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Abstract The tropical Atlantic exerts a major influence in climate variability through strong air-sea inter-
actions. Within this region, the eastern side of the equatorial band is characterized by strong seasonality,
whereby the most prominent feature is the annual development of the Atlantic cold tongue (ACT). This
band of low sea surface temperatures (~22-23°C) is typically associated with upwelling-driven enhance-
ment of surface nutrient concentrations and primary production. Based on a detailed investigation of the
distribution and sea-to-air fluxes of N,O in the eastern equatorial Atlantic (EEA), we show that the onset and
seasonal development of the ACT can be clearly observed in surface N,O concentrations, which increase
progressively as the cooling in the equatorial region proceeds during spring-summer. We observed a strong
influence of the surface currents of the EEA on the N,O distribution, which allowed identifying “high” and
“low” concentration regimes that were, in turn, spatially delimited by the extent of the warm eastward-
flowing North Equatorial Countercurrent and the cold westward-flowing South Equatorial Current. Estimat-
ed sea-to-air fluxes of N,O from the ACT (mean 5.18 + 2.59 umol m~2 d™ ") suggest that in May-July 2011
this cold-water band doubled the N,O efflux to the atmosphere with respect to the adjacent regions,
highlighting its relevance for marine tropical emissions of N,O.

1. Introduction

Nitrous oxide (N,0) is a potent, well-mixed greenhouse gas (GHG) whose atmospheric concentrations have
been increasing during the Anthropocene, contributing significantly to the rise in global average tempera-
tures [Bindoff et al., 2013; Hartmann et al., 2013] and stratospheric ozone depletion [Ravishankara et al.,
2009]. Since the ocean contributes about one third of the total natural source of N,O to the atmosphere
[Ciais et al., 2013] , the assessment of marine emissions of N,O is crucial for improving global atmospheric
N,O budget calculations. The tropical Atlantic Ocean exerts a major influence in climate variability through
strong ocean-atmosphere interactions, which alter regional temperatures and rainfall patterns on different
time scales [Carton et al.,, 1996; Xie and Carton, 2004; Chang et al., 2006; Brandt et al., 2011; Caniaux et al.,
2011; Tokinaga and Xie, 2011]. Within this region, the seasonal variability is particularly accentuated in the
eastern equatorial Atlantic (EEA), where pronounced sea surface temperature (SST) and wind speed varia-
tions can be observed during the year, mostly in association with the meridional displacement of the inter-
tropical convergence zone (ITCZ) [Xie and Carton, 2004]. Thus, in a typical seasonal cycle in the EEA high
SST, precipitation and strong stratification can be observed from boreal autumn to early spring, when the
southeasterly (SE) trade winds are the weakest and the ITCZ is centered at the Equator. Conversely, during
boreal summer, intensified SE trade winds, developing with the northward displacement of the rain band of
the ITCZ, trigger the onset of the equatorial Atlantic cold tongue (ACT) due to an associated net shoaling
and cooling of the mixed layer [Vinogradov, 1981; Philander and Pacanowski, 1986; Xie and Carton, 2004;
Schlundt et al., 2014].

SST in the ACT can be as low as 22-23°C, contrasting with SST as high as 27-29°C during the warm season,
i.e., boreal autumn to early spring [Caniaux et al., 2011]. The sea surface cooling during the upwelling season
in boreal summer is predominantly due to diapycnal downward heat flux [e.g., Hummels et al., 2013, 2014],
which coincides with an upward nutrient flux [Voituriez, 1981], and it is known to be associated with
enhanced primary productivity [Christian and Murtugudde, 2003; Grodsky et al, 2008] and emissions of
GHGs such as N,O and CO, to the atmosphere [Nevison et al., 1995; Takahashi et al., 2009]. Although N,O
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has been measured during several campaigns to the tropical Atlantic over the last decades [Weiss et al.,
1992; Oudot et al., 1990, 2002; Walter et al., 2004, 2006], to date no dedicated survey has monitored the sea-
sonal development of the ACT and its effects on the surface distribution and sea-to-air fluxes of this GHG.
Here we present the first high-resolution record of surface dissolved and atmospheric N,O during the onset
and progress of the ACT. The field work was carried out during two cruises on board of the German research
vessel R/V Maria S. Merian (MSM) in May-July 2011, and it was carried out within the framework of the
BMBF joint projects NORDATLANTIK and SOPRAN (Surface Ocean Processes in the Anthropocene), as well as
the Collaborative Research Center SFB 754.

2. Methods and Data

2.1. Study Area

Continuous measurements of N,O were conducted during several along and cross-equatorial sections
between 5°N-5°S and 0°W-23°W in order to account for the temporal and spatial variability of the region
during the onset of the ACT. Figure 1 shows the ship tracks of the MSM 18-2 and 18-3 cruises, as well as the
main surface zonal currents crossed during the sampling: The North Equatorial Countercurrent (NECC), and
the South Equatorial Current (SEC). The eastward-flowing NECC transports warm, low-salinity waters from
the western Atlantic, and reaches its maximal extent in August, coinciding with the northernmost location
of the ITCZ [Stramma and Schott, 1999].

Further south, the SEC flows westward carrying waters from the equatorial divergence and western Africa
to the northern hemisphere. The northern and central branches of the SEC (nSEC and cSEC, respectively)
can be identified in the mean flow field at about 2°N and 4°S [Brandt et al., 2011], whereas the near-surface
westward flow in the equatorial band in between the two mean current cores (the equatorial SEC, eSEC)
develops upon strengthening of the equatorial easterlies during boreal summer [Lumpkin and Garzoli,
2005]. Moreover, Figure 1 also shows the Equatorial Undercurrent (EUC) which flows eastward below the
near-surface, transporting subtropical saline waters originating in the southern hemisphere and supplying
most of the upwelling waters to the ACT region [Hormann and Brandt, 2007; Brandt et al., 2011].

2.2. Underway Measurements
Along-track measurements of dissolved and atmospheric N,O were performed with an underway system
based upon off-axis-integrated cavity output spectroscopy (OA-ICOS) coupled to a shower-type equilibrator,
as described by Arévalo-Martinez et al. [2013]. Seawater was continuously drawn from about 6.5 m depth
either by using the ship’s sup-
[°C] ply system (centrifugal pump;
30 MSM 18-2) or a submersible
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Figure 1. Atlantic cold tongue in 2011. MODIS-Aqua SST in the tropical Atlantic showing the
extent of the ACT in May-July 2011. The main zonal surface (solid) and thermocline (dotted)
currents during boreal spring/summer are depicted by white arrows: NECC: North Equatorial
Countercurrent; nSEC, eSEC, ¢SEC, and sSEC: northern, equatorial, central, and southern
branches of the South Equatorial Current; EUC: Equatorial Undercurrent. The North Brazil
Current and Undercurrent (NBC and NBUGC, respectively) are also displayed. White dashed lines
indicate the approximate extent of the NECC. Black lines indicate the ship tracks of the R/V
Maria S. Merian cruises 18-2 (solid) and 18-3 (dashed). CTD stations during the equatorial
sections EQ | (20-23 May) and EQ Il (8-12 June), as well as the 23°W and 10°W sections are
depicted as red, blue, and green dots/lines, respectively. MODIS-Aqua SST data (monthly
means, 4 km resolution) was retrieved from the Goddard Earth Sciences Data and Information
Services Center (GES DISC, http://disc.sci.gsfc.nasa.gov/giovanni/), and current bands were
drawn based on Lumpkin and Garzoli [2005] and Brandt et al. [2011].

pump (LOWARA, Xylem Inc.,
Germany) installed at the
ship’s moonpool (MSM 18-3),
and it was conducted through
the equilibration chamber at
a rate of 2 L min~'. Ambient
air was sampled by means
of an Air Cadet™ pump
(Thermo Fisher Scientific Inc.,
Germany) with an inlet locat-
ed at the ships mast (~40 m
high). Although ship plumes
could potentially contami-
nate atmospheric measure-
ments depending on the
wind direction, no evidence
of such effect was observed
after careful examination of
our N,O data. In order to
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minimize interferences due to water vapor on the sample stream, the air was dried before entering the ana-
lyzer by using a cold trap (KWG Isotherm) followed by a Nafion® membrane. Control measurements of two
reference gases (mixing ratios: 360 and 746 ppb N,O) prepared by Deuste Steininger GmbH (Miuhlhausen,
Germany) and calibrated at the Max Planck Institute for Biogeochemistry (Jena, Germany) against the World
Meteorological Organization (WMO) standard scale, were used to postcorrect our data for instrumental drift
(maximal drift ~1%) [see Arévalo-Martinez et al.,, 2013]. Data reduction and calibration procedures were
done according to Arévalo-Martinez et al. [2013]. N,O seawater concentrations (Cy,, in nmol L") were com-
puted by means of the expression:

Cow=p . X .P (1)

where f is the Bunsen solubility of N,O (in mol L™" atm™") computed at equilibration temperature and in
situ salinity with the equation and coefficients of Weiss and Price [1980], x' is the measured dry molar frac-
tion of N,O (in nmol mol™"), and P is the atmospheric pressure (in atm). In order to account for warming of
the water stream between the intake and the inlet of the equilibration chamber, the temperature correction
from Walter et al. [2004] was used. The overall accuracy of our measurements taking as reference our stan-
dard gas mixtures was 0.1 nmol L' (1 min means). The equilibrium concentration of N,O (Caym) was calcu-
lated as in equation (1), but computing f§ from in situ temperatures and using the atmospheric molar
fractions measured during the cruises. Since air measurements were carried out every six hours, the mean
values of each period were linearly interpolated over the time of the cruises (mean 323 = 0.87 ppb). Our
atmospheric measurements agreed well (within =1 ppb) with flask data from the NOAA'’s Cooperative Glob-
al Air Sampling Network collected at Ascension Island (7.97°S, 14.4°W) [Dlugokencky et al., 2011], suggesting
reliable operation of the underway system. N,O saturations (Cs, in %) were calculated by using the ratio
between seawater and atmospheric concentrations expressed in nmol L™ ":

Csat:Csw/Catm . 100 ()

Underway SST and sea surface salinity (SSS) data were obtained by means of SBE 38/45 temperature/tem-
perature-conductivity sensors (Sea-Bird Electronics, Inc., USA). However, malfunctioning of the temperature
sensors during MSM 18-3 resulted in large (6 h) data gaps (ship’s sensor; hereafter SST;) and a high amount
of “noisy” readings (sensor installed at the moonpool; hereafter SST,;)), that made it necessary to reconstruct
and postcorrect all SST data. At first, obvious outliers and spurious data produced by the automatic switch-
ing between two pumps drawing the water on board were removed (SST;). Likewise, SST readings during
CTD stations were removed since they were clearly affected by the pump jet used to hold ship’s position
(SSTs and SST,,). Then, 3 min running means of SST,, were corrected by using the 6 h readings of SST; and a
linear least squares regression: SSTmcorr = 1.004(SSTy,) — 0.13. Finally, the offset between in situ (SSTmcorr) and
equilibration temperature (Teq,; measured with a FLUKE 1523 thermometer with accuracy of =0.01°C) was
computed and the resulting values were used to calculate the corrected SST which were employed for the
computation of N,O with equation (1). Since the submersible pump at the moonpool had to be exchanged
on 5 July (MSM 18-3 cruise), two different equations were used in order to account for the slightly different
offsets that resulted from the use of the different pumps.

2.3. Sea-to-Air Fluxes of N,O
The N,O flux density (F) across the sea-air interface was computed by means of the following expression:

FN20=kW . AN,O (3)

where kw is the gas transfer velocity (in m s~ and AN,O is the difference between seawater and atmo-
spheric N,O concentrations measured by the underway system (i.e., Csy,—Cam). In order to obtain kw, we
used the kw/wind speed relationship of Nightingale et al. [2000] and the ship’s underway (1 min average)
wind speeds after standardizing them to 10 m height [Garratt, 1977]. kw was adjusted for N,O by multiply-
ing by (5¢/600)7%°, where Sc is the Schmidt number. Sc was computed as in Walter et al. [2004]. The
Nightingale et al. [2000] parameterization was chosen since it has been shown to be robust to local and
regional variability, and it produces intermediate values in comparison to the range of parameterizations
available [Garbe et al., 2014].
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2.4. Discrete Measurements

Collection of discrete samples and water profiling were carried out by means of a Sea-Bird 911 CTD/Rosette
(Sea-Bird Electronics, Inc.,, USA) equipped with 10 L Niskin bottles and double temperature, conductivity
and oxygen (O,) sensors. CTD-derived salinity was calibrated against discrete samples which were analyzed
on board by means of a Guildline Autosal salinometer [Schlundt et al., 2014]. Likewise, measured O, data
were calibrated against discrete samples collected from the CTD/Rosette and that were analyzed on board
following the Winkler method [Hansen, 1999]. Apparent oxygen utilization (AOU) was computed as the dif-
ference between its equilibrium concentration and concentrations derived from in situ data. Triplicate sam-
ples for nutrient analysis were taken from the CTD/Rosette according to the procedures described in Hydes
et al. [2010], and the concentrations were determined by using a QuAAtro autoanalyzer (SEAL Analytical
GmbH, Germany). Due to logistical constraints, the nutrient samples from the MSM 18-2 cruise were imme-
diately frozen (—80°C) after collection and measured within 6 months at the Chemical Oceanography
department of GEOMAR in Kiel. The overall precision for nitrate (NO;) measurements was 0.2 umol L
For N,O, triplicate samples were obtained by drawing bubble-free water from the CTD/Rosette into brown
20 mL glass vials. Sample vials were rinsed with about twice their volume before filling and were immedi-
ately sealed with butyl rubber stoppers and aluminum caps in order to prevent any gas exchange. Subse-
quently, a headspace was created on each vial by injecting 10 mL of synthetic air (MSM 18-2) or helium
(MSM 18-3) (99.999%, AirLiquide GmbH, Dusseldorf, Germany) while simultaneously allowing the corre-
sponding volume of water to be expelled through a 20 mL plastic syringe. To preserve the samples until the
analysis, 50 ulL of a saturated solution of mercury chloride (HgCl,) were added to each vial. Then, samples
were shaken vigorously during 20 s by using a Vortex-Genie® mixer and after allowing the headspace to
equilibrate with the water (minimum 2 h), a subsample was drawn from the headspace by means of a gas-
tight glass syringe and injected into a GC/ECD system (Hewlett Packard (HP) 5890 Series Il gas chromato-
graph). The GC/ECD was equipped with a stainless steel column (length: 1.83 m, external diameter: 3.2 mm,
and internal diameter: 2.2 mm) packed with a molecular sieve of 5 A (W.R. Grace & Co. Conn., Columbia,
USA). Daily calibrations of the GC/ECD were performed by using three standard gas mixtures spanning the
318-982 ppb N,O range (Deuste Steininger GmbH, Muhlheim, Germany). In order to obtain values which
laid in between the reference concentrations, subsamples of the standard gases were sequentially diluted
with fixed volumes of helium (99.999%, AirLiquide GmbH, Disseldorf, Germany), such that a multiple-point
calibration curve could be established. The computation of N,O concentrations with this method is
described in detail by Walter et al. [2006].

2.5. Satellite Data

In order to visualize the small-scale variability during the equatorial sections EQ | and Il (see Figure 1 and
section 3.2), daily means of SST from the NOAA’s Ol SST V2 High Resolution Dataset (0.25° resolution) were
retrieved from http://www.esrl.noaa.gov/psd/.

3. Results and Discussion

3.1. Hydrographic Conditions in the EEA

Shipboard measurements of SST and SSS revealed marked meridional (north-south) and zonal (east-
west) gradients which fit well into the typical conditions of the EEA at this time of the year [Philander
and Pacanowski, 1986; Schlundt et al., 2014]. SST varied between 22.1°C and 29.6°C with the lowest val-
ues being observed west of 15°W (1°N-4°S), reflecting the occurrence of the ACT [Caniaux et al., 2011].
Likewise, SSS was highly variable with values between 33.4 and 36.5. However, in this case, the zonal gra-
dient was less evident and the strongest variability was observed north of the Equator, where a sharp
northward decrease of SSS could be observed at about 2°N-3°N, partly in association with precipitation
in the ITCZ.

The marked meridional SST and SSS gradients observed between 5°N and 5°S are indicative of the different
water masses that characterize the zonal circulation in the EEA (Figure 1); thus, the comparatively warm,
low-SSS waters north of 2°N-3°N can be attributed to the eastward-flowing NECC [Philander and
Pacanowski, 1986], whereas colder and saltier waters south of 2°N reflect the presence of waters upwelled
at the equatorial divergence (late May; see section 3.3), which are then advected westward by the nSEC and
eSEC [Philander and Pacanowski, 1986; Stramma and Schott, 1999].
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fronts (Figure 2).
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Figure 2. N,O saturation in the EEA in May-July 2011. Distribution map of N,O saturation
(right color bars) overlain on monthly mean MODIS-Aqua 4 km SST (left color bars) for May-
June (upper panel, MSM 18-2 cruise) and June—July (lower panel, MSM 18-3 cruise) 2011. Note
the different SST scales in Figures 2a and 2b.

Our mean N,O saturation is
somewhat higher than previ-
ous studies in the tropical
Atlantic which reported val-
ues ranging from 106 to
109% [Weiss et al., 1992; Oudot et al., 2002; Walter et al., 2004; Forster et al., 2009; Rhee et al., 2009]. It should
be pointed out that all these campaigns took place during periods of the seasonal cycle in which the trade
winds were comparatively weak and the ACT was not fully developed. Grefe and Kaiser [2014] used a OA-
ICOS-based setup similar to ours and found a mean saturation of 100.4 + 1.8% for the tropical Atlantic.
However, their saturation value was calculated from measurements along two transects from 11°N to 4°N
and 2°S to 5°S at 25°W-23°W. In consequence, our values are not directly comparable to previous work in
the region. We found that dissolved N,O concentrations increased by 74% between May and July near
10°W, concurring with a SST decrease from 27°C to 22°C. Hence, this study reports a significant enhance-
ment in surface concentrations (and saturations) of N,O during the onset of the ACT (see also section 3.3).
Schlundt et al. [2014] reported an earlier and stronger onset of the cooling at the center of the ACT (i.e,,
10°W) in 2011 with respect to climatological values, which, in principle, could indicate that our measured
N,O concentrations were likely higher than in other years. Caniaux et al. [2011] for example, showed that
years with an earlier start of the cooling period tend to be characterized by an ACT that remains longer and
covers a larger surface area. However, more recently Brandt et al. [2014] found that the seasonal cycle of the
ACT in 2011 was characterized by the expected SST increase toward the end of the summer (August). Thus,
in view of the lack of long-term N,O data from this region for comparison, it is not possible to answer the
question whether the N,O-rich waters observed during the ACT formation in 2011 could have stayed longer
and/or have occupied a larger area relative to a mean climatological ACT.

Our observations suggest that the surface distribution of N,O at the time of sampling was closely related to
the large-scale oceanographic features of the EEA. Similar to previous studies in the tropical Atlantic [e.g.,
Walter et al., 2004; Kock et al., 2012], we observed an inverse relationship between N,O and SST, indicating
transport of N,O-enriched waters to the near-surface during the upwelling season (Figure 3). Since in the
various sections carried out during the cruises, we crossed different current regimes (cf. Figure 1), we
explored the potential influence of SST and SSS gradients as well as the wind variability on the surface N,O
concentrations. For this purpose, we fitted a linear model (LM) to our data using underway SST, SSS, and
wind speed (W) as predictors. Before the analysis, we spatially averaged all data in a regular (0.25° X
0.25°) grid and then computed the zonal mean for each band between 5°N and 5°S. Although this approach
smooths out zonal gradients, the combined LM was highly significant (F test, p-value < 0.05) and predicted

AREVALO-MARTINEZ ET AL.

N,O AND THE ONSET OF THE ACT 175



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012238
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1355 ing information Figure S1). Fur-

5 9 thermore, calculated meridional
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= 345 (linear fit= —17.02 — 0.68(SST) —
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Figure 3. N,O, SST, and SSS in the EEA in May-July 2011. A correlation plot of dissolved tion of zonal means for the

N,O and SST for the EEA (5°N-5°S and 0°W-23°W) is shown (r* = 0.87, n = 49,600). Gray
dots represent the equilibrium concentration of N,O computed from in situ SST, SSS, and ! ; )
measured mixing ratios of atmospheric N,O (see section 2.2). The color bar indicates in is shown in Figure 4. Based on

situ SS5. the obtained LM equation, dis-

solved N,O variability could be
explained mostly by SST (up to 97%), whereas the contributions from SSS and W, were marginal (former) or
non-significant (later; p-value > 0.05). Nevertheless, a comparison of N,O and SSS distributions showed that
waters in near-equilibrium to undersaturated conditions were almost invariably associated with low SSS and
Wi, (Figure 4), in particular when the frontal zone between the NECC and the nSEC at about 2°N-3°N was
crossed. Although the NECC is known to transport low N,O saturation waters from the western basin in associ-
ation with the Amazon River plume [Lefévre et al., 1998; Oudot et al., 2002; Walter et al., 2004], the maximal
extent of this plume reaches only 25°W-30°W [Lefévre et al., 2010]. Thus, the source of the low-SSS waters
could rather be assigned to high precipitation in the ITCZ during its transit to the north at this time of the
year [Philander and Pacanowski, 1986; Xie and Carton, 2004], and dilution caused by such precipitation could
then explain the slightly undersaturated waters (down to 96% saturation) which were observed north of the
Equator (Figure 4). The lower W, observed north of 3°N in the proximity of the ITCZ were consistent with pre-
viously reported cross-equatorial wind speed gradients in the tropical Atlantic [Xie, 2005]. However, even
though W, is a key factor influencing air-sea gas exchange, its low predictive value for estimating dissolved
N,O concentrations in the ACT can be explained by the fact that in this region diapycnal mixing is the main
process leading to upward (downward) flux of tracers (heat) [Hummels et al., 2013; Schlundt et al., 2014]. A
thorough discussion of the N,O fluxes at the base of the mixed layer is, however, out of the scope of this
manuscript.

parameters used in our analysis

Based on our results, the surface distribution of N,O in the EEA could be assigned to two main regimes
defined by the location of frontal zones north and south of the Equator. The “high N,O" regime was charac-
terized by enhanced N,O saturations and cold, salty waters brought to the surface by equatorial upwelling
and subsequently advected westward by the nSEC/eSEC. This zonal band with increased N,O (saturation
values > 100%) was flanked by bands of a “low N,O” regime with warmer (north and south), fresher (north)
waters in which the N,O saturations were close to or slightly below equilibrium (saturation values < 100%).
From the SST and SSS distributions, it can be inferred that the northern band of the latter regime corre-
sponded to the NECC, whereas the southern band coincided with the location of the cSEC.

As mentioned above, averaging the N,O data on a regular grid might have masked small-scale features
which could potentially affect its surface distribution. For example, tropical instability waves (TIWs), which
are caused by barotropic and baroclinic instability of the equatorial current system [von Schuckmann et al.,
2008], resulting in undulations of temperature and salinity fronts, are associated with a distinct pattern of

AREVALO-MARTINEZ ET AL.

N,O AND THE ONSET OF THE ACT 176



@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC012238

a 10r
7
©°
E
- 6F
5°S 4°S 3°S 2°S 1°S EQ 1°N 2°N 3°N 4°N 5°N
b 150¢ NZO Saturation
< 125
Mg - -7 - == ==~ ,
5°8 4°S 3°S 2°S 1°S EQ 1°N 2°N 3°N 4°N 5°N
C 30r
O 25t
20 : : : : : : : : : )
5°S 4°S 3°S 2°S 1°S EQ 1°N 2°N 3°N 4°N 5°N
d _
a6 SSS
35¢F
34 . . . . . . . . . ]
5°8 4°S 3°S 2°S 1°S EQ 1°N 2°N 3°N 4°N 5°N
e
107 Wind speed
7
£
0 ,

5°S 4°S 3°S 2°S 1°S EQ 1°N 2°N 3°N 4°N 5°N

Figure 4. Latitudinal distribution of N,O (a-b), SST (c), SSS (d), and wind speed (e)
in the EEA. The line-connected circles represent the mean values per latitudinal
band (0.5°) for each parameter between 0°W and 23°W, whereas the shaded areas
indicate the corresponding standard deviation. The green dashed line in Figure
4ais the calculated mean equilibrium concentration of N,O in May-July 2011 (6.3
nmol L"), and the red dashed line in Figure 4b indicates 100% saturation condi-
tions (i.e., atmospheric equilibrium).

vertical advection and mixing [Menkes
et al., 2002; Jochum and Murtugudde,
2006] in the tropical Atlantic and Pacif-
ic Oceans [Duing et al., 1975; Flament
et al., 1996]. TIWs are known to be a
recurrent feature during the seasonal
cycle in the tropical Atlantic, being
formed in the boreal summer in the
central and eastern basin between 5°N
and 5°S, and propagating westward at
0-40 cm s~ [Foltz et al, 2004; Athie
and Marin, 2008]. Detailed examination
of our measurements during the cross-
equatorial section EQ Il in 10-11 June
(Figure 5) revealed that intrusions of
warmer, low-5SSS waters from the north
between about 16°W and 13°W could
be found, and that they partially con-
tributed to the observed small-scale
fluctuations of N,O concentrations at
the surface. Thus, despite of the clear
gradient, with higher N,O concentra-
tions in the eastern side of the EQ I
section, intrusion of NECC waters led
to marked variations of N,O during the
central part of the transect, after which
concentrations started to steadily
increase again when approaching the
center of the ACT.

The TIWs dominate intraseasonal
variability of the surface layer in the
tropical Atlantic [Duing et al, 1975].
Moreover they contribute to the bio-
geochemical tracer and ecosystem vari-
ability by altering the SST, nutrient and
Chl a distributions in such a way that
cold, nutrient-rich waters are advected
north, thereby enhancing off-equatorial
primary production [Menkes et al., 2002].
Due to the close coupling between
organic matter production at the sur-
face, sinking and remineralization at
depth, and subsurface N,O production
[Elkins et al, 1978], it is likely that TIWs
also affect the distribution pattern of

N,O in the EEA not only by transporting upwelled, N,O-rich waters out of the equatorial upwelling band, but
also by enhancing subsurface production north of the Equator. Given the known relevance of TIWs, future stud-
ies in this region should assess the overall effect of TIWs on N,O distribution for larger spatial (basin) and tem-
poral (annual cycle) scales as well as the extent at which TIWs might directly impact subsurface N,O
production.

3.3. N,O and Seasonal Development of the ACT
In this section, the 2 month record of continuous N,O measurements collected during the MSM 18-2 and
18-3 cruises is used to discuss the different phases of the seasonal development of the ACT. According to
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Figure 5. Small-scale variability of surface N,O in the EEA. (a) Daily mean SST map (resolution 0.25° X 0.25°) for 10-11 June 2011 (contours) overlaid by N,O concentrations from the
MSM 18-2 cruise (circles). (b, ¢) N,O, SST, and SSS distribution along the equatorial section EQ II, which was crossed on the same dates as in Figure 5a. EQ Il section is indicated by the
white dashed arrow in Figure 5a, whereas the TIW feature is highlighted by a red square in Figures 5a-5c.

Caniaux et al. [2011], the onset of the ACT is defined as the date when the surface area in which the SST is
lower than 25°C exceeds the empirically determined threshold of 0.4 X 10° km? (for a spatial domain
between 30°W-12°E and 5°N-5°S). Based on the work by Hormann et al. [2013] who used high-resolution
satellite-derived SST data to determine the spatial variability of the ACT, in this study we assume the 29 May
as the ACT onset in 2011, which is about 2 weeks earlier than the mean onset date found by Caniaux et al.
[2011].

The temporal and spatial variability of dissolved N,O, SST, and SSS in May—-July 2011 is shown in Figure 6.
As can be seen, surface N,O follows closely the SST and SSS changes over time, with enhanced concentra-
tions at low SST and close to equilibrium values whenever warm, low-SSS waters from the NECC were pre-
sent. During the “pre-upwelling” phase (before 29 May) N,O concentrations in the EEA remained close to
atmospheric equilibrium (mean = SD 6.9 = 0.5 nmol L™ "), ranging between 5.9 and 7.9 nmol L™". This pat-
tern was consistent with SST ranging between 26.0°C and 29.6°C (mean = SD 27.4 + 0.7°C) and compara-
tively low wind speeds (not shown). Despite the onset of the ACT on 29 May, low N,O concentrations were
observed until the 8 June because during this period the ship occupied the 23°W section (between 5°N and
5°S), where SST were still above 27°C (Figure 6).

Hence, the effect of the ACT on surface N,O was only visible after the 8 June, when a west to east section
along the equator was sampled (EQ I, cf. Figure 2). During this “early onset” of the ACT, SST sharply
decreased as the ship moved eastward reaching a minimum of 23.5°C at about 10°W. This temperature gra-
dient was in phase with changes in N,O, such that concentrations increased by 22% with respect to those
of the “pre-upwelling phase” (early onset mean: 8.0 nmol L™ "; cf. Figure 6). For comparison, N,O concentra-
tions during the EQ | section (which took place before the ACT onset) were 16% lower than in EQ II. Thus,
although SST and N,O gradients were observed both in EQ | and EQ I, the latter provided indication of an
upwelling-driven increase in surface N,O concentrations.

After a transit period of about 10 days, the continuous measurements were resumed and a series of cross-
equatorial sections between 20°W and 0°E was carried out from 1 to 19 July. At this stage a well-developed
ACT could be observed, with low SST (minimum 22.1°C) centered between 2°S and the Equator, and at
10°W [see also Schlundt et al., 2014]. These conditions indicated the occurrence of equatorial upwelling,
which, as can be seen in Figure 6, was associated with an important enhancement in surface N,O concen-
trations in the ACT region with respect to the pre-upwelling phase in early May.

Thus, N,O concentrations were generally low (at or near atmospheric equilibrium) during the warm period
preceding the onset of the ACT (early May), in particular toward 23°W where the SST were the highest.
Then, cooling associated with the onset of the ACT during late May/early June led to a moderate increase in
N,O concentrations at the Equator with the highest values toward the center of the ACT at 10°W. Finally,
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198 = 16 May and 17 July, respectively.

during July a fully developed ACT could be observed and it was associated with the highest N,O concentra-
tions during our sampling period. Our observations also show that the N,O distribution in the EEA reflected
the spatial pattern of equatorial upwelling, which is particularly strong south of the Equator and in the vicin-
ity of 10°W [Grodsky et al., 2008; Caniaux et al., 2011].

3.4. N,O at Depth and Source of Upwelling Waters

Similar to previous studies in the tropical Atlantic [Oudot et al., 2002; Forster et al., 2009], we found the high-
est N,O concentrations (up to 30 nmol L") to be associated with the South Atlantic Central Water (SACW)
at depths from 150 to 500 m (¢ = 26.46-27.02 kg m™~3) [Poole and Tomczak, 1999; Stramma and England,
1999]. Likewise, based on data from selected stations (EQ | and EQ Il sections), we also observed good corre-
lations both between AN,O and AOU, and between AN,O and NO; concentrations in the water column
(Figure 7), which suggests that the N,O observed at the surface was produced by microbial nitrification at
depth [Elkins et al., 1978]. This is in line with the results from Frame et al. [2014], who observed a N,O con-
centration maximum at 200-400 m (along 12°S) to be associated with combined nitrification and nitrifier
denitrification carried out by ammonia oxidizers. However, the extent at which the latter process could
have had an influence in our results cannot be assessed from our data.

Our AN,0O/AQU slope of 0.08 agrees well with the values reported by Walter et al. [2006] for waters <500 m
depth, whereas the AN,O/NO3 slope is somewhat lower than in their study, probably indicating mixing of
waters with different N,O concentrations. Our observed AN,O/AOU slope is, however, lower than those
reported by Oudot et al. [2002] and Forster et al. [2009]. Oudot et al. [2002] suggested enhanced primary pro-
duction from coastal upwelling on the eastern basin of the tropical Atlantic as the reason for their compara-
tively high AN,O/AOU correlation slopes. However, Walter et al. [2006] argued that the increased
productivity on the EEA for that period (October) is rather due to dust deposition and riverine inputs.
Although we only considered the near-equatorial data (i.e., 0°S-2°S) in this analysis, it could be hypothe-
sized that during the equatorial upwelling a high amount of sinking organic matter could stimulate
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Figure 7. AN,O/AOU and AN,O/NO; relationships for selected stations in the EEA. Correlation plots of (a) AN,O versus AOU and

(b) AN,O versus NO; from equatorial sections EQ | (circles) and EQ Il (triangles) are shown. The regression lines for Figures 7a

(AN,O = 0.083(A0U) + 0.879, r> = 0.86, n = 230) and 7b (AN,O = 0.564(NO;) + 2.735, r> = 0.56, n = 298) are depicted in black, and the
symbol color intensity represents in situ O, concentrations (lighter colors indicate higher values).

enhanced respiration in the water column, thereby reducing O, concentrations and leading to enhanced
N,O yields from nitrification [Elkins et al., 1978]. Further analysis of the AN,O/AOU relationship for the
EEA based on expedition data is therefore required in order to assess the impact of equatorial upwelling in
the subsurface variability of N,O. In particular, meridional gradients in the distribution of phytoplankton
communities should be considered since the highest abundances tend to be concentrated at 0.5°-1°
north/south of the Equator [Vinogradov, 1981]. Hence, an upwelling-driven increase of organic material that
could potentially sink and fuel subsurface N-cycling might take place a few degrees off rather than directly
at the Equator. Likewise, the role of the locally produced nitrification-derived N,O versus N,O that is
advected from deep waters over longer time scales than in our survey should also be addressed in future
studies.

Figure 8 shows the cross-equatorial vertical distribution of N,O, O, as well as temperature and salinity for a
south—north section along 23°W (cf. Figure 1). As can be seen, the meridional gradients of SST and SSS
observed at the surface (i.e., high SST, low SSS north of 2-3°N) could be also detected for the upper meters
of the water column. In general, N,O featured a pronounced maximum at about 300-400 m, consistent
with an O, minimum of about 80 umol L™ in the same depth range. This is in agreement with the vertical
distribution reported by previous studies in the tropical Atlantic [Oudot et al., 2002; Walter et al., 2006;
Forster et al., 2009]. However, two subsurface O, maxima with concentrations >130 umol L™' could be iden-
tified close to the Equator; the first was located near the surface at depths down to ~150 m whereas the
second could be observed at 300-400 m. N,O concentrations were lower within these high-O, “plumes”
than in surrounding waters, further supporting the good AN,O/AOU correlation found along the equatorial
sections EQ | and EQ Il, and the nitrification source of N,O in the central and east region of the equatorial
Atlantic. The upper subsurface high-O, plume was centered at about 2°S-2°N, and within the isopycnal sur-
faces which define the EUC [Hormann and Brandt, 2007]. The EUC flows eastward with the highest velocities
in boreal spring and autumn [Brandt et al., 2014], carrying cold and saline waters with elevated O, concen-
trations to the EEA [Hormann and Brandt, 2007; Brandt et al., 2014; Schlundt et al., 2014]. Vertical distribution
of temperature and salinity also support this argument, with uplifting of isotherms and a salinity maximum
directly at the Equator (Figure 8). The second O, maximum was located below the EUC and can be attribut-
ed to an eastward-flowing equatorial jet. Such jets are a known pathway for the transport of high-O, waters
to the EEA [Brandt et al., 2008, 2012], and as it is shown in Figure 8 they could be associated with compara-
tively lower N,O concentrations at depth in the equatorial band. Unlike O, however, the N,O distribution
does not feature a clearly defined separation between upper (150 m) and lower (350 m) minima, but a rath-
er uniform band with comparatively low N,O concentrations (~25 nmol L™ ). This pattern could also be
observed at 10°W, where the deep (350 m) O, maximum is displaced further south from the N,O minimum
(see supporting information Figure S2), suggesting that the zonal advection along the equator might have
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Figure 8. Depth distribution of N,O, O,, temperature, and salinity at 23°W. A cross-equatorial section of (a) N,O and (c) O, concentrations as well as (b) temperature and (d) salinity along
23°W is shown. The potential density (¢) surfaces 24.5 and 26.8 kg m > are indicated as white contours.

a stronger effect for O, than for N,O, most likely indicating slower subsurface N,O production in compari-
son with the O, supply rates directly at the Equator.

In summary, our observations suggest that in the EEA N,O is produced in thermocline waters by nitrification
and is then partially advected and mixed to the surface during equatorial upwelling. This source of N,O to
the surface is, however, not homogeneous because the upwelling is stronger to the south of the Equator
[Caniaux et al., 2011]. Likewise, we observed that surface N,O concentrations directly at the equator are low-
er than in off-equatorial locations within the ACT region since the relatively N,O-poor, O,-rich EUC is the
main source of upwelled waters in the EEA.

3.5. Sea-to-Air Fluxes of N,O

N,O flux densities (Fy,0) in the EEA were mostly positive at the time of sampling, indicating net outgassing
of N,O to the atmosphere during the onset and development of the ACT. Fy,o values were, however, highly
variable ranging between —0.60 and 20.74 yumol m~2 d~' (mean = SD 3.46 = 2.59 umol m~2 d ). These
fluctuations reflect the spatial and temporal variability in SST and wind speeds, and their interplay with N,O
concentrations at the surface. Thus, the highest N,O flux densities were found in the zonal band between
2°N and 4°S, extending from the center of the ACT at 10°W [Grodsky et al., 2008; Schlundt et al., 2014] to
about 15°W. Although relatively weak, the zonal (meridional) gradients of Fy,o were consistent with SST gra-
dients of 0.2°C per degree longitude (latitude) (i.e., high Fy,0 where the lowest SST were found). Contrarily,
east of 10°W and north of 2°N, we found comparatively lower Fy,o. North of the Equator this can be
explained by warm (>26°C), near-equilibrium to undersaturated waters in conjunction with reduced wind
speeds, whereas east of 10°W this result might be rather due to low wind speeds and not to SST, because
the sampling in this area took place after the onset of the ACT (16-17 July). Likewise, Hummels et al. [2014]
observed reduced diapycnal mixing east of 10°W in the ACT region, which suggests a decreased transport
of N,O toward the surface. Our computed Fy,o values are (in the mean) higher than those from previous
studies (0.61-2.13 umol m~2 d ") [see e.g., Oudot et al., 2002; Walter et al., 2004; Forster et al., 2009]. These
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differences can be explained both by the use of different gas exchange parameterizations and by the fact
that the magnitude of the sea-to-air concentration differences measured in this study were markedly
higher. Hence, the onset of the ACT and the associated changes in SST and enhanced wind speeds along
and across the Equator led to increased sea-to-air fluxes of N,O.

In order to differentiate between N,O fluxes from the ACT and from adjacent locations within the EEA, we
used the SST criterion of Caniaux et al. [2011], whereby ACT and off-ACT regions are separated based on a
25°C threshold (ACT = waters where SST < 25°C). It is worth noting that N,O fluxes from the ACT doubled
those from the area out of the ACT (mean = SD 5.18 = 2.59 and 2.59 = 1.73 umol m2d77, respectively),
thus highlighting the role of the equatorial upwelling in enhancing outgassing of N,O in the EEA. From this,
it follows that the EEA is a moderate source of this GHG to the atmosphere, which is comparable with, for
instance, the coastal upwelling system off Mauritania [see Kock et al., 2012]. Nevertheless, it should be point-
ed out that the ACT is characterized by strong seasonal and interannual variability [Caniaux et al., 2011;
Hormann et al., 2013], and therefore its share to the annual fluxes of N,O is also object of some variability.
Sustained observations in platforms such as moorings and vessels of opportunity [see e.g., Lefévre et al,
2008, 2014] could thus help to disentangle the long-term trends in the N,O distribution and to assess the
extent of the annual variability of the emissions.

4. Summary and Conclusion

Our results represent the first detailed investigation of the distribution and sea-to-air fluxes of N,O during
the onset and development of the ACT. We found that surface concentrations of N,O are closely linked to
SST and, at a minor extent, to SSS and wind speeds, resulting in “high” and “low” concentration regimes
which are delimited by the spatial extent of the NECC and SEC, as well as the occurrence of equatorial
upwelling. Based on our observations, we suggest that N,O reaching the surface ocean at the time of sam-
pling was derived from subsurface production through nitrification and vertical fluxes (advection and mix-
ing) during the upwelling season. Moreover, the onset and seasonal development of the ACT could be
clearly observed in the surface distribution of N,O, with concentrations increasing progressively as the sea-
sonal cooling in the equatorial region proceeded during spring-summer 2011. In addition to the regional
variability, TIWs modulate the surface distribution of N,O by meridionally advecting N,O-rich (poor) waters
out of (into) the equatorial divergence. The EEA was a moderate source of N,O to the atmosphere at the
time of sampling despite the seasonal enhancement of concentrations and sea-to-air fluxes associated with
the ACT. However, interannual variability of the onset, duration and extent of the ACT could also influence
the fluctuations in N,O fluxes out of the EEA.

In conclusion, this study evidenced that the onset of the ACT leads to an enhancement of surface N,O con-
centrations in the EEA, mostly due to the transport of cold, N,O-rich waters from the thermocline into the
surface. Nevertheless, our measurements only cover part of the seasonal cycle in the EEA and therefore
many open questions remain as to which are the effects of the intraseasonal and interannual variability of
the ACT in the N,O distribution and emissions to the atmosphere.
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