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Abstract. We present results of the G@arbonate sys- The South Pacific Ocean (from 18 down to 60S) is

tem from the BIOSOPE cruise in the Eastern South Pa-globally considered as a sink area for anthropogenic carbon
cific Ocean, in an area not sampled previously. In par-(Chen, 1993), however there is a strong zonal variability.
ticular, we present estimates of the anthropogenic carboiindeed, the western equatorial zone is the largest oceanic
(C;;?CA) distribution in the upper 1000 m of this region source of CQto the atmosphere, while the eastern equatorial
using the TrOCA method. The highest concentrations ofPacific is considered as G@ink (Tans et al., 1990; Murray
CIIOCA found around 13S,132W and 32 S, 9P W, are et al., 1992; Murray et al., 1995). Here we present results
higher than 8@umol.kg~! and 70umol.kg™1, respectively.  from the BIOSOPHEBIlogeochemistry and Optics SOuth Pa-
The lowest concentrations are observed below 800 m depthific Experiment) cruise in the Eastern (East of 1%
(<2umol.kg™) and within the Oxygen Minimum Zone South Pacific Ocean along-8000 km long transect (Fig. 1).
(OMZ), mainly around 140W (<11umol.kg™!). As are-  This transect covered a variety of hydrodynamic and trophic
sult of the anthropogenic carbon penetration there has beeproperties from the extremely productive upwelling waters of
decrease in pH by over 0.1 on an average in the upper 200 nihe Chilean coast to the extremely oligotrophic waters of the
This work further improves our understanding on the pene-central gyre of the South Pacific Ocean, a priori expected to
tration of anthropogenic carbon in the Eastern Pacific Oceanbe the least productive oceanic area of the world (Longhurst,
1998; Claustre et al., 2008).

Here, we use data from the BIOSOPE cruise to investi-
gate the oceanic anthropogenic carbon distribution using the
1 Introduction TrOCA method (Touratier and Goyet, 2004 a, b; Touratier et

al., 2007). We then quantify its impact in term of ocean acid-
While the ocean is known to be globally a sink for anthro- ification taking also into account the hydrodynamic charac-
pogenic CQ, the equatorial belt is an upwelling area where teristics of the area.
some anthropogenic carbon can be re-injected into the atmo-
sphere. Thus, the equatorial belt (fronf Nto 10° S) plays .
a significant role in the global carbon cycle (Le Borgne etal.,2 Material and methods
2002). It annually supplies approximately 0.7-1.5PgC as
CO, gas to the atmosphere. It is the largest natural sourcg'

OT C%g;romAthe oc;zan (;rg(l;ah?szi et gl., 199_7; Ffeely ®lThe BIOSOPE cruise onboard RV ATALANTE, departed

al, ) As much as 00 the G utgassmg oM from Tanhiti on 26th October 2004 and ended on 11th De-
the world’s oceans can be attributed to the equatorial Pac'f'%ember 2004 at Conception (Chile). The cruise track went
alone. through the oligotrophic area in the central part of the South
Pacific Gyre (SPG) along a transect starting from the Mar-

Correspondence taC. Goyet quises lIslands around 7W, 8° S to the Chilean coast at
BY (cgoyet@univ-perp.fr) 14TW, 35’ S.
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Fig. 1. Station locations of the 2004 BIOSOPE cru(s® and sea-surface properti€b) salinity and total alkalinity(c) Oxygen and Total
COy, and(d) temperature and C£fugacity.

Water sampling and measurements of temperatur88 Determination of anthropogenic carbon distribution
and salinity were made using a SeaBird SBE 911plus
CTD/Carousel system fitted with an SBE 43 oxygen sensorSince anthropogenic carbon in the ocean cannot be measured
From the 223 vertical profiles, 23 were sampled for studyingdirectly, it is calculated according to various models based
the oceanic carbon cycle (Fig. 1a). At each of these stationsipon different assumptions. Although, the early attempts
an average of 22 samples were collected in the upper wato estimate the distribution of anthropogenic carbon in the
ter column from the near surface-§ m depth) to~500m  ocean (Brewer, 1978; Chen and Millero, 1979) were criti-
depth. Only four of these stations were sampled down to thecized (Shiller, 1981; Broecker et al., 1985), they initiated a
near bottom depth=(1000 m). vigorous debate concerning the “best way” to determine the

Seawater was sampled into 500ml borosilicate-glass botdistribution of anthropogenic carbon in the ocean.
tles and poisoned with a saturated solution of mercuric chlo-  Since then, many different methods have been developed.
ride before being sealed. The samples were then stored andany are still based on the initial work of the late 70’s with
shipped back to the laboratory where the measurements wekgrious improvements (e.gAC* approach of Gruber et al.,
performed within a month after the end of the cruise. 1996; Ferez et al., 2002; LM approach of Lo Monaco et al.,

) _ ) 2005a; \azquez-Rodguez et al., 2009). Others are based
2.2 Measurements of total dissolved inorganic carf) (  ypon completely new concepts such as water-mass mixing
and total alkalinity fi7) (Goyet et al. 1999): or similarity with CFCs or §Ben-

etration (e.g. Goyet and Brewer, 1993; TTD approach of

d total alkalinit ; db tent ; Waugh et al., 2004; Waugh et al., 2006; Tanhua et al., 2008);
and to dat'ta t’?‘ inity f7) IWerg |Oe|rI o:En;e é’ pfg‘;%_'oggé or a new water-mass tracer “TrOCA” (Touratier and Goyet,
ric acid titration in a closed cell (Edmond, * ' 20044, b; Touratier et al., 2007).

1994). From replicate analysis of reference seawater sam- . . .
. ) o Many studies have been carried out and others are still
ples, (CRMs from Dr Andrew Dickson of Scripps Institution :
iy nderway to compare the results of these various methods
of Oceanography), both the precision and the accuracy of th R .
analyses were determined to be within grol.kg~! for C Coatanoan et al., 2001, Friis, 2007axquez-Rodguez et
Y ' T al., 2008). In the light of these previous results, here we

1
and 1.7umolkg™for Ar. have chosen to use the TrOCA approach (Eg. 1), which is the

The measurements of total dissolved inorganic carlggn (
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simplest, and yet a very reliable method, to study the distri-which are driven by the degradation of organic matter sink-
bution of anthropogenic carbon in the Eastern Pacific Oceaning out of the euphotic zone and modified by ocean circula-
As a very brief reminder, using the TrOCA approach tion (Wyrtki, 1962). The oxygen minimum zone is strongly
(Touratier et al., 2007), the anthropogenic carbon concentralinked with one of the most productive marine ecosystems
tion in seawater@1'9¢A) is calculated using the following in the world, so that the oxygen deficiency is attributable to

relationship: the high biological productivity at the surface. The largest
area of low oxygen in the world lies in the thermocline in
C;E?CA= the Eastern Tropical Pacific Ocean. The area of low oxygen
(7'511_(1,087“072)9_@) extends as tongues to either side of the equator from Cen-
02+1.279[CT—%AT] —e A7 tral and northern South America across the Eastern Tropical

(1) Pacific Ocean (see Fiedler and Talley, 2006).
At intermediate water depths, the Eastern South Pacific

Intermediate Water (ESPIW: Schneider et al., 2003), prop-

4 Hydrography erties are those of the Subantarctic Water; it is relatively
cool (~12°C) and fresh §~34.25) and it is bellow STSW
In the upper 500 m, the study area is dominated by both theffshore and above ESSW closer to the coast (Blanco et
South Equatorial Current and the Peru Current. The regioral.,, 2001). The influence of Antarctic Intermediate Water
can be roughly separated into five main areas (Claustre et al{AAIW) can be seen at depths of around 500 to 700 m, typ-
2008): (1) the Sub Equatorial area (242-132 W) (near ically south of 268 S and with salinities<34.5 and tempera-
the Marquise Islands) that is influenced by the equatoriaktures <7°C (Blanco et al., 2001; Zenk et al., 2005; Fiedler
regime; (2) the transition zone (13®~123 W) betweenthe and Talley, 2006). The bottom water originates from the
sub-Equatorial area and the South Pacific Gyre (SPG); (3).ower Circumpolar Water (LCPW).
the central part of the SPG (128/~101° W), (4) the tran- The South Pacific subtropical gyre (SPSG) region (13-
sition zone between the SPG and the coastal upwelling area3 S, 80/87-140W) has the highest surface (0—100m)
(100 W-81° W); and (5) the coastal upwelling area (East of salinities (averaged=36.1) of the Eastern Tropical South
81°W). Pacific Ocean regions and is defined by the “subtropical sur-
Both the easterly winds which drive away the surface wa-face water” of Fiedler and Talley (2006).

ters and the prevailing southerly winds off the Peruvian coast
provoke an upwelling along the equator and the Peruvian
coast. The cold and relatively low-salinity waters of the © Results
Humboldt Current are advected northward from Chile to off- C .
shore of Peru (Strub et al., 1998; Kessler, 2006). Theses 1 fIZLs(;tr(l)bCuet;)nn;Ltnhetﬁg’ccririlggr:?atikpropertles in the sur-
eastern boundary waters merge to supply the westward- 9

flowing South Equatorial Current (SEC), which is subject Figure 1b, c, d illustrates the sea-surface distribution of the

to the dlverge_nce, north and south of the equator, and 9€Measured temperature, salinity, total alkalinity, oxygen, and
_erates upwelllng of subsurface_z waters having high salln-total CQy, as well as the computefiCO, (sea-surface CO
ity, Cr, gnd hutrient concentrations to the sur.face (KGSS|er’fugacity) along the cruise track in the Eastern Tropical South
2006). Smpe chlorophyll concentre}nons.remam low and_thePacific Ocean. Figure 1b shows the clear (linear) relationship
macronutrients are not depleted,.th|s regionis a HNLC (high-yeen sea-surface salinity and sea-surface total alkalinity.
nutrient/low-chlorophyll) area (Minas et al., 1986). Within the central Pacific gyre, we observed a largegra-
In the SEC (South Equatorial Current) the surface layeriant (100umol.kg~1) associated with a salinity gradient
is characterized by the warm and high-salinity SubTropical ¢ 2 over the BIOSOPE cruise track, sea-surfagecould

Surface Water (STSW§>35). Along the coast of South e egtimated from the sea-surface salinity with the relation-
America, the Peru Current is characterized by cold, |°W'ship:

salinity water (Fiedler and Talley, 2006). Closer to the coast,

the Gunther Undercurrent is located between 100 and 400 my; = 58.40S + 27570mol.kg~1(r = 0.9831) 2)
depth, and is characterized by the Equatorial SubSurface Wa-

ter (ESSW) with a relatively high salinity (34.7-34.9) and Note that this relationship holds even in the upwelling area,
nutrients concentrations, low temperaturesl?2.5° C) and  thus suggesting that; could be correlated with salinity well
dissolved oxygen (Shaffer et al., 1995; Blanco et al., 2002) below the sea-surface layer.

Underneath the SEC, the Subtropical Underwater (ESPCW: Figure 1c illustrates the mirror effect of the oxygen and
Emery and Meincke, 1986; Tomczak and Gogfrey, 2001)total CQ, concentrations. As the oxygen concentrations rise,
is located between 13 @V-150C W, and 10 S—20 S around  the total CQ decreases. This also holds throughout the water
150 m depth. At a few hundred meters water depth (aroundcolumn as illustrated by the coastal upwelled waters. What
200-400m), there are two oxygen minimum zones (OMZ)is striking here, is the amplitude of geographical variation
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of Cy. Except for the local coastal upwelling, tidg- vari- trations ofAr (<2300umol.kg~1) are observed in the dense
ations are relatively small(80umol.kg~1) compared with  (6>26), cold and low salinity AAIW waters. In this are@y
those of A7 (>100umol.kg1) as mentioned above. This distribution follows a general pattern of a consistent increase
indicates that, as expected in an oligothrophic area, that iwith increasing depth down to 500 m. This corresponds to
this region, the water properties are mainly controlled by thewhat was observed by Fiedler and Talley (2006) for nutri-
physical forcing. ents and suggests the effects of biological uptake in surface
These distributions unequivocally indicate that comparedwaters and remineralization in deeper waters.
with the properties of the adjacent waters, the coastal up- Since theCr and G profiles are mirror images of each
welling brings relatively cold, high salinity, high7 low Oo, other below the mixed layer depth ( Goyet and Davis, 1997),
and Cr rich water to the surface. Surface warming further the zones of highest; concentrations (Fig. 2) correspond
decreases the solubility of C@as in sea water and enhance to the OMZ (near the coast between 150m and 400 m-depth,
its CO, fugacity, thus favoring its venting to the atmosphere. and in the South Equatorial Current seen here arounti\W40
The high wind then further facilitates the rate of transfer 10° S between 300 m and 600 m-depth), as described above.
across the air-sea interface. This venting to the atmosphere is In the oligotrophic area (130V-110 W corresponding
only reduced slightly by biological uptake of G@y plank-  to the area between 2300 km and 6300 km), down to 300 m
ton. Furthermore, widespread iron limitation cauégs(in depth, both the pH and the;@oncentrations are relatively
addition to nitrate) to remain unused in the HNLC waters of high (>~8 and>200umol.kg~1, respectively), whileCr is
the open ocean. well below 210Q:mol.kg~1.
Figure 1d illustrates that in general as the temperature
rises, the CQ fugacity rises. During the BIOSOPE cruise, 5.3 Distributions of anthropogenic G@oncentrations and
except in the coastal upwelling area, sea-surfa€€, also anthropogenic pH variations
rises with sea-surface to reach over 42@m near the Mar-
quise Islands. In the Peruvian coastal upwelling (PCU), theThe computed anthropogenic €QCIIP“*) distribution as
sea-surface temperature is relatively low since it comes fronyvell as its associated anthropogenic pH variations, from the
deeper |ayers] however this water is mh (F|g 1c), thus surface down to 1000 m-depth are illustrated in F|g 3.
as it warms up in contact with the atmosphere fi&0; rises Except for the shallow coastal areas, the highgP*
quickly reaching up to 70patm (Fig. 1d). SincefCO; in concentrations (close to §0mol.kg~1), are observed around
the atmosphere above this region of the Pacific Ocean wa$3” S, 132 W. This ocean area is characterized by the ES-
close to 376.atmt2 watm at the time of the cruise (2004), PCW that is well ventilated. It is approximately 5 years old

this ocean area was a significant source ob@@the atmo-  according to the tracer ages (Fiedler and Talley, 2006). Its
sphere. origin is in the subduction region around°Zs, 110 W.

The water around 345, 76 W is characterized with rel-
5.2 Distributions of the Cg@carbonates properties and atively high anthropogenic COconcentrations compared
their associated physical properties in the ocean sectiomwith the surrounding waters and it is thus particularly dis-
along the cruise track tinguished by high anthropogenic pH variation8.1. Close
to South America the anthropogenic €@oncentrations
Since most of the stations were sampled only down to 500 mare controlled by the origin of the upwelling (especially its
depth, and only three stations were sampled below 1000 meepth) and by the thermocline position. According to Carr
depth, here we present (Fig. 2) the geographical distribuand Kearns (2003), the upwelling water comes from isopyc-
tions of the measured propertids S, O, Az, Cr and  nal layers ranging fromy=25.6 kg.nT3 to 0=26.2 kg.nT3.
pH from the surface down to 1000 m-depth along the cruiseBetween 15S and 34 S, the vertical displacement of the up-
track. However, the few data not shown here (below 1000 m-elled waters at the ocean surface does not typically exceed
depth) are available through the BIOSOPE data bat#p:(  50m.
Ilwww.obs-Vlfr.fr/proof/vt/op/ec/biosope/bio.h)m In general, the distribution of anthropogenic £@ig. 3)
The highestT and S correspond to the water masses shows that even in an area where the ocean is a<o0rce
STSW at the surface and the Eastern South Pacific Centrdbr the atmosphere, at least the upper 400 m of the ocean
Waters (ESPCW) at-100 m (Fiedler, 2006). LovCr con- is contaminated with anthropogenic @OFurthermore, re-
centrations £2100xmol.kg~1) also correspond to ESPCW sults from this highly oligotrophic area, indicate that even
and STSW (located between TO& and 140 W longitudes  when biological activity is low and therefore does not draw
within the upper 100 m depth). down atmospheric C§) the upper ocean is affected by an-
In the eastern South Pacific Ocean the distributions§,of thropogenic CQ carried by ocean circulation.
T, Cr, Ar, Op, and pH (Fig. 2) reflect the influence of  The lowesiC]'®“Aconcentrations are observed below 800
the Peru Current (Pennington et al., 2006). Not far fromm and within the OMZ, especially around AW (near
the Chilean coast (88V) and around 500 m depth, elevated the Marquise Islands whe@][9“A <15 umol.kg~* between
concentrations o7 (>2200umol.kg1) and low concen- 0y=26.5kg.nT3 and 04=27.0kg.nT3). Based upon the
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a) Temperature )] Salinity

L) L]
Distance fim] Distance fim]
Fig. 2. Vertical distribution of the physicochemical parametéadtemperatureSC), (b) Salinity, (c) C (wmol.kg™1), (d) A7 (umol.kg™1),
(€) Oz (umol.kg™1), () pH.

anthropogenic C@ concentrations and the observed sharp The isoline CI'9“A=5mol.kg~! indicates that anthro-

pycnocline within the subsurface water of the SEC, it can bepogenic CQ has already penetrated down+&00 m depth

inferred that ventilation is poorer in this OMZ (Fiedler and at 14 W, 8 S and it penetrated even deeper down to

Talley, 2006) than in the OMZ of the Peru undercurrent. ~1700m at 130W, 26° S. Close to the Chilean coast this
Another area with a relatively low1'°“A penetration is  isoline was located around 1100 m. In most parts of the area,

around the longitudes between 200 and 110 W in the this isoline was below the 27.1 kg-thisopycnal. This indi-

200 m—300 m depth range. This region is particularly well il- cates the presence of old waters.

lustrated (Fig. 3b) with very low anthropogenic pH variations

(<0.075). It represents the eastern part of the subduction 0 4 Relationship betweed'®°A and circulation

the Subtropical Underwater, and exhibits the deepest mixed

layers. According to Chen (1993), in the Pacific Ocean, anthro-

pogenic CQ doesn'’t penetrate below the main thermocline

www.biogeosciences.net/6/149/2009/ Biogeosciences, 615492009
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6 Conclusions

In summary, in spite of the high variability in the anthro-
pogenic carbon distribution, due to the complex interactions
between biogeochemical and hydrographic processes in the
Eastern Pacific Ocean, this work illustrates that today anthro-
pogenic carbon is present in the upper layers of the ocean
at significant level even in oligotrophic areas and/or in,CO
source areas for the atmosphere. Therefore, this study further
demonstrates the importance of ocean circulation in storage
(or outgassing) of anthropogenic @@ the ocean. As the
anthropogenic C@penetrates into the ocean, the acidifica-
tion of water especially of the upper ocean becomes signif-
icant and will in turn have a large impact on marine living
organisms. Coupled with changes in ocean circulation due
to global warming, these varying ocean properties should be
further studied to better understand and predict their evolu-
tion.
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