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Abstract

Ammonium (NHj) concentration was measured at 15 stations in the NE Atlantic during the declining phase of the spring
diatom bloom as part of the FISHES 2001 cruise. The NE Atlantic temperate spring bloom is one of the largest seasonal events in
the oceanic cycle of primary productivity and represents the conversion of large amounts of oxidized nitrogen to organic (reduced)
nitrogen by planktonic photosynthesis, much of which is recycled by heterotrophs as reduced N (DON and ammonium). We might
expect recycled ammonium to be rapidly re-used by photosynthesizers. However, during the FISHES cruise the decline of the
bloom was accompanied by a substantial buildup of dissolved ammonium (from ~100 nM to >500 nM near the sea surface)
caused by a temporary imbalance in production and consumption processes. Calculations of air—sea ammonia (NH3) flux under
assumed ‘normal’ ‘peak bloom’ and ‘post-diatom-bloom’ conditions are presented and these demonstrate that over a wide range of
temperatures, post-bloom accumulation of ammonium will lead to changes in the magnitude and direction of air—sea ammonia flux.
If our results are generally applicable then the seasonal succession of plankton communities may be accompanied by periods of
anomalously high ammonium concentration and hence be disproportionately important for air-sea ammonia flux. Once in the
atmosphere, ammonia neutralizes acidity and in doing so plays a potentially significant role in climate forcing via aerosol
formation.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Ammonia; Air—sea interaction; Phytoplankton; Spring diatom bloom; f-ratio; Regeneration

1. Introduction
1.1. Atmospheric importance
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nitrogen, as well as in its connections to the sulfur cycle
and its role in cloud formation (Liss and Galloway, 1993).
As the predominant naturally occurring base in the
atmosphere, ammonia is important in neutralization
reactions, particularly with acidic sulfate aerosol. It has
been shown that new particle formation from sulfuric acid
gas is enhanced in the presence of ammonia (McFiggans,
2000; Yu, 2003). Such ammonia-sulfate reactions are of
particular interest in the marine boundary layer (MBL),
where there are fewer fine-mode particles available to act
as cloud condensation nuclei (CCN) than in the terrestrial
boundary layer. Over the open ocean, a small increase in
CCN number will generally lead to a substantially greater
increase in cloud albedo than a similar increase in CCN
number in the terrestrial boundary layer (or over coastal
seas) where CCN numbers are greater initially (Twomey,
1991; Watson and Liss, 1998). Thus, any marine source of
ammonia to the MBL is of potentially great importance to
atmospheric chemistry and climate. Ammonia is a soluble
gas and thus its air—sea flux, unlike that of other important
(relatively insoluble) trace gases such as DMS (dimethyl-
sulfide), is bi-directional, depending on factors such as
concentration in sea and air, and pH and temperature at the
ocean surface.

1.2. Marine ammonium cycling

In the offshore marine environment ammonium
originates primarily from the biological decomposition
of organic matter by bacteria, either free-living or in the
guts of zooplankton or higher organisms (Billen, 1984;
Rodrigues, 1998; Kirchman, 2000). Secondarily there is
some atmospheric input (Duce et al., 1991; Liss and
Galloway, 1993; Spokes et al., 2000). The relative
contributions of zooplankton and free-living bacteria to
ammonium production in the surface ocean is variable
(Kirchman, 2000), with previously observed open-
ocean bacterial contributions of between 10% (Glibert,
1982) and 95% (Harrison et al., 1983) of total
ammonium regeneration.

Ammonium is also an important source of nitrogen
nutrition to many phytoplankton species and, under certain
conditions, to bacteria (Rodrigues, 1998; Kirchman,
2000). Thus it is subject to both uptake and regeneration
through numerous trophic pathways. The ambient con-
centration of NHy (which is usually <1 uM in the surface
of'the open ocean) is thus a balance between all uptake and
regeneration processes. We can consider NH, concentra-
tion as a ‘state variable’ in a system that is complex and
turns over rapidly. Close coupling between NH, uptake
and regeneration is frequently observed in N isotopic
tracer studies (Glibert and McCarthy, 1984; Probyn, 1985;

Mengesha et al., 1990) i.e. ammonium regenerated by
heterotrophs is commonly rapidly re-assimilated by
primary producers. Any temporary decoupling of uptake
and regeneration processes may lead to substantial
accumulation of ammonium in surface waters, or lack of
availability of ammonium to the planktonic community.

1.3. Phytoplankton nitrogen nutrition

It is energetically favorable for phytoplankton to
meet their nitrogen requirements from ammonium over
nitrate; nitrogen in ammonium being in the correct
oxidation state (—3) for incorporation into amino acids
and proteins (Dortch, 1990). The relative uptakes of
oxidized and reduced N is the basis of the f-ratio
(Eppley and Peterson, 1979):

/= pNO;/[pNO;3+pNH (+purea)] (1)

Where pNO;, pNH,, and purea are the phytoplank-
tonic uptake rates of nitrate, ammonium and urea
respectively. When the f-ratio is used with productivity
data to estimate carbon export from the mixed layer, it is
important to include urea uptake, although methods exist
to correct for its influence if not measured (Wafar et al.,
1995). In this paper, we are specifically interested in the
relative roles of nitrate and ammonium in nitrogen
nutrition and so urea uptake is not considered further.
The nitrogen source preferences of phytoplankton are
constrained by the lowest concentration and temperature
at which a cell can take up nutrients, against the avail-
ability of the different nitrogen sources (Dortch, 1990;
Owens et al., 1991; Reay et al., 1999 and others) and
intrinsic growth rates of different species. In this respect,
small cells have a competitive advantage relative to larger
cells because of their surface-area-to-volume ratio, often
expressed in terms of a relative half-saturation constant,
K. The fast intrinsic growth rates of large-celled diatoms
(e.g., Furnas, 1991; Crosbie and Furnas, 2001) need to be
supported by rapid nitrate (and silicate) assimilation.
When nitrate or silicate becomes limiting for diatoms,
smaller phytoplankton taxa will out-compete them at low
N concentrations because of lower K characteristics. This
allows them to ‘scavenge’ the remaining NO5 , but more
particularly to utilize NH at low ambient concentrations
and in balance with regeneration rates that can satisfy the
N demands of their slower growth rates.

1.4. Bacterial role

It has been observed that heterotrophic bacteria can
play a dual role in the dynamics of ammonium in the
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euphotic zone of the ocean. The organic material that
they consume, for both respiration and growth, will vary
in its C/N (carbon to nitrogen) ratio with factors such as
its source; ambient nutrient concentrations; and degree
of preprocessing by other bacterial groups. When the C/
N ratio of the organic matter the bacteria are
metabolizing is low, they will cleave ammonium before
assimilation of the organic matter. However, when the
C/N ratio is high, they will tend to take up inorganic
nitrogen (predominantly in the form of ammonium) to
complement the high-carbon material they are consum-
ing (Kirchman, 2000; Rodrigues, 1998 and others).

1.5. NE Atlantic spring bloom

The NE Atlantic is subject to a transition from diatom
to flagellate community in May, following silica
depletion (Kortzinger et al., 2001). The diatom bloom
tends to be silica limited in this region because winter
nitrate conditions are in excess of winter silicate
concentrations and nutrient replete diatoms use N and
Siin a 1:1 ratio (Allen et al., 2005; Brzezinski, 1985).

Whilst the general conceptual picture of the evolu-
tion from a nitrate reliant to an ammonium reliant
community after the spring diatom bloom is well
accepted, there exist rather few field data to examine
the seasonal cycle of ammonium in high latitude waters,
how this interacts with the spring diatom bloom and
how these interactions may enhance or suppress the air—
sea flux of ammonia.

Fasham et al. (1993) modeled the annual cycle of
plankton growth and nitrogen metabolism (based on
data from JGOFS campaigns in the early 90s) at Ocean
Weather Station India (OWSI) at 60°N, 20°W; a station
southwest of the FISHES study region. No ammonium
data were collected during the JGOFS campaign at
OWSI, but data from the NABE site (48°N, 20°W) show
a seasonal evolution of ammonium immediately after
the spring diatom bloom, associated with bacterial
remineralization. This accumulation of ammonium is
reproduced by Fasham et al. (1993) in their model of
OWSI, who ascribed it to zooplankton grazing, with
bacterial activity a sink for ammonium due to the high
C/N ratio of the modeled DOM pool.

In this paper we present the first field evidence that
substantial ammonium accumulation is indeed associ-
ated with the decline of the spring diatom bloom at the
basin scale, and we examine the reasons underlying its
occurrence before presenting sample calculations to
examine its effect on air—sea ammonia flux. This is
undertaken by considering data acquired on the Faeroes,
Iceland, Scotland Hydrographic and Environmental

Survey (FISHES) cruise of the Iceland basin in 2001.
As demonstrated by Brown et al. (2003), the dataset
collected on this cruise presents a unique opportunity to
investigate the effects of spring bloom on the NE
Atlantic Basin — they identify that, in spite of basin-
scale variability in water column and community
structure, the biological measurements made can be
used to order the stations into a quasi-time-series of
diatom bloom decline.

2. Methods
2.1. Study area

Fieldwork was carried out during the first leg of the
FISHES cruise (RRS Discovery cruise D253), from 4 to
31 May 2001. One station each day was selected for
detailed study of the plankton community; the timing of
these stations was such that sample collection occurred
as close to dawn as possible. Seawater was collected in
20-litre Go-Flo bottles mounted on a rosette sampler.
The PAR (photosynthetically active radiation) sensor on
a Chelsea Instruments fast repetition rate fluorometer
(FRRF), deployed immediately before CTD casts, was
used to determine sampling depths at 97%, 45%, 17.6%,
8.0%, 2.9%, 1.3% and 0.1% of surface PAR. Fifteen of
these stations were sampled for ammonium concentra-
tion, other inorganic nutrients, and nitrogen and carbon
assimilation rates (Fig. 1).

2.2. Ammonium concentration

Seawater total ammonium (NHy, the sum of am-
monia and ammonium) concentrations were measured
using the fluorescence method outlined by Holmes et al.
(1999). Full details of the method used in this study can
be found elsewhere (Johnson, 2004). In brief, sampling
was conducted from surface CTD Niskin bottles
and from the ship’s non-toxic supply (NTS, intake at
approximately 5 m depth). OPA (ortho-pthalaldehyde)
was introduced to samples in the form of a ‘working
reagent’ containing OPA in ethanol, di-sodium tetra-
borate (Na,B40-) buffer and sodium sulfite (to inhibit
reaction of OPA with primary amines) prepared as
described by Holmes et al. (1999). Water samples of
approximately 25 ml were taken in clean 50 ml Corning
centrifuge tubes and immediately inoculated with 2 ml of
working reagent. Holmes et al. (1999) use a much larger
working reagent to sample volume ratio for the
measurement of coastal and freshwater samples, but
the ratio used here was found to give a linear response to
ammonium concentrations up to approximately 5 uM
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Fig. 1. Cruise track of the first leg of the FISHES cruise and stations sampled.

(the highest observed concentration during this study
being approximately 1.5 uM). No interference from
primary amines was observed in spite of the smaller
amount of sulfite introduced into the samples (Johnson,
2004). Calibration was by 5 standard additions of 25 ml
aliquots of surface seawater, covering a range of
concentrations up to 2.5 pM. The fluorescence of the
samples was measured using a Jasco-750 spectrofluo-
rometer (excitation 380 nm, emission 420 nm), after the
samples had been stored in the dark for 3 to 24 hours (or
occasionally longer). A calibration was performed each
time a set of samples was taken, which ensured that
samples could be analyzed at any stage in the devel-
opment-plateau-decay fluorescence cycle. Measure-
ments of sample concentration had an associated
expanded uncertainty of £4.8% of sample concentration
(Johnson, 2004). This relatively small uncertainty is
due to high reproducibility of repeat measurements and
results in a detection limit of approximately 2 nM.

2.3. Other measurements

Primary productivity was measured using the '*C
technique outlined in Parsons et al. (1984) and full
details are given in Brown et al. (2003). Nitrate and
ammonium uptake rates were measured using the °N
stable isotope tracer technique described by Bury et al.
(2001). Nutrient analyses (nitrate, nitrite, silicate and
phosphate) were performed on a Skalar SanPlus
continuous flow autoanalyzer using standard sampling

and colorimetric techniques described by Kirkwood
(1995), and Sanders and Jickells (2000). DOC/DON
concentrations were determined using using a Shimadzu
TOC-V high temperature combustion system including
a Shimadzu TN detector. The method is described in full
in Mathis et al. (2005).

2.4. Air—sea ammonia flux calculation

Air—sea ammonia fluxes were calculated according
to the flux equation presented in Johnson (2004), after
Gibb et al. (1999) and McKee (2001). In brief: the flux
of ammonia across the ocean—atmosphere interface can
be calculated according to Liss and Slater (1974).

F=ke{(NH;,)) —H[NH; ]} (2)

where F is the ocean—atmosphere flux (pmol/m?*/s), kg is
the gas phase transfer velocity (m/s) and H is the
dimensionless Henry’s law coefficient for ammonia
(the ratio of gas phase to liquid phase concentration at
equilibrium). The concentrations of gas phase and
dissolved ammonia must be in the same units (e.g.,
pmol/m?). The gas phase transfer velocity is calculated as
a function of wind speed according to Duce et al. (1991).

ke=u/[770 + 45(RMM)'/?] 3)

where u is the wind speed (m/s) and RMM is the relative
molecular mass of the gas (17.03 in the case of
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Fig. 2. Ammonium profiles from the fifteen stations considered in this study, in chronological order. Dashed lines indicate the depth of the photic
zone: i.e. the depth at which photosynthetically active radiation was at 0.1% of its surface value. Standard (expanded) uncertainty is <5% in all data.
Note that the concentration scales vary between stations to highlight within-station variability.
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Fig. 3. Sea-surface nitrate, phosphate and silicate concentrations
against sea-surface ammonium concentration. Only silicate shows a
trend with ammonium. Standard uncertainty in nutrient assay is less
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ammonia). The concentration of dissolved non-solvated
ammonia is given by:

[NH; )] = [NHI(SW>TOT]K3/(K3 +[HT]) (4)

Where [NH:{(SW)TOT] (the sum of the concentrations
of ammonia and ammonium in seawater) is in the units
of pmol/m®, [H']=10"P" and K,=10"P%. pK, is
calculated according to Khoo et al. (1977), from
measured values of the dissociation of ammonium in
seawater over a range of temperature and salinity. The
gas over liquid form of the Henry’s law coefficient, H, is
calculated according to McKee (2001).

-1
40!

H= 1793 x x e[F97] 5)

273.15
3. Results
3.1. Phytoplankton community

The phytoplankton community observed during the
FISHES cruise is discussed in greater detail in Moore
et al. (2005) and Brown et al. (2003), who find the
waters sampled to be diatom dominated and, with the
exception of 1 station (not considered in this work), the
diatom bloom was at peak levels (Station 13984) or in
various stages of decline.

3.2. Ammonium concentrations

There is considerable spatial heterogeneity in surface
ammonium concentrations (Fig. 2), which range from

0 50 100 150 200

250 300 350 400 450 500

Depth-integrated (Photic Zone) Primary Productivity
(mmoles-CImzlday)

Fig. 4. The relationship between depth-integrated ammonium concentration and primary productivity from all stations, demonstrating that high total
water column ammonium is associated with low primary productivity (i.e., post-bloom conditions). The Spearman’s rank coefficient () of —0.71 is

statistically significant at the 99% confidence limit for n=15.
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Fig. 5. The decrease in fratio as ammonium accumulates. The
Spearman’s rank coefficient of —0.77 in depth-integrated data is
statistically significant at the 99% confidence limit. Surface data show
the same relationship, although weaker. The Spearman’s rank
coefficient (r5) of —0.59 is significant at the 95% confidence limit. It
is important to note that the two values where the f-ratio is plotted as
zero are points where surface nitrate uptake was below detection limit.
Real values are unlikely to be exactly zero. However, if these data
points are disregarded the Spearman’s rank coefficient (—0.56) is still
significant at the 95% confidence limit.

approximately 40 to 700 nM, and in photic-zone
concentrations, which range from 20 to 1100 nM. The
vertical structure of the profiles also varied substantially,
with surface maxima observed on some occasions and
deep maxima on others. Depth-integrated (photic zone)
concentrations varied from approximately 3 mmol/m? to
70 mmol/m?.

3.3. Inorganic nutrient concentrations

Inorganic nutrient concentrations (Fig. 3) support the
general picture that the declining phases of the spring (Si
limited) diatom bloom were sampled; with silica
concentrations ranging from 5 pM to below detection
limit. In contrast, nitrate and phosphate concentrations
were, with the exception of one station, greater than 3
and 0.2 uM respectively, suggesting that nitrate and
phosphate were not limiting to growth. High ammonium
concentrations occurred only at depleted silicate con-
centrations (Fig. 3), indicating that ammonium concen-
tration was related to bloom state.

3.4. Primary productivity

An inverse relationship is observed between primary
production and ammonium concentration (Fig. 4). As
production decreased, depth-integrated ammonium con-
centrations increased from between <1 and 20 to be-
tween 40 and 70 pmol/m?, indicating that the declining
phase of the spring diatom bloom is accompanied by an
accumulation of dissolved ammonium throughout the
photic zone.

4. Discussion
4.1. Ammonium accumulation

Ammonium accumulation was observed throughout
the NE Atlantic basin over a sampling period of several
weeks, covering various stages of bloom decline. Thus it
seems that this was not a transient state but rather a
condition that persisted for some days or even weeks at
each station. We provide evidence below that suggests the
accumulation of ammonium over the cruise region is due
to decoupling of the processes taking up and regenerating
ammonium, as the bloom declined and regeneration
exceeded uptake by the mixed algal/ bacterial community.
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Fig. 6. Ammonium uptake (A) and nitrate uptake (B) against
ammonium concentrations over the declining diatom bloom. A
Spearman’s rank coefficient (r5) of —0.76 is significant at the 99%
confidence limit. In both plots the station identified as representing the
peak of the spring bloom (Station 13984) is marked with an ‘x’.
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4.2. F-ratio

In order to investigate this further we consider the
nitrogen metabolism of the mixed plankton community.
As the bloom declined and ammonium accumulated, the
f-ratio declined, as observed in both surface and depth-
integrated data (Fig. 5), indicating an increased reliance
on ammonium relative to nitrate as a nitrogen source.
This is consistent with our conceptual understanding of
seasonal phytoplankton community evolution from one
dominated initially by ‘new’ nitrate-based production
(mostly diatoms) to one characterized by ‘regenerated’
(reduced N) production (mostly dinoflagellates) as
nutrients become limiting during summer in the
stratified water column. We consider both surface and
depth-integrated data here as it is possible that the bulk
photic zone plankton community might have been
behaving differently from that in the surface sub-layer.
The ammonium depth profiles shown in Fig. 2 suggest
that there are often differences in the processes
modifying ammonium concentration between the sur-
face and at depth (i.e. concentrations often change
rapidly near the surface). However, although the
relationship between declining f-ratio and ammonium
accumulation is weaker in the surface data than in depth-
integrated data, it is still statistically significant (sce
caption, Fig. 5).

Contrary to what we might expect with a decreasing
f-ratio, measured ammonium uptake rates varied
relatively little over the course of the study, and with
no discernable trend with either primary production or
ammonium concentration (Fig. 6). The outlying point in
Fig. 6A is the high ammonium uptake at Station 13984,
identified by Brown et al. (2003) as representing the
peak of the spring bloom. Note that the corresponding
nitrate uptake is also high (Fig. 6B). Primary produc-

tivity was also greatest at this station (Fig. 4). The
decline in f-ratio therefore appears to be the result of a
decline in nitrate uptake, rather than an increase in
ammonium uptake.

The technique used to quantify ammonium uptake
rates (Bury et al., 2001), using the equation presented by
Dugdale and Goering (1967) does not account for the
effects of isotope dilution (by regeneration of NH}) on
apparent uptake rates. It has been shown recently that
the ‘classic’ approach applied here consistently under-
estimates ammonium uptake by up to 40% compared to
a more complex model, although major changes in
uptake rates associated with the seasonal cycle were
well reproduced (Tungazara et al., 2005). It is thus
possible that ammonium uptake in fact increased with
increasing ammonium concentration, but that the signal
was masked by increasing regeneration as the bloom
declined.

With the exception of one observation, the C/N ratio
of the accumulated labile and semilabile dissolved
organic matter' (DOM) in the photic zone was below 5
(Fig. 7). This low C/N ratio is consistent with bacterial
release of ammonium (Goldman and Dennet, 2000;
Anderson, 1992; Tezuka, 1990).

5. Implications for air—sea ammonia flux

The observed increase in surface-water ammonium
concentrations will lead to an increase the concentration
(and partial pressure) of NHj sy, at the air—sea interface,
favoring fluxes from the ocean into the atmosphere. CO,
assimilation is likely to lead to a deficit in surface-water
pCO, and an increase in pH, causing NHx equilibrium
to shift further towards NHjq,. This increase in pH can
sometimes be as much as 1 pH unit (Brussaard et al.,
1996). The numerical model of Yakushev and

' To calculate the C/N ratio of the accumulated dissolved organic
matter pool we have examined profiles of DOC and DON for each of
the stations shown in Fig. 1, each of which showed a surface
accumulation of both DOC and DON above 100 m. Below 100 m the
profiles were rather constant with depth. We have therefore subtracted
the deep value, assuming that this represents the refractory pool which
is present throughout the water column with the additional surface
maxima being assumed to represent the semi-labile and labile pools
turned over on timescales of less than one year. The surface pools of
DOC and DON were then integrated separately and the resultant
integrated DOC and DON were divided by the integration depth to
produce accumulations in units of micromoles per liter which can be
compared to estimate the molar ratio of these two pools and hence the
C/N ratio of the pool of labile and semi-labile material. It is important
to recognize that the C/N ratio of this pool does not represent the C/N
ratio of the pool metabolized by bacteria but it is not unreasonable to
suppose that it might be close to it.
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Mikhailovsky (1995) predicts more moderate increases
of 0.2 to 0.3 pH units, sustained over periods of up to
100 days during and after high latitude ocean blooms of
various phytoplankton species. To investigate the effect
of this associated increase in ammonium and pH on the
magnitude and direction of air—sea ammonia flux, a set
of calculations is presented, comparing the air—sea
ammonia flux under ‘normal’ and ‘post-diatom-bloom’
conditions.

To calculate air—sea ammonia flux we need to know
i) the concentrations of ammonium in seawater and
ammonia in the atmosphere; ii) pH; iii) temperature;
iv) salinity and v) wind speed. Whilst wind speed will
enhance a flux of ammonia in either direction (through
the transfer velocity, &), it cannot influence the direction
of the flux (“Eq. (2)”). Wind speed is thus not
considered here, and fixed at 5 m/s. Salinity (over the
range commonly observed in the open ocean) has a
negligible effect on the air—sea ammonia flux (Johnson,
2004) and is fixed at 35.

The potential effects of the sea-surface microlayer
are not considered here for two reasons: Firstly, other
studies of air—sea ammonia exchange do not consider
microlayer effects and thus we follow this to ensure
comparability of results (results from other studies
quoted below are directly comparable due to their
similarity of approach, methodology and flux calcula-
tions); secondly, the various microlayer-related effects
(enrichment, inhibition of gas transfer and irreversible
thermodynamic considerations) are largely unknown
for ammonia and are difficult to quantify, although
assessment of the available data suggests that in the
open ocean effects are likely to be minimal (Johnson,
2004).

Gas phase ammonia concentrations were not mea-
sured during this fieldwork, so two values are assumed
here: the commonly quoted ‘background’ concentration
of 3 nmol/m® (Ayers and Gras, 1980; Warneck, 1988) is
compared with a concentration of 1 nmol/m®, which is
probably a more realistic background concentration,
after observations in the NE Atlantic (S. Gibb
unpublished results; Johnson 2004). The sea-surface
temperatures recorded by the ship’s sensors during the
cruise range from approximately 4 to 15 °C; for the
majority of the cruise track they were between 10 and
15 °C. Three surface temperatures are considered here:
5, 10 and 15 °C. For each temperature and gas phase
concentration, three scenarios of sea-surface NHj
concentration and pH are considered. Normal conditions
(sea-surface [NH4]=100 nM, after frequency analysis
of observed surface concentrations in Johnson, 2004)
are compared with post-bloom conditions (500 nM,

40+
{NHy) = 1 nmol m3

304 m normal
@ post-bloom (no pH change)
o post-bloom (pH increase 0.25)

n
o

Ammonia flux
{pmoles/m?/s)
=)

o

o

20~ 5 10 15
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404
(NHa(g)) =3 nmol m-3
301 mnormal
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E o 104
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(=}
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Fig. 8. Enhancement of air—sea ammonia flux during post-bloom
ammonium accumulation, relative to normal conditions. A range of
temperatures and gas phase ammonia concentrations are considered.
Calculation and assumptions are described in the main text.

after the surface concentrations (top 5 m) observed
during the FISHES cruise). Fluxes under post-bloom
conditions are considered with and without a modifica-
tion of pH by 0.25 pH units, from 8.0 to 8.25.

The results of this calculation, presented in Fig. &,
clearly demonstrate the potential of bloom events to
modify the magnitude and direction of air—sea ammonia
flux over a range of typical temperatures and remote MBL
gas phase concentrations. This is the case in spite of the
strong temperature dependence of the air—sea ammonia
flux. This temperature dependence manifests itself in
Fig. 8 as the greater difference between normal and post-
bloom fluxes at higher temperatures, i.e. low temperatures
reduce the effect of bloom events on air—sea ammonia
flux. The effect is further inhibited by higher gas phase
ammonia concentrations (3 nmol/m’ case, Fig. 8). It
should be noted that at 5 °C and with a gas phase
concentration of 3 nmol/m® a bloom-driven increase of
ammonium concentration to 500 nM is insufficient to
drive a positive flux even with the concurrent bloom-
related pH increase. However, as stated above, more
recent measurements of marine boundary layer ammonia
concentration suggest that the commonly quoted back-
ground concentration of 3 nmol/m® is probably an
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Peak bloom conditions
T=10°C pH=8.25

Fluxes NH

1. Silicate uptake = 2.4 pmol-Si/l/day 3(g)
2. Nitrate uptake = 350 pmol-N/m’/day
3. Ammonium uptake =200 pmol-N/m*/day

4. Heterotrophic remineralisation (unknown) 1 nmol/m®
5. Air-sea NH, flux = - 0.2 pmol/m?/day (estimated)
5
NO_~ NH *
3 3 4
(*NH,)
~8 uM -
~100 nM
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~400 4 f

pmol-C/m2/day)|

Si0,*

1 Heterotrophs

~5 uM

Post diatom bloom conditions
T=10°C pH=8.25

Fluxes NH
1. Silicate uptake = 0.2 ymol-Si/l/day 3(g)
2. Nitrate uptake =50 umol-N/m’*/day
3. Ammonium uptake =100 pmol-N/m*/day
4.H phic remineralisation (unknown) 1 nmol/m?
5. Air-sea NH, flux = +1.2 ymol/m‘/day (estimated)
5 A
NO - NH "
3 4
2 3 (+NH,)
i ! Phytoplankton| ~500 nM
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Fig. 9. Budgets to demonstrate the differences between peak- and post-bloom conditions using data measured and calculated during this study.

overestimate. It is clear from Fig. 8 that even at low
temperatures and enhanced gas phase concentrations, the
equilibrium between seawater and gas phase ammonia is
finely poised. The equilibrium between ammonium and
ammonia in seawater is sensitive to pH (Johnson, 2004)
and the sea-to-air fluxes in Fig. 8 are particularly
enhanced when the effect of pH increase due to the
phytoplanktonic uptake of CO, is considered.

That it is specifically the decline of the diatom bloom
which results in ammonium accumulation in surface
waters and consequent emission of ammonia to the
atmosphere is demonstrated by the budgets presented
in Fig. 9, which synthesize the relevant concentrations
and fluxes for the ‘peak bloom’ and ‘post diatom bloom’
conditions observed during the cruise. Peak bloom
conditions are based on the two stations with highest
primary productivity (13984 and 14010), and post-
bloom conditions on the four stations with lowest
primary productivity (1400, 14014, 14020 and 14053).
The parameters used to calculate air—sea ammonia flux
in the peak bloom scenario are similar to the normal
conditions used in the calculations for Fig. §; the
difference being an elevated pH (8.25, assumed).

Between peak- and post-bloom conditions we see
an order of magnitude decrease in nitrate and silicate
uptake (Brown et al., 2003), with a more moderate
(factor of 2) decrease in ammonium uptake rates (high
peak bloom ammonium uptake having been observed
at station 13984, see Fig. 6). Silicate decreases to a

concentration at which it is limiting to diatom growth
and primary production decreases by a factor of 4.
Nitrate is not depleted to limiting concentrations,
suggesting that non-diatom based primary production
will increase at some future point to utilize the available
nitrate before the summer recycling-based community
structure emerges. During this lag in the succession of
phytoplankton species, ammonium buildup occurred.
We presume that heterotrophic remineralization at least
remained at peak bloom rates and more likely increased
with increasing numbers of dying cells as the diatom
bloom declined. The post-bloom sea to air ammonia flux
of 1.2 umol/m?/day (quoted in these units for compar-
ison with uptake data in Fig. 9) equates to a flux of
approximately 14 pmol/m?/s, which compares well to
the post-bloom fluxes predicted in Fig. 8.

All previously observed air—sea ammonia fluxes
from >55°N are between approximately —200 and
-1 pmol/mz/s (Johnson, 2004; S. Gibb, unpublished
results), with extreme negative values being attributable
to situations where ammonia from terrestrial sources
substantially enhanced gas phase concentrations. These
values are exclusively negative (from air to sea) whereas
the post-bloom ammonium flux predicted here is
positive and of the order of 15 pmol/m?/s, suggesting
that in a region where the flux is predominantly nega-
tive, biological processes can reverse this. It is important
to note here that during periods where air is advected
over the NE Atlantic from nearby terrestrial sources
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(Northern Europe and Iceland), gas phase concentra-
tions of up to 10 nmol/m? are not uncommon (Johnson
2004, S. Gibb, unpublished results). During these events
such biologically driven effects will tend to be over-
whelmed, particularly at lower temperatures.

Quinn et al. (1990) report sea to air ammonia fluxes
observed over the range 20 to 170 pmol/m?/s in the central
Pacific. These large fluxes relative to those predicted by
the above calculations can be explained by the extremely
low gas phase concentrations (~0.01 nmol/m®) observed
over the remote central Pacific by Quinn et al. (1990), and
because warmer sea-surface temperatures favor efflux of
gases from the ocean. McKee (2001) predicts a
comparable 10 pmol/m*/s flux from sea to air for the
Central Atlantic, where higher temperatures may have
counteracted lower observed surface seawater ammonium
concentrations to give a similar flux to that predicted in
this study for post-bloom conditions in the NE Atlantic.

It is also interesting to estimate the amount of
ammonia emitted to the atmosphere over the cruise
region (considered here to be represented by the region
between 58—64°N and between 25-5°W, an area of
approximately 720 x 10° km?) during the decline of the
spring bloom. Assuming a per-area post-bloom flux of
15 pmol/m?/s persisting for two weeks in the region
described above, the total flux of ammonia out of the
ocean is 1.3x 107 moles (approximately 2x 10° kg of
nitrogen). Assuming a ‘normal conditions’ flux of
—10 pmol/m?/s for the other 50 weeks of the year
yields a total ammonia flux over the region of 2.1 x 10"
moles per year from atmosphere to ocean; approxi-
mately a 10% decrease in magnitude from the net annual
flux in the case of a normal flux throughout the year.
This very simple calculation does not account for other
seasonal changes (temperature, wind speed etc) but it
does serve to highlight the potentially disproportionate
significance of short periods of bloom-driven effluxes in
regions where the norm is influx.

Jickells et al. (2003) present isotopic evidence for a
marine ammonia source in the mid to high latitude open
oceans in both hemispheres. This is somewhat at odds
with recent field observations of high latitude air—sea
ammonia fluxes (Johnson, 2004, S. Gibb, unpublished
results), which measured solely negative fluxes (i.e.
fluxes from air to sea) at >55°N in the northeast Atlantic,
northern North Sea and Arctic Ocean. The ammonium
aerosol data used by Jickells et al. (2003) was collected
in June in the northeast Atlantic, and September—
October in the southern hemisphere. Thus we suggest
that the data presented by Jickells et al. (2003) may be
biased by the influence of the spring bloom on the air—
sea ammonia flux.

6. Conclusion

The implication of our results is that an accumulation
of ammonium commonly occurs when a silicate-limited
diatom bloom declines. The phenomenon of post-bloom
ammonium accumulation was observed throughout the
NE Atlantic Basin, and probably occurs on a wider
scale. It is possible that such events are repeated at other
periods in the seasonal cycle in regions such as the NE
Atlantic, leading to greater total emissions. For instance,
there is some evidence of ammonium accumulation in
the autumn in the NE Atlantic (S. Gibb, unpublished
results), as a second nitrate-driven bloom declined, the
bloom having been fueled by increased flux of nutrients
from depth as the summer thermocline broke down.

The calculations presented in Fig. 8 suggest that at
lower temperatures, bloom effects are unlikely to effect
changes in air—sea ammonia flux direction. However,
data presented by Johnson (2004) suggests that at high
latitudes (>65°N) where spring and summer tempera-
tures are low, ammonium concentration tends to be
higher (normal conditions of up to 250 nM and peak
surface concentrations of up to >1 pM), which will
somewhat counteract the effect of low temperatures.
Conversely, at mid-latitudes, temperatures are warm-
er, but ammonium concentrations tend to be lower
(Johnson 2004; McKee, 2001, Gibb et al., 1999), further
widening the latitudinal band where ocean—atmosphere
ammonia equilibrium is finely balanced and thus
ammonium accumulation in surface waters is likely to
be significant to air—sea flux direction.

The model data of Fasham et al. (1993) predict that
similar ammonium accumulation will occur as the spring
diatom bloom declines as a result of nitrate limitation,
where the bacteria behave as ammonium utilizers; indi-
cating that ammonium accumulation may occur indepen-
dently of the role of the bacteria (as net utilizers or
remineralizers of ammonium). If such accumulation is not
reliant on silicate limitation, then there is the potential for
this effect to be ubiquitous in oceans where there is a
defined seasonal cycle. If so it may contribute signifi-
cantly to the net global air—sea flux of ammonia, as it is a
substantial deviation from ‘ambient’ conditions. In terms
of global nitrogen biogeochemistry, it is probably not of
great significance, as any emission to the remote marine
atmosphere is likely to be rapidly converted to particulate
phase ammonium and deposited locally.

However, it is in this gas-to-particle conversion that
the effect of bloom-related ammonia emission events are
of potential importance to MBL chemistry (through
neutralization of atmospheric acidity) and to climate
(through formation of cloud condensation nuclei).
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Late spring and early summer is the period when DMS
emissions from the ocean are at their peak, also
associated with the phytoplankton seasonal cycle (e.g.,
Kloster et al., 2006; Kettle et al., 1999). The presence
of gas phase ammonia in the atmosphere is likely to
enhance the nucleation rate of new particles, through
neutralization of oxidized sulfur that has originated from
DMS emission. For instance, Yu (2003) predicts a factor
of 107 increase in pseudo-steady-state nucleation rate
with a factor of 10 increase in NH3(,) concentration in a
kinetic model. To quantify 1) the global significance of
bloom-related ammonia emissions and 2) their effect
on MBL chemistry (nucleation rate, cloud formation),
detailed open ocean time-series data (marine and
atmospheric) will be required.
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