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Abstract We quantify the transport of inorganic carbon from the continental shelf to the deep ocean in
Dense Shelf Water (DSW) from the Mertz and Ninnis Polynyas along the Adélie Land coast in East
Antarctica. For this purpose, observations of total dissolved inorganic carbon (TCO2) from two summer
hydrographic surveys in 2015 and 2017 were paired with DSW volume transport estimates derived from a
coupled ocean‐sea ice‐ice shelf model to examine the fate of inorganic carbon in DSW from Adélie Land.
Transports indicate a net outflow of 227 ± 115 Tg C yr−1 with DSW in the postglacial calving configuration of
the Mertz Polynya. The greatest outflow of inorganic carbon from the shelf region was delivered through
the northern boundary across the Adélie and Mertz Sills, with an additional transport westward from the
Mertz Polynya. Inorganic carbon in DSW is derived primarily from inflowing TCO2‐rich modified
Circumpolar Deep Water; local processes (biological productivity, air‐sea exchange of CO2, and the addition
of brine during sea ice formation) make much smaller contributions. This study proposes that DSW
export serves as a continental shelf pump for CO2 and is a pathway to sequester inorganic carbon from the
shallow Antarctic continental shelf to the abyssal ocean, removing CO2 from atmospheric exchange on
the time scale of centuries.

Plain Language Summary Dense waters formed on the Antarctic continental shelf flow into
bottom waters that spread throughout the global ocean. These Dense Shelf Waters play an important role
in transporting material from the middle and upper layers of the water column to the abyssal ocean. By
combining observations andmodel simulations, we track the transport of dissolved CO2 in these Dense Shelf
Waters from the continental shelf to the deep ocean from the Mertz and Ninnis Polynyas in East
Antarctica. We find the largest contributor of dissolved CO2 to Dense Shelf Water formed in this region is the
CO2‐rich midlayers that move onto the continental shelf from offshore. Once on the shelf, local
processes in the upper water column further enrich these waters with dissolved CO2 before their subsequent
descent into bottom waters and the abyssal ocean. Our findings highlight the importance of the CO2‐rich
midlayers, rather than upper ocean shelf processes, in driving the conditions for carbon sequestration in the
deep ocean.

1. Introduction

The Southern Ocean is the central feature connecting the world's ocean basins and plays an integral role in
regulating global marine biogeochemical cycles (Marinov et al., 2006; Sarmiento et al., 2004; Sigman &
Boyle, 2000). Along the Antarctic continental margins, the production of cold, dense Antarctic Bottom
Water (AABW) drives the lower limb of the meridional overturning circulation, delivering oxygen, carbon,
and heat to the deep layers of the Atlantic, Indian, and Pacific Oceans during its northward transit (Orsi
et al., 1999, 2002). AABW is mainly formed in four regions: the Weddell Sea (Carmack & Foster, 1975), the
Ross Sea (Jacobs et al., 1970), Cape Darnley (Ohshima et al., 2013), and along the Adélie Land coast in East
Antarctica (Gordon & Tchernia, 1972; Rintoul, 1998). Given its long residence time, AABW has the poten-
tial to sequester carbon in the abyssal ocean over centennial time scales and longer, highlighting the impor-
tance of this water mass to the global carbon cycle and Earth's climate system (McNeil et al., 2001;
Shadwick et al., 2014; Takahashi & Chipman, 2012).
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Coastal polynyas are persistent areas of open water surrounded by sea ice that form in the lee of a coastline or
otherwise fixed boundary, such as a glacial tongue or grounded iceberg (Massom et al., 1998; Morales
Maqueda et al., 2004). Polynyas are considered to be sinks for atmospheric CO2 as a result of their high rates
of seasonal primary production and associated strong surface CO2 undersaturation in the spring, when the
return of solar radiation to the shallow nutrient‐rich surface mixed layer offers the phytoplankton commu-
nity a relief from light limitation (e.g., Arrigo et al., 2008; Arrigo & van Dijken, 2003; Yager et al., 1995).
These regions are also recognized for their enhanced rates of sea ice formation and ocean‐ice shelf interac-
tions on the continental shelf (Silvano et al., 2016) leading to the formation of Dense Shelf Water (DSW), the
precursor to AABW (Williams et al., 2008, 2010). Sources of AABW in the Australian‐Antarctic Basin
include overflows of DSW formed in the Mertz and Ninnis Polynya systems of the Adélie Land coast in
East Antarctica (Figure 1; Rintoul, 1998; Williams & Bindoff, 2003; Williams et al., 2008, 2010).

Coastal polynyas that are sites of DSW formation are unique environments that serve as a direct pathway for
the exchange of CO2 between the atmosphere and the surface and deep layers of the ocean. This is due to the
deep mixing on the continental shelf and the movement of relatively shallow shelf waters to the abyssal
layers of the open ocean. The export of carbon from these high‐latitude coastal polynya systems may be
enhanced by a continental shelf pump (CSP) for CO2 (e.g., Tsunogai et al., 1999), facilitating the transport
of carbon from the surface and midlayers to depth for sequestration and storage on long time scales. The
CSP describes the interaction of the solubility and biological pumps of carbon with physical mechanisms
that move water from the shallow coastal sea to an adjacent deep ocean. The CSP has been shown to operate
in the Northern Hemisphere and sea ice‐free systems such as the East China Sea (Tsunogai et al., 1999) and
North Sea (Bozec et al., 2005; Thomas et al., 2004) and in the Chukchi Sea in the western Arctic Ocean
(Bates, 2006) but has been little explored in the Antarctic coastal regions (Murakami et al., 2020;
Takahashi & Chipman, 2012).

This study investigates the potential for a CSP for CO2 from the Mertz Polynya and Ninnis Polynya in East
Antarctica. Using biogeochemical observations from two austral summer surveys, the concentrations of total
dissolved inorganic carbon (TCO2) in DSW are characterized and are paired with model‐derived volumetric
DSW transport estimates to determine the lateral export of inorganic carbon from Adélie Land coastal
waters. The local contributions of inorganic carbon to DSW are determined by net community production

Figure 1. CTD stations in the Mertz Polynya (blue), Ninnis Polynya (red), and Mertz Depression (black) from two
summer voyages in January 2015 (AU1402) and January 2017 (AU1602) with bathymetry from the 2019 General
Bathymetric Chart of the Oceans (GEBCO Bathymetric Compilation Group, 2019). Repeat stations adjacent to the Mertz
Glacier Tongue on the two voyages are indicated with open blue circles. Magenta and green lines delineate model
boundaries for the Mertz Polynya and Ninnis Polynya, respectively, from Kusahara et al. (2017). Geomorphic features:
Adélie Bank (AB), Adélie Depression (AD), Adélie Sill (AS), Mertz Bank (MB), Mertz Depression (MD), Mertz Glacier
Tongue (MGT), Mertz Sill (MS), Ninnis Depression (ND), and Ninnis Glacier (NG).
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(NCP), estimated from surface deficits in TCO2, and by air‐sea exchange of CO2, using underway measure-
ments of CO2 fugacity. The implications of an active CSP in the coastal zone of East Antarctic for Southern
Ocean carbon export are discussed.

2. Oceanographic Setting

The Mertz Polynya and Ninnis Polynya are recurring coastal polynyas that form in the Adélie Coast region
(142–149°E) in East Antarctica, in the lee of the Mertz Glacier Tongue (MGT) and Ninnis Glacier, respec-
tively (Figure 1). Geomorphic features on the continental shelf in the Adélie Land region include several
large bathymetric depressions that connect to the deep ocean through shallow sills. Both polynyas are
regions of active DSW formation as a result of their high volumes of winter sea ice production and subse-
quent release of brine to the surface ocean. Offshore katabatic and synoptic scale winds force sea ice away
from the coast and their neighboring glacial tongues, sustaining open water in these polynyas and enhancing
the intense sea ice growth (Massom et al., 1998). Brine rejection associated with sea ice production and sur-
face cooling during the austral fall and winter increases the density of surface waters, driving convection and
formation of DSW. This rejection of salts to the underlying water column enhances the concentration of dis-
solved constituents, including total alkalinity (TA) and TCO2, in parallel with salinity in DSW. Although
shipboard oceanographic observations on the Adélie Land coast during winter are limited to one study in
the Mertz Polynya (Bindoff et al., 2001; Williams & Bindoff, 2003), the seasonal cycle of water mass transfor-
mations recorded by a series of moorings revealed that the Adélie Depression (142–146°E) is the primary
source of DSW from the Adélie Land coast (Williams et al., 2008). These observational studies have reported
a clockwise circulation in the Adélie Depression in winter. As DSW flows along the southeastern side of the
Adélie Depression and exits the continental shelf through the shallow Adélie Sill (142.5–143°E), on‐shelf
intrusions of relatively warm and salty modified Circumpolar Deep Water (mCDW) enter over the Adélie
Sill and flow along the northern side of the Adélie Depression to compensate for the DSW outflow. The
majority of DSW that forms is exported in the late winter and early spring when the water mass reaches a
critical density to transit northward over the Adélie Sill (Williams et al., 2008, 2010). As DSW cascades down
the continental slope, it entrains mCDW to acquire its AABW properties (Williams et al., 2008, 2010).

Williams et al. (2008) estimated an annual mean export of 0.1–0.5 Sv of DSW through the Adélie Sill for
water masses with a potential density greater than 27.88 kg m−3. Later work identified a secondary source
of DSW from Adélie Land exported across the Mertz Sill (147–148°E) from the Mertz Depression, east of
theMGT and north of the Ninnis Polynya (Williams et al., 2010). DSW exported from the Mertz Sill is lighter
and fresher than DSW exported from the Adélie Sill, owing to a lower rate of sea ice production over the
Mertz Depression compared to over the Adélie Depression (Williams et al., 2010). Several numerical model-
ing studies agree well with observations in documenting the clockwise gyre circulation and dense water for-
mation in the Adélie Depression (Cougnon et al., 2013; Marsland et al., 2004, 2007) and dense water
formation in the Mertz Depression (Kusahara et al., 2010, 2011a).

In the early summer months (November and December), a reduction or cessation of sea ice production and
the onset of seasonal sea ice melt freshens and stratifies the water column, reducing or halting DSW forma-
tion. The restratification of the water column in summer allows for a more detectable signal of mCDW in the
midlayers of the water column due to a pause in convection that erodes warm mCDW in winter (Williams
et al., 2008; Williams & Bindoff, 2003). In summer, mCDW is found between the lighter Antarctic Surface
Water layer and the denser DSW layer (Williams et al., 2008). In addition to the Adélie Sill, intrusions of
mCDW occur across the shelf break near the Mertz Bank and Ninnis Bank as illustrated by model simula-
tions over an annual mean field (Cougnon et al., 2017; Kusahara et al., 2017). The delivery of mCDW into the
intermediate layer increases salinity on the continental shelf that preconditions the midwater column with
saline water before the onset of sea ice formation and DSW production in the following winter. Because the
mCDWwater mass primarily derives its biogeochemical properties from the Antarctic Circumpolar Current
(ACC;Whitworth et al., 1998), the mCDW inflows are also highly enriched in inorganic nutrients and TCO2,
resulting from the cumulative remineralization of organic matter during its modification over the Antarctic
slope and shelf. Wintertime sea ice formation subsequently delivers additional brine to the surface water in
the polynyas, further increasing its salinity and density, while concentrating dissolved salts, including TCO2.
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This cold, saline DSW is then bathymetrically steered in the shelf depressions as outflows across the Adélie
and Mertz Sills at the continental shelf break.

The Mertz Polynya was the third largest producer of sea ice among all Antarctic polynyas until early 2010
when the terminal end of the MGT separated from the Mertz Glacier after impact with the iceberg B9b.
TheMGT calving event dramatically reduced polynya size and total sea ice production (Shadwick et al., 2013;
Tamura et al., 2012) and subsequently the density and volume of DSW on the continental shelf (Lacarra
et al., 2014). Observations following the MGT calving show evidence for continued formation of DSW
(Snow et al., 2018) and changes to local biogeochemical cycling (Shadwick et al., 2017).

Some of the DSW formed during the winter season accumulates in the deep Adélie, Mertz, and Ninnis
Depressions (Lacarra et al., 2014; Williams et al., 2008, 2010). These depressions thereby act as reservoirs,
where DSW can be observed in the subsequent summer (e.g., Lacarra et al., 2014; Shadwick et al., 2013).
Accumulated DSW signatures are isolated from lateral exchange off the shelf break by the shallow sill
barriers and by the presence of less dense mCDW in the intermediate water column. Accordingly, the
bottom waters observed within the on‐shelf depressions of the Mertz and Ninnis Polynyas during the
summer surveys presented in this study are taken to be indicative of the DSW produced during the previous
winter season.

3. Methods

This study uses hydrographic and CO2‐system data collected on the continental shelf of the Adélie Land
coast (142–149°E) during two summer cruises in January 2015 (AU1402) and 2017 (AU1602) on board the
RSVAurora Australis following theMGT calving in 2010 (Figure 1). The AU1402 voyage includes 51 conduc-
tivity‐temperature‐depth (CTD) stations occupied between 9 and 17 January 2015 in the Adélie Depression
and along the western edge of the MGT (Rosenberg, 2020). An additional 37 CTD stations were made on the
AU1602 voyage between 14 and 21 January 2017 and extended farther east on the Adélie Land coast
(Rosenberg & Rintoul, 2018). The AU1602 data set encompasses 15 CTD stations adjacent to the MGT that
were repeated fromAU1402 (see Figure 1, open circles) as well as 14 CTD stations within the Ninnis Polynya
and 8 CTD stations in the Mertz Depression.

On both voyages, CTD deployments obtained continuous measurements of 2‐dbar averaged practical sali-
nity, temperature (°C), and pressure (dbar) using a SeaBird SBE9plus CTD (serial 704) with dual tempera-
ture and conductivity sensors. The accuracies of temperature and salinity were ~0.001°C and ~0.002,
respectively. Similarly, continuous measurements of 2‐dbar averaged dissolved oxygen (μmol kg−1) were
made with SBE 43 (serial 0178) in agreement to within 1% of discretely sampled dissolved oxygen samples.
The CTD was mounted on a rosette frame with 22 × 10 L General Oceanic Niskin bottles on the AU1402
voyage and with up to 24 × 10 L Niskin bottles on AU1602.

3.1. Underway fCO2 Measurements and Air‐Sea CO2 Flux Calculations

High‐frequency underway measurements of the fugacity of carbon dioxide (fCO2), sea surface salinity, and
sea surface temperature (SST) were taken from the seawater intake ~4 m below the ocean surface along the
cruise tracks of both voyages. Measurements of fCO2 were made using a nondispersive infrared gas spectro-
meter (LI‐COR, LI‐7000) with continuous flow equilibration corrected to in situ underway temperature and
salinity and to 100% humidity (Pierrot et al., 2009). Travel time between the seawater intake and the CO2

system on board was approximately 70 s, resulting in ≤0.6°C warming. Underway fCO2 measurements were
calibrated every 3–4 hr with a set of four reference standards (0, 299.41, 353.00, and 402.15 μatm on AU1402;
0, 255.93, 380.52, and 451.12 μatm on AU1602) on the WMO‐X2007 mole fraction scale for CO2 in dry air
(Zhao & Tans, 2006). The atmospheric mole fraction of CO2 was measured every 4 hr at ~16 m above sea
level and used to calculate atmospheric fCO2. Uncertainties were ±2 μatm for seawater fCO2 and
±0.2 μatm for atmospheric fCO2.

Air‐sea fluxes of CO2 were calculated using the equation

FCO2 ¼ k α ΔfCO2 (1)

where FCO2 is the CO2 flux (mmol C m−2 day−1), k is the gas transfer velocity, and α is the solubility of
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CO2 (Weiss, 1974). ΔfCO2 (μatm) is the gradient of fCO2 between the sea surface and the atmosphere
(fCO2

sea − fCO2
air), where a negative flux indicates an ocean uptake of atmospheric CO2. The gas transfer

term (k; cm hr−1) was parameterized following Wanninkhof (2014) given by

k ¼ 0:251 U2
10 m Sc=660ð Þ−0:5 (2)

using daily averaged winds from 10 m above the sea surface (U10; m
2) obtained from the NCEP/NCAR

Reanalysis product (Kalnay et al., 1996) and corrected to a Schmidt (Sc) number of 660. The uncertainty
in CO2 flux was determined by comparing FCO2 values parameterized by several gas transfer velocities
(Ho et al., 2006; Sweeney et al., 2007; Wanninkhof, 1992) and was better than 1 mmol C m−2 day−1.

3.2. Discrete CO2 System and Biogeochemical Observations

Discrete measurements of TCO2 and alkalinity (TA) were made at each station following analytical methods
described in Dickson et al. (2007). Upon sampling, a saturated solution of mercuric chloride was added to
each sample to halt biological activity. TCO2 concentrations were either determined on board (AU1402)
or stored in the dark at 4°C until analysis at CSIRO in Hobart (AU1602) by coulometric titration using a
Single Operator Multiparameter Metabolic Analyzer (SOMMA) system (Johnson et al., 1993). TA concentra-
tions were determined on board both voyages by automatic open‐cell potentiometric titration with 0.1 M
hydrochloric acid using a Methrom Titrando system. All analyses were routinely checked with Certified
Reference Materials (CRMs Batch #137 on AU1402; #145 and #153 in AU1602) provided by A. G.
Dickson at Scripps Institution of Oceanography (Dickson et al., 2003). Verified analytical uncertainties were
better than ±1.4 μmol kg−1 for TCO2 and ±1.5 μmol kg−1 for TA for AU1402 and better than ±1.5 μmol kg−1

for TCO2 and ±1 μmol kg−1 for TA for AU1602.

3.3. Seasonal Changes in TCO2 and NCP Computations

The summertime distribution of mixed‐layer TCO2 is influenced by a combination of physical and biological
processes. The mixed layer depth (MLD) was defined as the depth at which potential density anomaly
exceeds a reference measurement at 10 m by 0.01 kg m−3 (e.g., Lacarra et al., 2011; Shadwick et al., 2014).
Deficits in TCO2 (mmol m−2) were computed at each station as the depth‐integrated difference between
an inferred winter TCO2 concentration and the observed summer TCO2 concentrations in the mixed layer,
defined by the equation

Total mixed‐layer TCO2 deficit ¼
Z MLD

0
TCOwinter

2 − TCOsummer
2 dx (3)

Profiles of TCO2 show that concentrations were nearly constant below 125 m in both sampling years
(see Figures 4c and 6d). The inferred winter TCO2 was therefore defined as the average value at 150 m
depth in the combined AU1402 and AU1602 data sets (TCO2

winter = 2,230 μmol kg−1; standard
deviation = 4 μmol kg−1; n = 33). This approach in determining winter TCO2 follows previous studies in
East Antarctic polynyas (e.g., Arroyo et al., 2019; Shadwick et al., 2014) as the temperature minimum on
the shelf was not clearly defined and influenced by the presence of Ice Shelf Water (ISW).

The total deficit in TCO2 in the mixed layer (Equation 3) was partitioned into biological and physical drivers,
following the methods of Shadwick et al. (2017). TCO2 deficits were attributed to changes due to (1) salinity,
determined as the difference between observed TCO2 and salinity‐normalized TCO2, normalized to an
inferred winter salinity of 34.45 (mean salinity at 150m); (2) calcium carbonate processes, determined as half
of the difference between observed TA and salinity‐normalized TA, after correcting for the influence of
nitrate (e.g., Brewer & Goldman, 1976; Jones et al., 2010). TA increases and decreases twice as much as
TCO2 due to calcium carbonate dissolution and precipitation, respectively; (3) biological processes and
air‐sea CO2 exchange were determined by difference and are represented in a single term.

In addition to mixed‐layer TCO2 deficits, the reduction in TCO2 due to biological processes was computed
from the surface to 100 m at each station to account for deeper mixing prior to the sampling event.
Biological TCO2 deficits (mol C m−2) were calculated as the depth‐integrated difference between the
observed summer salinity‐normalized TCO2 and salinity‐normalized TCO2

winter from the surface to
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100 m. TCO2 (and TA) concentrations were normalized to the observed area‐averaged salinity (S = 34.5) to
account for the impact of seasonal sea ice melt and (horizontal and vertical) mixing using the conventional
method that assumes a zero freshwater end‐member value (e.g., Shadwick et al., 2014, 2017; Sweeney et
al., 2000). This technique has been shown to overestimate salinity‐normalized TA in the coastal
Antarctic (e.g., Legge et al., 2017), but too few observational data are available to accurately constrain
the freshwater (meteoric and sea ice) TCO2 and TA end‐members in the East Antarctic.

Rates of NCP, defined as the difference between net primary production and heterotrophic respiration, were
computed by dividing the 100 m biological TCO2 deficits over the observed growing season, from start of the
productive season until the time of sampling in January. The start of the productive season was defined as 1
November for each sampling year based on the onset of primary production inferred frommonthly averaged
chlorophyll a concentration derived from the MODIS‐Aqua satellite product at 9‐km resolution and Level 3
processing (https://oceancolor.gsfc.nasa.gov/l3/). This approach simply assumes a constant daily rate of bio-
logical carbon uptake since 1 November (which more accurately varies over the progression of the growing
season) and does not account for air‐sea CO2 fluxes. The reported 100 m TCO2 deficits and NCP values likely
reflect a lower bound of the total biological uptake over the entire productive season that continues after the
sampling event.

3.4. Inorganic Carbon Transport With DSW

Volumetric DSW transport estimates were derived from a coupled ocean‐sea ice‐ice shelf model described in
Kusahara et al. (2017). This circumpolar Southern Ocean numerical model uses an orthogonal, curvilinear
coordinate system with enhanced horizontal resolution (~5–7 km) in the Adélie Land region and a hybrid
σ/z vertical coordinate. Bathymetry is derived from the General Bathymetric Chart of the Oceans
(GEBCO, IOC et al., 2003), and ice shelf draft is derived from the 1‐min refined topography (RTopo‐1,
Timmermann et al., 2010). Simulations quantify DSW formation in the Mertz and Ninnis Polynyas on the
Adélie Land coast, as well as its export from the shelf break on monthly time scales from the Mertz
Depression/Sill and the Adélie Depression/Sill that are consistent with previous observational studies on
the continental slope and rise (Kusahara et al., 2011a; Williams et al., 2010). Volume transports for the
Mertz Polynya and Ninnis polynya represent outflows and inflows of DSW through western, northern,
and eastern boundaries of each polynya, as delineated by Kusahara et al. (2017) (Figure 1). This oceanmodel
comprehensively reproduced key proceses in coastal polynyas including sea ice production, basal ice shelf
melting, whole‐water column structure, and DSW formation and export over different time scales (i.e., sea-
sonal, annual, and interannual) as well as the distribution of AABW over the continental slope and rise
(Kusahara et al., 2017). Model simulations were performed under two scenarios: before and after the 2010
MGT calving event. For the analysis in the present study, the monthly DSW transport estimates were aver-
aged in the postcalving simulation (C2000 case) in which the MGT calved on 1 January 2000. Although the
actual MGT calving event occurred in February 2010, the analysis by Kusahara et al. (2017) found that there
are no pronounced differences in DSW formation and export during model simulations that assume a
calving event on 1 January 2000 (C2000) or 1 January 2010 (C2010) during the period of overlap
(2010–2013), demonstrating that the numerical results are independent of the timing of the MGT calving.
Simulated DSW transport estimates were averaged by month from January 2001 to December 2013 to obtain
a long‐term field. The dramatic changes to the local icescape and ocean circulation on the Adélie Land coast
following the MGT calving has led to an evolving definition of the critical density criterion for DSW outflow
from the Adélie and Mertz Depression regions (e.g., Kusahara et al., 2011b). In this study, we use the criteria
of σθ ≥ 27.88 kg m−3 for DSW exported from the Mertz Polynya and σθ ≥ 27.84 kg m−3 from the Ninnis
Polynya.

To determine the amount of inorganic carbon that is transported with DSW from the Adélie Land coast,
these model‐derived volumetric DSW transport estimates, binned by potential density in intervals of
0.02 kg m−3, are combined with TCO2 concentrations in DSW observed at depth in each summer study.
Because the deep depressions act as reservoirs for DSW formed during the previous winter, the summer
observations of TCO2 below σθ≥ 27.84 kgm−3 and θ≤−0.5°C are assumed to be representative of the winter
concentration in DSW. Profiles of TCO2 for repeated stations in January 2015 and 2017 adjacent to the MGT
show excellent agreement in concentration, particularly in the DSW water mass (depths greater than
~700 m) between the two years, suggesting the interannual variability in subsurface TCO2 is small
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(Figure 1, open circles; see also Figure 4). Thus, TCO2 values in DSW from
the 2015 and 2017 data sets are combined and are treated as one. Discrete
TCO2 measurements at each station were linearly interpolated between
sampling depths to the 2‐dbar vertical resolution of the CTD measure-
ments. Similar to the model outputs, TCO2 values were binned by poten-
tial density intervals in increments of 0.02 kg m−3 and were averaged to
yield one TCO2 value per density bin (Table 1). The standard deviations
of TCO2 measurements within each bin are small (1–2 μmol kg−1) and
similar to the analytical uncertainty (1.5 μmol kg−1), giving confidence
that these signatures are representative of the water in a particular
bin. Water masses that were denser than those observed during summer
(i.e., σθ > 27.92 kg m−3) were assigned TCO2 values of the densest obser-
vation (i.e., mean TCO2 between 27.90 kg m−3 < σθ < 27.92 kg m−3).

Inorganic carbon transport in DSW (CO2
DSW; g C s−1) was computed by

the following equation

CODSW
2 ¼ TransportDSW × TCODSW

2 × ρDSW ×mc (4)

where TransportDSW is the monthly averaged volume transport (Sv; 106 m3 s−1) from the numerical
model, TCO2

DSW (μmol kg−1) and ρDSW (kg m−3) are the mean TCO2 concentration and density, respec-
tively, within each σθ bin (Table 1), and mc is the molar mass of carbon (g C mol−1). The CO2

DSW com-
putations were scaled from units of g C s−1 to g C month−1 and to g C yr−1 by multiplying the
estimated CO2

DSW by the number of seconds in each month and in one year, respectively, to yield seasonal
and annual CO2

DSW values from both the Mertz and Ninnis Polynyas. Net CO2
DSW is calculated as the

difference between outflowing and inflowing CO2
DSW (i.e., positive values indicate export). Here, it is

assumed that there is no seasonal variability in TCO2
DSW within each

σθ bin, and the uncertainties reported are due to model transport inter-
annual variability alone, given by the standard deviation of the scenario
years (n = 13).

4. Results
4.1. Hydrographic Properties

Water mass characteristics on the Adélie Land coast during the 2015 and
2017 voyages were similar to those observed in previous summer studies
(Lacarra et al., 2011; Shadwick et al., 2014, 2017; Figure 2). The surface
waters were relatively warm and low saline, characteristic of Antarctic
Surface Water (AASW) properties in summer (Figures 2 and 3).
Underway measurements taken along the cruise tracks indicate sea sur-
face salinity was greater in the study region in 2015 (~33.7 to 34.5) as com-
pared to 2017 (~32.6 to 33.9), suggesting a larger volume of sea ice melt
and a resulting surface freshening prior to the 2017 voyage (Figures 3a
and 3b). In both years, relatively low salinity waters were found adjacent
to the seaward edge of the MGT. In 2017, salinity reached a maximum
within the Ninnis Polynya and decreased latitudinally away from the
coast overlying the Mertz Bank and Mertz Depression. Surface waters
were often cooler in the Adélie Depression in 2015 (~ −1.6°C to 0.1°C)
and west of the MGT as compared to more widely varying SST during
the 2017 voyage (~−1.6°C to 1.0°C) east of the MGT, where increased sur-
face temperatures were likely the result of seasonal warming (Figures 3c
and 3d).

Below the summer mixed layer, relatively warm mCDW and cold ISW
occupied the intermediate depths above the DSW layer. We define the

Table 1
Bin‐Averaged TCO2 Concentrations (μmol kg−1) in DSW on the Adélie
Land Coast

DSW bin (kg m−3) TCO2 (μmol kg−1) No. of Obs.

27.85 2,238 ± 2 71
27.87 2,239 ± 2 45
27.89 2,240 ± 2 20
27.91 2,241 ± 2 44
27.93 2,243 ± 1 11

Note. The value of DSW bin concentration (± standard deviations) is the
midpoint between two bins and the corresponding number of discrete
bottle observations (No. of Obs.) from January 2015 and January 2017.
Any volume of DSW denser than observed in the summer is assigned
the concentration in the 27.93 kg m−3 bin.

Figure 2. Potential temperature (θ, °C)‐salinity diagram for CTD
measurements from January 2015 and 2017 with contours (gray lines) of
potential density anomaly (kg m−3) and colors for TCO2 concentration
(μmol kg−1) interpolated to 2 dbar from discrete bottle samples. The black
solid line indicates the freezing point of seawater at 50 dbar. Water
masses are labeled as Antarctic Surface Water (AASW),
modified Circumpolar Deep Water (mCDW), Ice Shelf Water (ISW), and
Dense Shelf Water (DSW).
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upper limit of mCDW by a potential density of 27.725 kg m−3 and ISW by potential temperatures below the
surface freezing point at 50 dbar (Aoki et al., 2017). Intrusions of mCDW from offshore of the shelf break
deliver a source of high salinity, low dissolved oxygen water to the region. As mCDW is isolated from
exchange with the sea surface, it is also enriched in TCO2 and inorganic nutrients due to the cumulative
influence of organic matter remineralization over longer time scales (Figure 2). The signals of ISW near
the MGT, formed during the interactions of DSW with the ice shelf, are more evident in summer because
the water mass is not yet mixed away by deep winter convection.

CTD stations in January 2015 were repeated in January 2017 in the Mertz Polynya along the MGT (Figure 1,
open circles; Figure 4). In both occupations, the bottom waters were relatively cold and salty compared to
surface waters. Surface waters in summer 2017 were relatively fresher (~32.8 vs. 33.6) and warmer (~0.5°C
vs. −1.0°C) than in summer 2015. The distribution of salinity in both years was nearly uniform with depth
below 500 m; however, the subsurface water column salinity was generally greater in 2017 than in 2015,
increasing to salinity values of 34.67 and 34.61 near the seafloor, respectively. Profiles of potential tempera-
ture are much more variable above 500 m but converge in both years to a bottom temperature of ~1.91°C.

Vertical profiles of TCO2 and TA concentrations show surface water concentrations of both TCO2 and TA
were lower in January 2017 than in January 2015, due to lower sea surface salinity and increased biological
production (discussed below). The impact of the increased subsurface salinity is seen more dramatically in
TA (Figure 4d), where subsurface TA concentrations were greater in 2017 than in 2015. An increase in
TCO2 concentration at depth in 2017 relative to 2015 is not seen, and the subsurface concentrations of
TCO2 converged at depth along the MGT. The absence in TCO2 increase in depth could be attributed to
the larger seasonal changes in TCO2, which is affected by both changes in salinity and biological processes,
relative to TA, which is predominantly impacted by changes in salinity (and to a lesser extent biological pro-
cesses). The increased sensitivity of TA to changes in salinity relative to TCO2 would mask the apparent
trend in subsurface TCO2. Below 500 m, the average ratio of TCO2 to TA is consistent between the two sam-
pling years (0.9575 ± 0.0008 in January 2015 and 0.9556 ± 0.0011 in January 2017), and within the analytical
uncertainty, suggesting that the increase in subsurface TA (or the absence of subsurface TCO2 increase) is
overall small.

4.2. Surface fCO2 and Air‐Sea CO2 Exchange

All surface seawater fCO2 measurements on both voyages were undersaturated with respect to the atmo-
spheric value (382 ± 1.2 μatm in January 2015 and 389 ± 0.6 μatm in January 2017), resulting in a net air‐
to‐sea flux of CO2 during the observation periods (Figures 3e and 3f). In both years, the distribution of
fCO2 exhibited a latitudinal gradient, with a larger degree of undersaturation found adjacent to the coast.
Areas of cooler, fresher water in the Adélie Depression correspond to minimum values of fCO2, in contrast
to the cooler waters farther offshore in the Mertz Bank associated with maximum values of fCO2. The range
of fCO2 values was smaller (~210 to 350 μatm) between the Adélie Depression and the MGT in 2015 com-
pared to fCO2 values on the eastern side (~160 to 382 μatm) of the Adélie Land coast in 2017. In 2017, surface
waters adjacent to the MGT and within the Ninnis Polynya exhibited the largest degree of undersatura-
tion, with fCO2 values as low as 150 μatm, consistent with reported elevated dissolved oxygen to argon
ratio (ΔO2/Ar) found in these regions (Moreau et al., 2019).

The Adélie Land coastal region was a moderate sink for atmospheric CO2 during the austral summers of
2015 and 2017 (Figures 3e and 3f; Table 2). Although the direction of gas exchange was consistently in the
direction of oceanic uptake, the magnitude of CO2 flux varied regionally and between years. Wind speeds
were variable in both years, with daily mean wind speeds ranging between 2.1 and 5.8 m s−1 in 2015 (mean
and standard deviation: 3.9 ± 1.2 m s−1) and between 2.1 and 11.8 m s−1 in 2017 (mean and standard
deviation: 5.9 ± 3.1 m s−1). Highly undersaturated waters near the MGT recorded the largest ingassing
flux in both years (~7 mmol C m−2 day−1 in 2015 and ~15 mmol C m−2 day−1 in 2017) consistent with
previous studies near the postcalving MGT (Shadwick et al., 2014, 2017). Smaller CO2 sinks were estimated
in the Adélie Depression and near the edge of the continental shelf west of the MGT at 66°S (1 to
5 mmol C m−2 day−1). Although surface waters in the Ninnis Polynya were highly undersaturated in
fCO2 (−239 < Δ fCO2 < −100 μatm), lower wind speeds resulted in a relatively weaker flux (~2 to
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Figure 3. Underway measurements from January 2015 (left column) and January 2017 (right column) for (a, b) salinity,
(c, d) sea surface temperature (SST; °C), and (e, f) fCO2 (μatm) and CTD station (g, h) NCP (mmol C m−2 day−1)
on the Adélie Land coast. Mean observed atmospheric fCO2 values were 382 and 389 μatm in 2015 and 2017, respectively.
Open black circles in a–f denote CTD station locations.
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4 mmol C m−2 day−1). The Adélie Land coast was a sink for atmospheric CO2 with an average flux of
approximately 6.6 mmol C m−2 day−1 over both cruise years.

4.3. CO2 System Properties

The relationships of TCO2 and TA with salinity are shown in Figure 5. The concentrations of TCO2 and
TA ranged from 2,015 to 2,245 and from 2,240 to 2,350 μmol kg−1, respectively, over a salinity range of

Figure 4. Vertical profiles of (a) CTD salinity, (b) CTD potential temperature (θ; °C), (c) TCO2 (μmol kg−1), and (d) TA
(μmol kg−1) from overlapped stations in the Mertz Polynya adjacent to the MGT from the January 2015 (gray) and
January 2017 (black) voyages. See Figure 1 (open blue circles) for CTD station locations.
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32.8 and 34.7 (Figure 5a), similar to values reported in previous studies of the Mertz Polynya (Shadwick
et al., 2014, 2017). At lower surface salinities (S < 34.3), TA and TCO2 were relatively reduced from
subsurface values (S > 34.3). The more conservative relationship between TA and salinity in the upper
water column indicates that seasonal changes in surface TA were predominantly driven by changes in sea
ice dynamics (e.g., sea ice melt), whereas the changes in surface TCO2 were influenced by additional
processes (e.g., photosynthesis and air‐sea CO2 exchange; Figure 5c). Lower sea surface salinities found
near the calving face of the MGT in both voyages correspond to TCO2 minima of ~2,100 μmol kg−1 during

Table 2
Regional Air‐Sea CO2 Exchange (mmol C m−2 day−1), Biological TCO2 Deficits in the Upper 100 m (mol C m−2), and
NCP (mmol C m−2 day−1) With Standard Deviations on the Adélie Land Coast

Region Air‐sea CO2 flux TCO2 deficit NCP
(mmol C m−2 day−1) (mol C m−2) (mmol C m−2 day−1)

Adélie Depression −3.2 ± 2.6 3.5 ± 1.3 47 ± 18
MGT 2015 −5.0 ± 2.4 4.0 ± 1.1 54 ± 15
MGT 2017 −14.1 ± 7.2 4.3 ± 1.4 62 ± 20
Ninnis Polynya −4.6 ± 1.8 3.7 ± 1.0 51 ± 14
Mertz Depression −5.9 ± 1.4 2.5 ± 0.9 35 ± 13

Note. A negative flux indicates sea surface CO2 uptake. A positive NCP indicates net autotrophy.

Figure 5. Relationships between (a) salinity and TCO2 (μmol kg−1) and salinity and TA (μmol kg−1);
(b salinity‐normalized TA (nTA; μmol kg−1) and salinity‐normalized TCO2 (nTCO2; μmol kg−1); and (c)
salinity‐normalized potential alkalinity (pTA; μmol kg−1) and nTCO2 (μmol kg−1). Color scheme follows Figure 1.
(d) Drivers of mixed‐layer (ML) TCO2 (mmol m−2) in January 2015 (gray) and January 2017. Bars represent the total
average deficit in TCO2 and the average contributions due to changes in salinity, biological processes and gas
exchange (Bio), and carbonate mineral processes (Alk). Error bars denote one standard deviation.
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Figure 6. Vertical profiles (gray) of (a) TCO2 (μmol kg−1), (b) TA (μmol kg−1), (c) nTCO2 (μmol kg−1), and (d) nTA
(μmol kg−1), with corresponding average profiles in the Mertz Polynya (blue), Ninnis Polynya (red), and Mertz
Depression (black). Color scheme follows Figure 1.
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January 2015 and ~2,015 μmol kg−1 during January 2017 and TA minima of ~2,290 μmol kg−1 during
January 2015 and ~2,240 μmol kg−1 during January 2017. Average mixed‐layer concentrations of TCO2

and TA were overall lower in 2017 (2,079 ± 36 μmol kg−1; 2,279 ± 29 μmol kg−1) as compared to 2015
(2,149 ± 30 μmol kg−1; 2,308 ± 11 μmol kg−1) but are within range of those previously reported in the
Mertz Polynya from 2011 (2,107 ± 20 μmol kg−1; 2,280 ± 18 μmol kg−1), 2012 (2,109 ± 20 μmol kg−1;
2,313 ± 15 μmol kg−1), and 2013 (2,159 ± 25 μmol kg−1; 2,315 ± 10 μmol kg−1; Shadwick et al., 2017).

TCO2 and TA concentrations were normalized to a salinity of 34.5, the average salinity of both data sets
(Figure 5b). Salinity normalizing TCO2 and TA accounts for the seasonal variations in salinity due to fresh-
water input and removal (e.g., sea ice formation and melt), as well as horizontal and vertical mixing, allow-
ing for biogeochemical processes to be distinguished from salinity effects. The negative slope of the linear
relationship between salinity‐normalized TCO2 (nTCO2) and salinity‐normalized TA (nTA) indicates the
combined influence of air‐sea CO2 exchange, biological processes, and calcium carbonate processes. The
exchange of CO2 only impacts concentrations of TCO2 (ingassing of atmospheric CO2 increases TCO2 con-
centrations) and exerts no influence on TA concentrations. The production of organic matter influences
both TCO2 and TA concentrations. Biological production and the fixation of CO2 decreases TCO2 concentra-
tions and marginally increases in TA concentrations due to the assimilation of nitrate by phototrophs
(Brewer & Goldman, 1976). As organic matter is remineralized, values of nTCO2 increase and nTA decrease.
The impact of biological processes on TA can be accounted for by computing the potential alkalinity (pTA)

from nTA and salinity‐normalized nitrate (pTA ¼ TAþ 1:36 × NO−
3

S
× 34:5; Wolf‐Gladrow et al., 2007), flat-

tening the pTA‐nTCO2 relationship (Figure 5c). An increase in pTA relative to nTCO2 at depth indicates cal-
cium carbonate dissolution in deeper, older water masses on the Adélie Land coast, such as in mCDW
(Shadwick et al., 2014). Carbonate dissolution increases pTA and nTCO2 in a ratio of 2:1.

Sea ice formation andmelt have been associated with the precipitation and/or dissolution of the calcium car-
bonate mineral ikaite in Antarctic sea ice (e.g., Dieckmann et al., 2008) influencing the CO2‐system chem-
istry of the underlying surface water (e.g., Jones et al., 2017; Legge et al., 2017). Ikaite precipitation in
brine reduces the concentrations of TA and TCO2 in a ratio of 2 to 1, leading to the preferential retention
of TA in sea ice and rejection of TCO2 from the sea ice. The net impact of remaining ikaite mineral dissolu-
tion in melting sea ice in the spring and summer is an enrichment of TA relative to TCO2 in the surface
waters. The conservative relationships between TA and salinity (Figure 5a) and between pTA and nTCO2

(Figure 5c) suggest that the formation and dissolution of calcium carbonate mineral did not influence sum-
mertime mixed‐layer TCO2 concentrations during these studies, as distinct from the trend for calcium car-
bonate dissolution in deep mCDW.

The vertical distribution of CO2‐system parameters highlights the magnitude of surface variability relative
to depth (Figure 6). The vertical profiles of TCO2 and TA indicate a depletion in the surface waters and a
convergence below approximately 150 m, in mCDW and DSW. TCO2 concentrations from both data sets
converged at a depth of approximately 150 m to values ranging between 2,225 and 2,245 μmol kg−1

(mean TCO2 concentration below 150 m = 2,236 ± 5 μmol kg−1). In the deepest waters within the
Ninnis Polynya (depth > 1,300 m), TCO2 concentrations reached a maximum value of 2,244 μmol kg−1.

While the seasonal deficit in mixed‐layer TCO2 from the shelf region on the Adélie Land coast was in general
greater in 2017 compared to 2015, the magnitudes from both years were within the range of seasonal TCO2

deficits reported from three post calving summers (2011–2013; Figure 5d; Shadwick et al., 2017). In January
2017, mixed‐layer TCO2 deficits along the front of the MGT calving face were roughly 60 mmol C m−2

greater than in 2015. While in both years the majority of this deficit was attributed to biological production,
on average, a slightly larger proportion of the TCO2 deficit was attributed to an increased dilution from sea
ice melt in 2017 (approximately 38%) than in 2015 (approximately 33%; Figure 5d). The larger volumes of sea
ice melt water during summer 2017 produced a shallower and more stable mixed layer (13 ± 1 m) as com-
pared to summer 2015 (23 ± 9 m), consistent with a widespread lower sea surface salinity in 2017
(Figure 3b). These more recent observations continue to support the case of an enhancement in biological
productivity relative to precalving polynya configuration due to more favorable conditions for phytoplank-
ton growth (i.e., shallower mixed layers and greater light availability), particularly in proximity to the MGT,
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that outweighs the opposing dilution effect from melting sea ice years after the glacial tongue calving
(Moreau et al., 2019; Shadwick et al., 2017).

4.4. NCP

NCP was estimated on both voyages as the depth‐integrated (surface to 100 m) difference between
observed summer nTCO2 and inferred winter nTCO2 concentrations (Figures 3g, 3h, and 6c).
Wintertime nTCO2 was estimated from concentrations at 150 m depth, where values begin to converge
with depth in deeper water masses (nTCO2

winter = 2,233 ± 3 μmol kg−1, n = 35). Unlike the subsurface
waters, mixed‐layer TCO2 concentrations in the Mertz and Ninnis Polynyas were highly variable both
regionally and between years, although some broad trends emerge (Table 2). The largest 100 m biological
TCO2 deficits were found in the open surface waters adjacent to the MGT during both voyages. Along
the calving edge of the MGT, 100 m TCO2 deficits were consistent between in the two sampling
years: 4.3 to 5.6 mol C m−2 (mean = 5.1 mol C m−2) in 2017 and 3.2 to 5.3 mol C m−2 in 2015
(mean = 4.4 mol C m−2), corresponding to NCP rates of 60 to 78 mmol C m−2 day−1 and NCP of 42 to
72 mmol C m−2 day−1, respectively. This pattern of the largest TCO2 deficits near the MGT relative to
the greater Adélie Land shelf region within a sampling year was consistently seen in previous years
(Shadwick et al., 2017) and agrees well with observed spatial patterns of depth‐integrated phytoplankton
biomass and chlorophyll a concentration and with ΔO2/Ar estimates (Moreau et al., 2019). The ranges of
TCO2 deficits and NCP decrease offshore along the previous western edge of the MGT, with values
between 1.9 and 3.4 mol C m−2 and 26 to 48 mmol C m−2 day−1, respectively. The ranges in NCP are
in good agreement with previous studies, and these rates are considerably greater than NCP rates in
the precalving conditions likely due in part to an increase in dissolved iron delivery from sea ice melt
water and/or stronger summer stratification improving light conditions since the MGT calving
(Shadwick et al., 2017). TCO2 deficits and NCP in the Ninnis Polynya were similar, ranging between
3.6 and 4.7 mol C m−2 and 50 and 65 mmol C m−2 day−1, respectively, with the exception of a few sta-
tions toward the coast. In waters overlying the Adélie Depression and Mertz Depression, 100 m TCO2 def-
icits were smaller, ranging between 1.5 and 4.1 mol C m−2, corresponding to smaller NCP rates of 20 to
55 mmol C m−2 day−1.

4.5. Inorganic Carbon Transport With DSW

There are regional and seasonal patterns in TransportDSW and CO2
DSW across the polynyamodel boundaries

(Figure 7; Table 3). DSW is exported off the shelf break along Adélie Land coast from three regions: the
northern regions across the Adélie Sill and Adélie Bank (Mertz Polynya) and the Mertz Sill and Mertz
Bank (Ninnis Polynya) and from the western side of the Mertz Polynya. The greatest DSW outflow from
the Adélie Land coast occurred through the Adélie Sill from the northern Mertz Polynya with an annual
mean export of 222 ± 105 mSv, peaking during the austral winter months (Figure 7c). DSW export through
the northern Mertz region begins to increase in May when sea ice production erodes summer stratification,
followed by a peak in October due to a maximum in water column convection and a slow decline through
January into the austral summer. Correspondingly, the maximum CO2

DSW (183 ± 100 Tg C yr−1) was
exported from the northern region of the Mertz Polynya, with seasonal variation a function of seasonality
in volume transport as well as the concentration of TCO2 in the transported volume. Although the denser
DSW fractions are richer in inorganic carbon, the smaller transport of those denser fractions delivered less
carbon to the deep ocean than the lighter DSW fractions with lower concentrations of TCO2 and larger
volume transport.

The northern Ninnis Polynya has a weaker seasonal cycle, and the lightest fraction of DSW is exported
through the Mertz Sill (Figure 7d). The model‐derived transport estimates in the postcalving MGT scenario
indicated that no waters denser than 27.92 kg m−3 were exported from the region, and a net annual mean of
178 ± 74 mSv of lighter DSW fractions was exported. Because of the weaker seasonal transport cycle, there is
a smaller seasonal variability in CO2

DSW from the northern Ninnis. On average, there was an export of
145 ± 75 Tg C yr−1 from the northern Ninnis Polynya.

The densest source of DSW (σθ> 28.20 kgm−3) is exported from the western edge of theMertz Polynya, west
of the Adélie Depression and Adélie Sill, with an annual mean outflow of 141 ± 54 mSv and a CO2

DSW out-
flow of 117 ± 52 Tg C yr−1 (Figure 7a). Kusahara et al. (2017) identify this DSW source as originating from
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the overflows of DSW production in the Adélie Depression which are then ultimately transported off the
shelf break farther west through the bathymetric sill found near the D'Urville Trough Sill between 136°E
and 140°E, with peak export occurring at a 2‐month time lag (in November) relative to waters leaving
through the Adélie Sill.

These three DSW export pathways, the northern boundaries of the Mertz and Ninnis Polynyas and the wes-
tern boundary of the Mertz Polynya, deliver a net of 420 ± 210 Tg C yr−1 in DSW off the continental shelf
along the Adélie Land coast. This DSW outflow is partially compensated by a DSW inflow pathway at the
eastern side of the Ninnis Polynya that delivers a net of 193 ± 161 Tg C yr−1 into the region. A portion of this
inflow from the eastern Ninnis Polynya flows into the eastern Mertz Polynya. Accounting for both inflow

Figure 7. Monthly averaged inorganic carbon transport (Tg C month−1) with DSW from the (a, b) western,
(c, d) northern, and (e, f) eastern boundaries of the Mertz Polynya (left column) and Ninnis Polynyas (right column) as
binned by potential density anomaly in 0.02 kg m−3 increments (color axis). Monthly DSW volume transports obtained
from C2000 (2001–2013) case (Kusahara et al., 2017). Denser DSW fractions are indicated in deep red. Positive
values indicate outflows.
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and outflow DSW pathways on the Adélie Coast, approximately
227 ± 115 Tg C yr−1 is exported from the continental shelf to deep water
offshore.

5. Discussion
5.1. Biogeochemical Variability in the Surface Mixed Layer

The Mertz Polynya system has been well studied relative to others in the
East Antarctic (Rintoul, 1998; Shadwick et al., 2017; Williams et al., 2010;
Williams & Bindoff, 2003). CO2‐system observations over the last decade
have indicated a large interannual variability in summer surface waters,
influenced predominantly by seasonal and regional sea ice dynamics
and biological processes that impose correspondingly large variations in
mixed‐layer TCO2 concentrations. Prior to 2017, heavy sea ice conditions
to the west of the Ninnis Glacier made the area inaccessible by ship.
Grounded icebergs and fast ice provided a barrier to the westward
advection of pack ice. These features were persistent over several dec-
ades (e.g., Frezzotti et al., 1998; Massom, 2003) but were disrupted

due to the regime shift in sea ice production and polynya activity after the 2010 MGT calving
(Ohshima et al., 2016; Tamura et al., 2012). New observations from within the Ninnis Polynya east of
the Mertz Polynya reveal similarities in CO2‐system properties between the two regions. The Ninnis
Polynya experienced high rates of NCP and was a sink of CO2 from the atmosphere with a strong under-
saturation in fCO2 during the austral summer. However, the air‐to‐sea CO2 fluxes were relatively small in
the Ninnis Polynya compared to Mertz Polynya due to weak summer winds during observations.

5.2. Sources of Inorganic Carbon to DSW

The outflow of DSW carries approximately 227 ± 115 Tg C yr−1 from the Mertz and Ninnis Polynyas
(Figures 7 and 8b). The seasonal cycle of DSW formation and export is primarily driven by the growth
and decay of sea ice at the surface and by the seasonally variable, lateral input of warm, salty mCDW at mid-
depths across the shelf break (Williams et al., 2008). Intrusions of mCDW erode the summermixed layer and
precondition the water column during the spring‐autumn transition (Williams et al., 2011). The

Table 3
Annual DSW Volume Transport (mSv) and Inorganic C Transport
(Tg C yr−1) With DSW From the Mertz Polynya (DSW:
σθ ≥ 27.88 kg m−3) and Ninnis Polynya (DSW: σθ ≥ 27.84 kg m−3)
Averaged Between 2011 and 2013

Region
Volume transport

(mSv)
Inorganic C transport

(Tg C yr−1)

Inflow Outflow Inflow Outflow

West
Mertz 23 ± 12 141 ± 54 20 ± 11 117 ± 52
Ninnis 29 ± 6 261 ± 170 25 ± 6 214 ± 153

North
Mertz — 222 ± 105 — 183 ± 100
Ninnis 6 ± 5 178 ± 74 4 ± 5 145 ± 75

East
Mertz 166 ± 132 107 ± 30 135 ± 118 90 ± 30
Ninnis 245 ± 186 10 ± 7 201 ± 164 8 ± 6

Figure 8. Subsurface fluxes of inorganic carbon (Tg C yr−1) with potential density anomaly (σθ; kg m
−3) from the Adélie

Land coast in the (a) precalving and (b) postcalving configuration of the Mertz Polynya. Black, red, and blue lines
delineate the upper boundaries of mCDW (σθ > 27.725 kg m−3) and DSW (σθ > 27.84 kg m−3 in the Ninnis Polynya and
σθ > 27.88 kg m−3 in the Mertz Polynya).
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predominant properties of mCDW are derived from the offshore, relatively uniform water mass Upper
Circumpolar Deep Water (UCDW) from the ACC (Whitworth et al., 1998). As UCDW shoals toward the
Antarctic continental shelf, it mixes with overlying low‐salinity AASW and/or cold, low‐salinity shelf waters
south of the Antarctic Slope Front to produce mCDW (Rintoul, 1998). As mCDW moves from the slope to
the shelf, it becomes cooler, fresher, more depleted in TCO2 (relative to its offshore source), and likely
enriched with particulate organic matter by mixing with the remnant summer AASW. The source mCDW
used in this budget analysis is relatively highly modified (θ < −1°C, S ≈ 34.5) and depleted in TCO2,
(2,234 ± 4 μmol kg−1) compared to mCDW near the slope (θ > 0°C, S ≈ 34.6) where TCO2 concentrations
were found to be higher in summer 2007/2008 (2,250 μmol kg−1; Shadwick et al., 2014). The biogeochemical
characteristics of shelf water are modified by primary productivity and the associated TCO2 reduction in the
summer surface mixed layer. This signal is transferred to DSW by deep convection in winter (Shadwick
et al., 2014). As a result, DSW outflows are also likely enriched in organic matter, as observed in the dense
overflows from the Ross Sea (Bercovici et al., 2017) and Cape Darnely and Prydz Bay in East Antarctica
(Fang et al., 2018; Murakami et al., 2020).

Because the incoming mCDW is not dense enough to sink off the continental shelf, an additional source of
salinity to the winter mixed layer from local shelf waters is required for the formation of DSW. This addi-
tional contribution of salinity is supplied by brine rejection during sea ice formation. In Adélie Land, the per-
sistent coastal Mertz and Ninnis polynyas have among the highest rates of sea ice production in the coastal
Antarctic (Tamura et al., 2016), with enhanced sea ice production facilitated by the presence of a glacial ton-
gue barrier. While the locally high rates of sea ice production are critical to the formation of DSW, the pre-
conditioning of the water column with high TCO2 sourced from mCDW is responsible for the bulk of the
biogeochemical TCO2 signal in DSW on the Adélie Coast (Figure 8). The observed increase of TCO2 in
DSW (2,241 ± 2 μmol kg−1) relative to TCO2 in mCDW (2,234 ± 4 μmol kg−1) as observed in summer can
be accounted for by the difference in salinity (S in DSW: 34.62 ± 0.03; S in mCDW: 34.52 ± 0.04) and thus
is attributed to the addition of TCO2 with brine to DSW during sea ice formation from the previous winter
season. When both the inflow of inorganic carbon with mCDW and the outflow of inorganic carbon with
DSW are considered, there is approximately 137 ± 68 Tg C yr−1 delivered from the continental shelf of
Adélie Land to offshore in the lower levels (σθ ≥ 27.725 kg m−3; mCDW to depth) of the water column
(Figure 8b). The enrichment of TCO2 in DSW due to brine rejection (inferred from the change in salinity)
and the greater volumetric flow rate of DSW relative to mCDW result in the net export of inorganic carbon
with DSW.

The carbon cycle in the Southern Ocean has been traditionally described by vertical overturning circulation
that delivers cold, dense AABW into the ocean interior. Water mass transformations between shelf water
near the Antarctic continent and mid‐depth, warmer water from the ACC influence the biogeochemical
and physical properties of AABW. Recent work by MacGilchrist et al. (2019) describes the expansion of this
two‐dimensional, overturning framework of the carbon cycle to a three‐dimensional framework that
includes the horizontal circulation of mid‐depth waters in the subpolar Southern Ocean. In their analysis
of carbon transport from the Weddell Gyre, the authors highlight the role of biological production in the
mixed layer and subsequent organic matter remineralization in the mid‐depth Circumpolar Deep Water
(CDW) in the central gyre, such that outflowing CDW is enriched in TCO2 relative to its inflowing source
from the ACC as the water circulates clockwise. Over the full‐depth water column in the Weddlell Gyre,
the horizontal circulation transports 72 ± 4 Tg C yr−1 out of the region, predominantly attributed to the
strong local biological pump (MacGilchrist et al., 2019). This horizontal inorganic carbon export is offset
by a full‐depth import of 18 ± 10 Tg C yr−1 by vertical overturning, leading to a total export of
53 ± 10 Tg C yr−1 over the full depth of the Weddell Gyre (MacGilchrist et al., 2019).

Following the analysis by MacGilchrist et al., 2019, we compute the full‐depth export from the Adélie Land
in the postcalving polynya configuration of 3 ± 2 Tg C yr−1 that represents the sum of the overturning and
horizontal transports (i.e., total transport) (Figure 8b). This quantity is significantly smaller than the
Weddell Sea Gyre total export of 53 ± 10 Tg C yr−1 (about 5%; MacGilchrist et al., 2019) and global particu-
late organic matter export across 2,000 m of 430 Tg C yr−1 (less than 1%; Honjo et al., 2008). Compared to the
open‐ocean subpolar Weddell Sea Gyre, the coastal Mertz and Ninnis Polynyas produce and transport less
DSW on a smaller spacial scale over narrow, shallow continental shelf and are influenced by a more
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modified form of CDW associated with lower concentration of TCO2. In the Adélie Land system, the high
rate of winter sea ice production (and the rejection of salinity) is the major process enriching TCO2 in the
exported water rather than the local biological pump as in the Weddell Sea Gyre (MacGilchrist et al., 2019).

5.3. Impact of the MGT Calving on Inorganic Carbon Export With DSW

The observed postcalvingmean TCO2 concentration in DSW (2,241 ± 2 μmol kg−1) compares well to the pre-
viously reported concentration of 2,238 μmol kg−1 from the Mertz Polynya during summer 2008 before the
MGT calving (Shadwick et al., 2014). We therefore use these postcalving summer data sets to characterize
the inorganic carbon export with DSW for the precalving configuration using model‐derived transport esti-
mates of the control case (CTRL) averaged from 2001 to 2013 (n= 13; Figure 8a; Kusahara et al., 2017). In the
precalving configuration in Adélie Land, approximately 327 ± 89 Tg C yr−1 was exported with DSW below
27.88 kg m−3 and 140 Tg C yr−1 was imported with mCDW, leading to a net export of 243 ± 194 Tg C yr−1

from the region at depth (σθ ≥ 27.725 kg m−3). This export is larger than the postcalving estimate of CO2
DSW

due to greater DSW volume transport in the precalving configuration of the Mertz Polynya. The MGT cal-
ving led to a decrease in winter sea ice production, resulting in a decrease in the density of exported DSW
(Kusahara et al., 2011b; Shadwick et al., 2013). In the precalving configuration of the region, we compute
a full‐depth export of 4 ± 2 Tg C yr−1 (Figure 8a), indicating there was a 25% reduction in inorganic carbon
export due to the glacial tongue calving (assuming an equal concentration of TCO2). This highlights the sen-
sitivity of inorganic carbon export from Adélie Land to the strength of the polynyas and the changes in the
rate of DSW formation and export.

A previous study by Shadwick et al. (2014) estimated that between 320 and 560 Tg CO2 (equivalent to
approximately 85 to 150 Tg C) is exported annually across the Adélie Sill from the Mertz Polynya with
DSW outflow in the precalving configuration. Similar to our analysis, the authors combined the observed
summertime concentration of TCO2 in DSW from the Mertz Polynya with model‐derived volumetric DSW
transport estimates from the Adélie Land coast obtained from a coupled sea ice‐ocean model by Kusahara
et al. (2011a). In contrast to our study, the authors bound their estimates by assuming an upper and lower
bound for the critical density of DSW export of (27.88 and 27.80 kgm−3, respectively) and use annual average
DSW export rates for each critical density threshold (0.21 and 0.37 Sv, respectively). Additionally, mixing
between outflowing DSW and the entrainment of offshore (relatively TCO2‐enriched) mCDWwas explicitly
accounted for. Using our approach, including the seasonal variations in DSW export yields larger estimates
of inorganic carbon export from the Adélie Sill in the Mertz Polynya.

5.4. A Continental Shelf Pump for CO2 in DSW Formation Regions

Adélie Land is one of four main regions of DSW production around the coast of Antarctica. The transport of
CO2 into the bottomwater in East Antarctica has been observed by Takahashi and Chipman (2012), who use
measurements of TCO2 and the partial pressure of CO2 (pCO2) from 1992 World Ocean Circulation
Experiment (WOCE) to track the fate of CO2 from the coast of Wilkes Land (168–173°E), farther east of
the Adélie Land coast. Their analysis suggests a transport of atmospheric CO2 from the shelf waters into
AABW due to the sinking of Wilkes Land shelf water that entrains TCO2‐rich CDW and ultimately mixes
with a dense plume of TCO2‐rich deep water originating from the Ross Sea. This process suggests a transport
pathway for atmospheric CO2 into the AABW layer from the continental shelf, as the shelf waters had
absorbed atmospheric CO2 in summer. In contrast to this CSP, similarly outlined by Tsunogai et al. (1999),
the dominant fraction of inorganic carbon in DSW formed in Adélie Land is sourced from mCDW, contain-
ing much older CO2, with a minor contribution of inorganic carbon from shelf waters in contact with the
atmosphere. This sequestration of older carbon from mCDW to the deeper ocean in AABW nonetheless
reduces the possibility for these high CO2 waters to exchange with the atmosphere if they were to remain
on the shelf. While this mechanism at present may make a small impact on sequestering anthropogenic
atmospheric CO2 to the abbysal ocean, this process could be more significant in the future under conditions
of continued ocean uptake of anthropogenic CO2 and accumulation in the midwater column.

In contrast to systems that form bottom water, coastal Antarctic regions that do not supply water to the deep
ocean (e.g., the Amundsen Sea Polynya) lack the circulation to transport carbon into the ocean interior, such
that organic and inorganic carbonmay not be sequestered effectively (e.g., Lee et al., 2017). Deep winter mix-
ing on the continental shelf in the Mertz and Ninnis Polynyas enhances the exchange between shallow shelf
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and deeper waters, facilitating the transport of carbon to the ocean interior. In this region of deep water for-
mation, the lateral movement of DSW from the Adélie and Mertz Depressions into the deep ocean during
DSW export and AABW formation creates a CSP pathway for the delivery of predominantly
midlayer‐derived carbon to the deep ocean.

6. Conclusion

Results from new observations in the Mertz Polynya and Ninnis Polynya in Adélie Land show the open
surface waters continue to support high levels of biological productivity and sustain a sink for atmospheric
CO2 in the summertime. The accumulation of DSW in the bathymetric depressions adjacent to the Mertz
and Ninnis Polynyas allows for the properties of waters predominantly formed in winter to be observed in
the summertime. Summer observations of TCO2 in DSW were combined with modeled DSW transport
estimates to show that inorganic carbon is transported off the continental shelf into the deep ocean. In
contrast to surface mixed‐layer concentrations, the concentration of TCO2 in DSW was found to be similar
in both summers, suggesting that the local contribution from summer processes including seasonal NCP
and the associated sea surface uptake of atmospheric CO2 makes a small imprint on the inorganic carbon
signature in DSW. The enrichment of TCO2 in DSW can be accounted for by changes in salinity, suggest-
ing that brine rejection during winter sea ice formation is the main driver, after the winter water column
is preconditioned with inflowing, TCO2‐rich mCDW. Based on the limited numer of observations, we
assume that the variability in inorganic carbon export from the region is more strongly associated with
the variability in the DSW transport rather than with the variability in DSW TCO2 concentration. We find
a 25% reduction in full‐depth inorganic carbon export in the postcalving configuration of the Adélie Land
coast due to reduced DSW export, highlighting the role of polynya activity on inorganic carbon transport
to the deep ocean.

Data Availability Statement

The water column CO2 systemmeasurements are publically available through the Australian Antarctic Data
Centre (at https://data.aad.gov.au/metadata/records/au1402 and https://data.aad.gov.au/metadata/
records/AAS_4131_au1602). NCEP Reanalysis data are provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA, from their Web site (at https://www.esrl.noaa.gov/psd/).
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