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Abstract. A total of fourteen hydrographic cruises from showed an interannual warming of 0£D.03°Cyr—1 and

2000 to 2008 were conducted during the spring and au-a wind speed decrease D.58+0.14msyr~1 in spring

tumn seasons between Spain and the Southern Ocean undauises which suggest the weakening of upwelling events as-
the framework of the Spanish research project FICARAM. sociated with warm El Nio — Southern Oscillation episodes.
The underway measurements were processed and analys€ntrary the surface waters of the Patagonian Sea behaved
to describe the meridional air-sea €@uxes FCOp) in as an intense sink of COn March and November. The

the covered sector of the Atlantic Ocean. The data hasceanic waters of the convergence of Falkland and Brazil
been grouped into different biogeochemical oceanographicCurrents showed the strongest £8bsorption with a rate
provinces based on thermohaline characteristics. The spaf —5.44+3.6molnT2yr~! in November. The Southern

tial and temporal distributions af CO, followed expected Oceans sampled in the Drake Passage behave as an average
distributions and annual trends reproducing the recent cli-uptake rate of-1.1+ 0.9 mol nT2yr—1 while the distal shelf
matologicalA fCO, estimations with a mean difference of of the Livingston Island acted as a slight source ob@@the

—3+ 18 patm (Takahashi et al., 2009). The reduction inatmosphere.

the CQ saturation along the meridional FICARAM cruises
represented an increase of 0:62.14 moln2yr—1 in the
ocean uptake of atmospheric & 'he subtropical waters in
both Hemispheres acted as a sink of atmospherig di@ing
the successive spring seasons and as a source in autumn.
coarse reduction of the ocean uptake of atmospheric @O o ) ) B
served in the North Atlantic Ocean was linked to conditions 1 "€ CQ emissions associated with human activity, such
of negative phase of the North Atlantic Oscillation that pre- @S fossil fuel burning, changes in land-use or cement pro-
vailed during the FICARAM period. Surface waters in the duction, have increased atmospheric LCbncentrations
North Equatorial Counter Current revealed a significant long-(K€€ling and Whorf, 2000; Houghton, 2003) from pre-
term decrease of sea surface salinity—.16+ 0.01yr ! industrial levels £270 ppm; parts per million of volume)
coinciding with a declination of-3.5-+ 0.9 patmyrtinthe (O Present-day ones, above 384 ppm (Solomon et al., 2007).
air-sea disequilibrium of C©fugacity and a rise of oceanic D€SPIte C“"fm total Coemissions to the atmosphere of
CO, uptake of —0.09+0.03 mol nszr‘l. The largest ~9._1 PgC_: yr+ (Canadell e_t al., 2007_) only half of them are
CO, source was located in the equatorial upwelling system.reta'”ed m_the atmospheric reserv0|_r (Sarmiento a_nd Gruber,
These tropical waters that reached emissions of®% and 2002; Sabine et a!., 2004). Oceanic and terrestrial ecosys-
1.040.7molnr2y~1 in spring and autumn, respectively, tems sequestrate important amounts ofzcmus reducing
atmospheric C@ accumulation. The combined storage of
land and oceans mitigates significantly the rate of global

Correspondence toX. A. Padin warming by quenching the global temperatures sensed in the
BY

(padin@iim.csic.es) biosphere (Siegenthaler and Sarmiento, 1993).
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Table 1. Information of the FICARAM cruises.

X. A. Padin et al.: Air-Sea CQluxes in the Atlantic

Cruise Ship Date Latitude range
FICARAM 1 R/V Hesgrides  Oct—Nov, 2000 36.5N-11.F S
FICARAM 2 R/V Hedgrides  Mar—Apr, 2001 40N-55. S
FICARAM 3 R/V Hesgrides  Oct—Nov, 2001 36.6N-7.8 S
FICARAM 4 R/V Hesgrides Mar—Apr, 2002 36.0N-51.0S
FICARAM 5 R/V Hesgrides  Oct—Nov, 2002  37.4N-23.F S
FICARAM 6 R/V Hesgrides Apr, 2003 37.2N-19.°N
FICARAM 7 R/V Hesgrides  Oct—Nov, 2004  37.3N-55.1 S
FICARAM 8 R/V Hesgrides  Oct-Nov, 2005 3624N-53.2 S
FICARAM 9 R/V Hesgrides Mar-Apr, 2006 32.4N-55.1 S
FICARAM 10 R/V Las Palmas Oct—Nov, 2006 37.24N-53.2 S
FICARAM 11 R/V Las Palmas Mar-May, 2007 37.5N-54.8 S
FICARAM 12 R/V Las Palmas Oct—Nov, 2007 36.ON-62.9 S
FICARAM 13 R/V Las Palmas Mar—Apr, 2008 37.4N-55.F S
FICARAM 14 R/V Las Palmas Oct—Nov, 2008 37.5N-62.9 S

Notwithstanding its importance, air-sea &€Qdluxes  Oceans, which are known to behave as important sinks of
(FCOy) are constrained rather poorly and introduce largeatmospheric CQ at present (Takahashi et al., 2009). The
uncertainties in global carbon budget estimates, particularlyfluctuation in the major modes of climate variability, in par-
at interannual scales (Keeling et al., 1995; Francey et al.ticular, North Atlantic Oscillation (NAO), El Nio — South-
1995; Battle et al., 2000, Schuster et al., 2009). This stem®rn Oscillation (ENSO) and Southern Annular Mode (SAM)
from the scarcity of in situFCO, measurements and from have been linked to observed anomaliesf@fO, (Patra et
the lack of time-series records. In order to improve our un-al., 2005; Lovendruski et al., 2007; Borges et al., 2008) and
derstanding of the ocean GQptake, it is essential to con- other biochemical variables (Enfield and Mayer, 1997; Labat
strain the uncertainties associated with air-seg @xes et al., 2005) in the Atlantic Ocean. In this sense, particular
(FCOy) estimates both geographically and temporally. Thechanges in the spatiglCO}" patterns of the North Atlantic
Spanish project FICARAM (Air-sea COluxes along merid-  Ocean were strongly related to the NAO index during the
ional tracks in the Atlantic Ocean), was part of an inter- FICARAM period (Schuster and Watson, 2007; Schuster et
national effort to carry out extensive in situ measurementsal., 2009; Ullman et al., 2009)
at oceanic basin scales using available ship-potential. The In this paper, we summarize the underwg@05" mea-
FICARAM project was developed as repeat VOS line within surements along a meridional transect of the Atlantic Ocean
the framework of larger European projects such as CAVAS-during the spring and autumn seasons since 2000 through
SOO (Carbon Variability Studies by Ships Of Opportunity) 2008. The aim of this work is to characterize the differences
and CARBOOCEAN (Marine Carbon Sources and Sinks As-of air-sea CQ fluxes and their biogeochemical forcing, and
sessment). The surface g@bservations collected during analyze the long-term trends observed in these variables dur-
FICARAM are part of databases compiled by the projectsing the FICARAM cruises.

CARBOOCEAN and SOCAT (Surface Ocean £8tlas).

The FICARAM cruises (Table 1) were carried out taking
advantage of bi-annual ship tracks between Spain and th& Dataset and methods
Antarctic from 2000 to 2008 providing a unique opportunity
to get a quasi-synoptic view of a meridional transect in both2.1 The FICARAM cruises
the North and South Atlantic Oceans. These high-resolution
observations helped showing the distribution over seasonarhe fourteen FICARAM cruises were conducted on board
and long-term scales and mechanistic controls of surface sedhe research vessdiO Hes@ridesandB/O Las Palmade-
water fugacity of CQ (fCG3") within contrasting physical- ~ ginning in October 2000 to November 2008 (Table 1). The
chemical regimes (Keeling, 1968; leafre, 1997) in spring  cruise tracks covered approximately the same transit between
and autumn. The diversity of oceanographic provinces samthe southern Spanish coasts and the Southern Ocean (Fig. 1).
pled during the FICARAM cruises were marked and var- The heading of the courses was always southwards during
ied from highly productive areas located in upwelling sys- the boreal autumn and northwards in boreal springs. The
tems to oligotrophic intertropical gyres. The cruise trackscruises were conducted as part of the Antarctic research pro-
also covered large areas in the North and South Atlantiogram for maintenance and supplying the Spanish Antarctic
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Fig. 1. Map showing the ship tracks and biogeochemical provinces selected for the FICARAM cruises. Left panel gives boreal spring tracks
and right panel the boreal autumn ones.

bases Gabriel de Castilla and Juan Carlos I, located in theonsisted of a 30 cm high glass column with two concentric
Deception and Livingston Islands, respectively. cylinders to provide thermal insulation. The sampled seawa-

The FICARAM cruises were principally conducted in the ter flowed at a rate of 1.5-2 L mirt that was inputted from
Eastern North and Western South Atlantic basins. Initially, the top of the equilibrator's water chamber. A fixed vol-
cruises were intended to sail as close as possible to meridianme of air was constantly recirculated through this system
28°W while underway, but this was normally subject to ship- (0.8 L min~1) in order to favour rapid equilibration with the
time availability. This practice ceased after the FICARAM seawater phase. The system was vented to the atmosphere
9 cruise, when the vessels started operating as ships of ophrough an air ballast bottle flushed by an external airline
portunity and sailed directly from departure to arrival ports. stream which avoided enriched ¢@ir inputs from the lab-
Nevertheless, sufficient cruises were conducted to study theratory.

meridional variability of f CO3". A thermosalinograph (SBE-45-MicroTSG) was connected
to the same uncontaminated seawater supply. This apparatus
2.2 Equipment installation recorded underway surface temperature (SST) and salinity

(SSS) during the cruises conducted on boaf@ Las Pal-

The underway measurements of sea-surface and atmospheritas When on board th&/O Hesggrides these data were
molar fractions of C@ (xCO5" andxCO3™, respectively)  gathered via the vessel-mounted oceanographic data acquisi-
were performed with a GASPAR apparatus, an autonomougion system.
device assembled at Instituto de Investigasi Marhas The molar fractions of C®and HO were measured with
(IIM-CSIC, Vigo-Spain). The device configuration was a non-dispersive infrared Li-COR analyser (model 6262) that
based on a previous setup developed by researchers at tligcharacterized by a stable drift over the long term. This pre-
Institut fur Meereskunde (Kiel — Germanytzinger et al.,  cision experimental procedure is well documented and serves
1996). The analytical principle is based on the equilibrationto determine the partial pressure of £»CQO,) in an air-
of atmospheric air with the seawater sample under analysis flushed equilibrator (Takahashi, 1961). The Li-COR instru-

There are several existing techniques available for achievment utilises a reference channel (apart from the measuring
ing equilibration between a carrier gas phase and a seawatehannel) where a dry C&free gas recirculates at a rate of
sample. The air — sea equilibrator system combines the add.2 L min~%. Two standards were used through this channel,
vantages of a laminar flow system (Poisson et al., 1993) witthamely: a CQ-free air and a C@ standard gas of known
a bubble-type system (Takahashi, 1961). The bubble equiconcentration (375 ppm) certified by Instituto Meteégito
librator consists of a 1.5L volume chamber through which Nacional de Iz&a (Canary Islands, Spain).
surface seawater was being constantly pumped from 3m un- Gas mixtures were introduced in the Li-COR analyser
der the waterline into the ship’s hull through the ships non-via miniature solenoid valves, which were used to switch
toxic seawater supply system. The laminar flow equilibratorbetween gas inputs from various sources: atmospheric air,
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equilibrated air from the samples and the gas standarddrom the hull’s inlet into the equilibration chamber. This tem-
A typical analytical cycle consisted of a calibration phase, perature shift was usually 1°C. The temperature tracking
which involved 20 measurements of each of the two gas stanwas done with platinum resistance thermometers and then
dards. Immediately after calibration, the apparatus performspplying the empirical equation proposed by Takahashi et
24 uninterrupted sample measurements for about an hour, o@l. 1993:8In pCO,/8T = 0.04231°C~1).

of which 55 min were devoted to seawater equilibrated sam-

ple measurements and 5 min for atmospheric air records. ThECO2=kSAfCO, ®)
surface seawater observations were initially estimated with

1-min frequency and averaged every 5-min cycle. . where “S” stands for the solubility of C@in seawater (Weiss
Remotely sensed chlorophyll (chl ) was included in et al., 1974), k" is the CQ, transfer velocity (Wanninkhof,
the presented FICARAM dataset as a proxy of the photo—lggz) andA £CO, (uatm) is the air-sedCO, gradient (i.e.,
synthetic activity. Weekly fields of chd, with a spatial Fcov — f'Coatm). The coefficient #” was computed us-
re;olutipn of 9 kp% were remotely recorded by Sea-viewing ing dgily wind i:peed (WS) data obtained from NCEP-DOE
Wide Field-of-view Sensor (SeaWIFS) Level 3 (Hooker et sy p_j| Reanalysis (Kalnay et al., 1996). Data was accessed

al., 1992) and downloaded frohitp://oceancolor.gsfc.nasa. via the website of the NOAA-CIRES Climate Diagnostics
gov/. The selected satellite records of ¢htlo not have an Center, Boulder, Co, USAntp://www.cdc.noaa.goy/
exact spatiotemporal match with ship measurements. Selec- ’ T ' R '

tion criteria for the choice of pixels consisted in considering 2 4 Bjogeochemical oceanographic provinces

only SeaWIFS measurements taken withir days (orbital

over-passing) of the ship measurement date and found withiThe study of the meridional distribution of theCO3" mea-

+ 6.3 km off the track of the cruise. surements in the Atlantic Ocean (excluding the Mediter-
ranean basin) focuses on selected biogeochemical provinces
established after Longhurst et al. (1995) and Hooker et
al. (2000). Different sections of the FICARAM tracks were
allocated in the appropriate following ten regions according
The xCOJ'"™ values were linearly interpolated versus lat- tg average boundaries established from SST-SSS relation-

¥he FCO, (molm~2yr~1) was calculated applying Eq. 3,

2.3 Estimation of air and seafCO> and air-sea CQ,
exchanges

itude, using monthly measurements from selected meteships (Fig. 1):

orological stations of the NOAA/ESRL Global Monitor-
ing Division located close to ship tracks (Fig. 1), namely:
Mace Head (Ireland, 53.833), Azores (Portugal, 38.7N),
Izaha (Spain, 28.3N), Ascension (UK, 7.92S), Arembepe
(Brazil, 12.77 S), Tierra de Fuego (Argentina, 54°83) and
Palmer Station (US, 64.95). This dataset was preferred to
in situ xCO5™ data due to the lack of these records during
the last five cruises on board the B/O Las Palmas. For con-
sistency, measurements from the NOAA/ESRL were used in
all cases. The record gaps in the time-series from these sta-
tions were completed fitting the in sim:ogtm recordings to

a theoretical curve combining a seasonal cycle trend with the
annual and semi-annual harmonics (Padin et al., 2007). The
final xCO5™ dataset was then converted p)€05™ (Eq. 1)
considering the atmospheric pressup@®) and the partial
pressure of water vapour (pB), which was calculated from

in situ SST readings (Tis; Cooper et al., 1998) (Eq. 2). The
pCO5™ values were then converted CO3™ assuming a
decrease of 0.3% from theCO5™ value (Weiss, 1974).

pCO3M=xCO"(p*™— pH,0) )
pH,O = 0.981ex[g14.32602— (530683/(27315+ Tis))) (2)
The measuredCO3" data was converted tgCO3" refer-
enced to saturated water vapour pressure using inp$ftt

readings. Thef CO3" values were then corrected for the sea-
water temperature drift that occurs while the sample travels

Biogeosciences, 7, 1587606 2010

(a) Eastern North Atlantic Subtropical GyréENAS;

39° N-27 N) dominated by the Azores Currenti@®
etal., 1992) and comprising the northeast component of
the North Atlantic Subtropical Gyre.

— (b) TheCanary Current(CC; 27 N-16 N) is also part

of the northern subtropical gyre with a moderate flow
characterised by a salinity maximum that demarcates
the beginning of the tropics. A coastal upwelling with a
weak seasonality was located in the West African con-
tinental margin at these latitudes (Mittelstaedt, 1991).

— (c) The North Equatorial Current(NEC; 16 N-8° N)

region is located amidst the zonal currents of the Equa-
torial Atlantic. This latitudinal band includes the
Guinea Dome province (2N-8 N), characterized by
seasonal upwelling events that occur from December
through May (Barton et al., 2001). At these latitudes,
the chla signal extends from the coast to the open
oceans during the upwelling peak from February to
May (Aristegui et al., 2009). During the summer this
offshore growth of phytoplankton community abruptly
drops.

(d) The North Equatorial Counter Currenprovince
(NECC; & N-1° N) features a maximum flow from the
easterly current during the Boreal Autumn that fades
away during the winter and early spring (Richardson

www.biogeosciences.net/7/1587/2010/
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and Reverdin, 1987). The seasonal changes in the locathe database. The ETOPO2v2 (USDC, NOAA, NGDC 2006)
tion of the NECC were associated with the position of bathymetry was used for merging depth records using two-
the InterTropical Convergence Zone. This province is dimensional linear interpolation functions of every measure-
also characterized by a band of low-density waters fromment. After applying all of these selection criteria filters, a

the Amazon River with a core at &N-5°N (Mdller- final FICARAM dataset comprising 67845 observations was
Karger et al., 1988) with SST values 625°C and a  put together.

SSS<35 (Emery & Dewar, 1982).

_ (e) TheSouth Equatorial Currerprovince (SEC; IN— 3 Results

157S) features a_seasonal forcmg W'th a maximum 3 1 Overiew of the spatial variability of the FICARAM

westward flow during the austral winter in the vicinity dataset

of the Equator. The South Equatorial Counter Current

was weakly present between3-9 S. Figures 2 and 3 graphically depict the meridional distribution
of SST, SSSA fCO, andFCO, measurements along the At-
lantic Ocean (Fig. 1) during the spring and autumn seasons.
Table 2 shows the mean values and the standard deviation of
sl‘nese variables including WS and chivithin the separated
regions.

The meridional distribution of SST showed a clear inter-
hemispheric symmetry that resulted from meridional dif-
— (g) The South American Shelfrovince (SAS; 31S—  ferences in the Earth's radiation balance. Subtropical lat-

40° S) is dominated by the Brazil Current as well, which itudes were characterized by spring—autumn differences of

extended southward as far a4 in conjunction with ~ SST: during the boreal autumn, waters were warmer in the

a strong influence from the Plata river. northern than in the southern hemisphere while during bo-

real spring, waters were warmer in the southern hemisphere

— (h) TheSouth Atlantic Convergen@®ne (SAC; 40S—  compared to the Northern Hemisphere (Fig. 2a, c). The ob-

51°S) is a frontal area where the northward Falkland served SST changes were negligible in the equatorial region

and southward Brazil currents converge. This characterbetween spring and autumn (Table 2). The spatial variability

istic generates high temperature gradients and large hebf the SSS measurements also showed an inter-hemispheric

erogeneity in the concentration fields of several chemi-symmetry that disappeared in the Southern regions (Fig. 2b,

cal properties. d). Contrary to the SST distribution, the intense intertropi-
cal (23.2 S-23.4 N) precipitation rates reduce SSS values
in the equatorial waters (Fig. 2b, d; Table 2) causing a clear
minimum and reversing the direct SST-SSS relationship ob-
served in the subtropical regions.

A fCOp variability in the Northern North Atlantic (Fig. 3b,

_ (j) The Drake Passage region, (DP: 56265 extends d) loosely followed the seasonal SST changes. Lower val-
from the southernmost tip of South America (| to ~ Ues of f/CO;" compared tof Cogtv”v‘ prevailed in the boreal
the northern tip of the Antarctic Peninsula (&. itis  SPring (Table 2) while highf CG;" values, which resulted
dominated by a racing eastward flow of the Antarctic in CO, oversaturation of the surface waters occurred dur-
Circumpolar Current. The Southern Ocean is characterind the boreal autumn. With the exception of the coastal re-
ized by a latitudinal succession of circumpolar frontal 9ions, highest and lowest fCO, values along the Atlantic
structures such as the Subantarctic Front, the PolafPcean were located in the SEC region and in the Patagonian

Front and the Continental Water Boundary. Sea, respectively (Fig. 3b, dFCO, estimations computed
from AfCO; of the FICARAM dataset reproduced well the

A depth of 200m was chosen as a boundary to separatknown behaviour of the tropical regions as sources of atmo-
ocean areas from shelf areas (Fig. 1). The;G@urce-sink  spheric CQ and the seasonally shifting role of the subtropi-
behaviour changes in the continental shelf with respect tacal ocean waters (Table 2). The Patagonian Sea permanently
deeper waters were also considered: while the distal shelfcted as sink of atmospheric @€&aching the strongest GO
normally behaves as a G@ink, the proximal shelf is essen- uptake along the FICARAM cruises in autumn (Fig. 3a, c;
tially influenced by continental inputs and non-stratified con- Table 2). Shelf waters sampled along the coasts of Africa
ditions that favour the outgasing of G@o the atmosphere and South America generally followed the behaviour of the
(Thomas et al., 2004; Padin et al., 2007; Chen and Borgesadjacent ocean waters emphasizing the observed changes be-
2009). Consequently, surface coastal watetSQm) that  tween spring and autumn with minor exceptions located in
corresponded mainly to harbour areas were excluded fron8TG and FC regions (Table 2).

— (f) The South Atlantic Tropical Gyrerovince (STG;
15° S-3F S) exhibits relatively stable thermohaline

values. An important poleward component of the Brazil
Current that ran along the South American continental
shelf is also present in this region.

— (i) The Falkland Current(FC; 51 S-56 S) is a north-
ward looping excursion of the Circumpolar Current that
forms a jet of SST and SSS underID and 34.3, re-
spectively (Bianchi et al., 1993).

www.biogeosciences.net/7/1587/2010/ Biogeosciences, 7, 16862010
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Table 2. Statistics for the selected provinces on the different boreal seasons (spring; autumn) and areas (shelf; ocean): Mean and standart
deviation (« + o) of SST, SSS, chi, AfCO,, WS, FCOs.

Region Boreal Area SST SSS chl AfCOo ws FCOy
Season °C mg 3 patm  msl  molm2yr1
spring shelf 18.140.2 36.4£0.0 0.04+:0.00 —43+1 6.9+0.7 —2.0£0.0

ENAS ocean 18.6:0.9 36.6:£0.2 0.11+0.07 -—-34+12 7.4+2.5 -1.8+1.2

30-27 N shelf 22.+-0.6 36.5£0.2 0.15+-0.06 2+11 5.3+4.2 0.3+0.6
autumn

ocean 22.%¢1.1 36.740.2 0.14+:0.12 9+ 13 5.2+2.7 0.2+:0.4
spring shelf 18.4-0.2 36.3:0.1 0.114+0.01 6.8-1.0

cC ocean 21.3%11 36.6:£05 0.13+0.09 -194+13 8.9+14 —-1.4+1.0

27-16N autumn ocean 25815 36.740.4 0.12+0.06 16+13 6.6+2.6 0.6+£0.5

NEC spring 249+1.3 359%0.2 0.13£0.07 -17+10 7.6+1.8 —-0.7£0.4

ocean

16— N autumn 28.1#0.6 357404 0.12-0.06 2+14 6.1+£2.0 0.0+:0.5

NECC spring 28.1£0.5 35.620.3 0.14:0.08 1+16 55+1.7 0.1+0.4

ocean

8—1° N autumn 28.220.6 35.1+0.5 0.114+0.04 3+13 45+1.8 0.1+0.3
spring shelf 29.14+0.3 37.0+0.2 0.174+0.01 2.0+:0.2

SEC ocean 28.A40.3 36.3:0.6 0.18:0.08 3011 4.2£2.0 0.7+0.5

o shelf 27.1+0.3 36.5£0.2 0.16:0.04 34+ 8 7.1+1.1 1.6+0.6
1°N-15S  autumn

ocean 26.80.5 36.3t0.3 0.14t0.05 24+12 7.0£1.6 1.0+0.7

spring shelf 26.3t1.5 36.4:-0.5 0.150.05 17+ 17 5.0+£1.5 0.4+0.4

STG ocean 27.410 36.94-0.3 0.1740.06 21+14 5.8+1.9 0.6+ 0.6

15-37 S shelf 23.8:15 36.5£0.5 0.13£0.02 14+9 8.6+3.2 0.5+0.7
autumn

ocean 23.%¢1.7 36.8:0.4 0.1740.07 —-54+17 6.9+1.7 —0.2+0.7
spring shelf 22.14+20 33.2+-2.2 0.28:0.16 —-19+27 54427 —-0.7£1.3

SAS ocean 20.A44.1 35.0+1.1 0.24+-0.10 -28+30 6.1+2.8 —-0.9+1.5

31-40 S shelf 14925 32611 0.18:-0.09 -67+37 7.4+2.2 —-3.2+2.7
autumn

ocean 17.8&18 35.6:£0.5 0.11+:0.04 -41+16 7.1+£3.1 —2.2+2.1
spring shelf 10.4:-0.6 33.6£0.1 0.26+:0.05 —42+9 9.0+1.1 -3.2+1.1

SAC ocean 11.9-2.2 34.0£0.2 0.26:0.10 —-39+16 7.4+:3.8 —-1.9+21

shelf 9.5+2.1 33.4+0.3 0.11+£0.03 -—-70+42 8.2+34 —4.1+4.0

40-5T S autumn
ocean 9.3:14 33.8£0.1 0.15£0.06 -57+£26 9.9+3.1 —5.4+3.6
spring shelf 9.240.6 33.3:0.3 0.40+0.15 —-74+23 10.8+458 —0.7+2.8

FC ocean 8.8:0.5 33.6:0.2 0.43:0.22 1+26 10.6+£5.3 1.2+25

shelf 6.6+0.8 32.9+0.5 0.09:0.04 -15+32 10.4+3.0 —-1.4+3.2

51-56 S autumn

ocean 6.8:1.1 33.60.4 0.08£0.02 -—-50+40 9.7£3.5 —2.8+25

DP shelf —-0.8+0.7 34.1+0.1 0.14+:0.05 8t14 39+1.6 0.1+0.3
autumn

56-66 S ocean 1.3-2.3 33.8:0.2 0.10£003 —-204+11 6.8£3.0 —-1.14+0.9
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Fig. 2. Latitudinal distributions during boreal sprinfgs b) and boreal autumr(g, d) of SST and SSS as measured in the FICARAM cruises.
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Fig. 3. Latitudinal distributions during boreal springs, b) and boreal autumn(g, d) of FCO, andA fCO, as measured in the FICARAM
cruises.

3.2 Observed distribution of biogeochemical variables Ocean waters of the ENAS region were considerably
in the Atlantic provinces undersaturated during spring in relation to the atmo-
sphere {344+ 12 patm) and sligthly oversaturated in au-
Eastern North Atlantic Subtropical GyI(ENAS) Equator— tumn (9;}: 13 uatm)_ This Spring_autumn shift waOZ
ward warming and modest increase in SSS characterized thgf 43 patm was the highest observed among the re-
surface waters of the ENAS province during spring and au-gions of the North Atlantic Ocean. Hence oceanic wa-
tumn seasons (Fig. 2). The seasonal variability of the SSTers acted as a considerable sink of atmospherie 60D
observations that reached 4@in the ocean waters and was —1 .8+ 1.2molnt2yr— in April and a small C@ source
the largest observed in the Atlantic Ocean (Table 2). Onof 0.24 0.4 molnT2yr~1 in autumn. TheFCO, exchange
the contrary, SSS measurements in April and autumn closelyn coastal waters essentially mirrored those observed in open
agreed to an average value of 36.6 showing a change lowescean waters with a slight intensification. So, the surface
than 0.1 (Table 2). waters of the shelf region showed the largest seasonal span
in the FCO, ranging from —2.0+0.0molnT2yr—! and
0.3+ 0.6 molnT2yr~1 in spring and autumn (Table 2), re-
spectively.
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TheCanary Curren{CC): The dataset collected in the CC important sources of Cfto the atmosphere in the current
region also revealed the increase of SST afCO, to the  study.
south, as was observed in the ENAS region. The surface wa- The South Atlantic Tropical Gyrerovince (STG): The
ters were appreciably warmer than surface waters found irsubtropical waters of the South Hemisphere showed notable
the ENAS region by 2.7C and 2.4£C during spring and au- changes from spring to autumn that were opposite to those
tumn, respectively. On the contrary a SSS decrease from af the North Atlantic. The distribution of SST and SSS
maximum value located at around°2Y was also observed showed a direct correlation. Both variables showed a pole-
during both seasons in parallel with the equatorward warm-ward declination that reflects the heat loss of waters and
ing. Similarly to the surface waters of the ENAS region, the the influence of continental inputs (Fig. 2). This pattern
CC region acted as a G®ink (—1.441.0molnT2yr~1yin was closely repeated in thef CO; distribution (Fig. 3b, d).
spring and a modest GGsource of 0.6 0.5 molnr2yr—1 MeanA f CO, values of the ocean waters were214 patm
in autumn. in March—April and—5 =+ 17 patm in October-November and

The effects of the upwelling events were observed in theSO; they acted as a source of 8:6.6 mol T2 yr*_l inspring
cruises conducted closer to the coast at these latitudes. A&nd @s a small sink 0f-0.2£0.7molm2yr~* in autumn
a result, AfCO, values of up to 50 patm during autumn (Table 2). The distal shelf of Brazil coast at these lati-
(Fig. 3d) were found at around 20! associated with the cold  tudes was a slight Csource in both seasons of GD.4
upwelled water (Fig. 2b). In the same region, an intensg CO @nd 0.5£0.7moln?yr—* in the period March-April and
undersaturation exceeding50 patm was also found along October-November, respectively (Table 2).
the Mauritanian coast (Fig. 3d) coincident with an intense  The South American Shefprovince (SAS): The record-

photosynthetic activity. Remotely sensed afdbservations ~ INgs in this region were mostly confined to the South Amer-
revealed values of 1.3 mgTa (data not shown). ican continental shelf that allowed the clear influence of

. ) _inputs from the River Plate. The fluvial discharges de-
The North Equatorial Current(NEC): The surface wa creased SSS to 32461.1 in November which was the

Fers of the NEC region supported the equ atorward warmy ., vest value along the Atlantic Ocean. The shelf and
ing and the decrease of SSS observed in the CC region. .
. ; Ocean waters of the SAS region were strongly undersatu-
On the other handA fCO, measurements (Fig. 2) did not .
- e . rated and acted as a strong £6ink during both seasons
follow the meridional distribution. Surface waters during

spring showed an underaturation-e17+ 10 patm (Table 2) (Fig. 3). The CQ un_dersaturatmn was Qspemally Intense
; 4 . L over the shelf-break in November reaching CO, values
in spring and a value of 2 14 pyatm in autumn pointing out

L o . _lower than -190 patm (Fig. 2g) and an average,Gi-
equilibrium CQ situation with the atmosphere of these wa sorption of -3.2+ 2.7 molnr2yr-1 (Table 2). During the
ters after summer.

] ) same month, oceanic waters showed a,hk with a
TheNorth Equatorial Counter Currenprovince (NECC):  srength of—2.24+2.1molnT2yr-1. The CQ uptake of

North of the equator, a distinct wide band of low SSS val- the surface waters in March showed SST values up €20
ues characterized the surface waters of the NECC provinceyas—0.9+ 1.5 molnt2yr—1 and—0.7 mol nT2yr—2 in the

These less saline waters of the ocean waters reached the l0Wzean and coastal waters, respectively (Table 2).

est mean value of 354 0.5 of the North Hemisphere in The South American Convergengzene (SAC): The con-
March—April showing an outstanding SSS shift of 0.5 from fiyence of the warm and saline Brazil Current and the cold
spring to autumn. Conversely the seasonal variability ofang |ess saline Falkland Current at these latitudes caused rel-
SST that reached the highest value in boreal autumn seagtively high spatial heterogeneity of SSS and SST distribu-
son of 28.2+-0.6°C was practically absent and the spring— tions (Fig. 2). This region showed relatively strong changes
autumn range oA fCO, and FCO, also showed minimal i, the SST and SSS distribution that reachedC and~2
variability. The NECC waters acted as small £$purces 0 qyring FICARAM 7 (Fig. 2). In spite of this variability, these
the atmosphere in both seasons (Table 2) with mean valuggaters acted as very strong sink of atmospheric, @0r-
of 0.1 molm ?yr~* estimated fromAfCO; of 1+16 and  jng hoth seasons as found in the SAS region. The strongest
3+ 13 patm in spring and autumn, respectively. undersaturation of the ocean waters -657+ 26 patm in

The South Equatorial CurrenfSEC): Average SST val- November modulated by an intense WS of £8.1mst
ues of 29.1 0.3 and 28.70.3°C in spring characterised resulted in FCO, value of —5.44+3.6molnt2yr—1 (Ta-
the shelf and ocean areas of the SEC as having the warmebte 2). This was the highest G@ptake estimated along the
waters along FICARAM cruises (Table 2). The ocean Atlantic Ocean for this study (Fig. 3c).
waters also showed the highest £@®upersaturation in The Falkland Current (FC): Oceanic waters of the
spring and autumn withAfCO, values of 30t11 and FC region in March were sligthly supersaturated in
244 12 patm, respectively. Despite these observations, €0, by 1+26puatm in spite of high chlk value of
stronger CQ outgassing of 1.8:0.7 molnT2yr~twas esti-  0.43+0.22mgm3. The AfCO, values close to the air-
mated in autumn because of the relatively higher wind speedsea equilibrium observed through the “furious fifties” of the
of 7.0+ 1.6msL. In any case, SEC waters were the most Southern Ocean with WS up to 10 m'sresulted in CQ
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outgassing of 1.2 2.5molnT2yr—1 (Table 2). In Novem- term trends was almost null. The mean values of every vari-
ber, the same area reversed its role becoming a large CQable were linearly fitted to identify significant decadal trends
sink of —2.8+2.5molnT2yr-1. Shelf waters did not ex- (p < 0.05) during the successive springs and autumns. These
hibit the same seasonal shift and acted as a sink of @@ interannual trends should only be taken into account as year-
ing both seasons (Table 2). The &@ptake of these waters to-year trends of these seasons due to the seasonal variability
in November was estimated afl.4+ 3.2 mol nT2yr—1 dur- of the long-term variability (Lefevre et al., 2004; Padin et al.,
ing autumn in association with low SSS values of 32@.5 2009).
(Fig. 2d; Table 2). More saline waters (33%3) on the The provinces of the North Atlantic Ocean (Fig. 4a, b and
shelf area were found in March showing a £absorption  ¢) showed an appreciable but not significant warming of the
of —0.7+2.8molnr2yr1. surface waters during the cruises of spring and autumn sea-
The Drake Passageegion (DP): These waters of the sons. In addition to the observed long-term trend of SST, the
Southern Ocean were only sampled in November 2007 andubtropical surface waters roughly pointed out a slight in-
2008. The meridional distribution in this branch of the crease ofA fCO, and a weakening of the oceanic uptake of
Southern Ocean showed a marked thermohaline distributiof£O, (Fig. 4a, b, and c) as well. Other variables with a direct
with two strong gradients at57° S and~58.7 S. These fea-  influence on the air-sea G@xchange showed highly statis-
tures represent the known zonation of Antarctic waters, thatically significant changes in the subtropical waters. Thus,
is, the Subantarctic Front and the Polar Front, respectivelya declination of the WS 0f-0.30+0.07 mstyr—! was
delimiting the Antarctic Circumpolar Current. This pattern found in the CC province during the successive spring cruises
was narrowly repeated in the four cruises during both au-(Fig. 4b) that was also accompanied by a minor decrease in
tumns (Fig. 2). In the shelf waters of the Livingston Island, SSS. The spring chi distribution also showed a significant
SST had a mean value of Gt80.7°C (Table 2) which was interannual trend of -0.2 0.1 mgn3yr—1 (Fig. 4c) in the
the lowest one along the Atlantic Ocean. To the south of theNEC province.
Polar Front, SSS showed a clear onshore increase (Fig. 2d). Significant interannual changes were particularly pro-
Opposite values in the CGaturation in relation to the at- nounced in the equatorial regions. The NECC region
mosphere were found in the shelf and ocean waters. Oceashowed a sustained decrease of -&1B01yr ! in SSS
waters were undersaturated with values-df0+ 4 patm in ~ during the autumn season (Fig. 4d). Besides the ob-
November 2007 and-21+ 21 patm during November 2008. served SSS drop, an increase of the undersaturation in
The stronger undersaturation of 2008 was characterized b0, of —3.5+0.9patmyr! and of the ocean COup-
a southward intensification along the Drake Passage reachake of—0.094 0.03 mol nT2 yr—2 characterized the NECC
ing a minimum value around-80 patm at~62° S. Surface  province. To the south of the equator, the tropical wa-
waters over the distal shelf showed an average oversaturders of SEC province showed a significant warming of
tion of 84+ 14 patm (Fig. 3d; Table 2) that followed an on- 0.11+0.03°Cyr—! during the successive autumn cruises
shore increase similar to the SSS distribution. Thereforethat was the only interannual SST change found along the
ocean waters of the Southern Ocean along the Drake Passag#lantic Ocean. Apart from this significant warming, the in-
acted as a sink 6f£1.14+ 0.9 mol nT 2 yr—! while coastal wa-  terannual WS variation also showed a noteworthy decrease
ters released COto the atmosphere with a mean rate of of —0.58+0.14 mstyr~1 during the same season. Itis no-
0.1+ 0.3 mol n2yr—1 during the successive November (Ta- ticeable that, in general terms, the trend observetl €O,

ble 2). and FCO, in the equatorial regions was opposite to the ones
found in the subtropical latitudes.
3.3 Long-term trend in biogeochemical variables On the Patagonian Sea, the surface waters of the SAS and
during the FICARAM cruises from 2000 to 2008 SAC regions during consecutive spring seasons were also in-

fluenced by a drop in WS of -0.590.11 ms1yr~1 and of
The long-term trends from years 2000 to 2008 of the vari-—_1.244+0.26 ms? yr‘l, respectively (Fig. 4g, h).

ables measured and estimated from the database gathered

during the FICARAM cruises were studied from the inter- 3.4 Analysis of the biogeochemical forcing on the

annual changes in each province (Fig. 4). These tempo- fcongariability

ral changes were only evaluated in oceanic waters in order

to avoid the high susceptibility of coastal waters to anthro-The correlations betweefiCO3" and the ancillary parame-
pogenic and climatic forcing (Wolf-Gladrow et al., 1999; An- ters in the ocean waters were explored to identify the pro-
derson and Mackenzie 2004; Bakun et al., 2010). In addi<esses controllingCO3" variability during the FICARAM
tion data from the Western basin of the North Atlantic Oceancruises. Thesg CO3" measurements were modelled with an
that were only sampled during spring 2007 (Fig. 1) were ex-empirical algorithm according to biochemical forcing (Olsen
cluded due to the differences with the Eastern basilgér et al., 2004; Ono et al., 2004; Wanninkhof et al., 2007;
et al.,, 2004). Furthermore we assume the influence of thé.ueger et al., 2008; Padin et al., 2008). Spring and autumn
longitudinal variability of the FICARAM tracks on the long- measurements were separated as in the study of long-term
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Fig. 4. Temporal variation of the averaged SST, SSS,«GHIVS, AfCO, and FCO, cruise (error bars stand for the respective standard
deviation) in each of the selected biogeochemical provinces. Spring and autumn values are shown as dark and open circles, respectively
Significant regression lineg(<0.05) and regression slopes including the standard error are also given. Solid lines stand for spring results
and dashed lines for autumn.

variability. Prior to making this analysis, all measurementsof temperature on th¢CO3" measurements was removed
were referenced to their respective months in the year 2005y normalising the observations to the mean in situ SST
which was arbitrarily chosen as the reference year. This ad(Table 2) following Takahashi et al. (1993). This new nor-
justment consisted of adding or subtracting to each samplenalised and corrected variablef CO3") was then used to
the xCO3'™ difference between the date of the measurementestimate the biochemical control. TheCO" values were
and the one in 2005 as described in Sect. 2.3. The effecfitted with second-order multiple polynomials using SST and
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chl a observations as described in Ono et al. (2004) and lin-ENAS region with a coefficient of11.0+ 0.5 patm mg m?

ear relationship with SSS and WS as independent variablem autumn. Other regions sampled in the vicinity of the

according to the Eq. 4. coastline such as STG and SAS region also showed a sig-

nificant inverse fCO3"—chl a relationship that pointed out

an important biological C® uptake (Table 3). Remotely

sensed chk also had a notable influence on tif€03" of

the FC region. However contrary to expectation, similar
B: (chla)’ positive correlations betweefiCO3"—chl a of 61+ 11 and

1 674+ 19 patm mg m® were observed in March and Novem-

. . . . . ber, respectively.
The multiple linear regression coefficients were obtained us-

ing a forward stepwise method where only parameters that
accounted for at least 1% of thg¢CO3" variability were in- 4 Discussion
cluded in the algorithm. Thgsstandusssstand for aver-
ages value of SST and SSS for each province, respectivelyhe fourteen FICARAM cruises held between 2000 and
(Table 2). The regression coefficients for (4) and the per-2008 have allowed us analyze tlféjoz"" variability over
centage of normalized CO3" variability explained by each  seasonal and long-term scales and its biochemical forcing
parameter in the different provinces are given in Table 3. in spring and autumn. These underway measurements re-
The empirical algorithm explained most of th¢CO3"  vealed a consistent pattern in the Northern Hemisphere but
variability of the separated provinces along the Atlantic larger variability in the South Hemisphere (Figs. 2, 3) coin-
Ocean. ThefCO3" changes observed in regions during ciding with the finding of Gruber et al. (2009) from analyz-
spring and summer were correctly fitted and the root mearing anthropogenic fluxes. The consistency of these underway
square errors ranged between 7.1 and 31.9 patm estimategsbservations gathered on boardRfV HesgridesandR/V
in the ENAS and SAC regions, respectively, in autumn (Ta-Las Palmasvas studied comparing them with the recent cli-
ble 3). matology produced by Takahashi et al. (2009) (hereinafter;
The main driver of thef CO3" variability was SST inprac-  TC09). It is necessary to clarify that these cruises were not
tically every region, with the exception of the surface wa- included in the construction of TC09 as other measurements
ters of the equatorial provinces such as NEC in autumn andalibrated with two standard gases (see Sect. 2.2). The co-
NECC during both seasons. SST was especially the main pdecation criteria of the monthly TC09 estimations meant that
rameter explainingf CO3" variability in the subtropical wa-  they did not differ temporally by more than 15 days and spa-
ters of both hemispheres reaching a maximum value of 85%ially by more than 355 km. The differences &ff CO, be-
in SAC region. The SST#CGQG3" correlations were mostly  tween those measured in the FICARAM cruises and TC09
negative due to the lower pH values in warmer waters. StrondA A fCOy’) were corrected by taking into account the SST
SST-fCO;" relationships were observed in the provinces disagreementsASST) and estimatingsA fCO,. The ad-
characterized by the upwelling and mixing of different wa- justment was carried out assuming theoretical temperature
ters (Table 3). As a result, the strongest relationships werelependence in isochemical conditions such as described in
found in the upwelling systems of the equator waters (SECTakahashi et al. (1993). Climatological k and S according to
province in autumn—344+ 3 patm?C—1) and of the South-  Eq. 3 multipliedAA fCO; in order to obtainFCO, differ-
ern Ocean (FC in March:84+ 3 patnPC™1). ences between both datasessF{COy). Table 4 shows the
In general terms, the effect of the observed SSS changes amean and standard deviation of these differences with the
‘ fCO3" was secondary. However thg CO3" variability of ~ disagreements in SSAEST) and SSSASSS).
tropical waters in autumn showed an important dependence In general terms, the FICARAM dataset showed warmer
of the SSS changes. The influence of SS§@®5" reached  surface waters along the Atlantic Ocean with the exception
a maximum value of 79% in the NECC region with a coef- of the Patagonian Sea than the reported by TC09 (Table 4).
ficient of 17.3£ 0.3 patm per SSS unit (Table 3). The SSS These disagreements were higher during the spring cruises
also accounted for 49% of the observgtCO3" variability reaching significant offsets. On the contraySSS values
in spring in which the SSS minimum was located (Table 2).were minimum with the exception of NECC and regions of
On the north, ¥ CO3" changes of the NEC region reproduced the Patagonian Sea which are characterized by a large conti-
a similar seasonal influence of SSS explaining 11% and 62%ental inputs and complex oceanography (Wanninkhof et al.,
in spring and autumn, respectively. The contribution of the2007; Bianchi et al., 2009) and in which FICARAM cruises
SSS to thef CG3" variability was also notable in the surface sampled less saline waters £ CO; values along the Atlantic
waters of the DP reaching an 10%. Ocean showed a statistically insignificant mean anomaly of
Phytoplankton activity estimated via the chl proxy —3+ 18 patm. This intensification in the G@ndersatura-
showed a reduced influence on theCO3" variability that  tion yielded a small increase of 0.820.14 mol m2yr-1 of
did not exceed 7%. This percentage was obtained in théhe ocean uptake of atmospheric £ general terms, these

2
"fCOM=A+) i (SST-ussn' +B(SSS-puss9  (4)
i=1

2
+CWS+

i=
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Table 3. Regression coefficients (in italics) and variability explained (bold-faced) by each of the parameters included in the empirical
algorithm given in equation (4) applied in every biogeochemical province V\dﬁ@@"" o mean the start point. The root mean square (rms)

and the correlation coefficient?) are also given. The “n” value stands for the number of valid data included in each analysis.

Region Season rms  fCO sstu (ssty )2 sssu ws chla chla?
patm patm °C °c2 (ms™1) (mgm=3)  (mgnd)?
n P2
spring 92 361+1 —-15.2+0.9 25+1 —-0.9+0.1 3.8+£04
ENAS 2739 60 3 2 1
39-27 N autumn n 372.9+04 -6.840.3 -0.9+0.1 —11.0+0.5
5759 68 1 7
. 337+2 —19+4+1 —1.64+0.2 6.5+0.7 3.1+0.2 9.1+0.7
spring 118
cc 1879 48 2 2 6 2
27-16 N autumn 1% 402.4+1 —-16.9+0.1 0.82+:0.07 57+04 —-1.3+0.1 —83+3 47+ 2
6091 74 1 1 1 1
spring 104 356+ 2 —13.8+8 41+1
NEC 685 79 11
16-8 N autumn 1% 357+1 —5.7+0.3 4.5+0.6 24204 —-0.9+0.1 73+ 4 —72+5
3734 4 1 62 1 1 3
. 308+1 19+ 1 4.6+0.9 34+ 1 4.5+0.3 -21+5
spring 91
NECC 903 15 2 49 6 1
8-1°N J— - 3452+04 —-16+0.3 17.3+0.3 2.0+£0.1 48+ 3
3778 7 79 3 1
. 398+ 4 —34+3 6+1 —8.54+0.6 2.3+0.2
spring 107
SEC 1586 28 1 7 6
1°N-15S  autumn 128 379+1 —29.3+0.5 —23.7+05
6169 36 16
. 351+8 —-1.94+0.1 -18.3+0.6 83+ 9
spring 122
STG 3164 56 11 1
15-3P S autumn 1% 389+1 —12.5+0.2 7.1+ 0.6 —-1.1+0.1 —49+42 1441
4212 58 1 1 4 2
. 325.6£05 —-88+1.1 0.59+-0.03
spring 134
SAS 1584 81 4
31-40 S autumn 16 380+ 4 —4.3+0.5 2.0+0.4 —2.840.2 —157+32
2434 23 1 7 6
. 355+1 —22.9+0.2 1.00+0.03 30+1 87+7
spring 17.5
SAC 1893 85 4 2 1
40-5P S autumn 319 340+ 8 68+ 4 16.2+0.8 104+ 8 7.0+0.6
593 6 47 14 8
. 386+ 6 —34+3 —6+2 —2.3+0.3 61+ 11
spring 16.0
Fe 329 69 4 3 4
51-56 S autumn 24.0 327+5 —84+3 —21+2 21+ 2 —-3.54+0.3 67+ 19
709 69 8 5 5 1
DP sty 124 3393 —14.1+02 86+ 3 312+ 42
5666 S 1415 75 10 1
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Table 4. Mean differences and standarad deviatian{o) of SST (ASST), SSSASSS),AfCOy (AAfCO/Z), FCOy (AFCOy) between

the monthly averaged estimations of the Takahashi’s climatology (Takahashi et al., 2009) and these in situ measurements in the ocean water
during the FICARAM cruises (RICARAM _ xTC09) - A A CO, was estimated correctingA fCO, from ASST values and assuming the
theoretical temperature control described by Takahashi et al. (1993). To compare the climat@@fpavalues to our estimations, we
multiplied AA fCO» with climatological k and S according to Eq. 3.

Region Boreal ASST ASSS AAfCO’2 ANAfCOy AFCOy
Season °C patm patm  molm2yr—1
ENAS spring 0.2+0.4 0.0+0.2 —10+6 —13+7 —-0.84+£0.5
39-27 N autumn 0.6+£0.4 0.1+0.1 12+7 3+9 0.2+0.4
ccC spring 0.1+£0.3 0.0+0.2 —5+7 —7+9 —0.4+£0.5
27-16 N autumn  0.6+0.8 0.1+0.2 10+12 3+11 0.1+0.6
NEC spring 0.6+04 -0.1£0.1 -134+12 -19+11 —-1.2+0.7
16-8 N autumn 0.54+05 -0.1+0.3 —-54+12 -13+12 —0.6+0.6
NECC spring 05402 —03+02 —94+13 -16+13  —0.8+0.6
8°_1° N autumn 0.3+£05 -05+04 —-6+12 -10+17 —0.4+£0.5
SEC spring 0.2+0.2 0.0+0.2 2+8 —6+9 —-0.3£04
1°N=-15" S autumn 0.1+£0.4 —0.1+0.2 —-2+9 0+13 0.0+£0.9
STG spring  1.0£0.7  0.3+03 6+17 —10+11 —0.4+0.5
15-3P S autumn 0.5+0.6 0.1+0.2 2415 —44+15 —-0.3£0.8
SAS spring 1.0+0.6 0.0+0.3 —-1+19 -16+16 -11+1.2
31-40 S autumn —-0.2+0.6 0.4+0.3 -—-15+10 —12+9 —-1.0+£0.8
SAC spring —1.8+1.9 0.0+0.1 —-5+16 23+ 40 2.0+34
40-5P S autumn -0.94+1.3 -0.2+0.2 -20+26 -—-13+34 —1.1+3.0
FC spring —-0.3£05 -0.1+0.1 8+27  14+32 1.7+ 3.9
51_56S  autumn -0.1+0.6 -01+03 -22+35 -21+£43  -25+53
DP
56—-66' N autumn -0.9+0.7 -0.1+0.2 -27+19 -—-13+22 —15+22

results support the consistency between both datasets and ttieat characterize this region (Mittelstaedt, 1991). In this
validity of the CQ climatology along the Atlantic Ocean sense, long-term changes in the WS indicated a relax-
during spring and autumn seasons. However the compariation of the coastal upwelling (Roy and Reason, 2001) of
son at regional scale showed some offsets that are detailed0.304+0.07 mstyr—1 in spring that it was even repro-
below. duced in a lesser extent in autumn. The direct WEO3"

The oceanic waters of the ENAS region in April showed relationship (Table 3) suggests an increase of the stratifica-
significant intensification of 1% 7 patm in the C® un- tion and so, a reduction of the mixing processes with sub-
dersaturation of the interpolated values from TC09 (Ta-surface CQrich waters. However any significant change di-
ble 4). This difference under average conditions of sol-rectly related to upwelling processes was observed in other
ubility and transfer velocity reported by Takahashi et variables (Fig. 4b). As a result, the chlsignal was un-
al. (2009) would produce an offset in the @ptake of likely to have been detected in surface ocean waters because
0.8+ 0.5molnT2yr~1. Contrary to these disagreements in Of its confinement to the coast at these latitudedgt&gui
AfCO, and FCO, in spring, the near equilibrium status €t al., 2009) associated to limitation in the surface nitrate
of these waters in autumn was C|Ose|y reproduced by botﬁ:oncentration (Lauthuﬁre et al., 2008) Nevertheless the
databases showing a difference of3 patm. AA fCO, chl a signal associated with the intense seasonal upwelling
values in the CC province also pointed out the agreement the NEC province and to the south of Cape Blanc (10—
in the AfCO, observations (Table 4) in spite of the com- 19" N), extends to open ocean regions from February to May
plex hydrography related to the intense upwelling events(Aristegui et al., 2009). The remotely retrieved observations
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of chl a in this region showed a long-term spring decreaseal., 2010), the presence of upwelled waters makes it difficult
of —0.03+0.01 mgnT3yr-1 as was reported by Gregg et to interpret these results (Fig. 2a, b). The\ fCO, esti-
al. (2005). This finding implies a net reduction of the bio- mations in these regions should predominantly be positives
logical CQ uptake (Table 3) during the spring cruises and as result of the comparison betweaf CO, of a prevailing
also seems to explain the general year-to-year decrease okgative NAO period and averagef CO, values from dif-
CO, saturation (Fig. 4b, c). Nevertheless and in spite of thisferent NAO scenarios gathered in TC09. Nevertheless the
AfCO; increase, spring\fCO, measurements that were reduced number of the FICARAM cruises in these complex
mainly controlled by SST exceeded the climatological un-regions did not appropriately reproduce the monthly averages
dersaturation close equilibrium status with the atmospheref the coarse grid of TC09 (Takahashi et al., 2009). Disagree-
(Takahashi et al., 2009). SSS changes controlledA\the O, ments were especially notable in spring in whialf CO,
distribution in autumn in whiclA A f CO, reached an offset  reaches a short minimum as result of the single spring bloom
of 13+ 12patm leading the slight COpbutgassing of TC09 (Santana-Casiano et al., 2007).
(Takahashi et al., 2009) to null role as sink or source (Ta- The tropical waters of the eastward flowing NECC re-
ble 2). Therefore the long-term changes of the subtropicalgion also showed lowen fCO, values and consequently,
waters of the North Atlantic Ocean in spite of not being sta-a reduction of the C® outgassing, during the FICARAM
tistically significant pointed out a reduction in outgassing cruises in both seasons. In spite of these differences, sig-
(Fig. 4c) as was observed in the ESTOC site (Santananificant offset of —164 13 patm was only found in spring
Casiano et al., 2007). and reduced the role of these waters as G@urce in TC09

In the light of these results, the analysis of the FICARAM by 0.8+ 0.6 molnt2yr—1. The supersaturation in autumn
dataset supports recent work reporting the weakening of thevas also underestimated, namely, by 107 patm, yield-
upwelling events in parallel to the decrease of primary pro-ing a difference of-0.4+0.5molnT2yr-1. Both AfCO,
duction in the Canary upwelling system (Santos et al., 2005disagreements coincided with important SSS differences of
Chavez and Messj 2009; Rrez et al., 2010). The relaxation 0.5+0.4 and 0.3t 0.2 in spring and autumn, respectively.
of the Atlantic trade winds is directly linked to the decrease The effect ofASSS on the C@solubility and carbonic acid
of the pressure gradient between the Azores High and thelissociation constants (Takahashi et al., 1993) was not con-
Icelandic Low. This scenario is described by the negative in-sidered in the estimation oA A fCO, as it was done for
dex of the NAO (Hurrell et al., 1995) that prevailed during ASST. Nevertheless, this correction would be inversely pro-
the sampling period of FICARAM cruises. Apart from ex- portional to theASSS and it would only increase the ob-
plaining the observed WS declination in this region of the served disagreement by around 1 patm. However the estima-
North Atlantic, this large-scale climatic phenomenon is alsotion of empirical relationships that correctly fitted fiCO5"
related to the northward displacement of the waters fromdistribution in both seasons (Table 3) has identified the role
Azores current into the temperate regions (Flatau et al., 2003pf the SSS changes as an important driveAgiCO, vari-
Siedler et al., 2005; Bkkinen and Rhines, 2009). The north- ability. The impact of the SSS changes on thgCO, distri-
ward advection of these waters is linked to several changebution was especially outstanding in autumn, when they ex-
of the different biogeochemical variables in the North At- plained 79% of the variability of the estimatefiCO3" val-
lantic Ocean (Marshall et al., 2001). Amongst others, warm-ues with a coefficient of 178 0.3 patm per SSS unit (Table
ing of surface waters in the eastern tropical and subtropicaB). Therefore less saline waters attributed to the discharges
gyre was associated with the NAO declination (Marshall etof the Orinoco, Parana and Amazon riversiMr-Karger
al., 2001; Santana-Casiano et al., 2007). Under this sceet al., 1988; Ternon et al., 2000; Wanninkhof et al., 2007)
nario, A fCO, would also increase reducing the ocean up-and the intensification of eastward currents (Richardson and
take of atmospheric Cf(Patra et al., 2005; Schuster et al., McKee, 1984) seemed to strongly lead thg CO, changes,
2009), such as it was observed in the North Atlantic watersespecially in autumn. Continental inputs fertilizing the sur-
(Schuster and Watson, 2007; Thomas et al., 2008; Herbautce tropical waters and stimulating the biological Gibaw-
and Houssais, 2009). The analysis of the FICARAM cruisesdown would explain the positive estimatedCO3" — SSS
mostly reproduced these changes over decadal scale showelationships, that is, the observed direct controgfCO,
ing a faster increase of theCO3" in relation to the trend of ~ (Lefévre et al., 1998; Subramanian et al., 2008). Rein-
atmospheric C@ Even the time delay beyond its maximum forcing this supposition, SSS decreases during the autumn
period of influence from December to March (Osborn, 2007),cruises (Fig. 4) were observed in parallel to a significant re-
that is, during the spring cruises, linked to impact on physi-duction of CQ saturation and outgassing 8.5 patm yr!
cal and biological processes (Patra et al., 2005) affected atand —0.09+ 0.03 mol nT2yr—2, respectively. The interan-
tumn FCO;, as well. However the long-term analysis did not nual fluctuations of the discharges of Orinoco, Parana and
show a SSS declination related to the northward advection oAmazon Rivers showed different relationships with large-
less saline waters (Santana-Casiano et al., 2007). Notwithscale alterations of the atmospheric pressure. In any case,
standing the direct influence of the NAO index on the waterOrinoco shows some relationship with these climatologic
mass distribution affectingCO3" in the region (Lauvset et indicators (Hastenrath, 1990) while Parana discharges that
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showed stationary positive correlations with NAO are inter- (Table 4). Strong SSS anomalies of 4.3 were found
mittently influenced by ENSO (Labat et al., 2005). On the at the same month, which coincides with the most intense
other hand, the discharges of the Amazon River show ardischarges of River Plate (Guerrero et al., 1997). Similar
important and nearly permanent inverse correlation with theincreases of-1.14 1.2 molnt2yr—! were observed during
ENSO (Zeng, 1999; Labat et al., 2005). In spite of the keyboreal spring with no average SSS differences. Results of
control that plays these climatic indexes, the long-term SSShe empirical estimation of the biochemical forcing showed a
decrease and its influence on th¢ CO, changes in NECC  minimum influence of SSS on thef CO, variability in both

are difficult to interpret from NAO and ENSO considering seasons. Tha fCO;, distribution was mostly controlled by
the prevailing negative NAO period and a predominant posi-the SST variability, especially in March, when it explained
tive ENSO scenario that dominated the FICARAM period.  85% of ‘fCO3" variability (Table 3). ThefCO3" distribu-

The SEC region that closely interacts with the NECC re-tion in November was controlled by SST with WS and ehl
gion through the meridional displacements of the InterTrop-variables even though only 37% ¢CO3" changes were ex-
ical Convergence Zone was characterized by highg€0O, plained by these variables. So, the notable weight of the Plata
(Table 2) than the tropical waters further north (Goyet etRiver in the SAC region in autumn (Gordon, 1989) affecting
al.,, 1998; Takahashi et al., 2009). The strong G-  the nutrientinputs (Bakun and Parrish, 1991) and controlling
persaturation of this region was markedly similar to both the production of ch& in the Patagoninan Sea (Froneman et
FICARAM and TCO09 datasets (Table 3).fCO, and FCO, al., 1999) was not properly accounted for using this simplis-
in autumn showed slight underestimations-e+9 patm  tic approach.
and—0.3+ 0.4 moln2yr—1, respectively, whileA A fCO, The southern surface waters of the Patagonian Sea were
in spring was negligible (& 13 patm) representing f CO, systematically colder than the reported by TC09 reach-
values of 0.6t 0.9 molnT2yr—1. The spring agreements in ing the lowestASST of —1.8+ 1.9°C in SAC region dur-
the equatorial upwelling system that were the highest obing March cruises. TheAA fCO, and AfCO, values
served along the Atlantic Ocean were observed in parallebf these waters in March showed notable supersaturation
to significant changes at long-term scale. So, trade equatomf 23+ 40 patm of FICARAM dataset that underestimated
rial winds in the western basin of the South Atlantic showedthe climatological C@ uptake (Takahashi et al., 2009) in
a relaxation in parallel to the warming of the surface wa- 2.0+ 3.4 molnm2yr—1 (Table 4). Conversely the undersatu-
ters (Fig. 4e). The WS and SST anomalies in the tropi-ration of these waters was overestimated-3+ 34 patm
cal Atlantic over interannual scales were significantly relatedin October. The differences between in st@O}" and val-
to the ENSO phenomenon (Enfield and Mayer, 1997; Latifues from empirical relationships were also maximum in the
and Gptzner, 2000). Consequently, positive SST anoma-Patagonian Sea, with differences of 31.9 patm being found in
lies prevail over the western equatorial Atlantic during the SAC waters during the autumn cruises (Table 3). Apart from
warm ENSO events as result of a reduction in the speed ofhe low number of measurements used to characterize these
trade winds. These long-term drifts seem to be connectedegions in both dataset, these disagreements reflect the com-
to the response of the decreasing upwelling intensity that diplex hydrography and the heterogeneg@03" distribution
rectly affects to the thermocline depth (Grodsky et al., 2008).(Bianchi et al., 2005). Nevertheless some typical features
Furthermore the teleconnection between Pacific and Atlantiof these waters were correctly described such as the notable
Oceans is clearly evident during the boreal spring (Enfieldoutflow of the continental ice melting in the Pacific coast of
and Mayer, 1997) as evident in the FICARAM cruises asTierra de Fuego through the Magellan Strait (Fig. 2b, c; Piola
well. and Rivas, 1997). These freshwater inputs enrich the surface

The seasonal Cfoutgassing and absorption of the STG nutrient concentration supporting the spring phytoplankton
region in spring and autumn (Takahashi et al., 2009), respecbloom and resulting in the observed g0ndersaturation of
tively, were correctly reproduced by the FICARAM cruises the coastal and ocean waters (Table 2; Romero et al., 2006).
(Table 3). Nevertheless poor agreements were observed duNeverthelessf CO,—chla relationships of the FC region far
ing spring in spite of most values of Table 4 showing con- from representing phytoplankton G@onsumption showed
sistent results. So, FICARAM dataset roughly pointed outsimilar positive values that were attributed to £@puts
23°C (Fig. 2, 3; Table 2) determined by Ito et al. (2005) as from continental inputs or remineralization processes. The
the boundary between if the oceanic waters of the STG renon-synoptic sampling strategies followed in the FICARAM
gion acted as sink or source of @@r the atmosphere. The project could cause positive coefficients during the moni-
SST changes yielded a considerable effect/@05" (Ito toring of senescent phytoplankton community. In relation
et al., 2005) with a relative importance of SSS and«ci to the long-term trends observed in these waters, the atmo-
spring and autumn, respectively (Table 3). spheric pressure changes of the Southern Ocean represented

Nevertheless SAS region that acted as a strong sink oby SAM could explain some of the observed interannual
atmospheric C@ (Bianchi et al., 2009) showed significant drifts. SAM variability that is related the Southern Ocean cir-
offsets in October with values oAA fCO, and AfCO, culation through meridional shifts in the wind patterns (Har-
of —12+ 9 patm and-1.0+ 0.8 molnT2yr—1, respectively  tamann and Lo; 1998) significantly affects biogeochemical
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cycling andFCO; (Lovendrusky et al., 2007) of the Patago- spheres. These measurements of the FICARAM cruises, that
nian Sea. Therefore the significant WS weakness reported atere independent of the surface ocean,CGfilas recently
these latitudes (Fig. 4g, h) could directly be associated withconstructed by Takahashi et al. (2009), mostly reproduced
positive SAM values, which showed a slight increase duringthe climatological estimations showing a meafiCO, dif-
the FICARAM period. Warm SST anomalies and an increaseference of—34 18 patm. This reduction in the GGsat-
of COy outgassing that are also driven by positive phases oluration of the surface waters represented an increase of
the SAM (Lovendrusky et al., 2007) could approximately be 0.02+ 0.14 mol nT2yr—1 in the ocean uptake of atmospheric
noticed from year 2005 as well (Fig. 4 g, h and i). CO,. Moreover fCO3" measurements have allowed the de-
The DP region was crossed during two FICARAM cruises tection of some changes in the long-term trends of the fluxes
that only gathered underway measurements in Novembein some regions of the Atlantic Ocean. Shelf regions were
The averageAfCO, of —20411patm measured in the also sampled along the coasts of Africa and South America.
ocean waters (Table 2) described this branch of the Southin general terms, the shelf waters repeated the behave of the
ern Ocean as a sink of atmosphericQ®letzl et al., 1999).  adjacent waters even though emphasizing the observed re-
This value is 13t 22 patm lower than the climatological sults in both spring and autumn. The most remarkable results
AfCQO, (Takahashi et al., 2009) which showed an averageobtained are:
outgassing of 10 patm for this month. The FICARAM ob- ) i
servations that came to findings of the different approaches 1. The Nort_hern Subt_roplcal Gyre act_ed asa sink of at-
(Metzl et al., 1999; Metzl, 2004; Gurney et al., 2002; Roy ~ MosPheric C@ during the successive spring seasons
et al., 2003; McNeil et al., 2007) confirmed in the role of ~ (~1.8%1.2molm=yr’™) and as a source during au-
these waters as a sink of atmospheric,Gkat was reported tumn (0.2£0.4mol m= yr=). S'm""?‘”y* the sub-
by Gruber et al. (2009). The GQundersaturation of these tropical waters 9f the Soqt_hern Hemisphere absgrbed
waters showed a notable interannual variability as was found C?ﬁ undgr spring conphﬂons 0.2+ 0'7, mol nt
by Metzl (2004). The foune £CO; shift (Fig. 3b) between yr—), while CO, outgasing occurred during autumn
both Novembers can be explained by changes in thermoha- (0.61\/5)._6 mol i yr ). The seasqnal d|str|bu_t|on of
line properties (Fig. 2b, d). So, colder and saltier waters in /CG; n these latitudes was mainly determined by
2007 pointed to an intensification of the upwelling of North changvces n S_S,T that ex_plamed more than 80%,0f the
Atlantic Deep Water (Nowlin and Klink and, 1986) that led fCOZ' variability, accqrdmg to the F’mpose,d algorithm.
AfCQO, values close to equilibrium status (Fig. 3b). On the N_egatlve_ NAQ scenario that prevalled qlunng the sam-
other hand, warmer and less saline waters in 2008 showed pling penpd (.)f FICARAM cruises wasllln_kled to long-
a southward growing undersaturation that caused a @GP term declination of V\éS (91'3& 0.07 ms=y ) and chl
take of —1.8+ 1.2 molnT?yr—1. This intense C@absorp- a (0.03£0.01mgnT> y™) that reinforce works re-
tion, which was associated with photosynthetic activity of porting the yveakenmg of the upwelling events in the Ca-
0.174+0.01 mgm-3, was also linked to the entrance of deep nary gpwelllng system (Santos etal., 2005;_Chavez and
waters that increased the surface iron concentration (Metzl et Messg, 2009; Rrez et al., .2010)‘ Under this pressure
al., 1991; Legendre et al., 1992; Poisson et al., 1994; Arrigo pattern of the North A’Flannc Ocean, FICARAM mea-
et al., 1997). This is somewhat lower phytoplanktonic com- surements f°“9h'y pointed out the expected warming
munity activity than reported during the spring bloom in the and the reduction of the ocean uptake of atmospheric
subAntarctic coastal area (Perissinotto et al., 2000; Blain et COs.
al., 2001; Delille et al., 2007). South of the Continental Wa- 5 Tropical waters were virtually in equilibrium with the

ter Boundary £62° S; Fig. 2d) and where lowest fCO, atmosphere during spring and autumn, which yielded
values were found, the role of surface waters change froma  yifling air-sea CQ fluxes, especially in the NECC re-
source to a sink of atmospheric gdConsequenthA fCO, gion. The analysed property distributions in the latter

of shelf waters of the Livingston Island showed a coastward province revealed a significant long-term decrease of

increase in parallel to SSS that reached 27 patm causing an s (0.1640.01 yr-1) during the successive autumn

outgassing of 0.8 mol i yr—* (Fig. 3b, d). cruises. At the same time, outstanding CO, reduc-
tion (—3.54 0.9 patm yr1) and a rise of oceanic GO
uptake (0.09+ 0.03molnT2yr—1). These strong SSS

5 Summary changes produced by the Amazon River outflows ac-

counted for 79% of the observetiCG3" variability in
The FICARAM programme has proved to be a new source autumn and 49% in spring, providing uplift to the role

of information about the changing air-se g€@uxes in the of freshwater discharges in the uptake of £O
Atlantic Ocean. Moveover FICARAM cruises represented a

unique opportunity to analyze from a quasi-synoptic point of 3. To the south of the equator, the tropical waters of
view underwayf CO3" measurements in spring and autumn the equatorial upwelling system were highly supersat-
along an ample array of hydrographic regions of both Hemi- urated, exceeding the atmospheric £&ncentration
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