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[1] CARIOCA drifters and ship data from several cruises in the Subantarctic Zone (SAZ)
of the Pacific Ocean, approximately 40°S–55°S, have been used in order to investigate
surface CO2 partial pressure (pCO2) and dissolved inorganic carbon (DIC) patterns. The
highest DIC values were determined in regions of deep water formation, characterized
by deep mixed layer depths (MLD) as estimated from Argo float profiles. As a result, these
areas act as sources of CO2 to the atmosphere. Using an empirical linear relationship
between DIC, sea surface temperature (SST), and MLD, we then combine DIC with AT

based on salinity and compute pCO2. Finally, we derive monthly fields of air‐sea CO2 flux
in the SAZ. Our fit predicts the existence of a realistic seasonal cycle, close to equilibrium
with the atmosphere in winter and a sink when biological activity takes place. It also
reproduces the impact that deep water formation regions close to the Subantarctic Front
(SAF) and in the eastern part of the SAZ have on the uptake capacity of the area.
These areas, undersampled in previous studies, have high pCO2, and as a result, our
estimates (0.05 ± 0.03 PgC yr−1) indicate that the Pacific SAZ acts as a weaker sink of CO2

than suggested by previous studies which neglect these source regions.

Citation: Barbero, L., J. Boutin, L. Merlivat, N. Martin, T. Takahashi, S. C. Sutherland, and R. Wanninkhof (2011), Importance
of water mass formation regions for the air‐sea CO2 flux estimate in the Southern Ocean, Global Biogeochem. Cycles, 25,
GB1005, doi:10.1029/2010GB003818.

1. Introduction

[2] As a result of the burning of fossil fuels and defores-
tation, atmospheric levels of carbon dioxide, CO2, are rapidly
increasing [Keeling et al., 1995; Denman et al., 2007].
Almost one fourth of these CO2 emissions are absorbed by the
ocean [Sabine et al., 2004; Canadell et al., 2007; Le Quéré
et al., 2010]. According to the fourth assessment IPCC report
on climate change [IPCC, 2007] the current global oceanic
uptake is 2.2 ± 0.5 PgC yr−1. However, there are uncertainties
concerning the large scale integrated CO2 flux figures and, in
particular, estimates in the Southern Ocean disagree
[Denman et al., 2007; Gruber et al., 2009]. Due to the
scarcity of observations in the southern Pacific Ocean, the
largest oceanic basin in the Southern Hemisphere, the air‐sea
CO2 flux in this region is still poorly known.
[3] The Southern Ocean (south of about 30°S) is a sink

area for atmospheric CO2, in atmospheric or ocean inversion

models [Friedlingstein et al., 2006; Gruber et al., 2009] as
well as in data‐based approaches [Metzl et al., 1999;
Takahashi et al., 2002, 2009a]. However, this is the oceanic
region where the largest discrepancies concerning the actual
magnitude of the flux exist (see, e.g., Gruber et al. [2009]
for the area south of 44°S). Direct comparisons are com-
plicated because different authors define the Southern Ocean
differently. Estimations based on pCO2 measurements have
pointed in general toward a large sink in the Subantarctic
Zone (SAZ) of the Southern Ocean ranging from 0.8 PgC yr−1

to 1.1 PgC yr−1 [Metzl et al., 1999;McNeil et al., 2007;Boutin
et al., 2008]. Ocean inversion flux studies suggest smaller
sinks, closer to 0.3 PgC yr−1 for the area south of 44°S
[Gruber et al., 2009]. These authors found up to a twofold
difference between ocean inversion models, atmospheric
inversions and direct estimations in the Southern Ocean.
[4] Within the Southern Ocean, because the southern

Pacific is the largest basin, this is potentially the largest
contributor to the CO2 sink. It is therefore of great impor-
tance to better constrain fluxes in this region if we want to
improve flux estimations in all the Southern Ocean.
[5] The southern Pacific Ocean south of about 40°S is

characterized by the presence of very deep mixed layers in
late winter, in particular close to the Subantarctic Front
(SAF) and the western coast of South America [de Boyer
Montégut et al., 2004; Dong et al., 2008]. These are areas
of formation of Subantarctic Mode Water (SAMW) and
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Antarctic Intermediate Water (AAIW), and hydrographic
properties are nearly homogeneous in the eastern part of the
southern Pacific Ocean [McCartney, 1977; Tsuchiya and
Talley, 1998; Hanawa and Talley, 2001; Saenko et al.,
2003]. The southern Pacific Ocean is also one of the least
sampled regions of the global ocean, particularly in the
winter and in the eastern part of the basin [Leth et al., 2004;
Takahashi et al., 2009a]. Our study provides new insights
into the CO2 fluxes of this poorly known region.
[6] In this paper, we present a new approach to estimate

the air‐sea CO2 flux in the southern Pacific Ocean based on
the combination of data from underway surface ship mea-
surements and autonomous CARIOCA drifters, along with
data from ARGO profiles, an associated mixed layer depth
(MLD) climatology from Dong et al. [2008] for the Southern
Ocean and ocean‐color satellite images. Our data includes
surface measurements throughout the year including the
austral winter.
[7] In the following sections we first present the data and

the methodology used. We then describe the variability
observed on basin‐wide scale, and the relationship observed
between CO2 parameters, MLD and temperature. We also
explore the possibility of introducing chlorophyll concen-
tration derived from satellite images as an additional vari-
able in our parameterization. The following section concerns
the creation of monthly maps of CO2 parameters and air‐sea
CO2 fluxes. The final sections deal with a comparison with
previous estimates, a look into interannual variability and our
final conclusions.

2. Data and Methodology

[8] A least squares approach has been applied to surface
CO2 data from the southern Pacific Ocean to derive a fit
between the parameters of the carbon dioxide system and
physical parameters in the area. We use a large data set
compiled from surface measurements by autonomous
CARIOCA drifters and ship cruises in the SAZ of the
Pacific Ocean. The database has been split into two sets: the
first set includes the data from the CARIOCA buoys
(yearlong measurements including winter data) and four
Palmer cruises (Figure 1a), and has been used for estab-
lishing the fit. The second group of independent data is
composed of data from 3 additional Palmer cruises, WOCE
cruises and additional campaigns (Figure 1e and Table 1)
and has been used to evaluate the validity of the fit in terms
of DIC and pCO2.

2.1. Carioca pCO2 Measurements

[9] Two CARIOCA drifters deployed in 2004 in the
western part of the SAZ of the Pacific Ocean drifted east-
ward for more than 1 year [Boutin et al., 2008]. Their tra-

jectories are shown on Figure 1a. These drifters measured
pCO2, sea surface temperature (SST), salinity (SSS) and
fluorescence (only one of them) at 2‐m depth, as well as
surface wind speed, U, atmospheric pressure, Pa, and air
temperature at hourly intervals at a height of 2 m [Boutin
et al., 2008]. The pCO2 is analyzed by measuring the
change in the optical absorbance of a pH sensitive dye
diluted in a constant alkalinity seawater at three different
wavelengths. This ensures an internal control of the calibra-
tion of the CO2 as is described in detail by Copin‐Montegut
et al. [2004]. The accuracy of the pCO2 is of about 3 matm
based on laboratory calibration and CARIOCA‐ship inter-
comparisons [Bates et al., 2000; Hood and Merlivat, 2001;
Copin‐Montegut et al., 2004]. Data were transmitted in real
time via ARGOS. The buoys were active from April 2004 to
April and June 2005, respectively (Figure 1b and Table 1).

2.2. Ship pCO2 Measurements

[10] For our fit, we have used surface data from four
cruises carried out by the RVIB Palmer from 2004 to 2006
in the southern Pacific Ocean (Figure 1a). Measurements
include pCO2, SST and SSS. Only data within the SAZ have
been considered. In this work we use the same definition for
the SAZ as Boutin et al. [2008], i.e., the area comprised
between the Subantarctic Front (SAF) and the Subtropical
Front (STF). In the Pacific Ocean the SAZ is located
approximately between 40°S and 55°S. Validation of pCO2

estimated from the DIC fit has been carried out using
underway pCO2 measurements from cruises between 1979
and 2008 (Figure 1e and Table 1).
[11] Continuous underway pCO2 measurements were

carried out onboard the RVIB Palmer using a Licor non-
dispersive infrared CO2 gas analyzer system coupled with a
shower‐type gas‐water equilibrator described by Newberger
[2004]. The analyzer was calibrated hourly using five ref-
erence gas mixtures certified by NOAA/ESRL ranging from
100 ppm to 800 ppm mole fraction CO2 in dry air. The data
are listed at the LDEO web site (http://www.ldeo.columbia.
edu/res/pi/CO2/carbondioxide/pages/pCO2data.html).

2.3. Estimation of Total Alkalinity

[12] Total alkalinity, AT, was computed from SST and
SSS using the alkalinity‐temperature‐salinity relationship
proposed by Lee et al. [2006] for the Southern Ocean:

AT ¼ 2305þ 52:48 � SSS � 35ð Þ þ 2:85 � SSS � 35ð Þ2� 0:49

� SST � 20ð Þ þ 0:086 � SST � 20ð Þ2 ð1Þ

[13] The validity of this relationship in the area was
checked by comparing AT estimated using it with actual

Figure 1. (a) Trajectories followed by the CARIOCA drifters (red for 01110, blue for 03740) and Palmer cruises (brown
for 0403, yellow for 051B, green for 0507 and purple for 067A). The buoys and cruises went from west to east. The dotted
line represents the location of the STF, the black line shows the location of the SAF. The x axis is longitude, and the y axis is
latitude. (b) Same trajectories color coded for month, showing available data depending on month of the year. (c) Surface
pCO2 (matm) along the trajectories. (d) Calculated DIC (mmol kg−1) along the trajectories, black dots indicate position of
colocated ARGO float profiles. (e) Trajectories of the cruises used for validation of DIC and pCO2.
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surface AT measurements carried out during CLIVAR/CO2
cruise P18. The error in the AT estimate for SST < 20°C (33
measurements) was −2.4 ± 3.6 mmol/kg. Most of the data
used by Lee et al. [2006] in this area of the ocean were
measured during summer months. We have found no winter
AT data in the region to test the accuracy of this relationship
in order to use it with the wintertime CARIOCA data.
An indirect approach to evaluate how well the relationship
might predict wintertime AT is to use subsurface AT data
(for depths between the mixed layer and the maximum
wintertime mixed layer, 300 to 600 m, 665 data points) from
the cruises listed in Table 1 and compare them with AT

estimated using equation (1). The results indicate that win-
tertime AT could be lower than the estimated AT, the dif-
ference being up to 13 mmol kg−1.

2.4. Measurements of SSS and SST

[14] Measurements of salinity and temperature were carried
out concurrently with pCO2 or DIC data for the CARIOCA
buoys and all the cruises.
[15] For the air‐sea CO2 flux computation, climatological

SSS and SST from objectively analyzed monthly mean
values [Locarnini et al., 2006; Antonov et al., 2006] on a
1 degree grid were obtained from the World Ocean Atlas
2005 (WOA2005) website (http://www.nodc.noaa.gov/
OC5/WOA05/woa05data.html).

2.5. Estimation of Total Dissolved Inorganic Carbon

[16] No measured DIC was used but rather it was com-
puted from AT and pCO2 using the solubility of CO2 gas in
seawater by Weiss [1974], the carbonic acid dissociation
constants of Mehrbach et al. [1973] as refitted by Dickson
and Millero [1987], and the boric acid dissociation con-
stant by Dickson [1990]. DIC thus computed has an esti-

mated uncertainty of ±10.5 mmol kg−1, as a result of the
combined uncertainties linked to the dissociation constants,
the accuracy of pCO2 measurements and the uncertainty
of the alkalinity derived from the relationship proposed by
Lee et al. [2006]. This uncertainty in the DIC estimation is
mostly the result of regional biases on the AT estimation on
a scale of 1000 km. AT estimates might also be higher than
the actual AT in the case of winter data (see section 2.3)
Relative precision for successive DIC data is expected to be
0.5 mmol kg−1 based on the pCO2 data from the CARIOCA
[Boutin et al., 2008].
[17] Validation of the empirical DIC relationship derived

from these data has been carried out with ship data from
cruises between 1974 and 2005 from the WOCE program
and the LDEO database (Table 1 and Figure 1e).

2.6. Air‐Sea CO2 Flux Estimations

[18] The driving force of CO2 gas exchange between the
atmosphere and the ocean is usually expressed as the dif-
ference between partial pressure of CO2 in the surface water
and in the overlying air. We compute the air‐sea flux (F) as
follows:

F ¼ k � s � pCO2 swð Þ � pCO2 atmð Þ
� � ¼ k � s �DpCO2 ð2Þ

where k represents the gas transfer velocity, s is the gas
solubility coefficient (which is a well‐defined function of
temperature and salinity) and DpCO2 is referred to as the
thermodynamic driving force of the gas flux. We used
weekly 1° × 1° k · s maps generated using Quick Scatte-
rometer satellite (QSCAT) wind speeds as described by
Boutin et al. [2009] and used the Sweeney et al. [2007]
expression for wind speed dependence of gas exchange
rate. The results of several recent studies converge toward a

Table 1. Dates and Location of Valid Measurements for the Two CARIOCA Buoys (01110 and 03740) and the Four Ship Cruises Used
in the Study (Palmer 0403, 051B, 0507, and 067A [Takahashi et al., 2009b]), Plus Details for the Validation Cruises Used

Year Buoy/Cruise Start of pCO2 Measurements End of pCO2 Measurements Starting Position Final Position

Data Used for the Computation of the Empirical DIC Relationship
2004 Buoy 01110 29/03/04 11/06/05 46.8°S 172.7°E 40.8°S 215.9°E
2004 Buoy 03740 12/04/04 20/04/05 46.3°S 177.7°E 46.3°S 247.3°E
2004 Palmer 0403 16/04/04 08/05/04 44.7°S 175.7°E 52.3°S 279.3°E
2005 Palmer 051B 08/03/05 21/03/05 42.2°S 178.4°E 52.9°S 279.2°E
2005 Palmer 0507 25/09/05 20/10/05 52.5°S 279.4°E 44.0°S 174.8°E
2006 Palmer 067A 30/08/06 22/09/06 53.9°S 279.5°E 43.8°S 174.0°E

Data Used for the Validation of the DIC Empirical Fit
1990 WOCE P15S 22/02/90 16/04/90 14.9°S 190°E 5.2°N 190.2°E
1992 WOCE P16aP17a 08/10/92 24/11/92 21.5°S 211.5°E 22°S 215.6°E
1993 WOCE P19c 23/02/93 10/04/93 53°S 285°E 13.5°N 268.4°E
1994 WOCE P18S 27/01/94 23/03/94 67°S 257°E 26°S 257°E
1996 WOCE P15S NOAA CGC‐96 05/01/96 09/03/96 45.8°S 207°E 9.6°S 189.4°E
2001 CLIVAR P15/SR05_2001 25/05/01 04/07/01 44.4°S 180°E 2.2°S 190°E
2005 CLIVAR P16S_2005 10/01/05 11/02/05 16°S 210°E 71°S 210°E
2008 CLIVAR/CO2 P18 22/01/08 22/02/08 27.4°S 252.0°E 52.6°S 284.9°E
1974–2007 Various (LDEO) ‐ ‐ SAZ SAZ

Data Used for the Validation of the pCO2 Estimated From DICfit

1979 Indomed Leg 15 10/02/79 05/03/79 53.4°S 289.1°E 9.0°N 280.4°E
1989 RITS/CO2–89 Leg 2 05/03/89 02/04/89 27.4°S 251.2°E 17.7°S 210.3°E
2007 Palmer 0711 14/12/07 30/12/07 52.4°S 278.6°E 46.5°S 179.3°E
2008 CLIVAR/CO2 P18 22/01/08 22/02/08 27.4°S 252.0°E 52.6°S 284.9°E
2008 Palmer 0803 09/03/08 13/03/08 77.9°S 166.6°E 46.6°S 173.5°E
2008 Palmer 0804 21/03/08 13/04/08 44.0°S 174.2°E 52.7°S 285.4°E
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proportionality constant about 15% lower than the original
estimate of 0.31 of Wanninkhof [1992] [Boutin et al., 2009;
Wanninkhof et al., 2009]:

k ¼ 0:27 � U2 660=SCð Þ0:5 ð3Þ

where SC is the Schmidt number and U is 6 h mean wind
speed (m s−1) at 10 m above sea surface obtained from level
2B QSCAT wind speed product derived at NASA/JPL
(http://podaac.jpl.nasa.gov/DATA_PRODUCT/OVW/
index.html). This relationship is consistent with the 3He/SF6
double tracer field measurements conducted by Ho et al.
[2006] in the Southern Ocean. We chose the formulation
by Sweeney et al. [2007] because they used global climate
models satisfying the bomb 14CO2 inventory which is a high‐
fidelity tracer for CO2, and hence takes into account the
slow rate of CO2 gas transfer across the sea‐air interface.
[19] The error in the flux estimation was computed fol-

lowing Rangama et al. [2005]. Assuming that there are only
random errors and no systematic biases on theDpCO2 fields,
which is supported by our validation with independent data
(see section 3.4), the error on the integrated flux (flux_error)
can be deduced from the quadratic sum of the errors in each
grid square (pixel). In this case, we use a 1 × 1° grid:

fluxerror ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xnpixels
i¼1

Ki �Dperrori � Sið Þ2
vuut ð4Þ

where Ki, Dp_errori and Si are the CO2 exchange coeffi-
cient, the error on DpCO2 and the surface in a given pixel,
respectively.

2.7. Front Detection

[20] One of the CARIOCA drifters and Palmer campaign
0804 made measurements very close to the SAF. Boutin
et al. [2008] found that the variability of CARIOCA pCO2

observed in the vicinity of the SAF was better described
when they used a front location colocated in time with the
CARIOCA measurements. Thus, the location of the SAF
was estimated from altimetry data as described by Sallée
et al. [2008]. In the case of the STF, we use the climatology
from Orsi et al. [1995] as we are not aware of any method
allowing us to detect temporal variability of the STF location
applicable everywhere in the Pacific Ocean at any season.
The fronts were colocated with respect to the trajectories
of the drifters and the ships following the methodology
described by Boutin et al. [2008].

2.8. Estimation of the Mixed Layer Depth

[21] ARGO float profiles were downloaded from the Cor-
iolis Data Assembly Centre (http://www.coriolis.eu.org/cdc/
argo.htm) and colocated along the trajectories of the drifters
and cruises in space (±1 degree from the ship or buoy) and
with a maximum time interval of 30 days between the drifter/
cruise and the ARGO measurements (Figure 1d). Only
measurements with quality flags 1 (good data) or 2 (probably
good data) were considered.
[22] We estimated the MLD for each ARGO profile

using a density criterion whereof an increase of more than

0.03 kg m−3 from the near surface value indicates the base of
the mixed layer [de Boyer Montégut et al., 2004]. MLD
were grouped according to month and paired to an averaged
DIC value from all CARIOCA or ship data located within
the stipulated radius in the same month. A total of 220 pairs
of MLD‐DIC data were thus obtained (Figure 2a).
[23] Dong et al. [2008] compiled monthly climatologies

of MLD from all available ARGO float profiles for the
Southern Ocean (30°S to 60°S) using four different criteria
for the estimations and based on a 1 by 1 degree grid. In
order to increase colocated DIC‐MLD data, we have
selected the climatology based on the same density criteria
of 0.03 kg m−3 and have associated a climatological MLD
to every surface water DIC value in our data set. This raises
the number of available data from the initial 220 DIC points
with ARGO‐derived MLD to 46000 data points with colo-
cated climatological mixed layers (Figure 2b). The climato-
logical MLD is similar to the MLD estimated from ARGO
profiles for shallowmixed layers. For winter values andMLD
deeper than 300 m, climatological MLD are on average 10%
shallower than real time estimations (Figures 2a and 2b).

2.9. Chlorophyll Data

[24] CARIOCA 03740 was equipped with a fluorometer
which provided a measurement of fluorescence along its
trajectory but the rest of the platforms (ship or CARIOCA
01110) have no available measurements of either fluorescence
or chlorophyll concentration. We used merged MODIS‐
SEAWIFS 8 day averaged products obtained from the NASA
website (ftp://oceans.gsfc.nasa.gov/Merged/) to extract chlo-
rophyll values (mgm−3) along the trajectories of theCARIOCA
drifters and Palmer cruises for comparison with our esti-
mates. The use of daily satellite images was not appropriate
because the area was often cloudy.

3. Results and Discussion

3.1. Data Description

[25] The two CARIOCA drifters deployed in the south-
ern Pacific Ocean and the data obtained from the four
Palmer cruises cover the Pacific Subantarctic Zone (SAZ)
(approximately 40°S–55°S) particularly in its southern
region (Figure 1c). Only data from within the SAZ, as
delimited to the north by the STF and to the south by the
SAF, have been considered for this study (46,000 data
points). Our data set shows the surface ocean pCO2 values to
be generally undersaturated with respect to the atmospheric
value, although pCO2 data show high values close to the
SAF. This frontal area is supersaturated with respect to
atmospheric pCO2 levels of 365.7 ± 4.3 matm on average,
estimated from the mole fraction of atmospheric CO2

(xCO2) recorded at Macquarie Island station (part of the
CDIAC network for monitoring atmospheric CO2) in 2004
and barometric pressure measured by the CARIOCA buoys.
[26] The distribution of DIC values calculated from the

CARIOCA and ship pCO2 data as described above shows
regionally organized patterns (Figure 1d). High DIC values
are observed in the eastern part of the SAZ close to the SAF,
where deep waters are formed and deep mixed layer depths
can be found [McCartney, 1977; Hanawa and Talley, 2001].
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3.2. DIC‐MLD Relationship and Fit

[27] The mixed layer depth in the SAZ of the Pacific
Ocean can be very deep, reaching 600 m in the southeastern
area close to the SAF.

[28] The calculated DIC values were paired with MLD
estimates from the ARGO profiles colocated in space and
time (220 colocated data, Figure 2a) showing seasonal and
longitudinal variability. Deep MLD were associated to high
surface DIC values, whereas shallower MLD were associ-
ated with variable DIC values. The lowest DIC values were
observed during late austral summer (March–April). The
temporal data distribution was uneven; there were very few
winter data (coming exclusively from the buoys) and no data
at all for November. The deepest MLD were observed
toward the end of the austral winter and beginning of spring,
in September–October. In order to improve the number of
data pairs, we associated the 46000 available DIC data
points obtained from the pCO2 data from CARIOCA and
Palmer cruises with climatological MLD values for the
Southern Ocean [Dong et al., 2008], colocated in space and
time (within ±1 degree and in the same month). This larger
data set corroborates the trends observed using the ARGO
colocations, with deepest MLD associated to highest DIC in
late winter and variable DIC values associated to shallow
MLD in austral summer (Figure 2b), that we attribute to
variability in biological productivity.
[29] We observed an additional dependency of DIC with

respect to SST and determined an experimental fit that
allows us to calculate DIC as a function of MLD and tem-
perature in the SAZ of the Pacific Ocean.
[30] For 4°C < SST < 18°C:

DIC ¼ 2162:896� 0:252ð Þ þ 0:0480� 0:0005ð Þ �MLD

� 8:097� 0:020ð Þ � SST ð5Þ

[31] The standard deviation of DIC computed from mea-
sured pCO2 and SST‐SSS‐derived AT (DICcalc) with respect
to DIC estimated from equation (5) (DICfit) is 9.7 mmol kg−1

and the correlation coefficient R2 is 0.89. Figure 2c shows
the data, color‐coded for SST. For a fixed MLD (50 m) and
two fixed SST (6°C and 10°C), the values calculated using our
method fit well with the cloud of original data (Figure 3c).
For a fixed MLD, the data represent well the range of DIC
as a function of temperature. For fixed SST, the DIC follows
the observed MLD‐DICcalc dependency. Since the empirical
AT is computed using SST there might be an issue with
possible cross‐correlations when comparing DICcalc with
DICfit, but in the Southern Ocean the influence of SST on
AT in the relationship of Lee et al. [2006] is weak and the
weight given to SST on equation (5) is much larger than that

Figure 2. (a) MLD versus surface water DIC, color‐coded
for month. Stars represent CARIOCA data, diamonds indi-
cate ship data. DIC is colocated with MLD estimated from
individual ARGO float profiles. (b) Same as for Figure 2a,
but using climatological MLD values. (c) MLD versus
DIC color‐coded for SST (°C). The horizontal plot line
shows the predicted DIC values using our fit for a fixed
MLD of 50 m (the circles are color‐coded for temperature
using the same scale). The tilted lines represent the fit for
a fixed temperature of 6°C and 10°C (according to the color
scale).
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for AT. For example, an increase of 1°C from the mean SST
in the data set (9.9°C), would lead to an increase in AT of 2
mmol kg−1 whereas DICfit would decrease by 8 mmol kg−1.
The influence of SST is 4 times larger in magnitude and in
opposite sense in DICfit than in AT.
[32] We have estimated the multiple partial correlations of

DIC with respect to SST and MLD (Table 2). The coeffi-
cient for SST indicates that it has a strong linear relationship
with DIC which is not substantially altered once the influ-
ence of MLD is removed (the zero‐order and partial coef-
ficients are similar). In the case of MLD and DIC we also
find a significant linear relationship between both, but the
partial correlation coefficient, though still significant is
about 40% smaller than the zero‐order coefficient (0.430
compared to 0.718), indicating that SST plays a role in the
relationship between DIC and MLD.
[33] We also tested including weekly averaged MODIS‐

SEAWIFS chlorophyll concentration as an additional proxy
in our algorithm, using the 29900 colocated DIC‐Chl avail-
able but this did not improve R2 (0,88) or s2 (10,4) so we
retain equation (5).

3.3. Small‐Scale Variability: Biological Activity

[34] Highly variable DICcalc values are observed with
respect to the fit during austral summer (Figure 2).We examine
to which extent biological production is responsible for the
observed variability. Diel cycles of high‐frequencyCARIOCA
measurements of DICcalc and pCO2 in the southern Atlantic

and Indian Oceans as well as the North Atlantic have already
been observed and used to derive biological production rates
[Boutin and Merlivat, 2009; Merlivat et al., 2009]. We fol-
lowed the method described by these authors for estimating
net community production (NCP) from DIC estimates in the
Pacific SAZ. This method estimates biological production
from pCO2 measurements made in situ from unattended
platforms using a nonintrusive method.
[35] Several short periods with diurnal cycles of DICcalc

phased with sun light and SST and without significant
variation of SSS were detected between November 2004 and
February 2005 for buoys 03740 and 01110 (Table 3).
During the austral spring and summer, the MLD becomes
shallower as the season progresses. A warm, isolated layer
may form during the daylight period. When no significant
change in SSS is observed, vertical mixing and thus the DIC
flux through the base of the mixed layer, and advection may
be neglected. Additionally, when the daily maximum in DIC
is phased with sunrise and the minimum is observed in
phase with the sunset, we identify biological activity as the
main factor responsible for the observed DIC variability.
During the second part of the day, nocturnal convection
mixes the warm layer within the mixed layer [Brainerd and
Gregg, 1995], so that the DIC value at sunrise is considered
as representative of a homogeneous mixed layer value.
[36] According to Boutin and Merlivat [2009], the Net

Community Production, NCP on a diurnal scale can be
calculated from:

NCP ¼ DC

Dt
þ 1

�
� F
h

ð6Þ

where F is the air‐sea CO2 flux, h is the depth of the mixed
layer, r is the density of seawater and DC/Dt is the change
of DIC between two consecutive maxima (between two
sunrises). Mixed layer depths were computed from ARGO
profiles colocated with the position of the drifters. We also
identify in detail the daily variation in DIC ((CM‐Cm), Table 3)
and then calculate NCP [e.g., Boutin and Merlivat, 2009,
Figure 3e].
[37] Table 3 summarizes the results obtained for all the

periods selected. The daylight decrease in DIC (CM‐Cm)
ranges from 2.2 to 6.6 mmol kg−1. Given that the relative
precision between consecutive calculated DIC data points is
0.5 mmol/kg [Boutin et al., 2008], these variations are sig-
nificant and not the result of the error in the estimation. In
the case of the 6.6 mmol kg−1, the signal in DIC is clear, SSS

Table 2. Correlation Coefficients for the Parameters Used in the
Estimation of DIC and pCO2

a

Correlations Zero‐Order Partial

DIC
SST −0.933

DICfit
rX1X2·X3 −0.884

MLD 0.718 rX1X3·X2 0.430
Salinity −0.322 ‐ rX1X4·X2X3 0.545

pCO2

SST −0.499
pCO2‐MLD

rX5X2·X3 −0.276
MLD 0.489 rX5X3·X2 0.254
SST −0.499

pCO2‐SSS

rX5X2·X3X4 −0.175
MLD 0.489 rX5X3·X2X4 0.261
Salinity −0.246 rX5X4·X2X3 −0.072
DIC 0.716 ‐ rX5X1·X2X3X4 0.994

aThe results are all statistically significant with p = 0.000. In rXiXj·Xz: X1

is DIC, X2 is SST, X3 is MLD, X4 is salinity and X5 is pCO2. pCO2‐MLD is
pCO2 estimated from MLD and SST, and pCO2‐SSS is estimated from
MLD, SST and SSS.

Table 3. Biological Activity Derived From Periods Between November 2004 and January 2005 When Diurnal Cycles Were Observeda

Time Buoy Days Location
CM‐Cm

(mmol kg−1)
DC/Dt

(mmol kg−1d−1)
Fair‐sea

(mmol m−2d−1) h (m)
NCP

(mmol kg−1d−1)
Chl‐a

(mg m−3)

5–8/11 03740 3 51°S to 140°W 5.32 ± 0.76 1.69 ± 0.20 2.38 200 1.70 ± 0.20 0.22
30/11–1/12 03740 2 49°S to 135°W 2.79 ± 0.78 0.52 ± 0.54 2.17 50 0.56 ± 0.54 0.27
16–20/12 03740 3 49°S to 131°W 3.83 ± 0.50 1.29 ± 0.61 4.34 60 1.36 ± 0.61 0.31
25–28/12 01110 3 46°S to 151°W 6.61 ± 1.14 4.75 ± 0.28 7.70 50 4.90 ± 0.28 0.38
18–21/1 03740 3 48.5°S to 126°W 2.21 ± 0.59 0.63 ± 0.65 6.48 45 0.77 ± 0.65 0.14
29–30/1 03740 2 48.5°S to 124°W 4.03 ± 0.92 1.34 ± 0.33 7.71 45 1.51 ± 0.33 0.14

aAbbreviations are as follows: h, the MLD estimated from ARGO profiles; (CM‐Cm), the difference between the maximum and the minimum of DIC
during daylight (as defined by Boutin and Merlivat [2009]).

BARBERO ET AL.: AIR‐SEA CO2 FLUX IN THE SOUTHERN OCEAN GB1005GB1005

7 of 16



does not change and the warming superposed to the diurnal
variability observed in the SST confirms that the conditions
needed to estimate NCP using equation (6) apply. This is
true in particular on 27 December, where the variation in
SST is close to 1°C. NCP values in December–January vary
between 0.56 and 4.90 mmol kg−1 d−1. This large value must
be interpreted as an episodic event measured at the time
scale of 3 days.
[38] Chlorophyll‐a concentrations in the Subantarctic

Zone of the Pacific Ocean remain low (≤0.3 mg m−3)
between November and February except in coastal areas and
north of the SAF (Figure 3 and Table 3). In November, buoy
03740 was able to detect several diurnal cycles of DIC. The
buoy was at the time drifting along a tongue of increased
chlorophyll, probably related to the vicinity of the SAF. We
colocated the satellite chlorophyll values with the trajectory
followed by the buoys and found the average chl‐a con-
centration for the periods where diurnal cycles were
observed (Table 3). We found no significant relationship
between satellite chlorophyll concentration and biological
activity detected through the diurnal cycles of DICcalc.
These results are in good agreement with Rangama et al.
[2005], who also found that for data in the Southern
Ocean south of Tasmania and New Zealand a chlorophyll
threshold of 0.37 mg m−3 marks the limit for which satellite‐
derived chlorophyll correlates well with pCO2. Thus, bio-
logical activity alone cannot explain the variations in DIC
levels between the northern and the southern part of the
SAZ.

3.4. Validation of the DIC Fit With Independent Data
and pCO2 Estimation

[39] The robustness of the fit has been tested against a set
of independent DIC surface measurements obtained from
WOCE and CLIVAR sections P15 to P19 as well as addi-
tional cruises carried out by the group at LDEO spanning
from 1974 to 2008 (Table 1 and Figures 1e and 4). A total of

537 DIC measurements from this independent data set, with
associated SST between 4°C and 18°C, have been compared
against their corresponding DICfit estimates, with an error in
the estimate of −8.3 ± 11.8 mmol kg−1 with respect to the in
situ measurements. When the DIC observations are nor-
malized to the year 2005 assuming an annual increase of
1 mmol kg−1 due to invasion of anthropogenic CO2, a better
correspondence of 1.0 ± 9.9 mmol kg−1 is obtained. Given
the number of measurements, and a s of 9.9 mmol kg−1, the
relative precision on the mean difference, estimated as the
standard deviation of the mean (9.9/(N − 1)0.5, where N =

Figure 3. CARIOCA trajectories (01110 is the buoy further north, 03740 is the one in the south) super-
imposed on a combined MODIS‐SEAWIFS monthly averaged chlorophyll image in November 2004. The
chlorophyll concentration is expressed in mg m−3. The red section of the trajectories indicates the location
of the buoy in the month represented.

Figure 4. DIC measurements from WOCE and CLIVAR
cruises from 1974 to 2008, with associated SST between
4°C and 18°C compared to DIC estimates using the fit. In
red, actual DIC measurements; in blue, DIC measure-
ments normalized to 2005 assuming an annual increase of
1 mmol kg−1.
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537), is 0.4 mmol kg−1. The change in the bias is consistent
with the change in DIC due to the time elapsed between the
cruises and 2005, which would be on the order of a decade.
[40] We next compute pCO2 from this DICfit and the

empirical AT, (pCO2‐DIC). The error in the estimation is
±17.8 matm. We also applied a multiple linear regression
(MLR) approach to test the use of a fit to estimate pCO2

directly from MLD and SST (pCO2‐MLD) and from MLD,
SST and SSS (pCO2‐SSS). Although the standard deviations
were slightly better for pCO2‐MLD and pCO2‐SSS, 16.2 and
16.4 matm, respectively, these fits did not show regional
variability as observed in the SAZ of the Pacific Ocean with
pCO2‐DIC (Figure 5). Additionally, we estimated the partial
correlation coefficients for the different pCO2 fits we tested
(Table 2). All the parameters considered contribute signifi-
cantly to the prediction of pCO2. SST and MLD have a
similar contribution in the prediction of pCO2, whereas
salinity plays a smaller role. The partial correlation coeffi-
cients for pCO2‐MLD and pCO2‐SSS are all substantially
lower than the zero‐order coefficients, indicating that the
different parameters enhance each other’s role in the deter-

mination of pCO2. DIC is the only parameter whose rela-
tionship with pCO2 increases when the effects of the others
are removed and overall is the variable that contributes the
most to the estimation of pCO2. As we will show later when
validating pCO2 with in situ data in the eastern region, the
algorithms applied to determine the DICfit, and then estimate
the pCO2‐DIC reflect the physical mechanisms in the region
much better than the linear fits used to compute either pCO2‐

MLD or pCO2‐SSS, and they can represent the areas of water
mass formation more accurately. This can be explained due
to the fact that the MLR used for pCO2‐MLD and for pCO2‐

SSS cannot reproduce the complex, nonlinear dynamics of
the carbon system. If we look at pCO2‐SSS and pCO2‐DIC

(Figures 5b and 5c, respectively), in both cases the number
of independent variables used is ultimately the same (MLD,
SST, and SSS). The difference lies in the way that salinity is
considered. In the first case, it is introduced directly in
the MLR and the resulting fit gives SSS a coefficient of
−0.8 matm pss−1. In the case of pCO2‐DIC, SSS is introduced
in the estimation of AT in a quadratic expression and pCO2

is then estimated using the equilibrium carbon chemistry

Figure 5. The pCO2 (matm) calculated for July using the (a) pCO2‐MLD fit, based on MLD and SST;
(b) pCO2‐SSS fit, based on MLD, SST and salinity; and (c) pCO2‐DIC fit, estimating pCO2 from DIC‐AT

pairs, where DIC is calculated from MLD and SST and AT is calculated following Lee et al. [2006].
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relationships, which are also highly nonlinear. This results
in a much higher influence of SSS on pCO2‐DIC, such that
for a given DICfit, the change in pCO2‐DIC as a result of
changes in SSS is an order of magnitude higher. This
nonlinearity is what improves the representation of the
physical structures observed in Figure 5c. Consequently, we
chose the pCO2‐DIC fit.
[41] We validated our method against independent pCO2

measurements obtained in campaigns spanning from 1979 to
2008 doing basin‐wide cruises (Palmer‐0711 and Palmer‐
0804 [Takahashi et al., 2009b]) and north‐south transects
(in the west, south of New Zealand, Palmer‐0803, and in the
eastern part of the SAZ, Indomed leg 15, RITS/89‐CO2 and
the repeat hydrography CLIVAR/CO2 P18 cruise, from the
CDIAC database) in different seasons and years (Table 1
and Figure 1e). We have corrected these data to 2005
assuming a pCO2 increase rate which follows that of the
atmospheric pCO2 (1.7 matm yr−1). Our pCO2‐DIC compares
well with the values recorded in cruises; the average dif-
ference between the measurements and our estimates is 2.4 ±
13.5 matm. We split the validation data into two independent
sets (before and after 2005 with 283 and 20,884 data points,
respectively) to determine whether there is a trend with
respect to our estimates (Figure 6a). No significant trend
could be deduced because regional differences mask possi-
ble trends. For a better analysis we focus only on the eastern
north‐south transects, cruises Indomed leg 15 and RITS/
89‐CO2 from before 2005 (283 data points) and CLIVAR/
CO2 P18 from after 2008 (3480 data points). The average
differences found with respect to the estimates are −2.3 ±
6.3 matm and −1.0 ± 16.1 matm, respectively. These three
cruises carried out in the eastern part of the SAZ are those
where the biggest differences are observed in the pCO2

estimates and in the air‐sea CO2 fluxes (sections 3.5 and
3.6). Figure 6 shows the pCO2 measured during these
cruises without coastal data, normalized to the year 2005.
We compare the normalized measurements to the values
estimated using our method and to the pCO2 from the
climatology by Takahashi et al. [2009a], referred to as
Taka09, for the months when the cruises took place, and
extracted along their tracks. All the cruises observed a similar
increase in pCO2 in the area between 50°S and 42°S. Our
method was able to predict pCO2 values which were close to
the actual measurements in the cases of Indomed‐15 and
RITS/89 up to 42°S (Figures 6b and 6c). Although the fit
predicts higher pCO2 than Taka09 in the region from 50°S
northward, the estimates are still lower than the actual
measurements. In the case of CLIVAR/CO2‐P18 cruise
(Figure 6d), both our estimates and those from Taka09 fail
to correctly reproduce the experimental record. SST values
recorded during this cruise indicate that it was an unusually
warm year, with a mean difference with respect to the
WOA2005 temperatures of 2.5°C, which can help explain
the differences observed. We have used our pCO2‐DIC fit to
calculate pCO2 using actual SST and salinity values and
MLD (computed from stations sampled during P18). The
pCO2 thus obtained for January 2008 (Figure 6d, purple
line) is closer to the observed underway pCO2 measure-
ments, particularly south of 45°S.

3.5. Monthly CO2 Flux Maps

[42] Objectively analyzed monthly mean values of tem-
perature and salinity from WOA2005 were used in combi-
nation with the monthly values of MLD from the climatology
by Dong et al. [2008] to create monthly maps of DIC (using
equation (5)), pCO2 and air‐seaCO2 fluxes (using equation (2))
(Figures 7d, 7e, and 8d). For comparison purposes, only
January and July are shown. The complete climatology for
the SAZ of the Pacific Ocean can be found in the auxiliary
materials section.1 The DIC maps show high values close
to the SAF and along the Chilean coast, particularly during
austral winter (July) when the vertical mixing is enhanced and
the Subantarctic Mode Water and Antarctic Intermediate
Water are formed [McCartney, 1977; Talley, 1999; Sallée
et al., 2008].
[43] Overall, the Pacific SAZ acts as a weak sink for

atmospheric CO2, absorbing an estimated 0.05 ± 0.03 PgC
yr−1 (Table 4). The flux maps show that the southeastern part
of the SAZ, close to the SAF acts as a source of CO2 espe-
cially during winter. Our method also shows high pCO2

values close to the South American continent, in the area
between 55 and 40°S (Figure 7e) all yearlong and conse-
quently, this region acts as a source of CO2 throughout the
year. These high pCO2 values are related to the shallow
salinity minimum observed in the area and which has been
associated to a possible influence of the formation of Ant-
arctic Intermediate Water [Leth et al., 2004]. In areas closer
to the Chilean coast (up to approximately 100 km offshore)
from 40°S northward, an upwelling takes place during the
summer which could also contribute to the high pCO2

observed in the northernmost part of the area [Letelier et al.,
2009].

3.6. Comparison With Other Flux Estimates

[44] We have compared our results with other available
flux climatologies in the area (Figures 8 and 9). Using the
DpCO2 maps from three previous estimations [McNeil et al.,
2007, McN07; Boutin et al., 2008, Boutin08; Taka09], we
have calculated the air‐sea CO2 fluxes in the SAZ of the
Pacific Ocean in 2005 for each case, with the same winds
and CO2 exchange coefficient used in our estimations (see
section 2.6). Table 4 summarizes the data sets and approaches
used by the authors for each DpCO2 climatology as well as
our new flux estimation obtained for the SAZ of the Pacific
Ocean in each case. Our results differ the most from McN07,
although they find a source region close to the front, as our
results suggest, and from Boutin08. McN07 suggest that the
Pacific Ocean was the region for which their method needed
further analyses in order to determine whether the signal
observed was realistic. Boutin08 propose a method for
estimating fluxes based on the distance to the SAF, mostly
based on measurements taken in the vicinity of the SAF
in regions other than the eastern Pacific Ocean. This method
is not able to correctly detect variability linked to deep water
formation. Our results are closer to those proposed by
Taka09, who find a region close to equilibrium near the SAF

1Auxiliary materials are available at ftp://ftp.agu.org/apend/gb/
2010GB003818.
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and a weak sink in the western part of the SAZ, although
they predict a higher overall sink because their method does
not reproduce the high pCO2 areas associated with deep
water mass formation regions in the eastern part of the
Pacific SAZ. Thus, the source area west of the South
American continent is ultimately responsible for the differ-
ence we find in our estimations with respect to previous
climatologies of the area, which estimated considerably
larger CO2 sinks in the Pacific SAZ (McN07: −0.5 PgC

yr−1, Boutin08: −0.5 PgC yr−1 and Taka09: −0.16 PgC yr−1,
Table 4). We calculated the integrated air‐sea CO2 flux in
the SAZ of the Pacific Ocean on a monthly basis (Figure 9)
for each climatology. McN07 and Boutin08 show the area as
a strong sink of CO2 throughout the year. Taka09 show the
area as a weak sink all through the year while our method
suggests a seasonal cycle in which the SAZ is close to
equilibrium with the atmosphere or is a weak source during
winter, and acts as a sink toward the end of winter, and in

Figure 6. (a) The pCO2 from validation cruises carried out before 2005 (filled red circles), after 2005
(filled blue circles) and after 2005 but only in the north‐south transect (filled green circles) compared
to our pCO2 estimates. Also represented with the same color code are the same data normalized to the
year 2005 (red, blue, and green triangles) assuming an annual increase of 1.7 matm. (b) The pCO2 (matm)
measured during Indomed leg 15 in February 1979 normalized to 2005 assuming a constant increase of
1.7 matm yr−1 following the atmospheric trend (blue), calculated along 97°W with our fit (black) and
extracted from Taka09’s climatology (dashed gray line) for February. (c) Same as before for cruise RITS/
89‐CO2 in March 1989 (red). The pCO2 estimates correspond to March, along 105°W. (d) Same as before
for cruise CLIVAR/CO2 cruise P18 in January 2008 (green). The estimates correspond to January, along
103°W. The purple plot shows the pCO2 calculated through our fit using the SST, MLD and salinity from
stations sampled during CLIVAR/CO2 P18 instead of the climatological values.
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spring and summer as a result of biological activity in the
area. Our method therefore is able to predict a realistic
seasonal variation throughout the year. The biggest differ-
ences between our approach and that of Taka09 are

observed in austral winter (Figures 8 and 9), where Taka09
present a relatively homogeneous situation in all the SAZ
while the pCO2‐DIC fit shows a stronger CO2 source in the
eastern Pacific.

Figure 7. (a) Mixed layer depth in m (from the climatology by Dong et al. [2008]), (b) sea surface
temperature in °C (from WOA2005), (c) salinity (from WOA2005), (d) DIC (mmol kg−1), and (e) pCO2

(matm) for the months of (left) January and (right) July in the SAZ of the Pacific Ocean. DIC and pCO2

have been estimated using our fit.
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3.7. Evaluating Interannual Variability

[45] The sampling in the southern Pacific Ocean has been
sparse and irregular so far and interannual variability and
decadal changes in the CO2 uptake rate are difficult to
determine based only on the existing measurements. This is
why variability in the area has been studied mainly through
models so far. We have studied interannual variability in the
pCO2 and DIC measurements available by estimating the
residuals for all the data (Figure 10a). The trends we obtain
are 2.04 matm yr−1 and 5.18 mmol kg−1 yr−1. While the trend

for pCO2 is consistent with the climatological mean rates
estimated by Taka09, the trend in DIC is unrealistically high
compared to other estimates [Takahashi et al., 2009a; Le
Quéré et al., 2010]. In any case, they are both very small
compared to the variability observed for any given year,
which can be as large as 100 matm or mmol kg−1, respec-
tively. This variability is the result of regional differences
within the Pacific SAZ. Therefore, we think that at this point
it is not possible to determine pCO2 uptake rates in the area
using the available data.

Figure 8. Air‐sea CO2 flux in the SAZ of the Pacific Ocean in (left) January and (right) July 2005 accord-
ing to (a) McN07, (b) Boutin08, (c) Taka09, and (d) this study.

Table 4. Approaches for the CO2 Flux Estimation in the Southern Oceana

Study Method Region Data Pacific SAZ Estimate

McNeil et al. [2007]
DIC as a function of SST, SSS, O2, NO3 and
SiO4; AT as a function of SSS, NO3 and SiO4

Southern Ocean DIC ship data (1986–1997) 0.51 PgC yr−1

Boutin et al. [2008] pCO2 as a function of distance to SAF Global SAZ
Carioca in eastern Atlantic, Indian and

western Pacific (2003–2006)
0.50 PgC yr−1

Takahashi et al. [2009a]
Measured seawater pCO2 extrapolated using

an advection‐diffusion transport model
Global Ocean Ship data (1970–2007) 0.16 PgC yr−1

This work
DIC as a function of MLD and SST; AT

as a function of SST and SSS
Pacific Ocean SAZ

Ship and Carioca in Pacific
SAZ (1979–2008)

0.05 PgC yr−1

aThe estimates for McN07, Boutin08 and Taka09 have been recalculated using theDpCO2 fields provided by the authors and then using the same winds
and gas exchange coefficient as for our study. The values reflect the flux only in the SAZ of the Pacific Ocean, as defined in this work.
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[46] In the Southern Ocean, the dominant mode of atmo-
spheric interannual variability is the Southern Annular Mode
(SAM). A positive SAM strengthens the westerlies and is also
associated with a poleward shift of these winds. Given the
influence of wind stress in the air‐sea gas exchange, a positive
SAM will affect the CO2 system in the SAZ, enhancing
outgassing [Lovenduski et al., 2007]. Although measure-
ments show that the spatial variability of DIC between the
eastern and western sectors in the Pacific SAZ is more than
50 mmol kg−1 (Figures 1 and 10a) while the SAM influence is
on the order of a few mmol kg−1 [Lovenduski et al., 2007], we
tested which DIC anomaly our DICfit (equation (5)) would
predict during a SAM event. Sallée et al. [2010] have recently
published a study about the response of the MLD to the SAM
using data from ARGO profiles. We use their MLD and SST
anomaly fields regressed onto the SAM (their Figure 4) with
our DICfit to estimate the expected DIC anomaly induced by
the SAM (Figure 10b). Our results show positive anomalies
between 135°W and 105°W and negative anomalies else-
where. The DIC anomalies in the Pacific SAZ are anti-
correlated with SST and correlated with MLD anomalies.
This is in agreement with the model results from Lovenduski
et al. [2007]. The MLD anomalies affect DIC anomalies
mostly close to the SAF, everywhere else the DIC anomalies
are determined by SST.
[47] In any case, the influence of the SAM on DIC is

again small compared to the total variability observed in our
data set. More data from repeat sections over the years will
be needed to fully determine the effect of the SAM on DIC
in the Pacific SAZ.

4. Conclusions

[48] Surface data from the CARIOCA drifters and the
ships in the SAZ of the Pacific Ocean show an organized

pattern in calculated DIC, which decreases from the SAF
to the STF. This suggests mixing of surface and deep
waters close to the SAF resulting in richer DIC content.
High DIC values are shown to be related to deep MLD (in
early spring). Deepest MLD and highest DIC are observed
in September–October in the eastern Pacific, close to the
SAF. During the summer, shallowerMLD are associated with
a wider range of DIC values, with lowest values observed in
late summer (March). Regionally, higher DIC and deeper
MLD are observed east of 140°W during austral summer.
[49] We associate the variability observed in DIC during

the summer to the role of biological activity in the area. We
were able to detect diurnal cycles in the DIC data set of the
CARIOCA drifters on average 1 out of every 3 days during
summer. Fewer diurnal cycles were detected for buoys
01110 and 03740 in the southern Pacific Ocean than were
found in the study carried out by Boutin and Merlivat [2009]
in the southern Atlantic Ocean, perhaps because this study
was carried out in the Polar zone, yet the results obtained
show similar biological activity whenever the diurnal cycles
are observed. Through the use of the hourly measurements
provided by the CARIOCA drifters, we estimate net com-
munity production. We find no direct correlation between
our NCP estimates and 8 day averaged SEAWIFS‐MODIS
combined satellite chlorophyll images for low chlorophyll
concentrations.

Figure 9. Monthly averaged integrated air‐sea CO2 flux
(PgC yr−1) on the SAZ of the Pacific Ocean according to
the different methods compared: McN07 (red), Boutin08
(green), Taka09 (yellow), and this work (black). The error
bars show the standard deviation of the estimated monthly
means.

Figure 10. (a) Annual mean and standard error residuals of
pCO2 (in red, matm) and DIC (in blue, mmol kg−1) with
respect to time computed for our database and the valida-
tion cruises. (b) Estimated DIC regressed onto the SAM
(mmol kg−1) in the southern Pacific Ocean between 30°S
and 60°S.
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[50] We propose a method that estimates the air‐sea CO2

flux in the SAZ of the Pacific Ocean based on estimating
DIC using MLD and SST which we have validated against
independent measurements dating from 1979 to 2008. Pre-
vious studies have failed to correctly represent the regions of
deep water mass formation in the SAZ. We combined pre-
viously used ship data with CARIOCA measurements in the
area, which provide data from otherwise unsampled months
to complete an annual record of measurements. Having
monthly data, particularly in winter, allowed us to detect a
relationship between DIC, MLD and SST through which we
were able to derive CO2 fluxes taking into consideration
the source areas associated to formation regions. The use of
an MLR technique to directly estimate pCO2 from SST and
MLD or SST, SSS and MLD alone was also not able to
capture the higher pCO2 in these formation regions. Our
pCO2‐DIC fit, on the other hand, correctly predicts the
physical mechanisms observed in the area. It also predicts
the existence of a seasonal cycle in the air‐sea CO2 fluxes in
the SAZ of the Pacific Ocean. The area is a sink during
spring and summer and is close to equilibrium or a weak
source in winter. The Pacific SAZ acts as a sink for atmo-
spheric pCO2 on an annual scale (0.05 ± 0.03 PgC yr−1) and
our estimations indicate that it is a weaker sink than previ-
ously suggested by other authors. Although data from dif-
ferent decades are available, large regional and seasonal
variability complicates the study of interannual variability.
More repeat hydrographies and biogeochemical observa-
tions in various seasons are needed in order to determine
changes in CO2 uptake rates and the exact influence of the
SAM in this area.
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