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Surface concentrations of NO; are ~uM, NH,* are “\nM

Biological N, Fixation 60-
150 Tg N/yr

Atmospheric Deposition 38-

96 Tg N/yr

Duce et al., Science, 2008




Recycled nutrients

b

Exported organic matter

Denltrificatlon and anammox

Burial

Duce et al., 2008

N is a limiting nutrient in the ocean

Stimulate oceanic productivity (f\CO,
uptake, AAPOC export)

Alter surface water alkalinity, pH and
inorganic C storage

Change phytoplankton community
composition (++ w/ concomitant nuts
deposition




= Globally, modern atmospheric input of N accounts for 5.1% o
biogenic export from the euphotic zone (up to 7-9% if ON is
bioavailable) (Krishnamurthy et al. 2010)

= Regionally, “extra” N input can influence export production by
>25% (Krishnamurthy et al. 2010)
~19% in North Atlantic SG (not including ON) (zamora et al., 2010)
4-10% in East China Sea/East Sea (Kim et al., 2011)

= N accumulation observed in NASG thermocline — est. 19% of annual
excess N from N dep (zamora et al., 2010)
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Asia) show clear impacts
of high rates of N dep
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the open ocean

Organic N (ON) is
typically not included,
not bioavailable, or
assumed to be a
constant (~30%) of total
N deposition

N* increase rate (mmol N m~2 yr '1)
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sources o 4
(WSON=water- squbIe org N) 5

Most studies combine transport
modeling (origin of air masses)
and difference in isotopes to
assess most likely sources
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" Quantify composition of
atmospheric nitrogen
deposition to the ocean
(incl. NO57, NH,*, WSON)

" |nvestigate sources
(anthropogenic vs natural)
of atmospheric N deposition

N deposition
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Isotopes of NO,™(0*°N, 880, AY7O)*

Denitrifier method
S15N NH,*
Hypobromite/azide method

*515N = [ (15N/14N)sample
(15N/14N)air-N2

6180 — [ (180/160)sample

(180/160)VSM0W

AY0 =06Y0 - 0.5 x 6180

-1] X 1000%o

1] X 1000%o

Box model of NH;/NH,* in seawater and NH;,, and NH,* ) in atmosphere

Organic N chemical composition




Marine > 36-hour back trajectories
o Duration of rain event
100, 2000, 5000 m asl

Continental
[SO,21 >> [SO,*]
[NO; ] > [NO;]
[NH,*] = [NH,*]
[Org N] ? [OrgN]

Bermuda

Marine AMBT
Occur all year
. .’ though more
= - frequent in April

DataSI0; NOAATULS. Navy, NGA, GEBCO

Image U.S: Geological Survey h to Se pt GOO({le earth

Image ©:2012 TerraMetrics
© 2012Cnes/Spot Image /i’
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Based upon the concentration and isotopes of NH,*, and a box model, the
best explanation for the observations is a marine source of NH; all year round

The composition of water soluble organic N (WSON) in rainwater and aerosol
is very different. WSON represents >700 compounds in each sample and

should be largely bioavailable.

WSON in rainwater is a combination of anthropogenic emissions and marine
sources+chemistry. WSON in aerosols are likely derived only from the marine

system.




NH,* (rain): A marine source of NH, all year round

WSON (rain): Bioavailable, combination of anthropogenic emissions

and marine sources+chemistry

WSON (aerosols): Bioavailable, sourced from the marine system.




Nitric Acid/Nitrate
Sources of Deposition

Nitrogen oxides
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to March)
o High nitrate concentrations

o Low O™N reflects
anthropogenic sources and
the influence of anthro NO, +
marine halogen chemistry

o High 080 reflects greater
influence of ozone-related
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oHigher 0™°N likely reflects
influence of lightning NO, (6"°N =
0) and PAN sourced NO, (?)

oLower 080 reflects different
atmospheric chemistry (OH-
related production dilutes high
ozone signal)

= NO, dep. contributes a low-3*°N
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= Few ground based observations
and fewer atmospheric
measurements

= First satellite estimates
IN 2009  Clarisse et al., 2009

Ocean

Biomass

g = Today, ocean is

Agricultural

crops  Fertilizer considered a net sink
for NH,, pre-industrial




= Concentrations not statistically
different
o VWA Marine AMBT =6.0%£4.2 uM

o VWA Continental AMBT =5.9+3.2
uM

Rain 8" N-NH * (%0 vs. N, in air)

-1

a) Bermuda Rain 5"°*N-NH,” Observations




1) a continental/anthropogenic source overwhelms the
regional budget all year-round

2) the source signal of marine and continental ammonium
have the same isotopic signature (or the source signal plus
isotopic fractionation during transport)

3) alocal marine source dominating the NH,*in Bermuda
rainwater
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3) alocal marine source dominating the NH,*in Bermuda
rainwater




Modeling 0°N-NH,*
to investigate isotopic composition of ammonia
gas and particles in the marine atmosphere

Initial Conditions:
[NH; gas] = 0 nmol m3 Kpack

| <€ +
[NH,* part] =0 nmol m3 ;
NH3(gas) w 4 (particles)
A oL =0.9670
KH = f(T, S, u, NH,) Dry Dep
kg = f(T, u, “*NH; °NH,) Wet Dep o =0
o= 1.006 oL =O

Initial Conditions:
[NHx] = 100 nM
O°N NHx = 0 %o




O°N-NH,* Obs and Model
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Warm
o Predicted range in seasonal T‘;i N fg;slon e season
concentrations and isotope 2 o *
values matches observed values g . T
well and fits with marine S
aerosol 0'°N-NH,* observations : i l
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Table 1 Aerosol water-soluble ON (WSON) from selected sites that are remote
from loal influences to illustrate large-scale patterns of concentrations.

(nmol m~—3)

North Atlantic remote !

South Atlantic
50uthem0cean

North Pacific remote

125 -

2

DON (mol 1)

25

Figure 1. Plot of published long-term average rainwater DON and total dis-
solved nitrogen (TDN) concentrations from sites around the world, based on
the data compilations of references [6,9,23] induding a best fit correlation.
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Figure 1. Aerosol [WS0ON] as a function of a) gross primary production (GPP), b) chlorophyll-a concentration, and ) particulate organic nitrogen (PON) concentration in the surface ocean (i.e., 0-10 m) at BATS. The wind
speeds indicated by the color shading are the average of the daily recordings taken by the Bermuda Weather Service (www.weatherbm) for the time period during which the aerosol sampler was deployed (one week).

= Aerosol WSON correlated with SST (-), Wind Speed (+), GPP




Provides molecular weight info as m/z (1000s of organic N compounds)

Non-quantitative, ultra-high resolution
42 samples = 12 rain and 30 aerosols

Average of 747 N containing compounds in each sample over mass range 50-
500 Da, smallest # in sample = 465, max = 1245

O O Ome

=Hierarchical cluster analysis:

o Calculate a matrix of distances or similarities among a set of items in
multidimensional space, merge groups

o Minimize the number of groups, maximize information retained

*NMS (non-metric multidimensional scaling): ordination method

WHOI

& FTMS

Fourier Transform Mass Spectrometry Facility
of the Woods Hole Oceanographic Institution
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= Aerosols are clustered into two groups
Differences driven by date, [NH,*], [nss-SO %], 0">N-NH ;*
Fits with Rinaldi et al. 2010 SOA formation framework

= “WSON in rain is like nitrate, WSON in aerosol is like NH,*”




Implications for anthropogenic N deposition

=  Duce et al. 2008 (Kanakidou et al. 2012,

) estimates:

o 80% N deposition to the ocean is anthropogenic

o 30% (26%, ) is organic N

18 months of sampling at Bermuda

o Wet deposition flux is 45% NH,*, 41%
NO,, 14% WSON

30% anthropogenic

Dry deposition flux is 15% NH,*, 76% NC
, 9% WSON

o 33% anthropogenic

Revised estimates from our
work:

= 32% total N deposition
at Bermuda is
anthropogenic

= 11%is organic N

Deposition fluxes to the ocean are typically interpreted simply as N
inputs, whereas the Bermuda work suggests that the ocean
influences and (if results are scalable) even contributes significantly
to the reactive N cycle in the marine atmosphere

J



) V4 Vi

(subduction/ventilation)

*  We have a lot more data on NO;™ deposition than NH,* and WSON

* |sotopes tell us more than concentration alone, but it’s not yet quantitative
in terms of sources (still useful esp. in combination with others methods)

 Are Bermuda results scalable? Need similar studies in other locations +
modeling based on conclusions regarding marine source emissions

e Whereis all the N going? (advection, buried, denitrified?)

e What is the fate of WSON in the ocean?

* How big of an influence does non-Redfield ratio stoichiometry have on
conclusions drawn regarding N*?

* |sthere a way to quantify the interaction of N deposition and N-fixation ?
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