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Abstract. We used 5-year concomitant data of tracer distribution ftoenBATS (Bermuda Time-
series Study) and ESTOC (European Station for Time-Sarideei Ocean, Canary Islands) sites to
build a 1-D tracer model conservation including horizor@@Vection and compute net production
and shallow remineralization rates at both sites. Our maal gas to verify if differences in these
rates are consistent with the lower export rates of pagteubrganic carbon observed at ESTOC.
Net production rates computed below the mixed layer to 110am fApril to December for oxy-
gen, dissolved inorganic carbon and nitrate at BATS4+0.79 mol O, m—2, —1.734+0.52 mol

C m~2 and-125436 mmol N m~2) showed no statistically significant differences compared
ESTOC (.03+0.62 mol O, m—2, —1.4240.30 mol C m~2 and—213 +56 mmol N m~2). Shal-
low remineralization rates between 110 and 250 m comput&S&OC (-3.9+1.0 mol O, m~2,
1.53+0.43 mol C m2 and384 155 mmol N m~2) were statistically higher for oxygen compared
to BATS (—1.81+0.37 mol O, m—2, 1.52+0.30 mol C m~2 and 147443 mmol N m~2). The
divergence in the lateral transport of tracers, which wasrs@nificant at ESTOC, was responsible
for the differences in estimated oxygen remineralizatiates between both stations. According to
these results, the differences in net production and shabmineralization are not consistent with
the differences in the flux of sinking organic matter obsdriketween both stations, suggesting a
convergence in the horizontal advection of slowly sinkisiggspended or dissolved organic matter at
ESTOC.
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1 Introduction

The ocean is responsible for an annual photosyntheticdixati~50 Pg of carbon which represents
around half of the global primary production (Field et aB98). Carbon fixation by marine phyto-
plankton and its transport to the deep ocean, known as thegital carbon pump, plays a key role
in the ocean-atmosphere @@xchange, and hence affects climate on time-scales froaddsdo
thousands of years. The carbon pump efficiency is not conatehdepends on several factors such
as the input of nutrients into the euphotic layer, the badmetween synthesis and remineralization
of organic matter or the planktonic community composition.

Subtropical gyres represent the central part of the ocedraencharacterized by a strong strat-
ification of the water column. This translates into a weakutngf nutrients into the euphotic layer
and, as a consequence, low phytoplankton biomass and progudecause of their oligotrophic
characteristics they have been traditionally considershoic deserts. However, from the point of
view of carbon export from the euphotic zone, subtropicakgyvere found to be surprisingly pro-
ductive (Emerson et al., 1997). This fact, combined withrtkiast extension{60% of the total
ocean surface), results in their contribution of at 1e@8% of total marine new production (Najjar
and Keeling, 2000).

The North Atlantic subtropical gyre (NASG) is one of the bststdied open ocean regions, and
in the past decades, it has been a major contributor to thelaj@went of our understanding of
biogeochemical cycles in subtropical regions. Traditilgrsubtropical gyres have been considered
relatively constant ecosystems in time and space. Howdwercomparative study of time-series
data revealed that spatial heterogeneity is important gretstanding the biogeochemistry of this
biome (Neuer et al., 2002a; Motio-Carballido and Neuer, 2008). Two time-series statiBAgd,S
(Bermuda Atlantic Time-series Study]l.7°N-64.2°W) and ESTOC (European Station for Time
series in the Ocean, Canary Island8,16°N-15.5°W), are located at about the same latitude in
the western (NASW) and eastern (NASE) portions of NASG. Thathlg sampling program was
initiated in October 1988 at BATS and in February 1994 at EST®ith the aim of tracking sea-
sonal, inter-annual and inter-decadal changes in sevirgétchemical variables (Steinberg et al.,
2001; Neuer et al., 2007). Although both stations exhilpidgl oligotrophic characteristics, they
are characterized by different hydrographic dynamics. 84§ located in the recirculation of the
Gulf Stream and it is strongly affected by mesoscale agtiianca et al., 2007). ESTOC is en-
trained by the Canary Current and is indirectly influencedhgycoastal African upwelling, which
export nutrients and organic matter towards the centereftie by means of upwelling filaments
and Ekman transport (Pelégt al., 2005Alvarez-Salgado et al., 2007). It is important to note that
upwelling filaments do not influence ESTOC directly (Davemmt al., 2002), and this station is
considered oligotrophic based on nutrient scarcity andq@ignkton biomass and production rates
(Neuer et al., 2007).

Although both stations are characterized by similar phigioiton biomass and primary produc-
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tion rates, annual mean carbon export measured by usingneettraps at 150, 200 and 300 m is
significantly lower at ESTOC, by a factor 8f- 5, than at BATS (Neuer et al., 2002a; Helmke et al.,
2010). Assuming that the euphotic zone is in steady stag@ehiexport production should be sus-
tained by larger inputs of nutrients and/or organic matttr the euphotic zone. It has been proposed
that differences in the nutrients input could be due to theenttense mesoscale activity observed
at BATS (Siegel et al., 1999; Moo et al., 2003). A comparative study using 10-year BATS and
ESTOC data combined with satellite altimetry data indiddteat the higher physical forcing dom-
inant at BATS, deeper mixed layers and more intense mesodgabmics, is partly compensated
by the shallower nutricline observed at ESTOC (Cianca e2807). According to these authors,
NASE receives-75% of the nutrients avaliable for new production at NASW, aitgb this differ-
ence is not statistically significant. Another source of m#rogen that could explain the observed
differences in carbon export between the two stations igical nitrogen fixation. Recent studies
indicate that this process has a significative contributiiototal new nitrogen inputs in oligotrophic
waters (Capone et al., 2005; Moido-Carballido et al., 2011; Bonnet et al., 2011). Biogeadicel
estimates suggest a lower contribution of nitrogen fixaibBSTOC compared with BATS (Neuer
etal., 2002a).

The differences observed between the two stations in expta$ of particulate organic carbon
could also be a consequence of differences in the reminatian rates of the sinking organic matter.
The comparative analysis of respiration rates determirgd in vitro oxygen evolution experiments
conducted in the NASE and NASW indicated higher oxygen condion rates in the eastern part
(Mourifo-Carballido and Neuer, 2008). It has been shown that gthesi& dust deposition can
strongly stimulate bacterial respiration (Pulido-Vilert al., 2008). A recent study demonstrated
that the most frequent and intense response of the micnolaiakton to atmospheric dust deposition
in the Tropical Atlantic is the stimulation of the bactergativity rather than phytoplankton primary
production (Mar&on et al., 2010). This is consistent with the results foun&&TOC, which is
strongly influenced by the natural atmospheric depositioBaharan dust and, where phytoplank-
tonic production seems not to be affected by aerosol inpNesi¢r et al., 2004).

For the first time, concomitant data of tracer distributiconi the BATS and ESTOC time-series
sites were analysed and used to build up a 1D tracer congemdingnostic model. The model
was used to compute net production and shallow reminetiglizeates at both sites. The main goal
of this study was to verify if differences in the synthesisl @onsumption of organic matter could
explain the lower export rates of particulate organic carboserved at ESTOC.

2 Comparison of the seasonal cyclesat BATS and ESTOC

Monthly climatologies were calculated for temperaturdingg, density anomaly £7), oxygen,
dissolved inorganic carbon (DIC), nitrate (actually rigrenitrite) and chlorophyl, using the BATS
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and ESTOC data collected for the period 1996-2001 (Figur@tig¢ BATS data were obtained from
the BATS Web site (http://bats.bios.edu). BATS and ESTOGsueements were made monthly
except during the spring bloom period at BATS (Februaryipvhen biweekly samplings were
conducted. Methodologies and results have been reportédrdar BATS (Michaels and Knap,
1996; Steinberg et al., 2001) and ESTOC (Neuer et al., 2(Digcrete data were first interpolated
to a grid with the following depths: 5, 10, 20, 40, 60, 80, 1000, 120, 140, 160, 200 and 250 m.
The mean annual cycle was then constructed by averagindrdataach depth onto a temporal grid
of 15 days using a weighted moving average with a normal viigigliactor, f7*, and a window of
50 days:

fl' =exp [— (T)z] M

whereC' is the averaged variable,is the time of the year in days (0-365)js the index of the
discrete data point; is the index for the temporal grid ad= 35 days is a constant time scale. The
mixed layer depth was calculated as the depth where tenuperdiffers0.1°C from the 10 m value.

BATS and ESTOC exhibit a similar seasonality in the hydrpgia conditions characterized by
a period of winter mixing from November to March followed byariod of summer stratification
from May to September (Figure 1). The maximum winter mixiegurs later (mid-March) at BATS
compared to ESTOC (February). The transition between batiogs is controlled by the seasonal
cycle of solar irradiation and changes in the wind speeds@edity is more intense at BATS where
surface temperature increases from a minimumm-26°C in mid-March to a maximum of28°C
in August. At ESTOC temperature reaches a minimuri&sf 19°C in February and a maximum of
~24°C in September. This maximum appears later than at BATS kedhe intensification of the
Trade Winds affects the ESTOC site during the summer peffitaxima mixed layers are deeper
at BATS (193 +26 m) than at ESTOC146 +32 m). Summer stratification is also more intense at
BATS, where mixed layers during this period reacB0 m. Mixed layers at ESTOC extend to a
depth of~50 m due to the Trade Winds intensification that enhancesngnigturing July-August.
The main difference between both stations in salinity appdaring the summer, when mixed layer
values are fresher at BATS due to the rain intensification.

Chlorophyll concentration is strongly influenced by the gibgl forcing at both stations. Phyto-
plankton blooms occur in late winter/spring, after the rdil@yer extends below the nutricline, with
greatest monthly values of chlorophyll concentration kinfor both stations (ca).3 mg m—3). As
water column stratification increases, surface chlordptgtreases and a deep chlorophyll maxi-
mum establishes at ca. 100 m at BATS and ESTOC. This biolbgatity as well as the physical
forcing determine the concentration of the chemical trecensidered in this study.

The oxygen seasonal cycle in the mixed layer at both statsaeigaracterized by maximum values
during the winter period due to the increase in solubilithe Temperature increase during the sum-
mer months causes a drop in solubility and hence in surfaggamxconcentration. As stratification
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increases during summer, oxygen accumulates below thedrtayer (~40 m at BATS andv60 m

at ESTOC). This accumulation is clearly pictured by the @tygnomaly distribution that represents
the excess of oxygen concentration above the solubilityibqum. The oxygen anomaly distribu-
tion shows that whereas the photic layer (ca. 100 m at batk,stianca et al. (2007)) at ESTOC
is oversaturated during the whole year, at BATS it is undaraged during the winter period. This
difference is probably due to the different intensity in thixing and ventilation of deep waters that
characterizes both stations. The seasonal variabilitiiérolkygen cycle is also weaker at ESTOC,
where the maximum amplitude of the accumulation in oxygesnaaly below the mixed layer was
~9 mmol nT3 (from February to August), versus17 mmol nT3 (from February to September)
at BATS. The oxygen anomaly distribution in the euphoticebas a mirror-like image below this
layer. Oxygen concentration increases during wintemgpais a result of the mixing with oxygen-
rich surface waters and it is maximum in April-May. Then, idgrsummer stratification oxygen
concentration decreases, with the minimum values obsémdghuary (BATS) and November (ES-
TOC) at 200 m. Despite the differences observed in the eigphohe, the maximum amplitude of
the oxygen signal at 200 m-f mmol nT3) is similar in both stations.

DIC concentrations in the mixed layer are greatest in ABATS) and March (ESTOC), due to
mixing with deeper waters and, to a lesser extent, to aiegehange (Marchal et al., 1996; Gruber
et al., 1998; Gomalez-[avila et al., 2003). Surface DIC concentrations decline ii@mum values
in October, this decline is more pronounced at BAR84 mmol nT3) compared to ESTOC15
mmol m~3). Below the euphotic zone DIC accumulation occurs in cangih the observed oxygen
decline. The DIC accumulation at 200 m from April to Janu@@TS) and from April to October
(ESTOC) is6 mmol m—3 and8.7 mmol m~3, respectively.

Nitrate concentration is very low in the euphotic zone ahtstations. The nitraclinex(0.5 mmol
m~3) is generally shallower at ESTOO((.3 + 5.0 m) compared to BATS104 + 14 m) but with a
greater vertical variability at the western station. As assmjuence of the influence of the nutrient
poor 18C Subtropical Mode Water at BATS, nitrate concentratiorolethe nitracline is higher at
ESTOC. Below the euphotic zone nitrate accumulates frore fmdanuary at BATS and from May
to December at ESTOC, the amplitude of the accumulation@n2@® very similar in both stations
(0.7 mmol m~3).

The seasonal variability of the tracers considered in thidys in agreement with previous reports
for BATS (Menzel and Ryther, 1959; Jenkins and Goldman, 1®&&chal et al., 1996) and ESTOC
(Gonalez-Cavila et al., 2003; Neuer et al., 2007; Santana-Casiana,e2G07), is consistent with
the fact that synthesis of organic matter occurs in the etiplayer and that this matter is reminer-
alized, at least patrtially, in the shallow aphotic zone teetw 100-250 m. In order to quantify the
contribution of the biological processes and the physizalifig to the observed seasonal variability
of the chemical tracers, a 1-D diagnostic model was impleaten
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3 Modé implementation
3.1 Modéd general description

We adapted the tracer conservation model based on Ono €0all), who estimated the shallow
remineralization at BATS for the period 1992-1998. Thisrapgh includes the main physical pro-
cesses that occur below the mixed layer when convectiveewinixing is not the dominant process.
These processes are vertical diffusion, vertical advaditkman transport) and lateral advection.

The used tracer conservation equation was

gz—uzg—vzj—w%f—kl(?;g—hfc (2)
whereC = C(t,z) represents temperatur€)(or the tracer (oxygen, DIC, nitrate) concentration for
each depthz, and timet; u(t,z) andv(t,z) are the longitudinal and latitudinal geostrophical veloc-
ities, respectivelypC /0 anddC'/dy are the longitudinal and latitudinal gradients of tempameat
and tracer concentratiotk (¢) is the vertical diffusivity andJ(t,z) represents the sources minus
sinks term. For temperatutg- represents the effect of the solar shortwave radiationgagtrates
below the mixed layer depth, whereas for oxygen, DIC andhtdtit represents the net effect of
photosynthesis and respiration, therefore net produetimhshallow remineralization.

The model was executed 23 times for each variable in peribd$ aays during the seasonal
cycle, with a time steplt = 0.005 days and an uniform vertical gridi{ =1 m) from the mixed
layer depth to 250 m. In each of these runs the model was linédh with the profile of the
tracer for the initial timef, C°(¢,z), and produces the modelled profile for the final titmeAt,
Cmedel(t 4+ At,z), whereAt = 15 days. For the biological tracers: was computed diagnostically,
as described by Modiib-Carballido and Anderson (2009), so that the output oftbeel for each
run fits the profile for the corresponding final time. An inligaiess for the/¢(¢,z) term was made
as(Cops (t+ At,z) — Cops(t,2)) /At. The model was run forward from timeto timet+ At and a
mean squared misfit was computed as:

1/2

250m
Cost= </ (Cobs(tJrAt,z)Cmod(t+At7z))2dz> ) (3)
N

1LD
When the difference af'ost with the previous estimate was less tfa@02 mmol m—2 the simula-
tion was ended and the simulation of the next 15 day periodimgated. OtherwiseJ¢ (t,z) was

corrected as:
JEE (t,2) = Ja(t,2) +0.75(Cops (t+ At,2) — Cnoa(t+ At 2)) | At, 4)

and a new run was conducted. In this way(t,z) was optimized so tha®™°¢(t + At,z) fits
C% (t+ At,z).

In order to compute the biological source tenfy |, tracer data, horizontal and vertical velocities,
were calculated as described below and linearly interpdlad the model grid.
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3.2 Modd inputs
3.2.1 Horizontal advection

Horizontal gradients of temperature, oxygen and nitrateevealculated using the four grid points
surrounding BATS and ESTOC at the World Ocean Atlas 2009 higetimatology (WOAQ9) (Lo-
carnini et al., 2010; Garcia et al., 2010b,a). Longitudiwadl latitudinal gradients were computed
using averaged values for eactandy components. DIC data for the same locations were obtained
from the Global Distribution of Total Inorganic Carbon aratdl Alkalinity Below the Deepest Win-
ter Mixed Layer Depths climatology (Goyet et al., 2000), g¥hincludes lower temporal resolution
trimonthly averaged data.

Horizontal velocitiesy, andv, were assumed to be geostrophic and computed from the mgonthl
temperature and salinity WOAOQ9 data (Locarnini et al., 204tonov et al., 2010) and the thermal
wind equations. Water density was calculated using theskiland Poisson (1981) parametrization.
The thermal wind equations were integrated down to 3000 nicthwiias assumed as the level of no
motion following Siegel and Deuser (1997). The calculatedsgrophic flow for BATS{.02 —0.04
m s~ 1) was directed southwest during the whole year (see Figyreajsistent with the fact that
BATS is influenced by the Gulf Stream recirculation (Siegad ®euser, 1997; Ono et al., 2001).
The flow intensity was more variable near ESTQI0? — 0.07 m s~ 1), where the current was
directed southwest during most of the year except betweewhvand April, wheru was eastward,
and during the transition from spring to summer (May-Juljlewv was northward. This pattern is
consistent with the results described by Neuer et al. (280@)Peledret al. (2005).

Due to the implementation imposed to ensure volume conienvésee next section), lateral
transport included a non-geostrophic component. Furthewe will use geostrophic horizontal
advection to refer to the geostrophic component of thedhtesnsport and horizontal advection to
refer to the total corrected lateral transport.

Additionally, model runs where the geostrophic transpemntwas set to zera:(= v = 0) were
used to determine the influence of the geostrophic tranaptre computed biological rates.

3.2.2 Vertical advection

Ekman downwelling/upwelling velocityw, was computed for both stations from the wind stress
monthly climatological data included in the Internatio@amprehensive Ocean-Atmosphere Data
Set, with a spatial resolution @f x 2° (Leetmaa and Bunker, 1978). The computed Ekman velocity
at BATS was negative during most of the year and characttbyea clear seasonal cycle (see Figure
3a). Downwelling was maximum in February§6 m yr—!) and minimum in September, when a
weak upwelling was computed( m yr—1). These results are in agreement with the harmonic
function used by Musgrave et al. (1988) and Ono et al. (200BA&S. The Ekman velocity was
lower at ESTOC where the seasonal cycle was characterizeeldtywely weak upwelling during
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the summer (ca20 m yr—!) and relatively weak downwelling during the rest of the year

The Ekman velocity was set to zero at the surface and inaldassarly to the Ekman depth,
which was considered as the minimum value of 30 m and the migsel depth, and decreased
linearly to zero down to 250 m (Ono et al., 2001). As the defghendentv requires horizontal
convergence or divergence for volume conservation, hot&#advection included a correction term.

This was accomplished numerically by implicitly evaluatindC' /0~ at the grid box interfaces.
3.2.3 Shortwave solar radiation

The effect of the solar shortwave radiation that penetragdsw the mixed layer.f- term for the
temperature model) was computed as:
1 oI(t,z)
p(t,z)Cp(t,z) 0z
where p is the water density computed from temperature and salsgfsonal cycles using the
Millero and Poisson (1981) formulation;, is the specific heat (Fofonoff and Millard, 1983), and
I(t,z) is the shortwave radiation flux computed by using the attémuanodel of Paulson and Simp-

Jg(t,z) =

(5)

son (1977) for Type | water and the surface shortwave radiatalues (Figure 3b). These values
were obtained by fitting to an harmonic function monthly datathe period 1996-2001 obtained
from the CORE.2 Global Air-Sea flux dataset close to bottssifenual means and amplitudes of
the harmonic function werés2+5 W m~2 and87+6 W m~2 at BATS, and191+5 W m~2 and
6848 W m~2 at ESTOC, respectively. Surfadavas minimum in January for both stations.

3.3 Temperature model and K optimization

Similar to the approach followed by Musgrave et al. (1988)p@t al. (2001) and Mouib-Carballido
and Anderson (2009) we computed the vertical diffusivi) from the optimization of the simu-
lated temperaturel{) seasonal cycle (Figure 4). An optimized valuefofwas obtained every 15
days by minimizing the following function for each run:

ILD(t)

250m 1/2
Cost(t) = ( / (Tops (t,2) —Tmod(uz))?dz) . (6)
M

The annual meark’ was?2.0+1.5 cm? s for BATS and1.54+1.6 cm? s—! for ESTOC. The
maximum K at BATS was set t& cn? s~! on account of numerical limitations in the biological
source term calculations due to the high values computeisgltine winter mixing. At ESTOC
higher K values were computed in July and August, possibly relatddade Wind intensification
during the summer months.

The comparison of the temperature rate of change compubed thhe observed and simulated
seasonal cycles showed a good agreement for both statimus€s). The errors in the simulation
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of the temperature seasonal cycle were computed as:

Tmod(taz) - Tobs (t,Z)
Tobs(taz) .

Err(t,z) =abs ( (7

Model errors were related to a deficient parametrizatioh@tbnstant vertical diffusivity especially
during strong mixing events. Higher errors were computednduthe periods of strong winter
mixing for both stations, just below the mixed layer in Judy (BATS) and August-September
(ESTOC), and between 100 and 250 m in September at BATS ardSeptember at ESTOC. Ono
et al. (2001) used a singl€ optimized for the whole year, however we observed that dpiimg K

for each 15-day period reduced the total integrated errtweisimulation of the temperature seasonal
cycle by13% at BATS and20% at ESTOC (data not shown). Figure 5d shows the contribution o
the geostrophic horizontal advection to the temperatueeafichange. This contribution was more
important at ESTOC, where an input of warmer water was coetpint June-July and colder water
in September.

3.4 Integrated budgetsand errorsestimation

Net production rates below the mixed layer were computedtagrating the biological source term
(J¢) from this depth to the estimated compensation depth. Tépsdwvas set to 110 m based on the
Je distribution and the examination of rates sensitivity tig timit (see below). To compute shallow
remineralization,Jo was integrated from the compensation depth down to 250 mh Boés were
integrated between April and December in order to avoid twéod of intense and intermittent
winter mixing, which is not accurately simulated by the modé&e physical model terms were also
integrated for the same period and depth intervals to etathair contribution to the change in the
tracer inventories.

Uncertainties associated with the integrated budgets e&imated by using Monte Carlo sim-
ulations. A high numberX{ > 100) of model runs for all the tracers (including temperature fo
K optimization) were performed with each element of the magalts being randomly generated
from a Gaussian distribution. The standard deviation of3hassian distribution was taken from the
estimated error of the model inputs. The weighted standaiott as used for the seasonal cycles
of temperature and the chemical tracers, the standard goeided by the WOAQ9 data base was
used for the variables obtained from this climatology5é& error was assigned to the DIC lateral
gradients consistent with the magnitude of computed eforrthe lateral gradients of oxygen and
nitrate, for the Ekman velocityu{) the error considered waX% according to Ono et al. (2001).
The uncertainties associated with the integrated budgets the standard deviation of the values of

the integrated budgets produced by each model realization.
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4 Resultsand discussion
4.1 Distribution of biological sourcesand sinks

Figure 6 shows the biological source termi-§ computed for oxygen, DIC and nitrate by using
the diagnostic model at BATS and ESTOC and the geostrophiizdmdal flux divergence (i.e. the
contribution of the geostrophic horizontal advection te thtal rate of tracer change).

Despite the signal being noisier, probably due to using atshdata set and a time-dependént
optimization, the distribution of - computed for all the tracers at BATS was in general in agre¢me
with the results reported by Ono et al. (2001). The bioldgieggen (DIC and nitrate) production
(consumption) computed below the mixed layer was congistih the synthesis of organic matter,
whereas oxygen (DIC and nitrate) consumption (productimmputed in the shallow aphotic zone
indicated remineralization of organic matter. Oxygen picitbn occurred below the mixed layer
during summer stratification with the maximum at ca. 40 m. @tmmpensation depth/{ = 0) was
between 80-100 m. Below the compensation depth, maximurgesxgonsumption was computed
at ca. 120 m during late spring and early summer. The high exympnsumption computed just
below the mixed layer coincided with large errors in the temagure simulation (see Figure 5c¢), and
they are probably related to limitations in the diffusivigptimization. DIC consumption ocurred
just below the mixed layer during summer stratification. Euos tracer the compensation depth
was slightly shallower (ca. 60-80 m), and maximum produrcti@as computed at 120 m during the
summer. The distribution of - for nitrate was very similar to DIC but the compensation Hepas
located deeper (ca. 110-115 m). Maximum nitrate consumpties computed at 80 m during May-
June. Maximum production occurred at 120 m coinciding withmaximum rates of DIC (oxygen)
production (consumption), and slightly shallower thanrteximum described by Ono et al. (2001)
at 140 m. A second maximum in nitrate remineralization waseoled at 250 m close to the model
border.

The distribution ofJo at ESTOC was in general very similar to the patterns destfitneBATS
although a few differences were observed. The oxygen cosgpen depth was located deeper at
ca. 115 m. Highest rates of oxygen production were also éacdeeper (ca. 100 m), coinciding
with the deep chlorophyll maximum. The vertical structufehe spring-summer remineralization
was also different compared to BATS, as maxima rates instéaeing located at specific depths
occurred through out the whole water column. Another imgartifference with BATS was ob-
served in September-November when high oxygen (DIC, eifrabnsumption (production) was
computed through the whole water column. This feature éd@ttwith significant inputs of oxy-
gen and nitrate, and also cold water (Figure 5d), througlzbotal advection. The role of the
horizontal transport in the seasonality of the synthesd r@mineralization of organic matter has
been previously reported in the Canary region, which is utige influence of the coastal African
upwelling (Neuer et al., 2002b; Astegui et al., 2003; Peldget al., 2005; Alonso-Goratez et al.,

10
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2009). Upwelling filaments and Ekman transport export paldite and dissolved organic matter
from the coastal upwelling to the open ocean. During thisgpart organic matter is remineralized,
at least partially, providing an external source for nutisgPelegret al., 2005). According to these
authors the relevance of this process is higher during theTthese facts indicate that at ESTOC,
even though removed from direct influence of the upwellingezallochthonous inputs of organic
and inorganic matter could represent sources and sinkscf@rem, DIC and nutrients that must be
considered when interpreting our model results.

4.2 Net production rates

We set 110 m as the mean compensation depth because it igttoxiapate depth of maxima in the
integrated net production and remineralization ratesitoate and for oxygen at ESTOC (see Figure
7). DIC and oxygen at BATS actually have maxima at 80-90 m they all have inflection points
near 110 m, and the 110 m integrals are not greatly differ20% (lower for DIC at ESTOC and
02 at BATS; 2% lower for DIC at BATS). Net production rates and all the inetigd model terms,
including the associated errors computed below the mixgel e 110 m from April to December
for both stations, are shown in Figure 8.

Net production rates computed for oxygémg +0.79 mol O, m~2), dissolved inorganic carbon
(—1.7340.52 mol C m~2) and nitrate {1254 36 mmol N m~2) at BATS were slightly higher
for oxygen and carbon compared to ESTOM$ 4 0.62 mol O, m—2, —1.4240.30 mol C m—2
and—213+56 mmol N m~2) but showed no statistically significant differences. Inesgnent with
previous geochemical estimates (Riser and Johnson, 2008¢sults indicate that in these regions,
at least for the depths (mixed layer base to 110 m) and tiniegékpril-December) we considered,
photosynthesis exceeds remineralization of organic matte

The comparison of the observed changes in the tracer irmrestnd the modelled net production
evidences the relevance of the physical fluxes, as the charthe tracers, in general, underesti-
mated biological net production. The change in the tracegritories underestimated oxygen net
production rates by63% at BATS and136% at ESTOC. For DIC the underestimation w85, at
ESTOC, whereas it was overestimatedififf; at BATS. For nitrate the underestimation vi&%s at
BATS and102% at ESTOC. The contribution of diffusion was larger than tatdvection (horizon-
tal+vertical) for all the tracers at both stations excepC @t BATS.

Computed net production rates compared with a summary gfque values reported for BATS
and ESTOC are presented in Table 1, where different integraeriods must be interpreted care-
fully. Gruber et al. (1998) and Brix et al. (2006) estimatkdttnet production at BATS during the
spring-summer period represelfts— 80% of the total annual net production. Similar results were
obtained at ESTOC by Goalez-[avila et al. (2003). As the integration interval (April-Deraber)
used for our estimates misses part of the winter-springrbl{®Brix et al., 2006; Goraez-Cavila
et al., 2007, 2010), our rates are probably lower than arestahates. According to Marchal et al.
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(1996), net production in the mixed layer in the Sargassor§geesented0% of the photic layer
net production. Assuming this is true also for ESTOC, ouesatould represent abow®% of the
total net production, i.e3.4 mol O, m~2 and—4.3 mol C n2 at BATS and2.6 mol O, m—2 and
—3.6 mol C m~2 at ESTOC. As nitrate consumption is only observed in the tquetic layer, this
extrapolation is not suitable for this tracer. Using an axygracer model, Musgrave et al. (1988)
estimated the rate of net production in the photic layer af 8£0 be3 —4 mol O, m—2 yr—!, very
similar to our estimate3(4 mol O, m~2). Our rate for net production of carbon at BATS7T3 — 4.3
mol C m~2) is in the range of previous estimates using mixed layer rnagjgroachesl(8 — 4.0 mol

C m~2, Marchal et al. (1996); Gruber et al. (1998); Brix et al. (8)0 A compilation of nitrogen
inputs carried out in the Sargasso Sea including wet and ejpgsition, convective, diapycnal and
isopycnal mixing, Ekman transport, mesoscale eddies anagein fixation quantified annual pro-
duction in0.37 — 1.39 mol N m~2 yr—! (Lipschultz et al., 2002). Our estimate for net production
of nitrogen at BATS (.125+0.036 mol N m~2), which neglects important sources of nitrogen as
nitrogen fixation, convective mixing and mesoscale stmastudoes not reach the lower end of this
compilation. Our estimate is also lower than the value oleihiby Siegel et al. (1999).48 +0.12
mol N m—2 yr—1), who reported a compilation of new nitrogen inputs wheteogien fixation was
not included.

Gonalez-[avila et al. (2003), by using a mixed-layer model for ESTO@t ttid not include
lateral advection, estimated net production of carbonémtiixed layer between April and October,
and the period 1996-2001, to B&.545.7 mmol C nT3. This value corresponds to a mixed layer net
production rate ofl.55+0.75 mol C m—2, computed considering the averaged depth of the mixed
layer during this periodil +26 m). Following the same approach but using a longer data 986¢1
2004), Gonalez-Davila et al. (2007) estimated net production in the mixectap be3.3+0.8
mol C m~2. Both rates are in close agreement with our estimat&(- 3.6 mol C m~2). Our rate
of net production based on nitrat@ %13 +0.053 mol N m—2) is only slightly lower than the total
new nitrogen inputs reported by Cianca et al. (2007) at ESTOZ8 +0.09 mol N m~2 yr—1), who
considered eddy pumping, convective, diapycnal and istgdymixing, and Ekman transport.

The -0,:C ratios computed from the net production estimates at BAT® +0.51) and ESTOC
(0.72+0.46) are lower than the ratio for NObased productionl(4, Gruber (2008)) and closer to
the ratio for NH,-based productioni(1). The lower -Q:C ratio at ESTOC could be related to the
remineralization peak observed during the fall (SepteaNmrember), which was more intense for
oxygen than for DIC, probably due to the larger lateral ispigee Figure 6). When the biological
source term at ESTOC was integrated between April and Ségteexcluding the remineralization
pulse observed in autumn, the-@ ratio (1.30+0.62) was closer to the standard values. Net pro-
duction rates computed between April and December with #wstgophic model term set to zero
(see section 3.2.1) gave ax@ ratio of ~ 1.0, also in better agreement with the canonic values.

At BATS, we attributed the low -QC ratio to the diffusion simulation that causes a stronggexy
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consumption between the mixed-layer depth and 35 m. If #a®n was not included in the inte-
gration, oxygen production rate would be increasedi4(+0.37 mol O, m~2) and DIC production
rate lowered {1.2040.21 mol C m~2), resulting in higher than Redfield rati®.{8 4+ 0.86). The

C:N value at BATS 13.9 +5.8) was higher than the Redfield ratio (6.6) and very similarsT@C
(6.742.3). However, this is slightly deceiving in that most of the gey production and DIC uptake
occurs above 80 m, while most of the N@ptake occurs between 80-110 m, which is not constant
Redfield C:N coupling.

4.3 Remineralization rates

All the model terms were integrated between April and Decamnaind 110-250 m to obtain shallow
remineralization rates (see Figure 9). Oxygen 814 0.37 mol O, m~2) and DIC (1.5240.30
mol C m~2) remineralization rates computed for BATS were in good egrent with those reported
by Ono et al. (2001)+2.08 +0.38 mol O, m~2 and —1.5340.35 mol C m~2), whereas nitrate
remineralization ratel¢7 443 mmol N m—2) was twice the rate reported by these auth86s46
mmol N m—2). This mismatch was due to the differences in the geostedpkeral advection term
(—51+44 mmol N m—2 versus39 + 39 mmol N m~2 reported by Ono et al.) that resulted from
the use of different climatologies. Changes in the traceentories also underestimated shallow
remineralization, as they representelds, 45% and21% of remineralization rates computed for
oxygen, DIC and nitrate, respectively.

Shallow remineralization rates computed for ESTOC weraigantly higher than at BATS for
oxygen (3.941.0 mol O, m~2) but showed no significant differences for DICF340.43 mol C
m~2) and nitrate §8 4+ 155 mmol N m~2). The latter was associated with large errors. The change
in the tracer inventories underestimated remineralinatades for oxygen and DIC as represented
17 and 360 of these rates. However, nitrate remineralization rate avasestimated340%) by the
change in the inventory.

Diffusion was a source for oxygen and a sink for DIC and nétiatboth stations because oxygen
(DIC/nitrate) gradient was negative (positive) downwaadd greater at 110 m than 250 m. Vertical
advection was a source for all the tracers at BATS becausas negative at 110 m and zero at 250
m, whereas it was a sink at ESTOC because upwelling was dabdoang the investigation period.
Lateral transport (geostrophic horizontal advection) asurce (sink) for oxygen (nitrate/DIC) at
BATS and a source (sink) for oxygen and nitrate (DIC) at ESTOKe divergence of the lateral
transport of oxygen caused the differences in the remiizetan rates computed for both stations,
as the 1D model without geostrophic advection resulted yger consumption rates reduced by
61% at ESTOC (1.5140.29 mol O, m~2) and only by 2% at BATS (-~1.31 +0.80 mol O,
m~2). The input of nitrate through lateral advection was alspomsible for the low remineralization
rate and the large error computed for nitrate at ESTOC, adEhenodel computed a higher rate
and lower associated errar3p +23 mmol N m—2). The fact that differences in remineralization
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rates between both stations were only statistically sicguifi for oxygen could be related to the
different temporal resolution of the databases used to atenjire lateral gradients of the tracers.
Oxygen and nitrate horizontal gradients were calculatechfthe World Ocean Atlas 2009 monthly
climatology, whereas DIC gradients were obtained from thkab@ Distribution of Total Inorganic
Carbon and Total Alkalinity Below the Deepest Winter Mixedtér Depths climatology, which
includes lower temporal resolution tri-monthly averagathdqsee section 3.2.1). Model results show
that inconsistency in remineralization rates differerfoetsveen the tracers decreased if oxygen and
nitrate variability was reduced through smoothing (datsshown). Large errors associated to nitrate
remineralization were probably due to the lower number skotations used to compute the nitrate,
compared to oxygen, climatology.

Remineralization rates computed at BATS were comparaltle pvevious estimates reported in
the region (see Table 2). Jenkins and Goldman (1985) cadclithe shallow (100-250 m) oxygen
consumption rate between April and November at station BarSargasso Sea to Benol O, m—2.
Sarmiento et al. (1990) summarized remineralization rdé¢srmined from a variety of tracer based
techniques in the Sargasso Sea tdige- 3.3 mol O, m~2 yr—!. Carlson et al. (1994) estimated
the remineralization of dissolved organic matter fromsgto fall as0.99 —1.21 mol C m—2, lower
than our estimate as it did not include the particulate dogfraction.

To our knowledge, geochemical estimates of shallow reralization based on tracer distribu-
tions have not been conducted at ESTOC so far. Alonso-8enzt al. (2009) used a box model
approach to calculate the lateral transport and consumpfisuspended particulate organic matter
(POC) in the Canary Current region. They found that lateaCHluxes, which were up to 3 or-
ders of magnitude higher than vertical fluxes, accounted.firmmol C n2 d—!, what represents
28 —59% of the total mesopelagic (100-700 m) respiration. The twaabon consumption estimated
for mesopelagic waters in the fall wast — 5.1 mmol C nT2 d—!, slightly lower than our estimate
(6.7£1.9 mmol C nT 2 d—') and one order of magnitude lower than respiration ratesidd during
the summer by using combined in vitro oxygen consumptionaareymatic activity techniques (68
mmol C nT2 d~1) in the subtropical Northeast Atlantic (&tegui et al., 2005). Alonso-Goalez
et al. hypothesized that this mismatch could be due to tHerdiit times of the year when the
experiments were carried out. However, recent studiesatelithat long incubations may lead to
overestimations of community respiration as a result ofrmneiase in the activity of heterotrophic
bacteria (Margbn et al., 2007; Calvo-az et al., 2011). Due to the differences in integration kigpt
comparison with these studies must be done carefully.

Shallow remineralization rates computed by our model cemla¢ compared to particulate organic
matter attenuation flux computed from sediment traps depl@t BATS and ESTOC. Comparative
information for sediment traps for both stations corregjsoto 150, 200 and 300 m at BATS and
200, 300 and 500 m at ESTOC (Helmke et al., 2010). In ordertimate remineralization rates
between 110 and 250 m the particle flux at 110 and 250 m needs itdfdrred. The former was
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calculated using the Martin’s attenuation equation (Meeti al., 1987), considering the seasanal
exponents calculated by Helmke et al. (20103-(.6 — 1.19) for BATS, and the value reported by
Neuer et al. (2007)i(= 0.81) for ESTOC. The particulate flux at 250 m was calculated bgdity
interpolating the flux measured at 200 and 300 m. Shallowrreralization computed from spring-
time to fall was0.38 mol C m~2 at BATS and).08 mol C m~2 at ESTOC. Both values were lower
than our estimates, which included the dissolved and pdatie organic fractions, and represented
25 and5% of the carbon remineralization computed for BATS and EST@Gpectively. The sum
of the remineralization rates of particulate and dissolweginic matter at BATSI(37—1.59 mol C
m~2) matches our estimation of carbon remineralizatibisZ40.30 mol C m—2). Unfortunately,
no information about the seasonal variability of the digsdlorganic carbon cycle is available at
ESTOC.

Our results indicated that lateral transport is signifidanthe seasonality of the hydrodynamic
conditions and the tracer distribution at ESTOC. Previdudiss indicated that higher remineraliza-
tion in the subtropical Northeast Atlantic could be supedrby dissolvedAIvarez-Salgado etal,
2007) and slow sinking particulate organic matter (Alo&mAzlez et al., 2009) exported from
the high productive African coastal upwelling, and also bykddissolved inorganic carbon fixation
(Baltar et al., 2010). In this respect, iategui et al. (2003) estimated that the contribution of dis
solved organic carbon to the mesopelagic oxygen consumptithe Canary Current region was
about30%. Alonso-Gonalez et al. (2009) indicated that the reported differennekeé carbon ex-
port rates between both stations could be, at least pgrtedplained by lower sedimentation rates
of the particulate organic matter in the eastern part of thre,cas slow-sinking or suspended POC
does not accumulate in the sediment traps and can be Igtexdhiected (Aistegui et al., 2009).
Although organic matter was not explicitly taken into aceom our model, our results support this
hypothesis as they show stronger lateral transport ancehigdmineralization rates for oxygen at
ESTOC, which can not be sustained by the flux of sinking oxgaratter.

According to our results shallow remineralization représeat BATS54 +33% and51 +36%
of the net production computed in the photic zone for oxyged BIC, respectively, whereas at
ESTOC it representss1 +99% and43+15% respectively. The high value for oxygen at ESTOC is
related to the strong lateral inputs computed in the fal (®eygen geostrophic horizontal advection
in Figure 6), that also resulted in negative net productmmputed during these months (see oxygen
biological source in Figure 6), suggesting that high remaheation rates could partially be sustained
by non-locally produced organic matter.

The -0,:C ratio for the shallow remineralization computed at BATSI9 + 0.34) was in good
agreement with the Redfield ratid.43), whereas at ESTOQ (2 +0.98) was slightly higher. C:N
ratios were in excess of the Redfield ratio at both stationd,veere higher at ESTOCL( + 162)
than at BATS (0.2 4+ 3.6), pointing to the export of carbon enriched organic maffére C:N ratio

reported by Ono et al. (2001) for BAT3q+ 12) was twice our estimate, as a consequence of the
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differences in nitrate remineralization estimates. Thghér C:N ratio computed for ESTOC was
consistent with the carbon rich organic matter observethénniixed layer (Koeve, 2006) and the
sinking organic matter (Neuer et al., 2007) in the regiou, aith close to Redfield ratios observed in
the sinking organic matter at BATS (Schnetzer and Steint2992). Moreover, ecological models
employed to study the sensitivity of carbon export to atrhesigc nitrogen inputs in NASW and
NASE showed higher C:N values in the sinking organic matt&ASE (Mouriio-Carballido et al.,

in revision).

5 Conclusions

Subtropical gyres play a crucial role in the global carbatiegue to the large extension they occupy
which is expected to get bigger as a consequence of globahiwgr(Polovina et al., 2008). Un-
derstanding the heterogeneity of these biomes is criticabmprehend the role of the oceans in the
future carbon cycle. By using a 1D diagnostic tracer modelnwestigated if potential differences
in net production and shallow remineralization are coesistvith the lower export of particulate
organic carbon observed at the eastern (ESTOC) comparkd teastern side (BATS), of the North
Atlantic Subtropical gyre. Our results showed that net potidn was not statistically different at
both stations, whereas oxygen shallow remineralizatiomhigher at ESTOC. As our approach does
not estimate mixed-layer net production, particularlyidgthe winter-spring bloom period, we can
not discard that it underestimates the differences in nedymtion between the two stations. The
comparison of our estimates with vertical fluxes of POC shthas whereas a significant fraction
(25%) of the shallow remineralization is sustained by sinkingastic matter at BATS, this fraction
is much lower at ESTOC (6). The importance of horizontal processes in the season# <yt
ESTOC indicates that oxygen consumption at this statiotddoe also supported by allochthonous
inputs of organic matter. There is still work to be done tdyfuinderstand the mechanisms behind
the regional differences observed in the vertical expoasbon at the North Atlantic subtropical
gyre. In the light of this and other studies it seems thatiafircformation must come from the study
of horizontal fluxes at ESTOC.
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Fig. 1. Seasonal cycles of the vertical distribution of temperattid (salinity (psu), density anomatyr (kg

m~2), chlorophyll a (mg m3), nitrate + nitrite (mmol m3), oxygen (mmol m?3), oxygen anomaly (mmol

m~3) and dissolved inorganic carbon (DIC) (mmol®). Black discontinuous line represents the mixed layer
depth. Black thick line represents the isoline of zero oxygen anomaly @nditifacline ((NQ]= 0.5 mmol

m~3).
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nitrate.

30



Table 1. Summary of net production estimates reported for BATS and ESTO®@ Mlthe mixed-layer depth.

Region Source Technique Period Depths Estimate
mol m~?
Sargasso Sea  Musgrave et al. (1988) Tracer model Annual Plotar (PL) 3—4 (02)
BATS Marchal et al. (1996) Mixed-layer model March-Oct ExtrapolaPL 1.8—2.9 (C)
BATS Gruber et al. (1998) Mixed-layer model  Annual Mixed Layer  2.3+0.9 (C)
BATS Brix et al. (2006) Mixed-layer model  Annual PL 4.9+0.3 (C)
BATS Siegel et al. (1999) Nitrogen budget Annual PL 0.48+0.12 (N)
Sargasso Sea  Lipschultz et al. (2002) N budget Annual PL 0.37—1.39 (N)
BATS Cianca et al. (2007) N budget Annual PL 0.38+0.08 (N)
BATS This study Tracer Model Apr-Dec MLD to 110 m  1.3440.79 (O2)
1.7340.52 (C)
0.12540.036 (N)
ESTOC Gonalez-Davila et al. (2003)  Mixed-layer model  Mar-Oct Mixed Layer 1.55+0.75 (C)
ESTOC Gonalez-Davila et al. (2007)  Mixed-layer model  Annual Mixed Layer 3.3+£0.8 (C)
ESTOC Cianca et al. (2007) N budget Annual PL 0.28+0.09 (N)
ESTOC This study Tracer Model Apr-Dec MLDto 110 m 1.03+0.62 (O2)

1.42+0.30(C)
0.2130.053 (N)
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Table 2. Summary for remineralization estimates at BATS and ESTOC. AOU is appaxygen utilization;

DOC, dissolved organic carbon; POC, particulate organic carbon; Ei€8tron transport system and OC is

organic carbon.

Region Source Technique Period Depths Estimate
m mol m~2
Sargasso Sea Jenkins and Goldman (1985) AOU seasonal cycle No&pr- 100 — 250 3.0(02)
Sargasso Sea Sarmiento et al. (1990) Tracer Distribution ~ Annual 100 — 250 0.6 —3.3(02)
BATS Carlson et al. (1994) DOC changes Apr-Nov 100 — 250 0.99—1.21 (C)
BATS from Helmke et al. (2010) POC Fluxes Spring-Falll 10 — 250 0.38 (C)
BATS Ono et al. (2001) Tracer Model Apr-Dec  100—250 2.08+0.38 (02)
100 —250 1.53+0.35 (C)
100 —250 0.08040.046 (N)
BATS This study Tracer Model Apr-Dec  110—-250 1.814+0.37 (O2)
1.5240.30 (C)
0.147+0.043 (N)
ESTOC from Helmke et al. (2010) POC fluxes Spring-Fall 10 — 250 0.08 (C)
ESTOC This Study Tracer Model Apr-Dec  110-—250 3.9+£1.0 (09)
1.5340.43 (C)
0.0440.16 (N)
mmol m~2 d=!
Canary Current  Astegui et al. (2003) ETS Activity August 200—1000 7 (C)
Canary Current  Astegui et al. (2005) ETS/Cn vitro Summer 200—1000 68 (C)
Canary Current  Alonso-Goalez et al. (2009) OC balance Fall 100 —700 2.4-5.1(C)
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