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Abstract

The Southern Ocean plays a fundamental role in the global carbon cycle,
dominating the oceanic uptake of heat and carbon added by anthro-
pogenic activities and modulating atmospheric carbon concentrations in
past, present, and future climates. However, the remote and extreme con-
ditions found there make the Southern Ocean perpetually one of the most
difficult places on the planet to observe and to model, resulting in signif-
icant and persistent uncertainties in our knowledge of the oceanic carbon
cycle there. The flow of carbon in the Southern Ocean is traditionally
understood using a zonal mean framework, in which the meridional over-
turning circulation drives the latitudinal variability observed in both air-sea
flux and interior ocean carbon concentration. However, recent advances,
based largely on expanded observation and modeling capabilities in the re-
gion, reveal the importance of processes acting at smaller scales, including
basin-scale zonal asymmetries in mixed-layer depth, mesoscale eddies, and
high-frequency atmospheric variability. Assessing the current state of knowl-
edge and remaining gaps emphasizes the need to move beyond the zonal
mean picture and embrace a four-dimensional understanding of the carbon
cycle in the Southern Ocean.
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1. INTRODUCTION

Located at the intersection of the atmosphere, the cryosphere, the surface ocean, and the deep,
the Southern Ocean exerts a unique and outsized impact on the global climate system. Funda-
mentally, this influence originates with the fact that the Southern Ocean—considered here to be
the vast ocean south of 35°S—is the only place on Earth where the ocean can travel around the
globe unimpeded by continents (Figure 1a,b). Driven by the vigorous westerly winds found at
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Figure 1

Physical and biological properties in the Southern Ocean. (#) Seafloor bathymetry (Amante & Eakins 2009). () Mean 2001-2020
geostrophic streamfunction at 800-1,200 dbar computed from the Scripps Argo trajectory-based velocity product (Zilberman et al.
2023). () Mean 1999-2009 surface wind stress (#77ows) and Ekman upwelling velocity (colored shading) computed from the
Scatterometer Climatology of Ocean Winds (Risien & Chelton 2008). () Mean 2001-2020 surface heat flux computed from European
Centre for Medium-Range Weather Forecasts Reanalysis 5 (Hersbach et al. 2023), with positive indicating flux into the ocean.

(¢) 2001-2020 maximum and minimum sea ice extent (Meier et al. 2021), where the colored shading shows fractional sea ice cover (fice)
on September 21, 2014, and the pink line shows the fice = 0.15 contour on March 3, 2017. The thin white lines show, from north to
south, the Subtropical Front (Gray et al. 2018) and the Sub-Antarctic Front, the Polar Front, and the Southern Antarctic Circumpolar
Current Front (Kim & Orsi 2014). (f) Mean 2003-2022 surface chlorophyll concentration computed from the Moderate Resolution
Imaging Spectroradiometer (NASA Ocean Biol. Process. Group 2022).
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midlatitudes (Figure 1¢), the Antarctic Circumpolar Current (ACC) transports more water than
any other oceanic current as it flows eastward around the planet. The secondary circulation that
develops as a result of these dynamics, together with significant air-sea heat fluxes (Figure 1d) and
seasonal growth and retreat of an enormous quantity of sea ice (Figure 1e), places the Southern
Ocean at the center of the global meridional overturning circulation and the associated ventilation
of the deep ocean (Marshall & Speer 2012, Talley 2013).

Through this unique connection to the deep ocean, which constitutes the largest labile reser-
voir of carbon on Earth (Sarmiento & Gruber 2006), the Southern Ocean has a governing
influence on the global carbon cycle and thus on Earth’s climate. In the modern era, decadal
shifts in the total uptake of carbon dioxide (CO,) by the global ocean are driven by variability
in the Southern Ocean air-sea carbon flux, which is often attributed to changes in the overturning
circulation of the Southern Hemisphere (Le Quéré et al. 2007, Landschiitzer et al. 2015). The
Southern Ocean plays a critical role in taking up anthropogenic carbon (Cynr) from the atmo-
sphere (Frolicher et al. 2015) and influences global cycling of organic carbon via the supply of
macronutrients to low-latitude surface waters (Sarmiento et al. 2004). Changes to the Southern
Ocean carbon cycle were also central to many past climate transitions, with reported impacts
ranging from the recent geologic past (Rae et al. 2018, Studer et al. 2018) to epochs that oc-
curred millions of years ago (Ai et al. 2020, Abell et al. 2021). Furthermore, predictions of future
change implicate the Southern Ocean in the variability of the global carbon cycle at timescales
ranging from interannual (Gallego et al. 2020) to decadal (Li & Ilyina 2018) to multicentennial
(Chikamoto & DiNezio 2021).

Despite its clear importance in the global climate system, significant gaps in our knowledge
of the Southern Ocean carbon cycle persist. The processes that govern the flow of carbon in this
high-latitude region exhibit substantial variability on a wide range of spatiotemporal scales, with
particularly strong changes occurring over the seasonal cycle. Shipboard measurements, which
are inherently limited in the Southern Ocean—especially in winter—do not constrain the full
spectrum of variability in the carbon system, leading to large uncertainties in observation-based
estimates (Gloege et al. 2021, Djeutchouang et al. 2022). Air-sea carbon fluxes determined by
interpolating sparse shipboard measurements across the entire region diverge substantially from
those based on numerical simulations, in both the mean and the variability (Mongwe et al. 2018,
Hauck et al. 2020). The overall strength of oceanic carbon uptake in this region is an active area
of research, with novel observations recently collected by profiling floats indicating vigorous win-
tertime outgassing at high latitudes (Gray et al. 2018, Bushinsky et al. 2019a). The associated
reductions in the annual net flux were subsequently challenged, however, using aircraft-based
measurements of vertical gradients in atmospheric CO; and oxygen over the Southern Ocean
(Long et al. 2021). Reducing the significant uncertainty in estimates of the oceanic carbon cycle
requires making meaningful advances in observing, modeling, and ultimately understanding the
flow of carbon through the Southern Ocean across a broad range of spatiotemporal scales.

Recognizing these substantial gaps in our scientific knowledge, investigators have conducted
a variety of important research activities in the Southern Ocean over the past decade, immensely
expanding our ability to observe and model the physics and biogeochemistry of this region. Con-
sequently, a critical shift has begun in how the meridional overturning circulation of the Southern
Ocean is conceptualized, moving beyond the classic, two-dimensional framework that removes
longitudinal variation through zonal averaging (Marshall & Speer 2012) to one in which local-
ized and small-scale processes are central (Rintoul 2018, Morrison et al. 2022). At the same time,
significant progress has been made in understanding variability in the biologically driven impacts
on carbon in the Southern Ocean on a range of spatial and temporal scales (Person et al. 2018,
Tréguer et al. 2018, Iversen 2023, Siegel et al. 2023). Yet the Southern Ocean carbon cycle is still
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viewed primarily through a zonally averaged lens (Gruber et al. 2019b), which raises several im-
portant questions: What is the distribution of carbon in the surface and interior ocean, in three
spatial dimensions and at annual, seasonal, and subseasonal timescales? How does spatiotemporal
variability in the governing physical and biogeochemical mechanisms regulate the flow of carbon
through the coupled ocean—atmosphere—ice system in this critical polar environment? What role
do localized and small-scale processes play in modulating changes in the Southern Ocean carbon
cycle at larger scales, especially the response to anthropogenic forcing? And how does the four-
dimensional variability in this vast and distant ocean impact our ability to measure, understand,
and predict the Southern Ocean carbon cycle across a variety of scales?

To help address these questions, this review synthesizes current understanding of the con-
temporary Southern Ocean carbon cycle, its variability in three dimensions and at annual to
subseasonal timescales, and the physical and biogeochemical processes that generate that vari-
ability. Although changes occurring on interannual, decadal, or even longer timescales are not
explicitly emphasized here, characterizing the substantial variability at shorter spatiotemporal
scales provides necessary context for accurately detecting these crucially important longer-term
changes, especially in light of traditional sampling biases. This work focuses primarily on knowl-
edge gained from observational approaches, mainly in the open Southern Ocean (including the
regions seasonally covered in sea ice) as opposed to coastal areas on the Antarctic shelf. Exam-
ination of recent estimates of ocean—atmosphere CO; exchange alongside new insights into the
processes that shape the distribution of interior ocean carbon highlights the overall importance
of variability at relatively smaller scales. Considering a range of processes that generate fluctua-
tions at these scales, from basin-scale zonal asymmetries in the large-scale circulation to the eddies
and filaments that dominate variability throughout the ACC to the intense extratropical cyclones
that populate the Southern Hemisphere atmosphere year-round, this review seeks to call atten-
tion to important knowledge gaps that remain. Before discussing the four-dimensional variability,
however, the dominant drivers governing the flow of carbon in the modern ocean and the main
methods used to observe the carbon cycle in the Southern Ocean are briefly reviewed.

2. BACKGROUND
2.1. Processes Impacting the Oceanic Carbon Cycle

In general, the uptake, transport, and storage of carbon by the ocean result from the superposition
of many different physical and biogeochemical processes that operate across a vast range of spa-
tiotemporal scales, many of which can interact in complex ways. The air-sea flux of CO, (Fo,) is
determined by the difference in the partial pressure of CO, (pCO,) in the atmospheric and oceanic
boundary layers, as well as numerous processes that control the transfer of gases between the two
(Woolf et al. 2019). The rate of gas exchange, which ultimately occurs at the molecular level along
the air-water interface, is strongly influenced by not only wind speed but also waves, surface cur-
rents, chemical enhancement, surfactants, and sea ice (M. Yang et al. 2021, Fairall et al. 2022). The
pCO; in the marine atmospheric boundary layer (pCO,") depends primarily on the mole fraction
of CO; in dry air, with additional modulation due to variability in sea level pressure and saturation
pressure of water vapor, which is determined by surface seawater temperature (7") and salinity (S).
Similarly, oceanic pCO, (pCO,**) depends on the concentration of dissolved inorganic carbon
(DIC) but is also impacted by the acid-neutralizing capacity of seawater, which together with 7, S,
and pressure controls the distribution of DIC among its four aqueous phases [dissolved CO,,
carbonic acid (H,CQO3), and bicarbonate (HCO; ™) and carbonate (CO3°~) ions] (Dickson 2010).

The solubility of CO; in seawater has a well-known inverse relationship with 7, such that
warming (cooling) induces an increase (decrease) in oceanic pCO; (Takahashi et al. 1993). Using
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this temperature dependence, variability in pCO; is often separated into thermal and nonthermal
components, where the latter represents the change in pCO; due to variability in DIC and total
alkalinity (a conservative measure of the ability of seawater to neutralize acids) (Takahashi et al.
2002). The distribution in the surface ocean of both inorganic carbon and alkalinity thus plays
an important role in determining Fo, by governing the nonthermal variability in surface-ocean
pCOz .

The concentrations of DIC and alkalinity in the surface ocean, as well as the interior, are con-
trolled by both physical and biogeochemical mechanisms (Sarmiento & Gruber 2006, Williams
& Follows 2011). Like all dissolved tracers, DIC and alkalinity are subject to the full spectrum of
physical processes acting in the ocean, which can broadly be separated into advection (lateral and
vertical) and mixing (isopycnal and diapycnal). In addition, biological activity in the ocean plays a
dominant role in setting the concentrations of DIC and alkalinity, through both the production
and respiration of organic carbon and the precipitation and dissolution of particulate inorganic
carbon, i.e., calcium carbonate. When these forms of biologically generated carbon are transported
out of the sunlit upper ocean before remineralization, the net effect shifts inorganic carbon from
the surface layer to deeper waters, in what is called the biological carbon pump. The export of or-
ganic carbon and calcium carbonate away from the surface ocean, which governs the efficiency of
the biological pump, is achieved not only by gravitational sinking of particles but also by numer-
ous mechanisms that induce vertical motions across a wide range of spatiotemporal scales (Siegel
etal.2023).

The oceanic carbon cycle in the contemporary ocean is extensively impacted by the accelerating
addition of carbon to the atmosphere due to fossil fuel burning and land use changes (Gruber etal.
2023). To facilitate scientific understanding, the flow of carbon through the ocean is thus often
separated, at least conceptually, into natural and anthropogenic components (Gruber et al. 2019a).
While the latter traces Cant from its absorption at the air-sea interface through its subsequent
transport and storage in the ocean interior, the natural carbon cycle describes the flow of carbon
in the preindustrial ocean (DeVries 2014, Holzer & DeVries 2022).

2.2. Methods for Observing the Carbon Cycle in the Southern Ocean

Observations form the foundation of our knowledge of the Southern Ocean carbon cycle and
its interactions with the global climate system. Modern shipboard measurements, which are the
gold standard in terms of both accuracy and precision (Dickson 2010), make up the vast majority
of in situ observations of the marine carbonate system in the Southern Ocean. Surface seawater
pCO,, along with T and S, is directly measured from underway research vessels and volunteer
ships; quality-controlled data are collected and disseminated via the Surface Ocean CO, Atlas
(SOCAT) (Bakker et al. 2016). Subsurface sampling of carbon parameters such as DIC and
alkalinity is carried out primarily by oceanographic research vessels, which typically also mea-
sure biogeochemical variables like dissolved oxygen and macronutrients, in addition to 7 and S
(Talley et al. 2016). Observations of carbon parameters in the open ocean are assembled, quality-
controlled, and merged by the Global Ocean Data Analysis Project (GLODAP) (Olsen et al.
2016). Changes in Can, which cannot be directly measured in seawater, are inferred from concur-
rently observed biogeochemical properties based on the differential impacts of anthropogenic and
natural carbon cycling on those quantities (Clement & Gruber 2018). Because of the region’s re-
mote nature and extreme environmental conditions, shipboard datasets are sparse in the Southern
Ocean, with strong biases spatially as well as seasonally (Figure 24,b).

Aside from shipboard measurements, a variety of other platforms and techniques have been
used to observe aspects of the carbon cycle in the Southern Ocean. Remote sensing of ocean color
and other optical properties provides insight into biologically driven impacts on carbon cycling
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Number of unique months sampled in each 1° square for (#) pCO; measurements in the Surface Ocean CO; Atlas (SOCAT) dataset,
2001-2020; () dissolved inorganic carbon measurements in the Global Ocean Data Analysis Project (GLODAP) dataset, 2001-2020;
and (¢) pCO; estimates derived from pH measurements in the Southern Ocean Carbon and Climate Observations and Modeling
(SOCCOM) dataset, 2014-2017. The thin black lines show, from north to south, the Subtropical Front (Gray et al. 2018) and the
Sub-Antarctic Front, the Polar Front, and the Southern Antarctic Circumpolar Current Front (Kim & Orsi 2014).

in the surface ocean (Siegel et al. 2023), and satellite-based measurements of surface winds are
critical for assessing gas transfer rates globally (Wanninkhof et al. 2009). Observations of carbon
and oxygen in the atmosphere have been used to infer Fco, in the Southern Ocean (Resplandy et al.
2018, Nevison et al. 2020, Long et al. 2021). Temporal variability in the Southern Ocean carbon
cycle has been directly assessed using mooring-based carbon measurements in coastal Antarctic
waters (e.g., Arroyo et al. 2020, B. Yang et al. 2021) and in the Sub-Antarctic region just south of
Australia (Shadwick et al. 2015), but the harsh conditions and vigorous flows associated with the
ACC largely preclude moored observations in most of the open Southern Ocean.

The challenges inherent in shipboard operations within the Southern Ocean and the resulting
limited data coverage make the use of autonomous instruments particularly attractive in this re-
gion (Bushinsky et al. 2019b). The earliest autonomous observations of surface-ocean pCO, were
collected from drifting buoys (Boutin et al. 2008, Resplandy et al. 2014). More recently, uncrewed
surface vehicles have been equipped with a suite of sensors that concurrently measure atmospheric
and oceanic CO,, together with barometric pressure and wind speed and direction (Sutton et al.
2021, Nicholson et al. 2022). Over the past two decades, the Argo array of autonomous profiling
floats has exponentially increased coverage of subsurface 7 and S observations in the Southern
Ocean (Johnson et al. 2022), and deployments of Biogeochemical Argo floats in this region have
grown rapidly in the last 10 years, in large part due to the Southern Ocean Carbon and Climate
Observations and Modeling (SOCCOM) program (Sarmiento et al. 2023). Although these floats
are not capable of direct measurements of carbon at the present time, many of them do measure
pH, which can be combined with empirical estimates of alkalinity (determined from simulta-
neous measurements of 7, S, oxygen, and nitrate) to infer DIC and pCO; in the upper 2,000 m
(Williams et al. 2017). Compared with direct measurements, oceanic carbon values derived in this
way have larger uncertainty and are likely biased slightly high in the Southern Ocean (Bushinsky &
Cerovecki 2023, Coggins et al. 2023). The exact cause of this discrepancy remains an open area
of investigation, with impacts potentially arising from biases in float-based pH measurements,
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errors in the thermodynamic equilibrium constants used to convert pH to pCO,, and/or systematic
uncertainties in estimated alkalinity (Williams et al. 2017). Despite this disadvantage, the greatly
expanded spatiotemporal coverage supplied by float-based estimates in the Southern Ocean pro-
vides valuable in situ data from regions and seasons that are severely undersampled by shipboard
observations (Figure 2¢).

The most direct observations of Fro, rely on the eddy covariance method, based on the cor-
relation between the turbulent variations in vertical wind velocity and atmospheric CO, (Yang
et al. 2022). Due to the difficulty of making the required high-frequency measurements with
sufficient precision at sea, eddy covariance-based estimates of Fo, remain limited, especially
in polar environments (Watts et al. 2022). Most often, Fco, is instead determined from a bulk
formula,

FC()2 = kg APCOZ (1 — ﬁce), 1.

where kg, the gas transfer velocity, depends on the solubility of CO, in seawater and on wind speed
via a parameterized, nonlinear relationship; ApCO, = pCO,%* — pCO,"; and fic. is fractional sea
ice cover. Because atmospheric motions efficiently mix CO, on timescales of a few days, especially
in the Southern Hemisphere, atmospheric CO, concentrations in the Southern Ocean are well
characterized by monthly measurements taken at a handful of land-based stations. Thus, the great-
est challenges in accurately estimating o, at the regional or global scale arise from uncertainties
in the parameterization of the gas transfer velocity as well as from uncertainties introduced by
interpolating sparse shipboard pCO, observations in time and across large spatial areas (Woolf
etal. 2019).

A variety of different interpolation methods have been employed to create gridded estimates
from the relatively sparse direct measurements of oceanic carbonate parameters, both at the sur-
face and in the interior; these methods include statistical regression techniques (Rédenbeck et al.
2014,2022), neural network—based algorithms (Landschiitzer et al. 2016, Bittig et al. 2018, Keppler
etal. 2020), and a growing number of additional machine learning methods, some of which also in-
corporate numerical model output (Gregor et al. 2019, Gregor & Gruber 2021, Gloege etal. 2022,
Zemskova et al. 2022). For the most part, algorithms trained on shipboard observations are global
by design, and thus the data are often separated into biophysically relevant regions prior to learn-
ing the relationships between environmental predictor variables and the carbon measurement of
interest.

Finally, although not the focus of this review, numerical simulations are incredibly valuable
tools that have considerably advanced our knowledge of the Southern Ocean carbon cycle and its
connections to the global climate system. In addition to providing initial estimates (i.e., priors) for
many machine learning algorithms, models can more easily probe the mechanisms that impact
the flow of carbon through the ocean than observations alone, especially at timescales relevant to
climate variability, and can distinguish variability due to natural processes from anthropogenically
driven changes (McKinley et al. 2020, Holzer & DeVries 2022). Increasingly, ocean physical and
biogeochemical models are combined with a multitude of observational datasets through either
direct data assimilation (Verdy & Mazloff 2017, Carroll et al. 2020) or inverse methods (DeVries
2014, 2022) to produce observationally constrained, physically consistent estimates of the time-
varying oceanic carbon cycle.

Equipped with this basic understanding of the primary mechanisms that drive the oceanic
carbon cycle and how they are observed in the Southern Ocean, we can now examine the canonical
zonal mean view of the Southern Ocean carbon cycle in detail, together with the processes that
generate this two-dimensional distribution.
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3. THE ZONAL MEAN CARBON CYCLE

The Southern Ocean carbon cycle has traditionally been understood through a zonal mean frame-
work, an approach justified by the dominance of the eastward-flowing ACC that is assumed to
rapidly homogenize tracers longitudinally. The zonal averages of surface and interior ocean car-
bon properties presented here are determined from three observation-based products (Figure 3).
Subsurface concentrations of DIC and Can, based on data from 1972-2013 that have been ad-
justed to the year 2002, are taken from the GLODAPv2.2016b gridded climatology (Key et al.
2015, Lauvset et al. 2016). Surface quantities, including Fco,, kg, fice, and atmospheric and oceanic
pCO,, are obtained from the SOCAT-based product computed by Landschiitzer et al. (2021), av-
eraged over the period 2001-2020. To assess the impact of adding year-round float-derived pCO,
data to this neural network-based product, a second gridded estimate of Fro, is also considered
here that incorporates SOCCOM float observations from 2014 to 2017 along with the usual (pri-
marily shipboard) measurements (Bushinsky et al. 2019a, Landschiitzer et al. 2019a). This product
is averaged for 2014-2017 to highlight the impact of the float observations; thus, to properly com-
pare the two, the more recent SOCAT-only estimate is also restricted to the years 2014-2017 and
to open ocean areas, to match the lack of estimates in coastal waters in the combined product. To
account for the growing evidence that pCO; calculated from float-measured pH is biased slightly
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Zonal mean carbon properties in the Southern Ocean. (#) Annual mean air-sea CO; flux (Fco,) computed from gridded products based
on the Surface Ocean CO; Atlas (SOCAT) and Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM)
datasets, with positive values indicating flux out of the ocean. (/) Annual mean 2001-2020 fractional sea ice cover (fic.), gas transfer
velocity (kg), and atmospheric pCO; (pCO,) from the SOCAT-based product along with annual mean ApCO; = pCO,%* — pCO,
from the products shown in panel 4. () Monthly mean 2014-2017 Fco, computed from the SOCAT + SOCCOM-based product.

(d,e) Dissolved inorganic carbon (DIC) concentration (panel d) and anthropogenic carbon (CanT) concentration (panel e) computed
from the Global Ocean Data Analysis Project (GLODAP) climatology, referenced to the year 2002. White contours in panels 4 and e
show the oy surfaces for every 0.2 kg m~> from 26.4 kg m~3 to 27.8 kg m~3, computed from the GLODAP climatology; triangles in
panels #, d, and e show the mean latitude of the Subtropical Front (STF) from Gray et al. (2018) and the mean latitudes of the
Sub-Antarctic Front (SAF), Polar Front (PF), and Southern Antarctic Circumpolar Current Front (SACCF) from Kim & Orsi (2014).
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high, the combined o, estimate shown here was constructed using float pCO, data that were
first uniformly reduced by 4 patm (Bushinsky et al. 2019a). This choice reflects the mean offset
between float-based pCO, and nearby shipboard observations at the time the flux product was
created; however, the precise value and cause of a systematic error in float-derived pCO; remain
under active investigation.

Zonally averaged, the annual mean Southern Ocean Fco, exhibits a strong meridional gra-
dient (Figure 3a), which is linked to the spatial distribution of the circumpolar hydrographic
fronts that separate the different water masses in the upper part of the Southern Ocean (Orsi et al.
1995, Kim & Orsi 2014) (Figure 1e). The greatest uptake occurs in the northernmost portion of
the domain, reaching 2 mol m=2 y~! into the ocean immediately north of the mean latitude of
the Subtropical Front (STF). Moving poleward from this peak, the magnitude of Fro, into the
ocean decreases steadily until just south of the Polar Front (PF), which approximately aligns with
the center of the ACC. In the region between the PF and the Southern ACC Front (SACCEF),
near-zero annual mean uptake is found in the estimates based solely on SOCAT pCO; observa-
tions. Combining these data with pCO; estimates from the SOCCOM dataset, however, produces
significantly more outgassing at these latitudes, up to 0.3 mol m~2 y~! out of the ocean in the an-
nual mean. The gradient in zonal mean Fco, changes sign just south of the SACCE, associated
with a poleward increase in carbon uptake that reaches a local peak of 0.3 mol m~ y~! into the
ocean at approximately 66°S before tapering to zero due to the reduction in ice-free surface area
approaching coastal Antarctica.

Integrating across the entire Southern Ocean south of 35°S gives an annual net oceanic car-
bon uptake of 1.1 £ 0.25 Pg y~! for the period 2001-2020 based on the SOCAT data product.
The given uncertainty estimate (£1 standard deviation) combines the error on the mean associ-
ated with interannual variability and a 0.15 Pg y~! estimate of method uncertainty for the entire
Southern Ocean, following Bushinsky et al. (2019a). Considering only the time period for which
float-derived observations were incorporated (2014-2017) produces a slight increase in the annual
net uptake based on SOCAT data alone, to 1.2 & 0.15 Pgy~!. Including SOCCOM data decreases
the mean uptake for this shorter time period by 0.2 Pg y™!, resulting in an annual mean Fco, of
1.0 £ 0.15 Pg y~! into the ocean for the region south of 35°S. These two estimates are not statis-
tically different given their significant uncertainties, which stem primarily from the sizable uncer-
tainty introduced by the interpolation process. The relative difference between the two estimates
approximately doubles when considering only the region south of 44°S, where the SOCAT-based
product gives a 0.47 £ 0.11 Pg y~! uptake that is reduced to 0.31 & 0.11 Pg y~! with the addition
of SOCCOM data, but still falls short of statistical significance given the mapping uncertainty.

In the Southern Ocean, latitudinal variability in the annual and zonal mean Fco, is driven
primarily by ApCO,, the difference in pCO, between the ocean and the atmosphere, although
the presence of sea ice significantly modulates Fro, in the more southern part of the domain
(Figure 3b). The gas transfer velocity, which is elevated throughout the mean latitude range of
the ACC and peaks just north of the PF, does not control the variations in Feo, but does con-
tribute to the overall strength of gas exchange within the ACC relative to other parts of the global
ocean. The zonal mean distribution of ApCO, largely reflects surface-ocean pCO, variability but
is also impacted by the almost 10-patm drop in average atmospheric pCO, across the Southern
Ocean, which occurs because of the poleward decrease in both sea surface temperature and sea
level pressure.

The substantial seasonal variability in Fco, found throughout this region (Figure 3¢), which is
largely concealed by the annual average, further emphasizes the dominant role of surface-ocean
pCO; in regulating Southern Ocean carbon uptake. North of approximately 45°S, in the region of
greatest annual net uptake, the ocean takes up carbon from the atmosphere year-round. The peak
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in monthly averaged Fco, occurs equatorward of the average location of the STF during June and
July, extending northward from the maximum in annual mean Feo, . The vigorous uptake in austral
winter (June-September) at the northernmost edge of the Southern Ocean is offset by near-zero
Feo, in the summer months at those latitudes. This phasing of the annual cycle indicates that
surface heating in summer and cooling in winter drive the seasonal variability in surface-ocean
pCO; via thermal effects on solubility.

In contrast, south of the Sub-Antarctic Front (SAF), spring and summer uptake transitions
to outgassing from May to October. The strength of the maximum winter outgassing increases
south of the PF, with the peak occurring in August just poleward of the mean latitude of the
SACCEF. South of 65°S, widespread (albeit weak) summer uptake becomes the dominant signal, as
the presence of sea ice inhibits air-sea gas exchange during much of the rest of the year. The op-
posite phasing of the seasonal cycle here, as compared with the more northern part of the domain,
indicates that nonthermal effects dominate changes in surface-ocean pCO; in the high-latitude
portion of the Southern Ocean. The general diametric nature of the seasonal cycles in pCO, in
subtropical and subpolar regions is well known (Takahashi et al. 1993). Recent observational anal-
ysis of year-round float observations in the Pacific sector expanded on this greatly, demonstrating
that the shift from thermal to nonthermal control of the surface pCO, seasonal cycle is deter-
mined by the seasonal fluctuations in surface 7, which are themselves set by meridional gradients
in wintertime mixed-layer depth (Prend et al. 2022b).

The nonthermal processes that dominate the seasonal changes in surface-ocean carbon south of
the STF result in pCO, dropping precipitously in spring, remaining low during summer, and then
increasing throughout autumn before reaching a late-winter maximum. This seasonal cycle results
primarily from the annual variation in photosynthesis, which converts inorganic carbon into or-
ganic material during spring and summer but becomes increasingly light limited during autumn
and winter, especially at higher latitudes (Takahashi et al. 1993, Joy-Warren et al. 2019). Although
primary production drives oceanic carbon uptake at all latitudes in the Southern Ocean, it does
not fully deplete macronutrients in the surface layer, resulting in one of the world’s largest high-
nutrient, low-chlorophyll regions (Sarmiento & Gruber 2006, Arteaga et al. 2020) (Figure 1f).
Both light and iron limitation contribute to the inefficient utilization of nutrients in the Southern
Ocean (Arteaga et al. 2019), with the former caused by the seasonal cycle of solar insolation and
the latter attributed mostly to the lack of continental dust sources in the mid- and high-latitude
Southern Hemisphere (Tagliabue et al. 2014).

Superimposed on the substantial biologically mediated seasonal variability in zonal mean Feo,
are the changes due to the physical transport of carbon into and out of the mixed layer, driven
by a range of upper-ocean processes that can vary seasonally in different ways. While the detailed
physical mechanisms that generate tracer exchange across the base of the mixed layer remain an
area of active research (Morrison et al. 2022, Taylor & Thompson 2023), the annual net effect
in the Southern Ocean increases DIC in the surface ocean, thereby countering the impact of
the biological carbon pump. Furthermore, while surface heat fluxes and biological production
govern the seasonal cycle of zonal mean surface pCO, north and south of the STE, respectively,
in the annual mean physical processes exert primary control on its meridional distribution. In the
broadest sense, divergence in the wind-driven, meridional Ekman transport, caused by latitudinal
gradients in the Southern Hemisphere westerly winds, leads to upwelling in the upper ocean south
of the PF and downwelling north of the SAF (Figures 1c and 4). This differential vertical motion
acts on the negative vertical gradient in DIC in the upper ocean to produce a negative meridional
gradient in surface DIC in the Southern Ocean (Wu et al. 2019). The negative vertical gradient
in DIC is maintained by the biological pump, as is the case throughout the global ocean, but in
the Southern Ocean it is further enhanced by the large-scale circulation.
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Figure 4

Schematic of the primary processes impacting the flow of carbon through the Southern Ocean. The vertical
section on the right depicts the two-dimensional carbon cycle that results from zonally and temporally
averaging the four-dimensional variability.

In addition to regulating surface-ocean pCO,, the large-scale circulation in the Southern
Ocean also governs the zonal mean interior distributions of DIC and Canr (Figure 3d.e),
which are predominantly aligned with contours of potential density (¢4). This circulation is inti-
mately linked to the unique lack of continental barriers in the Southern Ocean, which prevents
a geostrophic poleward boundary current from developing to balance the enormous amount of
northward Ekman transport across the ACC. The circumpolar nature of the resulting large-scale
flow thereby allows the vertical motions induced by the considerable surface divergence to extend
far down into the deep ocean (Munk & Palmén 1951). The large-scale pattern in Ekman-driven
upwelling and downwelling thus acts, in a zonally averaged sense, to pull dense waters up to the
surface south of the PF and push them deeper north of the SAF. The resulting sharp incline of
the isopycnals within the ACC (Figure 3d,e) is associated with a meridional pressure gradient
that supports the tremendous zonal flow of the geostrophically balanced ACC. Furthermore, the
increase in potential energy generated by the wind-driven steepening of the isopycnals fuels the
growth of baroclinic instabilities, resulting in the vigorous mesoscale eddy field that completely
dominates the flow in the Southern Ocean at any instant in time (Nowlin & Klinck 1986). The
net impact of these time-varying fluctuations converts some of the added potential energy to eddy
kinetic energy, which, in the time and zonal mean, creates an overturning circulation that flattens
the isopycnals, opposing the circulation forced by the large-scale winds. The sum of the wind-
and eddy-driven circulations, both of which are large but nearly compensating, gives the residual
overturning circulation, which describes the effective mass transport in the time and zonal mean
(Marshall & Speer 2012).
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The residual flow in the Southern Ocean largely aligns with the zonal mean isopycnals, driving
adiabatic upwelling of the dense (64 > 27.6 kg m™) waters that flow southward into the Southern
Ocean from the Atlantic, Indian, and Pacific Oceans at depths greater than 1,500 m (Figure 4).
The return of these deep water masses to the surface layer, which occurs predominantly south
of the PF in the high-latitude Southern Ocean, represents a key link in the global meridional
overturning circulation (Talley 2013). In general, deep waters are naturally enriched in inorganic
carbon due to the remineralization of organic matter that rains down from the productive surface
ocean during the decades to centuries that these waters spend transiting the basins to the north
while at depth (Williams & Follows 2011). At the same time, the isolation of these waters from the
atmosphere for so long means they have negligible concentrations of Cynt (Gruber et al. 2019a).
Thus, by transporting this water into the upper reaches of the Southern Ocean, the meridional
overturning circulation generates the large-scale zonal mean patterns observed in the interior, with
maximum DIC and minimum Cynr concentrations found in the deep water masses that enter the
Southern Ocean from the north (Figure 3d,e).

Once at the surface, the strong Ekman transport advects this water either northward toward
the SAF, where it subducts and becomes Antarctic Intermediate Water, or southward into the sub-
polar and coastal regions, where it sinks and becomes Antarctic Bottom Water (Figure 4). The
latter process is driven by buoyancy losses at the surface, occurring largely in coastal polynyas in
winter, caused by substantial heat fluxes as well as the addition of salt due to brine rejection during
sea ice formation (Ohshima et al. 2016). Freshwater fluxes are also central to the former process,
as the sea ice that was formed at higher latitudes is advected equatorward by Ekman dynamics and
melts at more northern latitudes (Abernathey et al. 2016, Haumann et al. 2016). In both cases, the
increases in Fco, into the ocean as these waters move meridionally in the Ekman layer are typically
attributed to a combination of biological production of organic carbon (supported by the elevated
macronutrients found in upwelled deep water) and high potential for anthropogenic uptake (due
to the long time since these waters were last in contact with the atmosphere) (Gruber et al. 2019b).
The increased CanT concentration in Antarctic Bottom Water and Antarctic Intermediate Water
is thus seen as reflecting the ventilation of the deep waters of the globe in the Southern Ocean
surface layer before incorporation into these newly formed water masses (Figure 3e). In the zonal
mean sense, both Antarctic Bottom Water and Antarctic Intermediate Water are exported equa-
torward, where they play critical roles in the global cycling of heat, freshwater, and nutrients in
addition to carbon.

The lighter Sub-Antarctic Mode Water (SAMW) (o5 < 27.0 kg m™?), which extends as deep
as 500 m in the northern portion of the Southern Ocean, is also advected equatorward after it
forms near the SAF. Like all mode waters, SAMW is created in a seasonal process involving the
generation of extremely deep mixed layers during winter followed by springtime restratification
that isolates the remnant well-mixed layer from the atmosphere. In the zonal average, the lowest
subsurface DIC values in the region are found in the SAMW, but it also contains some of the high-
est concentrations of Canr in the global ocean (Figure 3d,e). These characteristics predominantly
reflect CO, exchange in the subtropical waters that are advected southward in the surface ocean
from more northerly latitudes, according to both modeling and inverse-based studies (DeVries
2014, Tudicone et al. 2016, Davila et al. 2022). Only recently, however, have autonomous obser-
vations enabled questions regarding carbon cycling in SAMW to be addressed using widespread,
year-round, in situ measurements. In particular, the change in water mass properties required to
transform warm, salty subtropical waters into cool, fresh SAMW (which simultaneously promotes
uptake of atmospheric CO; through solubility effects) occurs upstream of the formation sites of
SAMW (Fernindez Castro et al. 2022). Moreover, active uptake of atmospheric carbon by the
ocean was not observed in the regions of maximum mixed-layer depth during winter, suggesting

Gray



that air-sea carbon flux and mode water formation are decoupled in space and time (Bushinsky &
Cerovecki 2023).

Although advection associated with the large-scale circulation is the usual mechanism invoked
to describe the carbon cycle of the Southern Ocean, mixing likely plays an equally important
role in this region (Gille et al. 2022, Morrison et al. 2022). Both isopycnal and diapycnal mixing
have been estimated to be significant in the Southern Ocean, facilitated by the intense mesoscale
eddy field and strong tracer gradients (Watson et al. 2013, Garabato et al. 2017). The full impact
of mixing processes on carbon cycling in the Southern Ocean remains poorly constrained from
observations.

Opverall, the two-dimensional, zonally averaged picture presented in this section (Figure 4) has
enabled significant advances in our understanding of the Southern Ocean carbon cycle, especially
on timescales of decades and longer. As observational and modeling capabilities have dramatically
expanded over the recent decade, however, the importance of deviations from the zonal mean has
become increasingly apparent. Starting with the basin scale and then moving to the mesoscale
and smaller, the following two sections discuss what is currently known regarding variability in
the Southern Ocean carbon cycle and what challenges remain for understanding the governing
processes and the interactions between these scales and global climate variability.

4. LARGE-SCALE ZONAL ASYMMETRY

A growing body of research has demonstrated the importance of zonal asymmetry in many
Southern Ocean phenomena, including mixed-layer depth (Sallée et al. 2010), winds (Fogt et al.
2012), upper-ocean heat (Tamsitt et al. 2016), phytoplankton (Noh et al. 2021), and sea ice
(Schroeter et al. 2023). Indeed, the ACC does not follow a purely zonal path; rather, it gradually
shifts poleward by almost 20° from its northernmost location just downstream of the Drake
Passage until it reaches its southernmost extent in the Ross Sea region (Figure 15). Averaging
along a latitude circle thus convolves numerous different dynamical and biogeochemical regimes,
which can obfuscate process-level understanding. Even if the Southern Ocean is considered in
an along-stream coordinate system aligned with the mean flow of the ACC, the various physical
processes that generate the meridional overturning circulation are not required to be uniformly
distributed or coincident in space and time. To the contrary, the zonally asymmetric distribution
of topography in the Southern Ocean (Figure 1#) fundamentally impacts the circulation of the
ACC, which was shown analytically by Marshall (1995) and subsequently demonstrated using
surface observations (Sallée et al. 2011, Thompson & Sallée 2012). More recently, interaction
between the ACC and the topographic features that intersect its path has been identified as
a critical factor governing the upwelling of northern-sourced deep waters within the ACC in
high-resolution models (Tamsitt et al. 2017, Cai et al. 2022, Yung et al. 2022).

Investigation into large-scale zonal asymmetry in the Southern Ocean carbon cycle initially
focused on the uptake and storage of Cynr in Southern Ocean mode waters. Sallée et al. (2012)
used climatological estimates of subduction and Cant to show that the transfer of Cant across
the base of the mixed layer occurs at specific locations within the Southern Ocean, which are
associated with mode waters with distinct oy values. This localization results from variability in
the mechanisms that drive subduction (Ekman transport, eddy advection, and changes in mixed-
layer depth) and how these interact with the variability in Cant. More recent estimates of Canr
reveal similar basin-scale differences within the SAMW density range, with the highest concen-
trations in the Indian sector mode waters and the lowest in the Pacific (Figure 5j-/). Given
the importance of SAMW in global Canr sequestration, the recognition of these zonal asym-
metries motivated significant interest in the spatiotemporal variability of mode water formation,
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Zonally asymmetric carbon properties in the Southern Ocean. (#) Annual mean 2014-2017 air-sea CO; flux (I'co,) computed from the
gridded product based on the Surface Ocean CO; Atlas (SOCAT) and Southern Ocean Carbon and Climate Observations and
Modeling (SOCCOM) datasets, with positive values indicating flux out of the ocean. () Dissolved inorganic carbon (DIC) at 200 m
from the Global Ocean Data Analysis Project (GLODAP) climatology, referenced to the year 2002. (¢) Median pressure at the base of
the mixed layer in September from the Global Ocean Surface Mixed Layer Statistical Monthly Climatology (Johnson & Lyman 2022).
(d-1) Longitudinal averages within the Atlantic sector (70°W=-25°E), the Indian sector (25°E-150°E), and the Pacific sector
(150°E-70°W) of annual mean F, computed from gridded products based on the SOCAT and SOCCOM datasets (panels d—f) and
DIC (panels g—) and anthropogenic carbon (Can) (panels j—/) computed from the GLODAP gridded climatology, referenced to the
year 2002. White contours in panels g—/ show the o surfaces for every 0.2 kg m= from 26.4 kg m~> to 27.8 kg m~3, computed in each
sector from the GLODAP climatology; triangles in panels d—/ show the mean latitude of the Subtropical Front (STF) from Gray et al.
(2018) and the mean latitudes of the Sub-Antarctic Front (SAF), Polar Front (PF), and Southern Antarctic Circumpolar Current Front
(SACCF) from Kim & Orsi (2014) for each sector.

176 Gray



subduction, and transport (Morrison et al. 2022). However, the interactions between the processes
that create mode waters and the factors that govern the carbon content of those waters (both
Cant and DIC) are less well characterized from observations. Using year-round circumpolar ob-
servations collected by Biogeochemical Argo floats, Bushinsky & Cerovecki (2023) recently found
negligible zonal variability in the distribution of biogeochemical properties on isopycnal surfaces
across the different SAMW formation regions. The observed basin-scale differences in mode wa-
ter carbon concentrations can therefore be attributed to systematic variations in the potential
density of SAMW formed in different sectors of the Southern Ocean.

Zonal asymmetry also plays a significant role in both the mean and variability of Southern
Ocean I, according to flux estimates computed from SOCAT pCO; observations. Differences
in decadal variability among the Atlantic, Indian, and Pacific sectors have been identified and at-
tributed to zonally asymmetric changes in the large-scale wind field (Keppler & Landschiitzer
2019, Landschiitzer et al. 2019b). Within the ACC, considerable basin-scale differences in annual
mean [, have also been recently highlighted using float-based flux estimates averaged within
frontal regions instead of by latitude (Prend et al. 2022a). While the Indo-Pacific sector of the
ACC is dominated by outgassing of CO, to the atmosphere, the Atlantic sector takes up a con-
siderable amount of carbon (Figure 54). Furthermore, this divergence results from differences
in the annual mean surface-ocean pCO,, as opposed to differences in its seasonal cycle or in the
parameterized gas transfer velocity. Although the addition of float-based pCO; data accentuates
this spatial variability, the differences between I, in the Atlantic and in the Indo-Pacific are ap-
parent even in basin-scale zonal averages of fluxes computed from SOCAT measurements alone
(Figure 5d-f).

Several factors can potentially explain the observed regional variability in the mean surface-
ocean pCO,, including variations in the biological carbon pump, solubility effects, and physical
processes. By analyzing subsurface observations from Biogeochemical Argo floats, Prend et al.
(2022a) demonstrated that the observed basin-scale deviations in surface-ocean pCO, can be com-
pletely accounted for by differences in the transfer of high-carbon waters from the interior ocean
into the mixed layer at the end of winter, a process known as obduction. Crucially, the resulting
variation in surface-ocean pCO; is driven primarily by the basin-scale differences in the maximum
depth of the winter mixed layer and less so by variations in the carbon distribution of the obducted
waters. Indeed, the carbon properties of the waters just below the mixed layer (at depths near
200 m) are fairly homogeneous across all portions of the ACC, but the distribution of wintertime
mixed-layer depths clearly separates the Atlantic from the Indian and Pacific sectors (Figure 5b,c).
The large regional variability in the maximum mixed-layer depth, coupled with the strong ver-
tical gradient in carbon within the ACC, results in significant differences in surface-ocean pCO,
and thus o, . This observation-based finding is supported by numerical studies examining La-
grangian pathways into the mixed layer from the interior Southern Ocean (Viglione & Thompson
2016, Tamsitt et al. 2017).

While the transfer of waters across the base of the mixed layer appears to be a key mechanism
governing the spatial variability in Fo,, the impact of this exchange on the carbon cycle
also depends critically on the carbon properties of the waters in the interior ocean, and thus
on the processes that set this distribution. Within the upper ACC, zonal variability in carbon
properties below the mixed layer appears fairly minimal (Figure 5b), likely due to mixing and
stirring by the vigorous mesoscale and submesoscale motions found there (Brand et al. 2023).
Much larger differences in subsurface carbon distributions are found to the north, however, closer
to the source regions of the deep waters that flow into the Southern Ocean at its equatorward
boundary (Figure 5g-/). Differences in the inorganic carbonate properties of deep waters formed
in the North Atlantic compared with those of Indo-Pacific origin can be explained by the separate
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global pathways of these water masses before they enter the Southern Ocean, together with the
vertical separation in the depths of remineralization of organic matter and particulate inorganic
carbon (Chen et al. 2022).

Moving poleward into the subpolar portion of the Southern Ocean, the zonal asymmetry in
the large-scale circulation becomes more evident due to the presence of separate cyclonic gyre
circulations in the Ross and Weddell Seas (Figure 15). Careful analysis of shipboard transects
from the Weddell region of the South Atlantic recently revealed the central importance of this
horizontal circulation in driving the carbon cycle there (MacGilchrist et al. 2019). Deep waters
upwelled to mid-depths in the open Southern Ocean circulate horizontally in the Weddell gyre,
during which time the biological pump shifts DIC from the surface layer to intermediate depths.
The correlation between DIC anomalies and the horizontal transport across the scale of the
gyre has a first-order impact on the carbon cycle of this region, illustrating the importance of
considering variability across sub-basin scales.

5. SMALL-SCALE VARIABILITY

As one of the most turbulent places on the planet, the Southern Ocean is replete with variability at
all spatial and temporal scales. As Deacon (1937) first inferred based on observed salinity distribu-
tions, motions at the oceanic mesoscale [O(100 km, 10 days)] have a leading-order impact on the
circulation (Marshall & Speer 2012, Morrison et al. 2014) and mixing (Gille et al. 2022, Morrison
et al. 2022) of the Southern Ocean. Submesoscale variability, characterized by scales of O(1-
10 km, 1 day), is also thought to have significant influence on ocean mixing and ventilation glob-
ally (Su et al. 2018) and in the Southern Ocean in particular (Zhang et al. 2023). In recent years,
the influence of variability at the mesoscale on biogeochemical activity in the Southern Ocean has
been investigated intensely as well, from organic carbon export (Llort et al. 2018) and cycling of
nutrients (Patel et al. 2020) and iron (Ellwood et al. 2020) to impacts on phytoplankton (Dawson
et al. 2018, Della Penna et al. 2018) and higher trophic levels (Della Penna et al. 2022). Carbon
cycling in the Southern Ocean may be affected by variability at the mesoscale and smaller scales
via these physical and biological pathways, as well as through high-frequency processes at the air—
sea interface that directly impact gas exchange. Progress toward characterizing the full effects of
small-scale variability on the Southern Ocean carbon cycle has been achieved using observational
and numerical approaches in recent years, but many important questions remain outstanding.

Despite their ubiquity, a comprehensive accounting of the impacts of mesoscale variability on
carbon uptake in the Southern Ocean, both direct and indirect, is still lacking. Cumulatively, these
motions play a first-order role in the Southern Ocean meridional overturning circulation and the
concomitant upwelling of DIC and Cant (Section 3). Additionally, mesoscale eddies may indi-
rectly shape the carbon cycle via net changes in upper-ocean stratification and mixed-layer depth.
Numerical simulations have provided evidence for global-scale impacts on ocean carbon through
a number of mechanisms, including changes to alkalinity cycling, shifts in biological production,
and effects on the export of organic carbon from the surface (Lévy et al. 2014, Munday et al.
2014, Dufour et al. 2015, Harrison et al. 2018, Krumhardt et al. 2020, Jersild et al. 2021). Such
large-scale impacts on Southern Ocean carbon cycling are challenging to quantify directly due
to the wide range of spatiotemporal scales and the variety of processes involved. Observational
investigations of the role of mesoscale eddies, in contrast, often sample a single coherent vortex or
consider only one process that influences carbon cycling in isolation, and in the Southern Ocean
direct measurements of carbon parameters within mesoscale eddies are particularly rare.

In addition to these indirect influences, mesoscale eddies can also impact oceanic carbon up-
take in a more direct manner, by inducing anomalies at the surface that locally modulate Feo,;
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these small-scale fluctuations can potentially affect the larger-scale Southern Ocean carbon cycle
through rectification. Recent surveys in the Sub-Antarctic zone south of Australia found anoma-
lously low surface-ocean pCO; and enhanced uptake inside an anticyclonic eddy (Jones etal. 2017)
and anomalously high surface-ocean pCO; inside a cyclonic eddy (Moreau et al. 2017). Examin-
ing year-round observational records from the Drake Passage, Song et al. (2016) found significant
correlation between mesoscale variability and surface-ocean pCO; that had a clear seasonal de-
pendence. Using a high-resolution regional numerical simulation, they attributed the observed
seasonal relationship to shifts in the balance between thermal and nonthermal controls, with sub-
surface vertical mixing identified as the key governing process in all seasons. Coupling with the
atmosphere also led to significant changes in upper-ocean mixing in model studies, with likely
ramifications for carbon exchange (Byrne et al. 2016, Song et al. 2020). Recent comprehensive
measurements of the air-sea transition zone in an anticyclonic eddy in the Brazil-Malvinas Con-
fluence region of the western South Atlantic demonstrated that both the ocean and atmosphere
undergo adjustments that directly affect CO, gas exchange (Pezzi et al. 2021).

The full impacts of submesoscale motions on the physical drivers of the carbon cycle of the
Southern Ocean remain poorly characterized. Although model-based studies have consistently
indicated that submesoscales play a critical role in the physics of this region (Bachman et al. 2017,
Balwada et al. 2018, Taylor et al. 2018), observational evidence has been exceedingly sparse, espe-
cially in the dynamic region of the ACC and the high-latitude regions covered in sea ice. Recently,
measurements collected with autonomous gliders have begun to shed light on these important ar-
eas (Dove et al. 2021, 2023; du Plessis et al. 2022), indicating that mixing and stirring by the
mesoscale and submesoscale have a significant role in ventilation and mixed-layer restratification.
In addition, these impacts appear to extend deep into the water column, well beyond the surface
mixed layer (Balwada etal. 2023). Submesoscale influences on biogeochemical processes have gen-
erally been tied to nutrient delivery into, and carbon export out of, the sunlit surface layer. In the
high-nitrate Southern Ocean, iron is the limiting nutrient, and evidence from numerical simula-
tions suggests that iron supply to the surface in this region is enhanced by submesoscale vertical
motions (Uchida et al. 2019, 2020). Indeed, the vertical mixing of iron is a key factor determining
variability in the biological pump in the Southern Ocean (Tagliabue etal. 2014, Stukel & Ducklow
2017).

Processes at even smaller spatiotemporal scales are known to have a significant impact on the
ocean boundary layer yet are not explicitly accounted for in the gas transfer parameterizations used
in large-scale flux estimates. Because of the strong westerly wind forcing, which generates extreme
wave conditions along with the intense currents and mesoscale variability that characterize the
Southern Ocean, these processes may be particularly significant in this region (Young et al. 2020).
For instance, near-inertial waves have been found to significantly change Fo, in a high-resolution
regional model (Song et al. 2019). Numerical simulations also suggest that Langmuir circulation
can substantially modulate [0, globally (Smith etal. 2018) and in the Southern Ocean specifically
(Tak et al. 2023). Breaking waves, which introduce bubbles into the upper ocean and sea spray into
the lower atmosphere, likely influence I, in the Southern Ocean in significant ways that are not
fully appreciated (Deike 2022). In addition, the role of Antarctic sea ice is poorly understood, in
terms of both its impacts on upper-ocean carbonate chemistry and biology and its direct influence
on gas exchange, representing a dominant source of uncertainty in estimating carbon uptake in
the ice-covered regions (Swart et al. 2019, Watts et al. 2022).

As the main source of the energy that drives motions in the Southern Ocean, mean surface
winds in this region are known for their strength, but in reality, the Southern Ocean is filled with
extratropical cyclones, i.e., storms (Priestley et al. 2020). Synoptic storms play a central role in the
generation of ocean turbulence, thereby modulating the physical transport of carbon in the upper
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water column as well as biological production and export, and also directly affect the rate of gas ex-
change. The impacts of Southern Hemisphere storms on the carbon cycle of the Southern Ocean
have been difficult to observe with traditional methods. However, recent autonomous measure-
ments in the region south of Africa revealed significant high-frequency variability in surface-ocean
pCO; due to storm-driven mixing in the upper ocean (Nicholson et al. 2019, 2022). Variabil-
ity at timescales associated with atmospheric storms also dominates the horizontal and vertical
variability in phytoplankton observed in the Southern Ocean (Carranza et al. 2018, Prend et al.
20220).

The large-scale impacts of small-scale variability on the carbon cycle of the Southern Ocean
have been challenging to characterize, primarily because the wide range of spatiotemporal scales
involved are not well captured by the historical observational record. Advancements in observ-
ing technologies, especially in autonomous sensing, are now enabling resolution of a much wider
range of phenomena than ever before, which will open up new opportunities to investigate this
question directly. At the moment, however, limited insights can be inferred by examining what is
known about the influence of small-scale oceanic motions on the large-scale evolution of physical
ocean properties. Detailed analysis of the mesoscale eddy field from satellite and float observations
(Hausmann etal. 2017) provides compelling evidence that the spatiotemporal distribution of anti-
cyclones and cyclones is not random. As a result, the changes that eddies induce in the upper ocean
are not symmetric, leading to significant variability in the cumulative effect on mixed-layer depth
across the Southern Ocean (Figure 64,b). Furthermore, spatial variability in Southern Ocean
ventilation has been linked to localized regions of enhanced mesoscale eddy activity that occur
downstream of the standing meanders generated where the ACC interacts with prominent topo-
graphic features (Dove et al. 2022). Temporal changes in eddy-driven mixing in the surface of the
Southern Ocean have been linked to climate variability in the Southern Hemisphere (Busecke &
Abernathey 2019), suggesting the possibility of a nonlinear carbon—climate feedback mechanism
mediated through small-scale processes in the Southern Ocean. And while the Southern Ocean is
stormy at all times of year, the Southern Hemisphere storm track is zonally asymmetric (Inatsu &
Hoskins 2004, Hoskins & Hodges 2005), and the spatial patterns of storm activity change sub-
stantially over the seasonal cycle (Priestley et al. 2020) (Figure 6¢,d). Research is needed to better
assess how these sources of variability shape the four-dimensional evolution of the Southern Ocean
carbon cycle.

6. DISCUSSION

Considering this rapidly growing body of evidence, the picture of the Southern Ocean carbon
cycle that emerges is fundamentally three-dimensional in space, with important variability at
seasonal to subseasonal timescales, in contrast to the traditional focus on the zonal mean decadal
variability. Biogeochemical differences in the deep waters that enter the basin, localization of up-
welling and ventilation to specific places within the ACC, and lateral flow within the gyres of the
subpolar Southern Ocean all shape the distribution of carbon in the interior. The exchange of car-
bon between the interior and the surface ocean directly exposed to the atmosphere is controlled
primarily by the myriad of processes that govern mixed-layer depth variability and upper-ocean
mixing, which are also non-uniformly distributed in space and time. Surface-ocean pCO, and
Fco, are regulated therefore by surface forcing from winds as well as heat and freshwater fluxes, by
small-scale variability that drives exchange across the base of the mixed layer, and by the large-scale
circulation that sets up the interior carbon distribution. While challenging from both the obser-
vational and modeling perspectives because of the requirement to resolve a broad range of scales,
improved understanding and representation of these processes and their interactions are needed to

Gray



100

2
80 g
60 Q
(]
40 5
3
20 =3
[1]
0 e
20 <
m
-
-40 a
[}
-60 2
=
-80 3
-100
20 2
c
3
o
16 o ]
u s
12 2
o
2S
8 @AM
Y w
B
4 o=
T3
o
=
0 5

Figure 6

Asymmetric distributions of mesoscale eddy impacts and storms in the Southern Ocean. (2,5) Mean observed change in late-winter
(August—October) mixed-layer depth due to cyclonic eddies (panel #) and anticyclonic eddies (panel 4). Solid black contours outline
regions of high eddy activity as determined from sea surface height variance. (c,d) Mean storm tracks (colors) and genesis locations
(dashed contours) in summer (panel ¢) and winter (panel d) from European Centre for Medium-Range Weather Forecasts Reanalysis 5.
Genesis density contours are given, in increments of 1, from 1 to 4 cyclones per month per 5° spherical cap. Panels # and 4 adapted with
permission from Hausmann et al. (2017); copyright 2016 American Geophysical Union. Panels ¢ and d adapted from Priestley et al.
(2020) (CC BY 4.0).

significantly reduce uncertainties and advance our ability to predict the future evolution of this
critical component of the global climate system.

This four-dimensional variability has strong implications for observing and modeling the
Southern Ocean carbon cycle. Many of the important processes and phenomena in this region
are unique, or at least near the end of the range of global oceanographic conditions. Furthermore,
measurements at a single location are not likely to be representative of the entire circumpolar
region; in the Southern Ocean in particular, advection dominates the variability observed at any
one location (Nicholson et al. 2022). Similarly, observations across the full seasonal cycle and
across the entire range of forcing conditions are needed to adequately capture the annual mean
signal. Shipboard observations are inherently biased toward spring and summer and away from
the extreme storms that populate the high-latitude Southern Ocean in all seasons. Indeed, under-
way shipboard pCO, measurement systems become contaminated by noise when wind speeds are
greater than approximately 15 m s~! (R. Wanninkhof, personal communication), conditions that
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are met frequently in the Southern Ocean year-round (Young et al. 2020). The issues introduced
by interpolating spatiotemporally biased data over large areas were clearly illustrated by Gloege
et al. (2021), who provided irrefutable evidence that the distribution of carbon in the surface
Southern Ocean is not well captured by the sampling coverage of direct pCO, observations.

The observation-based understanding reviewed here also has implications for modeling the
Southern Ocean carbon cycle. In particular, because of the strong lateral and vertical gradients
in carbon, variability in the small-scale processes that impact upper-ocean mixing appears to be
centrally important in the Southern Ocean. Better representation of the variability in mixed-layer
depth at seasonal and subseasonal timescales will likely produce substantial improvements in the
ability of Earth system models to accurately simulate the carbon cycle of the Southern Ocean.
Improving model capabilities to simulate the net effects of small-scale processes on isopycnal
mixing and air—sea gas exchange should also be prioritized.

In general, a large disconnect still exists between the model-based understanding of
(sub)mesoscale impacts on the Southern Ocean carbon cycle and observation-based studies that
focus on a limited set of mechanisms and often target a single coherent vortex. Reconciling these at
times heterogeneous views would be incredibly valuable for the community. Significant progress is
needed to assess from observations the cumulative effects of small-scale variability on large-scale
carbon cycling in the Southern Ocean and how such impacts may be rectified to shape observed
patterns of zonal asymmetry and seasonal variability, as well as variability at longer timescales.
Advancing process-level understanding at these scales is absolutely key to confidently predicting
the future evolution of the Southern Ocean carbon cycle.

Although many outstanding questions remain, the pace of scientific discovery regarding car-
bon cycling in the Southern Ocean has never been faster than it is today. The substantial advances
in the past decade have been enabled by significant investments in ocean observing in this region
from the international community, together with improvements in model-based representation of
the Southern Ocean. A sustained, widespread, year-round observing system for surface and sub-
surface biogeochemical properties in the Southern Ocean is a critical priority, as this provides
the spatiotemporal data coverage required to understand large-scale variability. However, such
sustained observing must also be supplemented with targeted studies that use autonomous and
ship-based measurements to characterize the impact of small-scale and localized processes on car-
bon cycling throughout the full seasonal cycle and across the entire range of biogeochemical and
physical conditions found in this dynamic region. This type of comprehensive observational ap-
proach to quantifying the mechanisms that control the large-scale uptake, storage, and transport of
carbon in the Southern Ocean, although challenging to achieve, will undoubtedly catalyze signifi-
cant scientific advances that have been heretofore unreachable, allowing numerical simulations to
be evaluated and improved based on a mechanistic understanding. Improving observation-based
understanding of the full four-dimensional variability in the carbon cycle of the contemporary
Southern Ocean is urgent given the rapidly changing conditions in this critical polar environment
and its central role in the global climate system.

1. The connection between the surface of the Southern Ocean and the deep waters of the
global ocean, driven by the large-scale overturning circulation, makes this remote re-
gion fundamentally unique and critically important within the carbon cycle of the entire
planet.
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2. Substantial zonal asymmetry exists in the distribution of carbon within the Southern
Ocean, in both the mean and the variability, underscoring the need to move beyond the
canonical zonal mean framework for understanding the carbon cycle in this region.

3. The cumulative impacts of oceanic turbulence, from the mesoscale to the microscale, on
carbon cycling in the Southern Ocean are complex and poorly characterized. The effects
of such motions on mixed-layer variability emerge as one crucial point of control.

4. Small-scale processes in the air—sea transition zone, especially those related to high-
frequency atmospheric variability in the intense Southern Hemisphere storm tracks,
likely have significant effects on carbon cycling in the Southern Ocean due to influences
on both ocean mixing and gas exchange.

5. Advances in understanding and predicting the carbon cycle of the Southern Ocean
will require a combination of sustained widespread biogeochemical measurements and
novel approaches to expanding process-level measurements in crucial yet undersampled
locations.
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