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Abstract. Sea-to-air and diapycnal fluxes of nitrous oxide
(N2O) into the mixed layer were determined during three
cruises to the upwelling region off Mauritania. Sea-to-air
fluxes as well as diapycnal fluxes were elevated close to the
shelf break, but elevated sea-to-air fluxes reached further off-
shore as a result of the offshore transport of upwelled water
masses. To calculate a mixed layer budget for N2O we com-
pared the regionally averaged sea-to-air and diapycnal fluxes
and estimated the potential contribution of other processes,
such as vertical advection and biological N2O production in
the mixed layer. Using common parameterizations for the
gas transfer velocity, the comparison of the average sea-to-
air and diapycnal N2O fluxes indicated that the mean sea-to-
air flux is about three to four times larger than the diapyc-
nal flux. Neither vertical and horizontal advection nor bio-
logical production were found sufficient to close the mixed
layer budget. Instead, the sea-to-air flux, calculated using a
parameterization that takes into account the attenuating ef-
fect of surfactants on gas exchange, is in the same range as
the diapycnal flux. From our observations we conclude that
common parameterizations for the gas transfer velocity likely
overestimate the air-sea gas exchange within highly produc-
tive upwelling zones.

1 Introduction

Nitrous oxide (N2O) is a potent greenhouse gas with a major
contribution of oceanic emissions to its atmospheric budget
(Denman et al., 2007). It is produced in the oxic subsur-
face and deep ocean during microbial nitrification, whereas
in anoxic to suboxic parts of the ocean N2O can be produced
and/or consumed during canonical denitrification (see e.g.
Castro-Gonzalez and Farias, 2004; Nicholls et al., 2007).

While large parts of the surface ocean are close to equilib-
rium with the atmosphere, enhanced emissions are observed
during coastal upwelling events due to the transport of N2O-
enriched subsurface waters into the mixed layer (ML, see e.g.
Nevison et al., 2004). Pronounced coastal upwelling in the
eastern tropical North Atlantic Ocean (ETNA) occurs sea-
sonally along the coasts of Mauritania and Senegal. Con-
sistently, N2O emissions are found to be enhanced during
winter/spring (Wittke et al., 2010).

In this study we quantify the diapycnal and sea-to-air
fluxes of N2O in the ETNA (incl. the upwelling off Mau-
ritania) to estimate the contribution of diapycnal mixing to
the N2O ML budget: N2O concentrations in the ML should,
at steady state, represent the balance between physical pro-
cesses such as vertical mixing, air-sea gas exchange with the
overlying atmosphere, vertical and horizontal advection and,
potentially, biological processes such as nitrification. The
relative importance of the different terms for the N2O ML
budget is discussed. It is found that diapycnal and sea-to-air
fluxes are the leading terms in the N2O ML budget and sea-
to-air fluxes are likely overestimated when using common
parameterizations for the gas transfer velocity.

2 Study site

The investigated area covers the ETNA between the Cape
Verde Islands and coast of Mauritania (Fig. 1). A lack of
river inputs combined with a narrow continental shelf mini-
mizes additional contributions of N2O originating from river-
ine or sedimentary sources. The Mauritanian upwelling sys-
tem is the most productive southern branch of the Canary
Current upwelling system (Minas et al., 1982; Signorini et
al., 1999), showing a seasonality which follows the shifting
of the Inter-Tropical Convergence Zone (ITCZ) throughout
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Fig. 1. Map with locations of the sampled stations during P347 in January 2007(a), P348 in February 2007(b) and ATA3 in February 2008
(c). MODIS monthly sea surface temperatures (in◦C) are also shown (http://oceandata.sci.gsfc.nasa.gov/MODISA/Mapped/). CVI stands
for Cape Verde Islands.

the year (Hagen, 2001). In the region between Cap Vert
(∼15◦ N) and Cap Blanc (∼21◦ N) seasonal upwelling takes
place during winter/spring (Schemainda et al., 1975). Com-
pared to other eastern boundary upwelling systems, the wa-
ter column in the ETNA has relatively high oxygen con-
centrations: minimum oxygen concentrations reach down
to 40 µmol l−1 (Stramma et al., 2008). We thus conclude
that the main production pathway for N2O in this region is
nitrification.

3 Methods

N2O concentration, microstructure and conductivity-
temperature-depth (CTD) measurements were conducted
during three cruises to the ETNA (Fig. 1). The cruises
were part of the German BMBF joint project SO-
PRAN (Surface Ocean Processes in the Anthropocene,
www.sopran.pangaea.de) and the DFG-funded Mauritanian
upwelling and mixing process study (MUMP). They were
scheduled in the upwelling season in January/February
2007 (R/VPoseidoncruises P347 and P348) and February
2008 (R/V L’Atalante cruise ATA3). Water samples were
analyzed for dissolved N2O on board using a GC/ECD
system (Hewlett Packard 5890 II during ATA3, Carlo Erba
HRGC 5160 Mega Series during P347 and P348) with a
static equilibration method. The GCs were equipped with a
6′1/8′′ stainless steel column packed with molecular sieve
(5Å) (W. R. Grace & Co.-Conn., Columbia, MY) and oper-
ated at a constant oven temperature of 190◦C (HP 5890II)
and 220◦C (Carlo Erba HRGC 5160). Argon-methane
(95/5, 5.0, AirLiquide, D̈usseldorf, Germany) was used as
carrier gas at a flow rate of 30 ml min−1. Triplicates of
bubble free samples were drawn from 10 l Niskin bottles
mounted on a CTD/rosette, poisoned with mercuric chloride
or measured within 24 h after sampling. For analysis, a
10 ml helium headspace was added to each sample using a
gas-tight syringe (VICI Precision Sampling, Baton Rouge,

LA). A 9.5 ml subsample of the headspace was analyzed
for nitrous oxide after an equilibration time of minimum
2 h. The GC was calibrated on a daily basis using at least
two different standard gas mixtures (Deuste Steininger
GmbH, Mühlheim, Germany) to account for potential drift
of the detector. The concentration of N2O in the water
phase was calculated using the solubility function of N2O
from Weiss and Price (1980). The average precision of
the measurements, calculated from error propagation, was
±0.7 nmol l−1.

N2O sea-to-air fluxesFsta (in nmol m−2 s−1) were calcu-
lated from the gas exchange equation:

Fsta= kw ·1N2O= kw ·([N2O]w −[N2O]a) (1)

wherekw is the gas transfer velocity and [N2O]w is the mea-
sured in-situ concentration from the shallowest Niskin bottle
in the surface layer (5–10 m). The N2O equilibrium concen-
tration [N2O]a was calculated by using a mean dry mole frac-
tion of 321 ppb (extracted from the monthly time series of at-
mospheric N2O from the AGAGE monitoring station Ragged
Point on Barbados; seehttp://agage.eas.gatech.edu; Prinn et
al., 1990) and the temperature and salinity at the depth of
the corresponding Niskin bottle.kw was calculated using
thekw/wind speed relationships as defined by Nightingale et
al. (2000), Liss and Merlivat (1986) and Wanninkhof (1992)
(Fig. 2). Wind speeds were obtained from the ships’ under-
way observations for the calculation of the sea-to-air flux at
the individual stations. For the calculation of regionally av-
eraged sea-to air fluxes, we used three day mean QuikScat
wind speeds (ftp://ftp.ssmi.com/qscat/).

Alternatively, the sea-to-air flux densities were calculated
using the gas transfer velocity parameterization from Tsai
and Liu (2003) that takes into account the reduction of the
air-sea gas exchange due to surfactants (Fig. 2).

Ocean turbulence profiles were sampled using different
microstructure profiling systems (MSS) manufactured by Sea
& Sun Technology. The MSS consists of a loosely-tethered

Biogeosciences, 9, 957–964, 2012 www.biogeosciences.net/9/957/2012/

http://oceandata.sci.gsfc.nasa.gov/MODISA/Mapped/
www.sopran.pangaea.de
http://agage.eas.gatech.edu
ftp://ftp.ssmi.com/qscat/


A. Kock et al.: Sea-to-air and diapycnal nitrous oxide fluxes 959

Fig. 2. Wind speed parameterizations used for the calculation of
sea-to-air fluxes of N2O. The black lines represent gas exchange
parameterizations for conditions without surfactants while the red
line represents the parameterization of Tsai and Liu (2003) for
surfactant-influenced surface waters.

profiler, a winch with a cable drum attached to the bulwark
and a deck unit. The profilers used during the different
cruises were equipped with two shear sensors (airfoil), a fast
temperature sensor (FP07), an acceleration sensor, tilt sen-
sors and standard CTD sensors. They were adjusted to de-
scent at a rate of 0.5–0.6 ms−1 while the system records data
from 16 channels at 1000 Hz. A detailed description of the
instruments is given in Prandke and Stips (1998).

From the high-resolution shear measurements the dissipa-
tion rates of turbulent kinetic energy (ε) were determined by
integrating vertical wavenumber spectra of individual one-
second ensembles assuming isotropy of turbulence at scales
smaller than 0.6 m. Correction for unresolved spectral ranges
and finite sensor tips were applied. For a detailed description
of the algorithms used and the instrumental set up during the
cruises the reader is referred to Schafstall et al. (2010).

Estimates of diapycnal N2O fluxes into the ML we calcu-
lated from the station-average diapycnal diffusivities derived
from the microstructure measurements from 5 m below the
ML depth to the depth of the next deeper N2O water sample.
Three to eight microstructure profiles were typically sampled
at an individual station. ML depth was determined using the
density criterion described by Kara et al. (2000). To avoid
any influence from turbulence caused by the ship, the mini-
mum ML depth was set to be at least 15 m deep. The diapyc-
nal diffusivity Kρ was computed according to Osborn (1980)
as

Kρ = 0
ε

N2
, (2)

and the diapycnal fluxesFdia of N2O as

Fdia= Kρ ·
d[N2O]

dz
, (3)

with the local buoyancy frequencyN and the mixing effi-
ciency0 which was set to a constant value of 0.2 (Oakey,
1982) and the vertical concentration gradientd[N2O]

/
dz.

The local buoyancy was calculated from the profilers’
CTD measurements. Diapycnal N2O fluxes were determined
only from those microstructure profiles which were recorded
concurrently with N2O profile sampling.

4 Results and discussion

To illustrate the N2O sea-to-air and diapycnal fluxes the esti-
mates from the individual stations were projected onto the
distribution of topography along 18◦ N (Fig. 3). For this
comparison, wind speeds from the ship’s underway measure-
ments were used to evaluate sea-to air fluxes. It should be
noted that the comparison implicitly assumes that the mean
fluxes have larger cross-shore than along-shore gradients,
which was shown to be the case in the Mauritanian upwelling
region by Schafstall et al. (2010).

The N2O sea-to-air fluxes using the Nightingale
et al. (2000) parameterization ranged from−0.02 to
0.5 nmol m−2 s−1 (Fig. 3). Highest fluxes were found close
to the shelf break in the zone of active upwelling indicated
by low sea surface temperatures (SST). N2O sea-to-air fluxes
decreased with distance from the shelf break, which can be
explained by a combination of continuous outgassing from
N2O-enriched waters and its offshore transport within cold
filaments. The majority of the fluxes are positive indicating
a flux of N2O from the ocean to the atmosphere. However,
we also computed negative fluxes which denote a N2O flux
from the atmosphere into the ocean. These negative fluxes
correspond to1N2O values of max.−0.3 nmol l−1 and are
therefore within the uncertainty range of the measurements.

The open ocean sea-to-air fluxes (west of 18◦ W) are in
agreement with the fluxes computed by Walter et al. (2006).
The coastal fluxes between 18◦ and 16◦ W are, despite result-
ing from a different approach, in reasonable agreement with
the model-adjusted sea-to-air fluxes computed by Wittke et
al. (2010). Rees et al. (2011) calculated sea-to-air fluxes from
upwelling filaments of the Mauritanian upwelling in a simi-
lar range to our results. Compared to other coastal upwelling
systems, the average N2O fluxes from the Mauritanian up-
welling are relatively low (Charpentier et al., 2010; Bange et
al., 1996).

The majority of the diapycnal N2O fluxes were lower than
the N2O sea-to-air fluxes from the Nightingale et al. (2000)
parameterization. Largest diapycnal fluxes were found in
a narrow band in the region of the shelf break. However,
enhanced fluxes were also encountered in the lower shelf
region. Since the vertical N2O gradients were rather uni-
form, the variability of diapycnal fluxes is predominately
due to the variability of diapycnal diffusivities (Kρ). As
shown by Schafstall et al. (2010), diapycnal mixing along
the upper continental slope and the lower shelf region of the
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Fig. 3. Diapycnal N2O (red dots, right axis) and sea-to-air fluxes
(black dots, right axis) projected to 18◦ N and bottom depth along
18◦ N (solid line, left axis). Fluxes from stations to the north and
south of 18◦ N were projected onto 18◦ N according to their dis-
tance from the 400 m isobath.

Mauritanian upwelling is strongly enhanced due to presence
of non-linear internal tides that form due to critically sloping
topography (e.g. Holloway, 1985). Diapycnal nutrient fluxes
calculated for the upwelling region are amongst the highest
reported to date (Schafstall et al., 2010). Nevertheless, di-
apycnal N2O fluxes from other coastal upwelling regions re-
ported by Charpentier et al. (2010) are in the same order of
magnitude as the diapycnal fluxes inferred here.

To determine regional averages of the N2O sea-to-air
fluxes, the individual station estimates were extrapolated ex-
ploiting the dependence of surface1N2O on SST anomaly
(Fig. 4). For this we used eight day mean MODIS Aqua SST
data (http://oceandata.sci.gsfc.nasa.gov/MODISA/Mapped/
8Day/4km/SST/) that covered the sampling periods.

The calculations were performed for an upwelling box off
the Mauritanian coast. The size of the box was defined by
the northernmost and southernmost sampled station, that is
20◦10′ N and 16◦10′ N respectively, the Mauritanian coast-
line (except the Banc D’Arguin with bottom depths<10 m)
and a line parallel to the shelf break located 170 km offshore.
The SST anomaly was defined as the difference between the
SST at a respective position in the upwelling box and the
background SST averaged along a 100 km long section to
the west of the box, thereby taking into account its mean lat-
itudinal dependence.

Negative SST anomalies (SSTA) were significantly corre-
lated with1N2O (r2 = 0.54,n = 45; Fig. 4). A linear regres-
sion was used to calculate the regional surface1N2O dis-
tribution from the SSTA (1N2O =C · SSTA, with the slope
of the regression lineC =−2.82 nmol l−1 ◦C−1. 1N2O val-
ues from positive SST anomalies were set to zero, assum-
ing that these values were not influenced by upwelling. The
corresponding N2O sea-to air fluxes, calculated with the

Fig. 4. 1N2O vs. SST anomaly. The black line denotes the lin-
ear regression of1N2O with respect to the SST anomaly for SST
anomalies smaller than zero.

Nightingale (2000) parameterizantion, were calculated from
three day mean QuikScat wind speeds (Fig. 6a). The re-
sulting flux, averaged over the sampling period and the up-
welling box, was 0.0685 (0.0677 to 0.0693) nmol m−2 s−1.
The confidence intervals were calculated using a Monte
Carlo simulation with the uncertainties of the1N2O cali-
bration and an assumed uncertainty of±2 m s−1 for the wind
speed as input variables. To account for the large uncertain-
ties in gas exchange velocities, we additionally calculated
sea-to-air fluxes using the gas exchange parameterizations by
Liss and Merlivat (1986) and Wanninkhof (1992) as lower
and upper boundaries (Wanninkhof et al., 2009) (Table 1).

In contrast to the sea-to-air fluxes, the diapycnal fluxes
were averaged in two regions according to their water depths:
the shelf (water depth<400 m) and open ocean (water depth
≥400 m) region (Fig. 5). The average fluxes were 0.07 (0.025
to 0.126) nmol m−2 s−1 for the shelf and 0.004 (0.002 to
0.007) nmol m−2 s−1 for the open ocean region (Fig. 6b).
This results in an overall average flux of 0.019 (0.007 to
0.048) nmol m−2 s−1. Confidence intervals were calculated
from error propagation determined from the standard uncer-
tainties ofε, N , mixing efficiencyγ and the vertical N2O
gradients as detailed in Schafstall et al. (2010).

Although the diapycnal flux estimate shows large uncer-
tainties and the calculated sea-to-air flux strongly depends
on the choice of the gas exchange parameterization, the com-
parison of the sea-to-air fluxes with the diapycnal flux shows
a large discrepancy between the two fluxes. None of the
commonly used gas exchange parameterizations is able to
adequately close the discrepancy, with the average diapyc-
nal flux only explaining about 25–30 % of the average sea-
to-air flux determined from the Nightingale et al. (2000)
parameterization.
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Table 1. Sea-to-air fluxes (Fsta) of N2O calculated with different gas exchange parameterizations and corresponding N2O production rates
at a ML depth of 25 m required to compensate the discrepancy between the sea-to-air flux and the sum of diapycnal (Fdia) and vertical
advective (Fadv) flux.

Parameterization Fsta [nmol m−2 s−1] Fsta− (Fdia+Fadv) [nmol m−2 s−1] Required N2O production rate [nmol l−1 yr−1]

Nightingale (2000) 0.069 (0.067 to 0.070) 0.048 (0.018 to 0.060) 61 (22 to 76)
Liss and Merlivat (1986) 0.047 (0.045 to 0.047) 0.026 (−0.005 to 0.038) 33 (−6 to 47)
Wanninkhof (1992) 0.084 (0.082 to 0.085) 0.064 (0.032 to 0.076) 80 (41 to 95)
Tsai and Liu (2003) 0.02 (0.019 to 0.021) −0.001 (−0.031 to 0.011) −1 (−40 to 14)

Fig. 5. Diapycnal N2O fluxes vs. water depth. The black lines
denote average fluxes for the shelf and for the open ocean region.

The missing oceanic flux required to close the N2O ML
budget cannot be attributed to vertical advection of N2O re-
sulting from Ekman divergence, however. A regional av-
erage of the vertical advective flux (Fadv) calculated from
wind stress curl using QuikSCAT winds and N2O concentra-
tion differences between the ML and the next deeper avail-
able value, from 10 to 30 m below the ML, resulted in
0.0021 nmol m−2 s−1 (Schafstall, 2010). Vertical advection
of N2O is thus nearly an order of magnitude lower than the
diapycnal flux. Similarly, the horizontal flux divergence as-
sociated with a mean N2O gradient along the eastern bound-
ary current is not able to close the N2O ML budget.

N2O production from near-surface nitrification has been
previously suggested to close the discrepancy between diapy-
cnal and sea-to-air fluxes (e.g. Dore and Karl, 1996; Santoro
et al., 2010). Recent publications have shown that nitrifica-
tion within the euphotic zone can play a significant role in
nutrient cycling of the surface ocean (Clark et al., 2008; San-
toro et al., 2010; Wankel et al., 2007; Yool et al., 2007).

Based on the estimates of diapycnal, advective and sea-to-
air flux we calculated potential N2O production rates closing
the N2O ML budget, assuming a ML depth of 25 m (Table 1).

Although covering a large range, the calculated N2O produc-
tion rates are extremely high: using the Nightingale (2000)
parameterization, the average N2O ML production rate must
be as high as about 60 nmol kg−1 yr−1 (0.16 nmol l−1 d−1)

for a ML depth of 25 m. This exceeds N2O production
rates in the water column below the ML, quantified to be
≤3.3 nmol kg−1 yr−1, by far (Freing et al., 2012). With a
molar N2O yield during nitrification between 0.5 and 0.01 %
(Bange, 2008) the corresponding nitrification rates would
range from 30 to 1500 nmol l−1 d−1. This is significantly
higher than the nitrification rates of up to 5 nmol l−1 d−1

from ML samples from Mauritanian upwelling region mea-
sured by Clark et al. (2008) which, for comparison, would
yield an N2O flux of 0.001 nmol m−2 s−1 at a N2O yield of
0.1 %.

In a more recent publication by Rees et al. (2011), nitrite
oxidation rate measurements from two upwelling filaments
off Mauritania provide higher nitrification rates in the up-
per 100 m of the water column (25± 12 nmol l−1 d−1 and
115± 106 nmol l−1 d−1 for two different filaments), with a
tendency to increase with depth and maximum rates at 100 m
depth.

Rees et al. (2011) compared the N2O production estimated
from their surface water nitrification rates with their sea-to-
air fluxes and came the conclusion that surface N2O produc-
tion could only explain a small portion of the sea-to-air flux
of N2O. The majority of the N2O emissions would have to
be supplied from below.

Although these nitrification rates are high enough to make
a substantial contribution to our mixed layer budget, this may
be due to the different sampling strategy applied by Rees
et al. (2011), who followed two upwelling filaments with
strongly elevated primary productivity and N2O concentra-
tions. In our approach on the other hand we randomly sam-
pled the area without regard to the upwelling conditions, and
a large number of our measurements do not indicate pro-
nounced upwelling. The high nitrification rates measured by
Rees et al. (2011) are thus not representative for the regional
budget estimate presented here.
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a) b) c) 

Fig. 6. (a)Regional distribution of the N2O fluxes calculated from SST anomalies and averaged over the sampling time using the Nightin-
gale (2000) parameterization.(b) Regional distribution of the diapycnal N2O flux. (c) like (a) but using the Tsai and Liu (2003) parameteri-
zation. Please note the different scaling of the colorbars in(a) and(b), (c).

Furthermore, their data provide another argument against
biological N2O production as explanation for the missing
ML N2O source: higher nitrification rates at about 100 m
depth compared to the near-surface layer together with the
findings that the N2O yield increases with decreasing oxygen
concentrations (Goreau et al., 1980; Loescher et al., 2012)
would result in higher N2O production rates at 100 m than
in the near-surface layer. These high subsurface production
rates in turn contradict the estimates of ocean interior N2O
production rates (Freing et al., 2012).

The ML budget could yet be closed using a gas exchange
parameterization that takes into account the attenuating effect
of surfactants on air-sea gas exchange (Tsai and Liu, 2003).

The resulting average sea-to-air flux for the upwelling box
is 0.020 nmol m−2 s−1 and thus of similar magnitude as the
diapycnal flux (Table 1, Fig. 6c).

However, the gas exchange under the influence of surfac-
tants is not well constrained so far, because (a) the distribu-
tion of surfactants in natural waters is difficult to determine
and (b) the influence of surfactants on gas fluxes is not well
understood.

Biological production has been identified as main source
for surface slicks (Lin et al., 2002; Wurl et al., 2011), and
SeaWiFs chlorophyll images (not shown) show that the in-
vestigated area was highly productive during the sampling
periods. The occurrence of surfactants was furthermore as-
sociated with high intensities of solar radiation (Gasparovic
et al., 1998) which can be found in the tropical upwelling
areas. Therefore, the Mauritanian upwelling provides very
favorable conditions for the occurrence of surfactants while
their extent and individual distribution during the time of the
sampling may show large variability, though.

The parameterization of Tsai and Liu (2003) is based on
the experiments of Broecker et al. (1978), resulting in 70–
80 % reduced fluxes for CO2. This is in the upper range

of observed reduction rates (Salter et al., 2011; Upstill-
Goddard, 2006; Schmidt and Schneider, 2011) and may
therefore slightly overestimate the reducing effect of surfac-
tants. However, recent publications point to a relatively large
effect of surfactants on gas exchange (Schmidt and Schnei-
der, 2011; Salter et al., 2011), and the applicability of the
parameterization of Tsai and Liu (2003) for the budget cal-
culation demonstrates that this effect may have a large impact
on gas fluxes in upwelling areas.

5 Summary and conclusions

For the first time, microstructure measurements were used
to estimate the diapycnal flux of nitrous oxide into the ML.
The comparison with sea-to-air fluxes shows a different re-
gional distribution due to the offshore transport of the super-
saturated surface waters. The regionally integrated average
sea-to-air fluxes using standard parameterizations exceed the
average diapycnal flux by a factor of three to four. We argue
that this discrepancy is unlikely to be explained by biolog-
ical N2O production in the mixed layer or vertical advec-
tion alone. Instead, a significantly reduced gas exchange due
to the occurrence of surfactants may be a plausible explana-
tion, although there is no direct evidence for a correlation
between surfactants and reduced N2O fluxes so far. Other
effects, including a reduced atmospheric turbulence due to a
stably stratified boundary layer over cold upwelling waters or
the presence of vertical N2O gradients in the oceanic mixed
layer due to diurnal varying mixing activity, could also lead
to a reduced gas exchange. However, our results suggest that
common parameterizations of air-sea gas exchange may lead
to a significant overestimation of the oceanic emissions of
N2O and other trace gases in highly productive areas.
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