” approach [27]. The
authors reported that the trace elements flux estimates obtained by the 7Be proxy and
the traditional approach were in good agreement for approximately half of the analysed
trace elements, but there were large offsets for other trace elements (up to 40×) [27]. The
authors concluded that the 7Be approach is promising for regions where precipitation
samples cannot be routinely collected, but it is important to consider factors that may
contribute to the abovementioned variation, such as the timescale of integration, selection
of representative deposition velocities, and precipitation rates [27].

In terms of the identification of major dust source regions and transport pathways,
it has been possible to ascribe dust sources to natural and anthropogenic (primarily agri-
cultural) origins, with the mineral dust sources accounting globally for up to 81% of the
emissions (the remaining 19% is assigned to anthropogenic sources) [18,28], reaching almost
100% in hyper-arid regions according to MODIS data [28]. Chen and co-authors estimated
that dust emissions from hyper-arid and arid regions contribute more than 97% to the global
mineral dust emissions with emission fluxes reaching up to 50 µg·m−2·s−1 [28]. The simula-
tions show that the main contributors are the Sahara, Taklamakan, and Arabia deserts, with
annual average dust emissions of 12.19 ± 0.24, 7.31 ± 0.68, and 5.23 ± 0.21 µg·m−2·s−1,
respectively [28]. It is, therefore, not surprising that the majority of studies on mineral
dust deposition onto the upper ocean has been focused on the atmospheric transport
and deposition of dust from the Sahara Desert (e.g., [29–32]). Two major source regions
of Sahara dust can be distinguished: one from the Bodélé depression to the south of the
Tibesti Mountains, and the second covering eastern Mauritania, western Mali, and southern
Algeria. These source regions are almost nonaffected by anthropogenic activities and are
driven basically by the typical variables of local climate and geomorphology [33]. The
marine areas most affected by dust from the Sahara Desert are the Atlantic Ocean and
the Mediterranean Sea. The dust supply from the greater North African region directly
affects the tropical North Atlantic in late spring, summer, and early fall, when a dusty
air mass forms over the Sahara Desert and typically moves westward over the tropical
Atlantic Ocean every three to five days according to NOAA’s Hurricane Research Division
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(HRD) [34]. The Mediterranean Sea, on the other hand, has become a hotspot in terms of
atmospheric deposition research. The Mediterranean Sea is an oligotrophic quasi-enclosed
basin that receives a remarkable flux of dust, primarily coming from the Sahara Desert, in
the form of strong pulses. Therefore, the Mediterranean Sea is considered a low-nutrient
low-chlorophyll (LNLC) region, well suited for addressing the question of the planktonic
response to aerosol input [29,35]. Because of the thousands of kilometers over which
the Sahara dust is transported, its influence can also extend as far as the Amazon [36],
southeast USA [37], coral reefs of the Caribbean [38], and northern and southern European
countries [39,40], degrading the air quality of these regions. These events represent a
public health issue being associated with more than 40 thousand deaths in Europe, based
on recent estimates through GEOS-Chem modelling [40]. Since the mineral dust can be
transported thousands of miles over the Atlantic and Pacific oceans and deliver important
amounts of nutrients to the LNLC Atlantic and Pacific gyres, it could play a significant role
in primary production in those marine regions [13,31,41].

The Sahara Desert dust is mainly composed of oxides, carbonates, quartz, silicates,
sulfates, chlorides, soot mixtures, calcium-rich particles, hematite, phosphates, and mix-
tures of silicates and sulphates [42–45]. Due to the elemental composition of the earth
crust, the atmospheric input of dust particles constitutes a major source of nutrients to
the upper ocean, including Fe, N, and P. Of these, Fe has received much attention, driven
by the realization that Fe can be a limiting nutrient in large areas of the global ocean [46].
Given its importance for primary productivity in the ocean [31], numerous studies have
addressed the release of Fe from dust particles in seawater. For example, in 2013, Bressac
and Guieu [47] investigated the seasonal abiotic processes occurring once simulated min-
eral dust deposited on surface seawater using a series of artificial seeding experiments in
minicosms. The authors concluded that atmospheric dissolved Fe concentration is driven
by the quantity and age of the dissolved organic matter (DOM) pool. Under high and
fresh DOM conditions (i.e., in productive periods or areas), the fate of atmospheric Fe is
primarily controlled by the intense and quasi-immediate aggregation process between
aerosols and DOM [47]. Under low-DOM conditions (i.e., in mixing periods or in low-
productive areas), the absence of aggregation allows a strong and transient increase in
dissolved Fe concentration to occur prior to being removed through adsorption on sinking
particles [47]. Additional studies addressing the impact of atmospheric dust deposition
on an oligotrophic ecosystem, i.e., the Mediterranean Sea, were conducted within the
framework of the project “DUst experiment in a low-Nutrient, low-chlorophyll Ecosystem”
(DUNE) [48]. Experiments involved the addition of dust onto large clean mesocosms
(Figure 2), which allowed for the quantification of the dissolution and adsorption processes
of dissolved Fe occurring from (or at) mineral particles surface [49]. These mesocosms have
the advantage of enabling studies of processes both as a function of time and depth while
the aerosols are sinking. The dust deposition events were reproduced through seeding
experiments in seawater using a flux of 10 g m−2. According to Guieu and co-authors [48],
a dust flux of 10 g m−2 was chosen based on the mean annual dust deposition flux of
12.5 g m−2, which occurred in Corsica during the period 1984–1994. In 2001, strong events
(∼22 g m−2) with a short duration have been also recorded in this region. Based on these
records, the DUNE’s researchers chose to mimic a high, but still realistic, Saharan dust
deposition event of 10 g m−2. Nevertheless, firstly, it was necessary to produce particulate
material similar to the atmospheric aerosols being deposited onto the upper ocean. This
was accomplished by simulating (i) the generation of desert aerosols and (ii) chemical aging,
mimicking the transport and cloud processing of desert dust within the atmosphere [49].
The generated dust was then spread at the surface of the mesocosms using sprayers, after
which the Fe stocks (dissolved and particulate concentrations in the water column) and
fluxes (export of particulate Fe in sediment traps) were followed for 8 days. These seeding
experiments showed a rapid decrease in dissolved Fe concentration in the water column
after the dust spread onto the water surface. Wagener et al. [49] suggested that this decrease
could be associated with dissolved Fe scavenging on settling dust particles and mineral
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organic aggregates. As expected, the particulate Fe concentrations in the water column
also decreased in the first 48 h after seeding, with the largest particles settling faster than
smaller particles [49]. Interestingly, Wuttig et al. [32] performed consecutive artificial dust
deposition events in the mesocosm, each mimicking a wet deposition of 10 g m−2 of dust.
The authors concluded that successive dust deposition events may induce the dissolution
of Fe from the dust particles due to the excess of Fe binding ligand concentrations in the
mesocosms [32].
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Wuttig et al. [32] also demonstrated that Mn and Al exhibit different behavior in
comparison to Fe, i.e., the dissolved Mn and Al increased after consecutive seedings
due to dissolution processes. The authors also reported that three days after the dust
additions, Al concentrations decreased because of the increase in scavenging onto sinking
biogenic particles induced by biomass increase after the first dust addition [32]. This
mechanism was not observed for Mn, which the authors explained as being associated
with complex redox and photochemical processes controlling Mn cycling in seawater
([32] and references therein). Based on the knowledge that Saharan dust could be an
important supplier of phosphorus (P) to oligotrophic waters of the ocean, Gross et al. [50]
concluded that dust P originates from widespread sedimentary sources and magmatic P
“hot spots”, in which the latter enriches the dust in bioavailable P. Ridame et al. [31], on
the other hand, showed that a simulated wet deposition event of Saharan dust resulted
in a strong increase in the nitrogen/phosphorous (N/P) ratio in surface waters due to a
higher input of NO3

− relative to PO4
3−. The response of the phytoplanktonic community

was positively correlated to these wet deposition events. In contrast, dry deposition was
not a significant source of NO3

−, and the primary production was likely N-limited or
co-limited by both N and P [31]. Ridame et al. [31] explained these contrasting results
by the different N content of the dust used in each simulated deposition event. For the
simulated wet deposition event, the dust was previously subjected to physicochemical
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transformations through condensation/evaporation cycles that involved HNO3 and H2SO4,
thus reproducing the photochemistry, the gradients in pH, and ionic strength during cloud
processing of dust particles [31]. These processes led to a ten-fold higher N content
compared to that of non-processed dust, which was used to mimic the dry deposition
event. Due to these differences in the atmospheric supply of N, the dissolution of processed
dust released a higher content of NO3

− than that of non-processed dust, which was
considered a negligible source of NO3

− [31]. Louis et al. [51] also assessed the dynamics
of NO3

− and PO4
3− in seawater after a dust event to better understand the impact of

dust deposition in the low-nutrient waters of the Mediterranean Sea. Almost all PO4
3−

released from dust was scavenged back onto sinking ferric oxide-rich particles, leading
to short-term bioavailability [51]. The release of NO3

− from dust, on the other hand,
remained high all through the seeding experiment timeframe, indicating that NO3

− from
dust is likely to be bioavailable for a longer period compared to PO4

3− [51]. The authors
also reported that the release of NO3

− and PO4
3− in seawater was intrinsically linked to

dust particle dynamics, governed by the quantity and composition of marine DOM [51].
Although the aforementioned studies have been focused on the role of Saharan dust
inputs on the functioning and phytoplankton dynamics of a well-known oligotrophic
system—the Mediterranean Sea—one can extrapolate similar effects in other LNLC areas
impacted by mineral dust deposition, such as the tropical Atlantic and Pacific oceans.
The mineral dust can be transported thousands of kilometers across the Atlantic and
Pacific oceans (e.g., [52,53]) and deliver large quantities of nutrients (Fe, P, N, and C) to
the LNLC areas of the Atlantic and Pacific oceans, which in turn could play an important
role in the biogeochemical cycles and primary production at those regions. Nonetheless,
the current scenario of warm atmosphere and warm sea surface and ocean acidification,
potentially leading to an increase in the stratification of the surface waters in the LNLC
areas, may alter the biogeochemical impact of the deposited mineral dust in these regions.
Additional field measurements of aerosol-derived nutrient deposition, aided by remote-
sensing observations and numerical models, are required for a better understanding of
the response of the marine ecosystem to deposition events in regions where atmospheric
inputs play an important role.

Other studies have evaluated the impact of the deposition of Sahara dust transported
over long distances. For example, Baars and co-workers [54] performed multiwavelength
polarization Raman lidar observations of optical and microphysical particle properties over
the Amazon Basin in order to study the dust and smoke aerosol transported from Africa.
Although very clean background conditions were frequently found, in about one-third
(32%) of all lidar measurements, they observed advection of smoke and dust aerosol from
Africa with only minor influence from marine aerosols. In about half of these cases, African
smoke particles contributed the most to the total aerosol optical depth. Nevertheless, air
masses loaded with Saharan dust were found to be enriched with fire smoke particles
when these air masses cross the fire areas in Africa from northeast to southwest. During
transportation, Saharan dust may also affect the cloud droplet size and, therefore, increase
the coverage of shallow clouds over the North Atlantic Ocean, with implications in the
radiative forcing [55] and precipitation regimes [56]. The impact of dust deposition on
the carbon budget in the ocean is another matter of debate. For example, it has been
reported that dust aerosols from the Taklamakan Desert can be transported to the subarctic
North Pacific Ocean and promote an increase of 50% in Chl-a and particulate organic
carbon (POC) after deposition in the ocean [57]. Bressac et al. [58] and Desboeufs et al. [59]
also suggested that POC exported to the deep ocean is strongly influenced by lithogenic
particles, such as those of Saharan dust, thus promoting a ballast effect of dust [58,60]. By
coupling metabolic rates in the water column and export fluxes, it has been suggested that
50% of the flux is represented by POC flux directly linked to new production by autotrophs
stimulated by the dust deposition. The remaining 50% of the flux was attributed to the
“lithogenic carbon pump”, a process due to the formation of organic-mineral aggregates,
which occurred within the upper few meters of the water column, depending mainly on
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the quantity and composition of marine DOM [58–60]. In artificial seeding experiments
mimicking wet deposition events, Bressac et al. [58] reported sinking velocities of Saharan
dust pool between 24 and 87 m d−1, corresponding to the formation of organic-mineral
aggregates within the upper few meters of the water column after seeding. Desboeufs
et al. [59] further reported that wet deposition of aged dust enables triggering high POC
fluxes, with the lithogenic fluxes (359 to 646 mg m−2 d−1) being typically 30-fold higher
than the POC fluxes (10.9 to 21.9 mg m−2 d−1). In contrast, a much slower settling was
observed in seeding experiments simulating dry deposition of dust (lithogenic flux of
63.7 mg m−2 d−1 against a POC flux of 5 mg m−2 d−1) [59].

Focusing also on long-term measurements of dust deposition transported over long
distances, Prospero and co-workers [61] carried out a 3-year wet deposition study in a
nine-station network in Florida (southeast USA), which is impacted by African dust every
year, and compared the results with estimates from global dust models. The rainfall
samples were collected at the top of a 15 m tall aluminum scaffold tower to minimize
impacts from local sources. The authors concluded that concentrations of Fe and Al were
highly correlated, suggesting that the temporal variability of African dust concentrations
is relatively coherent over a large area of south Florida [61]. On the other hand, the
concentration of the elements V, Cd, As, and Pb, which are commonly associated with
pollution sources, shows a very different behavior of Al, Fe, and Mn. The authors concluded
that those pollution-derived elements are primarily attributable to regional and local
sources that are active all year long in contrast to African dust sources, which impact the
region only during the warm season [61]. It was also concluded that the data acquired
on dust Fe deposition were not comparable to those derived from global dust models,
suggesting the need to acquire additional deposition data from geographical locations
that are impacted by dust transported over long distances to improve those global dust
models [61]. This is in agreement with the paper of Prospero and Mayol-Bracero [62] on
the impact of African dust on the Caribbean basin, who suggested the need to implement a
coordinated approach combining laboratory, field observations, and modeling experiments
to assess the relative importance of African dust in this receptor region.

3. Deposition of Anthropogenic Aerosols to the Upper Ocean

The deposition (dry and wet) of atmospheric anthropogenic N, S, P, and C (organic and
black C) onto the upper ocean has become a well-known environmental problem: it can alter
not only the chemistry of surface seawater but also the marine biological production. This
is even more critical when some studies suggest that anthropogenic fugitive, combustion,
and industrial dust emissions are underrepresented in PM2.5 emission global inventories
by at least 10% based on GEOS-Chem simulations [63].

Recent studies have shown an increase in anthropogenic air pollutants (e.g., Mn, Pb,
Zn, SO4

2−, NO3
−) in the North Pacific Ocean transported by aerosols from pollution events

in eastern Asian countries and the Taklamakan and Mongolian deserts [e.g., [64,65]. Fu
et al. [64] signalized that remote areas of the western North Pacific Ocean are influenced
by terrestrial biomass burning emission from East Asia, which was demonstrated by the
relatively low depletion of Cl− [64]. The continental long-range transport influences the
chemical composition of secondary aerosol species (e.g., SO4

2−, NO3
−, NH4

+); however,
based on the collected data, Fu et al. suggested that the western North Pacific Ocean
is the primary source of NH4

+ [64]. In any case, the frequent occurrence of dust and
haze events in East Asia seems to greatly contribute to the atmospheric deposition of
macronutrients into the western North Pacific Ocean [64]. In fact, dust events contribute
mostly to the dry deposition of P, Ca, and lithogenic elements, such as Al, Ti, or Fe,
while haze events in polluted and populated cities of eastern Asian cities contribute to
a sharp increase in the dry deposition of particulate inorganic nitrogen (sum of NO3

−

and NH4
+ 26,100 µg m−2 d−1), SO4

2− (20,700 µg m−2 d−1), Zn (330 µg m−2 d−1), and Cd
(1.3 µg m−2 d−1) in the western North Pacific Ocean [64]. By 2050, the net deposition of
nitrogen to the oceans is estimated to be 36 Tg N yr−1 based on the RCP 6.0 scenario [66].
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The same study highlighted that the atmospheric nitrogen fluxes are enhanced tenfold
due to anthropogenic activities, mainly from combustion, agriculture, and shipping [66],
which are disturbing the global nitrogen cycle and the marine ecosystems [67]. Doney
et al. [15] demonstrated that atmospheric inputs of dissociation products of strong acids
(HNO3 and H2SO4) and bases (NH3) alter surface seawater alkalinity, pH, and inorganic
carbon storage. The effective net atmospheric input is acidic in the global ocean, leading
to a decrease in surface alkalinity and a net air–sea outflow of CO2 [15]. Additional
contrasting impacts arising from anthropogenic nitrogen deposition onto the ocean include:
(1) the potential increase in N2O emissions, thus increasing radiative forcing, and (2) the
increase in primary production and export production to the deep ocean, removing CO2
from the atmosphere and, therefore, decreasing radiative forcing [68]. Furthermore, in
a global change scenario where extreme episodes, such as acid rain or wildfires, will
be more frequent, anthropogenic acids might affect the ocean biogeochemistry of some
mineral elements [69,70]. Aerosols pH, chemical composition, particle size, and surface
processes of the aerosols during transport play a key role in the dissolution of inorganic
elements, such as phosphates and Fe (from insoluble to a soluble form), increasing their
bioavailability in the ocean [69–71]. This is particularly critical since these elements are
mostly present in the oceans in insoluble forms (e.g., only 3% of Fe is soluble [71]), and
an increase in the anthropogenic input may increase the amount of bioavailable inorganic
elements. A recent study also demonstrated that anthropogenic aerosol Fe fluxes, mostly
associated with combustion sources, are underestimated over the world [72]. Using isotope
measurements of Fe (δ56Fe), Conway et al. [72] observed a dramatic difference in soluble
aerosol δ56Fe between samples collected from Saharan air masses and those collected
from North American or European air masses. The authors reported that the aerosols
dominated by the Saharan dust plume were characterized by near-crustal δ56Fe in both the
bulk and water-soluble phases (+0.12 ± 0.03 and + 0.09 ± 0.02‰, respectively). In contrast
to the Saharan-dominated aerosols, the aerosol samples collected from North American
or European air masses showed lighter δ56Fe values in the water-soluble phase (−0.8 to
−1.6‰; mean −0.91‰), an observation that was linked to anthropogenic activity [72]. The
δ56Fe measurements and geochemical modelling also showed that European and North
American soluble aerosols comprise ~50–100% anthropogenic Fe [72]. In another recent
study using δ56Fe data, Pinedo-González et al. [73] reported evidence of anthropogenic
Fe in seawater (−0.23‰ > δ56Fe > −0.65‰) collected across the central North Pacific
Ocean (158◦ W from 25◦ to 42◦ N), downwind from industrial emissions in east Asia. The
authors also measured the isotopic composition of dissolved Pb in the same surface samples
collected for Fe isotopes, concluding that the 208Pb/207Pb and 206Pb/207Pb ratios are similar
to those in anthropogenic Asian aerosols [73]. An isotope mass balance further suggested
that anthropogenic Fe contributes to 21–59% of the dissolved Fe measured in the North
Pacific Ocean [73]. These data demonstrate that anthropogenic Fe is an important source
of Fe to some open-ocean regions, playing a key role in marine productivity and carbon
cycling [73]. In terms of anthropogenic input of P, Mahowald [74] estimated that, globally,
the average anthropogenic inputs are approximately 5 and 15% for total P and PO4

3−,
respectively, and may contribute as much as 50% to the deposition over the oligotrophic
ocean where productivity may be phosphorus-limited [74]. In the same study, the authors
estimated that anthropogenic PO4

3− may contribute to a potential new primary production
of 0.5 TgC a−1, suggesting that atmospheric P might be an important source in the open
ocean [74], although considerably less relevant (0.1 Tg P y−1) than other sources, such as
surface runoff (1.5 Tg P y−1) [75]. However, the increasing frequency of extreme weather
events will play a key role in the biogeochemistry of this macronutrient, intensifying the P
limitation in coastal waters [76], increasing the ratios N:P in the ocean, and thus, posing
risks on marine ecosystems [75]. Yu et al. [76] showed that dust events contribute to
the increase in insoluble phosphorus as well as nitrogen, while haze events promote the
increase in soluble forms of such macronutrients in the northern Chinese coast. In another
recent study carried out between the Arctic Ocean and the South Pacific, it has been shown
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that acidic substances with an anthropogenic origin, namely SO4
2−, can react with sea-salt

particles over the open ocean, thus shortening the lifetime of anthropogenic S in the marine
boundary layer due to dry deposition [77]. These findings also suggest that the key role
played by sea-salt particles on the climate are not being accurately accounted for in the
simulation of clouds, aerosols, and air–sea exchanges and that chemically modified marine
aerosols must be also considered in those climate models.

Atmospheric deposition of organic carbon (OC) and black carbon (BC) into the oceans
is also important to the global carbon budget. Based on monthly satellite measurements
of aerosol size distribution, temperature, and wind speed, Jurado et al. [17] suggested
an important spatial and temporal variability of the atmosphere–ocean exchanges of OC
and BC at different scales. These authors estimated that global dry and wet deposition
of aerosol OC is approximately 11 and 47 Tg C y−1, respectively, with wet deposition
fluxes being more important locally and as a temporal source of OC to surface waters
due to their pulsing variability [17]. Dry and wet deposition of aerosol BC to the global
ocean was estimated to be 2 and 10 Tg C y−1, respectively, with higher fluxes in the
Northern Hemisphere and for inter-tropical regions [17]. In parallel measurements of dry
(PM1, PM2.5) and wet (rain, snow, mixed) deposition of OC and elemental carbon (EC)
into the Baltic Sea, Witkowska et al. [78] also showed that dry deposition load of carbon
was on average two orders of magnitude lower than that introduced by wet deposition.
Moreover, aerosol OC was more effectively removed from the air with rain than snow,
while an inverse relationship was reported for EC [78]. The atmospheric cleaning of highly
soluble OC was observed to be most effective on the first day of precipitation, while the
hydrophobic EC was removed more efficiently when the precipitation lasted longer than a
day [78]. Bao et al. [16] also reported that the concentration of water-soluble BC (WSBC) in
marine aerosols was highly positively correlated with the concentration of water-soluble
OC (WSOC), suggesting that these carbonaceous aerosol components might be released by
similar processes (e.g., dissolution of soil particles and fossil fuel burning) [16]. According
to Bao et al. [16], WSBC is defined as the BC that can be dissolved in ultrapure water, as most
of the atmospheric BC deposited in the upper ocean is in the form of wet deposition [17]. It
has been reported that oxidation of BC can increase its water solubility in aerosols [79] and
rainwater [80]. As highlighted by Bao et al. [16], globally, a large amount of BC is emitted by
combustion sources to the atmosphere (4.3–22 Tg yr−1), thus suggesting that the oxidation
of BC might be a potentially major source of WSBC to the ocean. In fact, approximately
45% of the polycyclic aromatic compounds (which include BC molecules) identified in
the aerosol samples were also found in seawater, suggesting a potential contribution of
atmospheric deposition to the oceanic dissolved BC pool [16]. The authors estimated that
the atmospheric contribution of dissolved BC to the global ocean was 1.8 ± 0.83 Tg yr−1,
with approximately 70–80% in the form of wet deposition [16]. These results suggest that
the increase in anthropogenic BC emissions is likely to enhance the flux of the atmospheric
deposition of BC to the ocean, with expected effects on biogeochemical cycles. In this regard,
Mari et al. [81] studied the rain-mediated input of BC to the ocean and its consequences on
nutrient concentrations and particle dynamics in Halong Bay, Vietnam, during a 24-hour
cycle impacted by short and heavy rainfall events. The acquired data suggested that
once introduced in the upper ocean via wet deposition, BC particles created a thin layer
of sinking surface-active aggregates, acting as a net-like scavenger for DOM, nutrients
(especially phosphate), and small particles (<5 µm, down to viruses) [81].

Research on the impact of atmospheric BC deposition into the Arctic Ocean has also
been receiving increasing attention. It is well known that the Arctic region is especially
sensitive to global changes and increases in BC emissions may contribute to the amplifica-
tion of Arctic warming. It has been reported that atmospherically deposited BC becomes
available into the Arctic Ocean with the increasing melting of sea ice during summer, thus
influencing the abundance of dissolved BC in the surface waters [82,83]. Moreover, it has
also been demonstrated that anthropogenic aerosol organic matter is the main source of fos-
sil DOM in glacier waters and runoff [84]. As such, the deposition of labile anthropogenic
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organic aerosols is likely to exert an important impact on glacially dominated coastal
ecosystems or the open ocean, where they could act as a primary driver of carbon cycling
and alter the marine food webs [84]. Furthermore, the presence and the nature of organic
ligands may also control the dissolution and subsequent size distribution of aerosol trace
metals in seawater. Fishwick et al. [85] reported that the content of organic ligands (such as
glucuronic acid and desferrioxamine-B) may impact the size distribution of aerosol-derived
Mn in seawater, whereas changes in other key physico-chemical parameters in seawater
(i.e., surface seawater temperature, pH, dissolved O2 concentration) had little effect on
the proportions of Mn, Co, Ni, and Pb released from aerosols. On the other hand, the
same authors also concluded that aerosol source and composition had the most significant
effect on the dissolution of aerosol Co and Pb, with the most anthropogenically influenced
aerosol samples displaying the highest fractional solubilities in seawater, suggesting that
anthropogenic aerosols may control the inputs of Co and Pb as well as of other (e.g., Fe)
elements to the upper ocean making them more bioavailable [72,73,85].

4. Effects of Atmospheric Deposition on Marine Biota

Atmospheric deposition can favor the growth of some planktonic species (according to
their nutritional needs), as it is a source of inorganic nutrients and organic matter [7,86,87]
(Figure 3). The essential elements that limit marine phytoplankton productivity include C,
N, P, and Fe, in an average proportion of 106 C:16 N:1 P:0.0075 Fe, known as the Redfield
ratio [88]. Mineral dust deposition provides a source of these elements to the open sea
surface waters and can have important impacts on marine biogeochemical cycles and
possibly influence the climate [14,19,34,74,89,90].
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Figure 3. Conceptual diagram illustrating the main processes of atmospheric aerosols (wet and dry) deposition and main
changes occurring in the marine biota.

At the Mediterranean Sea, after the regular phytoplanktonic bloom during the spring
season, the surface mixed layer is isolated from the deeper waters by thermal stratifica-
tion [91,92]. Under these conditions, the N and P concentrations decreased, resulting in
lower primary productivity and lower phytoplankton biomass [93,94]. During the entire
stratification period, the main source of allochthonous nutrients to the oligotrophic sur-
face waters is atmospheric deposition [31]. By bringing new macro-nutrients (N and P)
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(e.g., [92,95]) and Fe (e.g., [32]) to the Mediterranean surface waters, Sahara dust deposition
is considered to play a key role in controlling primary production within this region [31].
In this regard, Marín-Beltrán and co-workers [96] carried out aerosol seeding experiments
in microcosms using seawater collected in different seasons (summer, winter, and spring)
along the coast of Barcelona and Blanes and offshore of the Balearic Islands to assess
the effect of Sahara dust and anthropogenic aerosols on the composition of the marine
bacterioplankton community. Aerosol samples were collected on quartz fiber filters on
days when Saharan dust particles arrived at the northeastern Iberian Peninsula (named
“SD” aerosols) and during normal anthropogenic conditions (“AA” aerosols). The aerosol
seeding experiments consisted of 0.8 mg L−1 of either SD or AA samples. In order to
verify that no effect on the fertilization could be attributed to the filters’ material, two addi-
tional microcosm containers were either not seeded or seeded with a blank filter processed
identically as the filters with atmospheric aerosols. The authors concluded that bacterial
diversity varies significantly between different seasons (with higher changes occurring
in summer) and locations and that aerosols yielded major changes in the bacterial com-
munities. The Alphaproteobacteria, Betaproteobacteria, and Cyanobacteria groups were
stimulated by both types of SD and AA particles. On the other hand, the groups belonging
to the phylum Bacteroidetes increased their abundance due to anthropogenic aerosols,
while the Cyanobacteria phytoplankton groups were more stimulated by the Sahara dust.
Marañón et al. [13] also assessed the effects of Saharan dust on the abundance, biomass,
community structure, and metabolic activity of oceanic microbial plankton, but this time in
the central Atlantic Ocean. The authors reported that different groups of phytoplankton
and bacterioplankton responded differently to Saharan dust addition. Nonetheless, the sign
and magnitude of the metabolic response to Saharan dust in terms of primary and bacterial
productivity depended on the ecosystem’s degree of oligotrophy, and it was modulated by
competition for nutrients between phytoplankton and heterotrophic bacteria [13].

The deposition of anthropogenic aerosols to the upper ocean can also impact marine
biota in different ways. To assess the short-term response of phytoplankton communities to
aerosol deposition, Paytan et al. [14] performed bioassay experiments on northern Red Sea
surface seawater using locally collected dry deposition aerosol samples (with different ori-
gin and chemical composition) that represent the bulk of the deposition in the studied area.
The authors demonstrated that the response of phytoplankton growth to aerosol additions
depends on specific aerosol constituents and differs across phytoplankton species. While
aerosol additions enhanced growth by releasing N and P, aerosol samples with high Cu
concentrations exerted toxic effects in picoeukaryotes and Synechococcus but not in Prochloro-
coccus [14]. Copper is a key trace element for marine organisms; however, above a given
threshold, it becomes toxic causing growth inhibition on photosynthetic species (e.g., [97]),
impairing the primary productivity, and changing phytoplankton community structure
on a global scale [98]. According to Paytan et al. [14], the deposition of anthropogenic
aerosols can potentially change patterns of marine primary production and community
structure in high-aerosol, low-chlorophyll areas. Bioassay incubation experiments in the
low-nutrient low-chlorophyll western tropical Atlantic Ocean of Barbados demonstrated
that Fe- and N-rich Sahara dust deposition induces P limitation, favoring the growth of
phytoplanktonic organism of the genus Prochlorococcus [99].

Desert dust and industrially derived PM2.5 are also known to induce impacts in
Asia, especially on the Japan Sea and in the Pacific Ocean. In a shipboard experiment,
oligotrophic oceanic surface water was supplemented with aerosols collected in nearby
coastal mountains, simulating the atmospheric input deposition from that region [53].
The input of N (as NO3

−) was found to be the major driver for alleviating the low N
concentrations to phytoplankton, increasing its biomass, and inducing changes in the
microbial communities. In another study carried out at a coastal site on the east coast
of Korea, Park and co-workers [100] reported that the total deposition (wet and dry) of
anthropogenic NO3

− and NH4
+ could contribute to approximately 2.4 and 1.9% of the

primary production in the coastal areas east of the Korean Peninsula and in the East Asian
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marginal seas, respectively. These percentage values are probably underestimated because
the dry deposition of reactive nitrogen gas was not accounted for in this study [100]. Duarte
and co-authors [101] demonstrated an increase in the phytoplankton biomass (7-fold) and
production (10-fold) in phytoplankton communities from the subtropical NE Atlantic,
favoring diatoms instead of picocyanobacteria after 4 days of exposure to aerosol inputs.
Dinoflagellates, unicellular microorganisms associated with harmful algal blooms, also
benefit from Asian Fe- and N-enriched aerosols, and therefore, an increase in anthropogenic
aerosol emissions could lead to more algal bloom events in the future [101].

Liao et al. [102] found high trace metal concentrations, namely Fe, Mn, Zn, and
Cu, in phytoplankton collected in the open ocean region of the Western Philippine Sea,
which was assigned to anthropogenic aerosols from eastern Asia. For these elements,
the size-fractioned plankton ratios were significantly higher than the reference intracel-
lular ratios and lithogenic ratios (normalized to Al), suggesting a possible influence of
extracellular adsorption or aggregation on plankton and the role of aeolian deposition
of anthropogenic particles generated from fossil fuel burning in East Asia, respectively.
Similarly, Liu et al. [103] reported the presence of fine particulates with a diameter of ap-
proximately 1 µm (PM1.0) in sea anemones, which are released from fossil fuel combustion
into the air. These marine organisms are suspension/filter feeders and, therefore, can
incorporate and accumulate suspended particles, including PM1.0 particles, in their bodies.
The same research team reported that the bioaccumulation factor of PM1.0 in sea anemones
was approximately 5–7 orders of magnitude. Furthermore, a maternal transfer of PM1.0 was
also suggested based on the existence of PM in sea anemone eggs and juveniles, suggesting
that fine PM accumulation in marine biota is a long-lasting issue once it occurs [103]. The
study of Liu et al. [103] also highlight that the hazardous fine PM may pose a serious risk to
other marine organisms via the food web. In another study carried out in six coastal areas
from the south of China (i.e., suburban industrial, suburban agricultural, and four urban
areas), PM2.5 samples were collected and used as a simulation of wet deposition scenarios
for exposure to the marine fish, the medaka Oryzias melastigma. Significant changes were
observed in the fish gut microbiome diversity and lipid metabolism, consequently inducing
a decrease in medaka growth [104]. It was also concluded that the PM2.5 samples from the
industrial site with higher concentrations of Zn and Cr exert significant impacts than PM2.5
from the agricultural location that exhibit lower Zn and Cr concentrations [104].

Coral reefs are another example of a key marine ecosystem whose decline can be
also exacerbated by the deposition of African dust [38]. In order to study the impact of
Sahara dust deposition in the coral diseases at the Caribbean Sea, Hunter et al. [38] applied
an association rule data mining (ARDM) algorithm alongside a combination of satellite
remote-sensing and in situ data to establish a relationship between Saharan dust storms,
Caribbean climate, and the prevalence of coral diseases. It was reported that the ARDM
algorithm indicated a relationship between the African dust and coral disease observations
in the Caribbean Sea, modulated by the sea surface temperature. The findings of Hunter
et al. [38] support the assumption that African dust plays an important role in coral reef
diseases alongside the sea surface temperature. This study also reported that the diffuse
attenuation coefficient at 490 nm (K490), which is an important water property related
to light penetration and availability in aquatic systems, and the Chl-a are not statistically
significant parameters concerning the coral disease observations. It has been shown,
however, that both Chl-a and K490 values are marginally influenced by the concentration
of UV-absorbing aerosols [38]. Nutrient (N and P) enrichment in oceans can indirectly
compromise coral health mostly by increasing the incidence and severity of coral diseases
(e.g., white spot disease, white pox, aspergillosis) and predation susceptibility, affecting
the population dynamics and ultimately causing corals mass extinction [75]. Therefore, all
scenarios of increasing soluble forms of nutrients in worldwide oceans pose serious and
real risks for the marine ecosystems [75], since corals are amongst the most ecologically
and economically relevant marine ecosystems [105].
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5. Summary and Outlook

In the preceding sections, this feature paper has outlined how atmospheric deposition
of aerosols can have a significant impact on the biogeochemical cycles of several important
nutrients in the ocean, namely Fe, N, and P. By bringing new nutrients to the upper
ocean, aerosols deposition exerts contrasting and poorly constrained effects on ocean
productivity, particularly in low-nutrient low-chlorophyll waters, such as in the case of the
Mediterranean Sea. Understanding the long-range transport, deposition (wet and dry),
settling, and chemical fate of mineral dust has been a priority, mostly because mineral dust
is a dominant source of Fe and P to the open ocean. Nevertheless, atmospheric deposition of
anthropogenic N and P is an increasingly important new, and yet poorly constrained, source
of these nutrients to the ocean, with impacts on phytoplankton productivity. Considering
how anthropogenic activities are modifying the concentration and chemical composition
of aerosols, future research efforts should underpin the significance of the atmospheric
deposition of anthropogenic N and P on the upper ocean biogeochemistry. Another
open question is that the bioavailability of these nutrients is usually associated with their
dissolved inorganic forms, often disregarding the fact that soluble organic forms of N or P
can potentially also be considered bioavailable (e.g., Bikkina et al. [7] and Okin et al. [106]).
Further efforts should explore the evidence for, and implications of, the deposition of
organic forms of N and P in surface waters.

Atmospheric deposition is also an important pathway providing inputs of OC and BC
to the ocean, with consequences for global carbon reservoirs. The increase in anthropogenic
OC and BC emissions will be likely reflected in the amount and composition of these two
carbonaceous components deposited in the upper ocean, with expected variable effects on
biogeochemical cycles. For example, atmospheric OC binding ligands are likely to promote
dust Fe solubility in seawater [70,107]. Furthermore, it has been shown that anthropogenic
aerosol Fe is likely to be an important Fe source to the upper ocean and, therefore, could
impact phytoplankton growth in the global oceans [73]. These types of evidence suggest
that future research should consider the deposition of atmospheric OC/BC in conjunction
with the deposition of aerosol Fe from anthropogenic sources and how these aerosol
components could affect phytoplankton productivity in the ocean. Similarly, future research
should also assess whether the atmospheric inputs of anthropogenic trace metals, such
as Cu, Ni, Zn, or Cd, could be mediated by specific atmospheric organic aerosol-binding
ligands, rendering them soluble, and thus bioavailable, in seawater. Furthermore, in the
case of Fe, the quantity and nature of marine dissolved organic complexing ligands can
also control the solubilization of atmospheric Fe in seawater [108]. In this milieu, it has
become clear that the presence of specific organic matter ligands is an important factor that
controls the solubility of atmospheric nutrients and trace metals, making marine DOM
a key regulator of the post-deposition processing of aerosols. We can then assume that
atmospheric and oceanic “organic factors”, whilst independent from each other, together
could control the overall atmospheric nutrients and trace metals dissolution in seawater.
However, the molecular composition of those “organic factors” and the extent to which
they exert a biogeochemical effect is yet to be fully explored. Other open questions remain
to be answered and include: how does the input of “fresh” organic aerosols change the
properties (e.g., optical properties) of the upper ocean? Does organic aerosol input make
the existing DOM more labile or reactive, or does it just add a potentially more reactive
fraction to the existing DOM pool? Addressing these questions is not straightforward, since
the impact of organic aerosols inputs is controlled by different, and yet poorly understood,
factors (several probably interconnected), namely atmospheric aerosol sources and its
organic and inorganic composition, (photo)chemical processing, deposition processes onto
the ocean surface, the ocean’s degree of oligotrophy, and marine DOM composition. Our
understanding of the effects of aerosol OC and BC on marine DOM dynamics is unclear
and will require more detailed knowledge on the composition and fate of organic aerosols
and marine DOM.
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Finally, the existing literature also highlights examples of the negative effects of anthro-
pogenic aerosols deposition in the composition of the oceanic phytoplankton community.
These negative effects are likely related to the presence of toxic elements (e.g., Cu) in the
aerosols, although ingestion, bioaccumulation, and transfer within trophic chains of atmo-
spheric PM by marine animals cannot be disregarded. Yet, further research is necessary
to better understand and predict the impact of anthropogenic aerosol deposition onto the
upper ocean by integrating detailed and specific aerosol composition and their variable
effects on the marine biota.
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