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Deposition provides nutrients needed for ecosystems growth.

N deposition Could
be responsible of

About 1/3 of external
flux of N to the ocean

About 3% of annual
new marine primary
production

R TP p— Large Uncertainty

Duce et al., Science, 2009, Impacts of atmospheric
Anthropogenic Nitrogen Deposition in the Open Ocean
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temperature, precipitation
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wind speed
dust entrainment efficiency
precipitation
dust transport efficiency

aeolian iron supply
to the open ocean

organic
matter CcOMpOSItidR fixation
‘ballasting’ CaCO, production &
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ocean CO, sequestration
radiative forcing

cloud cover, sea-ice, SSTs, \
Qiﬂation/

marine
productivity
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radiative forcing

halocarbon, alkylnitrate, & DMS
emissions to atmosphere

radiative forcing and production of
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Global Iron Connections Between Desert Dust,
Ocean Biogeochemistry, and Climate

T. D. Jickells, et al.

Science 308, 67 (2005);

DOI: 10.1126/science. 1105959

relief of Fe limitation,
stimulation of N,




Fraction of phytoplankton seen by satellites that could be
sustained by atmospheric deposition of N & Fe and P

A) Logl(CFix supported by N & Fe deposition)/NPP] B) Log[{CFix supported by P deposmon)/NPP]
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DKIN ET AL:: ATMOSPHERIC DEPOSITION TO OCEANS GBC; 2011
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Aerosols contain ON and metals
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Figure 3| Rep resentative chemical composition of biological and dust particles. Fositive- and negative-ion mass spectra of representative individual

biclogical (a) and mineral-dust (b) CVI ice residual particles. Wyoming, US

CVI ice reSIduaI partlcles Pratt et al., 2009 7 MAY 2009 | DOI:10.1038/NGEO521
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Aerosols & biogeochemical cycles ¥4
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Large uncertainties exist in the amounts and ‘quality’ of
atmospheric deposition

Estimate:

 The atmospheric global deposition of nutrients: N, Fe and P
(inorganic + organic)

* How the deposition of dissolved N, Fe and P has been and will
be affected by humans
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» Oxidants/gases/aerosols/multiphase chemistry

VOC /NOx/oxidants / oxalate & all major aerosol components including POA/SOA, coupled
with ISORROPIA Il (Myriokefalitakis et al., ACP, 2008, Advances in Meteorology 2010, ACP,
2011; Tsigaridis et al., ACP, 2003; 2005; 2006; Daskalakis et al ACP, 2015; 2016)

» Nitrogen and Organic P deposition
(Kanakidou et al., GBC 2012
Kanakidou et al., JAS 2016)

» Fe & P atmospheric cycles
(Myriokefalitakis et al Biogeosc 2015; 2016)

» AEROCOM OA intercomparison
(Tsigaridis et al., ACP, 2014)

Methodology

» Interannual emissions - ACCMIP anthropogenic emissions
MEGAN MACC biogenic, ACCMIP anthropogenic, ACCMIP fire emissions,
(Daskalakis et al., ACP, 2015)

» Interactive dust, sea-salt, marine POA, bioaerosol emissions

» Meteorology ERA-Interim




Link ON & OP to OC atmospheric cycle

990 Tg-C/yf gases
118 Tg-C/yr particles

transformation

N, P in the global atmosphere

secondary OC, ON

transformation

OC, ON OP

primary OC, ON, OP VOCs| | NOx| | NH,

bioaerosols
NH, >0 p
30 817 g
p
2.3
72 g P
SNV NNN

deposition

67 p 80 p

K kid tal., GBC, 2012, doi 10.10.1029/2011GB004277
anakidou et a oi )/ @) GESIE\J!IB_
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How: using qa“s‘.@ '
OC global
budget and
observed
N/C ratios

10 p

secondary OC, ON

/N

tranformation

primary OC, ON

VOCs

54p
08g

bioaerosols || NOx
ON NHx
p :‘

Organic Nitrogen global budget Tg-N/yr

?NCMM)Z@ = b f”’_’,sport‘

OC, ON
28.1p
96g \ ~40%
‘anthropogenic
12.8 p/ deposition
(9.2 soluble)
" 15.3p
(12.8 soluble)
3.1g |

Kanakidou, et al. Global Biogeochemical Cycles, 2011GB004277, 2012
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Annual mean deposition

iy Atmospheric N deposition 0%

Globe (ocean)

Tg-N/yr

40(20)

53(20)

29(13)

ON source :

* increases by 20% TN deposition
is by 40% anthropogenic

is by 40% from bioaerosol

ON deposition is 20-25% of TN
deposition

combustion

Primary biological particles
Biomass burning

Marine source

Kanakidou et al., J. Aerosol Science,
D150278, 2016

PANGPLY
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Atmospheric N deposition-
agreement within the order of
magnitude
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1. Aerosol data 3
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data compilation ~3000 samples

cruises & island stations i
Baker et al. ACP, 17, 8189, 2017 é_‘
<
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GESAMP 2

y Joint Group of Experts on the
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- Environmental
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Pollution Alters Natural aerosol composition: implications for Ocean Productivity, cLimate and air qualitY

Kanakidou et al., JAS-150278, 2016
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PO43-

, Dust Fe P \2 Fe(ll)(OXL), 22"
b, "y OxL Fe(I11)(OXL), 32"

" water
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HOCH,CHO )
(glyocolaldehyde)

CHOCHO
(glyoxal)

CH;COCHO

(methylglyoxal)

CHOCHO

OH),CHCOOH
(glyoxylic acid-hydrated

Kinetics from

Lim et al., ACP, 2010

Ervens & Volkamer, ACP, 2010
Noziere et al., 2009

(COOH),

(oxalic acid)

Myriokefalitakis et al., ACP, 2011

global distribution — first retrievals (IlUP) and TM4 modeling

SCIAMACHY, VCcHo.cHO, Annual mean 2005
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2y Oxalate in the global troposphere § ¢«

HOCH,CHO )
(glyocolaldehyde)
CHOCHO
(glyoxal) -
Kinetics from
CH;COCHO Lim et al., ACP, 2010
(methylglyoxal) | Ervens & Volkamer, ACP, 2010

Noziere et al., 2009

(oxalic acid)

OXL, Surface, Annual Mean
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Modeling the Fe-Cycle in TM4-ECPL

Fe: total Fe ; DFe: dissolved Fe - Tg Fe yr-l
\ , : SOx / NOx
M H,S0,/HNO,/OXL Atmospheric Processing
= Q{\b hy = Proton- & nganfj —Rromoted
=7, _— Dissolution in
Atmospheric Water
0.18 DFe
Biomass Burning O Q
1.20 Fe
Fe-Minerals 0.13 DFe Anthropogenic Ships
35.05 Fe 0.77 Fe 0.02 Fe
0.13 DFe SR 0.01-DFe
Dust - 7 ‘

&

Dust from AEROCOM; mineralogy Nickovic et al. 2013; Myriokefalitakis et al

Anthropogenic emissions derived from ACCMIP based on Liu et al., 2008 (coal); Ito
s et al., 2008; 2013 (combustion, shipping); Ito & Xu, 2014
Fe dissolution considering 3 pool of minerals : Shi et al., 2012
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Dissolved Fe deposition

DFe Deposition, Annual
PRESENT [0.496 Tg/yr (0.191 Tg/yr) ]

]

/
\

0
h]
-

. — T Dfe atmospheric concentrations
- ; ) 107, DFe - Atlantic and Indian Ocean ~
2 A
ga 1025 .’:".." .;’: 3
5§ . TN A
& 101 4;.’:{\... R
.............................................................. E% :e‘; - '% :.‘ '.;/
& ol 2 0 S 5
w 10" ¢ . O g g Pree o
............. mi " Wi R
q— 10-1‘5’ N ’:’:
= )
; e L T S T T T
900 : E g E bOBSERVATIONSt(n.g-Fe/mB)
$80°  120°W  60°W __ 0° 60°E  120°E  180° observations

. B MVyriokefalitakis et al Biogeosciences

0.001 0.010 0.050 0.100 0.500 1.000 10.000 2015
ng-Fe/mz2/s
a) + Proton Fe Dissolution, &nnual, Dissolution flux XI. Ligand Fe Dissclution, Anrual,
. H PRESENT (0,137 Talyr] . o) PRESENT [0,038 Tglyr]

20%

80%

120w GO o= S0°E 120°E 180# 1205w GO o« S0°E 120°E 180®

T T T T T T
la-0% 0,045 0,001 0,01 0,05 .1 1 i la-bb 0,040% 0001 0,01 0,05 0.1 1 in
ng=Feim2is ng=Fe/mais




Atmospheric Phosphorus cycle

Transformation

transport

Acidity driven
ageing

IPP, OPP - DP |
Ttransformation

0.195TP 0.018 TP 0.043 TP

IPP, OPP, DP

0.007 TP 1.097 TP Bioaerosols Biomass
OPP, burning &
Sea-salt Dust 50%DP Anthropogenic deposition
IPP, OPP, IPP, OPP, IPP, OPP,
100%DP 10%DP & 50%DP

24

IPP: Inorganic P insol. ; OPP: Organic P insol.; DP: Dissolved (IP+OP)

TP: total P in Tg-P/yr Myriokefalitakis et al. Biogeoscience, 2016
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Pollution Alters Natural aerosol composition: implications for Ocean Productivity, cLimate and air quality

Mackenzie, 2003; van Cappellen and Berner (1991).

Fluoroapatite and hydroxyapatatite
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Based on: Nickovic et al., 2012; Zamora et al. 2013; Mahowald et al., 2008; Burrows et al., 2009;
Hummel et al., 2015; Hoose et al., 2010 LEVITUS94 World Ocean Atlas ; solubility Guidry and
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Changes in the importance of multiphase chemical
pathways of Fe Dissolution

ligand driven Fe
\dissolution

Present

?
1 \
H* driven Fe
1850 /et N, 2100

Myriokefalitakis et al Biogeosciences 2015
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NOy Deposition, Annual
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Kanakidou et al., JAS 2016
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(~50% over HNLC) is expected to decrease (~30%) due to air pollution regulations

DFe Deposition over Oceans, Annual
a0, PRESENT [0.191 Tg/yr (0.03300 Ta/yr) ]
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To evaluate the impact of Fe atmospheric deposition
an ocean circulation model is needed

dust Fe

Eq surface ¢ 50N

Increased —» N, P depletion
prodictivity-—- = Decreased

Region of polluted dust deposition
Region of pollution-related falling subsurface dissolved oxygen

~ p
Acceleration of oxygen decline in the tropical
Pacific over the past decades by aerosol pollutants

T. Ito™, A. Nenes'?34, M. S. Johnson®, N. Meskhidze® and C. Deutsch’



S gimportance of atmospheric deposition compared— 3+

to our N sources external to the ocean

Table 3. Nitrogen Inputs to the Total Oceans Including the Continental Shelf and to the Open Ocean Beyond the
Shelf Break®

Source Total Ocean Flux (Tg Nyr_1] Flux to the Open Ocean [TgNyr_1]
Atmospheric 39 =30

Fluvial DIN 23, DON 11 DIN 17, Don =0to <11

N fixation 164 164

F|L-1Via| from Sharples et al., GBC, 2016]; N fixation by PlankTOM10 model Jickells et al ., GBC, 2017

The calculations here suggest that the impacts of atmospheric deposition on ocean biogeochemistry can
result in a net increase in primary production and CO,, uptake of 0.15 Pg C yr—'. However, the resulting reduc-

tion in radiative forcing will be offset slightly by increases in N,O emissions from some regions of the oceans
[Suntharalingam et al,, 2012].

The analysis and model calculations presented here highlight that this conclusion is very sensitive to four
feedbacks which we identify—recycling of ammonia and organic nitrogen from seawater to the atmosphere,
inhibition of nitrogen fixation by atmospheric nitrogen deposition, and the denitrification sink for nitrogen.

Jickells et al ., GBC, 2017
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Observed N:P ratio in atmospheric RS
deposition over lakes e
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Is atmospheric phosphorus pollution altering
global alpine Lake stoichiometry? GBC, 2016 10.1002/2015G8005157

Janice Brahne_v", Natalie Mahowald?, Daniel S. Ward?, Ashley P. Ballantynei, and Jason C. Neff*
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Linking AOD with Chl-a

2
. Case study of dust link to
| ** chlorophyll concentration in
the Mediterranean basin on
| April 13,2008 (day 104).

m
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1L ” (a) AOD550nm values for April
_ I 13, 2008 (day 104)

0

(b) Chl-a concentration
anomalies in percentage
values (with respect to
2003-2014 mean) three
days after the dust
episode, i.e. on April 16,
2008 (day 107).
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(a) Average spatial distribution of AOD550nm for dust episodes (day-0) over the Mediterranean during 2003-2014,
(b) as in (a) but for Chlorophyll and for three days after the episode (day-3),

(c) correlation coefficients between AOD550nm for day-0 and Chlorophyll-anomalies for day-3 based on concurrent
observations (common days with available data) for both cases (d) number of pairs per grid used for the correlation.
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Take home messages _&}%

Multlphase chemistry is important for atmospheric oxidants and nutrients e
deposition

The acidity of the media is critical for accurate predictions of atmospheric
deposition

Atmospheric deposition of soluble nutrients to the ocean could have increased
due to human activities and projections are sensitive to emission controls and
changes in atmospheric acidity.

Important quantities of nutrients are in organic form and in aerosols = to be
considered to understand ecosystem functioning. Bioaerosols are important
contributors to ON and OP budget

Impact of aerosol deposition to the marine productivity can be seen by
satellites

Large uncertainties remain @ in heterogeneous reactions rates
parameterisations with globally applicability @ the N content of SOA and the
properties of these particles. This affects the O,/NO,/NH; chemistry in the
atmosphere @ nutrient dissolution kinetics @ nutrient chemical forms @

sources @ impact to the ecosystems Pe rs pectives
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