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1 Reply to final editor comments (13-11-2016):
Dear Editor,

We would like to thank you for the editorial review of our manuscript and for your
comments.

In addition to the referees comments to which we have provided the point-by-point reply in
our earlier correspondence, following your suggestions we have rephrased the relevant
sentences in the abstract and in the conclusions.

In the abstract, lines 21 and 22 now read:” To our knowledge, a unique aspect of our global
study is the explicit modeling of the evolution of phosphorus speciation in the atmosphere.”

The first sentence of the conclusion has been modified to the next two sentences:

“In this study the global atmospheric cycle of Phosphorus has been simulated with the state-
of-the-art atmospheric chemistry transport global model TM4-ECPL. The novel aspect of this
study is the simultaneous consideration of primary TP and DP emissions accounting for both
inorganic and organic P and of the atmospheric processing of P.”

Here-below we provide the responses to the referees comments (pages 1-20) as well as the
full revised manuscript and supplement in which we have marked in red the places where
relevant changes/ additions have been performed (starting on page 21).

We hope that in its present form the manuscript can be published in Biogeosciences,
with kind regards,
The authors

2  Final response to the referees comments (posted the web 31-10-2016)

We would like to that the referees as well as Dr. Bikkina Srinivas for their comments that
helped improving the presentation of our study.



We have addressed all their concerns as it is detailed in the point-by-point replies to the
referee’s comments that we have posted in the open discussion session.

In particular, following the referee #1 comments, we have performed a new 11-year
interannual global simulation 2000-2010 in 3°%x2° (lon x lat) horizontal resolution. All figures
and results have been updated accordingly. The comparisons to observations are now not
only day and location specific but also year specific as requested by the referee. As
expected, no changes of importance were seen in the results and the model evaluation.

We have also performed again the sensitivity simulation using Wang et al (2014)
anthropogenic emissions of P, following the referee’ suggestion. Our conclusions remained
unchanged.

The presentation of our methodology has been improved for clarity and to avoid
misunderstandings. We have also added section 2.3 in which we present the compilation of
observations that are used for evaluation of our model results and which are detailed in the
supplementary material Tables S1 and S2.

In section 3.5 on solubility we have summarized available observations that provide hints on
P solubility in the atmosphere and added a thorough discussion on the limitation when
comparing these observations to our simulations (see details in our reply to referee #2 major
comment 4).

Finally the section 4.2 with the discussion on implications of our results for the
biogeochemical cycles and on uncertainties as well as the conclusions have been further
developed following both referee’s comments.

We hope that our manuscript is now suitable for publication in Biogeoscience.
With kind regards,

The authors



3  Point-by-point reply to the referee’s comments (pdsd on the web)

3.1 Referee #1

We thank the reviewer for the careful reading of fraper. Please find below the point-by-point
answers to the reviewer's comments:

Specific comments:
1) Line 23 (p1): BP and DP are confusing in the absct.

We rephrased the sentence in the abstract, bywiagthe abbreviation BP.
2) Line 25 (pl): It is unclear how the <50%> unceminty is quantified in the results.

“As explained in the ¥ paragraph of section 3.2, based on the statisfithe comparison
between the model results and the measurement® @@ PO4 aerosol concentrations the NMB is
found to be about -67%. This sentence has bephrased to ‘...compared with available
observations, indicating however an uncertaintghmut 70% on current knowledge of the sources that
drive P atmospheric cycle’.

3) Line 26-29 (p1): It is better to give the dissation fluxes, rather than one percentage.

We have chosen to provide the percentage changelér to show a quantitative comparison
with the present day flux for which the absolutenbver is given earlier in line 21. The absolute ésix
for PAST and FUTURE simulations can be easily datifrom these numbers. Therefore, no change
has been made to this sentence.

4) Line 30 (p1): "dissolution flux of P" and "P mobilization flux" are confusing in the abstract.
To avoid confusion we now use only the term ‘Ribiisation flux'.

5) Line 9 (p5): Using a coarse-resolution model ta@et the horizontal distributions of P
concentration and P deposition can lead to substaial biases in the model-observation
comparison, which should be considered.

We re-run the model in its finer horizontal resinln (i.e. 3 x 2° in longitude by latitude) and
updated the manuscript and the respective figures.

6) Line 10 (p5): It seems that the model is only muwith meteorology for one year (2008). In this
case, the question is that there is inconsistendythe observations are derived for other years. It
means that the interannual variation of P emissionfrom mineral dust and sea-spray (related to
wind) and the episodic transport of P in the atmosipere (related to wind and wet precipitation)

cannot be represented in this study. | expect thahe model can be run for more years to get an
unbiased estimation of P emissions from mineral dasind sea-spray.

Our study has to be seen as a ‘climatologicahentthan a year specific study. This is
justified by the large uncertainty associated \ligh sources, the dissolution kinetics and the dépos
parameterisation. There is indeed a year-to-yeaahitity in the emissions and atmospheric transpor
that could be addressed by performing multiple ysamulations. However, such simulations are
computational intensive and the added value to rti@@n objective of the paper is very small.
Furthermore, a model-to-observations comparisonafepecific year limits the number of available
measurements and thus the statistical significapiceéhe comparison. However, to satisfy the
reviewer’s request, we run our model for a longeniqul that covers a significant number of available
measurements to make year specific comparisons. [ids been the main reason for the delay in the
revision of our manuscript.



7) Equation 1: | am curious to know how the authorgget the fraction of P in the emitted dust.
The global soil mineralogy datasets are developedif the clay and silt fractions of soils.
Therefore, according to my knowledge, the mineralogof soil is different from the mineralogy of
dust. Please explain how the mineralogy of soil isansferred to the mineralogy of emitted dust in
the model.

For the present study, we applied the availablecéhtent distribution of soils on dust
emissions making no distinctions between soil anst garticles. We estimated the P-content in dust
based on the database by Nickovic et al. (2012)ahly provides the mass fraction of P in soilseTh
emissions of dust were calculated as a functiowinél velocities at a height of 10 m over dust seurc
locations and soil types (Tegen et al., 2002) far modes accumulation and coarse (van Noije et al.,
2014) The resulted P emissions were scaled to lzaglmean of 880 ppm per weight as observed by
(Zamora et al., 2013). This is explained in sect®h.1. Thus, as in most relevant studies but one
(Perlwitz et al. (2015)), air borne dust particheigsions are assumed to have the same mineraldlyy wi
that of the soil from which they originate.

We have further added the relevant following déséon in section 2.1.1.

“Although in most relevant modelling studies aimberP-containing dust particle emissions are
assumed to have an average P content of 720 pptmofhédd et al., 2008; Wang et al., 2014; Brahney
et al., 2015), in the atmosphere due to transpmgging and deposition processes the overall
mineralogy may change the chemical compositionsirel of dust aerosol population. In a recent iron
modelling study however (Perlwitz et al., 2015)significant effort has been made to model the
mineral composition of dust considering the differes from the original soil composition. Perlwitz e
al. (2015) have found significant overestimateggtdr of 10-30) mainly in the fine aerosol emission
that are the smallest part of dust emissions @gut 7% of the total emissions in our model) and a
underestimate in the larger particles emissionk Bmttotal dust and for individual minerals whéme t
mineralogy of dust aerosol is assumed to be the ssthat of the soil. However for the presentystud
we did not account for different P content for dpatticles in the fine and the coarse mode, sihee t
global soil mineralogy dataset used (Nickovic ef 2D12) does not provide any information of P
content in silt and clay soil particles separatélgte also, that recent studies indicate that duper-
coarse particles can be very important for the ddatpemistry over land, since they can represent the
dominant fraction of dust close to source regiomswfence and Neff, 2009) (Neff et al., 2013).
(Brahney et al., 2015) modelling study that focusedthe atmospheric phosphorus deposition over
global alpine lakes, based on Neff et al. (2013enbations, estimated that only 10% of the masis tha
travels in the atmosphere is within the i@ size fraction. In our study we do not accountdoper-
coarse dust particles because due to their shodsgtheric lifetime, they are emitted and deposited
the same model grid box (Brahney et al., 2015)sTdmission is not expected to have significant
impact on our results, since the present work ésised on the P-solubilisation mechanisms occurring
via atmospheric long-transport mixing and on theabailable P deposition over the marine
environment. “

8) Line 29 (p5): | am curious to know what aerosaécheme is used to treat the size evolution of P
containing particles in this model. Is it followinga modal method or a sectional method? | expect
that the size (0.34 um or 1.75 um) is not fixed ithe model. If the size was fixed, | would have to

say that the authors should take a more advancedseme before the paper can be published.

The model follows the modal approach to represambsol sizes. Specifically, the model
configuration used for this study is focused on ¢hemical interactions of dust particles and thd ac
P-solubilisation of apatite minerals and, thuschamistry and on aerosol mass simulations. Thagtro
point of our model is exactly the representatioramhospheric chemistry in all phases, gas, aqueous
and aerosol phaseOverall 32 model P-containing aerosol tracers are sed to represent
phosphorusin the model of different sizes and solubilities. TM4-ECPL, different sources emit P-



containing aerosols of different sizes represetitgdognormal distributions as summarized in the
Table below.

Table : P-sources and aerosol size lognormal miades into account in TM4-ECPL model.

P-sources Lognormal modes - Dry number median imdim (sigma)
Dust 0.34* (1.59) 1.75% (2.0)

Combustion 0.04 (1.8) 0.50 (2.0)

Primary biological aerosol particles 1.50 (monpdise)
Volcanoes 0.04 (1.59)

Sea-spray 0.09 (1.59) 0.7@40)

(*) Mass mean radii

For each aerosol mode and source (Figure 1 of theustript) the model accounts for total P,
phosphate, insoluble and soluble OP, for the dastce it also accounts for the two P-containing
minerals (fluoroapatite and hydroxyapatite) as dbed in the section 2.1.1. These are individually
transported, aged and deposited in the atmosphkee'dry’ aerosol hygroscopic growth in the model
is treated as a function of ambient relative hutyidhd the compaosition of soluble aerosol compaent
based on experimental work by Gerber (1985; 19&8)this uptake of water on aerosols changes the
particle size. In addition, during atmospheric sfaort there are major changes in the size distobut

of aerosols as a consequence of the removal oérgrgrticles due to gravitational settling. The P-
containing aerosols follow the same parameterimatibygroscopic growth and removal processes are
assumed to affect the mass median radius (i.8. size

Note also that although our model does not inclldemost sophisticated aerosol scheme (uses the
modal lognormal distribution instead of the morenpaite demanding sectional approach), TM4-ECPL
is the first CTM model that takes into account Ersolubilisation due to atmospheric acidity, indtea
of taking a constant solubility fraction. In additi TM4-ECPL accounts for all known sources of
atmospheric phosphorus including the primary bimlalgparticles. These strongly innovative aspects
of our study deserve publication.

Relevant text has been added in section 2 and éefection 2.1. “To represent phosphorus in the
model, overall 32 model P-containing aerosol tracae used of different sizes and solubilities. In
TM4-ECPL, different sources emit P-containing aele®f different sizes represented by lognormal
distributions as outlined in section 2.1. For eaelosol mode and source (Figure 1 of the manugcript
the model accounts for total P, phosphate, inselwrid soluble OP. For the dust source it also
accounts for the two P-containing minerals (flugatite and hydroxyapatite) as described in the
section 2.1.1. These are individually transporiaged and deposited in the atmosphere. The ‘dry’
aerosol hygroscopic growth in the model is treasd function of ambient relative humidity and the
composition of soluble aerosol components basedxperimental work by Gerber (1985; 1988) and
this uptake of water on aerosols changes the fmgize. In addition, during atmospheric transport
there are major changes in the size distributioaesbsols as a consequence of the removal of larger
particles due to gravitational settling. The P-eiming aerosols follow the same parameterizations,
hygroscopic growth and removal processes are asktovadfect the mass median radius (i.e. size).”

9) Line 30 (p5): Please explain how the solubilitgf P (10%) is derived?

The soluble fraction used in our model is basedhenmeasurements of leachable inorganic
phosphorus (LIP) for Saharan soil dust, as preddnyeNenes et al. (2011). These authors found that
LIP represented up to 10 % of total inorganic Baharan soil samples and dry fallout collectedrdyri
Sahara dust storms before acid-treatment. Moredaeg et al. (2013) estimated the labile inorgadhic
in the top soil on the global scale at about 3.8°Rpat corresponds to about 10% of the estimdtes o
total soil P on the global scale 30.6-40.6 Pg-PiSti00; Wang et al., 2010; Yang et al., 2013). To
further investigate uncertainties associated wit soluble fraction of P-containing dust aerosol
emissions in our model, an additional simulatios haen performed neglecting any soluble fraction on
initial emissions.



The above discussion has been added in sectidh 2.1.

The comparison of model results to the observatstrasvs no significant change in the performance of

the model due to this additional soluble P primsoyrce. On the contrary, our results presented in
Figure S4 (of the discussion paper) show signifigampact of the secondary P-solubilisation source,

increasing the soluble P simulated concentrati®adevant discussion has been added in the revised
version of the manuscript in section 3.2.

“Neglecting the P dissolution definitely degradee tomparisons of model results with observations.
On the other hand the results show very small Beitgito the assumption of soluble fraction of the
primary emissions of P. This finding supports tmportance of the atmospheric processing of dust for
the atmospheric DP cycle as well as the potentialetestimate of the DP source in all sensitivity
simulations. Such underestimate could be associgithdan underestimate in the primary source or in
the secondary (atmospheric processing) of DP asdrdes further studies. “

10) Line 1-5 (p6): Please list the detailed P/BC msa ratios in the emissions (in the Supplementary
Materials). | would expect different ratios for emissions from different types of fuel (e.g. coal, oil
and biomass, etc).

As clearly stated in section 2.1.2 lines 2 andoB,the present work, we used the P/BC
combustion emissions factors of Mahowald et al08Q@hat are based on BC aerosol emissions for the
fine and coarse mode (i.e. P/BC in fine mode 0020and P/BC in coarse mode of 0.02; independent
of fuel type (Mahowald et al., 2008, 2005). Howewee know that recently new developments on P
combustion emissions are published by Wang eR@ll4) following a more comprehensive approach,
accounting for different emission factors per ftygle. That estimate is significantly higher thanaivh
is derived based on P/BC emission factors and Bisstoms. Therefore, as stated at the end of tke fir
paragraph of section 2.1.2, we have performed dgitiadal present-day sensitivity simulation using
the P-combustion emissions developed by Wang €R@l4) (after personal communication with the
author). The results of this simulation are disedsi section 3.2 and plotted in the supplementary
figures S4-S6.

We comment on the sensitivity simulations in thenaszript as follows (section 3.2):

“In Figures S4 and S5 (supplement) are also predetfite results of sensitivity simulations and the
base case simulation with the aerosol observatioms dry deposition fluxes, respectively, while
figures S6 also show the comparison of the annyeks of the atmospheric concentrations (TP and
PO4) and deposition fluxes (dry and wet depositiagginst the TM4-ECPL monthly model results.
For cruise measurements over the Atlantic and aDifeans (Baker and Croot, 2010; Martino et al.,
2014; Powell et al., 2015), and the global comjuitatof deposition rates (Vet et al., 2014), the
observations are also spatially averaged insides#iree model grid box. These comparisons show
almost similar performance for all sensitivity siations but one falling in most cases close to the
lower edge of observed concentrations and depoditixes. However, taking into account the Wang
et al. (2014) P-combustion sources, the model peddetter over the land (e.g. for TP concentration
at Corsica; Fig. S4g, and for DP concentrationghat Finokalia monitoring station; Fig. 6b,f,i),
indicating that the base simulation underestimaidser anthropogenic combustion sources or other
natural P sources. Neglecting P dissolution defipittegrades the comparisons of model results with
observations. On the other hand the results shaw small sensitivity to the assumption of soluble
fraction of the primary emissions of P. This finglisupports the importance of the atmospheric
processing of dust for the atmospheric DP cycleelbas the potential underestimate of the DP surc
in all sensitivity simulations. Such underestimataild be associated with an underestimate in the
primary source or in the secondary (atmosphericgssing) of DP and deserves further studies.”

Note however that the present study focuses ondhg@al emissions of phosphorus and how these are
affected by human emitted acidic substances. Thdysdoes not fully cover all aspects of phosphorus
cycle since many questions remain open for futuyekw



11) Line 8-11 (p6): Please explain how the initiadize distributions of P emissions are treated in
the two estimations 1) based on P/BC ratios and Based on the new estimation by Wang et al.

See further our reply to point 21

12) Line 14 (p6): What is "TP coarse aerosol emigmns"? Please replace this with a more
rigorous term.

This sentence has been rephrased: ‘BC emissiams &nthropogenic combustion in the
coarse mode are assumed to be 25% of those irintheniode (Jacobson and Streets, 2009), while
biomass burning emissions in the coarse mode aneneesl equal to 20% of those of fine aerosols
(Mahowald et al., 2008).’

13) Line 20 (p6): | do not think that this assumptbn is justified. Carbonaceous aerosol (e.g. BC)
is mainly contained in fine particles and thus theageing via coagulation and condensation is very
fast. However, P could be more concentrated in cose particles (as noted by the authors) and the
ageing should be slower.

We thank the reviewer for pointing us this misiegdsentence. In our model simulations, we
assumed that the insoluble fraction of organic phosus (OP) associated with primary emissions of
organic aerosol is converted to dissolved OP (D@ming atmospheric ageing, based on the
(Tsigaridis and Kanakidou, 2003) parameterizationarbonaceous aerosols that were using a mean
mass aerosol size of 0.25 um and a monolayer thgskiof 2.5 nm of the particle surface. For the
present study, we take into account the differenbsol sizes (based on the lognormal distributios)
hydrophobic OP aerosols to compute their conversates to hydrophilic aerosols. Note that based on
that parameterisation the conversion rate is redlugth increasing particle size.

To avoid further misunderstandings, we rephrage gbntence as “The insoluble fraction of
OP associated with combustion emissions can béeurtonverted to soluble OP (DOP) during
atmospheric ageing, using the ageing parameteriz&dr primary hydrophobic organic aerosols in the
model (Tsigaridis and Kanakidou, 2003; Tsigaridisak, 2006), but for the respective size and
lognormal distribution of OP aerosols with the Ergarticles experiencing the smallest conversion
rates”

14) Line 23 (p7): Please compare the global tota¢a-spray emissions output from TM4-ECPL to
other estimations before using the data. It seembat the super-coarse mode of sea-spray has not
been considered in this model, and it might lead tosignificant underestimation of P
concentrations when comparing with cruise measurenms over the oceans.

Sea-spay emissions are computed by the model tkagarameterization developed and
tested by Vignati et al. (2010) and also used imibkefalitakis et al. (2010). As in most modelssdh
emissions are distributed into fine and coarse mosigper coarse sea-salt particles are not comsider
Emissions are driven by the model's meteorology.the year 2008 (base year for this study), TM4-
ECPL model calculates a total of 7278 Thof sea-salt emissions from which 36 Tg wre fine mode
particles. These numbers compare well (by 10% Ipwih the AEROCOM recommendation o925
Tg yr' by Dentener et al. (2006) and are within the rasfg@272-12462 Tgy computed by (Tsigaridis
et al., 2013) using different parameterisationhenGISS modelE.

Relevant discussion is now added in section 2ight after the first sentence.

“Sea-spray emissions are driven by the model's onetegy and for the year 2008 the model
calculates a total of about 8284 Tg'yf sea-salt emissions (of which 41 Tg yare in the fine mode).
These numbers compare well with the AEROCOM reconttation of 7925 Tg yt by Dentener et al.
(2006) and are within the range of 2272-12462 T gomputed by Tsigaridis et al. (2013) using
several different parameterisations. Note that sea-salt source estimation is however much lower
than the one used in the modelling study by Waraj.€2014) (i.e. 25300 Tg V), since super coarse
sea-salt particles are not considered in the cupammeterization.”



However, this omission can explain some discreganbietween model results and observations only
when these later concern bulk aerosols in oceagjions, so they could include super-coarse pasticle
which is the case for wet or dry deposition samplasmany cases, aerosol samples have been
collected with inlet devices that enable collectafrspecific fractions of aerosols that cut supesrse
particles. When bulk aerosols have been colledtesh the presence of super-coarse aerosols might
introduce discrepancies between model results &sdreations. To distinguish such differences, we
separated the bulk aerosol observations from tteesggregated ones in section 3.2 and in Figures S4
S6.

And at the end of the section 2.1.4 we have alste@dhe following comment: “The omission of the
super coarse sea salt aerosol might affect oumatgs of P deposition to the ocean. Brahney et al
(2015) evaluated this source at 0.0046 Tg-B sn amount that introduces a 3% underestimatieto t
here calculated present-day P deposition flux ¢ootteans.”

15) Line 30-35 (p7): The authors are right to usehe surface concentrations of Na and PO4. | am
curious to know how deep is defined as the surfaseater for Na and POA4. It is better to clarify
this, although it is not easy to make sure that theare consistent.

We use the consistent dataset for surface coratimts of Na and PO4 from the LEVITUS94
Ocean Climatology database that we have downlodided the webpage that is provided in the
manuscript and is active (e.0.
http://iridl.Ideo.columbia.edu/SOURCES/.LEVITUS94/.ANNUAL/.PO4/). Specifically the surface
concentrations correspond to the data labelledra@rh depth, while the next depth with availabléada
is 10m. The same depth has been chosen for theitgadiistribution that was used to derive Na
concentrations. We now specify this in the manps¢gection 2.1.4).

16) Line 14 (p8): | am not against what is done her but | would like to make it clearer that we

should always be very careful when taking this kindof assumption. For example, the authors
took the sulphur emissions from Andres and Kasgnog1998) while adopting the size distribution

proposed by Dentener et al. (2006). Are they contat?

(Dentener et al., 2006) emissions for the AEROC@idject are also based on the GEIA
inventory for sulphur emissions by (Andres and Kesg 1998).

17) Equation 6: | am curious to know what H+ activiy is used in this equation. The authors seem
to be clear that the H+ activity in aerosol water$ different from that in cloud droplet. Which one
is used here? or both are used. Please clarify it.

P-dissolution is calculated for aerosol water almlid droplets separately. In the model we
separate these two pathways due to the differamepties of the solution. Since the aerosol satuigo
more condensed than the cloud droplets, we uséethe ‘H" activity’ in contrast to cloud droplets
where the H activity can be considered equal to the conceatrat For aerosol water, the activity of
H" is calculated on-line in the model by the thermmaiyic module ISORROPIA |l (Fountoukis and
Nenes, 2007). For cloud water; Eoncentration is calculated by the aqueous-phasmistry module
as presented in Myriokefalitakis et al. (2011; 20Fwr clarity we have added the last two senteirces
the second paragraph of section 2.2.

18) Section3.2: Please give maps of the geograpHistributions of sites measuring P-containing
aerosols concentrations and dry deposition fluxesithe Supplementary Materials to show the
spatial coverage of the observational data used this study.

New figures 4a and 4b have been added to prokiéotation of the observations.

19) Line 8-13(p11): Since the model is run with mebrology for only one year (2008), | am
curious to know how the authors can compare the maded P concentrations in 2008 with that
measured in other years. If the measurements werdsa all measured in the year 2008, it should
be fine.



Please see answer to reviewer’'s comment # 6.

20) Line 8 (p11): It is unclear if the authors evalated the dry deposition fluxes, or they have
evaluated both the dry and wet deposition. Pleaseake it consistent.

We evaluated separately the dry and wet depositio®es, as explained in section 3.2. To
limit the number of figures we have used one figiigure 4) to show both comparisons but we used
different colours to distinguish the dry depositituxes (in red) from the wet deposition fluxes (in
green). However for clarity we have removed the degposition fluxes comparison from this figure
and we now present such comparison in the supplefigures S5c,d and Figures S6f, h.

21) Line 20-23(p11): Here, | am not convinced of thconclusion. Accordingly to our knowledge,
the emission inventory is important for the modelig of P, but it is not the only factor that
matters. For example, the treatment of aerosol schee and the initial size distribution of P in the
emissions can also influence the concentrations amgnsport of P. Unfortunately the authors do
not provide necessary information on these in theimethods, making it hard to judge whether
the conclusion is right or not. As | know from Wanget al., they have accounted for three size bins
of P-containing particles in their model, rather than the two size bins in your model. So, it is at
least necessary to repeat the treatment of size ttibutions by Wang et al. and discuss on the
impact.

We thank the reviewer for this remark. In TM4-EChRiodel for all our simulations we
consider two sizes of combustion aerosols, fine @yatse modes, assuming lognormal distributions
for each mode (see also our reply to reviewer'sroemt #8). This is described in the beginning of the
second paragraph of section 2.1.2 of the discugsper, i.e.: ‘In the model, a number mode radfus o
0.04um and a lognormal standard deviation of 1.8 ararassg for fine P emissions, while for coarse P
a number mode radius of Oun and lognormal standard deviation of 2.00 are @wsegroposed for
combustion aerosols by Dentener et al. (2006)’.

For the sensitivity study with the database ef Bhcombustion emissions recently developed
by Wang et al. ( 2014), we now consider 3 moddviing the method described in the supplement of
that publication. This is now done and clarifiedts end of section 2.1.2.

“To further investigate uncertainties in the P caistibpn emissions in our model, an additional presen
day simulation was performed taking into accoust tiftal (bulk) mass of anthropogenic combustion
and biomass burning P emissions, as developed bpgWa al. (2014) (R. Wang, personal
communication, 2016). According to that databaseha anthropogenic emissions from fossil fuels,
biofuels and deforestation fires amount to 1.079Ty* and natural fire emissions equal to 0.808 Tg-
P yr. For this sensitivity simulation, we apply theesiistribution as described in Wang et al. (2014);
i.e. by dividing total emissions into 3 modes - dine (2% of P) and two coarse modes (25% and 73%
of P) - with mass mode dry diameters of 04, 2.5 um and 10um and lognormal standard
deviations of 1.59 and 2.00 for fine and coarseasptespectively.”

22) Line 27 (p11): | would expect that the authorg£ompare the modeled P concentrations with
that from cruise measurements for the same days @é-igure 8 in Wang, R. et al. Atmos. Chem.
Phys., 15, 6247-6270, 2015).

In the discussion paper we compared simulatedraeadsured concentrations for the same
days but not always for the same year since thalations were done for the year 2008. We now have
performed additional 11-year simulations to comp#ata and model for the specific year and satisfy
the reviewer on this point. See also our rephh®ndomment #6.

23) Line 27 (p13): "SOx, NOx and NHx anthropogenic"-> " anthropogenic SOx, NOx and
NHx".

Done.



24) Section 4: This part is interesting and novelt will be better if the authors can add discussion
on

what can be improved to get a better understandingf this impact in the future studies or what is
the most uncertainty.

We further develop this part in the revised versamd in particular we have added some
recommendations in section 4.2: “However, largeeuainties are associated with this innovative
finding, since the estimates of the global soulcBBAPSs vary by more than an order of magnitude,
their size distributions, their mass density areewutain and the P-content in these aerosols is also
highly variable, spanning 2 orders of magnitudg.(é&Kanakidou et al., 2012) supplementary material
and references therein). All these parameters tae studied by targeted experiments to improve
knowledge of their contribution to the atmosphéticycle.” and further in the discussion “Our result
also show that the P solubilisation from dust a@rafsiring atmospheric transport and mixing with
acidic pollutants is important for DP depositiondadeserves further kinetic studies to improve
parameterisation of the solubilisation kineticsvafious P containing minerals as a function of iagid
and temperature.”

References

Andres, R. J. and Kasgnoc, A. D.: A time-averageermimory of subaerial volcanic sulfur emissionsGéophys.
Res., 103(D19), 25251, doi:10.1029/98JD02091, 1998.

Baker, A. R. and Croot, P. L.: Atmospheric and maignetrols on aerosol iron solubility in seawater,rMa
Chem., 120(1-4), 4-13, d0i:10.1016/j.marchem.2008@® 2010.

Brahney, J., Mahowald, N., Ward, D. S., BallantynePAand Neff, J. C.: Is atmospheric phosphorusupoti
altering global alpine Lake stoichiometry?, GlobaBiogeochem. Cycles, 29(9), 1369-1383,
doi:10.1002/2015GB005137, 2015.

Dentener, F., Kinne, S., Bond, T., Boucher, O., Gpfadl, Generoso, S., Ginoux, P., Gong, S., Hoelaema J.,
Ito, A., Marelli, L., Penner, J. E., Putaud, J.-IPextor, C., Schulz, M., van der Werf, G. R. and Wfls J.:
Emissions of primary aerosol and precursor gaséiseiryears 2000 and 1750 prescribed data-setsdoyQom,
Atmos. Chem. Phys., 6(12), 4321-4344, doi:10.51946:4321-2006, 2006.

Fountoukis, C. and Nenes, A.: ISORROPIA II: a componatly efficient thermodynamic equilibrium modelrf
K+ - Cat+2 — Mg+2 — NH4+ — Na+ — SO4-2 — NO3-, AtmGsem. Phys., 7(17), 4639-4659, doi:10.5194/acp-7-
4639-2007, 2007.

Gerber, H. E.: Relative Humidity Parameteraziorhef lavy Aerosol Model (NAM)., 1985.

Jacobson, M. Z. and Streets, D. G.: Influence tafrRianthropogenic emissions on climate, naturassons, and
air quality, J. Geophys. Res., 114(D8), D08118,1dbiL:029/2008JD011476, 2009.

Kanakidou, M., Duce, R. A., Prospero, J. M., Baker,RA Benitez-Nelson, C., Dentener, F. J., HunterAK.
Liss, P. S., Mahowald, N., Okin, G. S., Sarin, Nsigaridis, K., Uematsu, M., Zamora, L. M. and ZAu;
Atmospheric fluxes of organic N and P to the globedan, Global Biogeochem. Cycles, 26(3), GB3026/1-12
doi:10.1029/2011GB004277, 2012.

Lawrence, C. R. and Neff, J. C.: The contemporary iphysnd chemical flux of aeolian dust: A synthesis
direct measurements of dust deposition, Chem. G&®iI(1), 46—63, doi:10.1016/j.chemge0.2009.02.2089.

Mahowald, N., Jickells, T. D., Baker, A. R., Artax®.,, Benitez-Nelson, C. R., Bergametti, G., Bond, TQBgn,
Y., Cohen, D. D., Herut, B., Kubilay, N., Losno, Rud, C., Maenhaut, W., McGee, K. A., Okin, G. S.f&ieR.
L. and Tsukuda, S.: Global distribution of atmogph@hosphorus sources, concentrations and depogittes,
and anthropogenic impacts, Global Biogeochem. Cy22@}l), 1-19, doi:10.1029/2008GB003240, 2008.

Mahowald, N. M., Artaxo, P., Baker, A. R., Jickells, D., Okin, G. S., Randerson, J. T. and TownséndR.:
Impacts of biomass burning emissions and land bheege on Amazonian atmospheric phosphorus cyclig a
deposition, Global Biogeochem. Cycles, 19(4), doit0@9/2005GB002541, 2005.

Martino, M., Hamilton, D., Baker, A. R., Jickells, D., Bromley, T., Nojiri, Y., Quack, B. and Boyd, P..W
Western Pacific atmospheric nutrient depositiorxdhy their impact on surface ocean productivityph@l
Biogeochem. Cycles, 28(7), 712-728, doi:10.1002/BB(B4794, 2014.

Myriokefalitakis, S., Vignati, E., Tsigaridis, KRapadimas, C., Sciare, J., Mihalopoulos, N., FagchMn C.,



Rinaldi, M., Dentener, F. J., Ceburnis, D., Hatziémsisu, N., O'Dowd, C. D., van Weele, M. and KanakidM.:
Global Modeling of the Oceanic Source of Organic rosels, Adv. Meteorol., 2010, 1-16,
doi:10.1155/2010/939171, 2010.

Myriokefalitakis, S., Tsigaridis, K., Mihalopoulo$y., Sciare, J., Nenes, A., Kawamura, K., Segersard
Kanakidou, M.: In-cloud oxalate formation in thelgal troposphere: a 3-D modeling study, Atmos. Chehys.,
11(12), 5761-5782, doi:10.5194/acp-11-5761-2011120

Myriokefalitakis, S., Daskalakis, N., Mihalopoulds,, Baker, A. R., Nenes, A. and Kanakidou, M.: Chanige
dissolved iron deposition to the oceans driven bméin activity: a 3-D global modelling study, Bioge@nces,
12(13), 3973-3992, doi:10.5194/bg-12-3973-20155201

Neff, J. C., Reynolds, R. L., Munson, S. M., Fernandezand Belnap, J.: The role of dust storms inltota
atmospheric particle concentrations at two sitehewestern U.S., J. Geophys. Res. Atmos., 118(19201—
11,212, doi:10.1002/jgrd.50855, 2013.

Nenes, A., Krom, M. D., Mihalopoulos, N., Van Cagee| P., Shi, Z., Bougiatioti, A., Zarmpas, P. areti, B.:
Atmospheric acidification of mineral aerosols: Auste of bioavailable phosphorus for the oceans,o&tnChem.
Phys., 11(13), 6265-6272, doi:10.5194/acp-11-62BBL22011.

Nickovic, S., Vukovic, A., Vujadinovic, M., Djurdjéc, V. and Pejanovic, G.: Technical Note: Highealegion
mineralogical database of dust-productive soilsafionospheric dust modeling, Atmos. Chem. Phys.,)1345—
855, doi:10.5194/acp-12-845-2012, 2012.

van Noije, T. P. C., Le Sager, P., Segers, A. i Megthoven, P. F. J., Krol, M. C. and Hazeleger; Bimulation
of tropospheric chemistry and aerosols with thenate model EC-Earth, Geosci. Model Dev. Discusg),7
1933-2006, doi:10.5194/gmdd-7-1933-2014, 2014.

Perlwitz, J. P., Pérez Garcia-Pando, C. and MiRet,.: Predicting the mineral composition of dustosels — Part
1: Representing key processes, Atmos. Chem. Phy&0)1511593-11627, doi:10.5194/acp-15-11593-2015,
2015.

Powell, C. F., Baker, A. R., Jickells, T. D., Bange, M., Chance, R. J. and Yodle, C.: Estimation of the
Atmospheric Flux of Nutrients and Trace Metals e Eastern Tropical North Atlantic Ocean, J. Atm®esi.,
72(10), 4029-4045, d0i:10.1175/JAS-D-15-0011.1 5201

Smil, V.: Phosphorus in the environment: Naturavd and Human Interferences, Annu. Rev. Energy Bnyir
25(1), 53-88, doi:10.1146/annurev.energy.25.1.8802

Tegen, I., Harrison, S. P., Kohfeld, K., PrentiteC., Coe, M. and Heimann, M.: Impact of vegetatand
preferential source areas on global dust aerosalulBefrom a model study, J. Geophys. Res. Atm@5.([021),
AAC 14-1-AAC 14-27, doi:10.1029/2001JD000963, 2002.

Tipping, E., Benham, S., Boyle, J. F., Crow, P., Dawvik, Fischer, U., Guyatt, H., Helliwell, R., JamksBlake,
L., Lawlor, A. J., Monteith, D. T., Rowe, E. C. andberman, H.: Atmospheric deposition of phosphoouand
and freshwater, Environ. Sci. Process. Impacts)18608-1617, doi:10.1039/C3EM00641G, 2014.

Tsigaridis, K. and Kanakidou, M.: Global modellinfsecondary organic aerosol in the troposphesenaitivity
analysis, Atmos. Chem. Phys., 3(5), 1849-1869, @d194/acp-3-1849-2003, 2003.

Tsigaridis, K., Krol, M., Dentener, F. J., BalkansM., Lathiere, J., Metzger, S., Hauglustaine, D. akhd
Kanakidou, M.: Change in global aerosol compositsimce preindustrial times, Atmos. Chem. Phys., 6(12)
5143-5162, doi:10.5194/acp-6-5143-2006, 2006.

Tsigaridis, K., Koch, D. and Menon, S.: Uncertagstand importance of sea spray composition on aledirect
and indirect effects, J. Geophys. Res. Atmos., )12@0-235, d0i:10.1029/2012JD018165, 2013.

Vet, R., Artz, R. S., Carou, S., Shaw, M., Ro, C. Us,A4., Baker, A., Bowersox, V. C., Dentener, F., Galy-
Lacaux, C., Hou, A., Pienaar, J. J., Gillett, R. tFdf. C., Gromov, S., Hara, H., Khodzher, T., Malady N. M.,
Nickovic, S., Rao, P. S. P. and Reid, N. W.: A glohssessment of precipitation chemistry and depositf
sulfur, nitrogen, sea salt, base cations, orgasidsaacidity and pH, and phosphorus, Atmos. Emvjre3, 3-100,
doi:10.1016/j.atmosenv.2013.10.060, 2014.

Vignati, E., Facchini, M. C., Rinaldi, M., Scanndll,, Ceburnis, D., Sciare, J., Kanakidou, M., Myrialtiehkis,
S., Dentener, F. and ODowd, C. D.: Global scale siorisand distribution of sea-spray aerosol: Setasa
organic enrichment, Atmos. Environ., 44(5), 670-6¥3:10.1016/j.atmosenv.2009.11.013, 2010.

Wang, R., Balkanski, Y., Boucher, O., Ciais, P., Pagjel. and Tao, S.: Significant contribution of bostion-
related emissions to the atmospheric phosphorugdtublat. Geosci., 8(January), 48-54, doi:10.103818324,



2014.

Wang, Y. P., Law, R. M. and Pak, B.: A global modetarbon, nitrogen and phosphorus cycles for theséial
biosphere, Biogeosciences, 7(7), 2261-2282, doil®d/mg-7-2261-2010, 2010.

Yang, X., Post, W. M., Thornton, P. E. and Jain, e distribution of soil phosphorus for globabfgeochemical
modeling, Biogeosciences, 10(4), 2525-2537, doill®fhg-10-2525-2013, 2013.

Zamora, L. M., Prospero, J. M., Hansell, D. A. afvdpp, J. M.: Atmospheric P deposition to the syfital
North Atlantic: sources, properties, and relatiopgb N deposition, J. Geophys. Res. Atmos., 118(3%6-1562,
doi:10.1002/jgrd.50187, 2013.

3.2 Referee #2

We thank the referee for the careful reading ofrf@uscript and the fruitful comments that helped
improving the presentation of our study. We haveressed all of them as described in the following
point-by point replies to the referee’'s comments.

Major points:

1) This is the first study which explicitly models theevolution of the state of the phosphorus
in the atmosphere, which is an important innovation | think you should highlight this in the
abstract, introduction and conclusions.

We thank the reviewer for recognizing the valueof study. The third and fourth sentences
of the abstract now reatiThe P solubilisation from mineral dust under acidimospheric conditions
is also parameterized in the model and is calotifateontribute about one third (0.14 Tg-P)yof the
global DP atmospheric source. To our knowledges igithe first global study that explicitly models
the evolution of phosphorus speciation in the aphese.”

Furthermore a sentence has been added in thedemjrpph of the introduction “To our knowledge,
this is the first study that accounts for both geric and organic forms of P and their evolutiothie
atmosphere”.

The first sentence in the conclusion has beenrdoggly modified as follows! Primary TP
and DP emissions accounting for both inorganic @génic P and for the atmospheric processing of P
are taken into account for the first time in thatetof-the-art atmospheric chemistry transport glob
model TM4-ECPL".

2) More careful consideration of size. As shown by theontrast between Wang et al., 2014
and [J Brahney et al., 2015], there is a large seiisity in the budgets of P to assumptions about
aerosol size. Please discuss in the methods sectiom sizes you are considering within the model.
Please also discuss the deposition data, and whaethie includes sizes of particles you don't
include, and so some part of that mass should begiected (e.g. Brahney et al., 2015 discussion of
sizes).

In our reply to reviewer #1 comment #8, we proviktails on the size distribution we
consider in the model for the P related tracersteNee use additional model tracers to represent
phosphorus in our model and modal approach to atdou the size of the P-containing particles in
fine and coarse modes with the mean mass diantetérs dependent on the source categories. Details
are provided in our reply to reviewer #1 (commentBuring atmospheric transport there are major
changes in the size distribution of dust as a apumsece of the stronger removal of larger partidies
to gravitational settling. All details about the dab sizes used in the model to represent P-aerasels
already in the methods section in the source réispeP-emissions sub-sections. However a short
summary on the treatment of the P-aerosols in mdeainhas been added at the end of the introduction
of section 2 on methods. There, we also clarify tlwnber of additional model tracers used to
represent P in our model (32) as well as the fa&t the size distribution of P-containing aerossls
changing in the model as a result of emissionspspineric transport and removal processes.

Furthermore, deposition data in particular wet wiklry deposition data include all sizes of ael®so
not only fine and coarse used in TM4 but also suparse that are deposited close-by their sources,
practically in the same grid box of the model whiney are emitted.

In the introduction we have modified th& Faragraph of the discussion on the P emissiopsawide
notions on the size distribution assumption in esmlrce estimate: “the estimates of global stren§th
the primary P combustion source vary by about aleroof magnitude on the global scale, due to the



consideration of different forms of the emitted Re.(residual or P-containing ash, gaseous or
particulate P produced during combustion proces®¥ang et al. (2014)) and different size
distributions in the emitted P-containing parti¢alanatter. Mahowald et al. (2008) using observed
mass ratios of P to Black Carbon (BC) for fine (#8) and coarse (m < mean particle diameter <
10um) particles, calculated emission fluxes from bisméurning and anthropogenic fuel (i.e. fossil
fuel and biofuel) combustion of 0.03 Tg-P'yand 0.05 Tg-P V¥, respectively. Tipping et al. (2014)
estimated a global atmospheric P emission flux ®fT3)-P yt* by combining observed deposition rates
over land together with modelled deposition ratesr ahe ocean. This emission flux, also accounts fo
P deposition fluxes of larger particles (e.g. prynbiological material, hereafter PBAP, in the alo
mode >> 1Qm) that are mainly deposited very close to theurse region and thus not long-range
transported. On the other hand Wang et al. (20hy)assuming that combustion processes emit
significant amounts of P as large particles pri@hereafter as super-coarse particles) calcuthed®
emissions from biomass burning and anthropogemaberstion processes can contribute about 0.7 Tg-
P yr' and 1.8 Tg-P ytrespectively. In contrast to that study, which wase focused on the impact of
anthropogenic combustion on the global P sourcehiry et al. (2015) extended the methodology of
Mahowald et al. (2008) in a more explicit aerosaésnanner by taking into account also the natyrall
emitted super-coarse P-containing particles (iust,dPBAP and sea-salt). Brahney et al. (2015)
showed that considering this super-coarse fraadm®@an additional P source, the estimated deposition
fluxes close to the source areas where large fetare emitted (e.g. Tipping et al., 2014) can be
significantly improved.”

Furthermore, in section 2.1.1 we have added theviolg discussion:

“Note also, that recent studies indicate that dusgter-coarse particles can be very important fer th
biogeochemistry over land, since they can repretimtdominant fraction of dust close to source
regions (Lawrence and Neff, 2009; Neff et al., 201Brahney et al. (2015) modelling study that
focused on the atmospheric phosphorus depositienglebal alpine Lake, based on Neff et al. (2013)
observations, estimated that only 10% of the maasttavels in the atmosphere is within the b0
size fraction. In our study we do not account faper-coarse dust particles because due to theit sho
atmospheric lifetime, they are emitted and depdsitehe same model grid box (Brahney et al., 2015)
This omission is not expected to have significanpact on our results, since the present work is
focused on the P-solubilisation mechanisms ocogirvia atmospheric long-transport mixing and on
the bioavailable P deposition over the marine emvirent.”

Therefore the size distribution of the emissiongeisy important for the model evaluation. Sectiod 2
on observations used for model evaluation has mproved to provide information on the sizes of
observed aerosols. Similarly such information isvited in section 3.2 on model evaluation. The
discussion in this section has been modified tesqme model evaluation distinguishing for aerosol
sizes when available. Figures S4 and S6 have bedified to present size segregated comparisons.
In the present study we do not account for suparssodust or sea salt aerosol, while we consider th
emissions of pollen that are super-coarse aercBlésefore, it is expected that deposition fluxese

to dust source areas are underestimated by thelniuketo the small contribution of sea salt to e
aerosol budget, the omission of sea salt supeiseasrosol can affect local comparisons but overall
does not introduce more than a 3% underestimaf@Foflux over the ocean (relevant comment has
been added in section 2.1.4 and 3.2).

At the end of section 2.1.4:” The omission of theer coarse sea salt aerosol might affect our
estimates of P deposition to the ocean. Brahnay @015) evaluated this source at 0.0046 Tg-P, yr-1
an amount that introduces a 3% underestimate theéhe calculated present-day P deposition flux to
the oceans.

In the 3° paragraph of section 3.2: “The omission of sumerse marine DP sources associated with
sea-salt particles can explain some discrepana®selen model results and observations only when
these later concern bulk aerosols in oceanic ragi{sn they could include super-coarse particles),
which is the case for wet or dry deposition sampkes discussed in Sect. 2.1.4, this omission can
affect local comparisons but overall does not idiice more than a 3% underestimate of DP flux over
the ocean. In many cases, aerosol samples havecblberted with inlet devices that enable collectio

of specific fractions of aerosols and eliminate esugoarse particles. When bulk aerosols have been
collected, then the presence of super-coarse derasght introduce discrepancies between model
results and observations. Overall the model pedobetter for DP dry deposition fluxes over the
oceans than over land, indicating a possible ustierate in the continental source of P. “



3) More description of the observations and how you & comparing to them. Please add a
section of the methods talking about your observatins. It's unclear in your scatter plot where
the data comes from and how you are comparing the epposition data (e.g. are the sizes
consistent?). Could you show on one of your plotshere the data comes from in these scatter
plots (a little x?), and maybe show your observatits from the cruises in a different color than
the observations from the station on the scatter pt? Please discuss a little bit the differences in
these observations and their value for your compason (e.g. temporal variability vs. cruises
showing spatial+temporal variability). Also, pleaseinclude a description of your metric within
the methods section (not a reference to another papin the results section).

Following reviewer’'s 1 comment 18, we have added mmaps in Figure 4a,b that show the location of
the measurements. Different measurements (fronsesuistations) have been marked in different
colors in the scatter plots. A subsection 2.3 otaDar model evaluation has been added in section 2
where the description of the normalized mean bMBE) used to compare model results with
observations is now provided. In addition Tablesa®tl S2 have been added in the supplementary
material to provide information on the speciesesidate, location and reference of the observations
used for the model evaluation. As we have now pevéal a simulation for an 11-years period (2000-
2010) that covers most of the observational d&,observations are compared to model results that
correspond to the day of the observations. In additobservations are also spatially averageddmsi
the same model grid box” (as is mentioned in sa@i@.)

4) Compare % soluble observations vs. model? You geeally high solubilities far away
from the sources. Is there any evidence of this? Beps if you compare % solubility instead of
soluble P amount, it might make your case more congtling that you are doing the solubility
right? In a sense the P amounts are dominated by tiimg the P sources, and the right size
comparisons, but the solubility, which is the realinnovation in this study, might be better
explored by the % solubility in the obs. Vs. model®Even if there is no evidence of these high
solubilities, you are underestimating soluble P, smaybe underestimating % solubility close in,
so maybe we should believe these high solubilities?

Unfortunately to our knowledgenly few observations exist with simultaneous measients
of soluble and total P that provide information v solubility of P that could be used for such
evaluation and most of these are not open ocean ldeaddition, the P solubility shown in Figureiga
computed as the fraction of the sum of the solobd@nic and inorganic P to the total P.

The following discussion has been added afteriteedentence in section 3.5 on P solubility:

“Over such remote oceanic regions, high solubiligctions are calculated due to low P-containing
aerosol mass concentrations, that occur via thg-tange transport of fine particles from distance
source regions, and the P which is associated mihe aged aerosols and thus a greater fraction is
present in the soluble mode; either as DIP via mainacid solubilisation processes or DOP via
atmospheric oxidation of P-containing organic ael®and as PBAPs. Vet et al. (2014) in their review
paper for nutrients deposition, also mentioned thatP solubility fractions of wet-only samples on
coastal and inland sites have been measured te famg 30% to 90%, reflecting thus the effects of
combustion, biomass burning, and phosphate festdizon airborne phosphorus concentrations.
Anderson et al. (2010) reported that only 15-30 f%® an atmospheric aerosols at the Gulf of Agaba
was water soluble phases or relatively soluble & Wioavailable to the ecosystems. In the
Mediterranean the measured median solubilitieb®iriorganic fraction of P in aerosols (ratio of,fO

to total inorganic P) range between 20% and 45%heénEast Mediterranean with the lowest values in
dust influenced air masses and the highest vafuag imasses from the European continent (Markaki
et al., 2003; Herut et al., 1999) and have beenrtegd to be around 38% in the West Mediterranean
(Markaki et al., 2010). However, simultaneous obstons of TP and DP deposition fluxes are
required to evaluate the solubility fraction of IBoth organic and inorganic) over remote oceans and
thus to understand the atmospheric fate of P. Theeeonly a few aerosol data available in the
literature for the marine atmosphere (Graham anceDL982; Baker et al., 2006a; Baker et al., 2006b;
Zamora et al., 2013) that provide hints on thelt&tasolubility. These data indicate P solubilities
ranging overall between 0.01% and 94%, with theeltwalues corresponding to dust influenced air
masses and the highest to sea-salt influencedassas. Over the northern hemisphere Atlantic ocean
P solubilities in aged Saharan dust aerosols haea lneasured to range from 0.01 to 37% during
oceanographic cruises (Baker et al., 2006a;Bakal.,e2006b). At Barbados island median solubditie
of P on dust of about 19% and of sea-salt aerosabout 94% have been reported (Zamora et al.,
2013). In the southern Atlantic atmosphere P-stitigs in aerosols of up to 67% (median 8% for dust
aerosol and 17% for southern Atlantic aerosol; Badteal., 2006a) and of up to 87% (median 32%;
Baker et al., 2006b) have been reported. Thesgestbdt one report P solubility as the ratio of,P®



TP, thus neglecting the organic fraction which hasn measured to be about 28-44% (Zamora et al.,
2013). Although these observations support higbl&bdities in aged aerosols or aerosols impacted b
non- dust sources supporting the findings of oudetilng study, only the work by (Zamora et al.,
2013) could be compared to the here simulated Bosdlubility (Fig. 7a). They indicate that the rabd
simulated total P solubility is at the upper edf§eliserved P solubilities.

5) You make the case that your results suggest a mommportant soluble P sources from
biogenic aerosols. Why do you get a larger sourchan previous studies? Is it because you assume
more of the biogenic are bioavailable, or are yousources larger? Just add a sentence or two on
this.

There was a previous explicit global estimate o gource. The Kanakidou et al. (2012)
estimate of OP from PBAPs is of the same orderajmitude with the present estimate. However, that
study did not compare with the DIP deposition. tdiion Mahowald et al. (2008) estimated total
PBAP emissions at 0.164 Tg-Pyand considered this amount to be by 50% solul§e@82 Tg-P yr
DIP), while the dust soluble P estimate was 0.145° Ty i.e. of the same order of magnitude with the
total PBAPs emissions. So the results are verylaimin our study we are just focusing on the
importance of this finding that however needs tocbesolidated with additional new observations
because both the PBAPs sources and the dust-Filsaltibn kinetics are uncertain. In addition here
we consider that all biological material is biodahle.

Details:

1) “primary and secondary sources of P” Are there anysecondary sources of P in your
approach?

With ‘primary sources’ we meant the P (either TiPDd&) emissions while with ‘secondary
sources’ we meant the DP released in the atmospdh#égeto solubilisation processes. To avoid,
however, misunderstanding we changed this as remsgart of the sentence and replace it simply
by ‘P sources

2) “Okin et al. (2011) evaluated the impact of Fe an® atmospheric deposition to the ocean
in increasing N2-fixation and found that Fe deposibn is more important than P deposition in
supporting N2-fixation, while they pointed out thelarge uncertainty in the bioavailability of
atmospherically deposited P.” There are also oceabiogeochemical model studies which show
this same results either: [A Krishnamurthy et al.,2010] or [R Wang et al., 2015] which also
suggest that atmospheric deposition of P doesn’t ritar because of large P reservoirs in ocean.

It is true that the deep ocean is a major source fifr the surface seawater. However depending on
season, the water stratification can minimize thpact of the deep water to the upper layers, Fhis i
mainly occurring in summer and it is during thatipe that the atmospheric deposition of P is
expected to have the largest impact on the madosystems.

Notions are provided in the abstract: “...in summéew atmospheric deposition impact on the marine
ecosystem is the highest due to ocean stratificdtio

In the last paragraph of section 3.4: “The maxiniDbhdeposition flux in summer occurs when ocean
stratification also maximizes thus leading to tighbst impact of atmospheric deposition to the ngari
ecosystems (Christodoulaki et al., 2013).”

And almost at the end of section 4.2:"It is alséemmrthy that the bioavailable P deposition fluarfr
bioaerosols maximizes in summer (Fig. S8e-h) whesap stratification is also the strongest, thus
leading to the highest impact of atmospheric dejpwsto the marine ecosystems (Christodoulaki ¢t al
2013).”

Furthermore, there are regions of the global ocllemthe Mediterranean that are P-limited. We have
added a comment at the end of the first paragrépfedantroduction:

“However, in some regions like the Mediterraneatmpry productivity is found to be limited by P-
availability to the marine ecosystems (Krom et 2005). Furthermore, Brahney et al. (2015) and Du e
al. (2016) found that human driven imbalanced aphesc deposition of N and P might have induced
or will induce P-limitation to the ecosystems (giblalpine lakes and large areas of China’s forests,
respectively).”



3) Wang et al. (2014) taking into account the potentlavolatilized-P produced during
combustion processes, calculated about 30 times hey global atmospheric P emissions from
biomass burning and anthropogenic combustion process (0.7 Tg-P yr-1 and 1.8 Tg-P yr-1
respectively).” This is not accurate.

“Primary P sources from combustion processes tifirapogenic and biomass burning origin are
estimated to contribute significantly to global IBxés in the atmosphere (Mahowald et al., 2008;
Tipping et al., 2014; Wang et al., 2014; Brahneyakt 2015). However, the estimates of global
strength of the primary P combustion source vargbgut an order of magnitude on the global scale,
due to the consideration of different forms of #ritted P (i.e. residual or P-containing ash, gaseo
or particulate P produced during combustion preess®Vang et al., 2014) and different size
distributions in the emitted P-containing parti¢alanatter. Mahowald et al. (2008) using observed
mass ratios of P to black carbon (BC) for fine {(«2) and coarse (2m < mean particle diameter <
10um) particles (Mahowald et al., 2005), calculatedission fluxes from biomass burning and
anthropogenic fuel (i.e. fossil fuel and biofuebntbustion of 0.03 Tg-P yrand 0.05 Tg-P Vf,
respectively. Tipping et al. (2014) estimated abgloatmospheric P emission flux of 3.7 Tg-P by
combining observed deposition rates over land tagetith modelled deposition rates over the ocean.
This emission flux estimate however, also accodotsP deposition fluxes of larger particles (i.e.
primary biological material in the aerosol mode T8um) that are mainly deposited very close to their
source region and thus not long-range transpo@eche other hand Wang et al. (2014), by assuming
that combustion processes emit significant amooht as large particles > it (hereafter as super-
coarse particles) calculated that P emissions fbommass burning and anthropogenic combustion
processes can contribute about 0.7 Tg-Pamd 1.8 Tg-P yt respectively. In contrast to that study,
which was more focused on the impact of anthropimgesmbustion on the global P source, Brahney
et al. (2015) extended the methodology of Mahowetldl. (2008) in a more explicit aerosol size
manner by taking into account also the naturallytteh super-coarse P-containing particles (i.et,dus
primary biological material and sea-salt). Brahme¢yal. (2015) showed that considering this super-
coarse fraction as an additional P source, thenastid deposition fluxes close to the source areas
where large particles are emitted (e.g. Tippinglet2014) can be significantly improved. “

4) Tipping et al., 2003 put together a compilation ofleposition in ecosystems, and indicated
that the observations suggest this deposition domated by locally generated primary biogenic
material, in the aerosol mode >10um which is not fgy range transported. Wang et al., 2014 used
the mismatch in size between their <20um modeled @sols and the observations in the source
regions and assumed that this mismatch was only fre combustion sources. Thus there is a
serious methodological problem in the Wang et alstudy, and they don’t bother to compare
against the available concentration data which wodl have revealed this problem (as you do
here), nor the observation-based source apportionmé in Mahowald et al., 2008, which was
consistent with the much smaller combustion sourcednstead one should say perhaps: Wang et
al. (2014) taking into account the potential volatized-P produced during combustion processes
by assuming that all mismatches between observedmissition (<1000um aerosols) and modeled-
long-range transported (<20um) deposition was dueotcombustion, estimated about 30 times
higher global atmospheric P emissions from biomasburning and anthropogenic combustion
processes (0.7 Tg-Pyr-1 and 1.8 Tg-P yr-1 respedctly).” Or simply don'’t refer to that paper here
or mention it in passing, since it is deeply methadogically flawed. [J Brahney et al., 2015]
discusses how to compare to the Tipping et al., dain a more explicit aerosol size manner, and
extends the Mahowald et al., 2008 study, showing @h one can match deposition and
concentration observations at the same time.

Matching atmospheric deposition fluxes and conegiatns at the same time is also what we try to do
in the present study focusing on coastal and oceagions. See also our reply to reviewer’'s defaile
comments point 3.

5) “where EDu is the on-line calculated dust emissionin the model, F880 is a factor
applied to adjust the P emissions to the global maaP content of mineral dust in the model
domain of 880 ppm per weight as observed by Zamorat al. (2013), and EP is the resulted
inorganic P emissions from mineral. P-containing nmerals associated with dust particles are
emitted in the fine and coarse mode with mass mediaradii (lognormal standard deviation) of
0.34um (1.59) and 1.75um (2.00), respectively. Thapatite emissions from mineral dust
calculated for the year 2008 amount to 1.034 Tg-Pry with 10% of it (0.103 Tg-P yr?) in the
dissolved form (Table 1).” How does this approachampare to the size resolved methods used in
[J Perlwitz et al., 2015] for this mineral?



Perlwitz et al. (2015) study focused on Fe-contajnininerals. For the present study, we did
not account for different P content in differenstiminerals since that information was not avaéabl
the database that we have used or between sodemdols. Although the repetition of Perlwitz et al
(2015) methods for apatite minerals is out of thepg of this study, we added a comment in the
manuscript in section 2.1.1:

“In a recent iron modelling study however (Perlwétzal., 2015), a significant effort has been meade
model the mineral composition of dust considering differences from the original soil composition.
Perlwitz et al. (2015) have found significant oaimate (a factor of 10-30) mainly in the fine amio
emissions that are the smallest part of dust eamss{e.g. about 7% of the total emissions in our
model) and an underestimate in the larger partielagssions both for total dust and for individual
minerals when the mineralogy of dust aerosol isiagsl to be the same as that of the soil. However
for the present study, we did not account for déffe P content for dust particles in the fine amel t
coarse mode, since the global soil mineralogy éatased (Nickovic et al., 2012) does not providg an
information of P content in silt and clay soil pelgs separately.”

6) Section 2.0: model description; can you describe woaerosol size bin or modal structure
for the primary aerosols in P?

We use modal scheme and this is clarified in titeoduction of section 2.0, see also our
detailed reply to the comment 8 of reviewer 1.

7 Section 2.1.3: how do you include bits of insectsid plants that would be part of PBAP?
How important is the neglect of these terms to youbudgets do you think?

PBAPs from insect fragments and plant debris aglected in the present study. Omission of these
super coarse particles is expected to lead to darastimate in the PBAPs contribution to P depmsiti
that requires to be evaluated with targeted obsieng This is now clearly stated in the beginning of
section 2.1.3.

We also added the following sentence in section“N8te that as mentioned in section 2, PBAPs from
insect fragments and plant debris are neglectéideipresent study. Thus the contribution of PBAPS t
bioavailable P deposition is here underestimated.”

8) Please fix English by adding preposition (e.g. of):(i.e. Nigeria downwind the Sahara
Desert, Pakistan downwind the Thar Desert and Chinglownwind of the Gobi desert).”

Done.
9) In Fig. 4b, PO4 deposition fluxes (wet and dry deggition) from the Vet et al. (2014)

compilation and from observations at Finokalia Staion (Mihalopoulos and co-workers,
unpublished data) are also compared with the modelderived fluxes for the PRESENT
simulation.” What is the size distribution of the PO4 in the deposition? Is it the same size as the
modeled boxes? | also think you should present thdata you are going to compare against as a
section in the methods, and describe the charactstics of the data, especially as some of the data
is from unpublished sources. We also need to knowhere this data comes from physically: is it
all in Greece, or elsewhere?

A subsection 2.3 describing the data for modeluation has been added in section 2, and the
description of all data is now provided in the deppentary tables S1 and S2. In addition, Figures 4,
S4, S5, S6 have been modified for clarify. Sizersgated comparisons are now shown in these
figures. Figures 4a and 4b illustrate the globatriiution of the locations with aerosol concerinad
and deposition fluxes data used for the model ewialn respectively.

The subsection 2.3 follows: “Observation data for model evaluation

The evaluation of the global atmospheric P cycletfie@ present study has been performed based on
available observations of aerosol concentratiorsbl@ S1) and deposition fluxes (Table S2) from
various locations around the globe (cruises and-tzased stations). The methodological details ef th
observations used for this study are well docunteimehe literature and thus are not reviewed lvere
detail. For DP concentrations in ambient aeroseks,compiled cruise observations of Péver the
Atlantic Ocean (50°N-50°S) from Baker et al. (2Q1&er the Western Pacific (25°N-20°S) from
Martino et al. (2014) and over the Eastern TropNatth Atlantic Ocean (58°S—35°N, 14°-38°W)
from Powell et al. (2015). For these oceanic crudservations, samples were either collected
separating into fine- (aerodynamic particle diametelum) and coarse-mode ((fh< aerodynamic
particle diameter) particles using cascade impactbat may include or exclude particles with



diameters larger than 10m, or using a single bulk filter. We additionallyseu average PO
concentrations (aerodynamic particle diameter gni)0from cruise measurements over Bay of Bengal
and the Arabian Sea (Srinivas and Sarin, 2012pllinwe also took into account land-based TP and
PO,> aerosol concentrations measurements from two sitéise Mediterranean i) from the Finokalia
monitoring station (320N, 2540°E) located in the Eastern Mediterranean (Créreece) and ii)
from Ostriconi (4240'N, 0904°E) located in the Western Mediterranean (Coyske@nce). The
samples at both sites were collected either sapgrir the fine- (aerodynamic particle diametet.8
um) and the coarse-mode (Lifn > aerodynamic particle diameter > 1.3 um) (Kotilet al., 2008;
Mihalopoulos and co-workers, unpublished data) balk (Markaki et al., 2010). Details about the
characteristics of these Mediterranean samplirgs sitn be found in Markaki et al. (2010), while the
methodology for aerosol sampling and analysis &£dieed in detail in Koulouri et al. (2008).

Although P deposition fluxes data are rather lichite a global scale, for the present study we luse t
wet and dry deposition fluxes (both for TP and @Binpiled by Vet et al. (2014) (R. Vet, personal
communication, 2016). For wet deposition of DP, wse available filtered (i.e. analyzed as
orthophosphates with no digestion as DIP) and tenét (i.e. analyzed as orthophosphates following
digestion as total DP) annual measurements (FRjirBVet et al., 2014). For the TP wet deposition
measurements we use annual wet deposition measur(fég. 8.3 in Vet et al., 2014) of unfiltered
samples. The compilation of the phosphorus dry sigipa fluxes by Vet et al. (2014) is based on
airborne phosphorus (TP and PO4) concentrations facound the world and gridded annual dry
deposition velocities from the Mahowald et al. (2Déhodelling study (Fig. 8.6 and Fig. 8.7 in Vet et
al., 2014). The size distribution used in these deposition calculations, is the same as in the
modelling study by Mahowald et al. (2008), thus dieeived dry deposition fluxes account for parscle
with diameter up to 1@m. Finally, we also take into account DP wet ang di¥position observations
from the Finokalia Station in the Eastern Meditae@n (Markaki et al., 2010; Mihalopoulos and co-
workers, unpublished data), based on rain watepbags (wet only collector) and glass-bead devices
respectively. Further details on the methodologyhef deposition measurements at Finokalia can be
found in Markaki et al. (2010).”

10) “(MNB; see definitions of statistical parameters inMyriokefalitakis et al. (2015))” You
also need to describe your methods in the methodedion: it is not ok to refer us for basic
information to another paper.

We have now included the definitions of this stital parameter — mean normalized bias
(MNB) in section 2.3.

11) Figure 7: maybe you want to reformat so that theravon’t be too much white space in the
final figure for this?
We have reformatted the figure as suggested.

12) The present-day P solubility of deposited aeroso(bereafter SP = %DP/TP) is calculated
to vary spatially significantly (Fig. 7a),” vary spatially significantly is awkward: please rephrase
and only use significantly if you mean statisticajl significantly.

We rephrased by removing ‘significantly’

13) For your past and future estimates: Your P is strogly dependent on dust, and yet you
don't include any changes in dust. | don't think yar need to add much here, but just some
statements that dust appears to vary strongly andgrhaps be sensitive to humans climate change
and/or land use [P Ginoux et al., 2012; N Mahowalét al., 2010; J Prospero and P Lamb, 2003],
and thus that would also be an important drivers ofchanges in P and SP.

We agree with the reviewer that past and futurd dasrces may be changed due to global
change. In our model, P atmospheric cycle is styodgpended on dust outbreaks, since according to
our calculations about 50% of the deposited bidakl P is originated from soils for the present
atmosphere. As recommended we added the followemgeace in section 4.1. of the manuscript:
“Although for this work we don’t account for anyariges in atmospheric dust emissions for PAST and
FUTURE simulations, several studies suggest that thay vary strongly and perhaps be sensitive to
anthropogenic climate change and land use (Ginbax,e2012; Mahowald et al., 2010; Prospero and
Lamb, 2003) and thus could also be an importaredaf changes in the atmospheric P cycle.”
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Abstract. The atmospheric cycle of phosphorus (P) is herameaterized in a state-of-the-art global 3-
D chemistry-transport model, taking into accouninary emissions of total P (TP) and soluble P (DP)
associated with mineral dust, combustion particfeem natural and anthropogenic sources,
bioaerosols, sea-spray and volcanic aerosols.hegpriesent day, global TP emissions are calcutated
be roughly 1.33 Tg-P ¥t with the mineral sources contributing more th@68to these emissions.
The P solubilization from mineral dust under aciimospheric conditions is also parameterizeden th
model and is calculated to contribute about oneltt0.14 Tg-P yr) of the global DP atmospheric
source To our knowledgea unique aspect of our global study is the ekptodeling of the evolution

of phosphorus speciation in the atmosphdifee simulated present day global annual DP dé&posi
flux is 0.45 Tg-P yr (about 40% over oceans), showing a strong spatidl temporal variability.
Present day simulations of atmospheric P aerosaterdrations and deposition fluxes are satisfactory
compared with available observations, indicatingvéner an underestimate of about 70% on current
knowledge of the sources that drive P atmospheritec Sensitivity simulations using preindustrial
(year 1850) anthropogenic and biomass burning émnisgenarios showed a present-day increase of
75% in theP solubilisation fluxfrom mineral dust, i.e. the rate at which P is @ed into soluble
forms, compared to preindustrial times, due toaasing atmospheric acidity over the last 150 years.
Future reductions in air pollutants, due to thelenpentation of air-quality regulations, are expddte
decrease th@ solubilisation fluxfrom mineral dust by about 30% in the year 2100 gared to the
present-day. Considering however that all the Rained in bioaerosols is readily available for lpta
by marine organisms, and also accounting for &éoDP sources, a total bioavailable P flux of abou
0.17 Tg-P yr* to the oceans is derived. Our calculations furgfew that in some regions more than
half of the bioavailable P deposition flux to theean can originate from biological particles, whiies
contribution is found to maximizén summer when atmospheric deposition impact onrntfagine
ecosystem is the highest due to ocean stratifitafithus, according to this global study, a largely
unknown but potentially important role of terreskrbioaerosols as suppliers of bioavailable P & th
global ocean is also revealed. Overall, this waidvjles new insights to the atmospheric P cycle by
demonstrating that biological material are impartearriers of bioavailable P, with very important
implications for past and future responses of neagicosystems to global change.






5 Introduction

Phosphorus (P) is a ubiquitous element found innaracids, in proteins and as an integral part of
organisms, together with nitrogen (N) and iron (He)s an essential nutrient that can limit prigmar
production and nitrogen-fixation in aquatic enviments and thus significantly influence carbon-
storage (Elser et al., 2007). Reviewing experinled#da, Moore et al. (2013) proposed two broad
regimes of phytoplankton nutrient limitation in thredern upper ocean: 1) N-limited regimes in most
of the low latitude oceanic surface and 2) Fe-Bmhiregimes where subsurface nutrient supply is
enhanced; while P may co-limit primary productivityoutin et al. (2008) pointed out the potential
importance of phosphate for,Nixation in particular in the Southeast Pacificden high temperature
conditions and Fe availability, favourable for iresence of Mfixing organisms (likeTrichodesmium
spp.) that potentially counteract the N-limitati@@eutsch et al., 2007){owever, in some regions like
the Mediterranean, primary productivity is found lbe limited by P- availability to the marine
ecosystems (Krom et al., 2005urthermore, (Brahney et al., 2015) and (Du et24116) found that
human driven imbalanced atmospheric deposition @fnd P might have induced or will induce P-
limitation to the ecosystems (global alpine lakeg krge areas of China’s forests, respectively).

The two external-to-the-ocean sources of nutriantsthe atmosphere and rivers. Depending on these
inputs and marine dynamics, different nutrients banit the marine primary productivity. Riverine
inputs of nutrients to the marine ecosystem areomapt for coastal regions, while the atmospheric
deposition of nutrients is a more significant seute the open ocean (Jickells, 2005; Duce et @082
Mahowald et al., 2008). In contrast to the atmosphreactive N pool, the atmospheric soluble-P pool
is less studied and remains highly uncertain. Gdtiral. (2011) evaluated the impact of Fe and P
atmospheric deposition to the ocean in increasipdiXdtion and found that Fe deposition is more
important than P deposition in supporting-fixation, while they pointed out the large uncertg in

the bioavailability of atmospherically deposited Benitez-Nelson's (2000) review discussed the
importance of discrete pulses of P input to thgattophic seas that have been found to increase the
phytoplankton biomass over short timescales. Th&y @stimated that atmospheric P deposition could
be underestimated by as much as 50%, when negjattinP fraction that is soluble under acidic and
high temperature conditions.

In marine ecosystems the bioavailability of P isrfd to depend significantly on its degree of sditybi
(Anderson et al., 2010). Experimentally, bioavdi#aP is usually considered to be the “filterable”
reactive or total reactive P that passes through4d um membrane (Maher and Woo, 1998 and
references therein). Although marine organismsh stsccyanobacteria, have evolved ways to acquire P
from mineral sources under P-limited conditionsh@merdoth et al., 2007), phosphate is considered as
the most bioavailable form of P (e.g. Bjorkman agatl, 2003). Experiments have also shown that
human-produced P-containing organics, such as opgarsphorus pesticide breakdown products, can
also be utilized by bacteria (Cook et al., 1978)orébver, aerosol samples originating from
combustion P sources were found to be more soldepossibly more bioavailable than those from
mineral sources (Anderson et al., 2010).

Atmospheric P has a variety of sources (Fig. Xluding mineral dust, combustion products of ndtura
and anthropogenic origin, agricultural activitifer{jlizers and insecticides), bioaerosols, volcani
emissions, sea-spray and phosphine from freshwatdands (Mahowald et al., 2008; Tipping et al.,
2014; Wang et al., 2014; Brahney et al., 2015). fohal P (hereafter TP) found in natural waters can
be grouped in two major forms (Maher and Woo, 1998}the particulate P (PP) and 2) the soluble P
often termed dissolved P (DP). The PP mainly odtga from mineral material (e.g. hydroxyapatite,
brushite, fluoroapatite, variscite, stringite andweilite) as well as P absorbed to mixed phases (e.
clay-P, clay-organic-P and metal hydroxide-P). THe on the other hand, includes orthophosphates
(i.e. POy, HPO?Z, PQ?; hereafter referred to as PO4) and inorganic coseté P (pyro-, meta- and
polyphosphates). However, both PP and DP can alstain organic P (OP), of both natural and
anthropogenic origin. Naturally emitted OP can bgas-P, inositol-P, phospholipids, phosphoproteins,
phosphoamides mainly associated with plants, anamdlbacterial cellular materials (Maher and Woo,
1998), commonly present in atmospheric aerosolbiabgical origin. In addition, orthophosphate



monoesters are known products of ribonucleic aBiNA) and lipids degradation, that dominate the
OP pool in the marine environment, which also cmstarthophosphate diesters and phosphonates
(Paytan et al., 2003).

Mineral dust has been estimated to be the largestrral-to-the-ocean source of bioavailable P
(Mahowald et al., 2008). These authors estimatgidtaal P mineral source of 1.15 Tg-P'yby taking

into account a typical observed P fraction of 7ptngn dust emissions. They also applied a constant
solubility fraction of 10% on the dust mineral soeirbased on the observations of Baker et al. (2006
for Saharan P-containing aerosols over the Atlantiean, in order to estimate the soluble P source
associated with mineral dust. Recently publisheds# and deposition observations of African dust a
Miami and Barbados (Zamora et al., 2013) suggéstah P-content of about 880 ppm, which is in the
range of P fraction in dust from earlier studiesufthly 700-1090 ppm as reviewed by Mahowald et al.
(2008)). Furthermore, based on OP:OC atomic ratids001-0.009 observed in several types of soils,
Kanakidou et al. (2012) calculated that about 0T yr' of OP (10% of which is soluble) is also
emitted together with soil dust in the global atptoere.

P-containing dust solubilisation in deliquesced en#h dust aerosols is expected to significantly
contribute to the soluble inorganic forms of P (Pif the atmosphere. Nenes et al. (2011) suggested
that dissolution of apatite minerals (i.e.sE0,)s(OH,F,Cl)) under acidic conditions can explain the
observed DIP levels over the Eastern Mediterranaacharacteristic region where Saharan dust can
interact with polluted air masses from Europe ahd Middle East. Under acidic atmospheric
conditions, H can react with the PQand the HO- or F- groups in the crystal surfaceakening the
C&* bonds and thus phosphate to be mobilized from dhystal surface (Christoffersen and
Christoffersen, 1981). Hence, mineral dust acidaligion under polluted conditions can potentially
increase the bioavailable P supply into oceanimregand further stimulate the net primary produrcti

of marine ecosystems (Nenes et al., 2011).

Primary P sources from combustion processes ofr@mbigenic and biomass burning origin are
estimated to contribute significantly to global IBxés in the atmosphere (Mahowald et al., 2008;
Tipping et al., 2014; Wang et al., 2014; Brahneyakt 2015). Howeverthe estimates of global
strength of the primary P combustion source varghbgut an order of magnitude on the global scale,
due to the consideration of different forms of #itted P (i.e. residual or P-containing ash, gaseo
or particulate P produced during combustion praess$Vang et al., 2014) and different size
distributions in the emitted P-containing particelanatter. Mahowald et al. (2008) using observed
mass ratios of P to black carbon (BC) for fine («2) and coarse (m < mean particle diameter <
10um) particles (Mahowald et al., 2005), calculatedission fluxes from biomass burning and
anthropogenic fuel (i.e. fossil fuel and biofuebntbustion of 0.03 Tg-P yrand 0.05 Tg-P Vf,
respectively. Tipping et al. (2014) estimated abgloatmospheric P emission flux of 3.7 Tg-P by
combining observed deposition rates over land tegetith modelled deposition rates over the ocean.
This emission flux also accounts for P depositiixds of larger particles (i.e. primary biological
material in the aerosol mode >>,if) that are mainly deposited very close to theurse region and
thus not long-range transported. On the other Waadg et al. (2014), by assuming that combustion
processes emit significant amounts of P as largécles > 1Qum (hereafter as super-coarse particles)
calculated that P emissions from biomass burning anthropogenic combustion processes can
contribute about 0.7 Tg-P yrand 1.8 Tg-P yt respectively. In contrast to that study, which wasre
focused on the impact of anthropogenic combustiorthe global P source, Brahney et al. (2015)
extended the methodology of Mahowald et al. (2008 more explicit aerosol size manner by taking
into account also the naturally emitted super-a&sontaining particles (i.e. dust, primary bidbady
material and sea-salt). Brahney et al. (2015) sHothat considering this super-coarse fraction as an
additional P source, the estimated deposition 8udese to the source areas where large partictes a
emitted (e.g. Tipping et al., 2014) can be sigaifity improved.

The sea-surface microlayer can also act as an ptrads source of P in the marine environment
(Graham et al., 1979). Correlations between sdaflsaks and seawater P concentrations revealed a
10-200 fold enrichment of P content in sea saltigdas compared to sea-water Na concentrations



(Graham and Duce, 1979; Graham et al., 1979). Hewekis enrichment was found to decrease with
increasing wind velocity, introducing significantaertainty in the strength of the oceanic flux obriP

a global scale. Vet et al. (2014) by reviewing detian observations and specifically based on islan
background site measurements and trajectories giadhpm the remote southern ocean, pointed out
that sea spray may be a weak contributor to atnes8pR. Mahowald et al. (2008) taking into account
a constant Na concentration in seawater of 10.78a gg-watet and surface seawater phosphate
concentrations from the NOAA Data Center, calcdaelobal annual flux of soluble P of 0.005 Tg-P
yr! (accounting for particles up to i in diameter; i.e. PM). Wang et al. (2014), used a total
oceanic emission P flux of 0.16 Tg-P'ythat was calculated as the average of earlier astsn
(ranging from 0.005-0.33). Additionally, Paytanagt (2003) found that OP in the seawater partieulat
matter can be up to 80% of total P. Based on aiN®Riass ratio of 0.02% as observed by Graham
and Duce (1979), Kanakidou et al. (2012) estim#tatithe surface global ocean may also emit 0.19 —
0.80 Tg-P yt* in the form of OP.

Bioaerosols are P-carriers (Mahowald et al., 2@B8) can significantly contribute to the OP budget
the atmosphere (Kanakidou et al., 2012). Thesegpyirhiological aerosol particles (hereafter PBAPS)
usually range from 10 nm to roughly 106 in diameter and depending on their sizes, ogid type,
can be transported over long distances. PBAPs eaither alive, dead, dormant (e.g. bacteria, esus
and fungi spores) or products released from livimganisms such as pollen (Ariya et al., 2009).
Mahowald et al. (2008) calculated that PBAP coniet0.165 Tg-P ytwhile Kanakidou et al. (2012),
based on organic carbon (OC) estimates of PBAPssémnis and by using a OP:OC atomic ratio of
0.001, calculated that PBAPs contribute about OTHBP yr' to global OP emissions. Large
uncertainties, however, are associated with thisnage since it relies on the applied OP:OC ratibs
PBAPs that have been observed to range over 2 soafemagnitude from about 0.0002 up to 0.02
(Kanakidou et al., 2012 and references therein)anthe simplified approximation of the density (1-
1.2 g cnT) used for the conversion of the PBAPs number fuxemass units (Burrows et al., 2009a,
2009b). Mahowald et al. (2008) and Kanakidou e{2012) assumed half of the PBAP source to be
hydrophilic, while Heald and Spracklen (2009) assdmall PBAPs to be totally hydrophilic particles
using an OM:OC ratio of 2.6 that is based on olet@ms of fungal spores as proposed by Bauer et al.
(2008). However, bacteria (elg. syringag are considered as rather insoluble bioaerosolspmtrast

to the water soluble fractions of highly polar stsgéfructose, glucose, sucrose, trehalose) andrsuga
alcohols (arabitol, inositol, mannitol), mainly ¢aimed in pollen grains and fungi spores (Ariyalet
2009). Ageing during atmospheric transport is adsgected to increase bioaerosols’ solubility,
converting a fraction of their insoluble OP contemtsoluble OP (DOP) due to the uptake of oxidants
and the formation of larger chains of soluble nfuttctional groups (Ariya et al., 2009). Regardless
bioaerosols being hydrophilic or not, because ttmysist of biological material, they are expected t
be bioavailable (Bjérkman and Karl, 1994). The @egof hydrophilicity therefore is more important
for determining the relative importance of dry amet deposition during their supply to the oceans.

In the present study, the 3-D chemical transparbagl model TM4-ECPL is used to integrate current
knowledge on the atmospheric P cycle and simulaeatmospheric concentrations and deposition
fluxes of P over land and oceans, driven by minamatural and combustion P emissions. To our
knowledge, this is the first study that accounts foth inorganic and organic forms of P and their
evolution in the atmosphere. Furthermore, we atesgnt the first global estimate of the PO4 flue du
to the acid-solubilisation of dust particles. Theodal description and the parameterization of
atmospheric acidity impact on the P-solubilisatfoom mineral dust aerosol in atmospheric water,
together with the OP atmospheric ageing contrilmutiothe DP global budgets were presented in Sect.
2. The calculated TP and DP global atmospheric eatnations are shown and compared to
observations in Sect. 3. In Sect. 4, the importasfcpresent day air-pollutants on DP atmospheric
deposition is investigated based on simulationsigugast and future anthropogenic and biomass
burning emission scenarios. The contribution ofabimsols to the bioavailable P atmospheric
deposition and implications of the findings condegnthe biogeochemistry of marine ecosystems are
also discussed (Sect. 4). Overall, the impactuaidn-driven changes on the calculated DP deposition
fluxes to the global ocean are summarized in Sect.



6  Model description

The TM4-ECPL global chemistry — transport model (Miefalitakis et al., 2015) simulates the
oxidant chemistry accounting for non — methane tiel@rganics and all major aerosol components,
including secondary inorganic aerosols like sulph&Q?), nitrate (NQ), ammonium (NH)
calculated using ISORROPIA Il thermodynamic modeuntoukis and Nenes, 2007) and secondary
organic aerosols (Tsigaridis and Kanakidou, 200sigdridis et al., 2014). The atmospheric cycles of
Fe and N in TM4-ECPL have been parameterized aatiated in Myriokefalitakis et al. (2015) and
Kanakidou et al. (2016) respectively, while undetias in the computed atmospheric composition
associated with different emissions parameterinatitave been calculated in Daskalakis et al. (2015)
The model’'s ability to reproduce distributions ofganic aerosols (Tsigaridis et al., 2014) and
tropospheric ozone, ozone’s precursors and aerbsoks been also evaluated, against satellite and in
situ observations (Eckhardt et al., 2015; Stolllet2015; Quennehen et al., 2016).

TM4-ECPL is driven by the ECMWEF (European Centre fdedium — Range Weather Forecasts)
Interim re—analysis project (ERA — Interim) metdogy (Dee et al., 2011). The current model
configuration has a horizontal resolution 8fi8 longitude by 2in latitude and 34 hybrid layers in the
vertical, from the surface up to 0.1 hPa, with aleidime-step of 30 min. TM4-ECPL uses modal size
(lognormal) distributions to describe the evolutiminfine and coarse aerosols in the atmosphEve.
represent phosphorus in the model, overall 32 mBe®bntaining aerosol tracers are used of different
sizes and solubilities. In TM4-ECPL, different soces emit P-containing aerosols of different sizes
represented by lognormal distributions as outlimedection 2.1. For each aerosol mode and source
(Figure 1) the model accounts for total P, phosphiatsoluble and soluble OP. For the dust source it
also accounts for the two P-containing mineralsoftbapatite and hydroxyapatite) as further desdribe
in the section 2.1.1. These are individually tramtgd, aged and deposited in the atmosphere. The
‘dry’ aerosol hygroscopic growth in the model isdted as a function of ambient relative humiditgt an
the composition of soluble aerosol components basedxperimental work by Gerber (1985; 1988)
and this uptake of water on aerosols changes thielpasize. In addition, during atmospheric tramsp
there are major changes in the size distributionesbsols as a consequence of the removal of larger
particles due to gravitational settling. The P-admihg aerosols follow the same parameterizations,
hygroscopic growth and removal processes are asstoradfect the mass median radius (i.e. size).

TM4-ECPL uses anthropogenic (including ship andraft emissions) and biomass burning emissions
from the historical Atmospheric Chemistry and ClteméModel Intercomparison Project (ACCMIP)
database (Lamarque et al., 2013) for the years IBBfeafter PAST), 1999 and 2000 from the
Representative Concentration Pathway 6.0 (RCP&r§sion scenario (van Vuuren et al., 2011) for
the years 2001 to 2010 (year 2008 is hereafteed@@RESENT) and for the year 2100 (hereafter
FUTURE) that have been used for the sensitivityusations. Details on anthropogenic and natural
emissions used for this work are provided in Myeifaltitakis et al. (2015) with the exception of
mineral dust that for the present study is caledainline by the model (van Noije et al., 2014kdth
on the dust source parameterization of Tegen e{(28l02). The three base simulations (PAST,
PRESENT and FURURE) have been performed with metegy for the year 2008\ote however
that, we have extended the present day simulatiaihe 11-years period from 2000 to 2010 with a
spin-up time of one year (i.e. with 1999 meteorglagd emissions), to cover the majority of the date
with available atmospheric observations used fodehevaluation (see Sect 2.4 and Sect. 3.2).

6.1 Phosphorus Emissions

6.1.1 Phosphorus emissions from mineral dust

Apatite is the most abundant primary natural sowfcE in soils (Newman, 1995) compared to other
low solubility P forms such as secondary metal-phase precipitates and organic phosphate. For the
present study, apatite is assumed to be the omignaliin dust that contains P. The spatially distied



fraction of P in soilsff) from the global soil mineralogy dataset developgdickovic et al. (2012) is
used to calculate the inorganic P-containing min@ea apatite) emissions as:

EP = Fsso‘ fP ) EDu
(1)

whereEp, is the on-line calculated dust emissions in thel@horsg, is a factor applied to adjust the P
emissions to the global mean P content of minanat th the model domain of 880 ppm per weight as
observed by Zamora et al. (2013), dfdis the resulted inorganic P emissions from mindradt. P-
containing minerals associated with dust partieles emitted in the fine and coarse mode with mass
median radii (lognormal standard deviation) of OuB4 (1.59) and 1.7am (2.00), respectively. The P-
containing dust aerosol emissions treated as adogral distribution with a dry mass median radius
and sigma same as that of dust particles and chaofgthe particle size based on the hygroscopic
growth as a function of ambient relative humiditydahe composition of soluble aerosol components
(Gerber, 1985). Note, however, that no coagulasioong different dust modes is considered for the
current study.

Although in most relevant modelling studies airlrcontaining dust particle emissions are assumed
to have an average P content of 720 ppm (Mahowadd.,e2008; Wang et al., 2014; Brahney et al.,
2015), in the atmosphere due to transport, agaeidgdeposition processes the overall mineralogy may
change the chemical composition and size of dustsaépopulation. In a recent iron modelling study
however (Perlwitz et al., 2015), a significant effoas been made to model the mineral composition o
dust considering the differences from the origis@il composition. Perlwitz et al. (2015) have found
significant overestimate (a factor of 10-30) maimythe fine aerosol emissions that are the smalles
part of dust emissions (e.g. about 7% of the temailssions in our model) and an underestimate in the
larger particles emissions both for total dust &rdindividual minerals when the mineralogy of dust
aerosol is assumed to be the same as that of ithélswever for the present study, we did not acttou
for different P content for dust particles in theef and the coarse mode, since the global soil
mineralogy dataset used (Nickovic et al., 2012)sdeet provide any information of P content in silt
and clay soil particles separately. Note also, theént studies indicate that dust super-coargeciesr
can be very important for the biogeochemistry daad, since they can represent the dominant fractio
of dust close to source regions (Lawrence and N&f9; Neff et al., 2013). Brahney et al. (2015)
modelling study that focused on the atmospherisphorus deposition over global alpine lakes, based
on Neff et al. (2013) observations, estimated ¢imy 10% of the mass that travels in the atmosplzere
within the <10um size fraction. In our study we do not accountsigper-coarse dust particles because
due to their short atmospheric lifetime, they angitied and deposited in the same model grid box
(Brahney et al., 2015). This omission is not expeédb have significant impact on our results, sithee
present work is focused on the P-solubilisation m@ésms occurring via atmospheric long-transport
mixing and on the bioavailable P deposition overriarine environment

For the year 2008 the mineral dust emissions caledlin TM4-ECPL amount to 1181 Tghand the
corresponding apatite emissions to 1.034 Tg-Pwith 10% of it (0.103 Tg-P ¥ in the soluble form
(Table 1). The soluble fraction used in our moddbased on the measurements of leachable inorganic
phosphorus (LIP) for Saharan soil dust, as preddoyeNenes et al. (2011). These authors found that
LIP represented up to 10 % of total inorganic Baharan soil samples and dry fallout collectedrdyri
Sahara dust storms before acid-treatment. Moredag et al. (2013) estimated the labile inorgadhic

in the top soil on the global scale at about 3.6PRpat corresponds to about 10% of the estimdtes o
total soil P on the global scale 30.6-40.6 Pg-PikSt000; Wang et al., 2010; Yang et al., 2013). To
further investigate uncertainties associated with soluble fraction of P-containing dust aerosol
emissions in our model, an additional simulatios haen performed neglecting any soluble fraction on
initial emissions.

In addition to the desert dust inorganic P sounaeaccount for the OP present in soil’s organictenat
following the method developed by Kanakidou e{2012 and references therein). Thus, using a mean
OP:0OC molar ratio of 0.005, a mean OM content dfdast of 0.25% and an OM:OC molar ratio of



1.76, we here evaluate the dust source of OP aR01@-P yi* for the year 2008. This flux is in good
agreement with the 0.03 Tg-Pycalculated for 2005 by Kanakidou et al. (2012)ngsthe same
methodology but with the AEROCOM database for @umsission fluxes (Dentener et al., 2006). Note
that similarly to that earlier study, a solubildff10% is here applied to the OP dust emissions.

6.1.2 Phosphorus emissions from combustion sources

For the present study, the P/BC mass ratios of cstiun sources as estimated by Mahowald et al.
(2008) (i.e. 0.0029 for fine aerosols and 0.02 doarse aerosols) are applied to the inventories of
monthly BC emissions of anthropogenic (i.e for foégel, coal, waste and biofuel) and biomass
burning origin, as provided by the historical ACGMdlatabase for 1850 and from the RCP6.0 for 2008
and 2100. In the model, a number mode radius ¢f @@ and a lognormal standard deviation of 1.8
are assumed for fine P emissions, while for coBrsenumber mode radius of QB and lognormal
standard deviation of 2.00 are used as proposecbfobustion aerosols by Dentener et al. (20B6).
emissions from anthropogenic combustion in the smanode are assumed to be 25% of those in the
fine mode (Jacobson and Streets, 2009), while késnimurning emissions in the coarse mode are
assumed equal to 20% of those of fine aerosols gMald et al., 2008)Thus, the computed
anthropogenic combustion and biomass burning armeah sources of TP are calculated to be 0.043
Tg-P yf* (by about 70% in the coarse mode) and 0.018 Tg*Rby about 66% in the coarse mode)
respectively, all corresponding to the year 2008siite the different emission databases and the
aerosol size parameterization, the computed presni P sources for the year 2008 are comparable
to those of Mahowald et al. (2008) for the year ®@0e. 0.045 Tg-P yr and 0.025 Tg-P Vr for
anthropogenic combustion and biomass burning, otispdy). PAST, PRESENT and FUTURE
combustion emissions calculated for this study thase the ACCMIP and RCP 6.0 database are
presented in Table 1.

Half of TP emissions from combustion sources amsitered to be in the form of OP following the
approach of Kanakidou et al. (2012). All P-contagniparticles from combustion emissions are here
treated initially as 50% soluble (Mahowald et aD08).The insoluble fraction of OP associated with
combustion emissions can be further converted lidbEOP (DOP) during atmospheric ageing, using
the ageing parameterization for primary hydrophairiganic aerosols in the model (Tsigaridis and
Kanakidou, 2003; Tsigaridis et al., 2006), buttlee respective size and lognormal distribution & O
aerosols with the larger particles experiencingsiiallest conversion rates.

To further investigate uncertainties in the P costiom emissions in our model, an additional present
day simulation was performed taking into accoust tital (bulk) mass of anthropogenic combustion
and biomass burning P emissions, as developed bpgWad al. (2014) (R. Wang, personal
communication, 2016). According to that databaseha anthropogenic emissions from fossil fuels,
biofuels and deforestation fires amount to 1.079PTyr* and natural fire emissions equal to 0.808 Tg-
P yr'. For this sensitivity simulation, we apply theesifistribution as described in Wang et al. (2014);
i.e. by dividing total emissions into 3 modes - dine (2% of P) and two coarse modes (25% and 73%
of P) - with mass mode dry diameters of 04, 2.5 um and 10um and lognormal standard
deviations of 1.59 and 2.00 for fine and coarse espcespectively

6.1.3 Phosphorus emissions from primary biological aerodgarticles

Three types of P-containing PBAPs are considerethtopresent study: bacteria (BCT), fungal spores
(FNG) and pollen grains (PLNPBAPs from other sources, such as insect fragnasplant debris
(e.g. Després et al., 2012), are however neglentéte present studyOmission of these super coarse
particles is expected to lead to an underestintatta PBAPs contribution to P deposition over land
that requires to be evaluated with targeted obsens The BCT fluxes are parameterized based on
the Burrows et al. (2009) best-fit estimates fortipees of 1um diameter flux ratesf) and for six
different ecosystems: coastal: 90G g1, crops: 704 M s?, grassland: 648 s?, land-ice: 7.7 M s?,
shrubs: 502 m s* and wetlands: 196 ™s™. For the present study, the Olson Global Ecosystem
Database (Olson, 1992), originally available fordfferent land types on a spatial scale of 0.8°5¢,

is lumped into 10 ecosystem groups as proposedubrot®s et al. (2009). The total BCT flukdcr; S



1) in the model is calculated based on the aforeimesd fluxes {; m? s*) per ecosysteni)( weighted
by the respective ecosystem area fraction in theetngridbox &; m?), as:

6

FBTC = Zai ) fi
i=1
(2)

Heald and Spracklen (2009) proposed that FNG flliresirly depend on the leaf area index (LAF m
m?) and the specific humidity (q; kg K} based on near-surface mannitol observations. tf@r
present study however, we use a recently publisiheidsion parameterization proposed by Hummel et
al. (2015), as derived based on fluorescent biolgaerosol particles field measurements at various
locations across Europe and for spores with a rdeadiameter of gm (eq. 3):

Fene = 20426 (T — 275.82K )+ 393-10* - q- LAl
(3)

In the TM4-ECPL that parameterization (eq. 3) igdugo calculate FNG emissions online, using
monthly averaged LAl distributions and 3-hourly eaged specific humidity (q) and temperature (T)
data, as provided by the ERA-Interim.

PLN emissions maximize when plant surfaces areurgier high turbulence during the morning hours
and during spring months (Jacobson and Street®)26fose et al. (2010) parameterised the pollen
flux rate as linearly dependent on LAl assumingtiples with a mean dry diameter of |88, by
simplifying the more sophisticated parameterisati@weloped by Jacobson and Streets (2009) for a
global model. Here, we use the Jacobson and S{2@@9) pollen parameterization (particle mean dry
diameter of 3qum), with the number pollen flux @5; s*) calculated by the following equation:

FPLN = fPLN -LAI- Rmonth' Rnour
(4)

where,fp iy = 0.5 mPs?, the factor Ronn accounts for the seasonal angh,Rhe hourly pollen flux
variation.

PBAPs are here assumed to be monodisperse sphesitalles (Hoose et al., 2010; Hummel et al.,
2015) of 1 g cri density (Sesartic and Dallafior, 2011) with anastig matter to organic carbon
(OM:OC) ratio set equal to 2.6 (i.e. that of maahitorresponding to a molecular weight equal t@31
mol ™, as suggested by Heald and Spracklen (2009). Aiwto our model estimates roughly 60 Tg-C
yr't are emitted as PBAP. Bacterial emissions are asswas completely insoluble (Ariya et al., 2009),
fungal spores are emitted as 50% soluble aerobtdhdwald et al., 2008; Kanakidou et al., 2012),
while pollen are emitted as totally soluble aersgdloose et al., 2010). A constant mean P:C atomic
ratio of 0.001 is used for PBAPs, as suggested dayakKidou et al. (2012) and all P is assumed in the
form of OP. Based on the above parameterizatiansntbdel calculates an OP emission flux associated
with PBAP equal to 0.156 Tg-P §rrof which 0.123 Tg-P yr (about 80%) are considered to be in the
form of DOP (Table 1). However, because PBAPs &bnsf biological material they are here
considered to be bioavailable for marine ecosystasgurther discussed in Sect. 4.1 and Sect.4.2. |
addition in TM4-ECPL, upon emission the insolubyigction of PBAPs becomes progressively soluble
due to atmospheric ageing. This process that has been to occur for instance by degradation of
RNA (Paytan et al., 2003), in TM4-ECPL is paramstdt based on oxidant levels as for all organic
aerosols (Tsigaridis and Kanakidou, 2003; Tsigarédial., 2006).

6.1.4 Phosphorus emissions from sea-spay

Oceanic P emissions associated with sea-sprayeagecbmputed on-line based on a sea-salt emission
flux parameterization of Vignati et al. (2010), aaating for fine and coarse modes, with number
mode dry radii of 0.0um and 0.794um, and lognormal standard deviations of 1.59 aid Zor



accumulation and coarse particles, respectivElya-spray emissions are driven by the model’s
meteorology and for the year 2008 the model calesla total of about 8284 Tgyof sea-salt
emissions (of which 41 Tg yrare in the fine mode). These numbers compare with the
AEROCOM recommendation of 7925 Tg'yby Dentener et al. (2006) and are within the raofje
2272-12462 Tg yt computed by Tsigaridis et al. (2013) using sevelitlerent parameterisations.
Note that our sea-salt source estimation is howeweh lower than the one used in the modelling
study by Wang et al. (2014) (i.e. 25300 Tg)ysince super coarse sea-salt particles are msidered

in the current parameterization.

The oceanic P emissions in TM4-ECPL are calculatd

_ [PI/MW,
" T INa) MWy,
(5)

where [P] is the P seawater concentrationshih [Na] is Na seawater concentrationgif and Ey, is

the sea-salt emission flux from the ocean surfadegiNa n? s*. MW is the corresponding molecular
weight of P and Na, used to convert molar to mates. In TM4-ECPL, sea-salt particles are emitted
from the ocean’s surface every time-step usingaserfvind-speed data from the ERA-Interim database
(updated every 3 hours). Surface seawatej &fdcentrations come from the LEVITUS94 World
Ocean Atlas (Conkright et al., 1994;
http://iridl.Ideo.columbia.edu/SOURCES/.LEVITUSQNNUAL/.PO4/) ranging up to about 3M of

PG, in the global ocean. Taking into account that dklerage Na concentration in seawater is about
10.781 g-Na kg-watérand an average seawater salinity of 35k§-gvatef', the spatial distribution of
surface oceanic Na concentrations can be deriveth fthe distribution of the surface salinity
concentrations as provided by the LEVITUS94 Worlcce@n Atlas (Levitus et al.,, 1994;
http://iridl.Ideo.columbia.edu/SOURCES/.LEVITUSQANNUAL/.sal/). Note that surface
concentrations, both for seawater RDd salinity, correspond to the data availabledfordepth (with

the next available depth in the LEVITUS94 datatiadee at 10m).

We additionally take into account the OP oceaniéssions, as described in Kanakidou et al. (2012;
see supplementary material and referrences thefean)this, the model accounts for a mean seawater
OP concentration of 0.gM of P, based on Bjorkman and Karl (2003) obseoveti Since, to our
knowledge, no spatial distribution of seawater Qihcentrations is available, the monthly mean
surface chlorophyll a (Chl a) concentrations fron©OMS retrievals, used in the model to derive
marine primary organic aerosol emissions (Myriok&fkis et al., 2010), are used as a proxy to
geographically distribute the mean seawater OP atnations. Overall, the model calculates an
emission flux of TP equal to 0.008 Tg-P'yirom the global ocean (Table 1), of which 0.001F gr*

is in the form of OP. Note that the insoluble frastof oceanic OP in the model can be transferoed t
the soluble mode (DOP) due to atmospheric ageioggssesThe omission of the super coarse sea salt
aerosol might affect our estimates of P depositmithe ocean. Brahney et al (2015) evaluated this
source at 0.0046 Tg-P Yran amount that introduces a 3% underestimatéha@ohere calculated
present-day P deposition flux to the oceans

6.1.5 Phosphorus emissions from volcanic aerosols

Mahowald et al. (2008) estimated that about 0.0§4Tyr* are associated with volcanic aerosols on a
global scale, based on volcanic plume observatiatisough on a global scale, volcanic ash is a kmal
source of TP, it is found to impact, at least regity, the ocean nutrients distributions and marine
productivity (Uematsu et al., 2004; Henson et2013; Olgun et al., 2013). For the present study, w
applied that global annual mean volcanic flux (s¢so Table 1)using the distribution of sulphur
volcanic emission®y Andres and Kasgnoc (1998) as upddbydDentener et al. (2006). Volcanic
phosphorus is here assumed to reside in the firicpate mode and is treated in the model aslyotal



soluble aerosol (i.e. DIP), as proposed by Mahovedldl. (2008). The log-normal size-distribution
parameters used for volcanic P aerosol are a numbede radius of 0.0dm and a lognormal standard
deviation of 1.8 (Dentener et al. (2006) for sulghiine aerosols from continuous volcanic eruptjons

6.2 Phosphorus acid-solubilisation mechanism

Phosphorus solubilisation from mineral dust undgdia atmospheric conditions, is here assumed to
occur for the least- and the most-soluble membeapztite minerals as proposed by Nenes et al.
(2011): the fluorapatite (GE&Oy)3(F); hereafter FAP) and the hydroxyapatite {B&;);(OH);
hereafter HAP), respectively. FAP is considere@ @gologically abundant apatite, usually present in
the form of igneous or sedimentary carbonate FARIdy and Mackenzie, 2003). However, due to
lack of information on the relative abundance aedgyaphic distribution of FAP and HAP in soils, we
here assume equal mass fractions of FAP and HAPatite containing soils.

The dissolution of FAP and HAP here is treated &metic process, the rate of which depends on the
H" activity of atmospheric water (i.e. aerosol watad cloud droplets), the reactivity of P specibs, t
ambient temperature and the degree of solutionratadn. For aerosol water, the activity of Hs
calculated on-line in the model by the thermodymamodule ISORROPIA Il (Fountoukis and Nenes,
2007). For cloud water, the'Htoncentration is calculated by the aqueous-phasmistry module as
presented in Myriokefalitakis et al. (2011; 201%he phosphate dissolution ratg),(as moles of
HPO,? per second per gram of apatite, is obtained usirgempirical formulation of Lasaga et al.
(1994):

R=K(T)-a(H")" f-A
(6)

whereK is the reaction constant in moles’rs®, a(H") is the H activity, m is the experimentally
derived reaction order with respect to the solutibrconcentration, and is the specific surface area
of each apatite-containing particle irf gi. The functiorf (Cama et al., 1999) depends on the solution
saturation state (8f < 1) and is given by:

f=1-Q/Kg,
()

where,Q is the reaction activity quotienkg, is each apatite equilibrium constant a@tk, is the
fraction that expresses the state of saturatioth@fsolution (with respect to the apatite), calmda
every timestep in the model. Thus, whier 1, the solution is far from equilibrium, theredothe
dissolution rate becomes maximum; whilef approaches 0, the solution approaches equilibriitim w
any remaining undissolved FAP and HAP.

HAP is experimentally found to be roughly 3 ordefsnagnitude more soluble than FAP((IAP) =
10747 vs. Kgo(FAP) = 101, as reported by Nenes et al. (2011) basedaorCappellen and Berner
(1991). According to the compilation of experimémteterminations of P-dissolution rates of HAP and
FAP by Palandri and Kharaka (2004), the dissolutiae of HAP is found to be about an order of
magnitude slower than that of FAP under highly mconditions (K(HAP) = 1d*° and K(FAP) = 10
373 for pH=0), while under neutral conditions, HAPfasind 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 aln8os
times larger specific surface area (80.5gmh Bengtsson et al., 2009) compared to that of FER7(
m? g*), which is in agreement with the measured spesifitace areas of 8.1-16 " for sedimentary
FAP (Guidry and Mackenzie, 2003). Guidry and Maaken(2003) have experimentally derived
different rate constants (K) for FAP dissolutiongang from 5.75 18 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 ordens) for each
pH-region, between 0.01 (for neutral to basic ctod$) and 0.81 (for acidic conditions), while the
activation energy of the FAP dissolution,(Bvas calculated equal to 8.3 kcal fhoFor the present
study, the dissolution reaction coefficient K fokRF (Table 2), is based on the dissolution experisen



by Guidry and Mackenzie (2003), for a range of [#HlLR), temperatures (25-55°C) as well as for
various solution saturation states and ionic stiesg

Bengtsson et al. (2009) have experimentally stutliedsolubility and the surface complexation ofnon
stoichiometric synthetic HAP, identifying three ftitist pH-regions for their batch dissolution
experiments: 1) under acidic pH (<4.5) HAP dissolutis relatively high, producing high
concentrations of Gaand HPQy; 2) under basic pH (>8.2) surface complexatiothésmain process
and 3) for intermediate pH (4.5-8.2) where botfsdligtion and surface complexation occur. However,
they do not provide sufficient information to eralplarameterising HAP dissolution similarly to FAP
dissolution. Therefore, for HAP dissolution kinetiove use the dissolution rates of FAP after
correcting them to account for the differences leetwHAP and FAP dissolution kinetics as a function
of pH and T, as reported by Palandri and Kharaka04? For this, we consider the different
dissolution rates for a pH range of 0 to 7-8, whiklhe range of acidity encountered by atmospheric
particles, including dust (e.g. Bougiatioti et &016; Weber et al., 2016). At the strongly acidiat
(25°C and pH = 0), the dissolution rate of HAP &érassumed to be about 27% (i.e®Taimes)
slower than that of FAP, but for neutral and basinditions (and 25°C) HAP dissolves two orders of
magnitude faster than FAP (Palandri and Kharak®420The dissolution rate also changes with
temperature; we assume that HAP dissolution hasn#as activation energy to FAP (Palandri and
Kharaka, 2004; Guidry and Mackenzie, 2003). Addiodetails for the FAP and HAP mineral
dissolution rate parameters are presented in Table

6.3 Observation data for model evaluation

The evaluation of the global atmospheric P cycletfie present study has been performed based on
available observations of aerosol concentratiorebl@ S1) and deposition fluxes (Table S2) from
various locations around the globe (cruises and-tzased stations). The methodological details ef th
observations used for this study are well docunteimtehe literature and thus are not reviewed livere
detail. For DP concentrations in ambient aeroseks,compiled cruise observations of P@r the
Atlantic Ocean (50°N-50°S) from Baker et al. (2Q1&yer the Western Pacific (25°N-20°S) from
Martino et al. (2014) and over the Eastern TropNatth Atlantic Ocean (58°S—35°N, 14°-38°W)
from Powell et al. (2015). For these oceanic crudservations, samples were either collected
separating into fine- (aerodynamic particle diametelum) and coarse-mode ((fih< aerodynamic
particle diameter) particles using cascade impactbat may include or exclude particles with
diameters larger than 10m, or using a single bulk filter. We additionallyseu average PO4
concentrations (aerodynamic particle diameter gni)0from cruise measurements over Bay of Bengal
and the Arabian Sea (Srinivas and Sarin, 2012pllinwe also took into account land-based TP and
PO4 aerosol concentrations measurements from tiwe &i the Mediterranean i) from the Finokalia
monitoring station (320N, 2540°E) located in the Eastern Mediterranean (Créreece) and ii)
from Ostriconi (4240'N, 0904°E) located in the Western Mediterranean (Coyske@nce). The
samples at both sites were collected either sapgrir the fine- (aerodynamic particle diametet.8
um) and the coarse-mode (Lién > aerodynamic particle diameter > 1.3 um) (Kotilat al., 2008;
Mihalopoulos and co-workers, unpublished data) obalk (Markaki et al. 2010). Details about the
characteristics of these Mediterranean samplirgs sitn be found in Markaki et al. (2010), while the
methodology for aerosol sampling and analysis &deed in detail in Koulouri et al. (2008).

Although P deposition fluxes data are rather lichibe a global scale, for the present study we lise t

wet and dry deposition fluxes (both for TP and @Bijnpiled by Vet et al. (2014) (R. Vet, personal

communication, 2016). For wet deposition of DP, wse available filtered (i.e. analyzed as
orthophosphates with no digestion as DIP) and tenét (i.e. analyzed as orthophosphates following
digestion as total DP) annual measurements (FRjirBVet et al., 2014). For the TP wet deposition
measurements we use annual wet deposition measure(ég. 8.3 in Vet et al., 2014) of unfiltered

samples. The compilation of the phosphorus dry sigéipa fluxes by Vet et al. (2014) is based on
airborne phosphorus (TP and PO4) concentration® facound the world and gridded annual dry
deposition velocities from the Mahowald et al. (8péhodelling study (Fig. 8.6 and Fig. 8.7 in Vet et
al., 2014). The size distribution used in these deposition calculations, is the same as in the



modelling study by Mahowald et al. (2008), thus dieeived dry deposition fluxes account for parscle
with diameter up to 1@m. Finally, we also take into account DP wet ang di¥position observations
from the Finokalia Station in the Eastern Meditee@n (Markaki et al., 2010; Mihalopoulos and co-
workers, unpublished data), based on rain watepkags (wet only collector) and glass-bead devices
respectively. Further details on the methodologyhef deposition measurements at Finokalia can be
found in Markaki et al. (2010).

7  Results and Discussion

7.1  Sources of atmospheric phosphorus

Figure 2 presents the annual mean primary TP an@miBsions from the various sources taken into
account in the model (in the supplement the emisdistribution per source for TP and DP are also
presented in Fig. S1 and Fig. S2, respectively)eiffissions (Fig. 2a) maximize over the major dssert
of the world (e.g. Sahara, Gobi, Arabian, Kalah&tgrth American and Australian deserts) with
simulated P fluxes up to 100 ng-P?ra* (Fig. 2a and Fig. S1a). Secondary maxima of TPssiom
fluxes of about 0.1-1 ng-P frs* are also calculated over the mid-latitudes of thehern hemisphere
(NH), such as China, Europe and the US, due taseld¢o the atmosphere of TP in ash produced
during combustion processes of anthropogenic oiigig S1b) and over forested areas in equatorial
America. Additionally, during biomass burning epss TP is further released to the atmosphere (Fig
S1c), however at rates about one order of magnitder than those of combustion of anthropogenic
origin (roughly 0.01 ng-P ths?).

The same pattern (as for TP emissions) is simuliatethe P soluble fraction (Fig. 2b), but with lew
emission fluxes (e.g. about 1 ng-P 81 over the Sahara Desert). This is attributed tostiiability of
P-containing mineral dust at emission that corradpoto the DP present in the desert soil due to
weathering. As discussed in Sect. 2.1.2, this ifvacts taken equal to 10% for the present study.
Associated mineral DP emissions (Fig. S2a) of 01§46 yi* (as PO4 and/or DOP) occur mainly over
the Saharan desert region, but significant fluxes aso calculated to occur over other important
deserts of the globe. Anthropogenic DP emission82( Tg P y#) occur mainly over densely
populated regions of the globe (e.g. the mid-ldgaiof the NH; such as China, Europe and the US),
with simulated fluxes up to 0.1 ng-P4s" (Fig. S2b). DP emissions from biomass burning riiomie
about 0.009 Tg-P ¥k peaking over intense biomass burning areas, tepgical and high latitude
forests and showing maxima over Central Africapimesia and Amazonia (Fig. S2c).

The present day annual apatite dissolution flwaisulated equal to 0.444 Tg-PYy(Table 3, Fig 2c).
Most of the apatite dissolution fluxes occur dowmdviof the major dust source regions (i.e. Nigeria
downwind of the Sahara Desert, Pakistan downwinthefThar Desert and China downwind of the
Gobi desert). Over these regions, the long- antbnedy range transport of natural and anthropogenic
pollutants enhance atmospheric acidity and subsglgul is mobilized from mineral apatite. The
model calculates maximum dissolution fluxes dowrdviof the Sahara and Gobi Deserts, over the
Persian Gulf, the whole Middle East and the Mediteean basin as well as over the equatorial
Atlantic. In addition, enhanced apatite dissolutirralculated over the tropical Atlantic Oceardign
and the outflow of Asia to the Pacific Ocean, meliwith observations of changes in solubility dgrin
transport of dust across the tropical Atlantic Ocbg Baker et al. (2006a).

As explained in Sect. 2, for the present studyapatite dissolution (Fig. 2c) is due to the respect
FAP and HAP solubilisations that occur both in aetavater and cloud droplets (Fig. S3). The model
calculates that most of the apatite dissolutiodiD.Tg-P yt) is occurring in deliquesced particles
(Fig. 3; S3a and b), mainly attributed to the higherosol acidity, while only 0.034 Tg-P"yare
calculated to occur in cloud droplets (Fig. 3b;.Fé@c and d). Note that the model-calculated global
mean pH in clouds is about 4.5 (Myriokefalitakisaét 2015). In addition, the distributions of asab
and cloud dissolution of apatite are rather différ@-ig. 3a,b). In-cloud dissolution is calculatixd



maximize i) off-shore the African continent (i.ezev Cote d’lvoire, Nigeria and Cameroon) over the

equatorial Atlantic Ocean and ii) over China andidn where dust aerosols downwind of major desert
regions (i.e. Sahara and Gobi Desert respectivelg®t polluted and acidic cloud droplets; while

dissolution in aerosol water shows also high rates US, Europe and Saudi Arabia.

DIP fluxes from HAP dissolution in the cloud drojsl€Fig. S3d) are calculated to be roughly 60%
higher than those of FAP (Fig. S3c; 0.021 Tg-P ggainst 0.013 Tg-P y). However for the DIP
dissolution fluxes from the FAP and the HAP in amlowvater, no differences are calculated (Fig S3a
and b) for the more acidic environmental in thes faerosol water (0.015 Tg-P yior eachof them).

On the contrary, the HAP is more soluble than FARhe less acidic coarse aerosol water (0.041 Tg-P
yrfor the HAP compared to 0.039 Tg-Pyior the FAP) (see also Fig. S2 in Myriokefalitakisal.
(2015) supplementary material for pH calculatiomshe model). The changes in the saturation factor
(f) in the aerosol water are also of importance. Wiedaditions with HAP more soluble than FAP, the
respective mobilized PO4 concentrations increasterfan the aerosol solution and react with the
soluble C&" present in dust, ultimately forming amorphous #@ahat precipitates from the solution
(i.e.f=1, thus the dissolution process stops). In thearee of soluble Gaand PO4, other salts, such
as monenite (CaHP{ (Somasundaran et al., 1985), can also be fornmed farther impact the
solution’s degree of saturation. These results asigtihat the solution saturation effect in dusbselr
water can be a critical control on the observed B@#ancement in acidic atmosphere conditions.

Finally, a significant amount of DOP (0.032 Tg-P'yis added to the total DP sources due to the
ageing of OP-containing aerosols during atmosphteaitsport (Table 3). This amount corresponds to
about 12% of the global DP primary emission sou@ed to roughly 22% of the total dust-P acid
solubilisation flux on a global scale. The ageifigdé carrying P presents maxima over forested areas
(about 0.1 ng-P ths?) due to the high oxidation of PBAP (Fig. 2d). Sedary maxima are also
calculated over China (0.01-0.1 ng-P?r&") attributed to ageing of primary OP of anthropdgen
origin. Downwind of desert source regions signifitBOP production rates, up to 0.1 ng-B st, are
calculated over the Sahara, the Thar and Gobi Bedeowever these DP formation rates are more
localized over continental regions than those duacid solubilisation mechanism of the dust mineral
content (Fig. 2c). Non-negligible, however, DOP darction is also calculated over the coastal oceans,
owing to the OP ageing under the long-range transpohe atmosphere.

7.2  Evaluation of phosphorus simulations

Figure 4 presents the evaluation of present dayetrgithulation at various locations around the globe
(Fig a; see also Sect. 2.4), against 1) P-contgiaérosol airborne concentrations (Fig. 4c,e) graty2
deposition fluxes (Fig. 4d.,f). PO4 and TP aerosmicentrations are provided in a daily resolution
(except for TP concentrations from the Corsicandlavhich are provided as monthly means) and for
different sizes; i.e. fine (PM1 or PM1.3) and cea(PM1-to-PM10) or PM10 aerosols or as bulk
concentrations (Table S1). For this model evalumatpopoint-by-point comparison has been performed
accounting for the respective daily (or monthly}pais and aerosol size of each P-containing aerosol
component of our model to the corresponding observaatabaselhe normalized mean bias (NMB)
for the statistical analysis is calculated as:

C)

where,O; and M; stand for observations and model predictions mspdy, with N to represent the
number of pairs (observations, model predictiomgt tare comparedvore information about the
model performance per database (cruise and stapgoksaerosol size can be found in Fig. S4.



The comparison of all available DP aerosol measargsn(fine, coarse and bulk) with the respective
model results is presented in Fig. 4c. DP aerosotentrations from cruise observations are in the
range of about 3.1 10- 4.03 1¢ ug-P m® while from stations observations this range isuat#?23

10* — 1.37 10 pg-P m®. The model overestimates the DP cruise obsensmifbiMB = 21%) and
underestimates the DP concentrations measureatainst (NMB = -84%). Focusing however on the
size- segregated comparison of aerosol DP (Fig, 8% model underpredicts the observed
concentrations at the Finokalia station, both foe fand coarse particles, implying thus a respectiv
underestimation of P sources over land. On therapntfor cruise measurements the model performs
much better both for fine and coarse aerosols db agebulk observations. Note that the station
observations correspond to those of Finokalia arafsi€a. Furthermore, only few cruise TP
observations are available (Graham and Duce, 1B8Rer et al., 2006a; Baker et al., 2006b) that are
discussed later in section 3.5. The here presentedparison also indicates that the model
underpredicts (NMB = -59%) the observed TP conegiatns at Finokalia (Eastern Mediterranean)
(see also Fig. S4), however it simulates bettebtile TP aerosol concentrations at Corsica (Western
Mediterranean). This implies that our model lackB Bources in the Eastern Mediterranean
atmosphere, which is strongly affected by air magsem surrounding regions and by sources other
than local ones.

As in the case of DP aerosol concentrations, thdemsimulates better (NMB = 52%) the DP dry
deposition fluxes over oceanic regions (airborngser measurements compiled by Vet et al. (2014))
than the observations (NMB = -93%) at the Finokaliation (Fig 4d). Note that the same pattern is
also calculated for the TP dry deposition fluxegy(Ff). The omission of super-coarse marine DP
sources associated with sea-salt particles caraiexpbme discrepancies between model results and
observations only when these later concern bulksads in oceanic regions (so they could include
super-coarse particles), which is the case forowelty deposition sample8s discussed in Sect. 2.1.4,
this omission can affect local comparisons but aledoes not introduce more than a 3%
underestimate of DP flux over the oceBnmany cases, aerosol samples have been colletdtechlet
devices that enable collection of specific fractiaof aerosols and eliminate super-coarse particles.
When bulk aerosols have been collected, then tesepce of super-coarse aerosols might introduce
discrepancies between model results and obsergatioverall the model performs better for DP dry
deposition fluxes over the oceans than over lamdicating a possible underestimate in the contalent
source of P

In Figures S4 and S5 (supplement) are also prebémeresults of sensitivity simulations and theeba
case simulation with the aerosol observations agdadd wet deposition fluxes, respectively. Fig. S6
also shows the comparison of the annual cyclebefatmospheric concentrations (TP and PO4) and
deposition fluxes (dry and wet deposition), agathst TM4-ECPL monthly model results. For cruise
measurements over the Atlantic and Pacific OceBakgf et al., 2010; Martino et al., 2014; Powell et
al., 2015) and the global compilation of depositrates (Vet et al., 2014), the observations are als
spatially averaged inside the same model grid bblese comparisons show almost similar
performance for all sensitivity simulations but ofadling in most cases close to the lower edge of
observed concentrations and deposition fluxes. Weweaking into account the Wang et al. (2014) P-
combustion sources, the model performs better theeland (e.g. for TP concentrations at Corsica;
Fig. S4g, and for DP concentrations at the Finekalonitoring station; Fig. 6b,f,i), indicating ththe
base simulation underestimates either anthropogesnabustion sources or other natural P sources
Neglecting the P dissolution definitely degrades tomparisons of model results with observations.
On the other hand the results show very small 8eitito the assumption of soluble fraction of the
primary emissions of P. This finding supports tiaortance of the atmospheric processing of dust for
the atmospheric DP cycle as well as the potentialetestimate of the DP source in all sensitivity
simulations. Such underestimate could be assocvitbdan underestimate in the primary source or in
the secondary (atmospheric processing) of DP aserdes further studies

Considering the scarcity of observational datathedgaps in knowledge of P emissions and fatean th
atmosphere, the simulated atmospheric P aerosckotnations (N=1885) satisfactorily compare with
the respective available observations (NMB = -6786)TP (N=585) and PO4 (N=1300), and for P dry



deposition fluxes (N=819; NMB=-63%), indicating hever an overall model underestimate of the
observed values (Fig. 4b). Based on these compatisee evaluate that an uncertainty of about 70% is
associated with PRESENT model estimates.

7.3  Global distribution of atmospheric phosphorus

TM4-ECPL calculates global TP and DP atmosphericdéns of 0.011 Tg-P and of 0.003 Tg-P,
respectively. The calculated global annual mearaim@® DP atmospheric surface distributions for the
present day are also shown in Fig. 5a and FigTBbsurface concentrations maximize over the major
dust regions of the world, roughly 0.1x8-P m®(Fig. 5a), where P-containing dust particles dongina
the TP burden. Secondary maxima are calculated Gesttral Africa, Asia and Indonesia, where
significant TP concentrations (10-100 ng-P)nare associated with biomass burning emissions and
PBAP (Fig. 5a). Over the oceans however, TP conaéons maximize downwind of dust source
regions (roughly 10-100 ng-P#hand secondary maxima of about 1-10 ng-Pare calculated due to
long range transport from continental sources, mawer the NH.

Annual mean DP concentrations of 100 ng-P are calculated to occur over the Sahara, the Anabi
and the Gobi deserts near the surface (Fig. 5b).dithflow from these source regions transports DP
over the global ocean where annual mean conceigatif about 10 ng-P frare calculated downwind
of dust source regions, with the highest impactuated for the tropical Atlantic Ocean. The
simulated concentrations of DP over polluted regicange from 1 to 10 ng-Pnfurther highlighting
the importance of anthropogenic contributions te P atmospheric burden - directly due to
combustion emissions and indirectly due to theksbdation of P when dust is mixed with atmospheric
pollution during atmospheric transport (Fig. 5b)P Bmissions associated with African dust are
calculated to significantly affect the lower tropbere (Fig. 5c¢). Furthermore, DP shows non-
negligible concentrations in the middle troposph@tig. 5d) that are attributed to transport frora th
source regions and to atmospheric ageing (mairdgl&bilisation processes) that converts insoluble t
soluble P, as already discussed.

7.4  Present day phosphorus deposition flux

TM4-ECPL calculates that 1.300 Tg-Pyof TP are deposited to the Earth’s surface of thibout
0.281 Tg-P y over the ocean (Table 4). This oceanic deposftionis calculated to be about half of
that estimated by Mahowald et al. (2008) (0.558PTg¢’) over oceans and at the low end of the
deposition flux range calculated by Wang et al1@0(0.2-1.6 Tg-P yt over the ocean). The highest
TP annual deposition fluxes (up to 100 ng-P 1) are calculated to occur over the Sahara and Gobi
deserts while deposition fluxes up to 1 ng-P s are also calculated at the outflow from dust seurc
regions, especially over the Equatorial Atlanticl &orthern Pacific Oceans (Fig. 6a). The computed
global DP deposition is calculated equal to 0.45§5PTyr*, of which 0.169 Tg-P yris deposited over
the ocean (Table 4), that is about 75% higher tharestimate by Mahowald et al. (2008) (0.096 Tg-P
yr'). The differences between the aforementioned studan be explained on one hand by the P-
solubilisation processes that only the presentystakie into account and thus a greater amount & PO
is deposited at the Earth’s surface, and on therdthnd by the different aerosol size represemtatio
that impacts on the lifetime of airborne P-contagnparticles in the atmosphere. For this work, the
highest DP deposition fluxes are simulated to odownwind of dust source regions, owing to the DP
content of the primary P emissions discussed in. Set, and to P-solubilisation during atmospheric
transport (Fig. 6b). Secondary DP deposition fluaxima (about 0.1 ng-P s") are simulated
downwind of highly forested regions (i.e. Amazon{entral Africa and Indonesia), reflecting the
contribution of PBAPs to the DOP concentrationthim atmosphere.

Figure S7 further presents the seasonal varialofiP deposition fluxes as calculated by TM4-ECPL.
The maximum seasonal DP deposition flux over theanof 0.049 Tg-P is calculated to occur during
June-July-August (Fig. S7c), followed by 0.048 TgwRing March-April-May (Fig. S7b) and by 0.038



Tg-P during September- October-November (Fig. STd® maximum DP deposition flux in summer
occurs when ocean stratification also maximizes tleading to the highest impact of atmospheric
deposition to the marine ecosystems (Christodoutalal., 2013).Furthermore, PBAP contribution
maximizes in summer at regions with important bidgeemissions (Figure S8e-h), while dust
contribution maximizes in spring mainly over andmevind the major deserts in the tropical and mid-
latitudes of the northern hemisphere (Figure S8aftl)s is because the enhanced photochemistry
during NH spring and summer increases atmospheiitants and the atmospheric acidity due to,NO
and SQ oxidation. Note also that under equinox conditjoims particular in spring, Sahara dust
outbreaks are also favoured (Fig. S8b). Considetiagmost TP emissions occur in the NH (Fig. 2a),
DP secondary formation from IP and OP sources ianalated to maximize there (Fig. 2c,d), with
emissions from biomass burning and combustion tfrapogenic origin further contributing to the DP
deposition flux.

7.5 Phosphorus solubility

The present-day P solubility of deposited aerogbéyeafter SP = %DP/TP) is calculated to vary
spatially (Fig. 7a), with minima (as low as 10%)eowust source regions like the Sahara (where the
insoluble fraction of TP dominates aerosol contemtyi maxima (up to roughly 90%) over remote
oceans such as the equatorial Pacific, the southiaintic, the Indian and the Southern Ocednhsger
such remote oceanic regions, high solubility fiawsi are calculated due to low P-containing aerosol
mass concentrations, that occur via the long-rangesport of fine particles from distance source
regions, and the P which is associated with moeal agrosols and thus a greater fraction is présent
the soluble mode; either as DIP via mineral acitlitstisation processes or DOP via atmospheric
oxidation of P-containing organic aerosols and BAPs. Vet et al. (2014) in their review paper for
nutrients deposition, also mentioned that the Bhslity fractions of wet-only samples on coastatlan
inland sites have been measured to range from 8090%, reflecting thus the effects of combustion,
biomass burning, and phosphate fertilizers on ambghosphorus concentrations. Anderson et al.
(2010) reported that only 15-30 % of P in atmosjghaerosols at the Gulf of Agaba was water soluble
phases or relatively soluble to be bioavailableéht® ecosystems. In the Mediterranean the measured
median solubilities of the inorganic fraction ofifPaerosols (ratio of PO4 to total inorganic P)gan
between 20% and 45% in the East Mediterranean tiwéHowest values in dust influenced air masses
and the highest values in air masses from the Eamgontinent (Markaki et al., 2003; Herut et al.,
1999) and have been reported to be around 38%einAtbst Mediterranean (Markaki et al., 2010).
However, simultaneous observations of TP and DPRoslgpn fluxes are required to evaluate the
solubility fraction of P (both organic and inorgenbver remote oceans and thus to understand the
atmospheric fate of P. There are only a few aerdstd available in the literature for the marine
atmosphere (Graham and Duce, 1982; Baker et @d6&Baker et al., 2006b; Zamora et al., 2013)
that provide hints on the total P solubility. Theksa indicate P solubilities ranging overall betwe
0.01% and 94%, with the lowest values correspontbngdust influenced air masses and the highest to
seasalt influenced air masses. Over the northemisip@ere Atlantic ocean P solubilities in aged
Saharan dust aerosols have been measured to ramyedf0l to 37% during oceanographic cruises
(Baker et al., 2006a;Baker et al., 2006b). At Bddsisland median solubilities of P on dust of abou
19% and of seasalt aerosol of about 94% have bemorted (Zamora et al., 2013). In the southern
Atlantic atmosphere P-solubilities in aerosols pfta 67% (median 8% for dust aerosol and 17% for
southern Atlantic aerosol; Baker et al.,, 2006a) ahdp to 87% (median 32%; Baker et al., 2006b)
have been reported. These studies but one remmiuBility as the ratio of PO4o TP, thus neglecting
the organic fraction which has been measured tabweit 28-44% (Zamora et al., 2013). Although
these observations support high P solubilities gedaaerosols or aerosols impacted by non- dust
sources supporting the findings of our modellingdgt only the work by (Zamora et al., 2013) could
be compared to the here simulated total P solyliifitg. 7a). They indicate that the model simulated
total P solubility is at the upper edge of obserResblubilities.

The soluble P originating from each source as &ifma of TP from all sources is shown in Fig. S8 fo
all P source categories (within each model grigehieactions sum up to 100%). Note here that in our
SP fractions calculations we also include the doution of DOP from supercoarse PBAP. This



assumption is followed since the DOP from PBAP dssidered readily bioavailable, compared to
other super-coarse particles such as dust for whietbioavailability is characterized mainly frohet
initial dust’s solubility rather than atmosphericopessing due to the short atmospheric lifetime of
super-coarse particles. Indeed, super-coarse leart€ that size are basically emitted and deposite
the same model gridbox (Brahney et al. 2015), ardnat therefore expected to significantly impact
SP fractions over remote oceanic areas.

The low SP values over dust source regions arelynaitributed to the relatively low both weathering
of dust aerosols (10%) assumed in emission fluxelsmaineral P-dissolution rate (Fig. S9a). The low
water associated with dust aerosols near dust epuand the enhanced buffering capacity of dust
carbonate leading to excess of?’Caoncentrations (see Sect. 3.1 and Fig. 2c) thusecdow P
dissolution. The model calculates high SP values fo 50-60%) over regions such as the
Mediterranean basin, where the co-existence ofivels high dust concentrations and high amounts of
anthropogenic pollutants (e.g. Kanakidou et al.11)0tends to enhance significantly atmospheric
processing of mineral P (Nenes et al., 2011). Hight SP values are also calculated over the open
ocean of the NH, the Atlantic Ocean, the Pacifie@rcin the outflow of the America, downwind of the
Arabian Desert over the Indian Ocean and over th®ean continent. These results are attributed to
the mineral P-solubilisation under polluted acigimospheric conditions.

Anthropogenic combustion aerosols are calculatedotatribute significantly to SP (20-30%) over
highly populated regions of the world, mainly otlee NH as in the case of the eastern and the wester
coasts of the US, central and Northern Europe amdt®¥vn Asia (Fig. S9b). About 5-15% of the
calculated SP over the remote oceans is attriblatddng range transport, where aerosols have been
subjected to atmospheric ageing. Biomass burningsats are calculated to contribute regionally less
than 30% to SP, with their maximum contribution otree equatorial Atlantic and Indian Oceans due
to aerosol transport and the atmospheric ageimg €entral Africa and India (Fig. S9c). DP emissions
and atmospheric ageing associated with PBAPs fremredtrial sources including super-coarse P
containing bioaerosols (i.e. pollen in the presgatly) are calculated to significantly contribubeliP
deposition in the tropics; about 50% in the outflofvAmazonia and Central African and Indonesian
forests on annual mean basis (Fig. S9d). Seasorhitycontribution is even higher during summer,
for instance it reaches 60% in the Mediterraneah #0% in the outflow over the equatorial Pacific
Ocean (not shown). DP from sea-spray dominates all/¢éne remote Southern Ocean where no other
significant primary source of DP is present (Fi@e} while volcanic eruptions contribute to the SP
mainly over the equatorial and Northern Pacific @cé-ig. S9f).

8  Sensitivity of soluble phosphorus budget to air-pdlitants

Atmospheric acidity strongly depends anthropogenicSQ,, NO, and NH, emissionsand impacts on
dust solubility. It is thus expected to changedsponse to variability in the anthropogenic emrssiof

air pollutants (Weber et al., 2016). The responsatmospheric ageing of TP, which potentially
converts the insoluble TP fraction to DP, to aidlgant emission changes is here assessed by
comparing simulations performed using anthropogeanitt biomass burning past and future emissions
to the present-day simulation (see Sect. 2). Intiatddto dust dissolution changes, atmospheric OA
ageing is also affected by changes in oxidantddguesigaridis and Kanakidou, 2003; Tsigaridislet a
2006). Furthermore, primary anthropogenic and basrarning emissions of P also vary, as shown in
Table 1 and discussed in Sect. 2.1. In particHHRESENT TP anthropogenic emissions are estimated
to have increased by a factor of 5 since PAST aruktreduced back to almost the PAST levels in the
FUTURE. In the simulations discussed here, meteggoland natural emissions of dust, sea-salt,
PBAP and from volcanoes are kept constant; to tleésthe year 2008 (i.e. PRESENT simulation).
Although for this work we don’t account for any dggs in atmospheric dust emissions for PAST and
FUTURE simulations, several studies suggest that ohay vary strongly and perhaps be sensitive to
anthropogenic climate change and land use (Ginbak,e2012; Mahowald et al., 2010; Prospero and
Lamb, 2003) and thus could also be an importanediaéf changes in the atmospheric P cy€leerall

for this study, the computed changes for specias rkgulate the mineral-P acid solubilisation (e.g.



SO, NO;, NH,") are due to the respective combustion emissioferdifices between PAST,
PRESENT and FUTURE simulations.

For the PAST simulation, the anthropogenic emissi@g. NQ, NH, and SQ) are a factor of 5-10
lower than present day emissions (Lamarque e@ll3). Compared to the present day, the model
calculates significant changes in the aerosol-pkhe past simulation with less acidic pH near the
surface of the NH oceans, but a more acidic pH twelUS due to extensive coal combustion in 1850
(Myriokefalitakis et al., 2015)The FUTURE simulation projects globally a less acidécasol pH than
present day (Myriokefalitakis et al., 2015), owittglower NQ, and SQ emissions. Indeed, for the
future simulation, anthropogenic emissions (RCPf&fmost of the continental areas are projected to
be lower than the present-day and to almost retari850 levels due to air quality regulations
(Lamarque et al., 2013). However, as discussed yridlefalitakis et al. (2015) for the atmospheric
cycle of Fe, due to the fact that biomass burnimgssions are projected to increase in the futdme, t
system does not fully return to 1850 conditionsstRend future changes of the atmospheric acidity
have a significant effect on mineral-P dissolut{fig. S10c,d) and on the ageing of atmospheric OP
(Fig. S10e,f). For the PAST simulation the modelcalates about 40% lower acid mineral-P
dissolution (0.085 Tg-P ¥ compared to present-day (0.144 Tg-P)ywhile for the FUTURE, the
acid mineral-P solubilisation (0.100 Tg-P'yis projected almost 30% lower than nowadays @&l

8.1 Past and future changes in the phosphorus depositidlux

The global annual deposition fluxes of TP and DRcamputed by TM4-ECPL for the three main
simulations (PAST, PRESENT, FUTURE) are providedTable 4. For the PAST simulation, the
model calculates a global TP deposition flux (Ta)l¢hat is about 3% lower than the present-day:. flu
Significant increases in TP deposition fluxes sitie PAST have been calculated over Indonesia and
South-eastern Asia (Fig. 6¢), as a result of tiesgmt high anthropogenic emissions over ChinaoAs f
the FUTURE simulation, TP deposition is projectediécrease globally by 2.5% compared to present-
day (Table 4) with a maximum decrease (up to 408®)  emission control measures calculated for
Europe, the Eastern US and China.

On global scale, DP deposition fluxes are alsoutated to be lower by about 20% in the PAST and by
about 15% in the FUTURE simulations compared to RIRESENT one (Table 4). Although these
reductions are computed to be relatively low, reglaeductions can be stronger (up to 60%, Fig, 6d)
especially over highly populated regions (e.g. @hiBurope) and downwind of major dust sources
(e.g. India and Western US). Indeed, present-dayedRsion fluxes from anthropogenic combustion
(0.021 Tg-P yt) are calculated to decrease by about 80% on aalgkiale both for the PAST and
FUTURE simulations (Table 1). According to our cddtions, however, present-day DP biomass
burning emissions have increased by about 28% P&8T and are expected to further increase by
about 22% in the FUTURE. When accounting for bofd &nthropogenic combustion and biomass
burning emissions, an increase of about 3 timesormputed from the PAST to PRESENT but a
decrease to half is expected for the FUTURE, coutirig thus significantly to the DP atmospheric
deposition changes. Hence, DP deposition fluxepanected to decrease over the mid-latitudes ®f th
NH where human activities dominate (Fig. 6f), witie largest changes up to 60% over China due to
the expected air-quality measures, while smallangles are computed over India due to the expected
increase in its population. Note again that ourusitions neglect any change in dust and PBAPs
emissions that has occurred in the past or is egddo take place in the future. Therefore, thengba

in BP deposition fluxes shown in Table 4 are dri\nchanges in the anthropogenic and biomass
burning emissions and in the atmospheric oxidanéd enhance P dissolution during atmospheric
ageing.

8.2 Biogeochemical implications of changes in bioavaitde phosphorus deposition

The contribution of dust to the bioavailable P dgfion flux into the ocean maximizes in the outflow
from desert regions, mainly in the north hemisphespics and mid latitudes (Fig. S8a-d). However,
according to our simulations, DOP is an importaattion of bioavailable P, mainly over continental



regions. Table 4 also presents the sum of the OPtla@ insoluble PBAP deposition, reported as
bioavailable P (BP), which is considered to be ilgdunloavailable for marine ecosystems since it is
biological material. Figures S8e-h depict the seabovariability of the PBAPs deposition flux
computed by our model for the PRESENT simulatibis temarkable that our simulations suggest that
bioaerosols are a major contributor to the BP diéiposfluxes;on an annual basis, PBAPs contribute
about25% to the global BP deposition fluxes over theamse(about 33% on a global scale), but
regionally more than 509Fig. 7b) in the outflow of South America over thguatorial Pacific and in
the outflow of Central Africa over the Southern pieal Atlantic. This finding clearly shows that
biological material is a major atmospheric carnébioavailable P to the global ocean (Fig. 7b) and
implies a potentially important impact of terreskrisources on marine ecosysterhkte that as
mentioned in Sect. 2, PBAPs from insect fragments@ant debris are neglected in the present study;
thus their contribution to the bioavailable P defims mainly over land might be here underestimated
However, large uncertainties are associated wiith itinovative finding, since the estimates of the
global source of PBAPs vary by more than an ordenagnitude, their size distributions, their mass
density are uncertain and the P-content in thesesals is also highly variable, spanning 2 orddrs o
magnitude (e.g. Kanakidou et al. (2012) supplenmgnihaaterial and references therein). All these
parameters have to be studied by targeted expetsntienmprove knowledge of their contribution to
the atmospheric P cycl®ur results also indicate that primary anthromigemissions of DP, as well
as anthropogenically-driven atmospheric aciditgréased the DP supply to the global ocean since the
preindustrial period thus providing an importanteexal to the ocean source of nutrients for themear
ecosystemThey also show that the P solubilisation from daesbsol during atmospheric transport and
mixing with acidic pollutants is important for DRegbsition and deserves further kinetic studies to
improve parameterisation of the solubilisation kiceeof various P containing minerals as a functbn
acidity and temperatureThese results may be particularly important foosystems like the East
Mediterranean where phytoplankton growth is limibgdP availability.

It is also noteworthy that the bioavailable P dépms flux from bioaerosols maximizes in summer
(Fig. S8e-h) when ocean stratification is also #tingest, thus leading to the highest impact of
atmospheric deposition to the marine ecosystemsigiGHoulaki et al., 2013)This flux needs to be
taken into account to evaluate the atmospheric Bposition impact on marine ecosystems. The
computed atmospheric deposition of BP over the ajloisean of 0.17 Tg-P yr(Table 4) represents
about 15 % of the global riverine flux to the oced®.99 Tg-P yr (Meybeck, 1982). However, while
riverine inputs affect mainly the coastal regioaisnospheric deposition is a source of nutrientgHer
open sea (e.g. Okin et al., 2011).

9 Conclusions

In this study the global atmospheric cycle of Pasps has been simulated with the state-of-the-art
atmospheric chemistry transport global model TM4PEC The novel aspect of this study is the
simultaneous consideration of primary TP and DPssions accounting for both inorganic and organic
P and of the atmospheric processing oAEcounting for a DP (both inorganic and organidmary
source of 0.272 Tg-P Yrtogether with a PO4 acid-solubilisation flux of 8#41Tg-P yi* and a DOP
ageing flux of 0.033 Tg-P ¥r result overall in a present-day atmospheric DRi&u of 0.003 Tg-P
and a global DP annual deposition flux of 0.455PTge", of which 0.169 Tg-P yris deposited over
the oceans. P solubility in deposited aerosolsiisutated to vary spatially with minima over thestlu
sources (<10%) and maxima over the remote oceato(9p%).

Sensitivity simulations show that increases in soghgenic and biomass burning emissions since
preindustrial times resulted in both enhanced DBmgstion primary emissions and P-dissolution
occurring under a more acidic environment. Air-giyalegulations however, are projected to decrease
anthropogenic emissions, mitigate oxidant leveld Amit future atmospheric acidity. Focusing on
oceanic regions, atmospheric composition change twe last 150 years is calculated to have
increased the DP deposition to the ocean by about @.e. 0.132 Tg-P Vrin preindustrial times
against 0.169 Tg-P ymowadays). Projection based on future combustiissions, drives the model
to a 30% reduction in mineral P dissolution fluxi@ Tg-P yt in the future compared to 0.144 Tg-P



yr'tin the present day) and taking into account an 86@#iction of the anthropogenic DP emissions,
the model calculates an oceanic DP deposition diuR.142 Tg-P yt that is about 16% lower than
present-day. Our results further indicate a sigaiit contribution to the calculated DP deposition
fluxes of DIP up to 90%, over the Northern tropiédlantic, Pacific and Southern Oceans, as wel as
DOP contribution higher than 50% over the equat@daanic regions.

The contribution of PBAPs deposition to the totimdvailable P to the marine environment is found to
exceed 50% regionally, indicating the existencepofentially important interactions between the
terrestrial and the marine biospheres. Therefareresults provide new insights to the atmospheric
cycle by demonstrating that PBAPs are as impoxarrers of bioavailable P as dust aerosol, tha wa
up to now considered as the only large source oéXiernal to the open ocean.

Although the present global modelling study is loase the current understanding of the processés tha
drive the atmospheric cycle of P, comparison of eh@dsults to observations showed that the model
underestimates the data by at least 60%. Improvesnehus, require reduction in the large
uncertainties that still exist with regard to thénm@ary TP and DP emissions from anthropogenic and
natural sources and the adopted kinetic parameteraineral-P dissolution and organic aerosol-P
ageing and their response to the changes in atradsgtidity. Finally, in view of the importance Bf

as a nutrient for marine and terrestrial ecosystenisrms of carbon storage and nitrogen fixatibe,
calculated changes in P deposition due to projeeiedjuality changes, indicate the necessity to
account for feedbacks between atmospheric chemdinyate and biogeochemical cycles.
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Table 1. Emissions of TP and DP (in Tg-P yh taken into account in the TM4-ECPL model for PAST,
PRESENT and FUTURE simulations. In parenthesis the avege values of TP and DP emissions for the
years 2000-2010 are also provided.

TM4- Biomass Anthropogenic .
ECPL Burning Combustion Volcanoes PBAP Sea Spay Soils Total
PAST 0.014 0.008 1.289
0.018 0.043 0.006 0.156 0.008 1.097 1.328
TP 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

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

K(T) Anin
Mineral* pH m Keg
(molm?s™) (m*g?)
<5.5 5.75x10 exp[4.1x10%(1/298-1/T)] © 0.81° 107 *© 102"
(FAP) “(FAP)
FAP 55-6.5 6.91x10 exp[4.1x10%(1/298-1/T)] © 0.67°

805 ©  10%Y
6.5 6.53x10 "exp[4.1x10°(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)

Table 3. Secondary DP sources (in Tg-P V¥J due to OP ageing contained in biomass burning,
anthropogenic combustion, sea-spray and dust as wels due to dust (apatite) dissolution via the acid
solubilisation mechanism, as calculated by the TM4-ERL model for PAST, PRESENT and FUTURE
simulations.

. Dust Ageing
. . Anthropogenic
TM4-ECPL Blorpass Burning Combustion PBA'P Sea‘ Spay
10 Ageing Agei Ageing Ageing OP Agei Apatite
geing geing Dissolution
PAST 0.002 0.001 0.016 0.0001 0.007 0.085
DP 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 T/)P and BP (in Tg-P yrY), as calculated by the TM4-
ECPL model for PAST, PRESENT and FUTURE simulations.

Deposition TM4-ECPL Global Ocean

TP 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
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Figure 1. Simplified illustration of the atmospheric P-cycle showing the various sources of particulat
inorganic and organic P (IPP, OPP) and their solutd forms (DIP and DOP), the transformation of PP tdP

during atmospheric transport and the deposition ofP to the land and to the ocean. Emissions fractions
among atmospheric P forms are those used as input the TM4-ECPL model.
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Figure 2. Annual averaged column distributions (in ng-P nif sY) of the a) TP emissions, b) DP emissions, c)
DIP flux from apatite dissolution and d) DOP produdion due to OP atmospheric ageing, as calculated by
the TM4-ECPL model for the present atmosphere (year ZUB).
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Figure 3. DIP annual fluxes (in ng-P rf s*) from apatite dissolution a) in aerosol water andb) in cloud
droplets, as calculated by the TM4-ECPL model for thearesent atmosphere (year 2008).
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Figure S1. Annual averaged distributions of TP emissions (in ng-P m? s'l) from a) mineral dust, b)
anthropogenic combustion (fossil fuel and biofuel combustion), c) biomass burning, d) PBAP, e) sea-
spray and f) volcanic eruptions, taken into account by the TM4-ECPL model for the present

atmosphere (year 2008).
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Figure S2. Annual averaged distributions of DP emissions (in ng-P m™s™) from a) mineral dust, b)
anthropogenic combustion (fossil fuel and biofuel combustion), c) biomass burning, d) PBAP, e) sea-
spray and f) volcanic eruptions, taken into account by the TM4-ECPL model for the present
atmosphere (year 2008).
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Figure S3. DIP annual fluxes (in ng-P m~s™) from FAP (a,c) and HAP (b,d) dissolution, in aerosol water
(a,b) and in cloud droplets (c,d), as calculated by the TM4-ECPL model for the present atmosphere

(year 2008).

a) Aerosol FAP Dissolution, Annual,
PRESENT [0.054 Tg-P/yr]

90°N

BO°N|-

30°N

30°s

60°S

oc H i i
90 o Taow  Bow 0°

180°
I 7 =
le-06 le-05 le-04 1e-03 1le-0 le-01 le+00
ng/m2/s
c) Cloud FAP Dissolution, Annual,
PRESENT [0.013 Tg-P/yr]
120°W  60°W 60°E  120°E  180°
[ ; M
le-06 le-05 le-04 1e-03 le-02 le-01 1e+00
ng/m2/s

b) Aerosol HAP Dissolution, Annual,

s PRESENT [0.056 Tg-P/yr]

60°N[= %

30°N

30°s

60°5}--

90°s

120°W 60°W 0° 60°E

180° 120°E 180°
E !
le-06 le-05 le-04 le-03 le-02 le-01 le+00
ng/m2/s
d) Cloud HAP Dissolution, Annual,
—" PRESENT [0.021 Tg-P/yr]

60w 60°E  120°E  180°

s L
le-03 le-02

ng/mz2/s

]
le-06 le-05 le-04

le-01

le+00



Figure S4. Log-scatter plot between model simulations (y-axis) and observations (x-axis) of a-f) PO,>
and g-h) TP aerosol concentrations (in pg-P m™) from cruise (a-d) and station (e-h) measurements,
used in Fig. 4. Red circles represent the BASE simulation, green stars the simulation when using
instead the Wang et al. (2014) anthropogenic and natural combustion P emissions (With W14 Comb.
Emis), blue crosses the simulation when neglecting the P mobilization mechanism from mineral dust
(Without P-mob.) and purple dots the simulation when neglecting soluble P-dust emissions (Without
Dust-DP Emis.). The continuous black line shows the 1:1 correlation and the dashed black lines show
the 10:1 and 1:10 relationships, respectively.
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Figure S5. As for Fig. S4 but for PO,” and TP dry (a,b) and (c,d) wet deposition fluxes (in mg-P m” day’
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Figure S6. Annual variation of PO43’ daily aerosol concentrations (a,c,e,g,i; in ug-P m’3) and monthly
PO43’and TP dry/wet deposition fluxes (b,d,f,h,j; in mg-P m” day’l). Observations are represented with
black x (the standard deviation with grey vertical lines). Red line represents the BASE simulation,
green line the simulation when using instead the Wang et al. (2014) anthropogenic and natural
combustion P emissions (With W14 Comb. Emis), blue line the simulation when neglecting the P
mobilization mechanism from mineral dust (Without P-mob.) and purple line the simulation when
neglecting DP-dust emissions (Without Dust-DP Emis.).
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Figure S7. Calculated seasonal DP deposition fluxes (in ng-P m” s™) for a) December, January and
February (DJF); b) March, April and May (MAM); c) June, July and August (JJA) and d) September,
October and November (SON), for the present atmosphere (year 2008). Within brackets the amounts
of DP deposition over the globe (in parentheses only over ocean) are also provided.
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Figure S8. Calculated seasonal DP deposition fluxes (in ng-P m” s™) of dust (a-d) and PBAP (e-h), for
a,e) December, January and February (DJF); b,f) March, April and May (MAM); c,g) June, July and
August (JJA) and d,h) September, October and November (SON), for the present atmosphere (year

2008). Within brackets the amounts of DP deposition over the globe (in parentheses only over ocean)

are also provided.
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Figure S9. Annual mean percentage solubility in deposited P-containing aerosols (SP = %DP/TP) due to
a) mineral dust, b) anthropogenic combustion (fossil fuel and biofuel combustion), c) biomass
burning, d) PBAP, e) sea-spray and f) volcanic eruptions, as calculated by the TM4-ECPL model for the

present atmosphere (year 2008).
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Figure S10. Calculated PRESENT percentage differences of DP sources from a,b) emissions, c,d) apatite
dissolution and e,f) OP ageing, compared to PAST (a,c,e) and FUTURE (b,d,f) simulations.

a)

<)

e)

DP Emissions, Annual
%(PAST-PRESENT)/PRESENT

90°N -
GO°N[- e Im ._:. - -
S
30°N - @
- % vL e
0 ) B - o A
T :
30°5 f[ = E-\“, 5
60°S - ;
____,___-——_-—-—-“"].._,,"‘_"" = =]
oc
OThge  120°W  60°W 0° 60°E 120°E 180°

-100 -80 -60 -40 -20 0 20 40 60 80 100

Apatite Dissolution, Annual
%(PAST-PRESENT)/PRESENT

OP Ageing, Annual
o %(PAST-PRESENT)/PRESENT

60°N T T e L :

30° N b ) : i

Oc‘.. - %\ o .'
30“5.} E \f‘;?” @'— e

. A T O B
ao“s__ﬁ__ + R
oc
OTeoe  120°Ww 60w 0 60°E  120°E  180°

-100 -80 -60 -40 -20 0 20 40 60 80 100
%

b)

d)

DP Emissions, Annual
%(FUTURE-PRESENT)/PRESENT

-

90°N

BO°N et R o, ¥ el

30°N

i i
30°s 74

60°5

o)
0o 10w 60w 0° 60°E  120°E  180°
[

-100 -80 -60 -4 -20 20 40 60 80 100

0

%
Apatite Dissolution, Annual

%(FUTURE-PRESENT)/PRESENT

1 — - |
B60°W 0° 60°E 120°E 180°

OP Ageing, Annual
%(FUTURE-PRESENT}/PRESENT

| T =
°g
0 180° 120°w 60°W 0° 60°E 120°E 180°

-100 -80 60 -40 -20 20 40 60 80 100

L0



Table S1. List of the observations of P-containing atmospheric aerosol concentration

. End End
. Specie . . . Start .
Region Obs. Size Start Latitude Latitud s Longitud Date Reference
s Longitude
e e

Atlantic Cruis oP Bulk 263 21 23 224 5/10/2000 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 21.2 16.1 -20.7 -19.8 10/10/2000 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 15.9 10.6 19.7 18.6 11/10/2000 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean o DP Bulk 10.4 6 18.6 15.3 12/10/2000 (2015)

Atlantic Cruis P Bulk 5.7 16 1541 17 13/10/2000 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean . DP Bulk 14 2.8 11.6 8.2 14/10/2000 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 3.1 6.7 8 5.1 15/10/2000 (2015)

Atlantic Cruis oP Bulk 6.9 114 49 13 16/10/2000 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk -11.5 -15.6 -1.2 2.2 17/10/2000 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean . DP Bulk 15.8 19.6 2.3 5.5 18/10/2000 (2015)

Atlantic Cruis oP Bulk 278 27.92 2262 2351 1/5/2004 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 27.81 27.81 -23.34 -23.34 2/5/2004 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean o DP Bulk 27.83 27.79 21.46 23.37 3/5/2004 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean o DP Bulk 27.79 27.79 23.37 23.31 4/5/2004 (2015)

Atlantic Cruis oP Bulk 2761 27.65 2323 2323 8/5/2004 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean . DP Bulk 27.67 28.09 23.12 19.8 10/5/2004 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean . DP Bulk 28.09 27.62 19.78 23.1 13/5/2004 (2015)

Atlantic Cruis oP Bulk 27.62 27.55 23.08 2247 15/5/2004 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 211 20 -17.9 -18 23/3/2005 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean . DP Bulk 20 19.8 18 17.5 23/3/2005 (2015)

Atlantic Cruis oP Bulk 10.8 193 175 168 24/3/2005 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 19 19 -16.6 -18 26/3/2005 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 17 17 18 17 28/3/2005 (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 17 17.5 17 17 29/3/2005 (2015)

Atlantic Cruis oP Bulk 17.59 18 17 172 30/3/2005 Baker et al. (2010); Powell et al.
Ocean e (2015)

Atlantic Cruis Baker et al. (2010); Powell et al.
Ocean e DP Bulk 18 18.5 17.2 16.5 31/3/2005 (2015)

DP Bulk 18.5 19 -16.5 -17.5 1/4/2005

Atlantic Cruis Baker et al. (2010); Powell et al.
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Table S2. List of the observations of P-containing deposition fluxes

Observation  Species Location Latitude Longitude Start Date End Date Reference
Dry Deposition DP LAND 25.15 121.767 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP LAND 39 -120 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP LAND 36.3 34.5 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP LAND 35.2 25.8 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP LAND 20 -156 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP LAND 32.8 35 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 335 329 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.617 32.517 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.333 32.283 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.4 323 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.283 32.333 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.247 32.417 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.25 32.267 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.267 32.25 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.325 32.35 1/7/2001 - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 36.75 27.7 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 37.995 5.992 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 38.753 10.618 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 37.568 11.533 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 35.234 21.475 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 34.667 24.334 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 34.614 25.629 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 34.987 26.54 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.866 30.504 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 34.003 34.201 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.497 33.013 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.496 31.843 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 33.1 23.008 - - Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 27.8 -75.5 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 28.4 -66.9 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 29.5 -51.3 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 29.9 -48.2 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 29.6 -46.5 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 21.5 -45 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 16.8 -45 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 13.2 -45 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 10.2 -45.2 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 10.2 -46.5 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
Dry Deposition DP SHIP 10.5 -47.8 7/1/2001 18/2/2001 Vet et al. (2014) (see Fig.8.6 and ref. therein)
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Wet Deposition DP Africa Seronera (Serengeti NP) -2.333 34.917 1/8/1999 1/7/2000 Vet et al. (2014) (see Fig.8.2 and ref. therein)

Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/5/2001 31/5/2001 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/10/2001 31/10/2001 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/11/2001 30/11/2001 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/12/2001 31/12/2001 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/1/2002 31/1/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/2/2002 28/2/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/3/2002 31/3/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/4/2002 30/4/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/5/2002 31/5/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/7/2002 31/7/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/8/2002 31/8/2002 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/9/2002 30/9/2002 Markaki et al. (2010)
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Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/5/2005 31/5/2005 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/10/2005 31/10/2005 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/11/2005 30/11/2005 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/12/2005 31/12/2005 Markaki et al. (2010)
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Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/12/2006 31/12/2006 Markaki et al. (2010)
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Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/2/2007 28/2/2007 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/3/2007 31/3/2007 Markaki et al. (2010)
Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/4/2007 30/4/2007 Markaki et al. (2010)

Wet Deposition DP Finokalia Station Greece 35.2 25.4 1/5/2007 31/5/2007 Markaki et al. (2010)




Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

25.4

25.4

254

254

25.4

25.4

25.4

254

254

254

25.4

25.4

254

254

254

25.4

25.4

25.4

254

254

25.4

25.4

25.4

254

254

254

25.4

25.4

25.4

254

254

25.4

25.4

25.4

254

254

254

25.4

25.4

254

254

1/10/2007

1/11/2007

1/12/2007

1/1/2008

1/2/2008

1/4/2008

1/9/2008

1/11/2008

1/12/2008

1/1/2009

1/2/2009

1/3/2009

1/4/2009

1/11/2009

1/12/2009

1/2/2010

1/10/2010

1/12/2010

1/1/2011

1/2/2011

1/3/2011

1/4/2011

1/5/2011

1/12/2011

1/2/2012

1/3/2012

1/4/2012

1/5/2012

1/10/2012

1/11/2012

1/12/2012

1/1/2013

1/2/2013

1/3/2013

1/4/2013

1/5/2013

1/6/2013

1/10/2013

1/11/2013

1/12/2013

1/1/2014

31/10/2007

30/11/2007

31/12/2007

31/1/2008

29/2/2008

30/4/2008

30/9/2008

30/11/2008

31/12/2008

31/1/2009

28/2/2009

31/3/2009

30/4/2009

30/11/2009

31/12/2009

28/2/2010

31/10/2010

31/12/2010

31/1/2011

28/2/2011

31/3/2011

30/4/2011

31/5/2011

31/12/2011

29/2/2012

31/3/2012

30/4/2012

31/5/2012

31/10/2012

30/11/2012

31/12/2012

31/1/2013

28/2/2013

31/3/2013

30/4/2013

31/5/2013

30/6/2013

31/10/2013

30/11/2013

31/12/2013

31/1/2014

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)




Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

Wet Deposition

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

DP

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

Finokalia Station Greece

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

35.2

25.4

25.4

254

254

25.4

25.4

25.4

254

254

254

25.4

25.4

254

254

254

1/2/2014

1/3/2014

1/4/2014

1/5/2014

1/9/2014

1/10/2014

1/11/2014

1/12/2014

1/1/2015

1/2/2015

1/3/2015

1/4/2015

1/5/2015

1/6/2015

1/7/2015

28/2/2014

31/3/2014

30/4/2014

31/5/2014

30/9/2014

31/10/2014

30/11/2014

31/12/2014

31/1/2015

28/2/2015

31/3/2015

30/4/2015

31/5/2015

30/6/2015

31/7/2015

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)

Markaki et al. (2010)




