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Dense, cold waters formed on Antarctic continental shelves descend along the Antarctic continental margin, where they mix with other Southern Ocean waters to form Antarctic Bottom Water (AABW). AABW then spreads into the deepest parts of all major ocean basins, isolating heat and carbon from the atmosphere for centuries. Despite AABW’s key role in regulating Earth’s climate on long time scales and in recording Southern Ocean conditions, AABW remains poorly observed. This lack of observational data is mostly due to two factors. First, AABW originates on the Antarctic continental shelf and slope where in situ measurements are limited and ocean observations by satellites are hampered by persistent sea ice cover and long periods of darkness in winter. Second, north of the Antarctic continental slope, AABW is found below approximately 2 km depth, where in situ observations are also scarce and satellites cannot provide direct measurements. Here, we review progress made during the past decades in observing AABW. We describe 1) long-term monitoring obtained by moorings, by ship-based surveys, and beneath ice shelves through bore holes; 2) the recent development of autonomous observing tools in coastal Antarctic and deep ocean systems; and 3) alternative approaches including data assimilation models and satellite-derived proxies. The variety of approaches is beginning to transform our understanding of AABW, including its formation processes, temporal variability, and contribution to the lower limb of the global ocean meridional overturning circulation. In particular, these observations highlight the key role played by winds, sea ice, and the Antarctic Ice Sheet in AABW-related processes. We conclude by discussing future avenues for observing and understanding AABW, impressing the need for a sustained and coordinated observing system.
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1 Introduction

Antarctic Bottom Water (AABW) plays a primary role in the climate system, as it supplies the lower branch of the global Meridional (i.e., north–south) Overturning Circulation (MOC; Lumpkin and Speer, 2007; Talley, 2013). The process of AABW formation near the Antarctic coast and its northward spreading allows ventilation of most of the abyssal (>2 km depth) ocean (Johnson, 2008), supplying oxygen (Gordon, 2013) and storing heat and carbon at depth for centuries (de Lavergne et al., 2017; Holzer et al., 2021). Sinking AABW also carries nutrients that have not been utilized by marine organisms due to local light and iron limitation and thereby affects global primary production and the efficiency of the biological carbon pump (Marinov et al., 2006). Changes in AABW formation and circulation are thus thought to influence atmospheric carbon dioxide, and consequently Earth’s climate, on centennial to millennial time scales (Sigman and Boyle, 2000; Ferrari et al., 2014; Marzocchi and Jansen, 2019).

AABW originates on the Antarctic continental shelf (Figure 1), where extremely cold and salty waters are produced. Seawater that is near the surface freezing point and has absolute salinities higher than 34.6 g/kg is known as high-salinity shelf water (HSSW) and is produced on the shelf as a result of surface heat loss and salt input through brine rejection when sea ice forms. Sea ice formation is enhanced near the Antarctic coast, especially in ice-free coastal polynyas where sea ice is continuously formed and advected away by katabatic winds (see Figure 2B for locations of the main Antarctic coastal polynyas). In some locations (e.g., Ross and Weddell Seas, Prydz Bay), HSSW is further cooled by ice–ocean interaction at the base of ice shelves, producing supercooled water colder than the surface freezing point, known as Ice Shelf Water (ISW) that is typically below −2°C. Once formed, a fraction of HSSW/ISW escapes the continental shelf and cascades into the abyssal Southern Ocean. Dense waters produced on the continental shelf (HSSW and ISW) are usually referred altogether to as Dense Shelf Water (DSW). While sinking as a gravity plume down the continental slope, DSW mixes with other Southern Ocean waters, mostly with warmer (approximately 1°C to 2°C) Circumpolar Deep Water (CDW) and fresher (absolute salinity<34.6 g/kg) Antarctic Surface Water (Orsi et al., 1999; Akhoudas et al., 2021). This mixing process produces AABW, which is water that is colder than 0°C with neutral densities (Jackett and McDougall, 1997) greater than 28.27 kg/m3 (Figure 1). AABW properties and formation rates can also be influenced by offshore polynyas, as the one observed in the 1970s in the Weddell Sea causing convection up to 3,000 m depth (Gordon, 1978). However, such offshore vigorous deep convective events have not been observed since the 1970s, indicating that the present-day main source region of AABW is the Antarctic continental shelf (see Figures 2B, 3).




Figure 1 | Schematic diagram summarizing Antarctic Bottom Water (AABW) formation. AABW originates on the Antarctic continental shelf where intense surface cooling and salt input occur during sea ice formation. Enhanced sea ice formation in coastal polynyas allows high-salinity shelf water (HSSW) formation. In some regions, HSSW interacts with the ice shelf base to produce supercooled (below the surface freezing point) Ice Shelf Water (ISW). These cold shelf waters are often referred to as Dense Shelf Water (DSW), as they are dense enough to descend down the continental slope as a gravity plume. Entrainment with Southern Ocean waters during their descent produces AABW.






Figure 2 | Maps showing Antarctic sea ice coverage and production. (A) Map of summer minimum (February, red line) and winter maximum (September, blue line) Antarctic sea ice extent (defined by the 15% sea ice concentration threshold from the 1978–2018 climatological sea ice values; Meier et al., 2017). (B) Map of annual sea ice production (m/year) during the freezing period (March–October) averaged over the period 2003–2019, updated by Nakata et al. (2021). The lower panels are close-up maps for the polynyas (red dashed rectangles in the main panel) that can create Antarctic Bottom Water (AABW) dense precursors.






Figure 3 | Maps of Antarctic Bottom Water (AABW) properties and spreading in the Southern Ocean. Climatological near bottom (A) neutral density (kg/m3) and (B) conservative temperature (°C) derived from the World Ocean Experiment (WOCE; Gouretski and Koltermann, 2004). AABW formation regions are highlighted in (A) by black arrows, while blue arrows show the main pathways of AABW through the Southern Ocean (from Orsi et al., 1999; Talley, 2013; Van Sebille et al., 2013; Purkey et al., 2018; Solodoch et al., 2022). AABW and its precursor DSW are characterized by dense (red in panel A) and cold (blue in panel B) water properties near the seafloor. The 1,000-m isobath is in thick black and roughly delimits the continental shelf, while the 4,000-m isobath is in thin black (Gouretski and Koltermann, 2004). The Antarctic coastline is from BedMachine (Morlighem et al., 2020).



AABW forms in localized areas around the Antarctic continent (see Figures 2B, 3). After sinking into the deep ocean, AABW flows along isobaths on the lower continental slope until its flow is diverted northward along deep western boundary currents (Stommel, 1958; see Figure 3). AABW’s unique cold and fresh signature is steered topographically through the Southern Ocean and can be found over much of the global ocean abyss. Within the Antarctic Circumpolar Current (ACC), distinct varieties of AABW are homogenized before moving north, with more recent modeling work suggesting the Weddell and Cape Darnley regions primarily feed the Atlantic basin, while the Ross and Adélie regions feed the Indian and Pacific basins (Solodoch et al., 2022). North of the ACC, AABW is seen moving north in all ocean basins along deep western boundary currents and recirculating into the interior of these basins (Reid, 1989; Reid, 1994; Reid, 1997; Purkey et al., 2018). Along its northward pathway, AABW encounters sills and narrow passages, and its properties are further modified by mixing (Bryden and Nurser, 2003). This mixing causes AABW to become more buoyant (Figure 3A) and warmer (Figure 3B) as it spreads northward.

AABW has been historically challenging to monitor. The remote location of Antarctica and its harsh weather conditions imply long, expensive, often risky, and logistically demanding expeditions to collect in situ measurements. Oceanographic campaigns are further hampered by sea ice cover over the polar Southern Ocean (south of approximately 60°S) during austral winter and in many Antarctic coastal regions during austral summer (see Figure 2A). Sea ice cover also limits the ability of satellites to measure ocean surface properties. Similar and further limitations apply north of the seasonal sea ice zone, where AABW is found below ~2 km depth. At these depths, ocean properties can be neither directly measured by satellites nor reached by regular Argo floats (Riser et al., 2016). Observation of AABW thus has mostly relied on in situ measurements requiring time-consuming and expensive oceanographic expeditions.

Here, we review progress made during the past decades in measuring AABW, from its formation around Antarctica to its northward transport through the Southern Ocean. In Section 2, we describe observations in the open ocean through ship-based surveys, through moorings, and within the ice shelf cavities through bore holes. Section 3 introduces new tools developed in recent years, while Section 4 illustrates indirect approaches that can be used to monitor AABW. In each section, we outline important scientific discoveries associated with the different tools. Section 5 delineates knowledge gaps in understanding AABW and the observational needs required to address them. Section 6 provides concluding remarks.




2 Multidecadal in situ observations



2.1 Ship-based hydrography

This section describes hydrographic (i.e., temperature and salinity) measurements of shelf and abyssal waters collected by ships in the Southern Ocean. We begin with early expeditions from the 18th century that spanned almost three centuries of ocean explorations. We then focus on more recent observations from the second half of the 20th century to the present, which have collected measurements on the continental shelf and in the deep Southern Ocean (i.e., equatorward of the continental shelf break).



2.1.1 Early measurements

While ocean surface currents have been known since the days when sailing ships formed the basis of trade (more than 1,000 years ago) and refined during the 15th to 17th centuries of exploration, little was known about the ocean properties or circulation below the surface. From the 18th century, this started to change (Wüst, 1964; Wüst, 1968; Warren, 1981). In 1750, Captain Henri Ellis, aboard the Earl of Halifax, found that there were indications of cold water below the subtropical Atlantic sea surface. By extrapolation to the sea floor, J. Otto in 1800 and A. von Humboldt in 1814 speculated that near the deep seafloor, the temperature would be approximately 0°C and of polar origin. Wüst (1968) reported that this was partially verified in 1837 with an observation of 1.7°C water at 3,741 m depth in the tropical Pacific made by the French frigate Venus. During the same period, in 1800, Count Rumford proposed a meridional circulation of the ocean whereby water sinks near the poles and rises near the equator, a view shared later by E. von Lenz in 1845.

Systematic study of the ocean below the surface began with the Challenger expedition (1873 to 1876; Thompson and Murray, 1895), which is considered the start of the “Era of Exploration” (1873 to 1914). The Challenger expedition, with widely spaced stations in each ocean basin, produced the first large-scale coherent picture of the water masses in the deep ocean. Other expeditions during this exploration era coarsely revealed the spatial pattern of ocean circulation within its deep and abyssal parts.

The hemispheric abyssal circulation pattern (sinking at the poles and upwelling at the equator) of von Lenz in the 19th century was still in vogue 50 years later in 1902. At this time, G. Schott published a diagram of the oceanic meridional circulation of the Atlantic Ocean based on the Valdivia Expedition (1898 to 1899), including cross-equator flow from south to north below 2,000 m (Richardson, 2008; Figure 4A). In the 1920s, a more complete view of the meridional exchange emerged. Analyses by Brennecke (1921); Merz and Wüst (1922), and Merz (1925) revealed the asymmetry of the North and South Atlantic Oceans.




Figure 4 | Schematic diagrams showing meridional spreading of water mass in the Atlantic Ocean. (A) Spreading of main water masses of the Atlantic Ocean in four core layers adapted from Wüst, 1964. (B) Surface currents, salinity contours, and the meridional circulation along a section in the western Atlantic by Wüst (1935); Wüst (1949). Small numbers are geostrophic speeds in cm/s. Dashed line is the 9°C boundary between warm and cold layers. Polar Front and Subtropical Convergence are depicted as blue and cyan lines, respectively. Adapted from Richardson (2008).



In 1925, an “Era of National Systematic and Dynamic Ocean Surveys” began and lasted until 1940 (Wüst, 1964). This era was initiated with a new and detailed view of the South Atlantic stratification from the German Atlantic Expedition on the Research Vessel Meteor in the period 1925 to 1927. This expedition collected sections of closely spaced hydrographic stations across the Atlantic Ocean between 20°N and 65°S, with subsurface observations reaching the deep seafloor up to 6 km deep. Based on the Meteor expedition and other hydrographic data, Wüst (1935) produced schematics of the spreading of the sub-thermocline circulation of the Atlantic Ocean between 60°S and 60°N, including AABW (Figure 4B), which remain qualitatively similar to modern schematics of the deep Atlantic circulation (Talley, 2013).

Circum-Antarctic surveys in the 1920s and 1930s conducted under the auspices of the Discovery investigations (Deacon, 1937) and 1960s and 1970s by the Eltanin (Gordon, 2012) provided new details of the formation sites of AABW along the continental margins of Antarctica and its spreading across the ACC into the major ocean basins. Combining observations from these expeditions and others around the world ocean, Lynn and Reid (1968) provided a global overview of the characteristics of abyssal waters.

The International Geophysical Year (1957 to 1959) marked the beginning of a new era of observational ocean research, providing a transition from a more-or-less independent national research work of one ship to systematic multi-ship, multi-national surveys. A notable example is the World Ocean Circulation Experiment (WOCE) surveys that covered the global ocean during the 1990s, producing an atlas series that included detailed views of the bottom water characteristics and the extent of interocean exchange (Orsi and Whitworth, 2005).

As described below, with the expansion of observations from ships, moorings, Argo floats, and new platforms along with geochemical tracers, we now have a much more refined view of the spatio-temporal variability of AABW along with estimates of ventilation times associated with its spread across the global ocean. Wüst (1964) said of ocean research: “As in all sciences, progress is not continuous. Most of the ideas, instruments and methods influencing research work in the laboratories are conceived in the preparation and in the accomplishment of great expeditions. At the same time new theoretical concepts are also formed.” So it is today, as we can now view in increasing detail, the cold waters near the seafloor that emanate from Antarctica.




2.1.2 Antarctic continental shelf

Here, we focus on the four main continental shelf regions around Antarctica where AABW originates (Weddell Sea, Ross Sea, Adélie Coast, and Prydz Bay/Cape Darnley).



2.1.2.1 Weddell Sea

Ship-based hydrographic observations in the southern and western Weddell Sea are hampered year-round due to a vast sea ice cover (Figure 2A). Thus, observations are austral summer-biased and limited (with a few exceptions) to areas around the Filchner Trough, near the tip of the Antarctic Peninsula, and to coastal polynyas formed by offshore winds across the ice shelf fronts. The first systematic observations were collected in the 1970s during Norwegian expeditions (Foldvik et al., 1985a) and continued in the following decades, including multiple hydrographic surveys on the southern continental shelf by German-led expeditions onboard the RVIB Polarstern (Janout et al., 2021). The multiple conductivity–temperature–depth (CTD) surveys provide information about the variability, pathways, and modifications of the shelf water masses (HSSW, ISW, and modified Circumpolar Deep Water (mCDW), with the latter resulting from the mixing of CDW with cooler and fresher waters near the coast) all contributing to the AABW formation (see Nicholls et al., 2009, for a comprehensive review). ISW forms beneath the Filchner-Ronne Ice Shelf and is transported toward the continental slope in the Filchner Trough on the south-eastern continental shelf. Multidecadal observations have shown that while ISW exhibits considerable variability in temperature and salinity (depending on the ice shelf cavity circulation), its density has remained stable over the past five decades (Figure 5E).




Figure 5 | Maps showing circulation in (A) Prydz Bay, (B) Adélie Coast, (C) Ross Sea, and (D) Weddell Sea (D). Circulation of water masses and locations of oceanographic measurements are depicted by arrows, dots, and stars (according to the legend). (E) Time series of neutral density (kg/m3) observed near the seafloor in the main areas of high-salinity shelf water (HSSW)/Ice Shelf Water (ISW) sourcing Antarctic Bottom Water (AABW). mCDW refers to modified Circumpolar Deep Water. From lighter to denser: Adélie Depression (location is indicated by the black star in panel B), Filchner Trough (black star in panel D), Terra Nova Bay/Ross Island (black stars in panel C), and Cape Darnley (black star in panel A).



On the western Weddell Sea shelf (i.e., north of the Ronne Ice Shelf), heavy sea ice conditions and icebergs (Rackow et al., 2017) have precluded systematic surveys. Measurements from opportunistic surveys during favorable sea ice conditions or from drift experiments such as Ice Station Weddell-1 (ISW-1; Gordon and Ice Station Weddell Group of Principal Investigators and Chief Scientists, 1993) and Ice Station POLarstern (ISPOL; Hellmer et al., 2008; Huhn et al., 2008) provide evidence of HSSW near the shelf break, confirming the western Weddell Sea as a source of AABW.




2.1.2.2 Ross Sea

HSSW in the Ross Sea is mainly produced in two coastal polynyas in the western sector of the continental shelf: the Terra Nova Bay and Ross Ice Shelf Polynyas. Summer hydrographic measurements of these water masses started in 1957 (Jacobs et al., 2022) and were conducted in most subsequent years near Ross Island during expeditions by the United States, New Zealand, and South Korea (see Figure 5E). Key locations of repeated measurements are Terra Nova Bay, Hayes Bank, and Bay of Whales (Jacobs et al., 2022). In Terra Nova Bay, oceanographic observations began in 1978 with the United States icebreaker USCGC Burton Island (Jacobs et al., 2022) and since 1994 have been continued almost yearly by the Italian Antarctic Program (Castagno et al., 2019; Silvano et al., 2020). Systematic observations have been carried out by the South Korean Antarctic Program since 2014 as well, in both the Ross (Yoon et al., 2020) and Amundsen Seas (Kim et al., 2021; Yang et al., 2022). These long time series have reported both statistically significant long-term decreasing trends for salinity and density (Jacobs and Giulivi, 2010; Jacobs et al., 2022) and interannual variability of these parameters with 5-year to 10-year fluctuations and a strong rebound after 2014 (Castagno et al., 2019; Silvano et al., 2020; Yoon et al., 2020; Figure 5E). Furthermore, ship-based hydrographic observations have provided significant insights into the processes involved in the production, pathways, and outflow of HSSW, ISW, and AABW (Bergamasco et al., 2002; Budillon et al., 2003; Gordon et al., 2004; Smethie and Jacobs, 2005; Whitworth and Orsi, 2006; Gordon et al., 2009; Orsi and Wiederwohl, 2009; Budillon et al., 2011; Rusciano et al., 2013; Gordon et al., 2015; Castagno et al., 2017). HSSW directly contributes to AABW formation, escaping the continental shelf primarily through the Drygalski Trough, while ISW formed beneath the Ross Ice Shelf contributes by being exported via the Glomar Challenger Trough.




2.1.2.3 Prydz Bay/Cape Darnley

AABW originates from the Cape Darnley Polynya, located to the northwest of Prydz Bay (Ohshima et al., 2013), and to a lesser extent from the McKenzie Bay Polynya within Prydz Bay (Williams et al., 2016). Compared to the Weddell and Ross Sea continental shelves, detailed hydrographic observations started relatively late around Prydz Bay. After the early cruises by the Soviet Union, Australian cruises in the 1980s established the general circulation pattern in Prydz Bay (Smith et al., 1984; Nunes Vaz and Lennon, 1996). Australian hydrographic projects further clarified the water mass structure (Herraiz-Borreguero et al., 2015; Herraiz-Borreguero et al., 2016). From the 2000s, Japanese, Chinese, Russian, and Indian voyages collected hydrographic observations in most years (e.g., Yabuki et al., 2006; Antipov and Klepikov, 2017; Liu et al., 2018). Off Cape Darnley, a series of hydrographic and mooring observations have been made intermittently since the 2010s by the Japanese Antarctic Research Expedition (Aoki et al., 2020a; Aoki et al., 2022). No statistically significant long-term trends have been reported for temperature and salinity so far (Schmidtko et al., 2014), although trends and interannual/decadal variability may emerge as more data are collected and the time series are extended (Figure 5E).




2.1.2.4 Adélie Land/George V Land

Oceanographic sampling along the Adélie Land and George V Land coasts completed by the USNS Eltanin in 1969 showed that a relatively fresh AABW variety was formed in the region and could be tracked offshore (Gordon and Tchernia, 1972). The continental shelf was rarely visited in following years, with the notable exception of the GLACIER79 voyage (Jacobs and Haines, 1982), until the World Ocean Circulation Experiment program began in the early 1990s. Rintoul (1998) brought together the new WOCE measurements and historical data to show that dense water exported from the Adélie Depression made a substantial contribution to the abyssal waters of the Australian Antarctic Basin. From the 1990s, French (e.g., Lacarra et al., 2011; Martin et al., 2017), American (e.g., Sambrotto et al., 2003), Japanese (e.g., Aoki et al., 2017), and Australian (e.g., Rintoul, 2007; Williams et al., 2010; Snow et al., 2018) expeditions completed comprehensive sampling of the Adélie continental shelf, including a rare mid-winter expedition to the Mertz Polynya (Williams and Bindoff, 2003). The multidecadal record has provided evidence of changes in HSSW properties over time (Aoki et al., 2005; Rintoul, 2007; Jacobs and Giulivi, 2010; Aoki et al., 2013), most notably a sharp reduction in salinity following calving of the Mertz Glacier Tongue (Shadwick et al., 2013; Lacarra et al., 2014; Aoki et al., 2017; Snow et al., 2018) (Figure 5E).





2.1.3 “Deep” Southern Ocean

In this section, we focus on in situ hydrographic observations collected in the polar Southern Ocean (south of approximately 60°S) and within/north of the ACC. These observations of AABW have begun to reveal how it has changed over recent decades.



2.1.3.1 Polar Southern Ocean

Over the polar Southern Ocean, multidecadal changes have been observed in the Weddell Sea, Ross Sea, and offshore East Antarctica thanks to a combination of early expeditions in the 1960s and 1970s and reoccupations of select hydrographic sections through the Global Ocean Ship-Based Hydrographic Investigation Program (GO-SHIP). Within the Weddell Basin, three hydrographic transects have been particularly frequently occupied over the past 30 years: A23 extends from the northern Weddell to South Georgia (Meredith et al., 2014), SR4 crosses the Weddell Sea from Cape Norvegia on the coast of Queen Maud Land to Joinville Island off the tip of Antarctic Peninsula (Fahrbach et al., 2004; Kerr et al., 2009; Kerr et al., 2018), and A12 sits along the Prime Meridian (Fahrbach et al., 2011). Outside of the Weddell Basin, two repeated transects capture long-term property changes in AABW sourced from the Weddell Sea: section SR1b spanning eastern Drake Passage south of Falkland Islands (Cunningham et al., 2003) and in the Vema Channel connecting the Argentine Basin and Brazil Basin (Campos et al., 2021). Abrahamsen et al. (2019) computed the AABW area along three hydrographic transects (A23, SR4, and SR1b) and identified a decadal decline of the dense water mass volume from the early 1990s to the mid-2010s, followed by a brief 4-year recovery until 2018. The most recent occupations at A23 and SR4 show that the decline of the AABW area has resumed (Zhou et al., 2023; Figure 6B). AABW warming has been detected in the Weddell Sea as well as freshening, even though the temperature signal is stronger in the densest waters (Figure 6A; Azaneu et al., 2013; Jullion et al., 2013; Zhou et al., 2023).




Figure 6 | Decadal variability of Antarctic Bottom Water (AABW) properties from repeat hydrographic data. (A) Conservative temperature (°C) versus absolute salinity (g/kg) diagram in the Weddell Sea from measurements collected along the A23 line south of 60°S (see black star in panel C for location). (B) AABW area (m2) along the A23 line south of 60°S (Abrahamsen et al., 2019; Zhou et al., 2023; neutral density >28.4 kg/m3). (C) AABW warming (W/m2) between the 1990s and the 2010s (see Purkey and Johnson, 2010, for methodology; >4,000 m depth). (D) Conservative temperature versus absolute salinity plot in the Australian Antarctic Basin obtained by observations along the P11S line at 150°E (see black star in panel C for location). (E) AABW (neutral density >28.34 kg/m3; Silvano et al., 2020) thickness (m) along 150°E. AABW density varies in different sectors and therefore AABW definitions change accordingly. GO-SHIP sections are depicted in black in (C).



Directly downstream from the Ross Sea continental shelf, AABW has shown variability in volume, temperature, and salinity. A repeated hydrographic zonal section at 62°S (S4P) capturing the outflow from Cape Adare showed strong freshening between the 1990s and 2000s (Swift and Orsi, 2012). Subsequently, all repeated meridional GO-SHIP sections south of the Antarctic-Pacific ridge show the fresh anomaly being carried around the Ross Gyre and into the Bellingshausen Basin (Purkey and Johnson, 2013; Purkey et al., 2019). In addition, warming and a decrease in AABW volume were observed across the deep southern basin, possibly at an accelerated rate between the 2000s and 2010s (Purkey and Johnson, 2010; Desbruyères et al., 2016; Purkey et al., 2019). Recent observations at S4P show a recovery in AABW volume and salinity since 2018 near Cape Adare (Aoki et al., 2020b; Silvano et al., 2020; Gunn et al., 2023).

Offshore East Antarctica, varieties of AABW originate from the Adélie Coast, off Cape Darnley/Prydz Bay, and, possibly and to a lesser extent, from Vincennes Bay (Kitade et al., 2014; see Figure 3 for location). Several transects of precise, top-to-bottom observations were obtained from the Eltanin and Conrad from the late 1960s to the 1970s. GO-SHIP sections I06, I08, I09, SR3, P15, and SR4, as well as projects such as BROKE/BROKE-West (Bindoff et al., 2000; Meijers et al., 2010), extended the time series from the 1990s. In the Australian Antarctic Basin, AABW freshened during the period 1970s–1990s, and the freshening accelerated from the 1990s to the 2000s (Shimada et al., 2012; van Wijk and Rintoul, 2014; Menezes et al., 2017). From the mid-2010s, the freshening changed to salinification due to changes in the bottom water formed upstream in the Ross Sea (Aoki et al., 2020b; Silvano et al., 2020; Figure 6D). Changes in AABW layer thickness have closely followed those in salinity, with contraction between the 1970s and the 2000s and a rebound in the 2010s (Figure 6E). AABW warming has been observed over recent decades (Couldrey et al., 2013; van Wijk and Rintoul, 2014; Katsumata et al., 2015), concurrent with full-depth warming due to a multidecadal poleward shift of the ACC’s southern branch (Yamazaki et al., 2021). There is a gap between I06 (30°E) and I08 (~80°E), and observations are less systematic. However, the southern tip of I7 (~60°E) was occupied in 2013, and the full section was completed in 2019/20, revealing a weak freshening of AABW over the continental slope (Aoki et al., 2020c; Anilkumar et al., 2021; Yamazaki et al.1). The observed warming and freshening might be associated with the shoaling of the deep ventilation from East Antarctica (Shimada et al., 2022).




2.1.3.2 Antarctic Circumpolar Current and north

The hydrographic properties of AABW in the ACC region and to the north have been observed, mapped, and monitored from ship-based observations for decades. Reoccupations of GO-SHIP sections have revealed warming within AABW around the globe, accounting for ~10% of the total increase in ocean heat content (Purkey and Johnson, 2010; Desbruyères et al., 2016) plausibly owing to a decrease in AABW production rates (Masuda et al., 2010; Purkey and Johnson, 2012; Li et al., 2023). Within the Southern Ocean (Figure 6C), deep warming and declining AABW volume were noted as early as the 1980s in the western South Atlantic basin and continued through the 2020s (Coles et al., 1996; Johnson and Doney, 2006; Purkey and Johnson, 2010; Johnson et al., 2014; Desbruyères et al., 2016; Johnson, 2022). Similarly, deep warming over the past three decades has been observed in the Indian and Pacific sectors (Fukasawa et al., 2004; Kawano et al., 2006; Johnson et al., 2007; Purkey and Johnson, 2010; Kouketsu et al., 2011; Desbruyères et al., 2016) with possible acceleration of the warming rate in the Southwest Pacific basin over the last decade (Johnson et al., 2019; Purkey et al., 2019).






2.2 Long-term moorings

Long-term moorings have been deployed in the Weddell Sea, Ross Sea, and Adélie Coast to observe shelf and bottom waters. Here, we report results from sustained programs that span decades of observations.



2.2.1 Weddell Sea

ISW formed beneath the Filchner-Ronne Ice Shelf escapes the cavity and flows northward through the Filchner Trough, spills over the Filchner Sill, and descends the continental slope forming AABW (e.g., Foldvik et al., 2004). The first hydrographic and current meter moorings aimed at monitoring the flow of ISW at the continental shelf break were deployed in 1968 by the Norwegians. The moorings were successfully recovered 5 years later. Year-long time series of velocities and temperature were obtained, but unfortunately, the mooring was placed outside the ISW plume (Foldvik et al., 1985b). At that time, the existence of an ISW plume was a theory only. The plume was first discovered in 1977, and moorings were deployed at its core at the Filchner Sill (Foldvik et al., 1985c). The position of Sill moorings (Figure 5D) proved to be a key site for monitoring the flux of ISW overflow (Foldvik et al., 2004). Renewal of the Sill moorings continues to extend this gappy but exceptionally long oceanographic time series from Antarctica (Figure 7A). These observations highlight the complex time variability in the ISW overflow, which is influenced by tides, mixing, and topographic waves (e.g., Semper and Darelius, 2017; Daae et al., 2019). Today, the ISW overflow is monitored by means of an array of subsurface instrumented moorings operated in cooperation between Norway, France, Germany, and the UK.




Figure 7 | Temporal variability of Antarctic Bottom Water (AABW) properties from long-term mooring data. (A) In situ temperature (°C) observed near the seafloor at ~550 m depth at the Filchner Sill, Weddell Sea. Surface freezing temperature for a salinity of 34.7 g/kg is shown in solid black for reference. (B) AABW conservative temperature (°C) measured at ~4,500 m depth along the northern limb of the Weddell Gyre (M3 in Figure 5D). (C) Northward transport (106 m3/s; Sverdrup (Sv)) of AABW through Orkney Passage (Abrahamsen et al., 2019; Spingys et al., 2021; AABW defined here in the density class 28.26< γn< 28.40 kg/m3). The light red line indicates daily averages of transport through the mooring array, the thick red line is the 1-month running mean, and the blue bars are quarterly averages. Vertical black lines indicate mooring cruises to the area; the annual (April 1–March 31) mean AABW transport through the array is indicated at the bottom of the graph. (D) In situ temperature observed near the seafloor at ~ 500 m depth at mooring G in the Drygalski Trough and at Cape Adare (both in the Ross Sea near the shelf break and on the continental slope, respectively). Weak tides during equinoxes (dashed black lines) allow cold high-salinity shelf water (HSSW) to be exported from the shelf break (Bowen et al., 2023). Surface freezing temperature for a salinity of 34.9 g/kg is shown in solid black for reference. (E) HSSW absolute salinity (g/kg) at the Adélie Sill observed near the seafloor at ~600 m depth. Black line indicates the calving time of the Mertz Glacier Tongue (February 2010), after which HSSW salinity showed a decline (Snow et al., 2018). Locations of all moorings are shown in Figure 5 by red stars.



AABW originated from the south-western Weddell Sea is also monitored as part of a German observational effort. Since 1989, the Alfred Wegener Institute maintains a mooring array located in a cross-slope transect off the tip of the Antarctic Peninsula (NW moorings; see Figure 5D) that allows to study the time evolution of the dense plumes flowing along the continental slope in the northwestern Weddell Sea (Fahrbach et al., 2001; Llanillo et al., 2023). Further downstream, the US Lamont-Doherty Earth Observatory maintains moorings south of the South Orkney Islands (Figure 5D) that record two decades (since 1999) of AABW temperature and salinity properties exported from the western boundary of the Weddell Sea. The combination of these off-shelf moorings has allowed us to better understand Southern Ocean ventilation and its relation to the global climate system. Hydrographic properties and circulation of AABW can be altered by local changes in atmospheric, ice shelf, and sea ice characteristics and by shifts in large-scale wind stress patterns such as those associated with the Southern Annular Mode (SAM) and El Niño/Southern Oscillation (ENSO) (McKee et al., 2011; Gordon et al., 2020; Llanillo et al., 2023; Zhou et al., 2023). AABW export detected since February 1999 reveals a distinct seasonal cycle as well as interannual variability (Figure 7B). The seasonal variability is associated with the shifting of the front located along the Antarctic Slope (Gordon et al., 2010). The interannual AABW variability is linked to the regional wind field, which varies with ENSO and SAM phases (McKee et al., 2011; Gordon et al., 2020; Llanillo et al., 2023).

Finally, since 2004, moorings have been deployed as part of the Lamont-Doherty Earth Observatory CORC-ARCHES (Consortium on the Ocean’s Role in Climate—AbRupt climate CHangE Studies) project and more recently by the British Antarctic Survey in the Orkney Passage (Figure 5D), which has been identified as a key export region of AABW from the Weddell Sea (e.g., Naveira Garabato et al., 2002). The first 3 years consisted of temperature and salinity measurements at a single point. In 2007–2011, moorings that included current meters were deployed along the western flank of the passage, with five to six UK moorings covering the AABW layer across the full passage since 2011 and providing a sustained time series of AABW export from the Weddell Gyre (Figure 7C; Abrahamsen et al., 2019).




2.2.2 Ross Sea

In the Ross Sea, the first attempt to obtain a year-long time series of salinity, temperature, and currents was made in 1978. A mooring was deployed close to the Ross Ice Shelf to capture the ISW outflow, resulting in a 7-month record (Jacobs and Haines, 1982). A second successful attempt near this ice shelf was made in 1983 with an array of four moorings (Pillsbury and Jacobs, 1985). In 1994, the Italian CLIMA project deployed the first mooring to monitor HSSW in Terra Nova Bay. This mooring is still operating and is the longest mooring-based time series registered in the Ross Sea. It is part of a five-mooring array maintained by the Italian Marine Observatory on the continental shelf and positioned in Terra Nova Bay as well as close to the shelf break in three different troughs (see Figure 5C for location). The Korea Polar Research Institute (KOPRI) has been also operating moorings in Terra Nova Bay to study HSSW since 2014 in collaboration with New Zealand.

Since the early 1990s, in the Ross Sea, long-term moorings have been deployed mostly in the western sector to investigate HSSW and AABW formation processes, the seasonal cycle, and long-term variability of the water properties, along with the outflow of these dense waters from the continental shelf (Budillon et al., 2002; Buffoni et al., 2002; Whitworth and Orsi, 2006; Gordon et al., 2009; Muench et al., 2009; Padman et al., 2009; Budillon et al., 2011; Rusciano et al., 2013; Gordon et al., 2015; Castagno et al., 2017; Le Bel et al., 2021; Bowen et al., 2023). In Terra Nova Bay, the resulting time series have documented convection processes that occur during sea ice formation and showed the HSSW seasonal cycle and its link to atmospheric forcing (Buffoni et al., 2002; Rusciano et al., 2013; Le Bel et al., 2021) and glacier tongue effects (Stevens et al., 2017). Moorings positioned at the shelf break and on the continental slope by US (CALM and ANSLOPE), Italian (CLIMA and MORSea), and New Zealand (Ross Sea outflow experiment; Bowen et al., 2021; Bowen et al., 2023) programs have increased our understanding of the processes involved in AABW formation and export. Tides have been shown to be particularly important in both stages, acting on daily, seasonal (see Figure 7D), and potentially longer time scales (Whitworth and Orsi, 2006; Gordon et al., 2009; Muench et al., 2009; Padman et al., 2009; Castagno et al., 2017; Bowen et al., 2021; Bowen et al., 2023).




2.2.3 Adélie Land/George V Land

The first moorings sampling AABW formed on the Adélie coast on the continental slope were deployed by Japan in the period 1995 to 1996, revealing a seasonally varying plume of bottom water descending the slope (Fukamachi et al., 2000). French scientists deployed moorings in the polynya in Commonwealth Bay between 2008 and 2012 (Lacarra et al., 2014) and near the Mertz Glacier Tongue between 2008 and 2010 (Martin et al., 2017). The moored time series confirmed the production of a particularly salty variety of HSSW in Commonwealth Bay and helped resolve the seasonal and interannual variability of shelf water salinity. Australian moorings were deployed in the Mertz Polynya and across the Adélie Sill (see Figure 5B for location), an export pathway for HSSW, beginning in 1998: Williams et al. (2008) used moored time series from 1998 to 2000 to document the seasonal cycle of HSSW formation, export, and re-stratification and to provide the first direct estimates of the export of dense water from the continental shelf to the deep ocean. Snow et al. (2018) used 8 years of moored measurements at the Adélie Sill to quantify the impact of calving of the Mertz Glacier Tongue on HSSW formation and export (Figure 7E). The salinity and density of dense water leaving the shelf decreased immediately after the calving event and caused a reduction in AABW density and volume off-shelf, illustrating the rapid response of the deep ocean to local forcing anomalies on the continental shelf. The proximity of the Adélie Land region to the south magnetic pole makes direct velocity estimates challenging, requiring creative approaches to infer current direction (Williams et al., 2008; Marouchos et al., 2013; Martin et al., 2017).





2.3 Ice shelf cavities

While there is generally a focus on ice shelf basal melting in glaciological and sea-level-rise studies, the fate of glacial meltwater is of direct relevance to AABW production, as it helps set the conditions for the formation of (or lack thereof) Dense Shelf Waters (including ISW and HSSW; Herraiz-Borreguero et al., 2016; Williams et al., 2016; Silvano et al., 2018; Li et al., 2023). This dependence emphasizes the need for a better understanding of ice shelf basal melting, cavity circulation, and internal mixing (e.g., Foster, 1983; Stevens et al., 2020) as well as the need for year-round observations. Basal melting can be inferred from satellite estimates of ice thickness and flow (e.g., Moholdt et al., 2014) and downward-looking radar (autonomous phase-sensitive radio echosounders (ApRES)) deployed on the ice surface (Brennan et al., 2013; Nicholls et al., 2015). Direct observations of ocean conditions and basal melting beneath the ice shelf can be obtained using a hot-water drill to gain access to the underlying water column (Makinson and Anker, 2014). Typical instruments used in this environment include cameras, sediment corers, water samplers, CTD, current meters, turbulence sensors, and hydrographic time series moorings. Here, we briefly review in situ observations collected through bore holes beneath the three largest ice shelves in Antarctica (the Ross, Filchner-Ronne, and Amery ice shelves), where ice–ocean processes are pivotal to the properties of AABW spread throughout the global ocean.



2.3.1 Filchner-Ronne Ice Shelf

The Filchner-Ronne Ice Shelf is the second-largest ice shelf by area (having an area of ∼450,000 km2) and the largest by volume. Since the late 1980s, hot-water drills have been used to make access holes at a variety of locations on the Ronne Ice Shelf (e.g., Nicholls et al., 2009), and, more recently on the Filchner Ice Shelf (Huhn et al., 2018; Hattermann et al., 2021), through ice thicknesses from 300 m up to 940 m (Figure 5D shows locations of the boreholes). These observations have allowed inference of the cavity circulation, ISW formation processes, and outflow from the cavity (Figure 5D depicts the circulation pathways within the cavity). HSSW formed in the polynya north of the Ronne Ice Shelf front descends along the southward deepening bathymetry (Johnson and Smith, 1997) to drive an anti-cyclonic thermohaline circulation. As a result of the pressure dependence of the melting point of ice, HSSW can drive basal melting over the deepest parts of the ice shelf, creating a colder, but fresher, and therefore slightly less dense ISW. As the ISW ascends the ice base and the pressure reduces, some refreezing takes place in the center of the ice shelf. ISW leaves the cavity primarily via the Filchner Trough, which connects the ice shelf cavity with the deep ocean (Foldvik et al., 1985a). The exact rates and time scales of these processes depend on a complex interplay between the buoyancy-driven circulation, strong tides (Makinson and Nicholls, 1999) that contribute to advection and drive mixing processes, and freshwater runoff from beneath the grounded ice sheet that causes further water mass transformations within the cavity (Huhn et al., 2018). Ice-cavity observations combined with historical measurements at the ice shelf front also revealed the presence of two distinct modes (Figure 8A), in which water masses in Filchner Trough were dominated by either Ronne HSSW-derived ISW (Ronne mode) or more locally derived Berkner-HSSW (Berkner mode) (Hattermann et al., 2021; Janout et al., 2021). On a multi-year time scale, the outflows in the Filchner Trough respond to variability in sea ice formation rates in the Ronne Polynya (Hattermann et al., 2021).




Figure 8 | Variability of Ice Shelf Water (ISW) properties from data collected under ice shelves. (A) Conservative temperature (°C)–absolute salinity (g/kg) diagram for the Filchner-Ronne Ice Shelf cavity at FNE1 at the lowest instrument (960 m depth; Hattermann et al., 2021), color-coded according to the time of measurements. Between 2017 and 2019, ISW transitioned from Berkner to Ronne source as highlighted by the Gade Line (i.e., the mixing line between ISW properties and ISW source at the surface freezing temperature; Gade, 1979). (B) Conservative temperature–absolute salinity plot for the Ross Ice Shelf cavity at HWD-2, color-coded according to depth (m) (Stevens et al., 2020). By extrapolating the Gade Line from the ISW properties to the surface freezing temperature, we can infer that different sources with different salinity (range >0.2 g/kg) can drive melting. (C) Conservative temperature–absolute salinity diagram in the cavity of the Amery Ice Shelf at AM01, color-coded according to depth (Herraiz-Borreguero et al., 2013). The ISW source is water with salinity between approximately 34.65 and 34.75 g/kg. Locations of all sites are shown in Figure 5. The dashed black line represents the surface freezing temperature according to salinity.






2.3.2 Ross Ice Shelf

The Ross Ice Shelf is the largest ice shelf by area (approximately 470,000 km2). It is fed from both East and West Antarctica, and so, in terms of glaciology and sedimentology, it is often thought of as having two distinct sides (Rignot et al., 2013; Tinto et al., 2019). Its cavity was one of the first to be directly observed, at J9 during a multi-year borehole initiative in the late 1970s (Jacobs et al., 1979). Subsequent hydrographic borehole expeditions have included those in support of the 2002 Andrill project in Windless Bight (Robinson et al., 2010) and at Coulman High from 2010 to 2014 (Stewart et al., 2019; see Figure 5C for the location of boreholes in the northwestern sector of the ice shelf). The Windless Bight observations underpinned studies of the ISW plume exiting the Ross/McMurdo cavity and flowing northward, possibly sufficiently far north to influence the Terra Nova Bay Polynya (Robinson et al., 2014; Stevens et al., 2017). Such ISW outflows, both in McMurdo Sound and further to the east, are likely to influence sea ice production in the Ross Ice Shelf Polynya (Langhorne et al., 2015; Dale et al., 2017) and associated HSSW production.

The southernmost extent of the cavity was occupied in 2014 as part of the WISSARD program (Begeman et al., 2018). More recently, a sequence of borehole experiments and hydrographic moorings in the center (HWD; Stevens et al., 2020) and along the Kamb Ice Stream (KIS1 and KIS2; see Figure 5C for location; Lawrence et al., 2023) have sampled the oceanographic conditions in conjunction with glaciological and sedimentological studies, showing the vertical structure and illustrating how waters of different salinity drive basal melting of the Ross Ice Shelf (Figure 8B). The addition of hydrographic mooring data revealed the importance of tidal and convective mixing as an influence on cavity circulation.




2.3.3 Amery Ice Shelf

The Amery Ice Shelf, with an area of approximately 62,000 km2, is the third largest embayed ice shelf in Antarctica. The deepest part of the southern grounding line is approximately 2.5 km below sea level (Fricker et al., 2002) where relatively high basal melt rates are observed (>2 m/year; Adusumilli et al., 2020). Approximately 25% of basal melt is thought to refreeze as marine ice (Wen et al., 2010; Galton-Fenzi et al., 2012). The Amery Ice Shelf system has long been a focus of Australian Antarctic research since the 1960s (e.g., Budd, 1966). During the 21st century, the importance of ice–ocean interactions beneath this ice shelf became fully apparent, leading to the establishment of the “Amery Ice Shelf Ocean Research (AMISOR)” project. This multidisciplinary project had overall aims of quantifying interactions between the ocean and the ice shelf and determining the implications for grounded ice discharge and water mass modification. The AMISOR project successfully drilled six boreholes (see Figure 5A for location). The hot-water drilling started in 2001 and concluded in 2006. Each borehole had a mooring with three microCATs measuring temperature, salinity, and pressure, distributed vertically to cover the whole water column. The complete AMISOR time series spans from 2001 to 2013 and provides one of the longest time series of ocean properties ever recorded from the cavity of an ice shelf. Under-ice shelf measurements reveal that ISW originates from HSSW of salinity between approximately 34.65 and 34.75 g/kg (Figure 8C) and that the formation of the marine ice layer is subject to seasonal variability in the HSSW inflow into the cavity (Herraiz-Borreguero et al., 2013). Between July and November, HSSW inflow causes a re-stratification of the water column within 80 km of the ice shelf front, steepening the density surfaces and allowing ISW to upwell and reach a new in situ freezing temperature. It is during this period that frazil ice formation and deposition occur (Herraiz-Borreguero et al., 2013). The timing and duration of ISW outflow play a critical role in conditioning the water column within the Mackenzie Bay Polynya prior to the start of sea ice formation (Herraiz-Borreguero et al., 2015; Herraiz-Borreguero et al., 2016). The outflow of ISW limits the efficiency of the Mackenzie Bay Polynya to form HSSW, affecting the final HSSW temperature and salinity and ultimately AABW formation (Williams et al., 2016). In fact, the outflow of ISW delays the onset of deep convection on the continental shelf by 2 to 6 months (Herraiz-Borreguero et al., 2016).





2.4 Tracers

Several tracers have been used to track the formation and spreading of AABW. The most widely used have been chlorofluorocarbons (CFCs), but several others have been employed (sea water isotopes, dissolved oxygen, radiocarbon, noble gases, and nutrients). Here, we provide a brief overview starting with CFCs.



2.4.1 CFCs

Since the 1930s, atmospheric concentrations of chlorofluorocarbons (CFC-11 and CFC-12) and sulfur hexafluoride (SF6) have varied following their usage as industrial compounds. These known time-dependent atmospheric concentrations, coupled with their conservative nature in the ocean interior, have made them an excellent tool for tracing AABW formation and pathways throughout the abyssal ocean (Fine, 2011; Purkey et al., 2018; Ohashi et al., 2022). Furthermore, CFC observations have been used to quantify AABW contribution to the sequestration of anthropogenic carbon in the deep ocean, highlighting its increase in AABW in recent decades in all ocean basins (e.g., Matear and McNeil, 2003; Ríos et al., 2012; Murata et al., 2019; Mahieu et al., 2020) and for validating AABW formation and pathways in ocean models (e.g., Sasai et al., 2004; Müller et al., 2006; Solodoch et al., 2022).

Circumpolar analyses of CFC concentrations within the deep Southern Ocean capture AABW formation and outflow from the Weddell Sea, Ross Sea, and Adélie Coast (Figure 9 illustrates CFC-11 map in 2021) and have been used to infer a net AABW production rate of 8.1 Sv (1 Sv = 106 m3/s) considering a layer of neutral density >28.27 kg/m3 (Orsi et al., 1999). This inferred transport is consistent with the 5- to 15-Sv estimated rates from hydrographic observations, despite large uncertainties and slightly different definitions of AABW (Gill, 1973; Carmack, 1977; Jacobs et al., 1985). A broader definition of northward-flowing AABW that includes a mixture with the overlying CDW adds an extra 9.4 Sv (Orsi et al., 2001; Orsi et al., 2002), leading to a total estimated transport of 17.5 Sv (Orsi et al., 2002). Outside the Southern Ocean, local maxima in CFCs highlight deep western boundary currents carrying AABW north in the Indian, Pacific, and Atlantic Oceans (Purkey et al., 2018).




Figure 9 | CFC-11 used as a tracer to map Antarctic Bottom Water (AABW). Reconstructed map of CFC-11 concentration in 2021 for water denser than 28.27 kg/m3 (i.e., AABW). Objective mapping following Cimoli et al. (2023). Dots indicate available observations, whereas solid lines indicate uncertainty in the reconstruction (color-coded as shown in the legend). Note that in large areas of the Southern Ocean, the uncertainty is over 50%, as very few CFC data are available. Red arrows show the main areas of AABW formation.



Within AABW formation regions, CFCs have been used to study the dynamics of AABW formation and quantify regional AABW formation rates. Orsi et al. (1999) indicated that 60% (4.1 Sv) of AABW originates in the Atlantic sector of the Southern Ocean and 40% (3.2 Sv) in the Indian-Pacific sector. In the Ross Sea, CFCs within shelf waters suggest that 0.88 Sv of HSSW is converted to ISW in 4 to 7 years while circulating under the glacial ice before flowing off the continental shelf (Smethie and Jacobs, 2005; Loose et al., 2009; Rivaro et al., 2015). The CFC-tagged shelf water reveals dual locations of deep water production, with a larger production on the west side of the Ross Basin and a more moderate production from the Glomar Challenger Trough (Gordon et al., 2009) with a high-CFC signature seen in the plume of shelf water flowing into the deep currents along the continental slope (Purkey et al., 2018). CFC concentrations revealed a similar dual production of deep water along the Adélie–George V Coast, with high- and low-salinity abyssal waters being exported from the Adélie and Mertz Sills, respectively (Williams et al., 2010). In the Weddell Sea, CFC-based estimates suggest at least 3.5 Sv of AABW production (Mensch et al., 1996; Meredith et al., 2001a), with discrepancies in estimates of the contributions reaching the Atlantic and Indian Oceans. Haine et al. (1998) estimated 0.8 to 1.6 Sv of AABW transport into the South Indian Ocean, while Meredith et al. (2001a) estimated 3.2 Sv into the Indian Ocean and 0.9 Sv into the South Atlantic. Furthermore, repeated CFC observations have suggested a 15% to 21% decline in ventilation rates of bottom waters in the Weddell Gyre in the 27-year long period from 1984 to 2011 (Huhn et al., 2013). Finally, Meredith et al. (2013) used CFCs and SF6 to demonstrate the trapping and retention of AABW in deep trenches as it flows northward from source regions in the Weddell Sea, creating remarkably strong deep stratification due to temporal changes in the unimpeded waters flowing above. In general, comparison between different regional estimates of AABW formation rates is challenging, as AABW is defined in different ways in different studies, typically based on neutral density or temperature (e.g., neutral density >28.27 kg/m3 in Orsi et al., 1999; potential temperature<0°C in Meredith et al., 2001a).




2.4.2 Other tracers

In addition to CFCs, other tracers can be used to investigate AABW in terms of both freshwater input (oxygen isotopes and noble gases) and abyssal ventilation (dissolved oxygen and radiocarbon).

The motivation to use stable oxygen isotopes of seawater (δ18O, the ratio between H218O and H216O) along with hydrographic parameters arises from the need to disentangle freshwater sources that ultimately control abyssal water properties. Continental ice is very isotopically light (depleted in the H218O molecule and thus with low δ18O values), and this signal is transferred into shelf waters through glacial melt input during processes at the ice shelf/iceberg–ocean boundary (Weiss et al., 1979; Schlosser et al., 1991; Weppernig et al., 1996; Akhoudas et al., 2020). Oceanic measurements of δ18O can thus reveal in striking detail how abyssal water masses form by using simple mass balance calculations in which water mass concentrations including glacial melt can be computed (Meredith et al., 2001b; Meredith et al., 2008). In “cold” regime areas of Antarctica such as the Weddell and Ross Seas, where HSSW flows into ice shelf cavities and gains glacial meltwater, the resulting ISW that is exported northward is easily discernable by its depleted isotopic signature and is composed of up to 8% of glacial melt (Schlosser et al., 1990; Loose et al., 2009; Akhoudas et al., 2020). Compiling δ18O observations from 1973 to 2017 in the Weddell Gyre, Figure 10A shows the isotopic signature of the bottom water layer and clearly highlights the newly ventilated dense waters from the shelf becoming isotopically enriched (i.e., higher δ18O values) as they entrain the old CDW along the continental slope; this process is critical to the production of AABW and feeds the along-slope current. The distribution of meltwater links the rate of ice melting to the bottom water formation with an AABW production of ~8 Sv in the Weddell Sea, including 55% of newly ventilated HSSW and ISW (Akhoudas et al., 2021). Noble gases such as helium and neon can also be used to trace glacial meltwater in Antarctica (e.g., Huhn et al., 2018). Noble gases are typically present in low concentrations in oceanic waters, and a high excess of helium and neon can be used to estimate fractions of glacial meltwater in polar oceans. While glacial meltwater only represents a small proportion of waters sourced in the southern high latitudes, increasing glacial melt content in shelf waters has the potential to decrease their salinity, slowing their formation with consequences on the AABW export (Silvano et al., 2018).




Figure 10 | δ18O and inverse modeling to quantify Antarctic Bottom Water (AABW) formation processes. (A) Spatial map of observed AABW δ18O in the Weddell Sea. δ18O is shown on the 28.37 kg/m3 neutral density surface to capture the densest AABW variety that originates on the continental shelf of the south-western Weddell Sea. Gray dots represent profiles where density near the bottom is less dense than 28.37 kg/m3. AABW circulation is shown by blue arrows, while areas of high-salinity shelf water (HSSW) and Ice Shelf Water (ISW) export are in black. Repeated GO-SHIP sections I06, A23, and ANDREX (Jullion et al., 2014) are highlighted. (B) Accumulated volume transport across the combined ANDREX–I06 section (positive is transport directed out of the Weddell Sea; see (A) for location; Naveira Garabato et al., 2016). Uncertainty is shown in gray. Related calculations indicate 13.3 ± 3.2 Sv of Circumpolar Deep Water (CDW) and AABW less dense than 28.345 ± 0.008 kg/m3 are transformed into both denser AABW by downslope convection around the gyre’s south-western rim (8.4 ± 2.0 Sv) and upper ocean waters less dense than 28.061 ± 0.011 kg/m3 by upwelling within the Weddell Gyre (4.9 ± 2.0 Sv). The value 28.27 kg/m3 is included for reference (horizontal black line).



Other dissolved gases can also act as dye tracers that help to define and identify water masses (Talley et al., 2011; Rae and Broecker, 2018; Liu and Tanhua, 2021). Once waters descend below the ocean surface, they carry a signature of gases taken up by surface waters when in contact with the atmosphere. In the cold Antarctic seas, the capability for water to absorb atmospheric gases is relatively high, although the sea ice cover can partially impede air–sea exchanges (Watts et al., 2022). Spatial variations in the efficiency of air–sea gas exchange and ocean circulation patterns confer AABW with a clear signature in several gases, including dissolved oxygen and radiocarbon. The global spatial distribution of dissolved gases has played an important role in identifying the sources and pathways of AABW in the modern ocean (e.g., Sverdrup et al., 1942; GO-SHIP; de Lavergne et al., 2017; Purkey et al., 2018; Rae and Broecker, 2018) and in the “paleo ocean” (e.g., Williams et al., 2019; Glasscock et al., 2020; Rafter et al., 2022). Such tracers have also begun to provide information about the causes of AABW variability, including its production rate, and how it ventilates the deep ocean (van Wijk and Rintoul, 2014; Katsumata et al., 2015; Gunn et al., 2023). With continuing data collection and increased availability, improved techniques (e.g., Cimoli et al., 2023), and combination with synthetic tracers from models (e.g., Solodoch et al., 2022), dissolved gases can provide further insight into the variability of AABW over the past century.






3 New observing systems



3.1 Profiling floats

Profiling floats are part of the Argo program and have revolutionized the field of oceanography and the ability to monitor the ocean since the 2000s (Riser et al., 2016). Such floats were designed to autonomously measure ocean properties (temperature, salinity, and pressure) between the surface and 2,000 m depth, usually every 10 days, and in areas not covered by sea ice. This design precluded monitoring of AABW and its source waters on the Antarctic continental shelf. However, over the last decade, new technological developments have enabled profiling floats to sample under sea ice (Klatt et al., 2007; Riser et al., 2016) on the Antarctica continental shelf and below 2,000 m depth (“Deep Argo” floats).

Profiling floats have been deployed on the Antarctic continental shelf since the 2010s (see Figure 11A). These floats are designed not to surface when a specified threshold is reached (for example, when the ocean temperature falls below a certain value) in order to avoid sea ice encounters. This threshold can be chosen depending on the environmental setting and experimental design. As the position of the floats is unknown when sea ice is present, different interpolation schemes and acoustic tracking methods have been employed to reconstruct the under-sea ice trajectories. These include simple linear interpolation between known positions or more sophisticated methods that consider bathymetry, potential vorticity, sea level, and ocean density (Wallace et al., 2020; Yamazaki et al., 2020; Oke et al., 2022). It is also common to park floats at the seafloor between consecutive profiles to avoid strong drifting along and away from the continental shelf (e.g., Porter et al., 2019; Silvano et al., 2019; Wallace et al., 2020; van Wijk et al., 2022). These floats have been deployed in many locations around Antarctica, providing new insights into the seasonality of the mixed layer and its impact on shelf properties (e.g., Porter et al., 2019; Silvano et al., 2020).




Figure 11 | (A) Examples of new observing systems that can map Antarctic Bottom Water (AABW). Near-bottom neutral density (kg/m3) obtained by profiling floats (on the continental shelf) and by deep floats (off the continental shelf). (B) Neutral density extracted by conductivity–temperature–depth (CTD)-instrumented seals at the deepest level reached at each location. The black line in panels A and B indicates the 1,000-m isobath, delimiting the continental shelf. Maps of (C) neutral density and (D) the rate of turbulent kinetic energy dissipation (W/kg), which quantifies mixing, measured by Autosub Long Range at ~90 m above the sea floor in the Orkney Passage (color). See (A) for location of Orkney Passage. Horizontal velocity averaged over 50–75 m (black vectors) and 125–150 m (white vectors) above the sea floor, bathymetry (gray shading), and two high-resolution CTD sections (red lines labeled B3 and B4), are shown in both (C, D) Adapted from Naveira Garabato et al. (2019). Images of a profiling float (P. Abrahamsen), CTD-instrumented seal (C. R. McMahon, IMOS Animal Tagging), and Autosub Long Range (A. Naveira Garabato) are shown in (A-D), respectively.



Deep Argo floats, with the ability to profile to either 4,000 m or 6,000 m depth and under sea ice, can provide year-round observations of the abyssal ocean. Presently, the floats have been deployed in regional pilot arrays in specific basins where changes in bottom water had been previously observed through traditional shipboard hydrographic surveys. The arrays of Deep Argo floats simultaneously sample AABW throughout these basins at a significantly higher frequency than repeat hydrographic sections (every 10 days compared to years apart), thus providing a new perspective of AABW variability and circulation. The first array was deployed in the Southwest Pacific basin, with original test deployments in 2014 and deployment of a more complete array in 2016. The resulting data allowed for the quantification of recent AABW warming (Johnson et al., 2019) and abyssal transport (Zilberman et al., 2020) in that basin. In 2018, the first Antarctic pilot array was deployed in the Australian Antarctic Basin (see Figure 11A), and in 2019, another pilot array was deployed in the Brazil Basin. These floats are already providing new information about the pathways and variability of AABW (Johnson et al., 2020; Thomas et al., 2020; Foppert et al., 2021). The Deep Argo floats have offered a new perspective on AABW, despite the technology still being relatively new, and they are poised to transform our understanding of AABW variability and circulation as the pilot arrays transform into a global fleet.




3.2 Seals

Marine mammals, in particular Elephant (Southern Mirounga leonina) and Weddell (Leptonychotes weddellii) seals, equipped with biological and physical electronic sensors, such as CTD instruments (Nicholls et al., 2008; Roquet et al., 2013), have provided unique observations in the Southern Ocean (see McMahon et al. (2021) for a full discussion). Seals have the ability to dive to the seafloor (up to ~2,000 m depth for elephant seals) and under sea ice, providing year-round observations in regions hard to reach (such as the Antarctic continental shelf; see Figure 11B), especially in the winter months. Temperature and salinity profiles collected by seals have delivered new insights into the formation of dense waters on the Antarctic continental shelf (e.g., Nicholls et al., 2008; Ohshima et al., 2013; Kitade et al., 2014; Williams et al., 2016; Portela et al., 2021). These data have highlighted factors limiting dense water formation, including intrusions of warm CDW onto the shelf (Ribeiro et al., 2021; Herraiz-Borreguero and Naveira Garabato, 2022) and glacial meltwater input from melting ice shelves (Williams et al., 2016; Silvano et al., 2018; Ribeiro et al., 2021).




3.3 AUVs and gliders

Recent advances in long-endurance autonomous robotic technologies are beginning to open up new avenues for AABW observation. In particular, the advent of deep ocean gliders (Osse and Eriksen, 2007; Testor et al., 2019) and autonomous underwater vehicles (AUVs; Furlong et al., 2012; Roper et al., 2021) capable of measuring in waters as deep as 6,000 m over distances of up to several thousand kilometers and periods of several months are enabling the controlled, spatially targeted observation of AABW properties and flow with fine spatio-temporal resolution—reaching areas that are difficult to access with ship-deployed instrumentation or drifting platforms. Examples include AUV (Jenkins et al., 2010; Davis et al., 2022; Davis et al., 2023) and glider (Nelson et al., 2017; Friedrichs et al., 2022) missions under Antarctic ice shelves, as well as glider campaigns on the continental shelf (Kohut et al., 2013) and AUV deployments in the abyssal Southern Ocean (Naveira Garabato et al., 2019).

The potential of these technologies to advance understanding of processes relevant to AABW is illustrated by measurements of the flow through the Orkney Passage, a key chokepoint in the equatorward export of the AABW formed in the Weddell Sea (Naveira Garabato et al., 2002; Jullion et al., 2014). During a 3-day mission, the AUV Autosub Long Range (Figures 11C, D) acquired hydrographic, velocity, and turbulent microstructure data within 100 m of the seafloor along a ~180-km track, with an along-track resolution of a few meters (Naveira Garabato et al., 2019). This new mode of AABW observation unveiled the occurrence of important, previously undocumented submesoscale dynamics, suggested to be centrally implicated in the wind-forced regulation of the deep ocean heat budget of the South Atlantic (Meredith et al., 2011; Naveira Garabato et al., 2019). Autonomous robotic missions have also been deployed under ice shelves, including the Filchner-Ronne Ice Shelf (AUV; Davis et al., 2022) and Ross Ice Shelf (gliders; Nelson et al., 2017). As the endurance and robustness of autonomous robotic assets expand in coming years, it is expected that the AABW observing system will increasingly rely on these technologies for process-understanding and monitoring AABW characteristics across key circulation pathways.





4 Indirect approaches



4.1 Inverse modeling

Inverse modeling has, to date, been the most widely used indirect approach to quantitatively determine AABW circulation on regional-to-basin scales. In their most common form, inverse models (Wunsch, 1996; McIntosh and Rintoul, 1997) enable the assessment of the “steady state” ocean circulation that is consistent with both observations (e.g., measurements of hydrographic and biogeochemical variables along transects bounding a closed box) and fundamental dynamical and thermodynamical constraints (e.g., hydrostatic and geostrophic balance; conservation of mass, heat, and salt). Inverse models of this type (commonly referred to as “box-inverse models”) are formally underdetermined (Wunsch, 1996). As they have an infinite number of possible solutions, generating a realistic and physically insightful circulation requires that the models’ initial conditions and uncertainties be defined judiciously under firm guidance from observations and sound physical principles.

The view of AABW circulation emerging from box-inverse models spanning the circumpolar domain (Ganachaud and Wunsch, 2000; Sloyan and Rintoul, 2001; Lumpkin and Speer, 2007; Naveira Garabato et al., 2014) is one of significant AABW production within, and equatorward export along, each of the three major Southern Hemisphere basins. AABW denser (neutral density) than  28.27 kg/m3 is assessed by these models to form at a circumpolar rate of approximately 7 to 20 Sv, with the factor of three variations being attributed to uncertainties associated with differing model formulations (e.g., different assumed flow-governing physics or locations of observational transects). At the regional scale, inverse modeling has been performed in the Weddell Sea, providing an estimate of AABW production in the south-western Weddell Sea of 8 Sv (Jullion et al., 2014; Naveira Garabato et al., 2016; see Figure 10B).




4.2 Remote sensing

The many observational challenges associated with direct observation of AABW, noted in previous sections, have motivated efforts to indirectly observe AABW, for example, using remote sensing technologies. To date, the only aspect of AABW that has been systematically estimated via remote measurements is the rate of sea ice formation in coastal polynyas around Antarctica (Tamura et al., 2008; Tamura et al., 2016). These studies developed a thin ice thickness algorithm using Special Sensor Microwave Imager (SSM/I) and estimated sea ice formation from a heat budget analysis with the assumption that all the heat loss is used for ice formation. Higher spatial resolution estimates by Nihashi and Ohshima (2015) used the Advanced Microwave Scanning Radiometer-EOS (AMSR-E) data.

Recent work highlights the importance of underwater frazil ice production in Antarctic coastal polynyas (Thompson et al., 2020; Ohshima et al., 2022). The underwater frazil ice formation prevents heat-insulating surface-cover ice from forming, thereby enabling efficient ice production. A thin ice algorithm that detects active frazil, a mixture of frazil/pancake ice and open water, has been developed for AMSR-E (Nakata et al., 2019) and SSM/I (Kashiwase et al., 2021), which provides a more accurate estimation of sea ice formation. Figure 2B shows the updated map of sea ice formation based on that algorithm. The three polynyas exhibiting the highest sea ice formation rate (Ross Ice Shelf Polynya, Cape Darnley Polynya, and Mertz Polynya) correspond to three of the four major AABW formation sites. Sea ice formation in the Mertz Polynya, however, abruptly decreased due to the glacier calving in 2010 (see the lower panels in Figure 2B), resulting in a decrease in AABW formation (Aoki et al., 2013; Snow et al., 2018). This example demonstrates that the variability of AABW is closely linked to sea ice formation in coastal polynyas. In addition, recent changes in AABW formed in the Ross Sea have also been suggested to be associated with variability in sea ice formation (Silvano et al., 2020).

While satellite-derived estimates of sea ice formation provide useful information on AABW formation and variability, surface freshwater/buoyancy fluxes do not directly quantify the rate of dense water formation, as the transformation rate also depends on the surface density gradients (Abernathey et al., 2016; Groeskamp et al., 2019). The rate of AABW formation also depends critically on the entrainment/mixing occurring over the continental shelf and slope (e.g., Akhoudas et al., 2021; Bowen et al., 2021). After forming and descending the Antarctic continental slope, AABW spreads at depths that are not directly observable using remote sensing techniques. However, there is precedent for observing components of the ocean’s overturning circulation indirectly via satellite measurements of sea surface height (SSH; Chelton et al., 2001), sea surface temperature (SST; Deser et al., 2010), and ocean bottom pressure (OBP; Tapley et al., 2019). Indeed, there is now a substantial body of research devoted to the identification of “fingerprints” of Atlantic Meridional Overturning Circulation (AMOC) variability in SSH and SST and to the use of SSH and OBP measurements for reconstruction of subsurface meridional transports in the North Atlantic (see Frajka-Williams et al., 2019, and references therein).

Recent studies have explored the possibility of using satellite measurements to observe the circulation of AABW. All of these studies are founded on the dynamical link between the meridional geostrophic transport of AABW and the zonal momentum balance, as indicated schematically in Figure 12A. Zonal momentum input from surface winds is removed at the sea floor via topographic form stress (TFS) (see, e.g., Olbers et al., 2004). The geostrophic meridional transport of AABW, TAABW, is exactly related to the difference between the interfacial form stress (IFS) at the isopycnal upper bound of the AABW layer and the TFS at the sea floor (Stewart and Hogg, 2017; Stewart et al., 2021).




Figure 12 | Schematic of dynamical links with Antarctic Bottom Water (AABW) transport variability, offering potential approaches to indirect observation of AABW circulation. (A) Mean northward flow of AABW across the Southern Ocean abyss (dark blue) and mean zonal momentum balance (purple arrows/labels). The AABW flow and momentum balance are linked via geostrophy in the AABW layer, which requires that the interfacial form stress (IFS) at the top of the AABW layer exceeds the topographic form stress (TFS). (B) Regarding time scales shorter than a few years, zonal wind stress fluctuations induce a primarily barotropic response and thus fluctuations in the TFS but are too rapid to produce a substantial baroclinic response and adjustments of the IFS (Ward and Hogg, 2011). Consequently, AABW transport fluctuations on these time scales are primarily due to wind variability (Stewart et al., 2021). (C) On multi-annual time scales, temporal fluctuations in AABW transport lead to fluctuations in sea surface height in the ACC’s standing meanders and in the distribution of bottom pressure (Stewart and Hogg, 2017).





where f is the Coriolis parameter and   is a reference density. Assuming that IFS varies slowly, Eq. (1) implies that variations in TFS, expressed as changes in OBP (Olbers et al., 2004), control AABW transport. The equivalent barotropic structure of the ACC means that these TFS changes may have an expression in SSH.

For example, Mazloff and Boening (2016) used the Southern Ocean State Estimate (SOSE; Section 4.3) to show that variability in the deep, geostrophic flow of AABW into the Pacific could be inferred from OBP measurements. Mizobata et al. (2020) combined SSH measurements with in situ hydrography to compute the export of AABW by a series of standing eddies in the Indian sector of the Southern Ocean and showed that the velocity structure is amenable to indirect inference from satellite observations alone. Stewart and Hogg (2017) performed controlled experiments using an idealized high-resolution channel model of the ACC to show that changes in the multi-annual-mean export of AABW lead to potentially measurable signatures in SSH and OBP. Figure 12C schematically illustrates the suggested correspondence between deep AABW outflows across the Southern Ocean and anomalies in SSH and OBP that might be leveraged to indirectly observe its transport. Changes in the surface circulation of the standing meanders in the ACC may also be expected to produce a signature in SST, but the potential for indirectly observing AABW transport via SST remains to be explored.

It may also be possible to observe dense water overflows at the shelf break closer to the source from satellite-observed SSH. Modeling work has shown that simulated dense water overflow pulses in cross-slope canyons in the Ross Sea are associated with a negative steric height anomaly (Morrison et al., 2020). A similar signal is seen in the North Atlantic, where dense overflow variability has been detected in concurrent observations of satellite SSH and in situ mooring data (Høyer and Quadfasel, 2001). It has been proposed that the Denmark Strait overflow transport variability may be able to be monitored solely from satellite data (Lea et al., 2006). However, Haine (2010) concluded that SSH measurement noise in altimetry data available in 2010 was too large to allow for accurate detection of Denmark Strait overflow variability. An additional challenge for observing Antarctic overflows from satellites is the presence of sea ice. However, with the development of methods to detect SSH beneath sea ice (e.g., Armitage et al., 2018; Auger et al., 2022) and additional recent altimetry missions, the possibility of detecting Antarctic overflows from satellites warrants further investigation.

Recent works have drawn additional links between the deep circulation of AABW and near-surface winds. Tandon et al. (2020) showed that winds drive substantial fluctuations (several Sverdrups) in the Indo-Pacific overturning streamfunction, due to the long time scale over which the stratification adjusts to wind forcing, associated with the westward propagation of baroclinic Rossby waves. Stewart et al. (2021) showed that a similar phenomenon occurs at high southern latitudes (south of 30°S). Regarding time scales shorter than a few years, the baroclinic (IFS) component of the zonal momentum balance responds negligibly to wind fluctuations, whereas the barotropic (TFS) component adjusts to compensate for the wind changes (see Figure 12B). This leads to AABW northward transport fluctuations that are approximately equal in magnitude and opposite in sign to wind-driven surface Ekman transport fluctuations on time scales shorter than a few years. This finding potentially allows high-frequency variability in AABW transport to be indirectly observed/reconstructed from the zonal surface wind stress, which can be calculated from reanalysis products or surface pressure measurements. However, such high-frequency fluctuations pose a challenge for efforts to measure AABW export from the Antarctic continental shelf across the Southern Ocean, which likely manifests as interannual-to-decadal fluctuations in AABW transport (Abrahamsen et al., 2019; Silvano et al., 2020).




4.3 Data assimilation modeling

Data assimilation products have the potential to add value to sparse observations by filling data gaps with dynamically realistic models. Data assimilation acts to “nudge” a model toward observational constraints. Similarly, a state estimate is produced by obtaining the least squares fit of a forward-running ocean model to a wide range of available observations to produce a temporally evolving three-dimensional field (e.g., Wunsch and Heimbach, 2007). In contrast, inverse models, as discussed in Section 4.1, usually lack temporal resolution and primarily incorporate only hydrographic section data.

A recent intercomparison project compared the global performance of 26 ocean data assimilation products (Balmaseda et al., 2015), highlighting the recent advancement of such products. However, only a few of these data assimilation models are evaluated for AABW formation and circulation. For example, Azaneu et al. (2014) showed that AABW in the ECCO2 reanalysis is formed by deep convection in the Weddell Sea rather than by on-shelf dense water production and subsequent descent down the continental slope (Menemenlis et al., 2008). A range of data assimilation products (ECMWF-ORAS4 (Balmaseda et al., 2013), CFSR (Saha et al., 2010), MyOcean-UR025.4 (Ferry et al., 2012), ECCO2 (Menemenlis et al., 2008), ECCOV4r4 (Forget et al., 2015), SODA 2.2.4 (Carton and Giese, 2008; Giese and Ray, 2011, and SOSE (Mazloff et al., 2010)) are compared in Dotto et al. (2014); Aguiar et al. (2017), and Bailey et al. (2023). While some of these reanalyses formed AABW at realistic rates (e.g., ECCOV4r4, SODA, and SOSE), all of the models did not well capture the spatial distribution and variability of AABW compared with observations. Despite this discrepancy between data assimilation models and observations, a few studies have utilized data assimilation products to study the hydrography and circulation of AABW (e.g., Mazloff et al., 2013; Van Sebille et al., 2013; Abernathey et al., 2016; Cessi, 2019; Rousselet et al., 2021; Stewart et al., 2021).

The physics of AABW formation and export are thus rarely well captured in forward ocean models (Renner et al., 2009; Kerr et al., 2012; Heuzé, 2021), whether or not they assimilate hydrographic observations. In the rare cases where AABW processes are better captured (e.g., ACCESS-OM2-01; Kiss et al., 2020; Solodoch et al., 2022), it is clearly dependent on high resolution (Mensah et al., 2021) and thus comes at a computational expense that restricts the length of simulations. These limitations hamper our ability to characterize the role of AABW in global ocean ventilation. The Ocean Circulation Inverse Model (OCIM; DeVries and Primeau, 2011), which is a three-dimensional dynamical ocean model optimized to fit a wide range of relevant hydrographic observations, provides an alternative tool to characterize AABW pathways. This circulation estimate is steady and has a relatively low spatial resolution (2° in the horizontal, 48 layers in the vertical; Holzer et al., 2021). However, because it assimilates six tracers (temperature, salinity, CFC-11, CFC-12, radiocarbon, and Helium-3) whose distributions are reproduced with high accuracy, it allows faithful quantification of ventilation rates and pathways in the global deep ocean (DeVries and Holzer, 2019; Holzer et al., 2021). For example, the Ocean Circulation Inverse Model has provided revised estimates of the strength (approximately 8 Sv) and structure (confined to depths > 2.5 km) of the abyssal overturning in the Pacific Ocean (Holzer et al., 2021). These estimates reflect a modern mean state; changes in AABW cannot be assessed with this tool.





5 Future directions

Since the 19th century and more systematically after the 1960s, observations in the Southern Ocean have progressively transformed our understanding of AABW. In recent decades, observations also revealed clear trends in AABW: 1) AABW volume reduction, 2) AABW warming, and 3) AABW salinity changes (e.g., Purkey et al., 2018; Silvano et al., 2020). However, the causes of these changes remain uncertain due to the paucity of in situ data, and several aspects of AABW formation and spreading remain poorly known. Below we highlight some of the outstanding questions in AABW processes and outline which observing system will be required in coming years and decades to tackle them.



5.1 Outstanding questions

Q1) What is the contribution of AABW to the lower limb of the meridional overturning circulation?

Box-inverse models provide a wide range of AABW formation rates (7–20 Sv; Section 4.1). The weaker estimates (<10 Sv) are consistent with diagnostics from CFCs (Orsi et al., 1999) but are difficult to reconcile with direct measurements of the northward export of AABW at selected chokepoints, such as the Orkney Passage (through which 4–6 Sv of AABW has been shown to leave the Weddell Sea; Naveira Garabato et al., 2002; Jullion et al., 2014; Abrahamsen et al., 2019) and the deep boundary current to the east of the Kerguelen Plateau (via which ~12 Sv has been observed to flow equatorward; Fukamachi et al., 2010). These comparisons suggest that AABW production is potentially in line with, or may possibly even exceed, the highest inverse model estimates and signal the robust quantification of circumpolar AABW formation as well as mixing as a major outstanding challenge.

Coupled with this problem, there is a long-standing discussion on the relative contributions of different Southern Ocean sectors to AABW production and northward export, ranging from a view of the dominance of the Weddell region (e.g., Lumpkin and Speer, 2007) to another of approximate equipartition between the Atlantic, Indian and Pacific sectors (e.g., Naveira Garabato et al., 2014), as also suggested by recent modeling work (Solodoch et al., 2022). Settling this issue will entail gaining a greater quantitative understanding of zonal, inter-sector exchanges of AABW. It is plausible that the Weddell’s disproportionate importance as an AABW formation hotspot suggested by some works may reflect the accumulation in, and subsequent export from, the Weddell Sea of AABW produced in the Indian and Pacific sectors (Jullion et al., 2014), which may be promoted by the westward flow prevalent along much of the Antarctic continental slope (Naveira Garabato et al., 2014; Solodoch et al., 2022).

Q2) What is the role of AABW in ocean heat storage and biogeochemical cycles?

AABW plays an important role in storing heat in the ocean abyss, thus affecting the planetary heat budget as well as the sea level (Purkey and Johnson, 2013). Moreover, AABW supplies oxygen and “preformed” nutrients to the global ocean abyss, thus affecting marine ecosystems and the carbon cycle (Marinov et al., 2006; Henley et al., 2020). However, very little is known about the impact of AABW changes on deep ocean heat and carbon storage as well as deep ocean oxygenation. Historically, abyssal biogeochemical properties have been less observed than physical properties, hampering our knowledge of the full climatic impact of AABW and its changes.

Q3) What are the temporal changes in AABW formation and how are they driven?

Observations during the past decades have detected temporal changes in AABW formation. However, relatively short, sparse, and intermittent observations prevent us from capturing all time scales of AABW variability. At interannual to multidecadal time scales, several forcing mechanisms have been shown to regulate AABW formation variability. These include atmospheric variability associated with climate modes, sea ice formation, ice sheet melting, iceberg calving, and tides (e.g., Gordon et al., 2009; Snow et al., 2018; Silvano et al., 2020; Hattermann et al., 2021; Jacobs et al., 2022; Bowen et al., 2023). However, the paucity of observations prevents us from 1) fully capturing the dynamics behind these forcing mechanisms, 2) quantifying their relative roles at different time scales, and 3) verifying whether their impact changes spatially.

Q4) What regulates AABW transport through the Southern Ocean?

Even less is known about what controls AABW transport through the Southern Ocean and its changes. Only a few mooring-based estimates of flow are available (Fukamachi et al., 2010; Abrahamsen et al., 2019). In addition, a limited understanding of AABW mixing processes in the deep Southern Ocean hampers quantification of AABW’s contribution to tracer transports and budgets.

Q5) What is the role of seasonal processes on AABW formation and circulation?

Seasonal variability (in particular wintertime processes) remains poorly understood. Our knowledge of key processes such as sea ice formation, convection, cross-shelf exchange, and gravity currents relies on very few observations collected in rare winter expeditions, mooring deployments, (deep and ice-capable) Argo floats, and seals.

Q6) How do AABW anomalies form and propagate?

AABW has warmed, freshened, and contracted over past decades within the Southern Ocean and to its north (e.g., Purkey and Johnson, 2010). However, the mechanisms responsible for these trends are not fully understood. The relative roles of changes in the source waters of AABW, waves, advection, mixing, and past offshore polynya events (e.g., the Weddell Polynya in the 1970s) in regulating multidecadal trends in AABW properties need further examination.

Q7) What is the role of small-scale ocean dynamics on the formation and export of AABW?

While recent advances in microstructure measurements, AUVs, and gliders have started to show the importance of sub-mesoscale and turbulent processes in AABW-related processes (Naveira Garabato et al., 2019; Spingys et al., 2021), a global quantification of their impact is missing. The multiscale nature of the lower limb of the global overturning circulation is only starting to emerge now from an observational point of view.




5.2 The need for an AABW observing system

To address the outstanding questions highlighted above, an internationally coordinated and strategically designed observing system is required. Here, we suggest some priorities for an AABW observing system (summarized in Figure 13), taking into consideration what has been measured in the past:




Figure 13 | Antarctic Bottom Water (AABW) observing system. (A) Climatological near-bottom neutral density (kg/m3) highlighting high values (red to yellow) in AABW formation regions (black arrows) and along the main AABW pathways through the Southern Ocean (blue arrows); same as Figure 3A. Overlaid are stars highlighting key areas to monitor AABW (see Section 5). Green stars represent locations where sustained (either established long-term moorings or repeated ship-based surveys) observations are ongoing. Red stars are locations where observations are more sporadic or relatively recent (less than approximately a decade) and need to be sustained over the coming decades. Black stars are instead regions where nearly no observations are available and an international effort to fill these gaps is envisaged. (B) AABW observational tools building on Newman et al. (2019): (a) ship-based conductivity–temperature–depth (CTD) combined with multiple sensors such as dissolved oxygen and velocity as well as water samples to measure tracers (e.g., oxygen isotopes and CFCs); (b) microstructure profilers to measure turbulence; (c) deep (>2,000 m depth) Argo floats; gliders to measure the deep ocean (d′) and collect observations on the continental shelf/slope and in ice shelf cavities (d′′); (e) Moorings to measure physical and biogeochemical variables, with potential to use fiber optics; autonomous underwater vehicles (AUVs) capable of reaching the deep ocean (>2,000 m depth; f′) and ice shelf cavities (f′′); (g) ice-tethered profiler (ITP); (h) satellite observations of ocean, sea ice, and ice sheet properties; (i) under-sea ice profiling floats; (j) buoys; (k) animal borne ocean sensors; (l) sound sources for acoustic locating floats, AUVs, and gliders under sea ice and ice shelves; (m) moorings deployed through boreholes to measure properties within ice shelf cavities; (n) downward-looking radars (autonomous phase-sensitive radio echosounders (ApRES)) to measure rates of ice shelf basal melt.



1) Continue long-term summertime time series of HSSW and ISW properties in the Ross Sea, Weddell Sea, and Adélie Land (Section 2.1.2) and initiate repeat measurements in Prydz Bay and Cape Darnley (Q3).

2) Design targeted campaigns in poorly sampled coastal regions using the latest technologies in measuring ocean properties, including biogeochemical parameters, under ice. These areas include the south-western Weddell Sea, eastern Ross Sea/western Amundsen Sea, and several regions around East Antarctica where only seals have been able to provide in situ observations (Q1, Q2, Q3, and Q5).

3) Maintain monitoring by moorings in key regions of AABW formation: Ross Sea, Weddell Sea, and Adélie Land (Section 2.2). Sustain mooring observations in Prydz Bay and Cape Darnley. Moorings should ideally cover continental shelf, shelf break, and slope to capture processes involved in AABW formation and could be extended to also include biogeochemical sensors that measure additional ocean properties and provide new insight (Q2, Q3, and Q5).

4) Sustain long-term mooring observations of AABW variability and export to other ocean basins (Weddell Gyre and Orkney Passage; Section 2.2) and establish new long-term (i.e., decadal) mooring systems in key chokepoints such as east of the Kerguelen, South Sandwich Trench, and Campbell Plateau (Q1, Q2, Q4, Q5, and Q6).

5) Repeat Southern Ocean GO-SHIP transects (Section 2.1.3) at least once every 10 years and prioritize the annual/biannual occupations of more frequent sections (e.g., A23, SR1b, SR3, and SR4) (Q2, Q3, Q4, and Q6).

6) Sustain under-ice shelf measurements at the Ross and Filchner-Ronne Ice Shelves and possibly re-establish a program at the Amery Ice Shelf (Section 2.3; Q3, Q5, and Q7).

7) Tracer measurements should become standard in every oceanographic campaign (Section 2.4). In particular, CFCs and oxygen isotope measurements should be prioritized given their ability to provide essential information on AABW ventilation, freshwater sources, and anthropogenic imprint. Careful consideration is needed to avoid mismatches between different laboratories when processing oxygen isotope samples (Q1, Q2, Q3, Q4, Q5, Q6, and Q7).

8) Further, strengthen the array of (ice-capable and deep) profiling floats and seals measuring ocean physical and biogeochemical properties on the Antarctic continental shelf and in the abyssal Southern Ocean (Sections 3.1, 3.2). Development of more sensors to be installed on these platforms (e.g., microstructure) would be highly beneficial (Q2, Q3, Q5, Q6, and Q7).

9) Design and deliver new missions with AUVs and gliders (Section 3.3) for multi-month, high vertical and horizontal resolution observations in the Southern Ocean (Q2, Q4, Q5, and Q7).

10) Further develop box-inverse and data assimilation models, including at a regional scale. The combination of different observationally guided modeling approaches is essential given their strengths and weaknesses (Sections 4.1, 4.3; Q1, Q2, Q3, Q4, Q5, Q6, and Q7).

11) Further refine remote sensing approaches to estimating sea ice formation rates from satellites (e.g., Tamura et al., 2008; Ohshima et al., 2022; see Section 4.2). Further work on indirect observations of AABW circulation through satellite-derived SSH, SST, and OBP needs to be progressed beyond theory, except in a few specific regions (Mazloff and Boening, 2016; Mizobata et al., 2020; see Section 4.2) (Q3, Q4, Q5, and Q6).

12) Develop and deploy new technologies. One example of (relatively) low-cost, autonomous tools that can be used to monitor conditions (e.g., on the Antarctic continental shelf) is recording “pop-up” buoys (e.g., Long Term Underwater Sensing bottom landers, LoTUS, and T-pops). The buoys register temperature during a pre-set time interval (years) after which they let go of their anchor and “pop up” to the surface. They are designed to survive in and below sea ice and to transfer data via satellite once out of the ice. Similarly, ice-tethered profilers employed in the Arctic (Toole et al., 2011) can be deployed in Antarctic coastal regions to collect year-round high-resolution observations near the surface.

A further opportunity for sustained low-cost observations at high space-time resolution (meter to centimeter, minute to millisecond) is presented by distributed fiber optic sensing (Hartog et al., 2018). This technology can be utilized in a wide range of marine environments using dedicated and legacy cables to measure temperature (Selker et al., 2006), including in Antarctic environments (e.g., Kobs et al., 2014). Additionally, recent studies have demonstrated the potential of utilizing strain to observe ocean properties (Williams et al., 2022; Spingys et al.2). Finally, further development and deployment of sound sources for under-ice navigation are envisaged, especially on continental shelves and under-ice shelves.

13) Machine learning can be used in several ways to help address AABW-related questions. For example, a possible means of circumventing the limitations of satellite-derived proxies of AABW circulation (SSH, SST, and OBP; see Section 4.2) is to leverage machine learning techniques, which have been used, e.g., to infer subsurface velocity fields (Chapman and Charantonis, 2017) and subsurface meridional heat transport/overturning from SSH (George et al., 2021; Solodoch et al., 2023).





6 Conclusions

This review outlines the different techniques used to observe AABW from beneath the Antarctic ice shelves to the north of the ACC. These techniques have shaped our current understanding of the polar and abyssal oceans. However, despite the continuous development of observational tools, a robust quantification of AABW’s capacity to take up and store heat and carbon in the abyssal ocean, as well as of the mechanisms involved, is missing. This inadequate understanding limits our ability to predict heat and carbon partitioning between atmosphere and ocean on multidecadal and longer time scales, hampering long-term projections of global climatic change.

Designing an observing system capable of assessing outstanding questions in “AABW research”, as highlighted in Section 5 and Figure 13, is key to addressing this fundamental gap in our understanding of the Earth system. The AABW observing system can build on the legacy of decades of pioneering expeditions and measurements in the Southern Ocean as well as experience in monitoring the AMOC (Frajka-Williams et al., 2019), providing a framework for future generations of environmental scientists. This observing system will also serve other areas of active research, including Antarctic Ice Sheet and sea level rise (through observations of ocean properties near Antarctic glaciers), Southern Ocean ecosystem dynamics (through analysis of ocean conditions both near the coast and in the abyssal Southern Ocean), and oceanographic technology (by improving observing capabilities in polar and abyssal environments). The further development of autonomous (e.g., AUVs and gliders) and remote (satellite) tools will be essential to reduce the environmental impact of operations both in the Southern Ocean and in other ocean basins. International programs, such as the Southern Ocean Observing System (SOOS), could provide the framework for designing, implementing, and sustaining the AABW observing system along with national research programs.
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