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The Southern Ocean is an important sink of atmospheric carbon dioxide (CO2). However, the magnitude of the
CO2 sink is uncertain because of the scarcity of in-situ observations due to its remote and roughwaters. Empirical
relationships were deduced based on the in-situ partial pressure of carbon dioxide (pCO2) in surface seawater
and its main controls including Chlorophyll a (Chl-a) and Sea Surface Temperature (SST) obtained during the
26th CHINARE cruise in late spring (November) and early summer (December) 2009. An extrapolation method
based on multiple linear regressions was set up for combining the empirical relationship with satellite data to
compute the sea–air carbon fluxes and carbon uptake in the Southern Ocean (south of 50°S). The empirical rela-
tionships are validated with independent measurements from SOCATv2 database. The mean standard deviation
differences (Std) between extrapolated andmeasured pCO2 from SOCATv2 database (13.8 to 18.1 μatm) are con-
sistent with the precision of our regressions (13.6 to 21.3 μatm). Including the effects of sea ice, we estimate a
Southern Ocean CO2 source to the atmosphere in November 2009 about 1.65 Tg C with an uncertainty of
±0.73 Tg C by uncertainty propagation formula. While in December 2009, we estimated a CO2 sink of
−2.34 Tg C with an uncertainty of ±1.03 Tg C. The carbon source and sink of the South Atlantic Ocean, the
South Indian Ocean and the South Pacific Ocean were estimated. For the austral summer, the South Atlantic
Ocean and the South Pacific Ocean are still strong carbon sink.When compared to the climatological monthly re-
sults of Takahashi et al. (2012), our results showed a similar distribution of sea–air carbon flux.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The Southern Ocean, defined here as the oceanic region south of
50°S, is a major region for the formation of deep-water masses that fill
the ocean basins. It is a key region in the global uptake of anthropogenic
carbon dioxide (CO2) (Sabine et al., 2004). The Southern Ocean is
regarded as a small sink on an annual average despite the fact that the
source-sink conditions vary over a wide range through the seasons
(Takahashi et al., 2012). Estimates based on models are subject to con-
siderable biases due to sparse in-situ collection and the complexity of
processes controlling surface water CO2 levels, including physical
mixing, sea ice conditions, wind regimes and biological interactions.
The carbon uptake capacity varied sharply from 0.05 to 0.7 PtCyr−1 be-
tween models and observations in the Southern Ocean (Tans, Fung, &
Takahashi, 1990; Winguth et al., 1994; Takahashi et al., 1997;
n, Fujian, 361005, PR China.
Louanchi et al., 1999; Louanchi & Hoppema, 2000; Takahashi et al.,
2002; Sabine et al., 2004; Bender et al., 2005; McNeil, Metzl, Key,
Matear, & Corbiere, 2007; Quay et al., 2007; Takahashi et al., 2009;
Gruber et al., 2009; Le Quéré, Takahashi, Buitenhuis, Rödenbeck, &
Sutherland, 2010; Lenton et al., 2013).

In an austral summer, with increasing heating due to solar radiation,
sea surface temperature (SST) rises, sea ice melts, biological productiv-
ity increases and, with enhanced open water, the Southern Ocean turns
to be the strongest sink of the year in the Polar Frontal Zone (PFZ) and
Antarctic Zone (AZ) (Lenton et al., 2013; Metzl, Tilbrook, & Poisson,
1999; Takahashi et al., 2009, 2012). Despite its importance, the South-
ern Ocean remains one of the poorly sampled ocean regions with re-
spect to CO2. It is difficult to accurately determine the carbon
absorption in warmer seasons.

The objective of our study was to determine the spatiotemporal dis-
tribution of the sea–air CO2 flux and carbon uptake in late spring (No-
vember) and early summer (December) in the Southern Ocean. This
study focuses on the area south of 50°S to the ice edge during the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2015.12.049&domain=pdf
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Fig. 2. The underway measurements of pCO2
sw (μatm) along the cruise (data eastward of

90°E was not shown since it was collected in January 2010); red triangles present the
distribution of the atmospheric CO2 sites around the Antarctica from WDCGG. Overlain
on these figures, from north to south are the mean positions of the major zones: the
Polar Front Zone (PFZ) and the Antarctica Zone (AZ) following Orsi, Whitworth, and
Nowlin (1995).
Schlitzer, ODV3.4.3 (2009).
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26th CHINARE (Chinese National Antarctic Research Expedition) cam-
paign. The R/V Xuelong sailed along the marginal ice zone (moving
clockwise from 180°W to 90°W) and arrived at Changcheng Station in
late spring 2009. After a few days break, the R/V Xuelong sailed toward
the Zhongshan Station (moving clockwise from 0°E to 90°E) in early
summer 2009 (see Fig. 1).

Ourmethodology to estimate the sea–air CO2 flux consists of the fol-
lowing steps:

(1) To create the empirical relationships for the partial pressure of
carbon dioxide (pCO2) and Chl-a and SST by multiple linear re-
gression (MLR) from the in-situ underway measurements col-
lected during the 26th CHINARE campaign in the Southern
Ocean,

(2) To produce pCO2 in surface seawater (pCO2
sw) by the empirical

relationships via remotely sensed Chl-a and SST data and to con-
duct a validation by independent data from the SOCATv2 data-
base,

(3) To estimate sea–air CO2 flux by combining the difference of pCO2,
and the gas exchange velocities on each pixel including the effect
of sea ice,

(4) To compare the carbon capacity in the South Atlantic Ocean, the
South Indian Ocean and the South Pacific Ocean and to other es-
timate, and

(5) To analyze uncertainty and related errors in the MLR extrapola-
tion method of sea–air CO2 flux.

2. Data

2.1. In situ data

pCO2
sw data was obtained along the cruise by an automated under-

way pCO2 observation system (GO Flowing pCO2 system, General Oce-
anics Inc., Miami FL, USA) which was installed onboard the R/V
Xuelong icebreaker (see Fig. 2). Seawater was pumped continuously
from a side intake 4 m below sea surface to the laboratory and then
sprayed through a showerhead into a gas-water equilibration chamber.
At a rate of approximately 1 Lmin−1 the seawaterwas pumped in to the
Fig. 1.Distribution of sea ice coverage (%) fromNSIDC during the 26th CHINARE campaign.
The black lines represent the cruise of R/V Xuelong and the black arrows show the
directions.
Schlitzer, ODV3.4.3 (2009).
cooler extractor and then into the infrared analyzer (LICOR, USA, Model
7000). The analyzer was calibrated every 2.5–3 h using four CO2 stan-
dard gases at pressures of 244.25 ppm, 546.98 ppm, 420.56 ppm, and
366.86 ppm supplied by NOAA's Global Monitoring Division. The accu-
racy of the reported pCO2

sw is within 2 μatm (Pierrot et al., 2009). Marine
air was pumped from the crow's nest into the ship laboratory through
plastic tubing, which was flushed continuously until a subsample was
taken. After that it was pumped into the cooler extractor and then
into the infrared analyzer (LICOR, USA, Model 840). The underway at-
mospheric pCO2 (pCO2

air) have been filtered and compared with the
measurements from the monitoring stations from WDCGG located
around the Antarctica continent as shown in Fig. 2. The distribution of
pCO2 in both sea water and atmosphere was shown in Fig. 3-a.

Water Chl-a samples were taken four times a day from the sea sur-
face during the course of the experiment using plastic cask water sam-
plers. Surface sea water sample (500 ml) was filtered through a GF/F
filter. After then, thefilterswere extractedwith 90% acetone in darkness
at−20 °C for 24 h. The Chl-a concentrations were determined using a
Turner Designs fluorometer (Model II) with a precision of ±10%. Sea
surface temperature was measured using a SeaBird conductivity,
temperautre and depth (CTD) profiler SBE 45 and the precision was
±0.01 °C. The distributions of in-situ SST and Chla along the cruise
track were shown in Fig.3-b.

2.2. Satellite data

Remotely sensed Chl-a and SST data were downloaded from the
Aqua MODIS instrument (http://oceancolor.gsfc.nasa.gov) with a spa-
tial resolution of 4 km (see Figs. 4 and 5). Monthly Chl-a and SST fields
were interpolated to be 1°long by 0.25°lat grid resolution to extrapolate
pCO2

sw. In order to test the accuracy of remotely sensed Chl-a and SST,
we downloaded daily data from Aqua MODIS. Due to cloud cover and
orbit gap, we selected the remotely sensed data close to the in-situ
data at 4 km limit. The correlation of remotely sensed and the in-situ
Chl-a was 65% and correlation of SST was 12%. Remotely sensed wind
speed from NASA ASCAT L2 product with a spatial resolution of

http://oceancolor.gsfc.nasa.gov


Fig. 3. a) Distributions of underway pCO2 (μatm) in sea water and atmosphere along the
cruise track in November and December 2009; b) Distributions of in-situ SST (°C) and
Chl-a (mg/m3) along the longitudinal shift. In-situ SST data were interpolated to match
the sampling frequencies of Chl-a.
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12.5 km (see Fig. 6) was downloaded to derive the sea–air gas exchange
coefficient to estimate the sea–air CO2 flux. The accuracy of the wind
speed of ASCAT product is high when it is away from coast and beyond
3 m s−1 and the overall correlation is 94% between buoy data and
ASCAT product (Xie, Wei, & Huang, 2014). To incorporate the effect of
sea ice, the CO2 flux was assumed proportional to the percent ice-free
area (Worby et al., 2008). Sea ice concentrations (see Fig. 1) were
downloaded from AMSR-E with a spatial resolution of 12.5 km.
3. Methodology

3.1. Empirical relationship of pCO2 with Chl-a and SST

In the Southern Ocean, it has been reported that Chl-a and SST are
themajor factors influencing the spatiotemporal variation of sea surface
pCO2 (Bates, Hansell, Carlson, & Gordon, 1998a; Bates, Takahashi,
Fig. 4. Aqua-Modis chlorophyll-a (mg/m3) im
Schlitzer, ODV3.4.3 (2009).
Chipman, & Knap, 1998b; Metzl et al., 1999; Sweeney, 2002; Barbini
et al., 2003; Hales & Takahashi, 2004; Rangama et al., 2005; Chen
et al., 2011).

In our previous work from the underway measurements conducted
in the 16th and the 21st CHINARE, we found that marine pCO2 corre-
lated negatively with Chl-a in the South Atlantic Ocean and the South
Indian Ocean, and showed negative correlation with respect to SST in
upwelling zones (Chen et al., 2011). The pCO2–Chl-a relationships
were used to take into account of the biological effects while the use
of SST considered themixing, upwelling and the thermodynamic effects
to be taken into account.

Biological contributionmay bemore evident in a SST dominating re-
gion since the biological activity tends to be higher inwarmwaterwhile
a physical contributionmay be included in a chlorophyll dominating re-
gion as well since mixing affects biology (Rangama et al., 2005). In this
study, to account for different sampling frequencies, the underway
pCO2

sw and SST data were selected tomatch the Chl-a data to an optimal
interval. When all underway measurements obtained in the 26th
CHINARE were analyzed, we tested linear fits between pCO2 and SST
and between pCO2 and Chl-a (see Fig. 7). We found that pCO2

sw showed
a different relationship with Chl-a and SST depending on regional Chl-a
value (see Table 1). We empirically derived a Chl-a threshold of
0.5 mg m−3. pCO2

sw correlated negatively with Chl-a in the region
where Chl-a value was greater than 0.5 mg m−3 during the study pe-
riod. When Chl-a values were smaller than 0.5 mg m−3, pCO2, Chl-a
and SST are analyzed by Sigmaplot (a statistical software package)
using the MLR algorithm. We found that pCO2 is related to Chl-a and
SST, with R2 of 0.6321 and 0.7649 for November and December 2009,
respectively. Deduced empirical relationships of pCO2 with Chl-a and
SST are listed in Table 2.

3.2. Sea–air CO2 flux calculation and carbon uptake estimation

Thedifference between pCO2 (ΔpCO2= [(pCO2)sw− (pCO2)air]), de-
termines the direction of CO2 transfer across the sea surface. The sea–air
CO2 flux is classically estimated from sea–air gas transfer velocity
(K) and ΔpCO2 according to Wanninkhof (1992):

Flux ¼ K � L� ΔpCO2ð Þ ð1Þ

where K is the gas transfer velocity (in cm h−1), a quadratic relationship of
wind speed (U10 in unit of m s−1) and the Schmidt number expressed as
(Sc/660)−0.5. L is the solubility of CO2 in seawater (in mol liter−1 atm−1)
(Weiss, 1974). For a monthly estimation and wind speed
range of 3–15 ms−1 or higher the scaling factor for the gas transfer
ages for November and December 2009.



Fig. 5. Aqua-Modis sea surface temperature (°C) images for November and December 2009.
Schlitzer, ODV3.4.3 (2009).
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rate is 0.251, which has a 20% uncertainty (Wanninkhof, 2014;
Wanninkhof, Asher, Ho, Sweeney, & McGillis, 2009). Taking into ac-
count the unit conversion factor (Takahashi et al., 2009) Eq. (1) can
be simplified as:

Fluxsea–air g Cm−2 month−1
� �

¼ 7:7� 10−4 � U2 � ΔpCO2ð Þ: ð2Þ

Monthly sea–air CO2 flux in the Southern Ocean can be estimated by
Eq. (2) proportional to the percent ice-free area within each grid box
(Takahashi et al., 2012). Remote sensing data ofwind speed and ice con-
centration were interpolated to be 1°long by 0.25°lat grid resolution.
pCO2

air data of the same grid resolution was produced by linearly
regressing the underway pCO2 in atmosphere along the cruise track.
The total carbon uptake was then obtained by summing up the fluxes
of each grid by each area according to Jiang, Cai, Wanninkhof, Wang,
and Lüger (2008).

4. Results and discussion

4.1. Quality and maps of extrapolation of pCO2
sw

The weakness of the extrapolation method is that it is based on lim-
ited cruises of underway measurements and extrapolation to areas
Fig. 6. ASCAT mean wind speed (m/s) at 10 m above the sea s
Schlitzer, ODV3.4.3 (2009).
without any actual measurements or undersampling. In order to vali-
date the accuracy of extrapolated pCO2

sw, we search independent mea-
surements from the to-date largest sea surface pCO2 observation
database (Surface Ocean CO2 Atlas version 2, http://www.socat.info/)
(Bakker et al., 2014). Data from the SOCATv2 database was scarce dur-
ing our study period (see Fig. 8). Data from the south of Argentina
(around 50°S) to the Antarctic Peninsula (around 67°S) were partly
overlain with our cruise tracks.We applied the pCO2 empirical relation-
ships using SST downloaded together from the SOCATv2 database and
weekly chlorophyll-a data fromAquaMODIS at 4 km resolution to com-
pute extrapolated pCO2

sw. Data of fugacity of CO2 from SOCATv2 data-
base were calculated to be pCO2 according the fugacity correction
(Pierrot et al., 2009). Extrapolated and measured pCO2 from SOCATv2
database were plotted against each other (see Fig. 9a, b) and the
overall standard deviation was 13.8 and 18.1 μatm for November
and December 2009, which were consistent with the precision of
our regressions (13.6 to 21.3 μatm). In the South Indian Ocean in No-
vember 2009 and in the South Pacific Ocean in December 2009
where there were no actual samples, validation between extrapo-
lated pCO2

sw and measured pCO2 from SOCATv2 (see Fig. 9-c,
d) resulted in the standard deviation of 14.5 and 16.5 μatm respec-
tively. These gave credibility to our MLR extrapolation method.
This result is encouraging especially in the Southern Ocean where
scarce in-situ measurements were obtained.
urface water images for November and December 2009.

http://www.socat.info


Fig. 7. Relationships between pCO2 and SST for November 2009 (a) and for December 2009 (c); relationships between pCO2 and Chl-a for November 2009 (b) and for December 2009 (d).
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Our results show strong regional variation of pCO2
sw in both temporal

and spatial structure. Monthly 1°long × 0.25°lat extrapolated pCO2
sw

maps for November and December 2009 are shown in Fig. 10. In No-
vember 2009, that was late spring of the year in the Southern Ocean,
when sea ice began to melt, SST in the Southern Ocean showed a strong
north–south gradient (see Fig. 5). Aqua-Modis Chl-a images (see Fig. 4)
showed that biological productivity was low with an average remotely
sensed Chl-a of 0.22 mgm−3 in the Indian Ocean sector and the Pacific
Ocean sector except in the Atlantic Ocean sector Chl-a values beyond
1 mg m−3 were found. pCO2

sw was high in the chlorophyll-poor areas
and low in the chlorophyll-rich areas. In most part of the area in the
Indian Ocean sector and the Pacific Ocean sector, pCO2

sw exceeded the
mean atmospheric pCO2 of 385.25 μatm. While in the Atlantic Ocean
sector, pCO2

sw below 300 μatm was founded in the area from 14°W to
46°W, 55°S to 60°S.

In December 2009, the austral summer was initiated based on
climatologic statistics in the Southern Ocean. With the increasing sun-
light, sea ice decreased around the Antarctic continent. SST increased
by an average of 0.67 °C compared to November 2009. Stable mixed
layers and sea-ice dynamics promote considerable biological produc-
tion in the AZ. The productivity in the region increased considerably
compared to November 2009, and pCO2

sw correspondingly decreased
Table 1
Linear regression of pCO2 (μatm) with Chl-a (mg m−3) and SST (°C).

Nov. 2009 Dec. 2009

Chl-a ≥ 0.5 mg m−3 Chl-a r −0.89 −0.86
α 0.001 0.001

SST r −0.48 −0.43
α 0.01 0.01

Chl-a b 0.5 mg m−3 Chl-a r −0.53 −0.57
α 0.001 0.001

SST r −0.24 −0.30
α 0.01 0.01

Here, r is the related coefficient, α is the significance level.
especially along the sea ice retreat trend. The average Chl-a value from
remotely sensed data was 0.46 mg m−3, in most parts of the Atlantic
Ocean, the Chl-a value exceeded 1 mg m−3. In the chlorophyll-poor
areas in the Pacific Ocean sector pCO2

sw exceeded 400 μatm. In the ma-
jority part of the Indian Ocean sector, pCO2

sw was close to or beyond at-
mospheric pCO2.

4.2. Spatiotemporal distribution of sea–air CO2 flux

Fig. 11 shows themonthly 1°long×0.25°lat sea–air CO2fluxes inNo-
vember and December 2009 from the product of monthly wind speed
and monthly ΔpCO2 grids at the same resolution. In November 2009,
the area south of 50°S is mainly a carbon sourcewith an average carbon
flux of 1.07 gC m−2 month−1. In the South Pacific Ocean, high wind
speed values around 15 m/s occurred from 160°E to 175°E, 50°S to
55°S (see Fig. 6). High speed winds strengthened the carbon source
and the South Pacific Ocean sector is the strongest source with an aver-
age flux of 1.8 gCm−2month−1 and the total carbon release is 1.06 Tg C
(1 T = 1012 g). In the South Indian Ocean, except the areas around the
Kerguelen Island and the Heard and McDonald Islands came into
being a weak carbon sink due to phytoplankton bloom in late spring
(Blain et al., 2007), the South Indian Ocean sector is the second carbon
Table 2
Empirical relationship of pCO2 (μatm) with Chl-a (mg m−3) and SST (°C).

Date Empirical relationship Data
no.

Std
(μatm)

Nov. 2009 pCO2_sw = −57.40 × Chl-a + 394.97 (Chl-a ≥ 0.5) 26 13.6
pCO2_sw = −74.24 × Chl-a-2.96 × SST
+ 406.51 (0 b Chl-a b 0.5)

102 21.3

Dec. 2009 pCO2_sw = −44.15 × Chl-a + 328.27 (Chl-a ≥ 0.5) 28 18.2
pCO2_sw = −134.95 × Chl-a + 0.83 × SST
+ 408.22 (0 b Chl-a b 0.5)

65 19.6



Fig. 8. The distribution of fCO2 (μatm) from the SOCATv2 database in November and December 2009 for validation of the extrapolation method. (Schlitzer, ODV3.4.3, 2009).
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source with an average flux of 0.87 gC m−2 month−1 and the total car-
bon release of 0.80 Tg C.While in the Atlantic Ocean sector a carbon sink
was found from 50°W to 10°W and the area around southern part of
Argentina with a maximum flux of −12.24 gC m−2 month−1. The
total uptake in the South Atlantic Ocean is −0.21 Tg C with an average
flux of−0.27 gC m−2 month−1 (see Table 3). From our calculation, the
region south of 50°S was a carbon source and released 1.65 Tg C in No-
vember 2009.

In December 2009, when sea surface temperature increased, conti-
nental runoff of nutrients from islands and blooms of ice algae in the
sea ice margins, made the region a relatively strong carbon sink in the
area around islands and where sea ice declined (Arrigo, Worthern,
Schnell, & Lizotte, 1998; Atkinson et al., 2001). The strongest sink area
existed from 10°W to 40°W, 50°S to 56°S in the South Atlantic Ocean
sector with the sea–air flux reaching −21.73 gC m−2 month−1 where
existed a high wind speed of 15.41 m s−1 and a high Chl-a value of
1.6 mg m−3. In the South Indian Ocean, area from 80°E to 92°E, 50°S
to 55.5°S became a strong sink of CO2 with a maximum flux of
Fig. 9.Validations of the extrapolatedpCO2 vsmeasured pCO2 fromSOCATv2database forNovem
in the South Indian Ocean for November 2009 (c) and along longitudinal shift in the South Pac
−15.39 gC m−2 month−1 where existed a wind speed of 10.91 m s−1

and a Chl-a value of 2.68 mg m−3. It was also related to iron fertilized
Kerguelen bloom during austral summer (Jouandet et al., 2008). The in-
terior part of Prydz Bay region in Antarcticawas a strong CO2 sinkwith a
maximum flux of−24.92 gCm−2 month−1 due to the highest produc-
tivity as shown in Fig.4 the averaged Chl-a value exceeded 3 mg m−3.
Most of the areas with strong CO2 sink were linked with chlorophyll-
rich areas.

In the Pacific Ocean sector, from143°W to 169°W, 65°S to 70°S,
strong sea–air carbon flux occurred with a maximum flux of
−15.39 gC m−2 month−1 where high Chl-a value beyond 3 mg m−3

was found from the satellite image (Fig.4). However in the South
Indian sector, from 47°E to 80°E and 110°E to 146°E and in the Pacific
Ocean sector, from 80°W to 100°W, there existed a weak source.
These areas were associated with chlorophyll-poor regions. The South
Atlantic Ocean was the strongest carbon sink with a carbon uptake of
−1.61 Tg C despite having the smallest area. The second is the South Pa-
cific Ocean with a carbon uptake of −0.64 Tg C, and then the South
ber 2009 (a) and forDecember 2009 (b); Validation of extrapolation along latitudinal shift
ific Ocean for December 2009 (d).



Fig. 10. Extrapolated pCO2
sw (μatm) maps in November and December 2009.

Schlitzer, ODV3.4.3 (2009).
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Indian Ocean of−0.09 Tg C. In December 2009, carbon absorption was
−2.34 Tg C in the Southern Ocean.

4.3. Comparison with climatological estimate

As summarized in Lenton et al. (2013), observations, models and in-
versions show that the median annual sea–air CO2 fluxes vary from
−0.27 to −0.43 Gt C per year for the entire region from 44°S to 75°S.
There are great differences in the studies on carbon flux in the Southern
Ocean south of 50°S. Based on about 1.1 million measurements of sur-
face water pCO2 database in the Southern Ocean (Takahashi et al.,
2009; Takahashi et al., 2012), the climatological monthly distributions
for sea–air pCO2 difference at a 4°lat × 5°long resolutionwarrant a com-
parison to our empirically derived estimates. Compared to the same
months in the reference year 2000 (see Fig. 12), despite different sea
ice edge of different year, our results showed a similar distribution of
the difference of sea–air pCO2. In November, the majority of the South
Atlantic Ocean was a carbon sink while the South Pacific Ocean and
South Indian Ocean were mainly a carbon source. In December, the
early summer, the Ross andWeddell Seas and the coastalwaters around
the Kerguelen and the Heard and McDonald Islands were strong CO2
Fig. 11. Spatial and temporal distribution of sea–air carbon flux (negative into the oce
Schlitzer, ODV3.4.3 (2009).
sinks. In the Southern Ocean, when winter sea ice starts to melt in the
spring, phytoplankton blooms, fueled by high nutrient concentrations,
pCO2 in sea water was rapidly reduced (Bakker, Hoppema, Schröder,
Geibert, & de Baar, 2008). The comparison indicates that the spatiotem-
poral distribution of sea–air carbon flux can bemade by empirically de-
rived extrapolation method in the Southern Ocean in warm season.
4.4. Uncertainties of the sea–air CO2 flux estimation

There are three issues that could lead to systematic error in our sea–
air flux estimation. First, the extrapolation method of pCO2 and Chl-a
and SST. Empirical relationships were deduced from underway pCO2

sw

and Chl-a, SST. While the use of basin-scale monthly gridded satellite
Chl-a and SST images appears to smooth out some of the small-scale
spatial variability. Over the Southern Ocean, the mean Std in regressing
pCO2

sw were 17.45 and 18.9 μatm, respectively for November and De-
cember 2009. Secondly, the use of the chosen gas transfer coefficient
could also contribute to systematic biases and accounts for 20% uncer-
tainty (Wanninkhof, 2014). Finally, when the sea–air flux computation
expression was simplified, a 1.39% uncertainty occurs.
an) (gC m−2 month−1) in the Southern Ocean in November and December 2009.



Table 3
Sea–air carbon fluxes (negative into the ocean) in the Atlantic, Indian and Pacific sectors of the Southern Ocean (from 50°S to sea ice edge) in November and December 2009.

South Atlantic Ocean
67°W–20°E
(11.6 × 106 km2)

South Indian Ocean
20°E–146°E
(13.9 × 106 km2)

South Pacific Ocean
146°E–67°W
(18.5 × 106 km2)

Average flux (gC/m2∗mon) Total uptake Tg Average flux (gC/m2∗mon) Total uptake Tg Average flux (gC/m2∗mon) Total uptake Tg

2009.11 −0.27 −0.21 0.87 0.80 1.80 1.06
2009.12 −1.79 −1.61 0.36 −0.09 −0.41 −0.64
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Uncertainties of the sea–air CO2 fluxes also arise from the error or
bias in the satellite data. The satellite data is useful for identifying oce-
anic characteristics over the whole area. Errors or biases in the extrapo-
lated pCO2

sw values are introduced because of differences between the
satellite-derived data and the in-situ measurements. The precisions of
the satellite data including Chl-a, SST, and wind speed show uncer-
tainties of 35%, 12% and 6%, respectively. Apparently the precision of re-
motely sensed Chl-a is the key factor to determine the precision of
extrapolated pCO2

sw and sea–air carbon flux. Uncertainty from the inter-
polation of the underway atmospheric pCO2 is regular and small and
less than 1% and should not introduce significant systematic error.

According to Eq. (2), the uncertainty of CO2 flux (Ferror) can be calcu-
lated by Taylor (1997)

Ferror
F

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:22 þ 4� 0:062 þ 0:01392 þ ∂ΔpCO2

pCOsw
2 −pCOair

2

 !2
vuut ð3Þ
Fig. 12. The comparison of the difference of sea–air pCO2 between climatological resu
Schlitzer, ODV3.4.3 (2009).
where F is the sea–air CO2 flux;
∂ΔpCO2

pCOsw
2 −pCOair

2
means relative uncertainty

from sea–air pCO2 gradient which was contributed by the uncertainties
of remote sensing Chl-a and SST data and the precision of the empirical
relationships. The final sea–air CO2 fluxwas estimated at an uncertainty
of 44%. The final integrated uncertainty estimate is ±0.73 Tg C/month
for November 2009 and ±1.03 Tg C/month for December 2009.
5. Conclusion

Up to date, there is scarce sampling on carbon cycle in the Southern
Ocean because of its remoteness and atrocious weather. By using
satellite-based data, the low-spatial resolution underway pCO2 data of
limited cruises in surface sea water may be extrapolated in space and
time to yield pCO2

sw distribution maps with greater resolutions though
potential biases would be invoked. In this study we have applied a
MLR extrapolation method to estimate the spatiotemporal distribution
lts of Takahashi et al. (2012) (top) and this study (bottom) for the same months.
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of sea–air carbonflux and the total carbon uptake in the SouthernOcean
during the 26th CHINARE campaign in 2009. According to propagation
of uncertainty, the uncertainty of our approach was discussed and ana-
lyzed. In November 2009 (late spring), the Southern Ocean was a car-
bon source of 1.65 ± 0.73 Tg C while in December 2009 (early
summer), it turned to be a carbon sink of −2.34 ± 1.03 Tg C. From
the distribution of extrapolated pCO2

sw and sea–air carbon flux, we
found that biological activities were the dominant controlling factor
when Chl-a value is above a given threshold in the marine ice zone in
the Southern Ocean in warm season. Additionally, the precision of re-
motely sensed Chl-a is the key factor to determine the precision of ex-
trapolated pCO2

sw and final carbon flux. Comparison among three
ocean sectors showed that the South Atlantic Ocean and the South Pa-
cific Ocean turned to be a strong sink in early summer.When compared
to the climatological monthly results of Takahashi et al. (2012), our re-
sults showed a similar distribution of sea–air carbon flux.
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