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Abstract

The Southern Ocean, although relatively understudied owing to its 
harsh environment and geographical isolation, has been shown to 
contribute substantially to processes that drive the global carbon 
cycle. For example, phytoplankton photosynthesis transforms 
carbon dioxide into new particles and dissolved organic carbon. 
The magnitude of these transformations depends on the unique 
oceanographic and biogeochemical properties of the Southern 
Ocean. In this Review, we synthesize observations of biologically 
mediated carbon flows derived from the expanded observational 
network provided by remote-sensing and autonomous platforms. 
These observations reveal patterns in the magnitude of net primary 
production, including under-ice blooms and subsurface chlorophyll 
maxima. Basin-scale annual estimates of the planktonic contribution 
to the Southern Ocean carbon cycle can also be calculated, indicating 
that the export of biogenic particles and dissolved organic carbon 
to depth accounts for 20–30% (around 3 Gt yr–1) of the global 
export flux. This flux partially compensates for carbon dioxide 
outgassing following upwelling, making the Southern Ocean a 
0.4–0.7 Gt C yr–1 sink. This export flux is surprisingly large given that 
phytoplankton are iron-limited with low productivity in more than 
80% of the Southern Ocean. Solving such enigmas will require the 
development of four-dimensional regional observatories and the use 
of data-assimilation and machine-learning techniques to integrate 
datasets.
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for anthropogenic CO2 (refs. 3,8–10). However, the relative contribu-
tion of the SO BCP to the regional and global carbon cycle is poorly 
understood, hindered by a lack of observations.

Nevertheless, biogeochemical observations — as grouped into 
three general eras (Fig. 1) — have led to a substantial change in the 
understanding of the SO. Era 1 began in the 1920s, was centred on 
ship-based exploration and was limited to a few months each year. 
These expeditions could vertically profile the ocean at coarse resolu-
tion (tens of kilometres) and revealed the fundamental characteristics 
of the SO, including strong westerly winds, and seasonal sea-ice for-
mation and decline. Additionally, large populations of fish, birds and 
marine mammals were observed in the waters surrounding Antarctica, 
despite apparently low rates of net primary production (NPP)11–14. Era 2 
was characterized by satellite observations from 1978 onwards that 
complemented data from ongoing research voyages. For example, 
satellite ocean-colour instruments observed the spatial distribution 
of phytoplankton abundance in surface waters (the upper few metres) 
over much of the SO throughout the entire year. These observations 
enabled the first pan-Antarctic scale estimates of the net rate of photo-
synthetic carbon fixation by phytoplankton after correcting for respi-
ration (that is, through the calculation of NPP) in the SO15–17, revealing 
that early ship-based estimates were 2–3-fold too low. However, these 
satellite measurements can provide details only of the ocean surface.

Era 3, which began in 2014 (refs. 18,19), involved technological 
advances associated with autonomous platforms for ocean observa-
tions that have enabled more subsurface measurements to robustly 
assess the magnitude of processes in the ocean interior, such as the 
BCP in the SO3. Some nations have initiated regional observing systems 
such as Southern Ocean Carbon and Climate Observations and Mod-
eling project (SOCCOM) by the USA and Southern Ocean and CLIMate 
(SOCLIM) by France, and these have stimulated participation by other 
countries. Thousands of miniaturized, automated and remotely oper-
ated sensors have been deployed on gliders, uncrewed surface vehi-
cles, bio-logging marine mammals, and robotic profiling floats, thus 
improving observational coverage of the surface and subsurface ocean. 
These sensor constellations can obtain vertical profiles of tempera-
ture, salinity, pH, dissolved oxygen, light, fluorescence (a proxy for 
chlorophyll stocks), particle backscatter (a proxy for POC concentra-
tions) and nitrate concentration. These technologies have revealed 
important information about ocean processes ranging from winter CO2 
outgassing20,21, hydrothermal iron plumes22, subsurface chlorophyll 
maxima23, subsurface particle export pulses and their seasonality24, to 
potential under-ice blooms25–27. This information fills knowledge gaps 
about the regional carbon cycle3 and biogeochemical functioning7 of 
the SO identified by models.

In this Review, we explore the many roles of biota and plankton 
in the SO carbon cycle. We use additional data from the observational 
technologies that have been developed throughout era 3 (the autono-
mous era) to reassess patterns of basin-scale carbon biogeochemistry 
and the subsequent fate of carbon. We then explore how resident biota, 
along with ocean circulation, influence the SO carbon cycle. Finally, we 
discuss how the increasing suite of data in space (three dimensions) can 
be best integrated into a four-dimensional (4D) temporal observatory 
to detect and attribute the myriad biogeochemical roles of SO biota.

Environmental controls on phytoplankton 
productivity
To understand primary productivity patterns in the SO, it is impor-
tant to link them with the underlying physico-chemical properties 

Key points

	• Increasing coverage from a suite of observations from autonomous 
platforms will reduce uncertainties on estimates of key processes 
in the regional carbon cycle that determine the magnitude of the 
Southern Ocean carbon sink.

	• Episodic storms enhance chlorophyll stocks, presumably owing to 
enhanced iron supply from depth, but also drive concurrent carbon 
dioxide outgassing, with unknown cumulative effects on the regional 
carbon cycle.

	• The influence of climate change on the Southern Ocean and 
Antarctica is expected to alter the partitioning of basin-scale net 
primary production between open water, sea ice and under ice.

	• Observations from profiling robotic floats are providing important 
insights into how the fate of phytoplankton carbon drives regional 
patterns in export flux in the ocean’s interior over multiple annual cycles.

	• The inability to remotely measure dissolved iron or dissolved 
organic carbon concentrations makes it difficult to understand pivotal 
processes in the Southern Ocean carbon cycle.

	• Models using data assimilation are already providing promising 
guidelines on how to deploy autonomous platforms to address key 
questions around the regional carbon cycle.

Introduction
The Southern Ocean (SO) is the key global connector of ocean basins1. 
It surrounds Antarctica and features circumpolar boundaries such as 
the Polar Front, which separates the sub-Antarctic ‘ring’ from polar 
waters to the south. The main circulation feature driving SO dynamics 
is the Antarctic Circumpolar Current, which modulates the meridional 
overturning circulation. This modulation leads to the formation of a 
biogeochemical divide in the upper ocean, whereby lower meridional 
overturning circulation cells control air–sea carbon dioxide (CO2) 
exchange and the upper cells control global export production. How-
ever, the geographical isolation and harsh environment make the SO 
difficult to research. Despite being understudied, the SO is known to 
make a critical contribution to the Earth’s carbon cycle2,3. Additionally, 
simulations suggest that the biological carbon pump (BCP) in the SO 
contributes disproportionately more to the global carbon sink than 
in other regions4–6.

The SO transports carbon between ocean basins7. For example, 
southward-flowing deep waters upwell to the surface along steeply 
sloped isopycnals (density contours) in the Antarctic Circumpolar 
Current and transform into intermediate and mode waters, which feed 
the upper cell of the meridional overturning circulation, or into bottom 
waters that drive the lower cell, which forms Antarctic Bottom Water1. 
These cells have fundamentally different mechanisms by which they 
transport waters with high concentrations of CO2 and nutrients formed 
by the respiration of particulate organic carbon (POC) at depth in 
other basins. The upper cell releases CO2 into the atmosphere, whereas 
the lower cell returns these waters to great depth2,8,9. These physical 
oceanographic mechanisms are thought to be the primary drivers 
that make the SO a sink (0.79 ± 0.13 Gt C yr–1, from multi-models3) 
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that determine the NPP and influence the carbon cycle. For example, 
the wide range of iron supply mechanisms result in diverse patterns of 
NPP and phytoplankton stocks, as discussed here.

The high-nutrient low-chlorophyll puzzle
The SO has low chlorophyll stocks despite having perennially high nutri-
ent concentrations, which is known as the high-nutrient low-chlorophyll 
(HNLC) puzzle. Understanding of this puzzle has evolved throughout 
the three eras of observations. HNLC waters were first identified by 
shipboard observations in era 1. In era 2, satellites revealed regions that 
departed from the HNLC trend, such as: high-chlorophyll polynyas in 
the marginal ice zone and seasonal ice zone; blooms downstream of 
both shallow bathymetry and islands; interannual variability in sea-ice 
extent; and differences in the seasonal cycle (phenology) of NPP across 
the SO28,29. Autonomous observations in era 3 have provided additional 
biogeochemical details about the HNLC ocean, including hydrother-
mally stimulated phytoplankton blooms22 and the role of storms in 
driving variability patterns in chlorophyll stocks30 and NPP31,32.

Various environmental factors have been invoked to explain 
the HNLC puzzle, including iron limitation33, light34 and grazing35. 
Subsequent laboratory36 and mesoscale field37 experiments have 
confirmed that iron limitation is widespread across the SO. Addi-
tionally, the occurrence of dissolved iron hotspots such as in frontal 
regions38 led to high-chlorophyll waters. Therefore, iron supply heav-
ily influences SO carbon biogeochemistry because it determines the 

magnitude of NPP and influences its fate (for example, direct export 
of phytoplankton blooms). Furthermore, there are various iron sup-
ply mechanisms in the SO39, some of which are linked to oceanic, 
atmospheric, sedimentary, hydrothermal or cryospheric processes. 
Iron primarily comes from the upwelling and seasonal entrainment of 
deeper iron-enriched waters39,40. However, other supply mechanisms, 
including the input of dust to the SO41,42, local dust events downstream 
of ice-free land masses43–45, aerosols from wildfires46,47, and volcanic 
activity on islands48 can also influence the spatial and temporal extent 
(Fig. 2) of iron-enhanced NPP. Additionally, meltwater from sea ice, 
drifting icebergs and ice shelves can potentially fertilize Antarctic 
surface waters with iron49–53; however, in situ measurements of these 
mechanisms are rare.

Modes of iron supply
Iron supply is driven on four timescales: episodic, for example, 
storms54,55, fine-scale eddies and deposition of dust42 or wildfire 
aerosols46,47; seasonal, including sea-ice retreat56,57 and iceberg calv-
ing, drift and melt58,59; synoptic, such as pelagic iron recycling60–63, 
and upwelling40; and sustained, including sediment resuspension30 and 
hydrothermal supply39,40 (Fig. 2). These modes influence spatiotem-
poral NPP patterns across the entire SO basin. For example, ships and 
satellites have observed high chlorophyll concentrations in island 
wakes63 or blooms stimulated by wildfire-derived aerosols46. Addi-
tionally, robotic profiling floats observed a massive hydrothermally 

107,000
stations sampled

1.5 × 1012

surface samples

250,000 km
USV surface transects

300,000
mammal profiles

40,000
glider profiles

773,000
CTD profiles

a  Ship era b  Satellite era c  Autonomous era

Fig. 1 | The three eras of oceanographic investigation. a, The ship era of 
Southern Ocean investigation (1920s–1977), providing an estimated 107,000 
data points (based on 5.7 voyages annually with 150 stations per voyage 
since 1900). b, The satellite era (1978 to present), providing 1.5 × 1012 surface 
samples (based on four satellites collecting daily data with 4-km resolution). 
c, The autonomous era (2014 to present), providing measurements of 773,000 
conductivity temperature and depth (CTD) profiles using Argo profiling floats, 

42,709 chlorophyll profiles from biogeochemical Argo (BGC-Argo) floats, 
40,000 glider profiles, 250,000 km of surface ocean transects by uncrewed 
surface vehicles (USVs), and 300,000 profiles from marine mammals (based on a 
tag operating for 200 days and providing three tags daily; Mark Hindell, personal 
communication). Together, the three eras provide a potent combination of 
mechanistic understanding and validation (ships), broad regional and temporal 
coverage (satellites) and water-column coverage (autonomous platforms).
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supplied iron-mediated phytoplankton bloom22 and glider-based 
measurements identified a bloom during a wind-driven sustained 
upwelling event64.

Iron supply determines the magnitude of chlorophyll stocks and 
NPP, and hence patterns within biogeochemical provinces in vari-
ous ways. In polar waters, upwelling of iron drives a positive relation-
ship between the Southern Annular Mode — the dominant mode of 
atmospheric variability that influences the westerly wind belt in the 
SO — and satellite-derived chlorophyll65. Similarly, overlaying phyto
plankton bloom events on maps of iron supply suggests that iron 
availability influences NPP66. However, in other cases phytoplankton 
iron requirements have appeared to remain constant from year to year 
across the SO, suggesting that iron supply could have little influence 
upon satellite-derived chlorophyll stocks67 or that the cumulative 
iron supply in the SO is constant. Satellite chlorophyll time-series 

decomposition suggests that episodic short-term events (such as 
storms) drive small-scale fluctuations in chlorophyll concentrations 
throughout the year30. Thus, the relationship between the variability 
of the iron supply mechanisms and carbon biogeochemistry appears 
to be driven across a range of spatial scales from large28,64 to small30.

SO primary productivity
NPP underpins the productivity of the SO, including its foodwebs 
and the regional carbon cycle. Therefore, to interpret spatial and 
temporal patterns in the magnitude of NPP it is necessary to under-
stand regional and temporal variations in environmental controls on 
productivity — such as iron, light and silicate concentration (Fig. 3). 
The influence of these controls on NPP in oceanic, sea-ice and under-ice 
regions is discussed here, as is their role in determining phytoplankton 
community structure.
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Fig. 2 | Processes and timescale of iron supply in the Southern Ocean. Physical 
and biological processes drive iron supply to the euphotic zone on episodic 
(dark yellow), synoptic (dark red), seasonal (pink) and sustained (red) timescales. 
Iron supply is also driven by ocean circulation (dashed and solid white arrows) 
including the Antarctic Circumpolar Current (ACC, solid white arrows). 

The magnitude of the dissolved iron (DFe) flux is represented by the thickness of the 
arrow, with thin, medium and thick arrows for low (<0.001 µmol DFe m–2 day–1), 
medium (0.001–0.1 µmol DFe m–2 day–1) and high (>0.1 µmol DFe m–2 day–1) fluxes, 
respectively, based on refs. 38,40,42,44,57,61,70,233–242. The wide range of different 
iron supply mechanisms results in a complex pattern of phytoplankton productivity.
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Pelagic NPP
Satellite-based estimates reveal variations in annual NPP across the SO 
(Fig. 3a); it is likely that these trends are linked to environmental forcing. 
Rates of spatially integrated NPP for the entire SO (all waters south of 
50° S) are in the range 2.0–2.6 Gt C yr–1 (refs. 15,17,68). The lowest rates 
are generally associated with pelagic waters north of the seasonal ice 
zone, where strong westerly winds and convective mixing leads to 
deep mixed layers and hence phytoplankton encounter low mean light 
levels34. Consequently, the surface ocean must stratify, either through 
ice melt or solar heating, before a phytoplankton bloom can occur. 
Additionally, these waters are often deficient in trace elements such 
as iron36,69–74, manganese75–78, and vitamin B-12 (ref. 79). Incomplete 
macronutrient utilization owing to trace-metal limitation results in 
the outgassing of 0.4 Gt C yr–1 of natural CO2 south of 44° S (ref. 80).

Most NPP in the SO occurs within the surface mixed layer in spring, 
when there is sufficient light and iron available to support phytoplankton 
growth. Additionally, shipboard measurements indicate that oceano-
graphic fronts such as the Antarctic Polar Front can double the NPP of 
pelagic waters owing to the divergence of surface waters, which brings 
nutrients and dissolved inorganic carbon to the surface17. A similar 
increase in the NPP also occurs downstream of shallow topography 
(for example, the Scotia Sea and Kerguelen Plateau), where the inter-
action of currents with the seafloor increases the flux of trace metals 
into surface waters79. However, the highest rates of NPP in the SO are 
generally found on continental shelves and their associated coastal poly
nyas (Fig. 3b) where reduced ice cover and glacial meltwater-induced 
upwelling can increase NPP to over 2 g C m–2 day–1 (refs. 81–83) 
(compared with around 0.6 g C m–2 day–1 in HNLC iron-limited waters15,16).

In other SO basins, such as the Indian Ocean, additional NPP can 
occur at depth within the subsurface chlorophyll maximum — a spe-
cialized niche for some phytoplankton groups. However, such regions 
are relatively sparse in the SO, with ship sampling revealing few areas 
with a persistent or recurring subsurface chlorophyll maximum84. 
Such maxima form through various processes, including sinking85 

or subduction86 of surface blooms, photoacclimation to low light at 
deeper depths87, and increased growth rates at the nutricline when light 
is still causing net growth88. These features are too deep to be observed 
with satellite sensors, so subsurface chlorophyll maxima have been 
largely undetected. However, during era 3 the prevalence of these 
features could become better understood as gliders and floats provide 
more data on vertical phytoplankton distributions, which can be com-
bined with satellite data to produce a more accurate three-dimensional 
representation of phytoplankton biomass.

Sea-ice NPP
Large-scale estimates of NPP in Antarctic sea ice are scarce but suggest 
that rates could vary from 23–70 Tg C yr–1 (that is, 0.02–0.07 Gt C yr–1) 
(refs. 15,89,90), which equates to about 10–25% of the total water col-
umn NPP (Fig. 3c). Antarctic sea ice has a diverse phytoplankton com-
munity dominated by diatoms (mostly pennates) but also includes 
dinoflagellates and haptophytes91–93. The largest biomass often resides 
in the bottom sea ice where nutrients are plentiful and light is sufficient 
for net growth in the spring94,95.

Substantial rates of NPP also take place within the seasonal ice 
zone at the interface of the ocean and the cryosphere (Fig. 3c) and 
represents an important resource for zooplankton in early spring, 
when no other food sources are available93. Changes in sea-ice extent, 
along with snow and ice thickness, alter the amount of light incident 
on surface waters but also modulate the amount of habitat avail-
able for resident sea-ice primary producers. For most of the satellite 
record, the amount of sea ice formed each year has increased owing 
to a persistently positive Southern Annular Mode96,97, despite CMIP6 
(Coupled Model Intercomparison Project phase 6) results predicting 
a decline over the same period98. However, in 2016, the maximum 
sea-ice extent in winter decreased by 2 million km2 owing to a com-
bination of weak winds and warmer ocean temperatures caused by 
El Niño98. Since then, data from the National Snow and Ice Data Centre 
show that the summertime minimum extent record was surpassed in 
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Fig. 3 | Distribution of annual net primary production in the Southern 
Ocean. a, Net primary production (NPP) in the water column based on satellite 
observations. b, 46 coastal polynyas, which serve as productivity hotspots 
along the Antarctic margin, identified using passive microwave data from 
satellites. c, Annual productivity in sea ice calculated using a data-bounded 

Sea Ice Ecosystem State model from ref. 90. Productivity within the sea ice is 
much less than that in the water column or in coastal polynyas. Part a is adapted 
from ref. 243, CC BY 3.0 https://creativecommons.org/licenses/by/3.0/). Part b is 
adapted with permission from ref. 81, AGU.
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2017, 2022 and 2023. It is not known how this altered sea-ice retreat will 
influence sea-ice NPP or carbon biogeochemistry. Additionally, there 
is no record of whether Antarctic sea ice has thinned since satellite 
records began.

Under-ice NPP
Since 2012, large well developed phytoplankton blooms have been 
observed deep within the ice pack99,100 in the Arctic Ocean as well as 
in the seasonal ice zone. In contrast, ship-based platforms have yet to 
observe such blooms in the SO; however, data from biogeochemical 
Argo (BGC-Argo) floats suggest that under-ice phytoplankton blooms 
might be present25,26,101. Such floats reported early bloom develop-
ment and high phytoplankton biomass below sea ice, with a maxi-
mum chlorophyll-a value of 0.1–3.5 mg m–3 (refs. 25–27,101). Sea-ice 
dynamics, notably the snow load and associated freeboard (that is, 
the thickness of sea ice protruding above the ocean), control the 
growth of phytoplankton below the ice by modulating how much 
light they receive25. Float-based observations found that 26% of the 
floats beneath the ice measured chlorophyll-a values greater than 
1.13 mg m–3 and the accompanying CMIP6 Earth system modelling 
(in which the land, ocean, atmosphere and cryosphere are fully cou-
pled) found that 3–5 million km2 of the ice-covered SO had sufficient 
light to support under-ice blooms26. These findings suggest that this 
zone is an important source of NPP that has not yet been quantified 
using standard ship- and satellite-based methods and that should be 
investigated with floats and gliders.

Phytoplankton community composition
In addition to rates of NPP, community composition can have a pro-
nounced influence on SO carbon biogeochemistry. Shipboard and 
satellite observations indicate that SO phytoplankton blooms contain 
various species but are dominated by two broad taxa: diatoms and 
haptophytes (coccolithophores and prymnesiophytes). Coccolitho-
phores often dominate at mid-SO latitudes and during the austral sum-
mer and early autumn they form a circumpolar ring of water with high 
CaCO3 concentration known as the Great Calcite Belt102 (GCB), which 
has been observed using satellite-based102 and in situ102,103 measure-
ments. The GCB accounts for around 25% of the abundance of cocco-
lithophores worldwide104 and regulates the surface water alkalinity and 
the rate of air–sea CO2 exchange. Dissolution of CaCO3 in deep water 
(which consumes CO2 and reduces supersaturation) also limits CO2 
outgassing from upwelled waters105.

Further south, phytoplankton blooms are dominated by diatoms 
(such as Chaetoceros, Coscinodiscus, Nitzschia, Fragilariopsis and 
Thalassiosira) or the colonial prymnesiophyte Phaeocystis antarc-
tica. It is likely that diatom blooms, which are more readily grazed but 
more efficient exporters of organic carbon than P. antarctica, are the 
most widespread taxa in this region106. However, blooms dominated 
by P. antarctica, which take up twice the amount of CO2 per unit phos-
phate consumed compared to diatoms, have been observed in the 
Ross Sea83,106,107, the Amundsen Sea108–110, offshore over the Australian–
Antarctic Ridge111, the Weddell Sea112–114 and along the western Antarctic 
Peninsula in spring (diatoms dominate there in summer)115. Whether 
diatoms or P. antarctica dominate in a region seems to be determined 
by light and iron availability106,116,117 and perhaps sensitivity to ocean 
pH118. Cryptophyte blooms have been observed occasionally in the SO, 
but these are usually restricted to nearshore waters with substantial 
glacial melt107,119. Hence, floristics and NPP have a joint role in driving 
key carbon cycle processes, such as export flux, of the SO.

Temporal trends in NPP
Although NPP can be calculated from data collected by profiling floats, 
the coverage will be far less than that provided by satellite remote sens-
ing. Additionally, there are fewer years of float-based measurements 
than for satellite records and floats have not resampled the same areas 
frequently enough to say much about interannual variability. There-
fore, the best option for making large-scale estimates of NPP could 
be to combine the vertical distributions of phytoplankton obtained 
from float data with the horizontal distributions of phytoplankton 
provided by satellite data.

Satellite records show that the interannual variability in NPP across 
the SO is low compared to other oceans15,30, especially the Arctic Ocean 
where NPP varied by 57% during 1998–2018 (ref. 120). The low interan-
nual variability of NPP in the SO is partially attributed to the small inter-
annual differences in sea-ice cover for most of the satellite record (until 
the large decline beginning in 2016)98. During this time there was low 
interannual variability in the NPP of offshore waters15 as well as on the 
continental shelf in coastal polynyas81, with regional increases in one 
area often balancing regional losses in others. Interannual variability 
in the SO appears to be driven by sub-seasonal variation due to inter-
mittent small-scale forcing30. For example, shifting wind patterns and 
sea-ice distributions121 in the highly productive Ross, Bellingshausen, 
and Amundsen seas122 that are associated with different phases of 
the Southern Annular Mode are partly responsible for introducing 
variability in NPP.

Chlorophyll is more interannually and regionally variable than 
pan-Antarctic NPP123,124. This increased variability is expected because 
variation in daily NPP is correlated to the square root of surface chlo-
rophyll concentration125. Other parameters related to NPP can also be 
more interannually variable than NPP. For example, changes in the tim-
ing (phenology) and magnitude of phytoplankton bloom depend on 
sub-seasonal variability in atmospheric126 and sea-ice processes127,128 and 
large-scale climate patterns such as the Southern Annular Mode129,130.

Most models project that climate change is likely to increase the 
productivity of the SO through a loss of sea ice and a temperature- 
mediated increase in phytoplankton growth rates131–133. Additionally, 
the magnitude of future NPP could also be influenced by changes in 
nutrient biogeochemistry134, a transition from a deeper mixed layer 
to stronger stratification135, altered phenology136, and possible shifts 
toward smaller-sized phytoplankton116,137,138; however, the specific 
effects of these variables remains unknown. Increases in NPP will have 
implications not only for the SO carbon cycle but also for the global 
carbon cycle because an increased demand for nutrients in the SO 
will reduce the lateral supply northward10,139. Many of the processes 
that determine the direction, magnitude and rates of change of SO 
biogeochemistry are not well understood; therefore, current models 
(such as CMIP6) do not agree on the direction of predicted changes in 
the productivity and CO2 fluxes in the SO140,141.

Fate of phytoplankton stocks
Spatial and temporal variability in NPP drives corresponding increases 
in phytoplankton stocks, which have a wide range of fates within the SO 
carbon cycle, the simplest of which is direct sinking of phytoplankton 
to depth. Alternatively, grazing can re-route carbon by increasing the 
biomass of pelagic higher trophic levels, or by transporting or releas-
ing waste products such as dissolved organic carbon (DOC) at depth. 
Here, these carbon transformations are explored as the first step to 
elucidating the influence of biologically modulated controls on the 
SO carbon cycle.
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Herbivory
Grazing of phytoplankton, termed herbivory, is the starting point of 
the transfer of carbon through foodwebs to higher trophic levels (apex 
predators). Herbivory and subsequent transfers can also move carbon 
to other pathways within the SO carbon cycle (for example, faecal pel-
lets in the BCP). Profiling float data suggest that herbivory accounts 
for 90% of the annual NPP in the seasonal ice zone142, confirming that 
herbivory can have a major influence on NPP in the SO. However, there 
are large uncertainties associated with modelled estimates of grazing 
owing to the various formulations by which grazing can be described143.

Observational datasets144 combining summer satellite measure-
ments of ocean colour and ship-based observations such as KRILLBASE, 
which provides information on Antarctic krill (Euphausia superba) 
and salps (family Salpidae)145 are used to calculate how much carbon is 
transferred to zooplankton biomass during herbivory. These datasets 
reveal an inverted biomass pyramid (Fig. 4a,b) with biomass increasing 
by up to 1.5 times from phytoplankton to mesozooplankton (Supple-
mentary Fig. 1). Mesozooplankton (67 Mt) accounts for two times more 
biomass than krill and over 60 times more than salps. This inversion is 
most conspicuous at mid-latitudes of 50–70° S, whereas biomass in the 

Pacific sector and the highest latitudes is dominated by phytoplankton. 
Despite the many assumptions linked to such compound observational 
datasets144, several mechanisms have been proposed to explain this 
inverted biomass pyramid. The most compelling mechanism, which 
is supported by biomass observations of mesozooplankton (such as 
copepods), krill and phytoplankton, is that predators have a substan-
tially larger biomass than that of their phytoplankton prey. These high 
predator:prey mass ratios (>4,000; ref. 146) could compensate for the 
effects of low trophic transfer efficiency (often about 10%).

Transfer to higher trophic levels
Owing to a paucity of observations, it is challenging to link the transfer 
of carbon biomass to trophic levels higher than krill. However, advances 
are being made by combining and comparing phytoplankton and 
zooplankton simulations from Earth system models as well as higher 
trophic level simulations from marine ecosystem models. Here, we 
consider marine ecosystem models that contribute to the Fisheries 
and Marine Ecosystem Model Inter-comparison Project147 (FishMIP) 
and Earth system models that provide phytoplankton and zooplankton 
inputs for such marine ecosystem models.
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Fig. 4 | The transfer of Southern Ocean 
productivity to grazers. a, Depth-integrated 
(surface layer) phytoplankton carbon biomass 
for the austral summer months (December to 
March) based on the multiyear (1998–2020) mean 
summer chlorophyll measurements from satellite 
observations of ocean colour (ESA OC-CCI). 
b, As in a, but for mesozooplankton, based on 
stock data from ref. 144 and KRILLBASE145. White 
regions indicate areas for which there is no data 
available. c, Modelled depth integrated (water 
column) phytoplankton carbon biomass for the 
austral summer months (December to March) and 
averaged across 1995–2014 and two Earth system 
models, IPSL-CM6A-LR and GFDL-ESM4 (ref. 244). 
d, As in c, but for zooplankton. The range of values 
is kept between 0.5 and 5 g C m–2, in logarithmic 
scale, to allow better comparison between 
panels and to highlight geographical patterns. 
These comparisons reveal the relationship 
between predator and prey biomass that in turn 
sets patterns in the stocks of higher trophic 
levels (Supplementary Figs. 1–4). Parts a and 
b are adapted from ref. 144, CC BY 3.0 https://
creativecommons.org/licenses/by/3.0/.
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Satellite-derived and empirical estimates of phytoplankton and 
zooplankton carbon for the austral summer months144 (0.3–8.4 g C m–2 
and 0–24 g C m–2, respectively) have a wider range than estimates 
obtained from Earth system model simulations (1.3–5.7 g C m–2 for 
phytoplankton, and 0.9–5.5 g C m–2 for zooplankton, Supplementary 
Fig. 2). These differences could be caused by sampling biases and mod-
elling assumptions, or discrepancies in the type and spatio-temporal 
coverage of the satellite and empirical data relative to that of the 
modelled data. However, observations and simulations both show 
that in the majority of grid cells the biomass of zooplankton is larger 
than that of phytoplankton (Fig. 4 and Supplementary Figs. 1 and 2). 
Although less enhanced, this pattern is also evident when considering 
whole-year, instead of summer, modelled plankton biomass. Large 
empirical estimates of zooplankton biomass are scattered around 
Antarctica and mostly occur in the Indian Ocean and off eastern South 
America. Similarly, in model simulations high zooplankton stocks are 
found in the Indian and South Atlantic Ocean and in particular along 
the east coast of South America.

FishMIP marine ecosystem models use phytoplankton and/or 
zooplankton biomasses obtained with Earth system models to pro-
duce simulations of size-resolved consumer biomass to represent 
higher trophic levels. The modelled consumer biomass decreases as 
the body size of the marine organisms increases, which is consistent 
with a bottom-heavy trophic structure (Supplementary Fig. 3). This 
trend is opposite to that observed between phytoplankton and zoo-
plankton (Fig. 4 and Supplementary Fig. 2). Specifically, the biomass of 
the smallest size class (1–10 g) is in the range 1.7–7.1 g C m–2 across grid 
cells, whereas the biomass of the largest size class (10–100 kg) is in the 
range 0.6–2.8 g C m–2. Maps of the simulated consumer biomass and 
of biomass ratios across size classes confirm the consistent decrease 
in biomass with increasing body size for biomasses of 0.5–5 g C m–2 
(Supplementary Figs. 3 and 4).

However, model simulations also provide some evidence for bio-
mass inversions in higher trophic levels (Supplementary Fig. 4). For 
example, simulated biomass ratios between the 1–10 g class and lower 
trophic levels greater than 1 were obtained close to the continent and 
attenuated seaward. This biomass inversion compounds that observed 
for zooplankton relative to phytoplankton stocks (Fig. 4 and Sup-
plementary Fig. 1). Model simulations do not provide any evidence of 
biomass inversions for the 10–100 g class relative to the 1–10 kg class 
(Supplementary Fig. 4b–d). However, a biomass inversion is simulated 
off West Antarctica for the 10–100 kg class, which represents large 
predatory pelagic and demersal fish (Supplementary Fig. 4e). Estimates 
based on acoustics, net observations and modelled target strengths of 
fish project that the biomass of SO mesopelagic fish (274–570 Mt) is 
around fourfold higher than previously thought148 and suggest further 
biomass inversions between trophic levels.

The identification of trophic patterns will make it possible to 
link the stocks of higher trophic levels with their fluxes and to under-
stand their contribution to the SO carbon cycle; however, further 
observational advances will first be required. For example, advances 
in tracking and habitat models are needed to provide insight into 
the prey fields of marine mammals149; bioacoustic sensors on marine 
mammals and improved acoustic measurements should be used 
to understand the structure of the mesopelagic ecosystems150; and 
remote-sensing measurements are needed to monitor the fate of phyto-
plankton biomass (chlorophyll fluorescence142). At the highest trophic 
levels, additional ecological insights have come from animal telem-
etry (that is, remote sensing using a tag secured to the animal151) and 

bio-logging (biota with remote-sensing loggers152,153) but these insights 
cannot yet be incorporated into models. Together, these approaches 
have provided insight into the biology of elusive (cryptic) marine 
predators, including patterns of habitat usage, migratory routes, 
foraging and reproductive hotspots and navigation154. Additionally, 
bio-loggers have helped to fill spatial and seasonal gaps155,156 in data on 
the shallow coastal areas and polynyas, where the highest NPP is often 
recorded51,128,157. Despite these advances, a major effort will be needed 
to obtain comprehensive observational datasets that can be compared 
with those produced by FishMIP (Supplementary Fig. 3).

Dissolved organic carbon
NPP is also influenced by the release of DOC, which can either occur 
directly through the loss of phytoplankton photosynthate into the 
upper ocean owing to nutrient limitation158, or indirectly through viral 
lysis116,159 or sloppy feeding by grazers158. These DOC release pathways 
are associated with labile (highly reactive and recently produced or 
released by biota — on a timescale of hours) forms of DOC; however, 
most DOC stocks in the ocean are unreactive and little is known about 
how DOC is transformed from labile to refractory forms160. There are 
fewer DOC profiles or vertical sections for the SO than other basins161; 
however, measurements of DOC and its radiocarbon content161 have 
revealed that deep-water DOC is 400–600 years old, and behaves 
conservatively (that is, has similar concentrations across the deep ocean 
owing to its long residence time). These findings suggest that DOC is 
transferred at depth from other ocean basins over long timescales.

Ship-based methods remain the best sampling platform for DOC 
because although DOC sensors (measuring coloured dissolved organic 
matter) have been deployed on profiling floats, they provide noisy sig-
nals and poor-quality observations162. Ship-based observations provide 
insight into potential connections between upper-ocean DOC produc-
tion and its transfer into and subsequent transformation in the oceans’ 
interior. For example, deep-water DOC profiles can be overlaid by 
conspicuous DOC signatures, of higher concentrations, from the upper 
ocean, which are linked to sea-ice retreat and the concurrent release 
of dissolved iron from melting sea ice163. This release of dissolved iron 
stimulates NPP; a proportion of this photosynthetically fixed carbon is 
then released as labile DOC. Such upper-ocean DOC transforms from 
labile to recalcitrant forms of DOC in the marginal ice zone164. There are 
potential feedbacks between these processes because sea ice is rich in 
iron-binding ligands compared to ice-free waters, which prevent iron 
being scavenged and removed from the upper ocean165,166. However, 
the amount of ligands released from meltwater in spring and summer 
is highly variable and potentially influenced by external uptake and 
supply mechanisms61,167.

DOC signatures sampled in 2008 (low sea-ice retreat) and 2017 
(high sea-ice retreat) (Fig. 5a,b)163 reveal different patterns and magni
tudes of iron-mediated DOC export into the SO interior. In 2008, 
enhanced concentrations were observed at depth (2–4 µmol C kg–1 
above deep-water background concentrations). This observation 
can be explained by the presence of frontal upwelling-supplied iron, 
whereas the enhanced DOC observed in 2017 (2–6 μmol C kg–1 higher 
than deep-water background levels at >50° S) was likely to have been 
primarily caused by the supply of iron from sea-ice melt.

An estimated 8 Tg of carbon enters the upper SO as labile DOC 
each year168; insights are still emerging about the fate of this large 
carbon flux. A sophisticated chemical analysis of DOC released in the 
marginal ice zone164 of East Antarctica suggests that DOC sea-ice melt 
is rapidly transformed by microbes into recalcitrant DOC that can be 
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on dissolved organic carbon release and downward 
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transported to depth on long timescales (years or more), representing 
a potentially large carbon sink. Additionally, the role of viral lysis in 
supplying DOC to SO surface waters has yet to be explored; however, 
field-based measurements of carbon flows and phytoplankton suggest 
that it has a major influence on NPP159,169 in several SO provinces. Clearly, 
further research is required to understand the relative role of DOC as 
a long-term fate for the carbon from NPP.

Downward particle export
NPP can also be directly exported out of the upper ocean by the 
biological gravitational pump (BGP) or by physically mediated particle 
pumps that inject phytoplankton cells into the subsurface ocean20,149 
(Fig. 5c–e). Observational evidence of the functioning of the BGP in 
the SO during era 3 provides a diverse range of findings with no clear 
trends. For example, multi-float profiles in conjunction with a proxy 
for the fate of chlorophyll stocks142 indicate that herbivory rather than 
direct export dominates the annual productivity cycle in the polar SO. 
However, glider-based observations in the Atlantic sector of the SO170 
revealed periods of high-efficiency export of NPP as pulses of phyto-
plankton POC transferred at depth, providing evidence that direct 
algal sinking could be important on shorter timescales. In one of the 
most comprehensive studies to date, distinctive patterns in export 
efficiency were observed in BGC-Argo profiles that coincided with six 
environments171 including sea-ice cover, location of oceanic fronts and 
a proxy for iron supply. The patterns indicated that the efficiency of 
particle export flux increased with latitude and was driven by changes 
in the phytoplankton community structure (that is, more diatoms) and 
increasing particle size. High POC export efficiency linked to phyto-
plankton blooms was also reported for three coastal polynyas in East 
Antarctica172. A multi-year record of float observations24 also revealed 
export flux pulses that are coupled with upper ocean phytoplankton 
processes (Fig. 5c–e).

Phytoplankton can also be transported out of the surface ocean 
by injection pumps such as the mixed-layer pump (in which particles 
are exported by detrainment) or eddy subduction pump (in which 
particles are injected along sloping isopyncals associated with the 
eddy fine structure)162. The downward injection of phytoplankton by 
the eddy subduction pump to depths of several hundred metres was 
observed by gliders in the North East Atlantic and extrapolated to the 
SO173. Simulations estimate that the eddy subduction pump could 
contribute a POC export flux equivalent to up to 50% of POC export 
from the BGP173. However, float-based observations found that the eddy 
subduction pump contributed only 1% of POC export85 in the SO but 
that it contributed up to 40% of the magnitude of the BGP during sum-
mer events. Additionally, multi-year cycles of float data indicate that 
the seasonality of the eddy subduction pump and of the mixed-layer 
pump is different from that of the BGP24, suggesting that phytoplankton 
could be directly injected to depth during other seasons (Fig. 5c–e).

In addition to physically mediated injection pumps, biologically 
modulated pumps such as the Mesopelagic Migrant Pump can trans-
form phytoplankton across multiple trophic levels via grazing and then 
export this carbon to depth during diurnal vertical migration. Addi-
tionally, the seasonal migration of mesozooplankton to depth drives 
a downward POC flux — known as the seasonal lipid pump (in which 
carbon is actively transported as storage lipids below the permanent 
pycnocline). The Mesopelagic Migrant Pump could transport up to 
50 Mt POC annually. When the faecal POC export (39 Mt for krill in 
the marginal ice zone174) and the seasonal lipid pump are considered 
together, they have the potential to make major contributions to 
downward carbon export. Observations of two seasonally migrating 
copepods175 yield seasonal lipid pump estimates of 2.5–3.7 g C m–2 yr–1 
(Neocalanus tonsus) and 0.1–0.5 g C m–2 yr–1 (Calanoides acutus) of 
injected dissolved inorganic carbon. A SO-wide extrapolation based 
on sub-Antarctic datasets gives an annual seasonal lipid pump export 
of 120–180 Mt (compared with BCP of about 3.2 Gt annually4). Cumu-
lative estimates that combine the contributions of the physically and 
biologically mediated pumps that comprise the BCP are needed to 
refine estimates of the SO carbon cycle.

Biologically mediated processes
The partitioning of NPP into pathways by which phytoplankton carbon 
is transferred to other pools (such as grazer biomass and DOC) and 
fluxes (for example, downward particle export through the BCP) has a 
major influence on SO biogeochemistry. These fluxes are modified by 
ocean circulation and by microbes and zooplankton at depth, which 
attenuate the downward POC flux. Four influential biological processes 
that help to drive the SO carbon cycle are discussed here.

NPP and atmospheric CO2 influx
NPP affects the meridional pattern of CO2 uptake in the SO by photo-
synthetically fixing carbon and hence opposing CO2 losses driven by 
temperature-related changes in solubility and the winter resupply of 
CO2 to the surface ocean from the atmosphere or the upward mixing 
of carbon-rich waters from below20,176. Specifically, NPP helps to offset 
CO2 outgassing associated with upwelling carbon-rich deep waters177, 
turning the entire SO into a net CO2 sink of about 0.4 Gt C yr–1 (based 
on measurements from tens of floats throughout 2014–2021)178 to 
0.7 Gt C yr–1 (based on observations and multiple global biogeochemical 
models for 1998–2018)3 (Fig. 6a). In productive regions, the seasonal 
NPP cycle reduces the surface dissolved inorganic carbon concentra-
tion in summer and drives influx of atmospheric CO2 (refs. 179–181). 
However, in the regions of mode water formation, deep mixing in 
autumn and winter facilitates a return to near-equilibrium with the 
atmosphere, or modest CO2 efflux3,20,182. In Antarctic coastal regions, 
where waters are seasonally ice-covered, the brief, but intense, bio
logically mediated CO2 uptake through NPP in summer183 is followed 

Fig. 6 | Southern Ocean circulation and biological processes driving the 
carbon cycle. a, Estimates of the annual export flux F(EZ) North and South of the 
biogeochemical divide4,190 and for the entire Southern Ocean (SO)4,190,191,245,246, 
as well as the flux at 1,000 m F(1,000) for the austral spring–summer period for  
the same regions171,191. Advection, ingassing and outgassing of natural CO2 
for 1990–2000 (purple shaded) and 2000–2010 (black) (ref. 5) as well as the 
net carbon influx3,178 are also indicated. b, Schematic of idealized, zonal-mean 
overturning circulation, including main water masses (Antarctic Bottom Water 
(AABW), dark blue; Lower Circumpolar Deep Water (LCDW), light blue; Upper 

Circumpolar Deep Water (UCDW), orange; sub-Antarctic mode water (SAMW), 
dashed blue arrows; Dense Shelf Water (DSW), dark blue); the biogeochemical 
divide at the polar frontal zone, which is responsible for high particulate 
organic carbon (POC) export (light grey arrow); and dominant biomineralizing 
(ballasting) phytoplankton, which drive the carbonate pump (dark grey arrow) 
and the silicate trap (turquoise arrow). CO2 outgassing in the SO is offset by net 
primary production (NPP) and the biological carbon pump and it is limited by 
calcification and the carbonate pump.
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by the growth of sea ice, which effectively caps the water column in 
autumn and suppresses CO2 outgassing in winter182.

In less productive iron-limited waters, or those with seasonal 
silicate limitation, the offsetting of CO2 outgassing in the upper cell 
is reduced owing to lower rates of NPP80,177. CO2 outgassing through 
the upper cell was estimated to be about 0.4 Gt C yr–1 (refs. 80,177), 
but factors such as the Southern Annular Mode and physical events 
that communicate with the subsurface ocean such as storms could 
introduce interannual uncertainty. For example, a positive Southern 
Annular Mode has driven an increase and poleward contraction of 
westerly winds, leading to enhanced CO2 outgassing65,184; however, such 
outgassing is also partially compensated for by an increase in NPP and 
hence particle export2. Ocean warming is expected to enhance stratifi-
cation, which will limit outgassing but also potentially diminish NPP by 
isolating nutrients at depth139,185,186; however, this effect might not apply 
to large regions of the SO. Storm events30 and vertical fluxes associated 
with eddies187 could resupply iron to the upper ocean and enhance NPP. 
However, such communication with subsurface strata, often to depths 
of 200 m (ref. 188), will also entrain waters with higher dissolved inor-
ganic carbon55. Thus, the stoichiometry of dissolved inorganic carbon 
to dissolved iron in the underlying waters will determine whether such 
entrainment represents a net increase (whereby outgassing exceeds 
iron-enhanced NPP) or decrease in CO2 outgassing.

The biological carbon pump
The BCP is the downward flux of POC out of surface waters, which can 
be attenuated by mesopelagic biota seeking nutrition and influenced 
by oceanic circulation. Inverse-modelling based estimates of the BCP 
in the SO suggest annual exports of 3 Gt in regions above 30° S and 
1 Gt in regions above 50° S (ref. 4). These estimates suggest that the SO 
makes a disproportionately large contribution to global downward POC 
export (around 10 Gt; ref. 162) despite the widespread iron limitation 
of NPP in the SO189.

This regional export estimate has since been reassessed using 
float-based measurements. The annual export by the BCP has been 
estimated as 3.9 Gt, based on calculations of the net community 
production (a proxy for export flux) from dissolved oxygen profile 
time-series measurements in combination with a simple conversion 
factor (a constant respiratory quotient190). However, it is unknown to 
what extent net community production accounts for carbon injected by 
particle pumps. Additionally, the seasonal ice zone was not considered 
in regions where profiling float coverage is relatively poor. Basin-scale 
POC estimates have also been obtained using measurements from 
BGC-Argo floats (5.35 Gt C yr–1)191 as well as measurements from more 
than 60 floats and over 100 ships (2.80 ± 0.28 Gt C yr–1)178. These esti-
mates are of a similar order to modelled estimates4 (Fig. 6a), which 
again raises the issue of how this large flux can be sustained by a region 
in which the magnitude of NPP is low owing to iron limitation. Model 
simulations suggest that increased numbers of large-sized, fast sinking 
particles and reduced remineralization rates in the SO could increase 
the efficiency of the transfer of particles into the oceans’ interior192.

A reciprocal effect of the BCP and the vertical attenuation of POC 
flux is the build-up of dissolved inorganic carbon at depth owing to 
respiration and remineralization of POC. This subsurface respired car-
bon inventory, which is also enhanced by the subsurface transport of  
respired CO2 from other basins, is often re-ventilated because much 
of the SO carbon cycle is determined by ocean circulation and bio-
logical processes. This re-ventilation leads to CO2 outgassing177, and 
changes in the magnitude of respired CO2 are important in the carbon 

cycle in the geological past193. Dissolved oxygen time-series from profil-
ing floats in tandem with a respiratory quotient190 have been used to 
assess depth-dependent patterns in POC remineralization170 (driven 
by microbes and zooplankton) and the build-up of respired CO2. These 
measurements found that across the basin, most of the remineraliza-
tion occurs at depths of 100–500 m, with about 14% occurring below 
500 m where the flux was 0.12 Gt C yr–1 (ref. 190).

Observations from multiple floats indicate that vertical patterns in 
POC remineralization, driven by bacterial respiration, are responsible 
for most of the variability in the SO POC inventory at depth, rather than 
the magnitude of POC export191. Other float-based measurements have 
explored patterns in flux attenuation and their drivers by comparing 
the POC flux to depths of 1,000 m with the particle characteristics of the 
upper ocean171. These measurements estimated a mean austral spring 
and summer POC flux of large particles of 0.054 ± 0.021 Gt for the basin 
at a depth of 1,000 m over a 180-day phytoplankton productive season 
(Fig. 6a). Thus, the attenuation of POC flux returns a large proportion of 
the carbon to the inventory of respired CO2 (Fig. 6a). Despite this large 
CO2 inventory, and its potential to outgas, float-based measurements 
based on a tracer budget approach178 indicate that the SO would not be 
a carbon sink (0.43 ± 0.14 Gt C yr–1) without the joint contribution of 
the BCP and DOC export (2.80 ± 0.28 Gt C yr–1) compared with carbon 
lost through physical efflux (2.10 ± 0.24 Gt C yr–1) and the particulate 
inorganic carbon counter-pump (0.27 ± 0.21 Gt C yr–1).

The role of NPP in shelf seas
The timing and magnitude of NPP on the shelves that surround Antarc-
tica is strongly linked to light and nutrient availability, which are both 
related to water-column stratification and sea-ice cover14,15. The POC 
formed by phytoplankton in summer when light and nutrients are abun-
dant can either be recycled or exported to depth where it is remineral-
ized to CO2 (ref. 194). However, in regions of dense shelf water formation 
(such as coastal polynyas), these CO2-rich waters can be transported 
offshore, efficiently transferring both natural and anthropogenic CO2 
to the deep ocean183,195. Unfortunately, the processes characterizing 
shelf areas196 (such as ice-shelf cavities197) are not comprehensively 
represented by models that provide large-scale estimates of air–sea 
CO2 fluxes183,195, owing to a lack of observations and modelling priorities.

Despite being small relative to the entire SO basin, the shelf seas 
could make important contributions to the SO carbon cycle. In the 
West Antarctic Peninsula region, changes to sea-ice dynamics have 
caused dramatic several-fold increases in summer CO2 uptake. How-
ever, continued warming and ice loss are expected to weaken this ocean 
carbon sink in the coming decades182,198. Since 2010, on the relatively 
narrow East Antarctic continental shelves reconfigurations of the ice 
environment (such as glaciers, icebergs and polynyas) have been linked 
to short-term increases in the net community production and oceanic 
CO2 uptake199. However, the increased input of glacial meltwater is 
expected to reduce deep water formation196 despite increases in NPP 
caused by the release of iron from meltwater61,200. These changes could 
have detrimental implications for the transfer of anthropogenic CO2 
to depth and offshore from East Antarctic shelf seas201.

Calcification counters CO2 uptake
Calcification by coccolithophores (and other biota) and the subse-
quent downward flux of CaCO3 within the GCB traps alkalinity in the 
SO (Fig. 6b). This calcification strips alkalinity from northward-flowing 
surface waters in the upper cell leading to the deposition of CaCO3 in 
the deep layers of the sub-Antarctic zone through CaCO3 dissolution 
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(Fig. 6b). This process feeds into the upwelling at the Antarctic diver-
gence (between the Polar Front and the sea-ice edge)202, reducing CO2 
outgassing of pre-industrial carbon105. Calcification rates in the GCB 
decreased by 4% during 1998–2014 (ref. 203) owing to ocean acidifi-
cation, implying that less alkalinity is trapped in the SO and is instead 
allowed to escape northwards, which allows the global ocean to absorb 
more CO2 (ref. 202).

Calcification reduces surface water alkalinity, and thus decreases 
the ability of the ocean to absorb CO2 from the atmosphere and coun-
teracts the uptake of CO2 through the BCP204. The strength of this 
counter-effect depends on the composition of calcifying biota, with 
a stronger effect when calcification is dominated by heterotrophic 
organisms205,206 rather than autotrophic organisms (coccolithophores). 
For example, when calcifying biota are dominated by shelled pteropods 
or foraminifera, CO2 drawdown is countered by 17% (ref. 205) or 6–32% 
(ref. 206), respectively, compared with 6–10% (refs. 205,207,208) when 
coccolithophores dominate. Integrated over the SO, the carbonate 
pump can counter CO2 uptake by the BCP by 11% (estimated range 
4–17%; ref. 178), which is close to the global median value of 7% (ref. 209). 
Techniques to detect such calcifying organisms remotely, such as 
image analysis (Underwater Vision Profiler version 6, UVP6) for hetero-
trophs and metazoans, or ocean-colour satellite (reflectance) measure-
ments and cross polarised transmissionmeters206 for autotrophs, will 
continue to improve the accuracy of estimates of this counter-effect.

Uncertainty in projections of biological processes
In model projections, varying degrees of uncertainty exist regarding 
how biological processes that contribute to the SO carbon cycle will 
change in the coming decades. For example, future changes in the 
magnitude of NPP in the SO (and hence its influence on CO2 uptake)119,210 
are better understood than future changes to the POC export flux140. 
For NPP projections, multiple environmental factors must be con-
sidered, including changes in iron supply, mixed-layer depth, sea-ice 
melt and westerly wind belts211. The effect of altering these individual 
drivers, along with their interplay with one another, remains poorly 
understood212. Additionally, the lack of understanding of the many fac-
tors that drive downward export flux — such as zooplankton grazing143, 
the inventory of respired CO2, the role of shelf seas in sequestering 
POC, and the wider basin-scale role of the alkalinity trap — means 
that projections of these key SO carbon cycle processes are poorly 
constrained140,144. For example, major changes in NPP are projected in 
shelf seas119, but the interplay of these changes with concurrent changes 
in the physical circulation near Antarctica and in sea-ice dynamics177 
introduces major uncertainties195.

Summary and future perspectives
Improvements in observations of SO biogeochemistry and ecology 
using a combination of robotic profiling floats, animal telemetry, 
uncrewed surface vehicles and gliders to complement the roles of 
ships and satellites have made it possible to better resolve the contribu-
tion of biota to the regional carbon cycle (Supplementary Fig. 5). For 
example, multi-year float deployments have provided highly resolved 
water-column observations in the upper 2 km of the ocean’s interior, 
which have refined estimates of POC export flux and its attenuation 
with depth171,178. These measurements have also provided insight on 
changes in the midwater oxygen inventory190, revealing where in the 
water column particle remineralization is occurring. However, several 
major gaps remain regarding marine chemical observations, in particu-
lar for dissolved iron and DOC. Given the pivotal role of iron supply in 

determining NPP patterns189 and the potential contribution of DOC to 
the regional carbon cycle, it will be important to improve projections 
of iron supply and DOC dynamics. Thus, multi-faceted advances in 
observing technologies will be needed to continue to improve under-
standing of SO biota and their role in the regional carbon cycle (Fig. 6a). 
These advances can be divided into the following categories: optimize 
technologies to enable more observations to extend coverage; improve 
understanding and accuracy of current observations that indirectly 
sample the carbon cycle; devise new sensors; and develop robust 
proxies using single or multiple sensor datasets142 for observations 
(Supplementary Table 1).

Although there has been progress in developing remote trace- 
metal clean water sampling on moorings213, proxies for iron stress 
(photophysiology) or supply (such as hydrothermal tracers) that 
can be measured remotely are needed. Some preliminary proxies 
exist (such as bio-optical metrics210 for phytoplankton iron stress) 
but improvements are required. The bio-optical properties of the 

Glossary

Biogeochemical Argo
(BGC-Argo). An international study using 
floats to measure oxygen, nitrate, pH, 
fluorescence, suspended particles and 
downwelling irradiance in addition to 
standard oceanographic variables such 
as temperature, salinity, and pressure 
measured by Argo floats.

Biogeochemical Southern 
Ocean State Estimate
(B-SOSE). A model estimate of 
circulation and biogeochemistry that 
assimilates output from Argo floats, 
hydrographic cruises and satellites.

Biological carbon pump
(BCP). The transport of a small 
but substantial proportion of 
photosynthetically fixed carbon through 
the gravitational settling of particles or  
the injection of particles by physical 
or biological processes to the ocean’s 
interior.

Biological gravitational pump
(BGP). A component of the biological 
carbon pump that focuses on passively 
sinking material.

Fisheries and Marine 
Ecosystem Model 
Intercomparison Project
(FishMIP). A project that aims to 
understand and project long-term effects 
of climate change on fisheries and 
marine ecosystems and inform policy.

Great Calcite Belt
(GCB). A circumpolar band of 
high calcite concentrations in 
the water column between the 
circumpolar subtropical and polar 
fronts caused by a dominance of 
coccolithophores.

NASA Plankton, Aerosol, 
Cloud, ocean Ecosystems 
project
(NASA PACE). A project that aims 
to improve NASA’s satellite records 
of global ocean biology, aerosols 
and clouds through hyperspectral 
measurements (5 nm resolution). 
PACE launched in February 2024.

Net primary production
(NPP). The difference between the 
energy fixed by autotrophs such as 
phytoplankton and their respiration. 
NPP drives phytoplankton growth and 
increases in phytoplankton stocks, that 
is, high NPP leads to high chlorophyll 
concentrations.

Underwater Vision Profiler 
version 6
(UVP6). A miniaturized and low-price 
version of the UVP5, which was 
designed to be attached to floats and 
acquire float profiles of plankton and 
particle images.
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SO have always been difficult to measure with satellite oceanogra-
phy, owing to their increased complexity relative to other ocean 
basins214. To improve regional algorithms for ocean colour, better 
linkages with photo-physiology will be needed215,216 to reveal unique 
physiological strategies employed in the extreme SO environment. 
New sensors are also being developed for satellites, for example, 
the NASA Plankton Aerosol Clouds Ecosystems Project (NASA PACE) 
hyperspectral satellite.

Advances in observations should be accompanied by the inte-
gration of the obtained datasets into ocean models217. However, the 
sampling frequency of the measurements can influence the extracted 
regional carbon budgets, which can cause the estimated magnitude of 
the carbon sink to vary between studies141,218. For example, SO carbon 
budgets for 1998–2018 calculated using observation-based products 
and a global biogeochemical model3 yield a larger estimate of net CO2 
uptake20,219 than budgets based on measurements from a relatively 
small number of floats during 2014–2021 (ref. 178). It is likely that this 
divergence is caused by differences in the sampling frequency and 
period between the two studies.

As the number of observations increases, it will also become 
increasingly challenging to merge datasets from different sensors, 
for example, combining data from satellites and floats to improve 
regional estimates of NPP. It will also be important to better understand 
the limitations of some observational technologies relative to others 
and to reappraise the important data-gathering and validation role of 
research vessels220. It is likely that a wide range of modelling approaches 
will be needed to handle such disparate data suites from those gener-
ated on research ships to remote sensing. Such approaches could 
include simple mechanistic models to complex multiple plankton 
functional models204 and data-assimilating dynamic models217, along 
with models incorporating sub-processes solved through artificial 
intelligence221,222. The use of machine learning in conjunction with 

data-driven approaches and data assimilation could represent a way 
forward (for example, such approaches have been used to map the 
surface ocean partial pressure of CO2 and air–sea CO2 fluxes223).

Although these developments in observational technologies and 
capabilities will improve the quality and scale of observations, parallel 
developments in data synthesis, integration and model parameteriza-
tions will also be needed to better understand the role of biota in the SO 
carbon cycle. The Biogeochemical Southern Ocean State Estimate217 
(B-SOSE) is an example of a 4D SO observatory that combines multiple 
physical and chemical observations from vessels and BGC-Argo floats 
with previous simulations. Additionally, B-SOSE has the structure in 
place to further assimilate satellite and BGC-Argo chlorophyll observa-
tions as they are acquired (Fig. 7). This approach can also include obser-
vations from bio-logging. These modelling results can then be used to 
further guide observational needs. For instance, results from B-SOSE 
demonstrate that, on timescales exceeding 90 days, a minimum of 
100 optimally spaced BGC-Argo floats will be required to monitor and 
constrain SO carbon and heat fluxes223. Such recommendations from 
B-SOSE will inform future deployment strategies of floats and identify 
key deliverables to reduce uncertainties in the SO carbon cycle.

Another possible approach to integrating models and observa-
tions from multiple sources is the estimation of biogeochemical param-
eters in ecosystem models using data assimilation224 (Supplementary 
Fig. 6). Observations can be used to iteratively compare hundreds of 
model simulations with small variations in parameter values, to obtain 
a set of parameters that best represents the observed variables225. This 
approach offers advantages over the manual tuning of models, because 
the estimation process can provide insight into which processes are 
critical in determining the model’s behaviour226,227. Data assimilation for 
state and parameter estimation will not only improve the capabilities of 
models but can also guide the selection of an appropriate level of bio-
geochemical model complexity for the region228 and the identification 

a  Measured chlorophyll b  Modelled chlorophyll

90° W 

120° W 

150° W 150° E 

120° E 

60° W

30° W

60° E

30° E

0°

180° E 

C
hlorophyll-a (m

g m
–3)

0.03

0.3

3

90° E 90° W 

120° W 

150° W 150° E 

120° E 

90° E 

60° W

30° W

60° E

30° E

0°

180° E 

75º S

60º S

45º S

30º S

75º S

60º S

45º S

30º S

75º S

60º S

45º S

30º S

75º S

60º S

45º S

30º S

Fig. 7 | Integrating measured and modelled biogeochemical properties. 
a, October 2019–September 2020 mean annual surface colour from the 
Ocean Colour Climate Change Initiative (OC-CCI) and surface layer (top 30 m) 
chlorophyll-a concentrations from biogeochemical Argo floats (in the locations 
shown by the red dots). b, As in a, but for the mean annual surface layer (top 30 m) 

chlorophyll-a from the biogeochemical Southern Ocean state estimate 
(B-SOSE217) model (modified from the BLING model; Supplementary Fig. 6). 
B-SOSE is a powerful illustration of how multiple observational datasets 
from different platforms can be coupled with model simulations to provide 
a 4D regional ocean observatory.

http://www.nature.com/natrevearthenviron
https://pace.oceansciences.org/home.htm
https://soccom.princeton.edu/content/biogeochemical-sose-solution-now-available


Nature Reviews Earth & Environment | Volume 5 | May 2024 | 390–408 404

Review article

of time- and/or spatially varying parameters. Such developments 
will require a balance between the processes that researchers want 
to include in models and those that can be properly constrained by 
observations. However, such observational constraints remain sparse. 
In particular, foodweb dynamics, including zooplankton grazing and 
other phytoplankton fates, are often poorly constrained in regional 
models228,229. We anticipate that the assimilation of zooplankton obser-
vations and improved representation of grazing fluxes will improve 
estimates of zooplankton biomass, NPP and export230–232.

As the observation network in the SO expands, improvements 
in model representation, skill and forecasting capabilities can be 
expected. Within the next decade, we envisage that improvements 
will be made in reproducing the SO mesoscale, which is becoming 
increasingly well constrained ocean-wide; in determining accurate 
fluxes, particularly by reducing biases in air–sea exchanges over the 
SO; and in quantifying carbon and nutrient inventories. Short- and 
long-term model projections will become more accurate as a diverse 
and sustained network of biological observations is maintained. 4D 
observatories will make it possible to exploit the potential of cur-
rent observations and those from ongoing sensor technology devel-
opments, to better understand the modes of control on SO biota, and 
in turn the dynamic (carbon) biogeochemical provinces of the upper 
ocean and its interior.

Data availability
The data for the FishMIP marine ecosystem models and the two Earth 
system models, IPSL-CM6A-LR and GFDL-ESM4, used to make Fig. 4c 
and d and Supplementary Figs. 1–4, are available through the ISIMIP 
repository (https://data.isimip.org/; https://doi.org/10.48364/
ISIMIP.575744.4).

Code availability
The code used to produce Fig. 4, and Supplementary Figs. 1–4 is available 
at https://github.com/Fish-MIP/Extract_SouthernOcean.
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