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Atmospheric aerosol deposition (wet and dry) is an important source of macro and micronutrients (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. 
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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 precipitation . 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 (atmospheric aging) . 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.

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 . 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 ,

thus enhancing ocean productivity (Figure 1). The impact of atmospheric aerosol deposition to the upper ocean is

certainly very dynamic, altering both the surface seawater chemistry and marine biological production.
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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.

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 . The long-lived isotope thorium-232

( Th) has been used to quantify the lithogenic inputs into the oceans (e.g., ) since it is supplied by dust, whereas

other isotopes (such as Th and Th) are produced uniformly throughout the ocean by radioactive decay of dissolved

uranium ( U and U, respectively) .

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 agricultural) origins, with the mineral dust sources accounting globally for

up to 81% of the emissions (the remaining 19% is assigned to anthropogenic sources) , reaching almost 100% in

hyper-arid regions according to MODIS data . 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 ·s  . 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 .

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 . Given its importance for primary productivity in the

ocean , numerous studies have addressed the release of Fe from dust particles in seawater.

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 . 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) . 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 .
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Figure 2. Pictures and schematic representation of the mesocosms underwater developed within the framework of DUNE

project. (Reprinted from the work of Guieu et al. , under the Creative Commons Attribution 4.0 License).

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 PM  emission global inventories by at least 10%

based on GEOS-Chem simulations .

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.  suggested an important spatial and temporal variability of the atmosphere–ocean exchanges of OC and

BC at different scales.

Recent studies have shown an increase in anthropogenic air pollutants (e.g., Mn, Pb, Zn, SO , NO ) in the North

Pacific Ocean transported by aerosols from pollution events in eastern Asian countries and the Taklamakan and

Mongolian deserts [e.g., .

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 amplification 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 . Moreover, it has also been demonstrated that anthropogenic aerosol organic

matter is the main source of fossil DOM in glacier waters and runoff .

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  (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 . 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 .

Figure 3. Conceptual diagram illustrating the main processes of atmospheric aerosols (wet and dry) deposition and main

changes occurring in the marine biota.
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