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Abstract The role of dust as a source of bioavailable phosphorus (Bio-P) is quantified using a new
parameterization for apatite dissolution in combination with global soil data maps and a global aerosol
transport model. Mineral dust provides 31.2 Gg-P/year of Bio-P to the oceans, with 14.3 Gg-P/year from labile
P present in the dust, and an additional 16.9 Gg-P/year from acid dissolution of apatite in the atmosphere,
representing an increase of 120%. The North Atlantic, northwest Pacific, and Mediterranean Sea are identified
as important sites of Bio-P deposition from mineral dust. The acid dissolution process increases the fraction of
total-P that is bioavailable from ~10% globally from the labile pool to 18% in the Atlantic Ocean, 42% in
the Pacific Ocean, and 20% in the Indian Ocean, with an ocean global mean value of 22%. Strong seasonal
variations, especially in the North Pacific, northwest Atlantic, and Indian Ocean, are driven by large-scale
meteorology and pollution sources from industrial and biomass-burning regions. Globally constant values of
total-P content and bioavailable fraction used previously do not capture the simulated variability. We find
particular sensitivity to the representation of particle-to-particle variability of apatite, which supplies Bio-P
through acid-dissolution, and calcium carbonate, which helps to buffer the dissolution process. A modest
10% external mixing results in an increase of Bio-P deposition by 18%. The total Bio-P calculated here

(31.2 Gg-P/year) represents a minimum compared to previous estimates due to the relatively low total-P in
the global soil map used.

Plain Language Summary Phosphorus (P) is an essential requirement for life. Natural sources of P
on land are from rock weathering and fertilizers. By contrast over the open ocean, the major source of P is
from falling dust. However, less than 10% of the P in dust is automatically available to phytoplankton for
growth, a percentage we call bioavailable-P. Therefore, changes to the supply of bioavailable-P to oceans can
have considerable impacts on marine ecosystems and the global carbon cycle. Previous work shows acid
processes in the atmosphere can convert nonbioavailable minerals to bioavailable-P. In our previous study
we found a simple relationship between acid in the atmosphere and bioavailable-P formed. Here we use this
new relationship, together with global soil data maps on the amount and type of P in dust and a global
aerosol transport model, which predicts where dust and acid interact. We calculate how much and where
acid-modified dust ends up in the ocean. We show atmospheric acid processing of dust is particularly
important in the Mediterranean Sea, North Atlantic Ocean, northwest Pacific Ocean, and the Indian Ocean. As
a result, atmospheric acid pollution increases the amount of oceanic plant growth and reduces the quantity
of atmospheric anthropogenic carbon dioxide.

1. Introduction

Phosphorus (P) is an essential requirement for life. In the terrestrial ecosystem P is made accessible naturally
through weathering processes and increasingly through the supply of fertilizer and other P-containing com-
pounds from anthropogenic processes. The dominant supply of P to coastal systems is from rivers and waste-
water discharge, which are augmented by sedimentary recycling processes (Ruttenberg, 2003). By contrast, in
the offshore ocean the dominant external supply is from atmospheric deposition processes, with long-range
transportation of mineral dust from desert regions being the most important single source of P to the ocean
surface (Graham & Duce, 1982; Mahowald et al., 2008; Myriokefalitakis et al., 2016). In situ measurements of
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atmospheric aerosol (e.g., Carbo et al., 2005; Herut et al., 1999; Zamora et al., 2013) and soil mineralogical
databases (Nickovic et al.,, 2012; Yang et al., 2013) show that total P (hereafter TP) content of soils and mineral
dust is spatially and temporally variable and may range from <500 to >1,000 ppm, with corresponding varia-
bility in the component P pools.

Many studies show the importance of atmospheric supply in general and dust in particular as a source of
external nutrients (Fe, N, and P) to the open ocean (Krishnamurthy et al., 2010; Mahowald et al., 2008). In such
systems, the total N supplied is in a readily bioavailable form. In contrast, the P (and Fe) is supplied in both
labile (and hence bioavailable) and nonbioavailable forms. The nonbioavailable particles of P can drop
through the photic zone without enhancing phytoplankton growth and hence carbon uptake. Herut et al.
(2005) showed that when fresh Saharan dust and dust pretreated to remove any water-leachable nutrients
were added to a microcosm experiment containing N- and P-limited Mediterranean seawater only the fresh
dust resulted in increased chlorophyll content. The fresh dust added nutrients in the ratio of 31N:1P (nitrate:
phosphate), and thus, it was the water-leachable fraction of the dust rather than the particle itself that caused
the extra productivity in this N and P colimited system (Thingstad et al., 2005). Eijsink et al. (2000) found that
even in the P-limited eastern Mediterranean, 70% of the TP (mainly detrital apatite) supplied as Saharan dust
to the surface waters was transferred through the water column and ended up deposited in the sediment.
The remaining 30% was taken up by biological processes in the water column.

Observations suggest that the percentage of TP in mineral dust that is deposited in a bioavailable form (Bio-P)
is spatially variable, ranging from <10 to >80% (Baker, French, et al., 2006; Markaki et al., 2003; Vet et al., 2014;
Zamora et al,, 2013), and may increase with distance from the dust source (Baker, French, et al., 2006). Recent
ambient observations and laboratory experiments (Nenes et al., 2011; Srinivas & Sarin, 2015; Stockdale et al.,
2016) provide support for the hypothesis that atmospheric acidification and subsequent dissolution are a pri-
mary process for producing Bio-P in mineral dust. Increasing the amount of leachable, or bioavailable, P by
acid processes in the atmosphere will have a direct effect of increasing phytoplankton biomass and hence
carbon uptake in a variety of ocean systems (e.g., Jickells & Moore, 2015; Mahowald et al., 2008).

The paucity of observational data from the open oceans necessitates the use of models to determine the
atmospheric flux of Bio-P to surface waters. Models are also needed to quantify how Bio-P deposition may
change with environmental factors such as source strength, atmospheric pollution, and large-scale changes
to global circulation. To achieve this, models must represent the emission, transport, and deposition of the
particulate P, as well as processes that determine the TP and Bio-P content. Previous global deposition mod-
eling studies using global chemical transport models (Brahney et al., 2015; Krishnamurthy et al., 2010;
Mahowald et al.,, 2008; Wang et al., 2015) assumed that dust emissions contain a constant fraction of TP
(between ~720 and 1,050 ppm) and a constant percentage of TP deemed Bio-P (between 10 and 15%).
The result is a spatially varying flux of dust-borne P to the surface with a constant solubility, which may
not reflect underlying variability between dust sources, nor atmospheric acidification processes. A recent
study by Myriokefalitakis et al. (2016) represented the acidification process using an acid-solubilization
mechanism in which apatite dissolution is treated as a kinetic process dependent on the H* activity of the
surrounding water droplet and known acid dissolution thermodynamic constants. Their study used a global
soil mineralogy data set (Nickovic et al., 2012) to represent the spatially varying soil TP content with dust-TP
emissions adjusted to a global mean of 880 ppm and a soluble fraction of 10% representing a leachable inor-
ganic pool of P in the initial dust. The remaining TP was assumed to be apatite. This treatment reproduces the
atmospheric acidification process but relies on several assumptions for estimating the different forms of P. A
recent global soil database (Yang et al., 2013) provides high-resolution information on the geographical dis-
tribution of TP in its different forms including apatite, labile, organic, occluded, and secondary P. The data set
shows that there is considerable spatial variability in all components. This data set provides more appropriate
forms of P for use in estimating dust-borne P emissions and simulating atmospheric acidification processes
of apatite.

A recent study by Stockdale et al. (2016) presents results from a series of experiments simulating atmospheric
acidification on dust samples and dust precursor soils in which the acidity of the solution and the mass of
dust was systematically varied. Phosphorus speciation experiments identified the dominant forms of phos-
phorus in the dust samples as ~80% apatite P, ~10% Fe-bound P, and ~10% labile P. The acidification experi-
ments provide robust evidence for a relatively simple relationship in which the dissolution behavior of
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mineral dust is controlled by the absolute number of protons in the solution, the calcium carbonate (CaCOs)
content, and the apatite (Ap-P) content of the dust. Rapid acid dissolution of both mineral species occurs
simultaneously when both minerals are present on the same mineral grain (internally mixed). The dissolution
rate of Ap-P is greater when the Ap-P and CaCOs exist on different grains (externally mixed). As a result of
slow mineral precipitation kinetics the dissolved phosphate remains in solution when the H* concentration
falls or water content increases. The total mass of Bio-P upon deposition to the surface is thus the sum of acid-
dissolved apatite (Acid-P) and the loosely bound labile P (Lab-P) that was initially available in the particles. As
the dissolution of Ap-P occurs at a faster rate when CaCOs is not present, if Ap-P and CaCO3 were exclusively
present on different particles (i.e., externally mixed), then it is possible that more Acid-P would be produced.
As discussed by Stockdale et al. (2016) it is hypothesized that many particles would contain both Ap-P and
CaCOs3; however, there is likely a degree of variation between particles with some containing more or less
of each mineral component.

It is widely recognized that mineral dust plays an important role in the transport of nutrients to the open
ocean surfaces; however, as shown by Yang et al. (2013) there exists considerable variability in the relative
abundance of different P-containing components from different source regions. The results of Stockdale
et al. (2016) additionally show that the spatial distribution of CaCO5 and its abundance in relation to Ap-P
may have considerable impacts on the production of Bio-P from acid dissolution of Ap-P. The simplistic dis-
solution mechanism presented by Stockdale et al. (2016) and the detailed soil-P speciation data set presented
by Yang et al. (2013) provide a new and readily applicable method for estimating the spatiotemporal distri-
bution of Bio-P from dust and allows us to investigate the sensitivity of Acid-P production to the degree of
internal and external mixing of the components. This will help to understand key uncertainties in the acid dis-
solution process and help better define the focus of future research.

In this study we use the Global Model of Aerosol Processes (GLOMAP) coupled to the global chemical trans-
port model TOMCAT to simulate the emission, transport, and deposition of dust-borne phosphorus to the
surface. Apatite dissolution parameterizations based on the results from Stockdale et al. (2016) and a data-
base of soil P speciation (Yang et al,, 2013) are used to simulate atmospheric acidification of mineral dust
by H,SO,4 and HNOs3; the soil database is also used to simulate the contribution of the dust-borne Lab-P as
a spatially variable percentage of dust mass. These results are used to investigate the drivers of the spatio-
temporal variability in dust-borne Bio-P and the Acid-P (the amount of TP converted to Bio-P by atmospheric
acid processes). The results are compared to a global data set of observations (Vet et al.,, 2014) and results
from other modeling studies to help understand the importance of atmospheric acidification of mineral dust
on the global supply of P nutrients to the open oceans and elsewhere. Finally, simulations are performed to
investigate the sensitivity of the results to the effect of external mixing of apatite and CaCO3 on the amount
of Bio-P delivered to the ocean surface.

2. Model Description

We use the global aerosol microphysics model GLOMAP-mode (Mann et al., 2010) coupled to the 3-D global
chemical transport model TOMCAT (Chipperfield, 2006). Simulations are performed using a horizontal resolu-
tion of 2.8° by 2.8° and 31 hybrid o-pressure levels extending from the surface to 10 hPa. Meteorology for the
simulated year is driven by the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim
reanalyses at 6-hourly intervals. Monthly mean low-cloud fields are prescribed from the International Satellite
Cloud Climatology Project (ISCCP) archive. In the standard GLOMAP-mode setup the aerosol particle number
and size distribution are described using a modal scheme with seven internally mixed modes (four soluble
and three insoluble) and five aerosol species: sulfate, black carbon, organic carbon, sea salt, and dust. The
seven modes cover four size ranges: nucleation (~1 to 10 nm diameter), Aitken (~10 to 100 nm), accumula-
tion (~0.1 to 0.5 um), and coarse (~0.5 to 10 um).

The aerosol processes treated in the model include primary and precursor emissions, nucleation of H,SO,4
aerosol, sedimentation and dry deposition, hygroscopic growth, in-cloud activation and scavenging,
below-cloud scavenging, intermodal and intramodal coagulation, condensation of H,SO4 and secondary
organic vapors onto all aerosol particles, aging of water-insoluble particles, and in-cloud processing (forma-
tion of sulfate mass from oxidation of sulfur dioxide in aerosol particles activated into cloud droplets).
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GLOMAP-mode also includes an aerosol precursor chemistry scheme primarily for simulating gas and aqu-
eous phase reactions leading to the production of SO, and H,SO,.

Monthly emissions of anthropogenic BC, OC, and SO,, and volcanic SO, are supplied by global data sets
from AeroCom hindcast (Diehl et al., 2012). The Global Fire Emissions Database (GFED) v2 database (van
der Werf et al., 2010) is used for wildfire emissions, and dimethyl sulfide (DMS) emissions are calculated
using DMS seawater concentrations from Kettle et al. (1999) and transfer velocity parameterizations of
Nightingale et al. (2000). Daily size-resolved emissions of dust (covering accumulation and coarse modes)
are included via prescribed fluxes from AeroCom (Dentener et al., 2006). Deposition of aerosol species
occurs via dry deposition, using a dry deposition velocity following Slinn (1982), and wet deposition
through nucleation scavenging from large-scale and convective precipitation (activation of cloud conden-
sation nuclei), impaction scavenging by precipitation, and scavenging by low-cloud drizzle (Browse et al.,
2012). The aqueous chemistry scheme includes the dissolution of SO,, H,0,, and Os into cloud droplets
and the subsequent oxidation of S (IV) to S (VI) by H,O, and Os. Condensation of H,SO, onto aerosols
is simulated using coefficients following Fuchs and Sutugin (1971) with added correction factors for mole-
cular effects and limiting interfacial mass transport, the latter using an accommodation coefficient 1.0 for
both insoluble and soluble modes as per Mann et al. (2010). For this study, the condensation of HNO3 onto
dust has been added following the above method; HNO3 concentrations are taken from the coupled
TOMCAT model with condensation acting as a sink to the HNOs fields. For simplicity, the condensed
HNOs is added to the sulfate component as an equivalent mass of H,SO,4 that would produce the same
mass of H" ions upon dissociation of HNOs.

In this study we are interested in the sulfate associated with dust aerosol, rather than the sulfate associated
with sea-salt, and thus have altered the model setup to isolate the dust-associated sulfate, which will be used
to determine the amount of associated acid. Full details can be found in Text S1. The resulting annual dust
deposition flux, shown alongside the data from the standard setup, is compared to AeroCom observations
(Huneeus et al., 2011) in Figure S1 and shows that the current setup is able to simulate dust deposition fluxes
both close to source and in remote regions and is comparable to the original GLOMAP setup.

To simulate the acid dissolution process in GLOMAP, two soil databases were used to provide information on
the dust mineralogy. For the different forms of P in the dust the soil phosphorus database presented by Yang
et al. (2013) was used. The database uses a global distribution of soil parent material and lithological depen-
dent P concentrations along with a pedogenesis transformation model to simulate the weathering of each
parent rock type. The authors present global distributions of P in different forms as an average of the top
50 c¢cm of the soil profile, including total P (TP), labile inorganic P (Lab-P), and apatite-P (Ap-P). A database
of global soil CaCO3 content was obtained from the gridded Global Soil Dataset for use in Earth System
Models (GSDE) developed by Shangguan et al. (2014). A mean content was determined using the top
50 cm of data in order to provide comparable emissions to the P components and to maximize global cover-
age of emissions. Figure 1 shows the data sets regridded to a 2.8° horizontal resolution. Dust TP content typi-
cally ranges from 200 to 1,000 ppm by mass (global mean of 563 ppm), Ap-P from 20 to 300 ppm (164 ppm),
and Lab-P from 20 to 100 ppm (50 ppm), while CaCO3 content, at over two orders of magnitude greater, typi-
cally ranges from 1 to 12% (global mean of 3.3%) of the total dust mass. In terms of global means Lab-P con-
stitutes 9% of TP dust content and varies between 5 and 10%, whereas Ap-P constitutes 29% of TP and varies
between 5 and 60%; the major deserts show less variability and Ap-P tends to represent ~50% of TP. The form
of P that represents the majority of remaining TP is occluded-P (not shown; spatial distribution apparent from
the low values of Ap-P:TP). Experimental observations from Stockdale et al. (2016) suggest that this form of P
is not released through acid dissolution nor upon deposition to the ocean surface; it is also much more pre-
valent in the northern boreal regions where dust uplift is less important.

To simulate the emission and deposition of the dust mineralogy, tracers were included in GLOMAP alongside
dust following previous studies (Atkinson et al., 2013; Vergara-Temprado et al.,, 2017) using the regridded soil-
P and CaCOs data sets. For each tracer the spatially variable mass fraction of the components from the
regridded soil-P and CaCO; databases were applied to the modeled dust emission at each grid point to pro-
duce an associated mass. Throughout the simulation, dust is considered a single component with the frac-
tional partition between the constituents conserved for all processes, including interaction between two
dust modes. The simulations produce monthly mean wet and dry mass deposition fluxes (both impaction
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Figure 1. Global gridded data sets used for Global Model of Aerosol Processes dust-associated emissions of
(a) total-phosphorus (ppm), (b) apatite-phosphorus (ppm), (c) labile-phosphorus (ppm), (d) calcium-carbonate (%), (e) ratio
of apatite-phosphorus to total-phosphorus (%), and (f) ratio of labile-phosphorus to total-phosphorus (%).

and nucleation scavenging) from each grid point for total dust, TP, Ap-P, Lab-P, CaCOs, and dust-associated
acid in the form of the sulfate component.

The acid dissolution process is simulated using parameterizations based on experimental observations
from Stockdale et al. (2016), which provide robust evidence that the dissolution of Ap-P occurs rapidly
(seconds to minutes) and that the system can be replicated by a simple linear relationship between acid
input and Ap-P/CaCOs dissolution. Linear fits to the experimental data on a logarithmic scale using all dust
samples provide the mass of dissolved Ap-P and CaCOs as a function of the absolute number of protons
available. The dissolution rate of Ap-P increases in the absence of CaCOs; therefore, an additional step has
been introduced to simulate the enhanced dissolution rate. Stockdale et al. (2016) found that the dissolu-
tion of hydroxyapatite powder was well reproduced by the geochemical PHREEQC model (Parkhurst &
Appelo, 2013); this model was used to produce a linear fit between available protons and dissolution of
Ap-P, which provides a means for estimating Ap-P dissolution in the absence of CaCOs. The resulting para-
meters from the linear fits can be found in Table S1. At each grid point (horizontal and vertical) the num-
ber of protons available, determined from the mass of dust-associated sulfate and assuming each mole of
H,S0, dissociates to produce 2 moles of H", is used to determine the number of moles of deposited dis-
solved CaCO3 (mol CaCOs3yiss) using equation (1). Applying mol CaCOsqiss to equation (2) provides dis-
solved Ap-P (mol Ap-P4iss) from simultaneous dissolution of Ap-P and CaCOs. If all CaCO3 has been
dissolved (i.e.,, mol CaCOs3qiss = Mol CaCOs,yailable), @Ny excess protons are used to determine a second
source of mol Ap-Pgiss using equation (2) under the condition that mol CaCOs,yailaple = 0. The number
of moles of dissolved Ap-P from simultaneous and separate dissolution, constrained by the available
deposited mass of Ap-P, is integrated over each horizontal grid point to provide a monthly mean surface
deposition flux of bioavailable P from Ap-P dissolution. The deposition fluxes of Lab-P are similarly inte-
grated over each grid point and added to the dissolved Ap-P to provide the total atmospheric bioavailable
P flux to the surface from inorganic mineral dust.
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log;o(mol CaCOs4iss) = al + b1-log;o(mol H) (M

a2 + b2-log,o(mol CaCOs jss ), if Mol CaCOs,yaijaple > O
a3 + b3-1og;o (Mol H, ., ), if mol CaCO3,ysiiapie = 0

excess

log;o(mol Ap-Py;s) = {

3. Results

3.1. Bioavailable Phosphorus

Annual deposition fluxes of bioavailable phosphorus (Bio-P) from dust, dust mass, and the dust-associated
acid for the year 2001 are shown in Figure 2. The large spatial variability in dust deposition drives the spatial
variability of Bio-P. Highest values are found close to major dust source regions of Sahara and Kalahari deserts
in Africa, and across central Asia, the Americas, and Australia. A significant proportion of the dust is deposited
close to the source of emission. However, considerable transport occurs from all dust source regions driven
by large-scale meteorology, most notably the transport of African dust advecting westward across the
Atlantic Ocean driven by trade winds and midlatitude transport from South America and South Africa east-
ward. Northern Hemisphere midlatitude transport from Asia across the western and central Pacific Ocean also
provides a considerable transport route for dust to these remote ocean regions. The amount of acid con-
densed onto the mineral dust (Figure 2c) shows a strong correlation with regions of high pollution and dust
transport. The industrialized regions of North America, Europe, and central and eastern Asia can be clearly
identified, as well as regions of biomass burning in central Africa. Transported pollutants also play a consider-
able role over the north-west Pacific and North Atlantic, as well as northern Africa and the Mediterranean Sea.
The low dust loading in the central Pacific and Atlantic coincident with a moderate amount of acid highlights
the marine source of sulfate emissions from DMS in this region, and a similar correlation in the northern high
latitudes highlights the transport of pollutants from Europe and North America to this remote region.

Table 1 provides a breakdown of absolute mass and mass per unit area deposited per year globally, on ter-
restrial ecosystems, on marine ecosystems, and into each ocean basin and continent; boundaries to each
basin are shown in Figure S2. Globally, 117 Gg-P/year Bio-P from mineral dust is deposited to the surface
annually, with 86 Gg-P/year to the continents and 31 Gg-P/year to the oceans and seas. The large value over
land is dominated by Africa (52 Gg-P/year) and Asia (24 Gg-P/year), both of which contain large areas of
desert and reflect short-range transport from these important source regions. There is a considerable spatial
variability over the ocean basins. The North Atlantic, North Pacific, and Indian Oceans dominate the absolute
mass of Bio-P deposited to the surface waters accounting for 37%, 19%, and 18% of all Bio-P deposited to the
oceans and seas, respectively. In the North Atlantic and Indian Ocean this is correlated with the dust mass
deposition (52 and 21%), while the North Pacific accounts for only 11% of global dust supply to surface
waters. This apparent enrichment is due to relatively enhanced acid dissolution, which will be discussed in
the following section. The global importance of the Mediterranean Sea as a region impacted by dust is clearly
demonstrated; it accounts for 5% of the total ocean Bio-P and results in the largest deposited mass per unit
area over the oceans (1.5 ug P/m?/day) and is exceeded on land only by Africa (4.8 ug P/m?%/day) and Asia
(1.5 ug P/m?/day), which are both important dust source regions. The NE Atlantic is also strongly impacted
because of its proximity to the Saharan Desert, which exhibits a strong outflow over this region and results
in a mean deposition rate of 1.2 ug P/mz/day.

3.2. Acid Dissolution vs Labile P

As observed by Stockdale et al. (2016) mineral dust contains Ap-P and Lab-P that both contribute toward the
total fraction of inorganic mineral-borne phosphorus that is potentially bioavailable in marine surface waters.
Although measurements reported by Stockdale et al. (2016) find Lab-P present in much smaller quantities
than Ap-P, the total mass of Lab-P is directly bioavailable in the surface waters, whereas the Ap-P requires
the presence of acid to yield a bioavailable form of P, hereafter referred to as Acid-P. The differences in
immediate bioavailability of the two components result in distinct regional differences that can be seen in
Figures 3a and 3b. Close to the dust source regions (Saharan, Arabian, Gobi, Patagonian, Kalahari, Great
Basin, and Great Australian deserts) the Lab-P dominates the total Bio-P deposition, whereas further away
from source regions and over industrialized regions Acid-P dominates; the formation of Acid-P is enhanced
as dust accumulates condensed acids during long-range transport and when dust loading is low in
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a) Bioavailable phosphorus (Bio-P)
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Figure 2. Annual deposition rate of (a) bioavailable phosphorus in pg—P/mZ/year, (b) dust in g/m2/year, and (c) dust-
associated H" ions in moI-H+/m2/year.

proximity to local pollution sources (thus highlighting areas that are possibly acid-limited in respect to the
dissolution of Ap-P). DMS can also play a role in providing a source of acid over the open oceans,
especially in the Pacific Ocean, Southern Ocean, and Arctic Ocean (Belviso et al., 2004).

Tables 1 and 2 provide regional information on the annual mean contribution from Lab-P and Acid-P. Of the
total 31.2 Gg-P/year of Bio-P deposited to the oceans 16.9 Gg-P/year is from Acid-P and 14.3 Gg P/year from
Lab-P. The North Atlantic Ocean, Mediterranean Sea, and the western Indian Ocean, all regions strongly influ-
enced by their proximity to significant dust sources, are dominated by the Lab-P fraction with 94% of the
ocean'’s total Lab-P mass being deposited in these three regions (73, 7, and 14%, respectively). Conversely,
the Pacific Ocean, Arctic Ocean, SE Atlantic, South China Sea, and the Southern Ocean, regions further from
dust source regions, are dominated by the acid dissolution process; in these regions the contribution of Acid-
P to the total Bio-P ranges from 75 to 81%. Although dominated by Lab-P the North Atlantic Ocean,
Mediterranean Sea, and western Indian Ocean also receive a considerable mass of Bio-P from Acid-P.
Considerable acid dissolution of Ap-P occurs over the Pacific Ocean even though this region receives a very
small mass of dust (14% of global oceans dust supply; 25% of global oceans Bio-P supply).

3.3. Spatial Variability of TP Bioavailability

Estimated percentages of TP bioavailability for dust are shown in Figure 3c and Table 2. The simulated TP
bioavailability from dust varies from ~10 to 60% and is generally negatively correlated with areas of high dust
loading and positively correlated with acid loading. The Lab-P content in dust tends to only vary between 9
and 11% of the TP across the globe (see Table 2). As this pool of phosphorus is deemed directly bioavailable,
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Table 1

Absolute Mass of Bioavailable Phosphorus (Total and From Each Source) and Dust Components Deposited to the Surface of Each Region in the Simulated Year

Bioavailable phosphorus deposition

Deposited dust content

Region Total (Bio-P) From acid dissolution (Acid-P) From labile pool (Lab-P) Total phosphorus (TP) Total dust®
Ice sheets
Greenland 0.03 (18) 0.03 (15) 0.01 (3) 0.06 (30) 0.11 (57)
Antarctic 0.05 (3) 0.04 (3) 0.01 (1) 0.09 (6) 0.12 (8)
Oceans and Seas
Arctic Ocean 0.5 (36) 0.4 (29) 0.1(7) 0.9 (66) 1.7 (123)
Pacific Ocean NE 2.3 (66) 1.8 (51) 0.5 (15) 5.2 (147) 10.7 (303)
SE 0.8 (14) 0.6 (11) 0.1 (3) 1.5 (26) 3.0 (53)
NW 3.6 (87) 2.7 (65) 0.9 (22) 9.5 (230) 22.1 (535)
SW 1.2 (38) 0.9 (30) 0.2 (8) 2.6 (86) 5.9 (192)
Atlantic Ocean NE 6.9 (436) 2.0 (125) 49 (310) 48.4 (3041) 103.4 (6497)
SE 2.1 (70) 1.6 (52) 0.5 (18) 5.5 (184) 10.9 (360)
NW 4.7 (181) 2.2 (84) 2.5 (98) 24.5 (943) 50.8 (1959)
SW 1.1 (95) 0.6 (56) 0.4 (39) 4.9 (431) 7.8 (689)
Baltic Sea 0.05 (146) 0.03 (105) 0.01 (40) 0.13 (391) 0.23 (689)
Mediterranean Sea 1.5 (549) 0.5 (177) 1.0 (372) 9.8 (3592) 16.3 (5962)
Indian Ocean w 3.5 (89) 1.5 (39) 2.0 (50) 20.2 (516) 42,0 (1074)
E 2.2 (62) 1.4 (39) 0.8 (23) 8.7 (245) 19.7 (559)
South China Sea 0.5 (68) 0.4 (54) 0.1 (14) 1.2 (148) 2.7 (327)
Southern Ocean 0.3 (14) 0.2(11) 0.1 (3) 0.6 (31) 1.0 (53)
Continents
Europe 3.5 (364) 1.9 (199) 1.6 (165) 15.4 (1612) 26.9 (2822)
North America 2.0 (87) 1.4 (62) 0.6 (25) 6.1 (270) 10.9 (483)
South America 3.3 (180) 1.4 (79) 1.8 (101) 19.4 (1074) 32.3(1793)
Africa 51.6 (1738) 3.5(119) 48.1 (1619) 466.8 (15725) 940.4 (31681)
Asia 23.6 (562) 4.6 (109) 19.0 (453) 198.5 (4725) 425.8 (10138)
Australia 2.3 (282) 0.5 (65) 1.7 (218) 19.9 (2480) 44.5 (5555)
Antarctica 0.05 (3) 0.04 (3) 0.01 (1) 0.09 (6) 0.12 (8)
Totals
Global total 117 (229) 30 (59) 87 (170) 870 (1695) 1779 (3468)
Ocean total 31.2 (85) 16.9 (46) 14.3 (39) 144 (392) 298 (814)
Land total 86 (595) 13 (92) 73 (503) 726 (5013) 1481 (10225)

Note. All units are in Gg-P/year except for dust which is in Tg/year. Values in parentheses give annual mass per unit area in pg P/m2/year except for dust which is in

mg/m /year.

Dust in Tg/year (mg/m /year)

Bio-P in regions of high dust loading will be dominated by the Lab-P component and are likely to be less
dependent on changes to acid concentrations. The dominance of Lab-P in high dust loading regions can
be seen close to dust source regions over land and in the NE Atlantic Ocean where TP bioavailability (14%)
is closely matched with the content of Lab-P in the dust (10%). Conversely, in regions that are not
dominated by dust loading, such as the central Pacific and the remote Arctic Ocean, Acid-P has a greater
impact and results in a greater TP bioavailability (~50%). Due to the almost constant percentage of Lab-P
in dust TP content the variability in TP bioavailability across the globe is controlled by the acid dissolution
process; this is apparent from the wide range in percentage contribution of Acid-P in Table 2, which
ranges from only 7% over Africa and 29% over the NE Atlantic, to over 77% in the Pacific and 81% over
the Arctic Ocean. These findings highlight the importance that acid dissolution has on the deposition of
Bio-P from dust to remote regions that have fewer sources of nutrients, such as the Greenland and
Antarctic ice sheets, and the Arctic and Southern oceans. These estimates only refer to the bioavailability
of dust-borne P. Results from the modeling study of Myriokefalitakis et al. (2016) suggest that dust is the
dominant driver of the collective bioavailability of P-containing aerosol species in northern hemisphere
oceans, whereas in the southern hemisphere primary biological particles are more pronounced in the
South Atlantic and South Pacific Oceans, and sea spray in the Southern Ocean. Therefore, our estimates
are likely representative of northern hemisphere oceans, but other sources of P may increasingly drive the
observed bioavailability in the high southern hemisphere latitudes.
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Figure 3. Annual mean percentage contribution of (a) the acid dissolution process and (b) the labile pool of phosphorus to
the total bioavailable phosphorus from dust deposition, and (c) the percentage of the total phosphorus content in dust that
is bioavailable upon deposition.

3.4. Sensitivity of Acid Dissolution to Degree of Particle External Mixing

The assumption used in this study is that a given mass of dust particles can be treated as if they are internally
mixed, with each dust constituent (Ap-P, Lab-P, and CaCOs) being present at a constant fraction of each par-
ticle’s mass; that is, in each grid box every particle will contain the same mass fraction of Ap-P, Lab-P, and
CaCO:s. This is not necessarily important for the Lab-P fraction, but the dissolution of Ap-P into Acid-P occurs
simultaneously with the dissolution of CaCOs at a rate that is faster than when no CaCOs is present.

To understand the importance of the particle mixing assumption, the deposited masses of dust and asso-
ciated acid were split into distinct components to mimic a population of internally and externally mixed par-
ticles of varying concentrations. As previously, all Lab-P is deemed bioavailable, and hence, the deposited
Lab-P mass is the same as in the previous experiments. For a given percentage of externally mixed particles
the relevant percentage mass of Ap-P is treated separately using equation (2) and assuming no CaCOs pre-
sent, while the remaining mass of Ap-P is assumed internally mixed and treated as per the control experiment
using equation (2) with the corresponding mass of CaCOs. A third group, consisting of the externally mixed
CaCOs, is also removed but has no direct impact on the Bio-P and is simply removed along with its associated
condensed acid (thereby having an indirect effect on Bio-P). The modeled uptake efficiency of acid onto the
mineral particle is independent of the degree of external mixing. The total Bio-P deposited is the sum of
Lab-P, internally mixed Acid-P, and externally mixed Acid-P. Externally mixed percentages of 1, 2, 5, 10, 25,
50% and an extreme case of 100% were used to determine the change in total Bio-P deposition to each
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Table 2

Annual Means: Percentage of Total-P in Deposited Dust Bioavailable at Surface, Percentage of Bioavailable-P from Acid
Dissolution of Apatite, Percentage of Total-P in Dust From Labile-P, and Percentage of Apatite-P in Deposited Dust Dissolved
by Acid Dissolution

% of TP in dust % of bio-P from % of TP in dust % of Ap-P in
Region bioavailable at surface acid dissolution from labile pool dust dissolved
Ice sheets
Greenland 62% 82% 11% 100%
Antarctic 60% 82% 11% 93%
Oceans and Seas
Arctic Ocean 55% 81% 10% 86%
Pacific Ocean NE 45% 77% 10% 73%
SE 52% 81% 10% 84%
NW 38% 75% 10% 56%
SW 44% 80% 9% 65%
Atlantic Ocean NE 14% 29% 10% 9%
SE 38% 75% 10% 58%
NW 19% 46% 10% 19%
SW 22% 59% 9% 28%
Baltic Sea 37% 72% 10% 54%
Mediterranean Sea 15% 32% 10% 10%
Indian Ocean w 17% 43% 10% 14%
E 25% 63% 9% 31%
South China Sea 46% 79% 10% 70%
Southern Ocean 45% 79% 10% 74%
Continents
Europe 23% 55% 10% 25%
North America 32% 71% 9% 45%
South America 17% 44% 9% 16%
Africa 11% 7% 10% 2%
Asia 12% 19% 10% 4%
Australia 11% 23% 9% 5%
Antarctica 60% 82% 11% 93%
Global means
Global mean 14% 26% 10% 7%
Ocean mean 22% 54% 10% 24%
Land mean 12% 16% 10% 4%

region as a percentage of the control experiment where all particles are assumed to be internally mixed
(0% externally mixed). Results are shown in Table 3.

The results show that the Bio-P deposition is very sensitive to the assumptions used for the distribution of
components between dust particles. All regions show an increasing deposition rate of Bio-P with an increas-
ing degree of external mixing. An increase from 0 to 5% results in a 9% increase of Bio-P to the oceans, with
most of this from regions with large dust loadings where acid dissolution of Ap-P is usually strongly buffered
by CaCOs. Regions that show less sensitivity are those where acid dissolution is already a dominating process
and CaCOs is close to exhaustion; in this case the enhanced dissolution rate of Ap-P is already occurring. In
reality it is unlikely that CaCOs and Ap-P will be exclusively present on different particles, but this provides
insight of how sensitive the process is and clearly suggests that this assumption is important for determining
the dissolution process of Ap-P and also other minerals that would usually be buffered by the CaCOs.

3.5. Evaluation of Model Simulation

Our modeled deposition fluxes, solely from mineral dust, are evaluated against a data set of observed fluxes
and in situ aerosol concentrations from ocean cruises and ground-based observations compiled by Vet et al.
(2014), which includes data from a number of sources (Baker, French, et al., 2006; Baker, Jickells, et al., 2006;
Baker et al,, 2010; Carbo et al., 2005; Chen, 2004; Chen & Chen, 2008; Furutani et al., 2010; Herut et al., 1999;
Kocak et al., 2005; Koelliker et al., 2004; Markaki et al., 2003; Migon & Sandroni, 1999; Morales-Baquero et al.,
2006; NADP/AIRMoN, 2010; Oredalen et al., 2010; Ozsoy, 2003; Rodriguez et al., 2011; Tamatamah et al., 2005;
Zhang et al., 2007). Figures 4 and 5a show the observations compared to the modeled deposition fluxes from
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Tab'_e 3 ) o our study. Although limited by observations, the model captures the regio-
Sensitivity of Annual Deposited Mass of Bioavailable Phosphorus to Degree of nal variations in TP: the highest values are found close to source regions,

External Mixing of Apatite and Calcium Carbonate (CaCO3) Content in the
9 P ( 3) such as the Mediterranean Sea and off the eastern coast of Africa, and

Deposited Dust
lower values in more remote regions, such as the central Pacific.
R EC R an: (SjtaCO3 Sty Apparently linear features in Figure 5a for the Pacific coast and
. Mediterranean occur due to multiple observations being present in the
Region % 2% 5% 10% 25% 50%  100% same model grid-box. Standard deviations of model data, shown in
I dhaas Figure 5a, show considerable variability throughout the year. The observa-
Greenland 0 0 0 0 0 0 0 tional data set contains P from all sources, whereas we only estimate fluxes
Antarctic 0 0 1 4 5 for mineral dust. The results support the idea that mineral dust is a globally
Oceans and Seas important source of P, but it is worth noting that in regions of low dust
Arctic 0 0 1 2 4 7 1 loading, such as the Southeast Pacific and Southern Ocean, other sources
Pacific b2 O L 2 . 2 Ly %, of P may play a more important role (Myriokefalitakis et al., 2016).
SE 0 0 1 2 4 8 12
NW 1 1 4 7 17 33 48 We also compared our Bio-P estimates to field observations in Figures 4
) SW 1 1 3 5 12 24 34 and 5b. The model reproduces the observations within an order of magni-
Atlantic ’:E ? ? 1; 3; Z; 123 2i§ tude for much of the Atlantic Ocean and Mediterranean Sea but, as with
NW 2 4 10 20 51 102 152 TP, is underestimating values over the Pacific Ocean and the land; the
SW 2 3 8 16 39 78 116 under-representation over land is likely due to the enhanced role of other
Baltic 1 1 3 7 17 33 49 sources of P. A key result is that when acid dissolution is removed from the
e - o e 2 S model, shown in Figure 5b using crossed symbols, the Bio-P values are sys-
Indian W 3 5 13 26 66 132 198 X X X
E 1 3 7 15 37 74 110 tematically too low compared with measurements. The normalized mean
South China 0 1 2 4 9 19 27 bias (and with respect to the logarithm) without acid dissolution is —0.60
Southern 0 1 2 3 8 16 23 (—0.27) and —0.54 (—0.1) when acid dissolution is included. Our model
Ocean total 2 4 9 18 44 88 131 confirms that acid dissolution in the atmosphere is an important process

Note. All data in % increase compared to control run. Data show percen- affecting the deposited flux of Bio-P (through the addition of Acid-P) to

tage increase of bioavailable phosphorus compared to the control run the Earth’s surface.

(0% mixing; internally mixed assumption). An externally mixed percen- . .
tage of 0% implies that apatite and dust are present at the same ratio in Overall TP deposition fluxes to ocean basins and seas are compared to

all dust particles (therefore internally mixed), and a percentage of 100%  other modeling studies in Table 4. Regional trends show good agreement
;r;zufzziitpzeztcilt:fnd el i sonelie e oedluvely el = with other studies: The North Atlantic Ocean is the globally dominant
region for deposition, with the North Pacific Ocean and Indian Ocean also
important regions for deposition. Our results show good agreement with
Zhang et al. (2015), who similarly only considered mineral dust, in all regions except for the North Atlantic
for which the authors estimate an additional 40% deposition of TP. Okin et al. (2011) and Myriokefalitakis
et al. (2016) estimate similar fluxes for the Atlantic Ocean but estimate a factor of ~2 to 3 greater deposition
to the Pacific and Indian oceans. Mahowald et al. (2008) estimate considerably greater fluxes in most regions:
the Atlantic Ocean is a factor of 3 greater, and the Pacific and Indian oceans are a factor of ~4 greater than our
estimates. These differences are largely due to the assumed P content of dust. In our study the P content of
the emitted dust was determined using a soil P-content database from Yang et al. (2013), which results in a
global mean TP content of 489 ppm per mass of dust. Mahowald et al. (2008) assumed a constant P content of
720 ppm, Okin et al. (2011) use 700 ppm, while Myriokefalitakis et al. (2016) use a soil database (Nickovic et al.,
2012) and tune emissions to result in a global mean dust TP content of 880 ppm. Using these alternative glo-
bal mean contents and our modeled dust fluxes would result in equivalent ocean TP deposition fluxes of 212,
206, and 259 Gg-P/year.

Table 4 also compares Bio-P from this study with other modeling studies. Zhang et al. (2015) provide a
good comparison as their study only considers inorganic P from dust and uses a globally constant TP bioa-
vailability for each mineral, experimentally determined in solution with a pH of 2. In contrast, we use a
parameterization based on experiments using a full range of conditions, which results in a TP bioavailabil-
ity that depends on acidity levels and dust loading. In Zhang et al. (2015) the TP bioavailability is ~10% for
most of the basins, whereas in this study the bioavailability varies from ~15% in areas of high dust loading
to >45% in regions of high pollution or remote regions only accessible through long-range transport. This
results in a global deposition of Bio-P in our study (31.2 Gg-P/year) that is roughly double that of Zhang
et al. (2015). Mahowald et al. (2008) estimate Bio-P ocean deposition of 96.5 Gg-P/year, which is roughly 3
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Figure 4. Modeled deposition fluxes (contours) and observations (filled circles) from Vet et al. (2014) in pg P/mz/year for
(a) wet-deposited total P (TP), (b) dry-deposited TP, (c) wet-deposited Bio-P, and (d) dry-deposited Bio-P. Modeled and
observational values follow the same color scale.

times our estimate. In their study a constant TP bioavailability of 10% for mineral dust is used. However,
the inclusion of other P sources results in a TP bioavailability from all P sources that is greater than
10% in regions where other P sources are important, such as the Pacific and Arctic. The increased TP
from other sources, and from the assumed TP content of dust, results in a greater Bio-P deposition
estimate than our study.

Myriokefalitakis et al. (2016) estimate 88.7 Gg-P/year Bio-P from inorganic sources only (dust-borne Lab-P, dis-
solved Ap-P, and volcanic aerosols), which is a factor of ~3 greater than our study; this difference arises mainly
through differences in the TP content of dust, as well as a different modeled acid dissolution process, and
through contributions from volcanic aerosols (6 Gg-P/year predominantly to the Pacific Ocean). If we apply
the higher dust TP and Lab-P content from Myriokefalitakis et al. (2016), it increases our global Bio-P estimate
by 16 Gg-P/year. The final difference occurs through the treatment of the Acid-P production; we estimate that
30 Gg-P/year is deposited globally as Acid-P, compared to 144 Gg-P/year by Myriokefalitakis et al. (2016). Part
of this difference in Acid-P is due to the assumption used in Myriokefalitakis et al. (2016) that the TP content
of dust is composed of Lab-P and Ap-P only, whereas other constituents are included in our soil database
(e.g., Lab-P and Ap-P make up ~50% of TP in the Sahara Desert). Assuming our deposited dust is only com-
posed of Lab-P and Ap-P would provide a factor of 3 increase in Ap-P availability, which as shown by our sen-
sitivity study (Table S2) could have a considerable impact on Bio-P deposition. The final differences in Acid-P
production occur in the different representations of acid dissolution: in our study the empirically parameter-
ized process is dependent on the absolute number of H* ions from H,SO, and HNO5 uptake and calculated
offline after deposition, whereas in Myriokefalitakis et al. (2016) an online aerosol thermodynamic equilibrium
framework is used to determine conditions for use in a kinetic model. The added sources of atmospheric acid
and detailed treatment of the particle’s aqueous composition result in greater acid dissolution than the sim-
ple experimentally based method used in our study. However, despite these differences it is an interesting
result that the two methods produce similar spatial patterns but of different magnitudes. Assessing these dif-
ferences and identifying the more appropriate method are beyond the scope of this study but merit
further attention.
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Figure 5. Data as in Figure 4 but shown as scatter plots with observations
from Vet et al. (2014) on the x axis and modeled fluxes from this study on
the y axis. (a) Data for total P (TP) fluxes and (b) for Bio-P fluxes. Different
colored circles depict different regions. Vertical lines in (a) show the standard
deviation of modeled deposition flux at that location from the simulated
year (not repeated in (b) for clarity). Crosses in (b) show the modeled
deposition flux of Bio-P without simulated acid dissolution of apatite.

4. Discussion

There is large spatial variability in the amount of Bio-P supplied to the sur-
face ocean. The largest flux of dust and of Bio-P, predominantly in the form
of Lab-P, is supplied to the NE Atlantic Ocean; this area is known to have a
high dust flux from the world’s major source of mineral dust, the Sahara
Desert. The modeling results suggest that this area not only has the high-
est total input of Bio-P (6.9 Gg-P/year) but also a high input of Bio-P per
unit area (436 pg P/m%/year; second to the Mediterranean Sea with
549 ug P/mz/year). Neuer et al. (2004) suggest that the pulses of Saharan
dust seem to exert a feast or famine effect on phytoplankton export from
this region. A pulsing that may be linked to the observed phytoplankton
export is apparent in the modeled fluxes (Figures S3 to S6), which vary
between 0.2 and 0.6 Gg-P per month in the NE Atlantic and between 0.4
and 0.9 Gg-P per month in the NW Atlantic, another region with consider-
able deposition of Bio-P. In these regions, Saharan dust plumes
transported over the North Atlantic meet North American air masses,
which are enriched in anthropogenic combustion products. Sedwick
et al. (2007) identified an increase in soluble Fe delivered to the offshore
NW Atlantic caused by the North American polluted air masses. Here we
show based on our modeling that these air masses also increase the
amount of Acid-P from the mineral dust transported across the Atlantic
from the Sahara, especially during the summer months when dust trans-
port and acid pollution are both relatively enhanced.

The total Bio-P supplied to the ocean is the sum of contributions from Lab-
P and Acid-P. The location with the highest mass of deposited Bio-P from
Acid-P is the NW Pacific (3.6 Gg-P/year). Our data (Table 1) are averaged
over the whole NW Pacific area; however, the impact is greatest in the area
directly under the plume from the Gobi and Taklamakan deserts, which
passes over the highly polluted air in East Asia (Jaffe et al., 1999) and out
into the NW Pacific (Chen et al., 2017). This plume is rather narrowly con-
fined to ~40°N but has a large effect within that plume as shown in
Figures S3 and S4. We see the strongest peak during the Northern
Hemisphere spring (March-April-May; Figure S6), which is consistent with
the findings of Chen et al. (2017). Maki et al. (2016) find that Asian dust is a
major nutrient source to the area of the NW Pacific under the plume
though their study concentrates on the flux of atmospheric nitrate to this
N limited region. As argued below the greatly increased flux of Bio-P from
the dust plume will reduce the potential effect of switching to P limitation

and may also increase the N, fixation in the surface waters (Jickells & Moore, 2015) as well as increasing the
total primary productivity over longer timescales (Tyrrell, 1999).

The location with the highest annual mass of Bio-P per unit area (~550 pg P/m?/year) is the Mediterranean
Sea. This area is particularly sensitive to the addition of extra Bio-P since both the western and particularly
the eastern Mediterranean are P limited (Krom et al,, 1991; Moutin & Raimbault, 2002; Powley et al., 2017).
Any addition of P available to the phytoplankton will rapidly be taken up into the P-starved water (Krom
etal, 2005) and be translated into extra primary productivity. Microcosm experiments have shown the impor-
tance of dust inputs to increasing primary productivity particularly during the summer when there is minimal
nutrient supply from below (Laghdass et al.,, 2012; Ridame et al., 2014). Krom et al. (2010) estimated that Lab-P
from atmospheric sources provided 30% of the nonmarine external P supplied to the eastern Mediterranean,
while Powley et al. (2017), using a mass balance model, estimated that 49% of the nonmarine external supply
to the entire Mediterranean was from atmospheric supply. African dust outbreaks are estimated by Pey et al.
(2013) to occur over the Mediterranean over 20% of annual days. These plumes of mineral dust, along with
locally derived sources, meet air polluted with acidic gases from Europe including air that has passed over
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Table 4
Modeled Deposition Fluxes of TP and Bio-P to Different Ocean Basins in Gg-P/year
Mahowald et al. (2008) Okin et al. (2011) Zhang et al. (2015)° Myriokefalitakis et al. (2016) This study®
TP Bio-P TP Bio-P TP Bio-P sol-1 TP Bio-P DP Bio-P DIPP TP Bio-P

Atlantic 231 35.8 (15) 128 - 112 9.6 (9) 110 54.9 (50) 36.6 83 14.8 (18)
N Atlantic 190 27.9 (15) - - 103 8.8 (9) 96 44.2 (46) 323 73 11.6 (16)
S Atlantic 42 7.9 (19) - - 9 0.8 (9) 14 10.6 (74) 4.4 10 3.2 (30)
Pacific 85 28 (33) 68 - 18 1.8 (9) 59 48.4 (81) 26.6 20 8.4 (42)
N Pacific 63 22 (35) - - 18 1.7 (10) 47 38.0 (80) 239 15 5.9 (40)
S Pacific 22 6 (27) - - 1 0.07 (8) 12 10.5 (86) 2.7 5 2.5 (47)
Indian 149 20.3 (14) 73 - 37 3.8 (10) 56 37.3 (66) 20.7 29 5.7 (20)
Southern 12 1.7 (14) 32 - 0.2 0.01 (7) 2 1.5 (82) 0.2 1 0.5 (46)
Arctic 7 2.2 (32) - - 1 0.1 (10) 4 3.3 (74) 1.7 1 0.5 (55)
Mediterranean 54 5.7 (11) - - 11 1.1 (10) 7 4.4 (59) 2.7 10 1.5 (15)
Antarctic ice - - - - 0.1 0.01 (9) 0.1 0.0 (23) 0.01 0.1 0.1 (60)
Greenland ice - - - - 5 0.5 (9) 0.3 0.2 (62) 0.1 0.1 0.03 (62)
Ocean total 558 96.5 (17) 320 - 180 16.3 (9) 240 150.2 (63) 88.7 144 31.2 (22)
Land total 832 143.5 (17) - - - - 1051 303 (29) 160 726 86 (12)

Note. Figures in parentheses correspond to the TP bioavailability (%) upon deposition. Bio-P data from Zhang et al. (2015) are presented for their “sol-1” data set
(please refer to the study for details). Values for both total dissolved phosphorus (DP) and dissolved inorganic phosphorus (DIP) from Myriokefalitakis et al. (2016)
are included. Values from Zhang et al. (2015) and this study are only for phosphorus from inorganic mineral dust.

@Mineral dust only. “Dissolved inorganic P from dust and volcanic emissions only.

cities such as Athens (Nenes et al., 2011); this results in extra Acid-P, and thus Bio-P, being produced. The
modeling results are compatible with the predictions made by Nenes et al. (2011) concerning the effect of
acid processing on mineral aerosol over the Mediterranean.

There is also a considerable contribution from Acid-P in both the western and eastern Indian Ocean. This is an
area where dust from local desert regions such as the Arabian Peninsula and the Thar desert in India meet
with air masses polluted from highly populated areas in South and South-East Asia (Lelieveld et al., 2001)
and pollution from biomass burning over Central and South-eastern Africa and South Asia (Sinha et al.,
2004). It has been suggested that atmospheric aerosols including dust particles, as well as biomass burning
and other anthropogenic sources, are increasing the flux of dissolved nutrients (including phosphate) to the
Bay of Bengal (Srinivas & Sarin, 2015). Rengarajan and Sarin (2004) suggested that aerosols that have been
involved in interactions between mineral dust and pollution also impacted the Arabian Sea; they identified
its effect on Fe and NOx. Here we suggest that it also affects the Acid-P.

It is generally assumed that any potential Bio-P (i.e., mineral apatite and/or Fe-bound P) as well as Lab-P that
lands on most parts of the terrestrial system will be consumed by plants. Plants and their accompanying
mycorrhizal fungi are evolved to extract this key nutrient from such minerals present in the soil (Smits
et al,, 2012). The only exception to this might be areas of snow, such as Greenland and the Arctic, which host
algal communities, which are important for climate change due to their impact on surface albedo (Lutz et al.,
2016). It has been reported that microbes in arctic glaciers live in P-deficient environments (Stibal et al., 2009),
which suggests that atmospheric input of Bio-P to these key regions may play an important role on local algal
and microbial activity. We estimate that the amount of Bio-P delivered to the major ice sheets of the world
(Greenland and Antarctica) is 0.08 Gg-P/year of which the majority (~80%) is produced by acid dissolution.

Modeling studies routinely use a constant value for TP bioavailability, which typically ranges from ~10 to
~15%. From the soil P database used in our study we show that TP bioavailability is at least 10% due to
Lab-P alone and is considerably greater once the Acid-P contribution is included. For inorganic Bio-P from
mineral dust we estimate global mean TP bioavailability of 22 and 12% for oceans and land, respectively.
For the ocean basins, we estimate the following: Pacific Ocean (42%), Atlantic Ocean (18%), Indian Ocean
(20%), Mediterranean (15%), Southern Ocean (46%), and Arctic Ocean (55%). Other studies such as
Myriokefalitakis et al. (2016) show similar increases in TP bioavailability caused by Acid-P. These calculations
suggest that while the spatial variability of TP and Bio-P are similar (Table 4), the absolute fluxes vary consid-
erably to a large extent because of different values for TP in the source material. Uncertainties in current soil
databases primarily arise from a lack of observations and sampling of under-represented soil types, including
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species that contain phosphorus (Nickovic et al.,, 2012; Yang et al.,, 2013); the result is poor spatial coverage
and a lack of process-level understanding that yields considerable uncertainties. The sensitivity experiments
(Tables 3 and S2) highlight the clear need for improved estimates of dust-borne P components at source.

Krishnamurthy et al. (2010) calculated that the addition of atmospheric P to the global ocean will increase the
total carbon uptake by 0.12% based on an estimated 8.3 Gg-P/year Bio-P deposited to the oceans. However,
the authors assumed a globally constant dust TP content of 1050 ppm and a globally constant TP bioavail-
ability of 15%. In comparison, our model estimates Bio-P deposition from inorganic mineral dust to be
~400% of this value (31.2 Gg-P/year) with TP bioavailability ranging from ~15 to ~50%. Our enhanced Bio-
P deposition estimate suggests that the total carbon uptake could be even greater, if the apatite and
CaCO;3 composition in the mineral dust population were externally mixed. Assuming that all Bio-P is taken
up by phytoplankton, and applying the Redfield ratio, our results suggest that the atmospheric input of
Bio-P from mineral dust may account for an uptake of 1.3 Tg-C/year, with 0.7 Tg-C/year from acid-dissolution
of mineral dust. If the mineral dust Ap-P/CaCO3 content is deemed 100% externally mixed, then the total
uptake would be 3.0 Tg-C/year.

In non-Fe-limited areas where the system is N limited in the short term, it has been shown that most atmo-
spheric input has a high bioavailable N:P ratio and an excess of Fe. It has been suggested that the input of Fe
and N causes the systems to switch toward P limitation (Jickells & Moore, 2015). The increased Bio-P shown to
be formed by these atmospheric acid processes linked mainly to anthropogenic pollution will slow this pro-
cess down particularly in areas like the NW Atlantic (Chien et al.,, 2016). This study suggests that the abundant
acid gases produced during volcanic eruptions are likely to have a short term but possibly dramatic effect on
the supply of Bio-P to the ocean. Previous work has been confined to the actual Bio-P produced within the
volcanic plume itself, which is rather small (e.g., Mahowald et al., 2008). Here we predict that a more impor-
tant effect might be to increase the flux of Bio-P to the ocean due to the interaction of acid gases from the
volcano with existing mineral particles in the atmosphere.

Stoichiometric proxies have been used to estimate nitrogen fixation rates in oceanic surface waters. Deutsch
etal. (2007) calculated a parameter (P* = PO,>~ — NO37/16) and suggested that regions with high P* are also
regions of the ocean with high N, fixation rates and vice versa. It is noticeable that the three regions of the
global ocean with low values of P* in their calculations (north central Atlantic, north western Pacific, and
Mediterranean) are also the areas with the predicted highest fluxes of Acid-P. Superficially, the addition of
extra bio-P should increase P*; however, a large fraction of the acid, which produces acid-P, is nitric acid.
This is apparent in the eastern Mediterranean where the atmospheric N:P ratio has been observed as high
as 105:1 (Markaki et al,, 2010). This is an area of the ocean with very low N, fixation rates (Yogev et al.,
2011). By contrast, the N, fixation rate of the north central Atlantic is relatively high because the high flux of
Saharan dust contains abundant Fe and P, which are required by N, fixing organisms (Mills et al., 2004). It is
unclear what overall impact the external supply of bio-P from mineral dust has on N, fixation rates and P¥*;
however, our results provide global estimates that may help to improve our understanding in the future.

5. Summary

In this study a parameterization for acid-dissolution of mineral apatite, developed using results presented by
Stockdale et al. (2016), was incorporated into a global aerosol model (GLOMAP; Mann et al., 2010) with a glo-
bal soil P database (Yang et al., 2013) to model the atmospheric flux of inorganic bioavailable P from mineral
dust. We estimate that 870 Gg-P/year of inorganic TP associated with dust is deposited globally, with 726 Gg-P/
year to the land and 144 Gg-P/year to the oceans. Our model is able to discriminate between the leachable
(labile) pool of phosphorus, which is present upon emission and the dissolved apatite pool, which is a result
of the simultaneous acid-dissolution of apatite and calcium-carbonate; the two pools combined represent
the atmospheric flux of bioavailable phosphorus (Bio-P) from dust.

We estimate a global flux of 31 Gg-P/year Bio-P to the oceans with 14.3 Gg-P/year from the labile pool (Lab-P)
and 16.9 Gg-P/year from the acid-dissolved pool (Acid-P). The acid dissolution of mineral dust increases sup-
ply of Bio-P to the oceans by 120%, showing the importance of the acid dissolution process on global Bio-P
fluxes. We identify the Mediterranean Sea, North Atlantic Ocean, and North Pacific Ocean as particularly
important regions for dust-borne Bio-P deposition.
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Our modeling results show that the percentage of deposited dust TP that is in a bioavailable form ranges
from ~10 to ~50%; however, generally, it has been assumed in modeling studies that the percentage of
mineral dust TP bioavailability is globally constant, with values between 10 and 15% commonly used. We
use a similar approach to Myriokefalitakis et al. (2016) to show that although the labile fraction of TP is glob-
ally constant at ~10%, the acid-dissolved pool increased the mean TP bioavailability over oceans to 22% with
considerable variation between ocean basins: Pacific Ocean (42%), Atlantic Ocean (18%), Indian Ocean (20%),
and Mediterranean (15%). This variability again highlights the impact that the acid-dissolution process has on
the global flux of Bio-P from dust.

The world’s largest dust sources all have relatively enriched levels of dust-P pools but show variability
between sources. We therefore advise against using global constant values for dust-P pools and recommend
using global databases of soil-P content. In our study we used a pedogenesis-based soil-P database from
Yang et al. (2013), which resulted in a global mean deposited dust TP content of 489 ppm with 49 ppm from
Lab-P and 243 ppm from Ap-P, with all pools displaying roughly 1 order of magnitude variability across the
globe. Comparing these results with other modeling studies and results from a series of sensitivity tests high-
lighted the affect that the assumed dust mineralogical content has on the Bio-P flux. It is noted that there is
no consensus on the global mean deposited dust TP and previous studies have used higher values (e.g.,
880 ppm by Myriokefalitakis et al., 2016, and 720 ppm by Mahowald et al., 2008).

From our sensitivity study we have identified that treating the dust population as an externally rather than
internally mixed population (i.e., assuming that the population exhibits particle-to-particle diversity in apa-
tite and CaCOs content) results in a considerable increase in global Bio-P flux (44% increase for a 25%
externally mixed population). It is currently not known which treatment is appropriate and requires
more research.

Our results confirm the importance of acid processes in the atmosphere in increasing the flux of Bio-P to the
global ocean as suggested by Nenes et al. (2011). The effect is spatially and temporally variable, and it is sug-
gested that increased Bio-P can result in regionally important changes in biogeochemical processes such as
nutrient limitation, nitrogen fixation rates, and carbon uptake.
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Erratum

The caption of Figure 2(b) as originally published misstated the annual deposition rate of dust as g/m?/
year™". This error has since been corrected, and this may be considered the authoritative version of record.
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