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Abstract The carbon cycle of the seasonally ice covered region of the southwest Indian Ocean sector of
East Antarctica (308–808E, 608–698S) was investigated during austral summer (January–March 2006). Large
variability in the drivers and timing of carbon cycling dynamics were observed and indicated that the study
site was a weak net source of carbon dioxide (CO2) to the atmosphere of 0.8 6 1.6 g C m22 during the
ice-free period, with narrow bands of CO2 uptake observed near the continental margin and north of the
Southern Antarctic Circumpolar Current Front. Continuous surface measurements of dissolved oxygen and
the fugacity of CO2 were combined with net community production estimates from oxygen/argon ratios to
show that surface heat gain and photosynthesis were responsible for the majority of observed surface water
variability. On seasonal timescales, winter sea-ice cover reduced the flux of CO2 to the atmosphere in the
study area, followed by biologically driven drawdown of CO2 as the ice retreated in spring-summer
highlighting the important role that sea-ice formation and retreat has on the biogeochemical cycling of the
region.

1. Introduction

The Southern Ocean plays a critical role in the global carbon cycle, accounting for over 40% of the global
ocean uptake of anthropogenic carbon dioxide (CO2) [Sabine et al., 2004; Khatiwala et al., 2009]. This area is
one of the most poorly sampled ocean regions [Lenton et al., 2013] with observations often localized and
widely separated in both space and time, resulting in a heavy dependence on models to characterize car-
bon fluxes at regional scales in this area. Notable discrepancies exist between model and observational
results within the seasonal ice zone (SIZ) around Antarctica. Ocean biogeochemical models, for example,
indicate a weak annual sink of CO2 for the area south of 588S, whereas atmospheric inversions show the
area to be a small source [Lenton et al., 2013]. These discrepancies are most likely due to sparse observations
and incomplete model formulations that do not adequately resolve the large seasonal variability in process-
es that govern atmosphere-ocean interactions, such as temperature, wind regimes, sea-ice conditions, and
biological productivity [Takahashi et al., 2012].

Given the important role of atmospheric CO2 in the climate system, there is a need to accurately attribute the
causes of change and develop a regional understanding of the CO2 sink/source nature of the Southern Ocean.
For example, Arrigo et al. [2008a] modeled CO2 uptake in the south-western Ross Sea, which equates to 27%
of their CO2 sink estimate for the entire Southern Ocean. While this suggests the shelf regions around Antarcti-
ca may be a significant component of the Southern Ocean CO2 uptake, the quantification of their role in car-
bon uptake is largely unresolved. Furthermore, future change in the Southern Ocean carbon cycle is likely to
be complicated by climate-related physical and biological feedbacks associated with changes in sea-ice
dynamics [Massom et al., 2013], increased stratification [Smith and Nelson, 1986], and the intensification of
winds [Thompson et al., 2011; Meijers, 2014]. Recent evidence indicates the efficiency of the Southern Ocean
CO2 sink has increased in the past decade [Landsch€utzer et al., 2015], after weakening in the previous decade
[Le Qu�er�e et al., 2007], indicating changes to large-scale ocean dynamics will not only influence future atmo-
spheric CO2 levels, but may also influence the rate of ocean acidification in this region [Lenton et al., 2009].

The majority of the Southern Ocean is characterized as a high-nutrient, low-chlorophyll (HNLC) zone, which
refers to areas of the ocean with low standing stocks of phytoplankton and high macronutrient
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concentrations. Although modest rates of annual average net primary production occur in the Southern
Ocean [Arrigo et al., 2008b], intense phytoplankton blooms can occur. The marginal ice zone (MIZ), defined
as the outer edge of the summer pack ice, has been recognized as a site of elevated biomass and productiv-
ity [Smith and Nelson, 1986]. Here, the spring bloom of phytoplankton is initiated during the development
of a stable water column formed by the input of low-density water from the receding sea-ice. Whilst sea-ice
dynamics and the development of the seasonal mixed layer (SML) are undoubtedly important processes,
the timing and the magnitude of primary productivity in the Southern Ocean is also driven by light avail-
ability and the supply of micronutrients, particularly iron [de Baar et al., 1995]. The various supply mecha-
nisms of iron to the Southern Ocean have been widely discussed in the literature [Sedwick and DiTullio,
1997; Cassar et al., 2007; Boyd and Mackie, 2008; Lannuzel et al., 2014; Schallenberg et al., 2015]. Dust deposi-
tion, sea-ice melt, and the oceanic supply through sediment interactions and upwelling are considered to
be among the most important processes controlling iron availability and thus, influencing the biological
productivity of the Southern Ocean.

For January–March 2006, the SIZ off the coast of East Antarctica between 308 and 808E, was the location of
a comprehensive marine study. The Baseline Research on Oceanography, Krill and the Environment-West
(BROKE-West) survey concentrated on the Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) statistical division 58.4.2. The statistical divisions of the CCAMLR area, which tend to
align with the general ecosystem characteristics of the Southern Ocean, were implemented so that catch,
effort, and trade statistics in each region could be reported. The BROKE-West survey included 11 meridional
oceanographic transects over the Antarctic shelf, slope, and rise every 58 of longitude and a zonal section to
the north at 628S (Figure 1). A series of papers from the study covered the large-scale circulation [Meijers
et al., 2010], surface oceanography [Williams et al., 2010], remotely sensed climatologies of the region
[Schwarz et al., 2010], primary productivity [Westwood et al., 2010], phytoplankton [Wright et al., 2010], pro-
tistan community composition [Davidson et al., 2010], and krill [Jarvis et al., 2010; Kawaguchi et al., 2010;
Virtue et al., 2010]. This paper describes the surface and vertical distribution of biogeochemical properties

Figure 1. Cruise track of the RV Aurora Australis during the BROKE-West survey in the South Indian sector of the Southern Ocean. Showing the location of CTD and xCTD stations, marked
as black dots and black open squares, respectively. Black-dashed lines (labeled) show the location of the Southern Boundary (SB) of Circumpolar Deep Water and the Southern Antarctic
Circumpolar Current Front (SACCF). Other large-scale oceanographic features include the main flow in the east of the Weddell Gyre (green arrows), the Antarctic Slope Current (blue
arrows), the Prydz Bay Gyre (yellow arrow) [Heywood et al., 1999], and the southern Antarctic Circumpolar Current (red arrow). The intersections of Zones 1–3 are delineated with red
dashed arrows, for precise boundaries refer to text in section 2.1.1.

Journal of Geophysical Research: Oceans 10.1002/2016JC012008

RODEN ET AL. CARBON CYCLING IN THE SIZ OF ANTARCTICA 8750



through the region, the physical and biological processes influencing the observed changes and the winter
to summer evolution of such properties.

2. Data and Methods

2.1. Oceanographic Setting of the Antarctic Margin Between 308 and 808E
2.1.1. Large-Scale Circulation and Water Mass Properties
The study region lies inside the Weddell-Enderby basin, with the Kerguelen Plateau immediately to the
northeast and the Princess Elizabeth Trough to the east. The large-scale circulation, water masses, and fron-
tal boundaries of the BROKE-West study area [Williams et al., 2010; Meijers et al., 2010], include two partial
gyres, three major fronts, and six water masses and several upwelling regimes associated with the Weddell
Gyre, the Antarctic Divergence, and the Kerguelen Plateau [Foldvik and Gammelsrød, 1988; Park et al., 1998;
Sokolov and Rintoul, 2007; Bakker et al., 2008; Williams et al., 2010]. We define water masses of the region
based on the classifications of Whitworth et al. [1998] and Shadwick et al. [2014] (Table 1).

The region can be divided into three distinctive zones [Schwarz et al., 2010] that were sampled from the sur-
face to the bottom (Figure 1), starting with Leg 1 in January and Leg 11 completed in February. Zone 1, is
the continental shelf/slope region (depth< 3000 m) to the south of the Antarctic Slope Front, and is charac-
terized by marginal ice cover in December and January, and by the westward flowing Antarctic Slope Cur-
rent. Zone 2, covers waters to the north of the Antarctic Slope Front and west of �458E and corresponds to
the SIZ and the eastern limb of the Weddell Gyre, which is an elongated cyclonic gyre. To the east and off-
shore, Zone 3 contains the SIZ and includes the Prydz Bay Gyre, the Antarctic Circumpolar Current (ACC)
and its southern fronts, i.e., the Southern ACC Front (SACCF) and the Southern Boundary (SB) [Orsi et al.,
1995]. The SACCF and SB are forced southward by the Kerguelen Plateau and flow eastward through the
Princess Elizabeth Trough at the eastern end of the study region.
2.1.2. Variability of Antarctic Surface Water Properties
The seasonal growth and melt of sea-ice has a significant influence on the structure and properties of sur-
face waters in the region, as described by Williams et al. [2010] and summarized here. Heat loss to the atmo-
sphere in winter drives sea-ice formation and convection, mixing the relatively cold surface waters with the
warmer underlying CDW. This forms a deep, homogenous winter mixed layer with the sea-ice cap restrict-
ing sea-air gas exchange. The sea-ice begins to melt in spring-summer and melt water stratifies the surface
water and warms, forming a SML. The properties of the winter mixed layer are still present at depth, recog-
nizable by a temperature minimum, or Tmin, layer with a seasonal pycnocline separating it from the overly-
ing SML. South of the sea-ice edge, convection continues and a SML is absent or weak, especially over the
shelf where mixing can reach the seafloor.

Sea-ice covered the BROKE-West study area during the winter prior to the survey and retreated from the
north-east to the south-west from November to January (Figures 2a–2c). The sea-ice was mostly gone from
the region by the start of the survey in January, apart from the westernmost legs, and persisted over the
continental shelf at the southern end of most transects throughout the study. For waters north of the Ant-
arctic Slope Front, the SML was typically about 40–60 m deep and saltier in the east and shoaled to depths
as low as 12 m and freshened in the west. The deeper and saltier waters in the east appear to result from a
combination of the transport of ACC waters into this eastern region and greater time since the seasonal
retreat of sea-ice for wind mixing to deepen the SML [Williams et al., 2010].

Table 1. Bounding Neutral Density (cn), Potential Temperature (h), and Water Depth Values That Define the Major Water Masses in the
BROKE-West Region

cn (kg m23) h (8C) Water Depth

Antarctic Surface Water (AASW) <28.03 >21.925 Above Tmin base
Circumpolar Deep Water (CDW) >1.5 Below Tmin base to 2500 m
Modified CDW (mCDW) �1.5 Below Tmin base to 2500 m
Antarctic Bottom Water (AABW) >28.27 >21.925 >2500
Modified Shelf Water (mSW) >28.27 >21.85 600–2500 m (Slope)
Low Salinity Shelf Water (LSSW) >28.27 >21.85 <600 m (Shelf)
Dense Shelf Water (DSW) >28.27 21.925 to 21.85 <600 m (Shelf)
Ice Shelf Water (ISW) �-1.925
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2.2. Biogeochemical Measurements
For a comprehensive description of oceanographic field measurements, processing and calibration from
BROKE-West, see Rosenberg and Gorton [2006]. A total of 118 Conductivity-Temperature-Depth (CTD) casts
were conducted aboard the RV Aurora Australis using a Sea-Bird SBE 9plus with 22 3 10 L General Oceanics
Niskin bottles mounted onto a Sea-Bird rosette. Eighty expendable CTD (xCTD) probes were also used on
meridional transects between the major CTD transects.

Seawater samples of 250 mL were collected from the Niskin bottles on CTD casts and were analyzed on-
board for total dissolved inorganic carbon (DIC) and total alkalinity (TA). For each of these samples, 100 lL
of a saturated HgCl2 solution was added to halt biological activity. DIC was determined using a Single Oper-
ator Multiparameter Metabolic Analyser following the procedure in Dickson et al. [2007]. TA was determined
by open-cell potentiometric titration using a 0.1 M hydrochloric acid titrant [Dickson et al., 2007]. Routine
analysis of Certified Reference Material (batches 70 and 72) from Scripps Institution of Oceanography were
used to verify the measurement accuracy and precision for DIC and TA analyses, which were better than 6 2
lmol kg21. Samples for dissolved phosphate (HPO22

4 ), silicic acid (H4SiO4) and nitrate 1 nitrite (NO2
3 1NO2

2 )
(hereafter nitrate) were collected and analyzed spectrophotometrically [Pasquer et al., 2010] and yielded a
measurement accuracy and precision of 6 0.05 mmol kg21, 6 1.5 mmol kg21, and 6 0.4 mmol kg21,
respectively.

TA was only measured at the surface and on nine full depth CTD casts. These data were combined
with data from previous cruises that used the same measurement techniques and a linear regression
of salinity versus TA and nitrate (TA 1 N), known as potential alkalinity, was calculated. This relationship
(Figure 3) was used to calculate TA at sample sites without alkalinity measurements. Data used to cal-
culate the regression were from samples shallower than 500 m and included measurements from this
study, together with those south of 608S on CO2/WOCE hydrographic sections of the nearby Princess
Elizabeth Trough in 2005, and measurements from the southern end of the 1994 WOCE SR3 transect
along 1408E. The sum of TA and nitrate concentrations accounts for changes in TA associated with

Figure 2. (a–c) Monthly satellite derived concentrations of sea-ice (%), (d–f) chlorophyll-a (mg m23), and (g–i) sea surface temperature (8C) with the cruise track overlaid in black. Sea-ice
data are from Nimbus-7 (25 km) [Cavalieri et al., 2015]. Chlorophyll-a and sea surface temperature from MODIS-Aqua (9 km).
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the uptake or release of dissolved
nitrate during photosynthesis or
respiration [Brewer and Goldman,
1976]:

106 CO21138 H2O116 NO2
3

! ðCH2OÞ106 ðNH3Þ161

16 OH21138 O2

(1)

Once TA1N values were calculated at
sample sites, concurrently measured
nitrate concentrations were subtracted
to give an estimate of TA. The corre-
lation between the parameters in
Figure 3 (y5 6761ð Þx1 36618ð Þ; n 5

237, r2 5 0.99, standard error 5 4 lmol
kg21) indicates net calcification/disso-
lution of carbonate minerals in the
water column was not a significant
contributor to the TA variability.

High-resolution surface water meas-
urements of the fugacity of CO2 (fCO2)
coupled with atmospheric CO2 meas-
urements, were made by pumping
seawater from the ship’s intake into a

Weiss style spray equilibrator [Pierrot et al., 2009]. The accuracy and precision of the measurements is esti-
mated to be better than 6 2 matm (see supporting information). The sea-air gradient in fCO2 (DfCO2) was
used to compute sea-air CO2 flux using the following equation:

CO2 flux5k � a � Df CO2 (2)

where k is the gas transfer velocity (cm h21) [Wanninkhof et al., 2013], scaled linearly with sea-ice cover by
multiplying k by the fraction of open water, and a is the CO2 solubility (mol m23 atm21) [Weiss, 1974]. The
gas transfer velocity was computed using measured wind speeds from the ship’s 10 m wind anemometer
for underway estimates of CO2 flux (CO2

uw
flux). A positive sea-air CO2 flux value implies a net transfer from the

ocean to the atmosphere.

A calculation of the sea-air flux of CO2 since ice retreated (CO2
ice2free
flux ) was also made at each CTD station

using wind speed history, sea-ice concentration, and estimates of the seasonal development of DfCO2 val-
ues. The number of ice-free days at each station were estimated from the day of sampling to when sea-ice
concentrations obtained from the National Snow and Ice Data Centre [Cavalieri et al., 2015] first fell below
15% [Schwarz et al., 2010]. The reduction from complete ice cover to 15% occurs rapidly and the time of
emergence of 15% cover is considered a good marker of when surface waters become open and can
exchange gas across the sea-air boundary. The wind speed history at each CTD site was taken from daily
mean cross-calibrated multiplatform (CCMP) winds [Atlas et al., 2011]. The sea-air gradient, DfCO2, in equa-
tion (2) was estimated for each ice-free day prior to sampling at CTD sites. Atmospheric fCO2 was calculated
after Weiss [1974] using the mean atmospheric mole fraction of CO2 (XCO2) measured in the study region
and sea-level pressure values from the NCEP-DOE Reanalysis 2 data product interpolated in time. Ice-free
surface water fCO2 values were estimated from linearly interpolated surface water properties from the day
of sampling to the first ice-free day, assuming that surface conditions at ice-free day 0 resembled the prop-
erties observed in the Tmin layer. It is possible that primary production may have reduced surface water
fCO2 values before ice concentrations fell below 15% [Gibson and Trull, 1999; Roden et al., 2013] and could
lead to an overestimate of the sea-air flux.

The saturation state of aragonite (Xar) [Mucci, 1983], fCO2, and pH on the seawater scale (pHsws) were calcu-
lated from DIC, TA, phosphate, and silicic acid data using the standard set of carbonate system equations
with the CO2SYS program [van Heuven et al., 2011] and the dissociation constants of Roy et al. [1993]. Errors

Figure 3. The salinity and TA1N relationship of waters south of 608S and shallower
than 500 m from BROKE-West in 2006, the Princess Elizabeth Trough in 2005 (PET)
and from the WOCE SR3 transect, measured in 1994 (data available from GLODAP).
A linear regression yielded the following equation, y5 6761ð Þx1 36618ð Þ
(n 5 237, r2 5 0.99, standard error 5 4 lmol kg21).
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associated with measured input parameters were incorporated into a Monte Carlo simulation to estimate
uncertainties for Xar, fCO2 and pHsws of 6 0.03, 6 14 latm and 6 0.01, respectively [see Roden et al., 2013].
To estimate the concentration of anthropogenic CO2 (Cant) in the study area (Figure 9), we used the com-
posite tracer TrOCA, which utilizes measurements of potential temperature, DIC, TA, and O2 to estimate the
anthropogenic component of DIC [Touratier and Goyet, 2004; Touratier et al., 2007]. Propagating the uncer-
tainties associated with these measured input parameters, we estimate an uncertainty of 6 5 lmol kg21 for
Cant estimates. The TrOCA method is not suitable for surface waters that experience large seasonal variabili-
ty, which precludes estimates of Cant for Antarctic Surface Water (AASW). The same method may also lead
to some overestimate of Cant in deep and bottom waters [Pardo et al., 2014].

2.3. Net Community Production
Values of net community production (NCP), defined as the difference between net primary production and
heterotrophic respiration, were obtained for each CTD profile by calculating the seasonal carbon and nitrate
deficits from the surface to the Tmin layer [Le Corre and Minas, 1983; Jennings et al., 1984] (see supporting
information). This approach assumes no vertical or lateral mixing takes place in either the SML or with the
underlying winter mixed-layer during the winter to summer period when the SML shoals. Continuous
underway shipboard measurements of oxygen/argon (O2/Ar) ratios [Cassar et al., 2007] using membrane
inlet mass spectrometry (MIMS) [Kaiser et al., 2005] were also utilized for NCP estimates (see supporting
information). The use of O2/Ar ratios in the oceanic mixed layer provides a method to constrain biological
processes (DObio

2 ) because oxygen and argon share similar physical solubility properties, but only oxygen is
biologically consumed and produced. Additional measurements of underway surface oxygen concentration
were made using an oxygen optode (accuracy of 6 2 lmol kg21; supporting information). The optode data
were then combined with DObio

2 (see supporting information), to partition total oxygen saturation (DOtotal
2 )

into biological (the sum of photosynthesis and respiration) and physical (DOphys
2 ) drivers (temperature

changes, bubble injection, mixing) [Cassar et al., 2011] using:

DOphys
2 5 DOtotal

2 2DObio
2 (3)

While the MIMS technique provides an alternative estimate of NCP, the calculation of DObio
2 using this meth-

od is complicated in high latitude waters due to a number of processes including ice melt, temperature
change, and the entrainment of oxygen undersaturated waters into the SML that can lead to underesti-
mates of DObio

2 [e.g., Castro-Morales et al., 2013; Cassar et al., 2014; Eveleth et al., 2014]. Although these com-
plications do provide challenges to interpretation of the O2/Ar signals in our study region, the method does
provide an alternative estimate of NCP and addresses different time scales (days to weeks) compared to the
seasonal estimates based on carbon and nitrate deficits.

3. Results

3.1. Vertical Sections of Biogeochemical Properties
The mean property values for the water masses of the BROKE-West region are listed in Table 2. AASW,
AABW, mCDW, and mSW were observed on all major CTD legs, CDW was not observed on Leg 1 and LSSW,

Table 2. Mean Values of Characteristic Properties in Each Water Mass in the BROKE-West Region

AASW CDW mCDW AABW mSW LSSW DSW ISW

cn (kg m23) 27.75 28.00 28.19 28.34 28.29 28.34 28.51 28.23
h (8C) 21.01 1.74 0.48 20.35 20.11 21.77 21.89 21.99
Salinity 34.21 34.69 34.68 34.66 34.67 34.49 34.56 34.46
O2 (lmol kg21) 275 174 193 208 204 278 280 283
DIC (lmol kg21) 2187 2255 2251 2255 2257 2232 2237 2228
TA (lmol kg21) 2291 2340 2340 2351 2350
fCO2 (latm) 376 564 517 487 508 418 414 409
pHsws 8.04 7.87 7.88 7.77 7.83 7.99 7.98 8.00
Xar 1.33 1.04 0.96 0.50 0.72 1.15 1.09 1.17
NO2

3 (lmol kg21) 28.03 32.08 31.59 31.85 31.67 30.17 30.15 29.81
PO22

4 (lmol kg21) 1.72 2.02 2.00 2.05 2.01 1.90 1.91 1.89
Si (lmol kg21) 56.5 84.5 99.3 129.4 117.2 66.6 66.8 62.4
Cant (lmol kg21) 16 22 25 25 50 53 51
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DSW, and ISW were only observed at the southern end of Leg 9. Here, we focus on the distribution of car-
bonate system parameters along sections in Legs 3 and 11 to illustrate the most important features exhib-
ited in the study region with results from other legs described in the supporting information. The highest
values of DIC and fCO2 were at depth with Xar and pHsws values increasing toward the surface. AASW was
the predominant water mass in the mostly ice-covered shelf waters at the southern end of Leg 3 (Figure 4).
These AASW waters had the lowest observed DIC and calculated fCO2 values of 2039 lmol kg21 and 173

Figure 4. Leg 3 at 408E, (a) DIC (lmol kg21), (b) fCO2 (latm), (c) saturation state of aragonite (Xar), and (d) pHsws, (e) salinity, and (f) potential temperature (8C). The black-dashed lines, on
this and other similar plots, represent the (top) 28.03 kg m23 and (bottom) the 28.27 kg m23 neutral density surfaces that partly delineate major water masses in the study region. The
black dots show the bottle and CTD locations. The white dots show the location of the Tmin value and the white lines show the base of the (top) seasonal mixed layer, (middle) seasonal
pycnocline, and (bottom) Tmin layer. The marginal ice zone is indicated by a white rectangle at the surface toward the southern end of each leg. Scale changes are indicated by the
breaks in the axis.
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latm, respectively, corresponding to Xar and pHsws values of 2.30 and 8.33, respectively. Further offshore,
between 648S and 668S, water higher in DIC and fCO2 shoals to around 100 m due to the upwelling of
Warm Deep Water (WDW), a type of mCDW associated with the Weddell Gyre, as noted previously by Wil-
liams et al. [2010].

Leg 11 (Figure 5) in the eastern part of the study area, along with Leg 9 (see supporting information), are
located in a different physical oceanographic regime when compared to the western CTD legs [Meijers et al.,
2010]. Both of these eastern sections encompass the SB and the SACCF with intrusions of the ACC, which
Meijers et al. [2010] identified by a rapid deepening of the 28.03 kg m23 density surface north of �648S. At

Figure 5. Leg 11, (a) DIC (lmol kg21), (b) fCO2 (latm), (c) saturation state of aragonite (Xar), (d) pHsws, (e) salinity, and (f) potential temperature (8C).
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the northern end of Leg 11, CDW protrudes over the southern edge of the Kerguelen Plateau and has the
highest subsurface fCO2 value of 659 latm (station 103, depth 198 m). This coincides with a pocket of ara-
gonite undersaturation (Xar< 1), a state where the dissolution of aragonite becomes thermodynamically
favorable. Whilst the average depth of the aragonite saturation horizon (Xar 5 1) across all sections is
711 6 134 m (1 s.d.; n 5 38), pockets of aragonite undersaturation at depths as shallow as 198 m occur near
the base of the Tmin layer toward the northern ends of Legs 7 and 11 (Xar 5 0.94 and 0.99, respectively). The
undersaturation coincides with stations that Williams et al. [2010] identified as locations of upwelling of rela-
tively warm, O2-depleted, nutrient, and carbon-rich mCDW/CDW into the surface layer (black dots on
Figures 6–8, and 10b).

The distribution of biogeochemical properties in each of the deeper water masses showed little variation
from east to west. Meijers et al. [2010] identified a decreasing temperature and salinity trend in sections
from east to west, but no significant trends were observed in the CO2 system properties for the same sec-
tions. The calculated mean fCO2 of AABW varied between 500 6 10 matm (1 s.d.; n 5 10) in Leg 9 to
481 6 13 matm (1 s.d.; n 5 30) in Leg 1. The calculated AABW Cant concentration was 25 6 3 mmol kg21

(1 s.d.; n 5 127) across all sections. The water masses observed over the shelf (excluding AASW) were the
most enriched in Cant, with DSW being the highest at 53 6 3 mmol kg21 (1 s.d.; n 5 3), although these shelf
waters were only observed at the southern end of Leg 9.

3.2. Distribution of Sea-Air CO2 Flux and Oxygen Saturation
The measured underway sea-surface values of fCO2 varied between 187 and 411 latm with the lowest
values observed over the Antarctic shelf and slope in Zone 1 (Table 3) and north of the SACCF. The
higher values were observed over a broad region that encompassed the eastern limb of the Weddell
Gyre in Zone 2 and in a narrow band stretching further to the east and to the north of the Antarctic
Slope Front. These broad features are visible in the underway measurements of DfCO2, whereby nega-
tive values imply surface water conditions that are undersaturated with respect to the atmosphere (Fig-
ure 6a). The sea-air CO2 flux (Figure 6b) shows a similar pattern to that of DfCO2. However, the sea-air flux
estimates are determined by a combination of the magnitude and sign of DfCO2, the strength of the
winds and sea-ice cover in the area. This is apparent near Mawson station (67.60278S, 62.87388E) where
fCO2 undersaturated waters, minimal sea-ice cover, and strong wind speeds of up to 30 m s21 resulted
in a maximum flux estimate of 2221 mmol C m22 d21. The mean CO2

uw
flux across the whole survey, based

on the underway measurements, was 28 6 21 mmol C m22 d21 (1 s.d.; n 5 59,375). In comparison, the
sea-air CO2

ice2free
flux (Figure 6c) estimated for the ice-free period prior to sampling, varied from 20.48 and

0.62 mol C m22. Although our measurements are not made over a full year, the CO2
ice2free
flux units are giv-

en in mol C m22 to allow a comparison in section 4.1 with other yearly estimates of CO2 flux. The mean
CO2

ice2free
flux for the study area was 0.07 6 0.13 mol C m22 (1 s.d.; n 5 85), indicating that the study area

was a weak net source of CO2 to atmosphere.

Surface water O2 concentrations (DOtotal
2 ) were supersaturated throughout most of the study area (Figure

7a). The greatest values of 22% supersaturation were observed over the shelf in the western part of the sur-
vey region. O2 undersaturation was observed in small pockets on most transects, with the most significant
regions of undersaturation observed in the MIZ on Leg 1 in the west, and a broad region of undersaturation
just north of the shelf on Leg 8. The associated biological (DObio

2 ) and physical (DOphys
2 ) changes from O2/Ar

data are shown in Figures 7b and 7c. Eveleth et al. [2014] suggested using their equation (5) to calculate DAr
to assess the physical oxygen changes. Comparison with the method used in equation (3) of this paper,
which assumes [Ar]/[Ar]sat 5 1, shows the two methods agree within 0.17 6 0.14% for the entire duration of
the study and indicates the Ar concentration was close to saturation values. The greatest difference
observed was 1% in the MIZ in the far south of Leg 1, perhaps due to cooling of ice-melt that can lower Ar
concentrations. The high values of biological undersaturation (Figure 7b) need not have been due to respi-
ration in the SML and instead may reflect supply of low O2 waters from below that can lead to measured
values of O2/Ar being less than the O2/Ar ratio at saturation with the atmosphere [e.g., Cassar et al., 2014].
This would lead to underestimates of biological productivity, as discussed later in section 3.3, and therefore
overestimate the contribution of DOphys

2 to the DOtotal
2 supersaturation observed throughout most of the

study. However, DOphys
2 was typically within 6 3% with small pockets of undersaturation approaching 10%

in ice-covered waters at the southern end of Leg 1.
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3.3. Net Community Production
Seasonally integrated estimates of NCP, throughout the ice-free period prior to sampling, from both carbon
(NCPC) and nitrate (NCPN) [Pasquer et al., 2010] depletion profiles show distinct regions of biological

Figure 6. Underway surface measurements of, (a) sea-air DfCO2 (latm), (b) sea-air CO2
uw
flux (mmol C m22 d21), and (c) sea-air CO2

ice2free
flux (mol

C m22) estimates calculated from daily average CCMP wind speeds during each ice-free day prior to the ship’s arrival on station. Positive sea-
air flux values imply a net transfer from the ocean to the atmosphere. The small black dots, on this and other similar plots, represent the loca-
tions of surface layer upwelling zones as determined by positive anomalies of potential temperature at 100 m [Williams et al., 2010].
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productivity (Figures 8a and 8b). NCP estimates as high as 6.4 and 6.0 mol C m22 for carbon and nitrate,
respectively, were observed near the Japanese research station, Syowa (69.008S, 39.358E), and over the shelf
near Cape Darnley, Prydz Bay (708E). Although the Kerguelen Plateau and the Antarctic shelf and slope

Figure 7. Distribution of, (a) total change in surface oxygen saturation (D%), (b) biological change in oxygen saturation (D%), and (c) physi-
cal change in oxygen saturation (D%) from underway measurements.
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featured the highest rates of biological productivity, the majority of the survey area exhibited much lower
values with a mean NCPC of 1.3 6 0.9 mol C m22 (1 s.d.; n 5 81) and NCPN of 1.4 6 0.9 mol C m22 (1 s.d.;
n 5 108).

Figure 8. Net community production (NCP) estimates based on seasonally integrated (a) carbon (mol C m22), and (b) nitrate (mol C m22)
deficits, and (c) underway O2/Ar values (mmol C m22 d21).
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The daily estimates of NCP from the underway O2/Ar system (NCPO) showed more variability than the sea-
sonally integrated estimates described above. There was some agreement in terms of the shelf being more
productive (maximum NCPO of 62 mmol C m22 d21), although the NCPO estimates also revealed broad
regions of negative NCP values. The lowest of these values (246 mmol C m22 d21) was observed in the
northeast sector of the study region and coincided with a senescent phytoplankton bloom (K. Westwood,
personal communication, 2015) visible in Figure 2f as a modest concentration of chlorophyll-a averaged
over the month of February. Whilst this may indicate a broad area of biological respiration (net heterotro-
phy), the upwelling of O2 depleted water into the mixed layer could also influence these values, leading to
underestimates of biological productivity in some areas and therefore incorrectly signal net heterotrophy in
others. Other vertical processes, such as entrainment (Fe) and diffusion (Fv), have been accounted for in the
O2 mixed layer budget (see supporting information). The influence of entrainment was found, on average,
to increase NCPO estimates by �1 %. This was due to the general shoaling of the mixed layer depth during
the winter to summer transition, which would result in no change to the O2 mixed layer budget. The influ-
ence of diffusion however, was found to be more significant, with NCPO estimates increasing by up to
�40 % (Table 3).

4. Discussion

4.1. CO2 Uptake and Storage
Biological activity over the shelf and slope during the summer resulted in surface fCO2 values as much as
48% undersaturated with respect to the atmosphere, which produced uptake of CO2 from the atmosphere
in this region (Figures 6a and 6b). Underway measurements can bias net season flux estimates due to limit-
ed sampling in space and time. In order to assess the potential for bias, CO2

ice2free
flux was also estimated for

the period between sea-ice melt and when sampling occurred (Figure 6c). The premelt under ice conditions
indicate most wintertime surface mixed-layer fCO2 values were supersaturated with respect to the atmo-
sphere (Figure 10a), consistent with other under-ice observations from within the study area and the Wed-
dell Gyre [Bakker et al., 1997, 2008; Bellerby et al., 2004]. These CO2

ice2free
flux estimates suggest that the study

area as a whole was a net source of CO2 to the atmosphere, albeit with uncertain significance. This uncer-
tainty relates to the assumptions associated with the onset and development of biological productivity, the
20% error associated with the gas transfer velocity [Wanninkhof, 2014] and the effectiveness of sea-ice as a
barrier to sea-air gas exchange [Loose et al., 2009].

Although the CO2
ice2free
flux estimates suggested that the survey region was a net source of CO2 to the atmo-

sphere, areas of CO2 uptake were observed, which was most enhanced over the shelf near Cape Darnley
(20.48 mol C m22). This is less than the uptake estimated for the Ross Sea by Arrigo et al. [2008a] (21.7 to
24.2 mol C m22 yr21), but is comparable to the uptake of 20.5 mol C m22 yr21 measured at a nearby
coastal location in Prydz Bay [Roden et al., 2013], and is of similar magnitude to the uptake measured in the

Table 3. Mean Surface Value Properties (6 1 s.d.) in Zones 1 (Continental Shelf/Slope), Zone 2 (Offshore West of �458E), and Zone 3
(offshore East of �458E)

Zone 1 Zone 2 Zone 3

Temperature (8C) 20.69 6 0.63 0.67 6 0.80 0.62 6 0.30
fCO2 (latm) 300 6 50 365 6 20 348 6 14
Ice-free days 28 6 31 23 6 16 56 6 19
CO2

ice2free
flux (mol C m22) 0.03 6 0.13 0.04 6 0.04 0.14 6 0.16

CO2
uw
flux (mmol C m22 d21) 220 6 28 3 6 8 26 6 15

NCPC (mol C m22) 1.7 6 1.2 0.8 6 0.5 1.1 6 0.6
NCPN (mol C m22) 2.1 6 1.1 0.9 6 0.6 0.9 6 0.4
NCPO (mmol C m22 d21) 5 6 17 21 6 7 0 6 10
Fe (mmol C m22 d21) 0.005 6 0.005 0.006 6 0.005 0.03 6 0.02
Fv (mmol C m22 d21) 0.6 6 0.1 0.44 6 0.04 0.52 6 0.07
DOtotal

2 (%) 3 6 5 2 6 2 2 6 2
DObio

2 (%) 2 6 4 21 6 2 0 6 1
DOphys

2 (%) 0 6 3 1 6 3 2 6 2
C/N utilization ratioa 5.5 6 2.3 5.9 6 2.0 8.1 6 3.1
C/Si utilization ratioa 2.5 6 1.8 2.3 6 1.2 1.5 6 0.5
Si/N utilization ratio 3.0 6 1.5 3.0 6 1.1 5.7 6 2.1

aEstimates corrected for sea-air CO2 flux.
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west Antarctic Peninsula [Legge et al., 2015] and the Scotia Sea [Jones et al., 2015]. Further offshore in Zone 2,
both CO2

uw
flux and CO2

ice2free
flux estimates show that the eastern limb of the Weddell Gyre was a net CO2 source

to the atmosphere. This area had a recent retreat of sea-ice (Table 3 and supporting information) and the net
source here may be more indicative of under-ice conditions, before biologically induced reductions in fCO2

could occur, as previously observed in this region [Bakker et al., 2008; Brown et al., 2015]. The various controls
of surface water biogeochemical dynamics in the study area will be discussed later in section 4.2.

The high CO2 uptake observed at the southern end of Leg 9 coincided with the highest concentrations
of Cant, which were observed in the underlying shelf waters (Table 2). The Cant concentration of these

Figure 9. Anthropogenic carbon estimates (lmol kg21) for all sections, excluding surface water classified as AASW.
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shelf waters was similar to the TrOCA based Cant value of 44 lmol kg21 estimated by Shadwick et al.
[2014] for DSW in the Mertz Polynya region of East Antarctica. Whilst DSW was only observed in one
location in the BROKE-West study region, its presence is significant as it is a precursor for the formation
of AABW, which originates in specific regions around Antarctica and sinks to abyssal depths due to vary-
ing combinations of brine rejection from sea-ice formation and ocean/ice-shelf interactions. In doing so,
it contributes significantly to the global overturning circulation and sequesters heat and atmospheric
gases to the deep ocean [Orsi et al., 1999; Johnson, 2008; Marshall and Speer, 2012]. No areas of AABW
production were identified during the summertime BROKE-West study [Williams et al., 2010]. However, a
significant site of AABW production was recently discovered in the Cape Darnley region near the south-
ern end of Leg 9 [Ohshima et al., 2013; Williams et al., 2016]. The westward flow of AABW that is
observed high on the continental slope between Legs 5 and 7, as noted previously by Meijers et al.
[2010], could therefore represent recently formed AABW from the Cape Darnley region that is moving
downslope and deflected westward [Gill, 1973].

Figure 10. (a) Percentage saturation of fCO2 versus the percentage saturation of O2, colored with underway surface estimates of NCP
(mmol C m22 d21) from O2/Ar ratios. Vertical and horizontal lines represent 100% saturation of fCO2 and O2. Based on these relationships
the figure is separated into quadrants, whereby each quadrant represents changes dominated by (1) photosynthesis, (2) warming, (3) res-
piration or upwelling, and (4) cooling. The process vectors centered on the mean wintertime saturation state for each gas (grey dots; taken
from the Tmin layer) represent the production of O2 and consumption of CO2 at a theoretical photosynthetic quotient of 20.7 with overlaid
NCP (mmol C m22 d21) values based on an average MLD and ice-free day period of 40 m and 37 days, respectively. The second process
vector represents changes in saturation caused by 18C of warming/cooling (DO2 sat 5 2.64% 8C21 and DfCO2 sat 5 4.23% 8C21). The
dashed lines represent the O2 and fCO2 saturation values based on a model of sea-air exchange [see Carrillo et al., 2004]. (b) The spatial dis-
tribution of the quadrants.
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The higher temperature, salinity, and fCO2 and lower oxygen values of AABW to the east of Cape Darnley,
relative to the west, indicates a greater elapsed time since formation and hence greater mixing with the
warmer and more saline overlying mCDW and CDW [Meijers et al., 2010]. Given the formation of AABW at
Cape Darnley and its subsequent transport west, we might also expect to see higher Cant concentrations in
the western CTD legs (Figure 9), although no significant trend in AABW Cant concentration was observed.
Furthermore, the high values of Cant in AABW may in part reflect the tendency toward overestimation of
Cant in deep waters by the TrOCA method [Pardo et al., 2014]. Nonetheless, it is likely that high Cant values
observed in the shelf waters of the Cape Darnley region contribute anthropogenic CO2 to AABW.

The complex role of high-latitude Southern Ocean waters in the global climate system makes its future
response to projected climate forcing extremely difficult to model [Meijers, 2014]. As such, predicting the
future uptake and storage of CO2 in the SIZ of East Antarctica is beyond the scope of this paper. Particularly
as change and variability in East Antarctic sea-ice seasonality comprises mixed signals on regional to local
scales [Massom et al., 2013; Hobbs et al., 2016]. In contrast, the west Antarctic Peninsula has experienced a
rapid reduction in sea-ice cover in recent years [Stammerjohn et al., 2008; Li et al., 2014], although as yet, no
significant long-term trends in carbonate system parameters have been detected as a result [Hauri et al.,
2015]. Sea-ice can influence sea-air CO2 exchange by acting as a physical barrier to sea-air gas exchange
itself [Semiletov et al., 2004; Zemmelink et al., 2006; Miller et al., 2011; Nomura et al., 2013] and by controlling
mixed layer development and the subsequent availability of light and nutrients [Venables et al., 2013]. This
was observed by Geibert et al. [2010] in the eastern boundary of the Weddell Gyre who found that the
cumulative melting of both sea-ice and icebergs provided a steady source of iron that sustained biological
productivity and therefore influenced the sea-air gradient in CO2.

The present synergy between winter sea-ice cover and summer biological productivity, particularly over
the shelf, acts to reduce the flux of CO2 from deep waters to the atmosphere in the BROKE-West study
region. This seasonal synergy has been previously described in Arctic waters as a rectification process
(i.e., one that emphasizes uptake by biological processes in summer and minimizes outgassing by physi-
cal processes in winter) [Yager et al., 1995]. To examine how this seasonal ice cover might influence the
uptake of CO2 by the surface waters in the BROKE-West region, we compared the nDIC concentration
measured in the Tmin layer by Ishii et al. [1998] during the austral summer of 1992/1993 with values
measured in this study. Values from the Tmin layer are used as a reference level and to minimize the
potential to bias the results due to the seasonal drawdown of carbon in spring and summer. Using a
Revelle factor [Revelle and Suess, 1957] of 16.4 and an atmospheric growth rate in fCO2 of �1.9 matm
yr21, the expected increase in DIC of surface waters in the region would be 0.66 mmol kg21 yr21, or
8.52 mmol kg21 from 1993 to 2006. Our average nDIC concentration from the Tmin layer for the entire
survey area was 2206 6 8 mmol kg21 (1 s.d.; n 5 87) compared to the 1992/1993 value of 2197 6 4 mmol
kg21 (1 s.d.; n 5 14), which represents an increase in DIC of 9 mmol kg21. Variations in biological produc-
tivity or increased upwelling during this time could also be responsible for the increase in nDIC, howev-
er, a comparison of the mean nN values between our study and 1992/1993 showed no significant
change (nN1992/1993 5 28.7 6 0.7 mmol kg21 (1 s.d.; n 5 14); nN2006 5 29.5 6 1 mmol kg21 (1 s.d.; n 5 108)),
which suggests that surface waters in the SIZ of the BROKE-West region are tracking the atmospheric
increase in fCO2. A similar trend was observed by van Heuven et al. [2014] in the western Weddell Sea,
suggesting that sea-ice cover in these locations, does not constitute a major impediment for sea-air CO2

equilibration on annual time scales.

4.2. Surface Water Biogeochemical Cycling
Concurrent measurements of dissolved O2 and carbon parameters can help constrain understanding of
controls on surface ocean carbon dynamics [Bender et al., 2000; �Alvarez et al., 2002]. For example, a detec-
tion of fCO2 undersaturation and O2 supersaturation, with respect to the atmosphere, would imply photo-
synthesis as a controlling mechanism, whereas fCO2 supersaturation and O2 undersaturation would indicate
a source of net respiration or mixing with deeper waters below the SML. Carrillo et al. [2004] utilized this
approach in the west Antarctic Peninsula by segregating measurements of O2 and fCO2 into one of four
classifications. This was done based on the saturation state of each gas relative to the atmosphere, which
allowed each classification to represent changes in gas concentration that were dominated by either physi-
cal or biological processes.
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The incorporation of NCP values from underway O2/Ar measurements provides further insights into the pro-
cesses influencing the O2 and fCO2 distributions (Figure 10a). Each classification, or quadrant, partitions the
underway-surface observations into changes driven predominantly by (1) photosynthesis, (2) warming, (3)
net respiration/deep mixing, and (4) cooling, with the highest NCPO values being associated with photosyn-
thesis. Deviations from these theoretical relationships, illustrated by the process vectors in Figure 10a, may
result from the different sea-air exchange rates for O2 and fCO2 (see model of sea-air exchange in Figure
10a) with timescales that range from days to weeks for O2 and months for fCO2 [Broecker and Peng, 1982],
or from the formation and dissolution of calcium carbonate [Dieckmann et al., 2008]. Plotting the spatial dis-
tribution of each data point based on its quadrant classification (Figure 10b) reveals distinct regions where
these biological and physical processes appear to dominate.

Two processes in particular, warming and photosynthesis, can explain much of the observed variability in
O2 and fCO2 saturation during the BROKE-West study, accounting for 31% and 49% of the observed values,
respectively. Those waters that were dominated by surface warming, resulting in decreased gas solubility,
are associated with the relatively warmer waters of the Weddell Gyre in the northwest sector of the study
area (Figures 2h and 2i), which agrees with the findings of Nomura et al. [2014] who found a similar temper-
ature control on surface fCO2 values in this region. The variability driven by photosynthesis occurs over the
shelf and slope with a second region observed offshore, north of the SACCF. Regions where photosynthesis
appears to be the dominant mode of O2 and fCO2 variability, i.e., quadrant 1, also show elevated satellite
chlorophyll-a concentrations, which often indicate intense phytoplankton blooms, particularly near the sea-
ice edge and within Prydz Bay (Figures 2e and 2f). Surface data associated with quadrant 3, which only
accounted for 5% of the observations, may indicate areas of localized upwelling or net respiration from bio-
logical activity. For example, the broad quadrant 3 classification observed in Leg 8 correlates well with both
the biological O2 undersaturation observed in Figure 7b and the positive 100 m temperature anomalies,
indicative of upwelling, at two of the xCTD stations [Williams et al., 2010]. Data associated with quadrant 4
(cooling) accounts for 15% of the observations and correlates well with areas of marginal sea-ice (Figures
2b and 2c), which suggests that an increase in gas solubility driven by cold sea-ice melt water may cause
the observed variability in these areas.

The distribution of surface water biogeochemical properties shows distinct regional characteristics, which
generally agree with the zones outlined by Schwarz et al. [2010]. Table 3 summarizes the mean values of
selected parameters based on this classification scheme. However, when NCP is considered over seasonally
integrated time-scales (Figures 8a and 8b), only two distinct regions are apparent. These observations reveal
that the majority of the study area experienced relatively low biological productivity at the time of sam-
pling, with the exception of waters over the continental shelf and moderate productivity near the Kerguelen
Plateau. Although iron was not directly measured during the study, there are various lines of evidence to
suggest that biological activity was limited by its supply to the surface mixed layer. These include phyto-
plankton species composition and chlorophyll degradation products measured by Wright et al. [2010] and
the utilization ratios of macronutrients (Table 3), whose individual concentrations were never below limiting
levels [Westwood et al., 2010]. Wright et al. [2010] further postulated that grazing on the phytoplankton
bloom and export of faecal pellets stripped the upper water column of iron, creating a southward migrating
iron gradient that followed the retreat of the melting sea-ice, thus limiting phytoplankton growth in the
upper water column. Our seasonally integrated estimates of NCP do not resolve this pattern of biological
activity, however, our results suggest that the supply of iron over the shelf, through a variety of mecha-
nisms, may have been sufficient to sustain high levels of biological activity throughout most of the summer
period.

5. Conclusions

In this study of the biogeochemical dynamics in the seasonal sea-ice zone of East Antarctica, distinct regions
of biological activity and sea-air CO2 flux were found. Estimates of the CO2 flux since the retreat of sea-ice
prior to the survey suggest that the entire study area is a weak net source of CO2 to the atmosphere. Waters
over the shelf and north of the SACCF were generally sites of oceanic CO2 uptake. This uptake, particularly
over the shelf/slope, was driven by strong biological productivity as observed in NCP estimates that were as
high as 6.4 mol C m22. Although micronutrients were not measured, it is likely that this strong biological
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productivity was sustained through their supply. The largest CO2 uptake was observed near Cape Darnley
and the magnitude of the CO2 sink is commensurate with other coastal and shelf based estimates of CO2

uptake, both in East Antarctica and along the west Antarctic Peninsula. Further offshore, in the western sec-
tor of the study area, the warmer waters of the Weddell Gyre-dominated surface water biogeochemical
dynamics, reducing gas solubility and causing a broad region of CO2 outgassing.

Wintertime under-ice estimates of fCO2 indicate that the majority of the surface waters in the BROKE-West
study region were supersaturated with respect to the atmosphere. The seasonal synergy between winter sea-
ice cover and biological productivity during the summer however, acts to reduce the flux of CO2 to the atmo-
sphere, highlighting the important role that sea-ice plays in the biogeochemical dynamics of the region.
Because the observed changes to the East Antarctic sea-ice are complex and are comprised of mixed signals
on regional to local scales, making predictions about the future CO2 source/sink nature of the SIZ is difficult.
This is highlighted by the large variability in the drivers and timing of carbon cycling dynamics in this region.
As such, the future CO2 uptake or outgassing in the study area will most likely depend on the response of the
solubility and biological pumps to: (1) changes in sea-ice seasonality and (2) the enhanced ventilation of car-
bon and nutrient-rich deep water driven by strengthening winds over the Southern Ocean.
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