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Abstract. The atmospheric cycle of phosphorus (P) is herameaterized in a state-of-the-art global 3-D chempisinsport
model, taking into account primary emissions oélt® (TP) and soluble P (DP) associated with mindwat, combustion
particles from natural and anthropogenic sourcemdnosols, sea-spray and volcanic aerosols. Eopitésent day, global
TP emissions are calculated to be roughly 1.33 Tg-P with the mineral sources contributing more th@¥68to these
emissions. The P solubilization from mineral dustler acidic atmospheric conditions is also pararizetg in the model
and is calculated to contribute about one third40Tg-P yi*) of the global DP atmospheric source. To our kealge, a
unique aspect of our global study is the explicitdeling of the evolution of phosphorus speciationhie atmosphere. The
simulated present day global annual DP depositioni§ 0.45 Tg-P yt (about 40% over oceans), showing a strong spatial
and temporal variability. Present day simulatiorisabmospheric P aerosol concentrations and deposiluxes are
satisfactory compared with available observatiomdicating however an underestimate of about 70%wrent knowledge
of the sources that drive P atmospheric cycle. iBeify simulations using preindustrial (year 1858hthropogenic and
biomass burning emission scenarios showed a prdsgrihcrease of 75% in the P solubilisation fltorfi mineral dust, i.e.
the rate at which P is converted into soluble forammpared to preindustrial times, due to increpsitmospheric acidity
over the last 150 years. Future reductions in @llufants, due to the implementation of air-qualiégulations, are expected
to decrease the P solubilisation flux from minedakt by about 30% in the year 2100 compared toptiesent-day.
Considering however that all the P contained irabiosols is readily available for uptake by mandnganisms, and also
accounting for all other DP sources, a total bidalée P flux of about 0.17 Tg-P yrto the oceans is derived. Our
calculations further show that in some regions nibaa half of the bioavailable P deposition fluxthe ocean can originate
from biological particles, while this contributios found to maximize in summer when atmosphericodin impact on
the marine ecosystem is the highest due to oceatifisation. Thus, according to this global studylargely unknown but
potentially important role of terrestrial bioaertssas suppliers of bioavailable P to the globakmcis also revealed. Overall,
this work provides new insights to the atmosphe€ricycle by demonstrating that biological materia Emportant carriers

of bioavailable P, with very important implicatiofts past and future responses of marine ecosydiegisbal change.
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1 Introduction

Phosphorus (P) is a ubiquitous element found imaracids, in proteins and as an integral part ghoisms, together with
nitrogen (N) and iron (Fe). It is an essential it that can limit primary production and nitrogferation in aquatic
environments and thus significantly influence carstorage (Elser et al., 2007). Reviewing experiaetata, Moore et al.
(2013) proposed two broad regimes of phytoplanktatnient limitation in the modern upper ocean: tjimited regimes in
most of the low latitude oceanic surface and 2)ifiged regimes where subsurface nutrient supplgribanced; while P
may co-limit primary productivity. Moutin et al. §B8) pointed out the potential importance of phasphor N fixation in
particular in the Southeast Pacific under high terapure conditions and Fe availability, favourafolethe presence of N
fixing organisms (likeTrichodesmium spp.) that potentially counteract the N-limitati@eutsch et al., 2007). However, in
some regions like the Mediterranean, primary praditg is found to be limited by P- availability tine marine ecosystems
(Krom et al., 2005). Furthermore, (Brahney et aD15) and (Du et al.,, 2016) found that human drii@balanced
atmospheric deposition of N and P might have indwrewill induce P-limitation to the ecosystemsofgsl alpine lakes and
large areas of China’s forests, respectively).

The two external-to-the-ocean sources of nutri@nésthe atmosphere and rivers. Depending on timmesi and marine
dynamics, different nutrients can limit the marpranary productivity. Riverine inputs of nutriertts the marine ecosystem
are important for coastal regions, while the atrhesigc deposition of nutrients is a more significaotirce to the open ocean
(Jickells, 2005; Duce et al., 2008; Mahowald et 2008). In contrast to the atmospheric reactivpadsl, the atmospheric
soluble-P pool is less studied and remains highlyettain. Okin et al. (2011) evaluated the impddte@and P atmospheric
deposition to the ocean in increasing-fidation and found that Fe deposition is more imaot than P deposition in
supporting N-fixation, while they pointed out the large uncérta in the bioavailability of atmospherically degited P.
Benitez-Nelson's (2000) review discussed the ingmae of discrete pulses of P input to the oligdtiogeas that have been
found to increase the phytoplankton biomass overtshmescales. They also estimated that atmosplRedeposition could
be underestimated by as much as 50%, when neglettten P fraction that is soluble under acidic argh Hemperature

conditions.

In marine ecosystems the bioavailability of P iarfd to depend significantly on its degree of sdityb{Anderson et al.,
2010). Experimentally, bioavailable P is usuallynsidered to be the “filterable” reactive or totahctive P that passes
through a 0.45um membrane (Maher and Woo, 1998 and referencegitherAlthough marine organisms, such as
cyanobacteria, have evolved ways to acquire P franeral sources under P-limited conditions (Schdpttr et al., 2007),
phosphate is considered as the most bioavailabte & P (e.g. Bjorkman and Karl, 2003). Experimemase also shown
that human-produced P-containing organics, sucbrganophosphorus pesticide breakdown productsatsanbe utilized
by bacteria (Cook et al., 1978). Moreover, aeragswhples originating from combustion P sources Vieued to be more

soluble and possibly more bioavailable than those fmineral sources (Anderson et al., 2010).

Atmospheric P has a variety of sources (Fig. 19luting mineral dust, combustion products of ndtaral anthropogenic
origin, agricultural activities (fertilizers anddecticides), bioaerosols, volcanic emissions, peaysand phosphine from
freshwater wetlands (Mahowald et al., 2008; Tippéical., 2014; Wang et al., 2014; Brahney et d@15). The total P
(hereafter TP) found in natural waters can be gedup two major forms (Maher and Woo, 1998): 1) plaeticulate P (PP)
and 2) the soluble P often termed dissolved P (DRg PP mainly originates from mineral materiaf(éydroxyapatite,
brushite, fluoroapatite, variscite, stringite andweilite) as well as P absorbed to mixed phasegs ¢tay-P, clay-organic-P
and metal hydroxide-P). The DP on the other hamdudes orthophosphates (i.e;R®,, HPQ?, PQ?; hereafter referred
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to as PO4) and inorganic condensed P (pyro-, n@td- polyphosphates). However, both PP and DP & @intain
organic P (OP), of both natural and anthropogenigirm Naturally emitted OP can be sugar-P, inddtophospholipids,
phosphoproteins, phosphoamides mainly associatdd plants, animal and bacterial cellular materi@sher and Woo,
1998), commonly present in atmospheric aerosolsiabgical origin. In addition, orthophosphate mesters are known
products of ribonucleic acid (RNA) and lipids degmton, that dominate the OP pool in the marindrenment, which also

contains orthophosphate diesters and phosphorRagtat et al., 2003).

Mineral dust has been estimated to be the largestral-to-the-ocean source of bioavailable P (Medid et al., 2008).
These authors estimated a global P mineral sodrtel6 Tg-P yi*, by taking into account a typical observed P foacof
720 ppm in dust emissions. They also applied ataatsolubility fraction of 10% on the dust minesalurce, based on the
observations of Baker et al. (2006) for Saharaofaining aerosols over the Atlantic ocean, in otdeestimate the soluble
P source associated with mineral dust. Recentlyighdud aerosol and deposition observations of Afridust at Miami and
Barbados (Zamora et al., 2013) suggest a totalnfenb of about 880 ppm, which is in the range difaetion in dust from
earlier studies (roughly 700-1090 ppm as reviewetahowald et al. (2008)). Furthermore, based onG@Patomic ratios
of 0.001-0.009 observed in several types of sK#sjakidou et al. (2012) calculated that about @.g3 yr* of OP (10% of

which is soluble) is also emitted together with sloist in the global atmosphere.

P-containing dust solubilisation in deliquesced enath dust aerosols is expected to significantlytidonte to the soluble
inorganic forms of P (DIP) in the atmosphere. Neeesl. (2011) suggested that dissolution of apatiinerals (i.e.
Ca(PQy)3(OH,F,Cl)) under acidic conditions can explain thieserved DIP levels over the Eastern Mediterran@an,
characteristic region where Saharan dust can rttavith polluted air masses from Europe and the diidEast. Under
acidic atmospheric conditions; ldan react with the P&nd the HO- or F- groups in the crystal surfaceakening the Ca
bonds and thus phosphate to be mobilized fromtystal surface (Christoffersen and Christoffersk381). Hence, mineral
dust acid dissolution under polluted conditions patentially increase the bioavailable P supply iateanic regions and

further stimulate the net primary production of marecosystems (Nenes et al., 2011).

Primary P sources from combustion processes ofrgmblgenic and biomass burning origin are estimabedontribute
significantly to global P fluxes in the atmosphé@viahowald et al., 2008; Tipping et al., 2014; Wat@l., 2014; Brahney et
al., 2015). However, the estimates of global stitermf the primary P combustion source vary by abawtorder of
magnitude on the global scale, due to the condideraf different forms of the emitted P (i.e. hsal or P-containing ash,
gaseous or particulate P produced during combugtionesses; Wang et al., 2014) and different sigeiloutions in the
emitted P-containing particulate matter. Mahowdaldle (2008) using observed mass ratios of P tokbtarbon (BC) for
fine (<2 um) and coarse (#m < mean particle diameter < (i) particles (Mahowald et al., 2005), calculatedssion
fluxes from biomass burning and anthropogenic (uel fossil fuel and biofuel) combustion of 0.08-P yf* and 0.05 Tg-P
yr', respectively. Tipping et al. (2014) estimatedlabgl atmospheric P emission flux of 3.7 Tg-P' fay combining
observed deposition rates over land together witetied deposition rates over the ocean. This eomdhkix also accounts
for P deposition fluxes of larger particles (i.einpary biological material in the aerosol mode >0uih) that are mainly
deposited very close to their source region and tiat long-range transported. On the other handg/éaral. (2014), by
assuming that combustion processes emit signifieambunts of P as large particles >uf0 (hereafter as super-coarse
particles) calculated that P emissions from biontagsing and anthropogenic combustion processeseatnibute about
0.7 Tg-P yi* and 1.8 Tg-P yf respectively. In contrast to that study, which waere focused on the impact of
anthropogenic combustion on the global P sourcahiBy et al. (2015) extended the methodology of dvatid et al.

(2008) in a more explicit aerosol size manner yng into account also the naturally emitted supmarse P-containing



10

15

20

25

30

35

40

particles (i.e. dust, primary biological materiadasea-salt). Brahney et al. (2015) showed thagidening this super-coarse
fraction as an additional P source, the estimatgabsition fluxes close to the source areas whege lparticles are emitted

(e.g. Tipping et al., 2014) can be significantlyphoved.

The sea-surface microlayer can also act as an phmads source of P in the marine environment (Graled al., 1979).
Correlations between sea-salt fluxes and seawaten&entrations revealed a 10-200 fold enrichmé&Rt content in sea salt
particles compared to sea-water Na concentrati@®mh@m and Duce, 1979; Graham et al., 1979). Howets
enrichment was found to decrease with increasinglwielocity, introducing significant uncertainty fhe strength of the
oceanic flux of P on a global scale. Vet et al.1@0by reviewing deposition observations and spelfy based on inland
background site measurements and trajectories siadipm the remote southern ocean, pointed otitséea spray may be a
weak contributor to atmospheric P. Mahowald e{2008) taking into account a constant Na conceotrah seawater of
10.781 g-Na kg-watérand surface seawater phosphate concentrationstiielOAA Data Center, calculated a global
annual flux of soluble P of 0.005 Tg-P'yfaccounting for particles up to 1 in diameter; i.e. PM). Wang et al. (2014),
used a total oceanic emission P flux of 0.16 Tg-Ptlyat was calculated as the average of earlier agsn(ranging from
0.005-0.33). Additionally, Paytan et al. (2003)riduthat OP in the seawater particulate matter eanpbto 80% of total P.
Based on an OP/Na mass ratio of 0.02% as obseg&ddham and Duce (1979), Kanakidou et al. (20%8)maited that the

surface global ocean may also emit 0.19 — 0.80 Vgifh the form of OP.

Bioaerosols are P-carriers (Mahowald et al., 2aB8} can significantly contribute to the OP budgethe atmosphere
(Kanakidou et al., 2012). These primary biolog@atosol particles (hereafter PBAPs) usually ramgs L0 nm to roughly
100 um in diameter and depending on their sizes, ordgid type, can be transported over long distand®8PB can be
either alive, dead, dormant (e.g. bacteria, viragseksfungi spores) or products released from lidrganisms such as pollen
(Ariya et al., 2009). Mahowald et al. (2008) caktel that PBAP contribute 0.165 Tg-P* yrhile Kanakidou et al. (2012),
based on organic carbon (OC) estimates of PBAPsséonis and by using a OP:OC atomic ratio of 0.@@lculated that
PBAPs contribute about 0.13 Tg-P'yto global OP emissions. Large uncertainties, h@negre associated with this
estimate since it relies on the applied OP:OC satibPBAPs that have been observed to range ovedeéts of magnitude
from about 0.0002 up to 0.02 (Kanakidou et al.,2@hd references therein) and on the simplified@pmation of the
density (1-1.2 g ci) used for the conversion of the PBAPs number 8utee mass units (Burrows et al., 2009a, 2009b).
Mahowald et al. (2008) and Kanakidou et al. (20d429umed half of the PBAP source to be hydrophiid)e Heald and
Spracklen (2009) assumed all PBAPs to be totallgrdwhilic particles using an OM:OC ratio of 2.6 ttha based on
observations of fungal spores as proposed by Beuat. (2008). However, bacteria (eRy.syringae) are considered as
rather insoluble bioaerosols, in contrast to théewaoluble fractions of highly polar sugars (fas#, glucose, sucrose,
trehalose) and sugar alcohols (arabitol, inosit@nnitol), mainly contained in pollen grains andduspores (Ariya et al.,
2009). Ageing during atmospheric transport is &ispected to increase bioaerosols’ solubility, coting a fraction of their
insoluble OP content to soluble OP (DOP) due touptake of oxidants and the formation of largerichaf soluble
multifunctional groups (Ariya et al., 2009). Redass of bioaerosols being hydrophilic or not, beeathey consist of
biological material, they are expected to be bidakte (Bjorkman and Karl, 1994). The degree of ftoyhilicity therefore

is more important for determining the relative impace of dry and wet deposition during their sygplthe oceans.

In the present study, the 3-D chemical transpasball model TM4-ECPL is used to integrate currendvidedge on the
atmospheric P cycle and simulate the atmosphericergrations and deposition fluxes of P over lamdl @aceans, driven by
mineral, natural and combustion P emissions. Tokaowledge, this is the first study that accouwmtistoth inorganic and

organic forms of P and their evolution in the atpteere. Furthermore, we also present the first ¢lebtimate of the PO4
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flux due to the acid-solubilisation of dust pamisl The model description and the parameterizatiatmospheric acidity
impact on the P-solubilisation from mineral dustosel in atmospheric water, together with the Ofcapheric ageing
contribution to the DP global budgets were presknite Sect. 2. The calculated TP and DP global apinesc

concentrations are shown and compared to obsengatiocSect. 3. In Sect. 4, the importance of predan air-pollutants on
DP atmospheric deposition is investigated basedimulations using past and future anthropogenic lziathass burning
emission scenarios. The contribution of bioaerosolthe bioavailable P atmospheric deposition anglications of the
findings concerning the biogeochemistry of marinesystems are also discussed (Sect. 4). Overalintpacts of human-

driven changes on the calculated DP depositiorefiu® the global ocean are summarized in Sect. 5.

2 Model description

The TM4-ECPL global chemistry — transport model (Miefalitakis et al., 2015) simulates the oxidaftemistry
accounting for non — methane volatile organics alhanajor aerosol components, including secondaoyganic aerosols
like sulphate (S¢¥), nitrate (NQ"), ammonium (NH") calculated using ISORROPIA |l thermodynamic maguntoukis
and Nenes, 2007) and secondary organic aerosatgafiths and Kanakidou, 2007; Tsigaridis et al.120 The atmospheric
cycles of Fe and N in TM4-ECPL have been paranegdrand evaluated in Myriokefalitakis et al. (2026} Kanakidou et
al. (2016) respectively, while uncertainties in twmputed atmospheric composition associated wiferent emissions
parameterizations have been calculated in Daslsattlkal. (2015). The model’s ability to reprodudstributions of organic
aerosols (Tsigaridis et al., 2014) and tropospheziime, ozone’s precursors and aerosols have lie@evaluated, against
satellite and in-situ observations (Eckhardt et2015; Stohl et al., 2015; Quennehen et al., 2016)

TM4-ECPL is driven by the ECMWF (European CentreNtedium — Range Weather Forecasts) Interim reyaisaproject
(ERA — Interim) meteorology (Dee et al., 2011). Tharent model configuration has a horizontal resoh of 3 in
longitude by 2 in latitude and 34 hybrid layers in the vertidahm the surface up to 0.1 hPa, with a model titep-®f 30
min. TM4-ECPL uses modal size (lognormal) distribng to describe the evolution of fine and coareeosols in the
atmosphere. To represent phosphorus in the modedalb 32 model P-containing aerosol tracers asal ud different sizes
and solubilities. In TM4-ECPL, different sourcesief-containing aerosols of different sizes repnésg by lognormal
distributions as outlined in section 2.1. For eaehosol mode and source (Figure 1) the model atedon total P,
phosphate, insoluble and soluble OP. For the dusftce it also accounts for the two P-containingerais (fluoroapatite
and hydroxyapatite) as further described in théie@.1.1. These are individually transported,chgad deposited in the
atmosphere. The ‘dry’ aerosol hygroscopic growtthisn model is treated as a function of ambientireahumidity and the
composition of soluble aerosol components baseekperimental work by Gerber (1985; 1988) and tipigke of water on
aerosols changes the particle size. In additioninduatmospheric transport there are major chamgése size distribution
of aerosolsas a consequence of the removal of larger partittieso gravitational settlind.he P-containing aerosols follow
the same parameterizations, hygroscopic growthramibval processes are assumed to affect the matiammadius (i.e.

size).

TM4-ECPL uses anthropogenic (including ship andrait emissions) and biomass burning emissions fifeenhistorical
Atmospheric Chemistry and Climate Model Intercongmar Project (ACCMIP) database (Lamarque et all320or the
years 1850 (hereafter PAST), 1999 and 2000 fromRBpresentative Concentration Pathway 6.0 (RCP énfiysion
scenario (van Vuuren et al., 2011) for the yea®120 2010 (year 2008 is hereafter called PRESEMiT)for the year 2100

(hereafter FUTURE) that have been used for theitbatyssimulations. Details on anthropogenic aratural emissions used
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for this work are provided in Myriokefalitakis et §2015) with the exception of mineral dust that the present study is
calculated online by the model (van Noije et a).14#), based on the dust source parameterizatidegén et al. (2002). The
three base simulations (PAST, PRESENT and FURURME tbeen performed with meteorology for the yed@82WMote
however that, we have extended the present dayatiow to the 11-years period from 2000 to 201Chveitspin-up time of
one year (i.e. with 1999 meteorology and emissiots)cover the majority of the dates with availalalemospheric

observations used for model evaluation (see Séard Sect. 3.2).

2.1  Phosphorus Emissions

2.1.1 Phosphorus emissions from mineral dust

Apatite is the most abundant primary natural sowifde in soils (Newman, 1995) compared to other $mbubility P forms
such as secondary metal-phosphate precipitatesrgadgic phosphate. For the present study, apatitessumed to be the
only mineral in dust that contains P. The spatidlistributed fraction of P in soilds§ from the global soil mineralogy

dataset developed by Nickovic et al. (2012) is usethlculate the inorganic P-containing mineral. (apatite) emissions as:
Ep = Fago- fr - Epy 1)

whereEp, is the on-line calculated dust emissions in thel@hdrg, is a factor applied to adjust the P emissionsi¢ogiobal
mean P content of mineral dust in the model dor&iB80 ppm per weight as observed by Zamora €R@all3), andcer is
the resulted inorganic P emissions from minerat.d@ontaining minerals associated with dust pl@giare emitted in the
fine and coarse mode with mass median radii (logabrstandard deviation) of 0.3dm (1.59) and 1.75um (2.00),
respectively. The P-containing dust aerosol emissteeated as a log-normal distribution with a whgss median radius and
sigma same as that of dust particles and changéseoparticle size based on the hygroscopic gragtta function of
ambient relative humidity and the composition ofubte aerosol components (Gerber, 1985). Note, kewethat no

coagulation among different dust modes is constiérethe current study.

Although in most relevant modelling studies air®Rcontaining dust particle emissions are assumédve an average P
content of 720 ppm (Mahowald et al., 2008; Wanglet2014; Brahney et al., 2015), in the atmospluer to transport,
ageing and deposition processes the overall mimgyamay change the chemical composition and sizdust aerosol
population. In a recent iron modelling study howefRerlwitz et al., 2015), a significant effort Hasen made to model the
mineral composition of dust considering the differes from the original soil composition. Perlwitzaé (2015) have found
significant overestimate (a factor of 10-30) maiimythe fine aerosol emissions that are the snigtlag of dust emissions
(e.g. about 7% of the total emissions in our modat] an underestimate in the larger particles eaonissoth for total dust
and for individual minerals when the mineralogydoft aerosol is assumed to be the same as thia¢ abtl. However for
the present study, we did not account for diffef@ntontent for dust particles in the fine and tbarse mode, since the
global soil mineralogy dataset used (Nickovic et 2012) does not provide any information of P eabin silt and clay soll
particles separately. Note also, that recent stuitidicate that dust super-coarse particles camebg important for the
biogeochemistry over land, since they can repredentiominant fraction of dust close to sourceargi(Lawrence and
Neff, 2009; Neff et al., 2013). Brahney et al. (3Dinodelling study that focused on the atmosphgnmsphorus deposition

over global alpine lakes, based on Neff et al. @0dbservations, estimated that only 10% of thesnthat travels in the

atmosphere is within the <10n size fraction. In our study we do not accountsigper-coarse dust particles because due to

their short atmospheric lifetime, they are emittedtl deposited in the same model grid box (Brahneal.e2015). This

omission is not expected to have significant impacbur results, since the present work is focusethe P-solubilisation

6
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mechanisms occurring via atmospheric long-transpaiing and on the bioavailable P deposition oviee marine

environment.

For the year 2008 the mineral dust emissions catedlin TM4-ECPL amount to 1181 Tghand the corresponding apatite
emissions to 1.034 Tg-P ymith 10% of it (0.103 Tg-P ¥} in the soluble form (Table 1). The soluble frantused in our
model is based on the measurements of leachabigaimic phosphorus (LIP) for Saharan soil dust,rasented by Nenes et
al. (2011). These authors found that LIP represenfeto 10 % of total inorganic P in Saharan saihples and dry fallout
collected during Sahara dust storms before acatrtrent. Moreover, Yang et al. (2013) estimatedldbéde inorganic P in
the top soil on the global scale at about 3.6 RigalP corresponds to about 10% of the estimatestaf $oil P on the global
scale 30.6-40.6 Pg-P (Smil, 2000; Wang et al., 20Hhg et al., 2013). To further investigate unaieties associated with
the soluble fraction of P-containing dust aeroswmissions in our model, an additional simulation h&en performed

neglecting any soluble fraction on initial emission

In addition to the desert dust inorganic P souvee,account for the OP present in soil's organictemafollowing the
method developed by Kanakidou et al. (2012 andeates therein). Thus, using a mean OP:OC molar o4t0.005, a
mean OM content of soil dust of 0.25% and an OM@d&ar ratio of 1.76, we here evaluate the dustsmof OP at 0.022
Tg-P yr* for the year 2008. This flux is in good agreemsith the 0.03 Tg-P yt calculated for 2005 by Kanakidou et al.
(2012) using the same methodology but with the AERM®™ database for dust emission fluxes (Dentenat.e2006). Note

that similarly to that earlier study, a solubildf10% is here applied to the OP dust emissions.

2.1.2 Phosphorus emissions from combustion sources

For the present study, the P/BC mass ratios of cstiin sources as estimated by Mahowald et al.gR0@&. 0.0029 for
fine aerosols and 0.02 for coarse aerosols) arkedpi the inventories of monthly BC emissionsaothropogenic (i.e for
fossil fuel, coal, waste and biofuel) and biomasening origin, as provided by the historical ACCMtatabase for 1850
and from the RCP6.0 for 2008 and 2100. In the madalmber mode radius of 0.(# and a lognormal standard deviation
of 1.8 are assumed for fine P emissions, whilecimarse P a number mode radius of @B and lognormal standard
deviation of 2.00 are used as proposed for comtnustérosols by Dentener et al. (2006). BC emissiamms anthropogenic
combustion in the coarse mode are assumed to beoR8¥bse in the fine mode (Jacobson and Stre@9)2 while biomass
burning emissions in the coarse mode are assumed ®©920% of those of fine aerosols (Mahowaldlgt2®08). Thus, the
computed anthropogenic combustion and biomass fyiamnual mean sources of TP are calculated ta®@80rg-P yt*
(by about 70% in the coarse mode) and 0.018 Tg*Rby about 66% in the coarse mode) respectivelycatesponding to
the year 2008. Despite the different emission degab and the aerosol size parameterization, thputech present-day TP
sources for the year 2008 are comparable to thostabowald et al. (2008) for the year 2000 (i.€@4% Tg-P yt* and 0.025
Tg-P yr! for anthropogenic combustion and biomass burniegpectively). PAST, PRESENT and FUTURE combustion

emissions calculated for this study based on th€M® and RCP 6.0 database are presented in Table 1.

Half of TP emissions from combustion sources arsizred to be in the form of OP following the ajgmh of Kanakidou
et al. (2012). All P-containing particles from coustion emissions are here treated initially as S@ffable (Mahowald et
al., 2008). The insoluble fraction of OP associatéti combustion emissions can be further convettesbluble OP (DOP)
during atmospheric ageing, using the ageing parnmation for primary hydrophobic organic aerosoisthe model
(Tsigaridis and Kanakidou, 2003; Tsigaridis et 2D06), but for the respective size and lognornisfribution of OP

aerosols with the larger particles experiencingsiinallest conversion rates.
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To further investigate uncertainties in the P cogtiom emissions in our model, an additional preskyt simulation was
performed taking into account the total (bulk) ma$santhropogenic combustion and biomass burningnfssions, as
developed by Wang et al. (2014) (R. Wang, persawmhmunication, 2016). According to that databasepaj
anthropogenic emissions from fossil fuels, biofuatsl deforestation fires amount to 1.079 Tg-P gnd natural fire
emissions equal to 0.808 Tg-P'yFor this sensitivity simulation, we apply theesiistribution as described in Wang et al.
(2014); i.e. by dividing total emissions into 3 resd one fine (2% of P) and two coarse modes (288678% of P) - with
mass mode dry diameters of 0.4, 2.5um and 10um and lognormal standard deviations of 1.59 an@ #0 fine and

coarse modes, respectively.

2.1.3 Phosphorus emissions from primary biological aerodgarticles

Three types of P-containing PBAPs are consideredhf® present study: bacteria (BCT), fungal spgr#$G) and pollen
grains (PLN). PBAPs from other sources, such ascintagments and plant debris (e.g. Després ,e2@l2), are however
neglected in the present study. Omission of theperscoarse particles is expected to lead to arrestimate in the PBAPs
contribution to P deposition over land that regsite be evaluated with targeted observations. TRE Bluxes are
parameterized based on the Burrows et al. (200&}flieestimates for particles of dm diameter flux ratesf)(and for six
different ecosystems: coastal: 90 Y, crops: 704 M s', grassland: 648 ¥s?, land-ice: 7.7 i s*, shrubs: 502 ihs®
and wetlands: 196 fs™. For the present study, the Olson Global Ecosyddatabase (Olson, 1992), originally available
for 74 different land types on a spatial scale.&6f & 0.5°, is lumped into 10 ecosystem groupsrapgsed by Burrows et al.
(2009). The total BCT flux Hgcr; S%) in the model is calculated based on the aforeimeed fluxes §; m? s?) per

ecosystemi], weighted by the respective ecosystem area énadti the model gridboxa(; n), as:

6
Farc = Zai ) fi (2)
i=1

Heald and Spracklen (2009) proposed that FNG flliresrly depend on the leaf area index (LAF m?) and the specific
humidity (q; kg kg'), based on near-surface mannitol observations.tif@rpresent study however, we use a recently
published emission parameterization proposed by Hehet al. (2015), as derived based on fluoresbatbgical aerosol

particles field measurements at various locatimness Europe and for spores with a mean dry diamé@um (eq. 3):
Fa = 20.426-(T - 275 82K )+ 393-10%-q- LA 3)

In the TM4-ECPL that parameterization (eq. 3) ieduso calculate FNG emissions online, using mongvgraged LAl
distributions and 3-hourly averaged specific hutyidi) and temperature (T) data, as provided bygR&-Interim.

PLN emissions maximize when plant surfaces are wingler high turbulence during the morning hours dadng spring
months (Jacobson and Streets, 2009). Hoose e2(dl0) parameterised the pollen flux rate as liyeddpendent on LAl
assuming particles with a mean dry diameter @in30by simplifying the more sophisticated paramstdion developed by
Jacobson and Streets (2009) for a global modele,Hee use the Jacobson and Streets (2009) pollempégerization

(particle mean dry diameter of @@n), with the number pollen flux g5; s*) calculated by the following equation:

FPLN = fPLN LAl 'Rmnth ) Rhour (4)

where fo y = 0.5 ns?, the factor Ronnaccounts for the seasonal ang,Rhe hourly pollen flux variation.

PBAPs are here assumed to be monodisperse sphgaitiales (Hoose et al., 2010; Hummel et al., 2a#3. g cn?® density

(Sesartic and Dallafior, 2011) with an organic matb organic carbon (OM:OC) ratio set equal to(2e6 that of mannitol)
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corresponding to a molecular weight equal to 31aj'mas suggested by Heald and Spracklen (2009). Aoapito our
model estimates roughly 60 Tg-C'yare emitted as PBAP. Bacterial emissions are asswrs completely insoluble (Ariya
et al., 2009), fungal spores are emitted as 50Ubsmherosols (Mahowald et al., 2008; Kanakidoal.e2012), while pollen
are emitted as totally soluble aerosols (Hoosé. e2@10). A constant mean P:C atomic ratio of @.80used for PBAPs, as
suggested by Kanakidou et al. (2012) and all Psgiimed in the form of OP. Based on the above paeaizegions the
model calculates an OP emission flux associateld RBAP equal to 0.156 Tg-P¥rof which 0.123 Tg-P yr (about 80%)
are considered to be in the form of DOP (TableHpwever, because PBAPs consist of biological malt¢hiey are here
considered to be bioavailable for marine ecosystemdurther discussed in Sect. 4.1 and Sect.A.2dtition in TM4-
ECPL, upon emission the insoluble fraction of PBARRTomes progressively soluble due to atmospheyéing. This
process that has been seen to occur for instandedradation of RNA (Paytan et al., 2003), in TM@HL is parameterised

based on oxidant levels as for all organic aera§agaridis and Kanakidou, 2003; Tsigaridis et 2006).

2.1.4 Phosphorus emissions from sea-spay

Oceanic P emissions associated with sea-sprayeagecbhmputed on-line based on a sea-salt emidsiopérameterization
of Vignati et al. (2010), accounting for fine anolacse modes, with number mode dry radii of u&®and 0.794um, and
lognormal standard deviations of 1.59 and 2.0Gafmumulation and coarse particles, respectivelg-speay emissions are
driven by the model’'s meteorology and for the y2@08 the model calculates a total of about 8284yiTgof sea-salt
emissions (of which 41 Tg yrare in the fine mode). These numbers comparewitiithe AEROCOM recommendation of
7925 Tg yt* by Dentener et al. (2006) and are within the ramig2272-12462 Tg yf computed by Tsigaridis et al. (2013)
using several different parameterisations. Noté dba sea-salt source estimation is however muelelidhan the one used
in the modelling study by Wang et al. (2014) (26300 Tg yt'), since super coarse sea-salt particles are msidered in

the current parameterization.

The oceanic P emissions in TM4-ECPL are calculatd

_[PlI/MW,

= 5
PO, [Na]/MWNa Na (5)

where [P] is the P seawater concentrationshih [Na] is Na seawater concentrationull and Ey is the sea-salt emission
flux from the ocean surface in kg-Na’rs*. MW is the corresponding molecular weight of P &ta] used to convert molar
to mass ratios. In TM4-ECPL, sea-salt particlesearitted from the ocean’s surface every time-ste&pgusurface wind-
speed data from the ERA-Interim database (updatedye3 hours). Surface seawater JAf@@ncentrations come from the
LEVITUS94 World Ocean Atlas (Conkright et al., 1994
http://iridl.Ideo.columbia.edu/SOURCES/.LEVITUSQNNUAL/.PO4/) ranging up to about 8M of PQ, in the global

ocean. Taking into account that the average Naestration in seawater is about 10.781 g-Na kg-waserd an average

seawater salinity of 35.5kg-water", the spatial distribution of surface oceanic Naaamtrations can be derived from the
distribution of the surface salinity concentrati@ssprovided by the LEVITUS94 World Ocean Atlas\(ues et al., 1994;
http://iridl.Ideo.columbia.edu/SOURCES/.LEVITUSQ4NNUAL/.sal/). Note that surface concentrations, both for séawa
PQ, and salinity, correspond to the data availablédfordepth (with the next available depth in the LTEVS94 database to
be at 10m).

We additionally take into account the OP oceaniéssions, as described in Kanakidou et al. (2018; sgpplementary
material and referrences therein). For this, thel@ehaccounts for a mean seawater OP concentratiér2@M of P, based

on Bjorkman and Karl (2003) observations. Sinceguoknowledge, no spatial distribution of seaw&®&r concentrations is
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available, the monthly mean surface chlorophylChl@) concentrations from MODIS retrievals, usethie model to derive
marine primary organic aerosol emissions (Myriok&fhis et al., 2010), are used as a proxy to gaolgically distribute the
mean seawater OP concentrations. Overall, the nzadelilates an emission flux of TP equal to 0.0@8PTyr* from the
global ocean (Table 1), of which 0.001 Tg-P is in the form of OP. Note that the insoluble frag of oceanic OP in the
model can be transferred to the soluble mode (Dddie)to atmospheric ageing processes. The omissithie Guper coarse
sea salt aerosol might affect our estimates ofgdsigon to the ocean. Brahney et al (2015) evatlighis source at 0.0046

Tg-P yf!, an amount that introduces a 3% underestimateetbére calculated present-day P deposition flukemceans.

2.1.5 Phosphorus emissions from volcanic aerosols

Mahowald et al. (2008) estimated that about 0.0¢6>Tyr* are associated with volcanic aerosols on a glstale, based on
volcanic plume observations. Although on a glolalle, volcanic ash is a small source of TP, ibisnfl to impact, at least
regionally, the ocean nutrients distributions aratine productivity (Uematsu et al., 2004; Hensorlgt2013; Olgun et al.,
2013). For the present study, we applied that glabaual mean volcanic flux (see also Tableu$)ng the distribution of
sulphur volcanic emissions by Andres and Kasgn®9§) as updated by Dentener et al. (2006). Volcahimsphorus is
here assumed to reside in the fine particulate nattkis treated in the model as totally solubleosalr (i.e. DIP), as
proposed by Mahowald et al. (2008). The log-norsizé-distribution parameters used for volcanic Ps@ are a number
mode radius of 0.04m and a lognormal standard deviation of 1.8 (Destext al. (2006) for sulphate fine aerosols from

continuous volcanic eruptions).

2.2 Phosphorus acid-solubilisation mechanism

Phosphorus solubilisation from mineral dust unagdia atmospheric conditions, is here assumed toiofor the least- and
the most-soluble member of apatite minerals asqeeg by Nenes et al. (2011): the fluorapatites(@@,)s(F); hereafter
FAP) and the hydroxyapatite (§BO,)3(OH); hereafter HAP), respectively. FAP is consadkens a geologically abundant
apatite, usually present in the form of igneouseadimentary carbonate FAP (Guidry and Mackenzi®32(However, due
to lack of information on the relative abundancd gaographic distribution of FAP and HAP in soil& here assume equal

mass fractions of FAP and HAP in apatite contairsoigs.

The dissolution of FAP and HAP here is treated dsnatic process, the rate of which depends onHheactivity of
atmospheric water (i.e. aerosol water and clougldts), the reactivity of P species, the ambiemiperature and the degree
of solution saturation. For aerosol water, thevigtiof H* is calculated on-line in the model by the thermmatyic module
ISORROPIA Il (Fountoukis and Nenes, 2007). For dlovater, the H concentration is calculated by the aqueous-phase
chemistry module as presented in Myriokefalitaktiale(2011; 2015). The phosphate dissolution (Bjeas moles of HPDO

2 per second per gram of apatite, is obtained usieg@mpirical formulation of Lasaga et al. (1994):
R=K(T)-aH)"-f-A (6)

whereK is the reaction constant in mole¥ s, a(H") is the H activity, mis the experimentally derived reaction order with
respect to the solution’Htoncentration, and is the specific surface area of each apatite-coimgiparticle in hg*. The

functionf (Cama et al., 1999) depends on the solution sanratate (6< f < 1) and is given by:

f=1-Q/Kg (7)
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where,Q is the reaction activity quotierg,is each apatite equilibrium constant &K, is the fraction that expresses the
state of saturation of the solution (with respecthie apatite), calculated every timestep in theleholrhus, wheti = 1, the
solution is far from equilibrium, therefore the siidution rate becomes maximum; while fagpproaches 0, the solution

approaches equilibrium with any remaining undissdl¥AP and HAP.

HAP is experimentally found to be roughly 3 ordefsnagnitude more soluble than FAPg({HAP) = 107°*"vs. Ke(FAP)

= 10%13, as reported by Nenes et al. (2011) basedaonCappellen and Berner (1991). According to themilation of
experimental determinations of P-dissolution rateslAP and FAP by Palandri and Kharaka (2004),dissolution rate of
HAP is found to be about an order of magnitude slothian that of FAP under highly acidic conditi¢k§HAP) = 10*2°
and K(FAP) = 103" for pH=0), while under neutral conditions, HAPf@aind to dissolve two orders of magnitude faster
than FAP (K(HAP) = 16 and K(FAP) = 16 for pH=7). Moreover, HAP is measured to have aln8osmes larger specific
surface area (80.5w", Bengtsson et al., 2009) compared to that of FAR7(nf ¢g*), which is in agreement with the
measured specific surface areas of 8.1-1@hfor sedimentary FAP (Guidry and Mackenzie, 20@)idry and Mackenzie
(2003) have experimentally derived different ratmstants (K) for FAP dissolution ranging from 5X%° mol m? s* to
6.53 10" mol m? s* with a pH ranging from 2 to 8.5. They further ded the respective reaction ordemy) for each pH-
region, between 0.01 (for neutral to basic cond&)aand 0.81 (for acidic conditions), while theiaion energy of the FAP
dissolution (E) was calculated equal to 8.3 kcal thaFor the present study, the dissolution reactimefficient K for FAP
(Table 2), is based on the dissolution experimbgpt&uidry and Mackenzie (2003), for a range of RHLR), temperatures
(25-55°C) as well as for various solution saturastates and ionic strengths.

Bengtsson et al. (2009) have experimentally studied solubility and the surface complexation of 1st@wichiometric
synthetic HAP, identifying three distinct pH-reggfor their batch dissolution experiments: 1) uragdic pH (<4.5) HAP
dissolution is relatively high, producing high centrations of C& and HPQ,; 2) under basic pH (>8.2) surface
complexation is the main process and 3) for inteliate pH (4.5-8.2) where both dissolution and sigfaomplexation
occur. However, they do not provide sufficient imf@tion to enable parameterising HAP dissolutianilsirly to FAP
dissolution. Therefore, for HAP dissolution kinstiwe use the dissolution rates of FAP after comgdhem to account for
the differences between HAP and FAP dissolutiorties as a function of pH and T, as reported baihal and Kharaka
(2004). For this, we consider the different distiolu rates for a pH range of 0 to 7-8, which is tia@ge of acidity
encountered by atmospheric particles, including ¢rig. Bougiatioti et al., 2016; Weber et al., @D1At the strongly acidic
limit (25°C and pH = 0), the dissolution rate of FAs here assumed to be about 27% (i.&:*imes) slower than that of
FAP, but for neutral and basic conditions (and 2398P dissolves two orders of magnitude faster thaf (Palandri and
Kharaka, 2004). The dissolution rate also chang#dstemperature; we assume that HAP dissolutionahsisilar activation
energy to FAP (Palandri and Kharaka, 2004; Guit llackenzie, 2003). Additional details for the FARd HAP mineral

dissolution rate parameters are presented in Table

2.3 Observation data for model evaluation

The evaluation of the global atmospheric P cycletlie present study has been performed based daldgaobservations
of aerosol concentrations (Table S1) and depositiores (Table S2) from various locations aroune t¢fiobe (cruises and
land-based stations). The methodological detaith@fobservations used for this study are well dwnted in the literature
and thus are not reviewed here in detail. For Ditentrations in ambient aerosols, we compiled eralsservations of PO4
over the Atlantic Ocean (50°N-50°S) from Baker let(2010), over the Western Pacific (25°N-20°SyirMartino et al.

(2014) and over the Eastern Tropical North Atlaf@icean (58°S—35°N, 14°-38°W) from Powell et al.1&0 For these
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oceanic cruise observations, samples were eitHlercted separating into fine- (aerodynamic partaiemeter < tm) and
coarse-mode (im< aerodynamic particle diameter) particles usiagcade impactors that may include or exclude pestic
with diameters larger than 1@m, or using a single bulk filter. We additionallyseu average PO4 concentrations
(aerodynamic particle diameter < i) from cruise measurements over Bay of BengalthadArabian Sea (Srinivas and
Sarin, 2012). Finally, we also took into accoumddased TP and PO4 aerosol concentrations measat®fmom two sites
in the Mediterranean i) from the Finokalia monitgyistation (3%®20'N, 2540°E) located in the Eastern Mediterranean
(Crete, Greece) and ii) from Ostriconi {42'N, 0904 E) located in the Western Mediterranean (Cordigance). The
samples at both sites were collected either sapgrfr the fine- (aerodynamic particle diametet.8 um) and the coarse-
mode (10um > aerodynamic particle diameter > 1.3 um) (Koulet al., 2008; Mihalopoulos and co-workers, unlted
data) or as bulk (Markaki et al. 2010). Details @the characteristics of these Mediterranean sampltes can be found in
Markaki et al. (2010), while the methodology for@®l sampling and analysis is described in détaKoulouri et al.
(2008).

Although P deposition fluxes data are rather lichitn a global scale, for the present study we bsewet and dry
deposition fluxes (both for TP and DP) compiled\bst et al. (2014) (R. Vet, personal communicati2@16). For wet
deposition of DP, we use available filtered (i.ealsized as orthophosphates with no digestion a3 B unfiltered (i.e.
analyzed as orthophosphates following digestiotot DP) annual measurements (Fig. 8.2 in Vel.e2@14). For the TP
wet deposition measurements we use annual wet iieposmeasurements (Fig. 8.3 in Vet et al.,, 201#)unfiltered
samples. The compilation of the phosphorus dry sigipa fluxes by Vet et al. (2014) is based on aine phosphorus (TP
and PO4) concentrations from around the world afididgd annual dry deposition velocities from thehdaald et al.
(2008) modelling study (Fig. 8.6 and Fig. 8.7 int\& al., 2014). The size distribution used in éelsy deposition
calculations, is the same as in the modelling studilahowald et al. (2008), thus the derived drgatgtion fluxes account
for particles with diameter up to 10n. Finally, we also take into account DP wet angd#position observations from the
Finokalia Station in the Eastern Mediterranean {@dkr et al., 2010; Mihalopoulos and co-workers, wiifshed data),
based on rain water samplings (wet only collecémdg glass-bead devices respectively. Further datailthe methodology

of the deposition measurements at Finokalia caiodred in Markaki et al. (2010).

3 Results and Discussion

3.1 Sources of atmospheric phosphorus

Figure 2 presents the annual mean primary TP anérbiBsions from the various sources taken into @ucim the model
(in the supplement the emission distribution peurse for TP and DP are also presented in Fig. 1 Rig. S2,
respectively). TP emissions (Fig. 2a) maximize aber major deserts of the world (e.g. Sahara, Gaigbian, Kalahari,
North American and Australian deserts) with simeda® fluxes up to 100 ng-Pns’ (Fig. 2a and Fig. S1a). Secondary
maxima of TP emission fluxes of about 0.1-1 ng-B st are also calculated over the mid-latitudes of tioethern
hemisphere (NH), such as China, Europe and thedu8,to release to the atmosphere of TP in ash peadduring
combustion processes of anthropogenic origin (Rig) &nd over forested areas in equatorial AmeAchlitionally, during
biomass burning episodes TP is further releasdldet@tmosphere (Fig S1c), however at rates abauboder of magnitude

lower than those of combustion of anthropogeniginriroughly 0.01 ng-P ths™).
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The same pattern (as for TP emissions) is simulmethe P soluble fraction (Fig. 2b), but with lememission fluxes (e.g.
about 1 ng-P i s* over the Sahara Desert). This is attributed tostiability of P-containing mineral dust at emissibat
corresponds to the DP present in the desert seitaueathering. As discussed in Sect. 2.1.2 ftation is taken equal to
10% for the present study. Associated mineral Dissions (Fig. S2a) of 0.106 Tg-Pyfas PO4 and/or DOP) occur
mainly over the Saharan desert region, but signifidluxes are also calculated to occur over oitin@ortant deserts of the
globe. Anthropogenic DP emissions (0.021 Tg ) yrccur mainly over densely populated regions ef globe (e.g. the
mid-latitudes of the NH; such as China, Europe #rdUS), with simulated fluxes up to 0.1 ng-F s (Fig. S2b). DP
emissions from biomass burning contribute aboud®.0g-P yt', peaking over intense biomass burning areastregjcal

and high latitude forests and showing maxima owant@l Africa, Indonesia and Amazonia (Fig. S2c).

The present day annual apatite dissolution flusaisulated equal to 0.444 Tg-P'yfTable 3, Fig 2c). Most of the apatite
dissolution fluxes occur downwind of the major dsstirce regions (i.e. Nigeria downwind of the SaHaesert, Pakistan
downwind of the Thar Desert and China downwindhef Gobi desert). Over these regions, the long-ragibnal- range
transport of natural and anthropogenic pollutantsa@ce atmospheric acidity and subsequently P lied from mineral
apatite. The model calculates maximum dissolutiorels downwind of the Sahara and Gobi Deserts, theePersian Gulf,
the whole Middle East and the Mediterranean basimell as over the equatorial Atlantic. In additi@mhanced apatite
dissolution is calculated over the tropical Atlan®cean, India and the outflow of Asia to the Radlicean, in line with

observations of changes in solubility during traotspf dust across the tropical Atlantic Ocean lak®& et al. (2006a).

As explained in Sect. 2, for the present study apatite dissolution (Fig. 2c) is due to the respecEFAP and HAP
solubilisations that occur both in aerosol wated aloud droplets (Fig. S3). The model calculated thost of the apatite
dissolution (0.111 Tg-P ¥j is occurring in deliquesced particles (Fig. 3a%®d b), mainly attributed to the higher aerosol
acidity, while only 0.034 Tg-P yrare calculated to occur in cloud droplets (Fig. Big. S3c and d). Note that the model-
calculated global mean pH in clouds is about 4.§r{dkefalitakis et al., 2015). In addition, the tlisutions of aerosol and
cloud dissolution of apatite are rather differeRig( 3a,b). In-cloud dissolution is calculated taximize i) off-shore the
African continent (i.e. over Cote d’lvoire, Nige@ad Cameroon) over the equatorial Atlantic Oceahig over China and
India, where dust aerosols downwind of major dessgions (i.e. Sahara and Gobi Desert respectivabgt polluted and

acidic cloud droplets; while dissolution in aerogaiter shows also high rates over US, Europe andi@aabia.

DIP fluxes from HAP dissolution in the cloud dropl€Fig. S3d) are calculated to be roughly 60% éighan those of FAP
(Fig. S3c; 0.021 Tg-P yragainst 0.013 Tg-P yJ. However for the DIP dissolution fluxes from tRAP and the HAP in
aerosol water, no differences are calculated (Bg &nd b) for the more acidic environmental in fine aerosol water
(0.015 Tg-P yt for eactof them). On the contrary, the HAP is more solubln FAP in the less acidic coarse aerosol water
(0.041 Tg-P yt for the HAP compared to 0.039 Tg-P'yfor the FAP) (see also Fig. S2 in Myriokefalitakisal. (2015)
supplementary material for pH calculations in thedel). The changes in the saturation facfpin( the aerosol water are
also of importance. Under conditions with HAP maa@uble than FAP, the respective mobilized PO4 entrations
increase faster in the aerosol solution and reitbt tve soluble C4 present in dust, ultimately forming amorphous #at
that precipitates from the solution (ifed, thus the dissolution process stops). In theepree of soluble Gaand PO4, other
salts, such as monenite (CaHfp(5omasundaran et al., 1985), can also be formddwather impact the solution’s degree
of saturation. These results suggest that theisalsaturation effect in dust aerosol water caralmitical control on the

observed PO4 enhancement in acidic atmospheretmomgdi

Finally, a significant amount of DOP (0.032 Tg-P'yis added to the total DP sources due to the ggefitDP-containing

aerosols during atmospheric transport (Table 3js @amount corresponds to about 12% of the globapEary emission
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sources and to roughly 22% of the total dust-P soidbilisation flux on a global scale. The ageofgOA carrying P
presents maxima over forested areas (about 0.1mg+4*) due to the high oxidation of PBAP (Fig. 2d). Sedary maxima

are also calculated over China (0.01-0.1 ng=Psth attributed to ageing of primary OP of anthropdgemigin. Downwind

of desert source regions significant DOP productaias, up to 0.1 ng-Pfis?, are calculated over the Sahara, the Thar and
Gobi Deserts; however these DP formation ratesnaoee localized over continental regions than thdse to acid
solubilisation mechanism of the dust mineral con{€ig. 2c). Non-negligible, however, DOP produntis also calculated

over the coastal oceans, owing to the OP ageingruhd long-range transport in the atmosphere.

3.2  Evaluation of phosphorus simulations

Figure 4 presents the evaluation of present dayeirgithulation at various locations around the gl@fig a; see also Sect.
2.4), against 1) P-containing aerosol airborne entrations (Fig. 4c,e) and 2) dry deposition flugeg. 4d,f). PO4 and TP
aerosol concentrations are provided in a dailylmtiem (except for TP concentrations from the Ceasisland which are
provided as monthly means) and for different sizes;fine (PM1 or PM1.3) and coarse (PM1-to-PM&OPM10 aerosols
or as bulk concentrations (Table S1). For this rhedaluation, a point-by-point comparison has beeriormed accounting
for the respective daily (or monthly) outputs amdosol size of each P-containing aerosol compoognur model to the

corresponding observation database. The normatiissth bias (NMB) for the statistical analysis io#dted as:

N
>M-0)
NMB=12 100 (8)

>0

i=1

where, O; and M; stand for observations and model predictions smdy, with N to represent the number of pairs
(observations, model predictions) that are compayéate information about the model performance g&tabase (cruise

and stations) and aerosol size can be found inF4g.

The comparison of all available DP aerosol measergsn(fine, coarse and bulk) with the respectivedehaesults is
presented in Fig. 4c. DP aerosol concentrations ftauise observations are in the range of aboul8%- 4.03 1F ug-P
m* while from stations observations this range isul®23 10' — 1.37 10 ug-P m®. The model overestimates the DP
cruise observations (NMB = 21%) and underestimtitedDP concentrations measured at stations (NM8&4%6). Focusing
however on the size- segregated comparison of alelbds (Fig. S4), the model underpredicts the obsgticoncentrations at
the Finokalia station, both for fine and coarsetipl@s, implying thus a respective underestimatdi® sources over land.
On the contrary, for cruise measurements the mpeldbrms much better both for fine and coarse aésass well as bulk
observations. Note that the station observatiomsespond to those of Finokalia and Corsica. Funtioee, only few cruise
TP observations are available (Graham and Duce?;1B&ker et al., 2006a; Baker et al., 2006b) thatdiscussed later in
section 3.5. The here presented comparison aldoaiied that the model underpredicts (NMB = -59%) tibserved TP
concentrations at Finokalia (Eastern Mediterrandaag also Fig. S4), however it simulates betterkiblk TP aerosol
concentrations at Corsica (Western Mediterranedijs implies that our model lacks TP sources in thastern
Mediterranean atmosphere, which is strongly affedtg air masses from surrounding regions and bycssuother than

local ones.

As in the case of DP aerosol concentrations, thdeinsimulates better (NMB = 52%) the DP dry deposifluxes over
oceanic regions (airborne cruise measurements ¢enpy Vet et al. (2014)) than the observations @N\M-93%) at the

Finokalia station (Fig 4d). Note that the same gattis also calculated for the TP dry depositiarxds (Fig. 4f). The
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omission of super-coarse marine DP sources assedcisith sea-salt particles can explain some disareips between
model results and observations only when these ¢atecern bulk aerosols in oceanic regions (so ttoeyd include super-
coarse particles), which is the case for wet ordiryosition samples. As discussed in Sect. 2.higl,omission can affect
local comparisons but overall does not introduceariban a 3% underestimate of DP flux over the mcamany cases,
aerosol samples have been collected with inletagsvihat enable collection of specific fractionsaefosols and eliminate
super-coarse particles. When bulk aerosols have beléected, then the presence of super-coarseealsrmight introduce

discrepancies between model results and obsergat@verall the model performs better for DP dryatgfon fluxes over

the oceans than over land, indicating a possibiierestimate in the continental source of P.

In Figures S4 and S5 (supplement) are also predsémeeresults of sensitivity simulations and theebease simulation with
the aerosol observations and dry and wet depoditices, respectively. Fig. S6 also shows the catapa of the annual
cycles of the atmospheric concentrations (TP and)R@d deposition fluxes (dry and wet depositi@gainst the TM4-
ECPL monthly model results. For cruise measuremeves the Atlantic and Pacific Oceans (Baker et2010; Martino et
al., 2014; Powell et al., 2015) and the global citetipn of deposition rates (Vet et al., 2014), thieservations are also
spatially averaged inside the same model grid Btwese comparisons show almost similar performaacalf sensitivity
simulations but one falling in most cases closthélower edge of observed concentrations and depofluxes. However,
taking into account the Wang et al. (2014) P-cortibaossources, the model performs better over tinel I@.g. for TP
concentrations at Corsica; Fig. S4g, and for DReentrations at the Finokalia monitoring statiorg.Féb,f,i), indicating that
the base simulation underestimates either anthepogombustion sources or other natural P souideglecting the P
dissolution definitely degrades the comparisonmotiel results with observations. On the other hardresults show very
small sensitivity to the assumption of soluble fi@e of the primary emissions of P. This findingpports the importance of
the atmospheric processing of dust for the atmaspREP cycle as well as the potential underestinoditthe DP source in
all sensitivity simulations. Such underestimatelddee associated with an underestimate in the pyirsaurce or in the

secondary (atmospheric processing) of DP and desduvther studies.

Considering the scarcity of observational data tmedgaps in knowledge of P emissions and fate énatimosphere, the
simulated atmospheric P aerosol concentrations §85)Lsatisfactorily compare with the respectiveilabée observations
(NMB = -67%) for TP (N=585) and PO4 (N=1300), armt P dry deposition fluxes (N=819; NMB=-63%), indiing

however an overall model underestimate of the elesevalues (Fig. 4b). Based on these comparisoagwaluate that an

uncertainty of about 70% is associated with PRESHEMTel estimates.

3.3  Global distribution of atmospheric phosphorus

TM4-ECPL calculates global TP and DP atmospheridéns of 0.011 Tg-P and of 0.003 Tg-P, respectiviihe calculated
global annual mean TP and DP atmospheric surfatahiitions for the present day are also shownign %a and Fig. 5b.
TP surface concentrations maximize over the majst degions of the world, roughly 0.1gh-P m® (Fig. 5a), where P-
containing dust particles dominate the TP burdeco8dary maxima are calculated over Central Afideaa and Indonesia,
where significant TP concentrations (10-100 ng-B) are associated with biomass burning emissionsPB@P (Fig. 5a).
Over the oceans however, TP concentrations maxichimenwind of dust source regions (roughly 10-100Pngi®) and
secondary maxima of about 1-10 ng-P are calculated due to long range transport fromtinental sources, mainly over
the NH.
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Annual mean DP concentrations of 100 ng-P are calculated to occur over the Sahara, the Araaid the Gobi deserts
near the surface (Fig. 5b). The outflow from thesarce regions transports DP over the global oedare annual mean
concentrations of about 10 ng-P*rare calculated downwind of dust source regiongh e highest impact calculated for
the tropical Atlantic Ocean. The simulated conaatiins of DP over polluted regions range from l@ong-P rii, further
highlighting the importance of anthropogenic cdmnitions to the DP atmospheric burden - directly ttuecombustion
emissions and indirectly due to the solubilisatigr®P when dust is mixed with atmospheric pollutauring atmospheric
transport (Fig. 5b). TP emissions associated wifficAn dust are calculated to significantly afféloé lower troposphere
(Fig. 5¢). Furthermore, DP shows non-negligible aaamirations in the middle troposphere (Fig. 5d} tre attributed to
transport from the source regions and to atmosplageing (mainly P-solubilisation processes) tlmtverts insoluble to

soluble P, as already discussed.

3.4  Present day phosphorus deposition flux

TM4-ECPL calculates that 1.300 Tg-P'yaf TP are deposited to the Earth’s surface of Whigout 0.281 Tg-P yrover the
ocean (Table 4). This oceanic deposition flux iEwated to be about half of that estimated by Madid et al. (2008)
(0.558 Tg-P yr') over oceans and at the low end of the depositinrange calculated by Wang et al. (2014) (0@-Tg-P
yr'! over the ocean). The highest TP annual deposdftizes (up to 100 ng-P fis?) are calculated to occur over the Sahara
and Gobi deserts while deposition fluxes up to 4Pngi s* are also calculated at the outflow from dust seuegions,
especially over the Equatorial Atlantic and Northétacific Oceans (Fig. 6a). The computed global d@position is
calculated equal to 0.455 Tg-P'yof which 0.169 Tg-P ytis deposited over the ocean (Table 4), that isiaB5% higher
than the estimate by Mahowald et al. (2008) (0.0§6° yr'). The differences between the aforementioned ssudin be
explained on one hand by the P-solubilisation mees that only the present study take into accandtthus a greater
amount of PO4 is deposited at the Earth’s surfand, on the other hand by the different aerosol sipeesentation that
impacts on the lifetime of airborne P-containingtioées in the atmosphere. For this work, the hggh2P deposition fluxes
are simulated to occur downwind of dust sourceoregji owing to the DP content of the primary P einissdiscussed in
Sect. 3.1, and to P-solubilisation during atmosigheansport (Fig. 6b). Secondary DP depositiox fimaxima (about 0.1
ng-P n¥ s%) are simulated downwind of highly forested regi¢ins. Amazonia, Central Africa and Indonesia)|eeting the

contribution of PBAPs to the DOP concentrationthim atmosphere.

Figure S7 further presents the seasonal variabilitpP deposition fluxes as calculated by TM4-ECRbhe maximum
seasonal DP deposition flux over the ocean of 0.0¢% is calculated to occur during June-July-Augisg. S7c¢),
followed by 0.048 Tg-P during March-April-May (Fi§7b) and by 0.038 Tg-P during September- Octolmrehlhber (Fig.
S7d). The maximum DP deposition flux in summer osonhen ocean stratification also maximizes thaslileg to the
highest impact of atmospheric deposition to theimeaecosystems (Christodoulaki et al., 2013). Faurttore, PBAP
contribution maximizes in summer at regions withpartant biogenic emissions (Figure S8e-h), whilstdtontribution
maximizes in spring mainly over and downwind thejonaleserts in the tropical and mid-latitudes oé thorthern
hemisphere (Figure S8a-d). This is because the needaphotochemistry during NH spring and summereiases
atmospheric oxidants and the atmospheric acidigytdiNQ, and SQ oxidation. Note also that under equinox conditjans
particular in spring, Sahara dust outbreaks aw@falsoured (Fig. S8b). Considering that most TPssiains occur in the NH
(Fig. 2a), DP secondary formation from IP and O&ses are simulated to maximize there (Fig. 2eyit)y emissions from

biomass burning and combustion of anthropogengirofurther contributing to the DP deposition flux.
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3.5 Phosphorus solubility

The present-day P solubility of deposited aerofluéseafter SP = %DP/TP) is calculated to vary sfigt{Fig. 7a), with
minima (as low as 10%) over dust source regions file Sahara (where the insoluble fraction of Thidates aerosol
content) and maxima (up to roughly 90%) over renmmteans such as the equatorial Pacific, the sautAdantic, the
Indian and the Southern Oceans. Over such rem@&anac regions, high solubility fractions are casted due to low P-
containing aerosol mass concentrations, that odeuthe long-range transport of fine particles frdistance source regions,
and the P which is associated with more aged alsrasal thus a greater fraction is present in thebs® mode; either as
DIP via mineral acid solubilisation processes orFD@a atmospheric oxidation of P-containing orgasérosols and as
PBAPs. Vet et al. (2014) in their review paper fiotrients deposition, also mentioned that the Bhslity fractions of wet-
only samples on coastal and inland sites have besasured to range from 30% to 90%, reflecting tties effects of
combustion, biomass burning, and phosphate fet#izon airborne phosphorus concentrations. Andeesoal. (2010)
reported that only 15-30 % of P in atmospheric s@lat the Gulf of Agaba was water soluble phaseslatively soluble
to be bioavailable to the ecosystems. In the Meditean the measured median solubilities of thegemic fraction of P in
aerosols (ratio of PO4 to total inorganic P) rahgeveen 20% and 45% in the East Mediterraneantivthowest values in
dust influenced air masses and the highest vafuas imasses from the European continent (Markiaki.e2003; Herut et
al., 1999) and have been reported to be around B8%e West Mediterranean (Markaki et al., 2010pwdver,
simultaneous observations of TP and DP depositioe$ are required to evaluate the solubility fiaciof P (both organic
and inorganic) over remote oceans and thus to stadet the atmospheric fate of P. There are onlgva derosol data
available in the literature for the marine atmosph@raham and Duce, 1982; Baker et al., 2006agBak al., 2006b;
Zamora et al., 2013) that provide hints on theltBtaolubility. These data indicate P solubilitrasiging overall between
0.01% and 94%, with the lowest values corresponthbrdust influenced air masses and the highestdeadt influenced air
masses. Over the northern hemisphere Atlantic oeaalubilities in aged Saharan dust aerosols baes measured to
range from 0.01 to 37% during oceanographic cruiBeker et al., 2006a;Baker et al., 2006b). At Balds island median
solubilities of P on dust of about 19% and of skasrosol of about 94% have been reported (Zarebed., 2013). In the
southern Atlantic atmosphere P-solubilities in aet® of up to 67% (median 8% for dust aerosol ar for southern
Atlantic aerosol; Baker et al., 2006a) and of u878c (median 32%; Baker et al., 2006b) have beported. These studies
but one report P solubility as the ratio of P@®A TP, thus neglecting the organic fraction whiets fbeen measured to be
about 28-44% (Zamora et al., 2013). Although thelsservations support high P solubilities in agews@s or aerosols
impacted by non- dust sources supporting the fopgliof our modelling study, only the work by (Zametaal., 2013) could
be compared to the here simulated total P solylfffiig. 7a). They indicate that the model simulatz@l P solubility is at
the upper edge of observed P solubilities.

The soluble P originating from each source as etim of TP from all sources is shown in Fig. S9 &l P source
categories (within each model grid these fractisun® up to 100%). Note here that in our SP fractzaisulations we also
include the contribution of DOP from supercoarseAPB This assumption is followed since the DOP fr@BAP is
considered readily bioavailable, compared to othgper-coarse particles such as dust for which tbavhilability is
characterized mainly from the initial dust's soliipi rather than atmospheric processing due to shert atmospheric
lifetime of super-coarse patrticles. Indeed, sumarse particles of that size are basically emigted deposited in the same
model gridbox (Brahney et al. 2015), and are netdfore expected to significantly impact SP fractiover remote oceanic

areas.
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The low SP values over dust source regions arelynattributed to the relatively low both weatheriog§ dust aerosols
(10%) assumed in emission fluxes and mineral Potlisn rate (Fig. S9a). The low water associatéith \Wust aerosols
near dust sources and the enhanced buffering ¢gpdaiust carbonate leading to excess of'@ancentrations (see Sect.
3.1 and Fig. 2c) thus cause low P dissolution. Mioelel calculates high SP values (up to 50-60%) oagions such as the
Mediterranean basin, where the co-existence otivelst high dust concentrations and high amountsaothropogenic
pollutants (e.g. Kanakidou et al., 2011) tendsrbamce significantly atmospheric processing of mah® (Nenes et al.,
2011). High dust SP values are also calculated theeppen ocean of the NH, the Atlantic Ocean Raeific Ocean in the
outflow of the America, downwind of the Arabian Resover the Indian Ocean and over the Europeatinam. These

results are attributed to the mineral P-solubilsatinder polluted acidic atmospheric conditions.

Anthropogenic combustion aerosols are calculatezbtdribute significantly to SP (20-30%) over higiplopulated regions
of the world, mainly over the NH as in the cas¢hef eastern and the western coasts of the US atamil Northern Europe
and Western Asia (Fig. S9b). About 5-15% of theglalted SP over the remote oceans is attributéshtprange transport,
where aerosols have been subjected to atmosplugiega Biomass burning aerosols are calculatedmiribute regionally

less than 30% to SP, with their maximum contritutimver the equatorial Atlantic and Indian Oceans tlu aerosol

transport and the atmospheric ageing from Centfac# and India (Fig. S9c). DP emissions and atrhesp ageing

associated with PBAPs from terrestrial sourcesuiticly super-coarse P containing bioaerosols (bfemp in the present
study) are calculated to significantly contribubeQIP deposition in the tropics; about 50% in th&#low of Amazonia and

Central African and Indonesian forests on annuameasis (Fig. S9d). Seasonally, this contributsoeven higher during
summer, for instance it reaches 60% in the Meditexran and 70% in the outflow over the equatoriaifieaOcean (not

shown). DP from sea-spray dominates over all thate Southern Ocean where no other significantamynsource of DP
is present (Fig. S9e), while volcanic eruptionstdbate to the SP mainly over the equatorial andtihern Pacific Ocean
(Fig. S9f).

4  Sensitivity of soluble phosphorus budget to air-pdlitants

Atmospheric acidity strongly depends on anthropag&®,, NO, and NH, emissions and impacts on dust solubility. It is
thus expected to change in response to varialnilithe anthropogenic emissions of air pollutantefét et al., 2016). The
response of atmospheric ageing of TP, which pakpttonverts the insoluble TP fraction to DP, topollutant emission
changes is here assessed by comparing simulatenfisriped using anthropogenic and biomass burnireg @ad future
emissions to the present-day simulation (see gcin addition to dust dissolution changes, atrhesig OA ageing is also
affected by changes in oxidants levels (Tsigaratsl Kanakidou, 2003; Tsigaridis et al., 2006). kemnore, primary
anthropogenic and biomass burning emissions o6® \ary, as shown in Table 1 and discussed in ektin particular,
PRESENT TP anthropogenic emissions are estimatheue increased by a factor of 5 since PAST armketoeeduced back
to almost the PAST levels in the FUTURE. In thedations discussed here, meteorology and naturaéséons of dust,
sea-salt, PBAP and from volcanoes are kept condiathose of the year 2008 (i.e. PRESENT simutgtié\lthough for
this work we don'’t account for any changes in afphesic dust emissions for PAST and FUTURE simutetjoseveral
studies suggest that dust may vary strongly andgpesrbe sensitive to anthropogenic climate chanddamd use (Ginoux
et al., 2012; Mahowald et al., 2010; Prospero aachth, 2003) and thus could also be an importanedeé changes in the
atmospheric P cycle. Overall for this study, thenpated changes for species that regulate the nhiReaaid solubilisation
(e.g. S@*, NOy, NH,") are due to the respective combustion emissidardifices between PAST, PRESENT and FUTURE

simulations.
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For the PAST simulation, the anthropogenic emissi@ig. NQ, NH, and SQ) are a factor of 5-10 lower than present day
emissions (Lamarque et al., 2013). Compared t@tesent day, the model calculates significant charig the aerosol-pH
in the past simulation with less acidic pH near sieface of the NH oceans, but a more acidic pH ¢ive US due to
extensive coal combustion in 1850 (Myriokefalitakisal., 2015)The FUTURE simulation projects globally a less acidic
aerosol pH than present day (Myriokefalitakis et 2015), owing to lower NQand SQ emissions. Indeed, for the future
simulation, anthropogenic emissions (RCP6.0) fostnad the continental areas are projected to beddhan the present-
day and to almost return to 1850 levels due togaality regulations (Lamarque et al., 2013). Howews discussed in
Myriokefalitakis et al. (2015) for the atmosphericcle of Fe, due to the fact that biomass burnimgssions are projected to
increase in the future, the system does not fellyrn to 1850 conditions. Past and future chanfésecatmospheric acidity
have a significant effect on mineral-P dissolut{fig. S10c,d) and on the ageing of atmospheric B§. §10e,f). For the
PAST simulation the model calculates about 40% toawéd mineral-P dissolution (0.085 Tg-PYyicompared to present-
day (0.144 Tg-P b while for the FUTURE, the acid mineral-P soluksliion (0.100 Tg-P ¥ is projected almost 30%

lower than nowadays (Table 3).

4.1 Past and future changes in the phosphorus depositidlux

The global annual deposition fluxes of TP and DRcasputed by TM4-ECPL for the three main simuladidiPAST,
PRESENT, FUTURE) are provided in Table 4. For tieP simulation, the model calculates a global TRadition flux
(Table 4) that is about 3% lower than the presantftlix. Significant increases in TP depositiorkéls since the PAST have
been calculated over Indonesia and South-eastean(Rig. 6¢), as a result of the present high atbgenic emissions over
China. As for the FUTURE simulation, TP depositisrprojected to decrease globally by 2.5% compéapepresent-day
(Table 4) with a maximum decrease (up to 40%) dustission control measures calculated for EurthmeEastern US and
China.

On global scale, DP deposition fluxes are alsoutated to be lower by about 20% in the PAST andlbgut 15% in the
FUTURE simulations compared to the PRESENT one I€Tdh Although these reductions are computed toetetively
low, regional reductions can be stronger (up to 6B 6d), especially over highly populated regige.g. China, Europe)
and downwind of major dust sources (e.g. India &Wdstern US). Indeed, present-day DP emission fluxem
anthropogenic combustion (0.021 Tg-Pyare calculated to decrease by about 80% on abkuiale both for the PAST
and FUTURE simulations (Table 1). According to @afculations, however, present-day DP biomass hgramissions
have increased by about 28% from PAST and are #gpeo further increase by about 22% in the FUTUREen
accounting for both DP anthropogenic combustionlginchass burning emissions, an increase of abtinie® is computed
from the PAST to PRESENT but a decrease to hadkpected for the FUTURE, contributing thus sigrifidy to the DP
atmospheric deposition changes. Hence, DP depoditizes are projected to decrease over the mitlitbgs of the NH
where human activities dominate (Fig. 6f), with thegest changes up to 60% over China due to theat&d air-quality
measures, while smaller changes are computed pde tlue to the expected increase in its populablmte again that our
simulations neglect any change in dust and PBARsséons that has occurred in the past or is expect¢éake place in the
future. Therefore, the changes in BP depositioreushown in Table 4 are driven by changes in titerapogenic and

biomass burning emissions and in the atmospheiitanis that enhance P dissolution during atmosplagreing.
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4.2 Biogeochemical implications of changes in bioavaltde phosphorus deposition

The contribution of dust to the bioavailable P dgfon flux into the ocean maximizes in the outfléeom desert regions,
mainly in the north hemisphere tropics and mictuaies (Fig. S8a-d). However, according to our satioihs, DOP is an
important fraction of bioavailable P, mainly ovesntinental regions. Table 4 also presents the sfitheo DP and the
insoluble PBAP deposition, reported as bioavaild®léBP), which is considered to be readily bioalsl# for marine

ecosystems since it is biological material. Figug8e-h depict the seasonal variability of the PBAIRposition flux

computed by our model for the PRESENT simulatiadris Iremarkable that our simulations suggest th@adryosols are a
major contributor to the BP deposition fluxes; enasmnual basis, PBAPs contribute about 25% to kbieay) BP deposition
fluxes over the oceans (about 33% on a global xchlg regionally more than 50% (Fig. 7b) in thetflouv of South

America over the equatorial Pacific and in the loutfof Central Africa over the Southern Tropicalakitic. This finding

clearly shows that biological material is a majemaspheric carrier of bioavailable P to the globatéan (Fig. 7b) and
implies a potentially important impact of terrestisources on marine ecosystems. Note that asonedtin Sect. 2, PBAPs
from insect fragments and plant debris are negleatethe present study; thus their contributionthe bioavailable P
deposition mainly over land might be here undemestitd. However, large uncertainties are associai#dthis innovative

finding, since the estimates of the global soufcBBAPS vary by more than an order of magnitudeirtbize distributions,
their mass density are uncertain and the P-comethiese aerosols is also highly variable, spangimgders of magnitude
(e.g. Kanakidou et al. (2012) supplementary mdtewa references therein). All these parameter® hawe studied by
targeted experiments to improve knowledge of themtribution to the atmospheric P cycle. Our resalso indicate that
primary anthropogenic emissions of DP, as wellrabrapogenically-driven atmospheric acidity, inced the DP supply to
the global ocean since the preindustrial period fmoviding an important external to the ocean @@wf nutrients for the
marine ecosystem. They also show that the P si@atidn from dust aerosol during atmospheric transand mixing with

acidic pollutants is important for DP depositiondatleserves further kinetic studies to improve patansation of the
solubilisation kinetics of various P containing mmials as a function of acidity and temperature.s€heesults may be

particularly important for ecosystems like the Bdstiterranean where phytoplankton growth is limhiby P availability.

It is also noteworthy that the bioavailable P dégpms flux from bioaerosols maximizes in summergiF88e-h) when ocean
stratification is also the strongest, thus leadimghe highest impact of atmospheric depositioith® marine ecosystems
(Christodoulaki et al., 2013). This flux needs tthken into account to evaluate the atmosphericl@€®sition impact on

marine ecosystems. The computed atmospheric dipositBP over the global ocean of 0.17 Tg-B ¢Fable 4) represents
about 15 % of the global riverine flux to the oced®.99 Tg-P yi (Meybeck, 1982). However, while riverine inputfeat

mainly the coastal regions, atmospheric deposii@ansource of nutrients for the open sea (e.gn ©kal., 2011).

5 Conclusions

In this study the global atmospheric cycle of Piasps has been simulated with the state-of-thetambspheric chemistry
transport global model TM4-ECPL. The novel aspddhis study is the simultaneous considerationrirhpry TP and DP
emissions accounting for both inorganic and org&and of the atmospheric processing oA&counting for a DP (both
inorganic and organic) primary source of 0.272 Tg-Ptogether with a PO4 acid-solubilisation flux of 81Tg-P yi* and

a DOP ageing flux of 0.033 Tg-P¥yresult overall in a present-day atmospheric DRlén of 0.003 Tg-P and a global DP
annual deposition flux of 0.455 Tg-Pyrof which 0.169 Tg-P Vris deposited over the oceans. P solubility in dipds
aerosols is calculated to vary spatially with miaiover the dust sources (<10%) and maxima overetmete ocean (up to
90%).
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Sensitivity simulations show that increases in mybgenic and biomass burning emissions since gustnial times
resulted in both enhanced DP combustion primaryssions and P-dissolution occurring under a mordi@environment.
Air-quality regulations however, are projected &ribase anthropogenic emissions, mitigate oxigewatld and limit future
atmospheric acidity. Focusing on oceanic regiotrapapheric composition change over the last 150symsacalculated to
have increased the DP deposition to the ocean byt&D% (i.e. 0.132 Tg-P yrin preindustrial times against 0.169 Tg-P
yr! nowadays). Projection based on future combustimissions, drives the model to a 30% reduction imemal P
dissolution flux (0.100 Tg-P yrin the future compared to 0.144 Tg-P'yn the present day) and taking into account an
80% reduction of the anthropogenic DP emissiors,ntiodel calculates an oceanic DP deposition fluR.a#2 Tg-P yt
that is about 16% lower than present-day. Our teduirther indicate a significant contribution toet calculated DP
deposition fluxes of DIP up to 90%, over the North&opical Atlantic, Pacific and Southern Oceaas,well as a DOP

contribution higher than 50% over the equatoriaasgc regions.

The contribution of PBAPs deposition to the totaddvailable P to the marine environment is foundet@weed 50%
regionally, indicating the existence of potentialiyportant interactions between the terrestrial Hrelmarine biospheres.
Therefore, our results provide new insights toatreospheric P cycle by demonstrating that PBAPssiienportant carriers

of bioavailable P as dust aerosol, that was upte considered as the only large source of DP eate¢orthe open ocean.

Although the present global modelling study is lblass the current understanding of the processets dhee the

atmospheric cycle of P, comparison of model regwoltebservations showed that the model underestsrisie data by at
least 60%. Improvements, thus, require reductiotiiénlarge uncertainties that still exist with re#o the primary TP and
DP emissions from anthropogenic and natural souarekthe adopted kinetic parameters of minerald3aflition and

organic aerosol-P ageing and their response tohthrges in atmospheric acidity. Finally, in viewttoé importance of P as
a nutrient for marine and terrestrial ecosystemgiims of carbon storage and nitrogen fixation,dlleulated changes in P
deposition due to projected air-quality changeslicise the necessity to account for feedbacks lEtwatmospheric

chemistry, climate and biogeochemical cycles.
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Table 1. Emissions of TP and DP (in Tg-P y} taken into account in the TM4-ECPL model for PAST, PEESENT and FUTURE
simulations. In parenthesis the average values of Téhd DP emissions for the years 2000-2010 are afzovided.

TM4-ECPL B|om_ass Anthropog_e nic Volcanoes PBAP Sea Spay Soils Total
Burning Combustion
PAST 0.014 0.008 1.289
P 0.018 0.043 0.006 0.156 0.008 1.097 1.328
PRESENT
(0.018) (0.042) (0.006) (0.156) (0.008) (1.095) (1.326)
FUTURE 0.022 0.009 1.298
PAST 0.007 0.004 0.254
0.009 0.021 0.006 0.123 0.008 0.106 0.272
DP PRESENT
(0.009) (0.021) (0.006) (0.123) (0.007) (0.105) (0.271)
FUTURE 0.011 0.004 0.258

5 Table 2. Fluorapatite (FAP) acid dissolution constats used for this study.

K(T) Anin

i %
Mineral pH (mol m2 Sl) m (mz g—l) Kegq
<5.5 5.75x10Pexp[4.1x16(1/298-1/T)]@ 0.81@ 10.7¢ 10%12d
FAP FAP
FAP 55-6.5 6.91x10%exp[4.1x16(1/298-1/T)]@ 0.67¢ (FAP) (FAP)
80.5¢ 102047
>6.5 6.53x10"exp[4.1x16(1/298-1/T)[@ 0.01@ (HAP) (HAP)

a) Guidry and Mackenzie (2003); b) Bengtsson et al. (2007); c) Bengtsson et al. (2009); d) van Cappellen and Berner (1991)
"For HAP dissolution constants, we assume those of FAP as adopted from Guidry and Mackenzie (2003) and corrected based on Palandri and Kharaka
(2004) reviewed data (see Sect. 2.2)

10 Table 3. Secondary DP sources (in Tg-P ¥J due to OP ageing contained in biomass burning, #mopogenic combustion, sea-
spray and dust as well as due to dust (apatite) dislution via the acid solubilisation mechanism, asalculated by the TM4-ECPL
model for PAST, PRESENT and FUTURE simulations.

o Twecce BTSN e o Sase RS
Dissolution

PAST 0.002 0.001 0.016 0.0001 0.007 0.085

bp PRESENT 0.003 0.005 0.016 0.0001 0.008 0.144
FUTURE 0.003 0.001 0.016 0.0001 0.008 0.100

Table 4. Global and Oceanic deposition fluxes of TP and BP (in Tg-P yfl), as calculated by the TM4-ECPL model for PAST,
15 PRESENT and FUTURE simulations.

Deposition TM4-ECPL Global Ocean
PAST 1.262 0.270

™ PRESENT 1.300 0.281
FUTURE 1.270 0.272

PAST 0.369 0.133

DP PRESENT 0.455 0.169
FUTURE 0.390 0.142

PAST 0.384 0.135

BP PRESENT 0.470 0.172
FUTURE 0.405 0.144

28



5

Transformation

Transport
IPP, OPP DP
g IPP, OPP,
Transformation DIP, DOP
VA
/ \
\
Bioaerosols Biomass ,' \
OPP, DOP Burning & ) Y
Sea-salt IPEUCS;T’P Anthropogenic | / Deposition'
DIP, OPP, 10%DP. IPP, OPP, / \
Dop > & 50%DP ! Y

Figure 1. Simplified illustration of the atmospheric P-cycle showing the various sources of particulatinorganic and organic P
(IPP, OPP) and their soluble forms (DIP and DOP), ke transformation of PP to DP during atmospheric tansport and the
deposition of P to the land and to the ocean. Emissis fractions among atmospheric P forms are thosased as input in the TM4-
ECPL model.
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Figure 2. Annual averaged column distributions (in ng-P rif s of the a) TP emissions, b) DP emissions, c) DIRifl from apatite
dissolution and d) DOP production due to OP atmospdric ageing, as calculated by the TM4-ECPL model forhe present
atmosphere (year 2008).
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Figure 3. DIP annual fluxes (in ng-P nif sY) from apatite dissolution a) in aerosol water and) in cloud droplets, as calculated by
the TM4-ECPL model for the present atmosphere (year ZUB).
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Figure 4. Location of observational date for a) Conentrations of P-containing aerosols (bulk, fine andoarse) and b) Deposition
fluxes (wet and dry deposition); (c-f) Log-scatter [pts between model (y-axis) and all observations {xxis), for surface ¢) PO4 and
e) TP aerosol concentrationspg-P m®) measured in cruises (blue dots) and stations (restars), as well as for d) PO4 and f) TP dry
deposition fluxes (mg-P n? s!) over oceans (blue dots) and inland sites (red $&. The continuous black line shows the 1:1
correlation and the dashed black lines show the 1D:and 1:10 relationships, respectively.
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Figure 5. Annual mean concentrations (in ng-P if) of TP (a, ¢) and DP (b, d) for the surface (a, Bnd in the troposphere as zonal
mean (c, d), as calculated by the TM4-ECPL model foihe present atmosphere (year 2008).
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Figure 6. Calculated annual deposition fluxes (in g-P m2 s2) for a) TP and b) DP for PRESENT simulation and theirpercentage
differences from PAST (c, d) and FUTURE (e, f) simulabns, respectively. For the PRESENT annual depositiofluxes (a, b),
within brackets the total amounts over the globe (i parentheses only over ocean) are also provided.
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Figure 7. Annual mean percentage fractions of a) Bolubility (SP = %DP/TP) and b) the relative contritution of PBAP to BP, in
deposited P-containing aerosols, as calculated byet TM4-ECPL model for the present atmosphere (year 2@&).
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