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Abstract. This contribution to the Spot-On volume consid- 2 Atmospheric deposition to the oceans
ers the magnitude and composition of atmospheric nitrogen
inputs to the oceans and then goes on to consider the im2.1  Sources
pacts of these inputs. Effects in open ocean and coastal ar-
eas are probably different. Offshore atmospheric inputs maytmospheric nitrogen is traditionally considered in terms of
produce a small enhancement of overall ocean productivitfwo main components, oxidised and reduced nitrogen. The
and hence C@drawdown. In coastal waters atmospheric chemical behaviour of these components relevant to their at-
inputs contribute significantly to overall eutrophication pres- mospheric inputs is described very briefly here. More exten-
sure, but evidence that they trigger algal blooms is limited.sive discussions are available in Paerl et al. (2002); Raes et
Management of atmospheric inputs to coastal waters to mitial. (2000); Spokes and Jickells (2005) or in standard texts
gate eutrophication pressures requires that emissions be maguch as Seinfeld and Pandis (1998). Oxidised nitrogen is
aged over a wide area reflecting the efficient long range transdominated by emissions of NO and NQusually referred
port of atmospheric nitrogen. Strategies for management ofo as NQ since they can interchange rather easily) which
oxidised and reduced nitrogen deposition will be different re-react relatively quickly (hours to days) to form nitric acid
flecting their different rates of deposition. which can then react to form nitrate aerosol. Reduced nitro-
gen emissions are dominated by Blgas and this gas is a
major base in the atmosphere and reacts rapidly and some-
1 Introduction times reversibly with acids such as HCl, $004 and HNG.

In addition there are components such as relatively inert N
Atmospheric inputs represent a significant component of thegas, the main gas in the atmosphere, and the long lived trace
global nitrogen cycle and provide a relatively fast and effi- gas NO which will be covered by others in this symposium
cient mechanism by which nitrogen released in one compovolume. Recently it has become clear that organic nitrogen
nent of the Earth system can impact areas remote from th€Table 2) is also important and will be discussed later.
source regions. In this short article | will attempt to sum-  Table 1 provides an estimate of global nitrogen fluxes,
marise our knowledge of the nature, cycling and magnitudepoth natural and anthropogenic. Such compilations are nec-
of atmospheric nitrogen inputs to the oceans and then go oessarily best estimates and exclude sources that may be im-
to speculate on the effects of these inputs. In consideringortant locally or episodically. For instance Uematsu et
effects it is convenient to consider open ocean and coastall. (2004) and Huebert et al. (1999) recently noted the impor-
systems separately. tance of nitrogen emissions associated with volcanic activity.
The global nitrogen cycle has been massively perturbed by
human activity (Galloway et al., 2004) and this includes the
atmospheric component. Not only have total atmospheric ni-
trogen emissions changed over the last few hundred years
associated with a doubling of overall global nitrogen fluxes
(Galloway et al., 1995) but the nature of sources continue to
Correspondence tor. Jickells change as global patterns of agriculture and industry evolve
(t.jickells@uea.ac.uk) (e.g. Galloway et al., 2004; Fowler et al., 2004; Paerl et al.,
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272 T. Jickells: The role of air-sea exchange in the marine nitrogen cycle

Table 1. Atmospheric emissions of fixed nitrogen 19934enoles ~ Table 2. Aerosol water soluble organic nitrogen concentrations in

N yr—1 (based on Galloway et al., 2004). aerosols at some selected locations.
Activity NOy NH3 Location Concentration
nmol m—3
Anthropogenic
Biomass Burning* 05 0.6 Delaware coast 6.9 Russell et al. (2003)
Agricultural Activity 0.2 28 Amazonia wet season 3.5 Mace et al. (2003a)
Eossil Fuel Combustion 15 0.01 Dry (burning) season 61 Mace et al. (2003a)
Industry 0.5 0.2 Mediterranean 29 Mace et al. (2003b)
Tasmania ocean sector 0.95 Mace et al. (2003c)
Natural land sector 3.6 Mace et al. (2003c)
Soils, vegetation and animals 0.2 0.3 Hawaii ocean sector 3.3 Cornell et al. (2001)
Lightening 0.4 _ land sector 28.5 Cornell et al. (2001)
Natural fires** 0.06 0.06
Stratosphere exchange 0.04 0.04
Ocean exchange - 0.4
Total 3.4 4.5 portant implications for management strategies (see later).

Over land the primary reactions controlling the behaviour
* Some of the tropical biomass burning included here could be of oxidised and reduced nitrogen are acid base reactions

natural. forming aerosols from gas phase species. Such reactions re-
**Under “natural fires” only high latitude forest fires are sultin the formation of fine€1 .m diameter) aerosols (Raes
included. et al., 2000). Some of the resulting aerosol species are semi-

volatile and hence ammonium nitrate and ammonium chlo-

ride can dissociate to their component gases as ambient con-

centrations of those gases fall during transport and mixing.
2002). Table 1 presents estimates of the,N@d NH; at- |y certain environments such as near deserts, alkaline soil
mospheric emission sources, and emphasises that about 808@st aerosol makes an important contribution to the aerosol,
of current emissions are anthropogenic. Anthropogenig NO and in such environments these particles will also react with
emissions are dominated by those associated with fossil fu%cidsl Soil dust aerosol is usua”y formed by mechanical pro-
combustion while anthropogenic Nimissions are associ- cesses in arid areas and results in coarser aerosol particles
ated with agricultural activity, particularly the handling of (~1,m). In addition when continental air masses are mixed
waste from intensive animal husbandry. The emission patywjith seasalt aerosols near the coast there is a reaction be-
tern is dominated by sources in highly populated and/or in-nyeen seasalt and nitric acid:

tensively farmed regions particularly in the Northern Hemi-
sphere. HNOs3 + NaCl — NaNGQOs + HCI.

Seasalt is formed mechanically which also creates coarser
aerosol particles, and hence this reaction shifts nitrate from
) o ) fine mode to coarse mode. It also releases HCI which can
As noted above, NQis oxidised on a time scale of hours 0. e, jiperate free halogen radicals which can influence ozone
days depending on atmospheric conditions to BN@ich ¢y jing (e.g. Ayers et al., 1999). The importance of these re-
is then reactive with other gases and aerosols and can also b iqns of nitric acid with dust and seasalt is that they serve to
rapidly removed by deposition. Ammonia gas is also highly 6y the nitrate onto coarser aerosol particles. Atmospheric
reactive in the gas phase and does not require an oxidatiogenqsition rates increase rapidly with particle size. Kane et
step prior to reaction. The rgsult of these dlﬁerence§ is thaty (1994) and Russell et al. (2003) have estimated that the
ammonia tends to be deposited closer to sources with NO o, ction with seasalt increases deposition rates of nitrate in
only undergoing deposition after oxidation (Spokes and Jick+he marine environment by increasing particle size and de-
ells, 2005). For instance it is estimated that 71% of UKNO qgition rates and this offsets the effects of the removal of

emissions are exported to the North Sea and beyond, Wh"'ﬁighly reactive nitric acid (Pryor and Sgrenson, 2002).
only 25% of ammonia emissions are exported (NEGTAP,

2001). This pattern is also seen in the eastern USA, but dif2 3  Deposition

ferences between oxidised and reduced nitrogen behaviour

are less. This may reflect differences in emission patterns oAtmospheric deposition occurs by wet and dry deposition,
climatology (Paerl et al., 2002), stressing the importance ofthe latter including both dry deposition of particles and gases.
dealing with different regions individually. This difference Gas deposition depends on concentration gradients across the
in behaviour between oxidised and reduced nitrogen has imair-sea interface and the equilibrium distribution between the

2.2 Reactions
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phases (Henry's Law constant). Nitric a(_:',d ancentratlonsTable 3. Percentage of total deposition which is wet from a variety
in seawater are extremely low so deposition is a one wayys long time series measurements.

process, and nitric acid is rapidly and efficiently deposited
(Pryor and Sgrenson, 2002). For ammonia the situation is

more complex as discussed below. Paerl et al. (2002) suggest Dep\é\éeittion* Reference

that nitric acid dominates over nitrate, and ammonium over

ammonia in both the eastern USA and Northern Europe, pos- 40 US East Coast

sibly because of efficient reaction of ammonia with sulphuric \}ivgttz;;eds 7%%;? Cl\g(regteerr?sitnaét(jlo?zl())OS)
acid which is usually the QOmlnant apld in the atmgsphere. Southen North Sea 5506 Chester et al. (1994)
Norman and Leck (2005) find ammonia and ammonium con- World Oceans 71% Duce et al. (1991)

centrations to be generally similar with a slight dominance
of ammonium in a large scale study covering much of the
Atlantic Ocean. Reactions of seasalt with nitric acid mean
that nitrate probably dominates over nitric acid in the remote
marine boundary layer (Keene et al., 1998), although the dis-

tinction between these species can be difficult to achieve with ) .
many sampling strategies. were based on extrapolation of data from measured sites

For all the other species of interest here we are essentiall{{cr0SS the oceans. The agreement of these two approaches
considering wet and dry aerosol deposition, a process whos8/Ves conﬂdence_m_the_overall fluxes, although m_model _de-
rate increases rapidly and non-linearly with aerosol particleVelopment there is inevitably a process of calibration against
size. Hence the importance of reactions of acid species witfii€ld data so agreement between the two is not a wholly com-
seasalt and dust as discussed above for creating coarse mobi§te test of the models. Galloway et al. (20043 report the
nitrate in the marine atmosphere as opposed to a fine mod%"elrall nitrogen fluxes to the ocean to be 210'? moles
dominance in the terrestrial atmosphere. There is also now! ~ 'épresenting about a third of total nitrogen emissions
evidence of some coarse mode ammonium in the marine af® the atmosphere. This estimate excludes organic nitrogen.
mosphere (Spokes and Jickells, 2005). OX|d|s§d nitrogen is est|mat.ed to dominate total dgposnmn

The relative im - _(1.5 (nitrate) vs. 0.9(ammoniuny10*2 mol yr—1) again re-

portance of wet and dry deposition ob i ¢ y S
viously varies greatly on short time scales since rainfall flecting the preferential rempve_ll of ammonia emissions close
is episodic and varies spatially on longer time scales witht© SOUrces compared to emissions (Table 1).
global rainfall patterns. Relative proportions of wet and dry The ammonia fluxes to the oceans are complicated by
deposition from many campaigns lasting weeks have bee@n internal recycle. In surface seawater ammonium is pro-
reported, but these are still subject to the vagaries of théluced and consumed by marine biological processes. At
weather. Variations in precipitation type (e.g. frontal, oro- the pH of seawater a small percentage of the ammonium is
graphic, thunderstorm, snow rain etc) and associated heighiresent as dissolved ammonia and this maintains an air-sea
and extent of scavenging of atmospheric gases and aerosoxchange equilibrium with atmospheric ammonia gas. This
will also affect deposition, though we cannot describe theseemission cycle has been suggested to be an important cli-
effects quantitatively at this time. Long term average wet de-mate regulation process via the formation of ammonium sul-
position estimates are available for some sites though thesghate aerosol, the sulphate being derived from marine bio-
are usually only for inorganic components, and these suggeggenic emission of DMS (Liss and Galloway, 1993; Bigg et
that wet deposition dominates (Table 3). Since wet deposial., 2003; Norman and Leck, 2005). This process is estimated
tion is dominant and intrinsically episodic, and because atto have resulted in a small net flux of ammonia from sea to
mospheric circulations such as frontal system can sometimekand in the pre-industrial period (Galloway et al.,1995). On a
concentrate atmospheric contaminants in wet deposition, iglobal basis this has probably now been reversed (Galloway
follows that atmospheric deposition is episodic, often highly et al., 2004). Any ammonia emitted from the oceans is prob-
so (e.g. Spokes and Jickells, 2005), an issue of importancébly re-deposited fairly rapidly and hence predominantly in

*only Southen North Sea estimate includes organic nitrogen

when assessing impacts. the oceans due to the rapid dry deposition and reactions of
ammonia. Hence this cycle is not included in the overall N
2.4 Fluxes to the oceans fluxes to the ocean above. However, this essentially internal

cycle within the nitrogen cycle may still be important in pro-
Dentener has used model simulations to estimate atmoeess such as marine aerosol formation and pH control (Liss
spheric N fluxes to the oceans in general and to differentand Galloway, 1993; Norman and Leck, 2005). Isotopic ev-
ocean basins (Galloway et al., 2004). The model simulationsdence suggests that in remote ocean areas far from terres-
allow estimates of past fluxes as well, illustrating the chang-trial ammonia sources, this marine recycled ammonia may
ing deposition pattern with time. The model estimates arebecome particularly important (Jickells et al., 2003). This
very similar to early estimates of Duce et al. (1991) which isotopic approach offers a method to correct for any ammonia
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emitted from the oceans present in aerosols within the marin@alues from remote sites ranging from 17-46% (Mace et al.,

boundary layer. 2003a, b, c) and for 7 sites in the UK (rainfall only) 24-40%
(Cape et al., 2004). Neff et al. (2002) also suggest a fig-
2.5 Organic nitrogen ure of 30%. Assuming organic nitrogen represents 35% of

total nitrogen deposition, if inorganic atmospheric nitrogen
Itis now clear that organic N represents a significant compo-deposition is 2.4 102 moles yr! the organic component
nent of atmospheric N deposition. Most studies to date haveyill be an addition 1.% 102 moles yr?, giving a total flux
focussed on organic matter that is either soluble in rainwa-of 3.7x 102moles yr1. Note this assumes scavenging rates
ter or easily extracted by water from aerosols (Cornell et al.,and deposition velocities for atmospheric organic and inor-
2003) but one study also considered insoluble organic N anganic nitrogen are similar. This can be compared with a total
noted it to be much more abundant than the soluble organigiverine flux 3.4<10'2 moles yr! (Galloway et al., 2004).
fraction (Russell et al., 2003). The nature and sources of atThis further emphasises the importance of atmospheric de-
mospheric organic nitrogen are largely unknown, and it isposition and that reduced, oxidised and organic nitrogen are
undoubtedly composed of a wide range of organic materialall of importance in overall atmospheric nitrogen deposition.
Although in some areas some highly biologically labile com- Furthermore, the budgets for the North Atlantic of Galloway
ponents such as urea and amino acids appear to be importart al. (1996) suggest that fluvial nitrogen inputs to the oceans
much more refractory components such as humic materiahre denitrified on the shelf and that the shelf region is a sink
may also be important (Cornell et al., 2003). In both remoterather than a source of nitrogen for the open oceans. Their
and more contaminated areas the organic nitrogen has an inanalysis leaves atmospheric inputs and nitrogen fixation as
portant fine mode aerosol component suggesting it is formedhe dominant inputs of nitrogen to the open ocean.
from gas to particle reactions, although a coarse mode from
primary sources is also seen. (Cornell et al., 2001; Mace
et al., 2003c; Russell et al., 2003). Seitzinger and Sanders
(1999) have suggested that a significant fraction of atmo3 Effects of atmospheric deposition
spheric organic nitrogen may be bioavailable.

Comparison of results from several studies around theAtmospheric inputs are therefore comparable to fluvial in-
world provide some clues as to sources of the water solublguts and of the same order of magnitude as marine nitrogen
aerosol organic nitrogen (Table 2). Much higher concentra<ixation, so itis logical to ask what effect this input has on the
tions appear to be associated with air flows from land, ratheimarine ecosystem. In considering this question it is useful
than from the oceans, suggesting that terrestrial sourcesp separate the impact on the open ocean from coastal wa-
rather than, for instance, recycled marine organic matterters because the latter are subject to high nitrogen loadings
dominate. Biomass burning may also be important as @n general including atmospheric inputs. It is not possible to
source. Existing studies do not identify any simple rela- consider impacts of nitrogen alone since phytoplankton pri-
tionship between organic and inorganic nitrogen in the at-mary production requires a range of nutrient$, P, Si and
mosphere which would be anticipated if the organic materialFe particularly, plus light. Human activity mobilises large
had clear and simple anthropogenic sources. For instance, iamounts of gas phase nitrogen as \N&hd NQ. Since P
sites with relatively high concentrations of nitrate from con- and Si have no significant gas phase components, their atmo-
taminant sources such as the Delaware coast, organic nitrespheric fluxes are minor and little perturbed by human activ-
gen concentrations are not exceptionally high (Russell et al.ity (e.g. Jickells, 1998; Baker et al., 2003, 2006). Iron fluxes
2003) and Cape et al. (2004) in an extensive study at 7 sites iare similarly probably little modified by human activity, al-
the UK and Neff et al. (2002) found no simple relationship to though desertification may have some impact (Jickells et al.,
other inorganic nitrogen components. It is therefore not pos2005). The effective trapping of fluvial iron within coastal
sible to say with any confidence if this organic nitrogen is of systems means that atmospheric inputs of iron represent a
predominantly natural or anthropogenic origins. It probably major source of this key nutrient to ocean waters and the ab-
has a mixed origin, and indeed it is perfectly possible thatsence of this input contributes to the development of high-
the C framework may be of natural origin and the N of an- nutrient-low-chlorophyll (HNLC) regions in the oceans such
thropogenic origin, reflecting formation by atmospheric re- as in the Southern Ocean (Falkowski et al., 1998; Jickells et
actions. This would be consistent with some of the very lim-al., 2005). Thus in assessing atmospheric inputs, the balance
ited available C and N isotopic data for atmospheric aerosobf nutrient inputs, in addition to simply the nitrogen inputs,
water soluble organic nitrogen (Kelly et al., 2005). must be considered. The atmosphere is also an important

Although the data base is small, Cornell et al. (2003) re-transport route for a wide variety of contaminants to the ma-
view a wide range of individual studies from many different rine system (Duce et al., 1991) albeit at relatively low levels.
environments which suggest on average organic N constiThe combined effects of nutrient and contaminant addition
tutes about 35% of total atmospheric nitrogen. More recenhave never been studied in this context, although we know
results are broadly consistent with this value with reportedthat small changes in the availability of copper for example
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can have significant effects on phytoplankton species COMTaple 4. Atmospheric nitrogen inputs vs. new primary production

position (Moffett et al., 1997). for the Sargasso Sea.

3.1 Oceanic areas Sargasso Sea Annual Budget mmol Nfgr—1
Atmospheric inputs of fixed nitrogen can probably only di- New Production 670-780*

rectly affect waters that at least seasonally show nutrient de- Atmospheric Input (wet) 5.8-29**

pletion. HNLC regions such as the Southern Ocean will not

respond directly to atmospheric nitrogen inputs since there *Jenkins and Doney (2003); ** Knap et al. (1986)

is already excess nitrate in the water column. Atmospheric
nitrogen inputs to these regions are modest (Galloway et al.,
2004) anyway and may contribute in a small way to the con-
centrations in deepwater when water masses in this regioR0se is whether the atmospheric inputs are going to signif-
sink. Atmospheric iron inputs in such regions although smallicantly modify primary productivity and hence potentially
may of course be very important (Jickells et al., 2005). Hencehave ecological consequences. One way to address this is
in considering atmospheric nitrogen inputs it is simplest toto consider the situation in the Sargasso Sea near Bermuda
really only consider the central gyre regions and the tem-(Table 4). This is a relatively oligotrophic gyre region which
perate ocean waters subject to seasonal macro nutrient dét least for significant periods of time receives relatively high
pletion. Primary production in these waters is clearly nutri- hitrogen inputs arising from the continental USA (Galloway
ent limited, though not necessarily limited by nitrogen sup- €t al., 1996), and hence is an area where impacts are rela-
ply or at least not only by nitrogen supply (e.g. Mills et al., tively likely to occur, if anywhere. This implicitly assumes
2004). Baker et al., (2003 and in press) consider the balancthat the system is nitrogen limited whereas in fact it may be
of atmospheric nutrient supply through the Atlantic Ocean,Phosphorus limited (Wu et al., 2000) or show complex pat-
demonstrating that the aerosol is a very minor source of phosterns with different nutrient limitation of different communi-
phorus and silicon compared to its role supplying iron. Fur-ties (€.g. Mills et al., 2004). Only long term wet deposition
thermore meteorological processes mean that atmospherm)ata are available for the Bermuda site and hence total ni-
inputs of Fe and N are co-located over the tropical Atlantictrogen deposition will probably be 30% higher based on Ta-
(Baker et al., in press). A similar situation probably occurs ble 3. It is clear from Table 4 that atmospheric inputs, with
in the Pacific Ocean as the Asian dust plume passes over th@ without dry deposition, are small compared to “new” pri-
industrial zone of China, Japan and Korea. (Galloway et al. mary production and hence large scale impacts are unlikely.
2004; Jickells et al., 2005), an area likely to see large in-Sources of nitrogen to sustain new production at this site have
creases in nitrogen flux in coming decades with increasing?een extensively discussed (e.g. Jenkins and Doney, 2003).
industrialisation in this region (Galloway et al., 2004) and Although this calculation specifically implies that the im-
this has already been documented for N@ing satellites  pacts of atmospheric deposition are likely to be small, this
(Richter et al., 2005). Note the co-deposition of nitrogen andis not the only way to consider the impacts of atmospheric
iron is not always the case, with, for example, the major ni-inputs in this area and more generally.
trogen plume from the northern United States not being asso- Atmospheric inputs are episodic as noted earlier. Michaels
ciated with significant dust transport. Given the minor role of et al. (1993) therefore carefully evaluated if individual atmo-
silicon as a nutrient in ocean gyre regions, co-deposition ofspheric deposition events could significantly alter primary
nitrogen and iron translates into the atmospheric input pushand new production in the Sargasso Sea. They concluded
ing the system toward phophorus limitation, both by supply-that this was very unlikely and that ambient water column ni-
ing inputs with a high N/P ratio and supplying Fe which can trogen cycling rates and standing stocks are large compared
stimulate nitrogen fixation. The same situation has been arto atmospheric inputs, even on the short term and even al-
gued to occur in the Mediterranean and contribute to the sitiowing for seasonality at this site. Bange et al. (2000) used
uation of extreme oligotrophy seen in the eastern Mediter-cruise data on aerosol nitrogen concentrations to estimate the
ranean (Carbo et al., 2005). This means, ironically, that therelative importance of atmospheric inputs in sustaining new
small atmospheric phosphorus flux may be relatively impor-production in the Northwestern Indian Ocean. They estimate
tant compared to the much higher (in absolute and Redfieldaitmospheric deposition rates approximately half those in Ta-
ratio terms) atmospheric nitrogen flux. ble 4 and estimate that atmospheric nitrogen could support
In considering the effects of atmospheric inputs on marine0.1-17% of new primary production, the range covering dif-
systems, it is obvious that the effects will vary from place to ferent times and areas within the region.
place depending on the gradients in atmospheric nitrogen in- Pahlow and Riebesell (2000) have reported temporal
puts, the ambient water column nitrogen concentrations andrends in deep ocean Redfield ratios with increasing N/P
the nitrogen requirements of the euphotic zone communityratios in the deep waters of the North Atlantic from the
Impacts may take many forms but the easiest question td960s to the 1990s which they suggest could be the result
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Table 5. Estimation of the fertilisation effects on GQuptake of the overa"_ stock of nitrogen within the Oceansj This n_itro'
anthropogenic nitrogen deposition on the oceans. gen stock is large so that short term effects of inputs will be
modest and hence large scale effects on ocean productivity
will be small and may be offset by changes in denitrification.

Global atmospheric inorganic N Flux 2402 moles yr1,

80% Anthropogenic (Table 1), However, itis alsq_pos_sible to consider the atmospheric_ input
Equivalent to 1.9 1012 moleN yr-1 Ocean Fertilisation. as a low Iev_el fertilisation effect on the oceans. He_nc_e, in Ta-
Assuming this all falls on N limited areas and ble 5 | consider the extent to which the atmospheric inputs of
Redfield stoichiometry, nitrogen to the oceans might increase overall new production
Equivalent to 0.15 Gt C uptake y# in the oceans and hence oceanic A@take. In making this

rather preliminary calculation | have assumed that all atmo-
spheric inputs fall into nitrogen limited marine euphotic zone
systems. This is clearly not the case and hence the impact is
L . . an upper limit. However, most of the major emission regions
of atmospheric nitrogen deposition. This effect would al- do in fact pass over nitrogen deficient ocean areas; Galloway

lowlong term impact_s_of atmospheric nitrogen deposition faret al. (2004) estimate that 85% of atmospheric deposition to
from areas of deposition as deepwater returns to the surfac&]e oceans is into the North Atlantic, North Pacific and In-

at high latitude. The required atmospheric fluxes to mOdifYdian oceans, for example. Assuming that all the atmospheric

deep water Redfield ratios are at the upper end of those "hput falls into N limited waters and stimulates new primary

Table 4, but it is clear that atmospheric inputs could be con- - : : : -
S . roductivity according to Redfield stoichometry implies an
tributing to the trend reported. However, Pahlow and Riebe b y - y mp

- : ‘increase in ocean productivity equivalent to 0.15 G0,
S?” (200(.)) (.jo spec.|f|cally assume the North Atlantic to be uptake as a result of anthropogenic N release. This represents
nitrogen limited, which as noted earlier may not be the Cases_ 1004 of all ocean Couptake and is therefore not trivial in

They also in their analysis eliminate changes in C'rCUIat'Onaglobal sense, though all of the assumptions make this an up-

asa pote_ntlal causgdof t?e chatT19e|_5 i’fe?’ but tth's %onclusn;dbr limit, except the exclusion of organic nitrogen. Houghton
may require reconsideration intn€ fignt ol recent evidence Ofg 5 (1996) reach a broadly similar figure and conclusion.
changes in circulation pathways in this region (Bryden et al.,

2005).

An alternative coupling of the iron and nitrogen cycles in-
volves stimulation of nitrogen fixation, since iron is a key Atmospheric deposition rates of nutrients including nitro-
nutrient for nitrogen fixing enzymes (Capone et al., 2005;gen and contaminants are in general higher into coastal wa-
Jickells et al., 2005; Mills et al., 2004). The role of nitro- ters than to open ocean areas because these are closer to
gen fixation will be dealt with elsewhere in this special vol- sources. However, the magnitude of atmospheric fluxes
ume, but it should be noted that dust inputs to the tropicalvaries over at least two orders of magnitude (Jickells, 2005)
North Atlantic are at a maximum in summer when nutrient petween relatively pristine environments such as the Alaskan
conditions in surface waters are most oligotrophic, althoughshelf (0.9 mmol Nm? yr—1) to areas close to major cen-
there is no direct evidence that this dust input affects C and Nyes of habitation and industrial activity (e.g. North Sea
fluxes to the deep ocean in this region (Jickells et al., 1998)70 mmol N m—zyr—l)_ These are annual averages and again
Galloway et al. (1996) suggest that nitrogen fixation is thejt should be stressed that short term events can yield much
dominant external input of nitrogen to the North Atlantic. higher fluxes, and sub-regions of a large area like the North
Pahlow and Riebesell (2000) attribute changes in deep wateSea may receive higher fluxes.

Redfield ratios in the Pacific to changes in atmospheric iron There are some additional complications in coastal areas.
(dust) input to an iron limited ecosystem. The higher ammonia concentrations in the atmosphere and
This consideration of the Sargasso Sea region leads to theomplex ammonia cycling in the atmosphere and nutrient
same conclusion as Michaels et al. (1993), that atmospheridch waters mean that air-sea exchange fluxes for ammonia

nitrogen inputs are small compared to internal nutrient stockcan be particularly complex (Walker et al., 2004; Sgrenson
and cycles within the euphotic zone under most conditionset al., 2004). In addition the seasalt/nitric acid reactions (see
This region is a central ocean gyre region of rather low ambi-earlier) take place as the terrestrial and marine air masses
ent water column nutrient concentrations downwind of largemix (Spokes and Jickells, 2005). Air sea exchange of re-
atmospheric emissions and if the direct impacts of atmo-active gases such as ammonia is dependent on small-scale
spheric inputs are modest in this region then they will be meteorological phenomena. Rapid changes in surface rough-
modest in other areas as well. However, the analysis ohess and complex coastal topography make the coastal zone
Pahlow and Riebesell (2000) points to a different kind of particularly complex meteorologically with the formation of
effect, and that is on the larger scale inventory of ocean nijets, seabreezes etZager et al., 2005) which means that the
trogen. Atmospheric inputs of nitrogen are comparable towhole coastal zone needs to be treated as a complex interme-
riverine inputs (Galloway et al., 2004) and both can increasediate zone both physically and chemically, and not as either

3.2 Coastal systems
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an extension of the terrestrial or oceanic ocean/atmospher@puts does require that other inputs, such as those from off-
system. shore and from nitrogen fixation are considered. In addition
Assessing the impacts of atmospheric deposition to coastalifferent responses can be anticipated from different coastal
waters is complicated by the importance of other inputs sucthiogeochemical communities in response to nutrient load-
as rivers and groundwater (Jickells, 1998, 2005; Paerl et al.ings depending on the hydrography of each coastal area (e.g.
2002). These are not completely independent because a sidickells, 1998; Paerl et al., 2002). Hence it is very difficult
nificant component of the fluvial nitrogen input may be de- to generalise except to the extent that primary productivity in
rived from atmospheric inputs to the catchment. This issue isnany most coastal waters is nitrogen limited (Jickells 1998;
particularly important in regions with relatively small estu- Paerl et al., 2002), and hence any input of nitrogen will en-
aries compared to their catchment area and hence where diance productivity.
rect atmospheric deposition to the estuary is inevitably small Pearl (1995) has shown that atmospheric inputs can repre-
(Valigura et al., 2001). For instance, the contribution of at- sent a significant component of external inputs of nitrogen to
mospheric inputs to the total fluvial nitrogen input ranges a wide variety of systems and (Paerl, 2002) has shown that
from 7-61% for 34 estuaries on the US east and gulf coastatmospheric deposition at high but plausible concentrations
(Castro et al., 2001), and in most of these estuaries direct atan alter productivity. Paerl (2002) and Paerl et al. (2002)
mospheric deposition makes a secondary contribution to thalso showed that supplying the nitrogen in different forms
total atmospheric deposition, the proportion being related tocan alter the phytoplankton response.
the estuarine area versus the watershed area (Castro et al.,Spokes and Jickells (2005) have considered various strate-
2001). Spokes and Jickells (2005) show that for the ma-gies to assess the significance of atmospheric nitrogen in-
jor North Sea rivers, atmospheric deposition may contributeputs. They point out that budget approaches which indicate
15-20% of total fluvial nitrogen. The importance of atmo- the relative importance of atmospheric nitrogen inputs may
spheric deposition to river catchments as a contribution tonot on their own always be the most appropriate method to
eutrophication pressures leads to the concept of “airsheds’assess the impact of atmospheric deposition on primary pro-
areas where atmospheric emissions influence a coastal waluctivity. Thus as noted already for offshore waters, much
ter body (Paerl et al., 2002). These airsheds can be 15-206f the primary productivity in coastal waters is sustained by
times larger than the watershed, creating complex challengeimternal recycling on a variety of time scales. Hence atmo-
for strategies for management of coastal eutrophication.  spheric (and indeed other) inputs may be small compared to
In the case of large coastal seas such as the North Sgaroductivity requirements for nitrogen and in the short term
and the Baltic, direct atmospheric deposition to marine wa-standing stocks of phytoplankton, bloom development and
ters is also important. For instance, Brion et al. (2004) es-primary production may not be affected by atmospheric de-
timate that atmospheric inputs exceed riverine inputs of ni-position events. However, atmospheric inputs do increase
trogen to the North Sea (1631 vs. 805 kTN ¥, although  standing stocks of nitrogen and in this way contribute to the
their atmospheric input estimate is substantially high thanoverall magnitude of algal activity. In addition, while atmo-
that of Rendell et al. (1993) based on direct measurementspheric deposition events may usually not be large enough to
(412 kTN yr-1), which is similar to the estimate of Rodhe et stimulate blooms, they may play an important role in sustain-
al. (2005) 350 kTN yr!, perhaps emphasising the uncertain- ing them (e.g. Kononen, 2001).
ties in these estimates. Both Brion et al (2004) and Rodhe et In a detailed study of the role of nitrogen deposition in
al. (2005) agree that the biggest input of N to the North Seahe Kattegat, Spokes et al. (2005) showed again that atmo-
is from offshore (6476 and 3619 kTnVk, respectively) al-  spheric inputs were only a small part of the overall nitro-
though this value is probably the most uncertain and mosgen cycle, although their relative importance changed sea-
difficult to estimate in any budget. In the Baltic Sea, Voss sonally. Hence rainfall in summer to nutrient depleted areas
et al. (2005 and references therein) estimate atmospheric b likely to have more impact than inputs in winter to tem-
inputs at 185 kTN yr! compared to riverine inputs of 830 perate waters with high nutrient concentration and light lim-
kTN yr—1. Exchanges with the North Sea in this case areitation. On their own, atmospheric inputs were unlikely to
also significant sources of N (e.g. Spokes et al., 2005) andtimulate blooms but again can contribute to the overall eu-
for the Baltic Sea in particular nitrogen fixation is also very trophication pressure in the area. These authors went on to
important (Moss et al., 2005). Direct atmospheric inputs areevaluate management options for reducing nitrogen loading
also important in other areas such a the East China Sea wheend associated eutrophication pressures noting that different
Zhang and Liu (1994) estimate atmospheric (inorganic) ni-strategies were required for ammonia/ammonium and nitric
trogen inputs to be 1.8 times fluvial inputs and 2 times for P,acid/nitrate because of their different sources and deposition
although fluvial fluxes dominated for Si. characteristics. Thus local regulation would be most effec-
Thus atmospheric nitrogen sources are clearly significantive for ammonia/ammonium while regional strategies would
compared to other terrestrial nitrogen sources, and as notelde required for nitric acid/nitrate and since both were impor-
earlier these inputs have been significantly increased by hutant, large scale integrated management strategies would be
man impact. However, assessing the impact of atmospheriaeeded. The results of Valigura et al. (2001) for the eastern

www.biogeosciences.net/3/271/2006/ Biogeosciences, 328012006



278 T. Jickells: The role of air-sea exchange in the marine nitrogen cycle

United States are similar and suggest this is a general concarbo, P., Krom, M. D., Homoky, W. B., Benning, L. G., and Herut,
clusion on management strategies. The scale of airsheds B.: Impact of atmospheric deposition on N and P geochemistry
(Paerl et al., 2002) requires that management strategies for in the southwestern Levantine basin, Deep-Sea Res. I, 52, 3041~
coastal eutrophication must consider management of agricul- 3053, 2005.

tural and combustion based emissions of nitrogen throughouta'stensen, J., Frohn, L. M., Hasager, C. B., and Gustafsson, B.
the air shed and watershed G.: Summer algal blooms in a coastal ecosystem: the role of

atmospheric deposition versus entrainment fluxes, Est. Coastal
Shelf Sci., 62, 595-608, 2005.
. Castro, M. S, Driscoll, C. T., Jordan, T. E., Reay, W. G., Boynton,
4 Conclusions W. R., Seitzinger, S. P., Styles, R. V., and Cable, J. E.: Contribu-
o ) _tion of atmospheric deposition to the nitrogen loads to thirty four
Atmospheric nitrogen inputs to the oceans are comparable in estyaries on the Atlantic and Gulf coasts of the United States, in:
magnitude to riverine inputs on a global basis and thus anim-  Nitrogen Loading in Coastal Water Bodies: An atmospheric Per-
portant part of the global nitrogen budget. These fluxes have spective, Valigura, R. A., Alexander, R. B., Castro, M. S., Mey-
also been greatly perturbed by human activity. In general ers, T. P, Paerl, H. W., Stacey, P. E., and Turner, R. E., 77-1086,
atmospheric nitrogen inputs are small compared to internal AGU, 254 pp., 2001.
ocean nitrogen fluxes and so are unlikely to cause large scalghester, R., Bradshaw, G. F., Ottley, C. J., Harrison, R. M., Merrett,
changes in phytoplankton activity. However, such changes J-L: Preston,M.R. Rendell, A. R., Kane, M. M., and Jickells, T.
are locally possible under special circumstances and atmo- D.: The atmospheric distributions of trace metals, trace organics

o . . s and nitrogen species over the North Sea, in: Understanding the
spheric nitrogen inputs do contribute to the productivity of North Sea System, 165178, edidted by: Charnock, H., Dyer, K.
the oceans and coastal waters.

R., Huthnance, J. M., Liss, P. S., Simpson, J. H., and Tett, P. B.,

) ] Chapman Hall, 222 pp, 1994.
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