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Abstract

Antarctic Bottom Water (AABW) is the coldest, densest, most prolific water
mass in the global ocean. AABW forms at several distinct regions along the
Antarctic coast and feeds into the bottom limb of the meridional overturning
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circulation, filling most of the global deep ocean. AABW has warmed, freshened, and declined in
volume around the globe in recent decades, which has implications for the global heat and sea level
rise budgets. Over the past three decades, the use of tracers, especially time-varying tracers such
as chlorofluorocarbons, has been essential to our understanding of the formation, circulation, and
variability of AABW. Here, we review three decades of temperature, salinity, and tracer data and
analysis that have led to our current knowledge of AABW and how the southern component of
deep-ocean ventilation is changing with time.

1. INTRODUCTION

As early as the Challenger expedition of 1872–1876, deep waters of the global ocean have been
traced back to an Antarctic source (Sverdrup et al. 1942). Now known as Antarctic Bottom Water
(AABW), this water mass occupies the largest volume of any water mass in the ocean. AABW
circulates from its formation sites around Antarctica throughout the global ocean as part of the
bottom limb of the meridional overturning circulation (MOC) and may be isolated from the surface
for a millennium or longer. In recent decades, AABW has warmed, freshened, and decreased in
volume (Purkey & Johnson 2010, 2012, 2013), suggesting a large-scale shift in Southern Ocean
deep ventilation.

AABW is produced primarily in three locations along the Antarctic continental shelf (Orsi
et al. 1999) (Figure 1). At each formation site, a pool of cold, dense shelf water forms through
complex interactions with the continental shelf below, the ice shelf above, and the atmosphere
when katabatic winds open coastal polynyas (Foster & Carmack 1976, Rintoul 1998, Gordon
2013) (Figure 2; see also Section 2). Within polynyas, the surface waters are able to exchange
gases and approach equilibrium with the atmosphere (Schlosser et al. 1991, Rodehacke et al.
2009). As the dense water circulates under the ice shelf, it interacts with the ice shelf through
melting and freezing ( Jacobs 2004), gaining an isotopic signature from glacial ice meltwater and
the release of gases trapped in glacial ice bubbles (e.g., Schlosser et al. 1991). Finally, as the shelf
water flows across the shelf break and down the continental slope, it entrains ambient waters,
primarily modified Circumpolar Deep Water (CDW), to produce AABW.

Direct observation of AABW formation is challenging owing to the relatively small spatial and
temporal scales of dense-water formation events and the inhospitable environments near formation
sites. The tagging of AABW with chemical signatures from contact with the atmosphere, glacial
ice, and the unique biological characteristics of the shelf formation regions has been a key tool in
advancing our understanding of the production, circulation, and volume of AABW flowing from
source regions to the global ocean through the bottom limb of the MOC.

Here, we review the use of anthropogenic transient tracer gases—chlorofluorocarbons (CFCs)
and sulfur hexafluoride (SF6)—and natural tracers in advancing our understanding of AABW and
its variability. We start by describing where and how AABW forms around Antarctica (Section 2)
and review the use of tracers to estimate deep-ocean ventilation rates (Section 3). In Section 4, we
discuss specifically how tracers have been used to quantify AABW formation rates and circulation.
Finally, we shift away from the steady-state assumption and present temperature, salinity, and
CFC data that support the growing evidence that AABW properties and volume are changing
(Section 5). We conclude with a brief discussion of future applications of CFCs and SF6 that
could improve our understanding of the processes driving the continuing variability in AABW
formation and circulation.
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Figure 1
Mean concentrations of the chlorofluorocarbon CFC-11 (CCl3F) within the Antarctic Bottom Water layer
(defined as bottom waters with a neutral density greater than 28.27 kg m−3) from data (red dots) collected
either before or during the World Ocean Circulation Experiment (WOCE).The four regions of AABW
formation—the Weddell Sea, the Ross Sea, the Adélie Coast, and Prydz Bay—are highlighted. Adapted from
Orsi et al. (1999) with permission from Elsevier.

2. CONTINENTAL MARGIN BOTTOM WATERS, OPEN
OCEAN CONVECTION, AND THE SEASONALITY OF
DENSE-SHELF-WATER EXPORT

Dense water forms on the Antarctic continental shelf as cold polar air spreads seaward, extracting
heat from the coastal waters. The resultant cooling and salinification, via sea-ice production, form
dense shelf water ( Jacobs et al. 1985) that is eventually exported in thin (<400 m) descending
plumes over the continental slope into the deep ocean as AABW, cooling the lowest kilometer of
the world ocean (Legg et al. 2009, Gordon 2013, Heywood et al. 2014).

Antarctica is not zonally symmetric: Along the 18,000-km Antarctic margin are sectors of
narrow and wide continental shelves. There are also regions where the margins recede poleward,
forming the large embayments of the Weddell and Ross Seas, or protrude northward, such as
the margins of East Antarctica and the Antarctic Peninsula. Additionally, the distance between
the continental margin and the warm deep waters of the Antarctic Circumpolar Current varies,
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Figure 2
Schematic of Antarctic Bottom Water formation along the Antarctic continental shelf and slope. Cold shelf
water forms through brine rejection in coastal polynyas during ice formation and export. The shelf water
flows down the slope in dense plumes, mixing with ambient Warm Deep Water (also referred to as modified
Circumpolar Deep Water). Potential temperatures pertinent to Weddell Sea Bottom Water formation are
also shown. Adapted from Gordon (2013) with permission from Elsevier.

WSBW: Weddell Sea
Bottom Water

RSBW: Ross Sea
Bottom Water

Sv: sverdrup (1 Sv =
106 m3 s−1)

HSSW: High-Salinity
Shelf Water

from the close approach in the southeast Pacific sector to the greater separation offshore of the
Weddell Sea, affecting the properties of the shelf water. As a consequence of the air-sea fluxes
and the properties of the regional shelf/slope water type exchange, the shelf water of the Antarctic
margin varies in temperature and salinity, producing a range of AABW varieties (Gordon 1974).

The Weddell and Ross Seas are the primary sites of export of dense shelf water, while sites
along the Antarctic margins south of Australia and within the Indian Ocean sector contribute
less ( Jacobs et al. 1970; Gordon 1974, 2013; Foster & Carmack 1976; Baines & Condie 1998;
Gebbie & Huybers 2011; Ohshima et al. 2013; Heywood et al. 2014) (Figure 1). The AABW
produced in the Weddell Sea [Weddell Sea Bottom Water (WSBW)] has a characteristic potential
temperature of −1.0◦C and a salinity of 34.64; the Ross Sea produces the saltiest AABW [Ross
Sea Bottom Water (RSBW)], with a characteristic potential temperature of −0.8◦C and a salinity
of 34.70 ( Jacobs & Comiso 1989; Gordon et al. 2010, 2015). The characteristics of the AABW
produced in the Australian and Indian Ocean sectors are closer to those of the WSBW, although the
production rates are lower. The transport of WSBW off the shelf is approximately 4–5 sverdrups
(Sv) (1 Sv = 106 m3 s−1), apparently drawing from a shelf water flux of 1–3 Sv (Gordon 1998;
Fahrbach et al. 1995; Gordon et al. 1993, 2010). The production of AABW from the Ross Sea
reaches the deep ocean along two paths: ∼1.7 Sv as a boundary current off Cape Adare, drawing
High-Salinity Shelf Water (HSSW) from the western Ross Sea, and lower-salinity bottom water
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Figure 3
Cross-slope transects of the chlorofluorocarbon CFC-11 (CCl3F) along the Ross Shelf break during AnSlope II in February–April
2004. Red dots denote the station locations corresponding to tick marks and numbers above panels a–g. The sections start to the east
(panel a) and move counterclockwise around the shelf to the west (panel g); panel h shows the locations of the sections along the shelf
break. Panel h also shows the pathways of the low-salinity (blue) and high-salinity (red) shelf waters from the primary deep troughs (DT,
Drygalski Trough; JT, Joides Trough; GCT, Glomar Challenger Trough), following figure 1 from Gordon et al. (2009). Pennell Bank
(PB) and Iselin Bank (IB) are also labeled for reference.

drawn from the central Ross Sea and exported east of Iselin Bank (Gordon et al. 2004, 2009,
2015; Orsi & Wiederwohl 2009) (Figure 3). The AABW contribution from east of Iselin Bank
is not well determined; some may flow into the Cape Adare bottom current, but some enters
the southeast Pacific basin (Gordon 1966). AABW formed in the Cape Darnley Polynya of the
Indian Ocean sector of Antarctica, to the west of Prydz Bay and the Amery Ice Shelf, contributes
approximately 0.7–1.5 Sv of AABW (Ohshima et al. 2013). The direct contribution from Prydz
Bay is not clearly determined (Yabuki et al. 2006). Bottom water formed along the Adélie Coast
(Gordon & Tchernia 1972) has also not been fully quantified but may be significant (Rintoul 1998,
Williams et al. 2008).

Winter coastal polynyas—strips of near-zero sea-ice cover along the Antarctic coast—are im-
portant regions for the formation of dense shelf waters (Figures 1 and 2). Within coastal polynyas,
enormous quantities of sea ice form as cold, dry air spreads seaward over the ocean. The sea ice
is subsequently blown northward (offshore), maintaining the coastal polynya, enabling more ice
to form, and boosting the salinity and density of the (near-freezing) water column. Thus, the
coastal polynyas act as sea-ice factories. Nihashi & Ohshima (2015) identified 13 Antarctic coastal

www.annualreviews.org • AABW Ventilation as Seen in Tracer Data 507



MA10CH20-Purkey ARI 24 October 2017 12:48

ISW: Ice Shelf Water

polynyas, the largest of which are the Mertz Polynya in the Australian sector of Antarctica, the
Ross Ice Shelf and Terra Nova Bay Polynyas of the Ross Sea, and the Cape Darnley Polynya of the
Prydz Bay region of the Indian Ocean sector. These large, wind-forced coastal polynyas appear
in roughly the same location every winter and allow for the renewal of local shelf water. A large
coastal polynya also forms in the Weddell Sea (Paul et al. 2015).

At some of these sites, such as the Weddell and Ross Seas, the shelf water is made even colder
from contact with the northern face and base of extensive floating glacial ice shelves, leading to the
formation of Ice Shelf Water (ISW) as cold as −2.3◦C, well below the freezing point of seawater
at the ocean surface. The cold ISW chills the shelf water, making it more susceptible to sinking to
the deep-sea floor owing to the greater compressibility of colder water (the thermobaric effect).

CFC concentrations indicate that the total export of Antarctic shelf water is approximately
5.4 Sv, which upon entrainment of deep water forms 17.5 Sv of AABW (Orsi et al. 2001, 2002).
The western Ross Sea, the formation site for a particularly salty variety of AABW (Gordon 1974,
Jacobs et al. 1985, Orsi & Wiederwohl 2009), accounts for approximately 25% of AABW formation
(Orsi et al. 2002) (for further discussion, see Section 4.2).

In addition to the dense water formed along the margins of Antarctica, deep-reaching open
ocean convection occurs in the Weddell Sea. During the austral winters of 1974–1976, near 66◦S
and the Greenwich meridian, a large region normally covered by winter sea ice remained ice free
throughout the winter, referred to as the Weddell Polynya (Gordon 1978, 2014; Gordon et al.
2007). During the Weddell Polynya episode, the normal stratification changed as cold surface
water sank to depths of 3,000 m. During the three winters of the persistent Weddell Polynya,
1–3 Sv of surface water entered the deep ocean. What triggered the Weddell Polynya is unclear,
although it may have resulted from a prolonged negative phase of the Southern Annular Mode
(Gordon et al. 2007). Model simulations of the Weddell Polynya suggest that it was a response to
strengthening of westerly winds (Cheon et al. 2015) and that the ocean convection and cooling of
the deep water affected the waters of the Weddell Sea continental margin (Wang et al. 2017).

The export of shelf water to the deep ocean depends on the position of the shelf-slope front
that separates the shelf regime from the deep open ocean. The AABW derived from the Weddell
Sea displays a seasonal cycle in bottom temperatures, with a cold pulse in May or June and a warm
pulse in October or November. The timing and intensity of these phases vary each year (Gordon
et al. 2010). Seasonal fluctuations of WSBW properties are likely governed by the seasonal cycle of
the winds over the western margin of the Weddell Sea, with the interannual variability reflecting
the Southern Annular Mode and El Niño/Southern Oscillation (Gordon et al. 2010, McKee et al.
2011). The shelf-slope front moves seaward during the weaker winds of the austral summer,
allowing the shelf waters of the southwestern Weddell Sea to spill into the deep ocean in late-
summer months. This is consistent with the model results of Stewart & Thompson (2012, 2013,
2015) and the overview by Heywood et al. (2014). Increased winds parallel to the continental shelf
break shift the dense shelf water toward the coast, inhibiting the export of shelf water into the
deep ocean, whereas the weaker winds of summer allow the shelf water to spread seaward, feeding
plumes descending the continental slope. In this way, the export of shelf water into the AABW
realm depends not only on the air-sea buoyancy flux, but also on the circulation induced by the
wind momentum flux.

A 2007–2010 time series off Cape Adare revealed a similar seasonality of AABW export from
the Ross Sea (Gordon et al. 2009, 2015). The maximum bottom speeds at the time of the coldest
and saltiest events mark an export of the HSSW from the western Ross Sea in late austral summer,
similar to the Weddell Sea. A secondary cold bottom water event that is not coupled to high
salinity occurs in October and November, suggesting that lower-salinity Ross Sea shelf water
originates from the Glomar Challenger Basin to the east of Pennell Bank (Figure 3). Williams
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et al. (2008) reported similar seasonality and interannual variability in the export of dense water
from the Adélie Depression into the Australian-Antarctic Basin.

3. TRACERS QUANTIFY DEEP-OCEAN VENTILATION
AND CIRCULATION

During the past six decades, anthropogenic substances have been produced that have proven to
be excellent tracers for ocean ventilation, including bomb tritium and its daughter product from
radioactive decay, 3He; bomb radiocarbon; CFCs; and SF6. These substances are often referred
to as transient tracers because their input to the ocean varies with time (Figure 4). Because their
input histories to the sea surface can be reconstructed and they are conservative in the ocean
interior, these tracers provide quantitative information about ocean ventilation timescales.

The utility of transient tracers for investigating ocean circulation and ventilation was first
realized in the 1970s following observations of bomb tritium and radiocarbon, produced by at-
mospheric nuclear weapons testing, in the deep North Atlantic during the Geochemical Ocean
Sections Study (GEOSECS) program (Broecker & Peng 1982). In the early 1980s, oceanic CFC
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Figure 4
Atmospheric history of the chlorofluorocarbons CFC-11 (CCl3F) and CFC-12 (CCl2F2) and sulfur
hexafluoride (SF6) in parts per trillion (ppt). Data are from Bullister (2015).
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WOCE: World
Ocean Circulation
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CLIVAR: Climate
Variability and
Predictability
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Ocean Ship-Based
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GLODAPv2: Global
Ocean Data Analysis
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measurements revealed high concentrations of CFC-11 (CCl3F) and CFC-12 (CCl2F2) in the
deep Nordic Seas (Bullister & Weiss 1983), the deep North Atlantic (e.g., Weiss et al. 1985, Fine
& Molinari 1988, Pickart et al. 1989, Smethie 1993), and the deep Southern Ocean adjacent to
the Antarctic continent (e.g., Bullister 1989, Trumbore et al. 1991). We focus here on the use of
CFCs to trace AABW production.

Production of CFC-12, used extensively in refrigeration and air conditioning, began in the
1930s, and production of CFC-11, used as an aerosol spray propellant, as an expansion gas in
plastic foams, and in many manufacturing processes, began in the 1940s; the production of both
increased significantly in the 1950s, and their concentrations in the atmosphere increased rapidly
until 1990 (Bullister 2015) (Figure 4). Because they catalyze stratospheric ozone destruction
and are powerful greenhouse gases, the atmospheric time histories of both gases are carefully
monitored with a global network for trace gas measurements [the Advanced Global Atmospheric
Gases Experiment (AGAGE) (https://agage.mit.edu) and the National Oceanic and Atmospheric
Administration’s Earth System Research Laboratory (https://www.esrl.noaa.gov)]. Restrictions
on production of CFC-11 and CFC-12 were initiated in the late 1980s, and their atmospheric
concentrations are now slowly decreasing (Figure 4). They continue to enter the ocean interior
as surface water is converted to denser subsurface water and will continue to propagate into the
deep-ocean interior on timescales from decades to centuries because of their slow decrease (∼1%
per year) in the atmosphere. SF6, which is used extensively as an electrical insulator in high-
voltage equipment, began entering the atmosphere, and hence the oceans, in significant quantities
approximately two decades later than CFCs (Figure 4). Its concentration has been increasing
monotonically since the 1960s and nearly linearly since the mid-1980s and is monitored by the
same networks used to monitor CFCs. CFCs and SF6 can be measured onboard ship during
research cruises, and their measurement has become standard in many oceanographic studies.

Hundreds of thousands of dissolved CFC measurements have been made in the ocean. The
World Ocean Circulation Experiment (WOCE), Climate Variability and Predictability (CLIVAR)
repeat hydrography, and the Global Ocean Ship-Based Hydrographic Investigations Program
(GO-SHIP) provided quasi-synoptic coverage of all of the ocean basins and repeat occupations
every 5–10 years of basin-wide sections with high-quality temperature, salinity, oxygen, nutrient,
and transient tracer (CFCs, SF6, tritium, 3He, and 14C) data (Talley et al. 2016). The WOCE
program ended in the late 1990s, but the GO-SHIP program reoccupies a portion of the WOCE
sections, documenting changes in the world ocean as the climate warms. Many other programs
focusing on smaller regions or specific oceanographic processes have also been carried out with
extensive tracer measurements. Many of these data are included in the Global Ocean Data Analysis
Project version 2 (GLODAPv2) data compilation (Olsen et al. 2016).

3.1. Chlorofluorocarbons in Deep Circulation Pathways

The distributions of CFCs and SF6 clearly reveal deep circulation pathways. Because these com-
pounds have existed for only a few decades, their presence reveals flow paths that have existed
during this time period. They also provide quantitative information on the rate of subsurface water
formation and the transport times of the deep flow.

Formation rates can be calculated from CFC inventories. The CFC inventory of a subsurface
water mass directly reflects its formation rate over the time of CFC input to the formation region.
The source water CFC concentration as a function of time can be calculated from the well-
known atmospheric time history (Figure 4) and used to calculate the rate of input of source
water needed to match the observed total inventory (e.g., Orsi et al. 1999, Smethie & Fine 2001,
Rhein et al. 2002, LeBel et al. 2008). Repeating the calculation over different time intervals can
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TTD: transit time
distribution

reveal temporal variability in the formation rate. This method has three potentially significant
sources of uncertainty: (a) inaccuracy in determining the total CFC inventory within a water mass
owing to the lack of synoptic coverage of CFC measurements on basin to ocean-wide scales;
(b) uncertainty in the source water concentration because equilibrium of the source water with
the well-known atmospheric concentration is not always achieved, especially in regions of rapid
deep convection and ice cover where dense water is produced; and (c) uncertainty from assuming
a constant formation rate over the time of tracer input.

Deepwater transport times can be determined in two ways: (a) fitting circulation models to the
observed CFC (or SF6) concentration and (b) determining transit times for water to flow from the
source region to the point of observation (also referred to as age or isolation time from the surface)
by comparing the observed CFC (or SF6) concentration with the time history of concentration in
the source water (e.g., Fine et al. 2003). The most straightforward way to do the latter is to calculate
the gaseous partial pressure of the CFC (pCFC) from the dissolved CFC concentration using its
solubility, a function of temperature and salinity (Warner & Weiss 1985), and then compare this
value with the atmospheric time history (Figure 4) to determine the date of formation (e.g., Doney
& Bullister 1992). This can also be done using tracer ratios such as CFC-11:CFC-12 if the ratio
has varied with time (e.g., Smethie et al. 2000). The pCFC method yields an accurate mean age
if no mixing with water parcels of different ages has occurred; if mixing has occurred, it still can
do so when the change in CFC input has been linear during the time of input. For the situation
where mixing with old tracer-free water occurs, the ratio method yields the mean age of the
youngest component of the mixture. In reality, a water parcel is typically a mixture of components
with different ages. The transit time distribution (TTD) technique takes mixing into account and
provides information on both the mean age and age distribution of a water parcel (e.g., Waugh
et al. 2004, Steinfeldt et al. 2009, Holzer et al. 2010). When used with a single tracer, assumptions
must be made about the ratio of mixing to advection, but this can be constrained by using a suite of
tracers with different input functions. The method can be applied to nonsynoptic data, assuming
the circulation field is in a steady state. It can also be used to investigate variability in circulation
by applying it to observations repeated in time, such as GO-SHIP repeats of WOCE sections.

4. TRACING ANTARCTIC BOTTOM WATER AROUND THE WORLD

The extensive oceanic measurements of CFCs over the past 35 years have revealed in striking
detail how AABW forms and spreads throughout the global ocean. Here, we review key findings
of the past four decades.

4.1. Quantifying Antarctic Bottom Water Formation Rates Using Tracers

Time-varying atmospheric gases and the ratios of the stable gas isotopes from glacial meltwater
have been used to trace and quantify AABW formation at and directly downstream from AABW
formation sites. In high-latitude regions, glaciers are enriched in certain stable isotopes and transfer
that isotopic signature into ISW through glacial water addition during melting processes beneath
the ice shelf (Weiss et al. 1979, Schlosser 1986, Schlosser et al. 1991, Huhn et al. 2008) (Figure 2).

In the Weddell Sea, CFCs and the isotopes of noble gases have been used to identify AABW
production in and around the Filchner Depression and Larsen C ice shelf. Schlosser et al. (1990)
found that ISW in front of the Filchner Depression contained 1.4% pure glacial melt and demon-
strated that these isotopic signatures could be used to trace ISW out of Filchner Depression and
into WSBW. Following this work, Weppernig et al. (1996) estimated that WSBW contained 15%
ISW, with a formation rate of 5 Sv. Mensch et al. (1996) estimated that at least 3.5 Sv of WSBW
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was being produced in this region, for a total addition of 11 Sv of AABW, using a kinematic box
model fit to the hydrographic and CFC data. Farther to the west, Huhn et al. (2008) used helium
and neon isotopes to show that an additional ∼1 Sv of deep water was being formed in front of
the Larsen C ice shelf, which contained 0.1% pure glacial meltwater. Furthermore, CFC analysis
revealed a roughly 5-year residence time on the shelf and a 9-year mean transit time between the
western source and the bottom water at 0◦E (Mensch et al. 1996, Huhn et al. 2008).

In the eastern Ross Sea, Low-Salinity Shelf Water has high CFC concentrations and an age
of approximately 2.5 years, indicating recent ventilation, whereas the fresher ISW found on the
central shelf has lower CFC concentrations, with tracer ages of approximately 4 years (Trumbore
et al. 1991). These CFC concentrations suggest that the time for transforming HSSW to ISW
under the ice ranges from 4.1 to 4.8 years (Smethie & Jacobs 2005), or from 5.5 to 7.5 years if
corrections for dilution from low-CFC CDW are applied (Loose et al. 2009). As HSSW transitions
to ISW, it travels under the glacial ice shelf and gains fresh water, and this freshening is reflected
in its isotopic composition. Using helium, neon, and δ18O, Loose et al. (2009) showed that the
newly formed ISW gained 8% fresh water from pure glacial melt.

CFCs have been used in both the Ross and Weddell Seas to trace dense plumes of high-CFC
shelf water off the shelf and into the deep currents along the continental slope (e.g., Mensch et al.
1996). Figure 3 shows CFC-11 cross sections of the continental slope in front of the Ross Shelf
measured as part of the AnSlope program. These cross sections clearly show the newly formed
AABW cascading down continental slopes and feeding the along-slope current, supporting earlier
analyses of AABW formation and circulation proposed by Gordon et al. (2009) (Figure 2). Water
travels west along the continental slope, following the bathymetry around the Ross Shelf. The
section shown in Figure 3a, located farthest to the east, shows almost no CFCs along the upper
slope, indicating little or no deepwater ventilation here, but there is a small signal along the lower
slope that may have been advected from the Weddell Sea. By the section shown in Figure 3c,
however, a young high-CFC plume at 1,000 m has entered the slope current from the Glomar
Challenger Trough (Figure 3b). As the plume travels north along the east side of the Ross Shelf,
its CFC concentration decreases, indicating mixing with low-CFC CDW, but it is still present to
the northern edge of Iselin Bank (Figure 3d). On the west side of the Ross Shelf, newly ventilated
shelf water with high CFC concentrations again enters the along-slope current upstream of the
section shown in Figure 3e and of the section shown in Figure 3g, indicating shelf water plumes
from the Joides and Drygalski Troughs, respectively.

Similar cross-slope CFC surveys were conducted along the Adélie–George V Coast, revealing
a similar dual deepwater production on either side of Mertz Bank (Williams et al. 2010). Bottom
CFC concentrations (figure 16 in Williams et al. 2010) along with potential temperature-salinity
properties show newly ventilated low- and high-salinity deep water from the Mertz Sill and Adélie
Sill, respectively, suggesting a similar ISW formation process for the Ross Sea, albeit with a
different seasonal cycle (Williams et al. 2010).

4.2. Chlorofluorocarbons in the Deep Southern Ocean

The first global analysis of CFCs in AABW was conducted using data collected before and during
WOCE (Orsi et al. 1999). The mean concentrations of CFC-11 within the AABW layer, defined
as all bottom waters with a neutral density greater than 28.27 kg m−3, clearly show the formation
and outflow from the Ross Sea, Weddell Sea, and Adélie Coast (Orsi et al. 1999) (Figure 1). The
highest mean CFC concentrations are directly off and west of the Weddell Shelf, highlighting the
importance of these formation regions. From here, the CFCs follow the flow around the Weddell
Gyre and exit to the north into the Atlantic. In the Indo-Pacific sector, CFC distributions suggest
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that AABW originates from the Ross Shelf and Adélie Coast. AABW from both of these regions
enters the coastal current and is carried quickly westward, confined tightly to the continental
slope, resulting in very young high-CFC waters all along the Indian Ocean sector of the Antarctic
Slope as far east as the Princess Elizabeth Trough. AABW from the coastal current leaks into the
Australian-Antarctic Basin, keeping this deep basin relatively well ventilated. CFC concentrations
in the bottom waters of the Australian-Antarctic Basin adjacent to the continental slope are highest
at 140◦E and lower to both the east and west, consistent with the input of recently ventilated
waters from the Adélie–George V Coast (Williams et al. 2010). In the South Pacific, the deep
CFCs suggest recent ventilation into and around the Ross Gyre. Low CFC values to the east in
the Bellingshausen Basin, however, indicate that RSBW is slow to cross the dynamical eastern
gyre boundary, causing this to be the least well-ventilated of the deep Southern Ocean basins. The
total inventory of CFCs in the AABW layer from the WOCE observations, using the inventory
technique described above, indicates a total AABW production rate in the range of 8.1–9.4 Sv, with
the Atlantic, Pacific, and Indian Ocean sectors responsible for 61%, 22%, and 17%, respectively
(Orsi et al. 1999, 2002).

Regional studies of CFCs in the Southern Ocean and beyond complement the global analysis
of Orsi et al. (1999). Haine et al. (1998) used CFC concentrations along hydrographic sections
between the Weddell Sea and Australian-Antarctic Basin with a simple plume model to estimate
0.8–1.6 Sv of eastward-flowing Weddell Sea Deep Water (WSDW) and WSBW into the abyssal
South Indian Ocean. Meredith et al. (2001) used a one-dimensional advection-diffusion model to
estimate a stronger transport of 3.2 Sv into the Indian Ocean and an additional 0.9 Sv into the
South Atlantic through the Vema Channel, implying a total of 3.7 Sv of deep and bottom water
production in the Weddell Sea. Assuming a steady circulation, Klatt et al. (2002) used CFCs from
multiple occupations of the Greenwich meridian section across the Weddell Sea to calculate the
relative contributions of shelf water, shelf saturation levels, and transit time to the section of all
water masses. They found that WSBW had a transit time of 13.5 ± 2.5 years and concluded that
there had been no significant change in the ventilation rate between 1984 and 1998. Even at the
northern end of the AABW’s pathway, the absence of CFCs in AABW underlying the higher-CFC
North Atlantic Deep Water was used to measure mixing and flow near the end of its pathway as
it travels north into the Guiana Basin (Rhein et al. 1998).

4.3. The Evolution of CFC-11 in the Antarctic Bottom Water Layer

Here, we attempt to visualize the temporal spread of CFC-11 into AABW by extending Orsi
et al.’s (1999) work centered between 1987 and 1993 to the present. We use all data points
in the GLODAPv2 data set (Olsen et al. 2016) that self-report a neutral density greater than
28.27 kg m−3. The 8,812 data points from 1983 through 2011 that meet this neutral density crite-
rion are binned on the 0.5◦ × 0.5◦ horizontal-resolution grid of the WOCE Global Hydrographic
Climatology (Gouretski & Koltermann 2004), and the mean value in the AABW layer is calculated
by averaging all data points over a given calendar year. The mean and its error are calculated under
the simplifying assumptions that the data are independent and that there are no sampling biases
of the bottom layer, although these assumptions are not strictly true because the AABW layer is
sometimes sampled by only one or two bottles.

Most grid points on the 0.5◦ × 0.5◦ spatial grid have data for no more than 3 calendar years over
the 29-year interval of interest. For any given year, however, CFC-11 data collected in previous
and future years are valuable and can be used to constrain the deep flow of AABW. Orsi et al.
(1999), for example, used a time-correction method to produce one map with data from different
years (Figure 1). Here, we extend this procedure to time correct all data for 1983–2011, creating
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a time-correction method that leverages knowledge of the atmospheric CFC-11 history. At each
location, a least squares problem is solved for a TTD that fits the existing GLODAPv2 data
within its uncertainty when convolved with the atmospheric history. The TTD is assumed to be
steady through time, but no structure is assumed for its shape. Given the small number of data
points in time relative to the number of unknowns in the TTD (∼65 values, one for each year
from 1948 to 2012), the problem is highly underdetermined. To produce a unique solution, we
use a nonnegative weighted least squares method that forces the TTD to be strictly positive and
as temporally smooth as possible. In recognition that significant uncertainties may remain, we
also produce a formal error estimate of the CFC-11 concentration through time. This method
is advantageous in that the estimated oceanic CFC-11 concentration is implicitly constrained to
follow the atmospheric trend.

After using the time-correction method, we have time series of CFC-11 concentration at 1,162
of the 23,863 spatial grid points on the WOCE Global Hydrographic Climatology grid. To
fill in the spatial map, we take the CFC-11 data and its uncertainty arising from averaging and
time correction and use a two-dimensional objective mapping method (Bretherton et al. 1976).
Following Orsi et al. (1999), we use an 850-km length scale in the zonal direction and a 350-km
length scale in the meridional direction. We can then create an objective map and its error for each
year from 1983 to 2011 by repeating the process with the appropriately modified error statistics
on the data (Figure 5).

Figure 5 shows the time evolution of CFC-11 into the AABW layer of the Southern Ocean from
1985 to 2010 with the associated error. The time evolution animates the arrival of CFCs through-
out the deep Southern Ocean. The Atlantic sector of the 1987 map (Figure 5b) and the Indo-Pacific
sector of the 1993 map (Figure 5d) are directly comparable to the Atlantic and Indo-Pacific sectors
of Figure 1, respectively. Note that a first-order difference is that Orsi et al. (1999) took knowledge
of the bottom circulation and properties into account to guide the mapping of Figure 1, whereas
we followed exactly the procedure described above based on the CFC data alone. Where they dif-
fer primarily reflects how each method accounts for regions with few data. In addition, objective
mapping can create false maxima in extrapolation regions; however, these regions are colocated
with high error and should not be considered robust (Figure 5i). Figure 5i shows the objective
mapping error for 2010, which closely reflects the mapping error for 1985–2005 (not shown).

The annually mapped CFCs will allow for future evaluation of the time-changing AABW
circulation. Despite the underdetermined nature of the problem, the GLODAPv2 data are not
fit within their uncertainty in many locations, pointing to the expected limits of the steady-state
assumption for the TTDs. Similarly, Huhn et al. (2013) showed that the TTD was changing with
time within the Weddell Gyre (see Section 5). Further quantification of the TTD fit is needed
along individual sections to quantify the exact circulation slowdown required to fit the data.

4.4. Transient Tracers in Antarctic Bottom Water Beyond the Southern Ocean

Since WOCE, CLIVAR and GO-SHIP repeat sections have monitored the arrival of CFCs
beyond the Southern Ocean and as far north as the equator (Figure 6). The arrival of CFCs to
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Figure 5
Objective maps of the mean concentrations of the chlorofluorocarbon CFC-11 (CCl3F) within the Antarctic Bottom Water layer
(defined as bottom waters with a neutral density greater than 28.27 kg m−3) using a time-corrected method to project all available
CFC-11 data (red dots) from 1985 (panel a) through 2010 (panel h) along with error (panel i). (For a description of the method used to
create these maps, see Section 4.3.)
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boundary current

the north highlights the deep circulation pathways, provides information on AABW transit times,
and provides estimates of the rates of storage of anthropogenic carbon in the deep ocean.

The 2009–2011 occupations of the zonal GO-SHIP repeat hydrography sections along 32◦S
highlight the importance of the deep western boundary current (DWBC) in transporting AABW
northward (Figure 6a,b). Here, AABW is less dense (neutral density of ∼28.2 kg m−3) than the
pure AABW found in the Southern Ocean owing to mixing with overlying waters. At 32◦S, the
highest concentrations of CFCs (>0.15 pmol kg−1) are within the northward-flowing WSBW in
the South Atlantic’s DWBC around 45◦W. In the West Indian Ocean, also fed by WSBW, high
CFC concentrations are present in the DWBC along the Mozambique Escarpment and across the
Mozambique Basin at 40◦E. In addition, high CFC concentrations are present on either side of
the Southwest Indian Ridge at 55◦E extending above 3,000 m, indicating local enhanced vertical
mixing owing to rapid bottom flow over rough topography. The deep eastern Indian Ocean basins
filled with AABW from the Indo-Pacific have only trace levels of CFCs, however, indicating slower
ventilation and older AABW. This is consistent with the long pathway AABW must take around
the rim of the Australian-Antarctic Basin and across the Southeast Indian Ridge before entering
the South Australian Basin (van Wijk & Rintoul 2014).

The Pacific DWBC flows northward along the southwest Pacific basin and through the Samoan
Passage and is a major source of waters ventilating the deep central and North Pacific basins
(Figure 6a). AABW in this DWBC has a lower maximum CFC compared with its Atlantic and
Indian Ocean counterparts, reflecting a greater influence of Lower CDW owing to a higher sill
depth entering the basin and possibly a longer transit time from source regions (van Wijk &
Rintoul 2014) (Figure 6a). A model study indicated that more than half of AABW enters the
subtropical oceans via this northward transport just east of New Zealand (Van Sebille et al. 2013).
Abyssal CFC maxima have been observed in this DWBC on several WOCE/CLIVAR/GO-SHIP
sections throughout the southwest Pacific basin and north through the Samoan Passage.

In particular, the meridional P15S section along 170◦W intersects this DWBC in several loca-
tions, and P15 reoccupations illustrate the progress of the CFC transient in the abyssal subtropical
southwest Pacific and its arrival in the tropical Pacific (Figure 6c–f ). CFCs along P15 have been
easily measurable at the seafloor since the 1990s (Figure 6d). Although low in concentration,
CFCs clearly delineate the pathways of the ventilated component of the deep and bottom waters
toward and through the Samoan Passage at 9◦S. At the same time, CFC levels in the middle
of the water column (1,500–3,500 m) remain below detection over much of the P15S section,
providing an important opportunity to confidently determine CFC analytical blanks, a necessary
step in correcting the measured CFCs to compute transports in the abyssal southwest Pacific to
good precision. The P15S sections repeated in time capture the northward penetration of CFCs
from the Southern Ocean to approximately 9◦S in 1996 (Figure 6d) and to the equator in 2009
(Figure 6e). The Samoan Passage CFC signal, only a few hundred meters thick in 1996, was
approximately 800 m thick in 2009, and CFCs were detectable over the bottom 1,300 m in 2016.

These CFC observations can be related to the transport of other anthropogenic perturbations,
such as CO2 and heat, in the southwest Pacific DWBC using methods applied previously in the
North Atlantic (Pickart et al. 1989, Doney & Jenkins 1994, Waugh & Hall 2005) and the South
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Figure 6
(a,b) Depth distributions of the chlorofluorocarbon CFC-11 (CCl3F) measured along 32◦S from the 2011 occupation of line A10, 2009
occupation of line I05, and 2009 occupation of line P06 (panel a) along with track locations (panel b). (c–f ) Time evolution of the
chlorofluorocarbon CFC-12 (CCl2F2) along line P15S in the South Pacific (∼170◦W; panel c) in 1996, 2009, and 2016 (panels d, e, and
f, respectively).
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Indian Ocean (Haine et al. 1998). Although these simple variants of pipe models overlook details of
the abyssal transport, they do provide a means of estimating the appropriate time lag of arrival and
transport of long-term anthropogenic anomalies from the high-signal-to-noise analogues (CFCs,
SF6, and CCl4) that are readily measurable in the DWBC. For illustration, a 1.5-dimensional
model (Waugh & Hall 2005), tuned to available CFC observations in the DWBC and Samoa Pas-
sage, indicates an anthropogenic pCO2 increase in the Samoan Passage of 2.12 ppm in 2009. Using
the dissolved inorganic carbon and alkalinity measured in the Samoan Passage during 2009, this
pCO2 increase translates to an anthropogenic dissolved inorganic carbon increase of approximately
0.55 μmol kg−1. These anthropogenic CO2 levels would not be detectable using current coulo-
metric techniques (precision of approximately ± 2 μmol kg−1) to measure dissolved inorganic
carbon but are easily detectable using CFCs. Assuming a mean Samoan Passage transport of 8 Sv
(Roemmich et al. 1996) and integrating over time indicates that a total of 0.1 Pg of anthropogenic
carbon had passed through the Samoan Passage by 2009, 20% of which had transited the Samoan
Passage before 1900. Although this is a small amount, the anthropogenic carbon transport will
increase and represents CO2 sequestered on centennial and longer timescales.

5. WARMING, FRESHENING, AND A DECLINE IN VENTILATION
OF ANTARCTIC BOTTOM WATER

The above studies have all assumed a steady-state deep circulation. However, revisiting the WOCE
sections during CLIVAR and GO-SHIP has revealed a global-scale warming of AABW, implying
significant changes to the deep ventilation of AABW (Purkey & Johnson 2010) (Figure 7). Com-
piled with growing evidence of anthropogenic and natural variability at and near formation sites,
this warming has been linked to a possible slowdown of the bottom limb of the MOC (Masuda
et al. 2010). The exact mechanisms driving these changes are still poorly understood, however.

A useful framework for evaluating abyssal variability along repeated hydrographic sections is to
distinguish deep changes caused by a change in the water mass properties (water mass change) from
changes in isopycnal depths (isopycnal heave) (Bindoff & McDougall 1994, Purkey & Johnson
2013). A large-scale rising or falling of isopycnals within a deep interior water mass reflects a
change in the volume and could be associated with a shift in the ventilation. Alternatively, a water
mass freshening or warming could reflect a change in one or more of the water mass end members
and represent change advected from its source region.

The AABW in the Atlantic and Indo-Pacific sectors of the Southern Ocean have experienced
different trends over the past three decades and are discussed separately below. AABW in the
Atlantic sector has reduced in volume with little or no water mass freshening (Purkey & Johnson
2012, 2013) (Figure 7). AABW in the Indo-Pacific sector has freshened following a 0.03 decade−1

freshening of the Ross Shelf waters since the 1950s ( Jacobs 2002, Jacobs & Giulivi 2010). Oxygen
and CFC data from both sectors, however, suggest that the ventilation is slowing down in both
oceans (Huhn et al. 2013).

5.1. Antarctic Bottom Water Warming in the Atlantic

Early evidence of variability in the bottom limb of the MOC started to emerge in the early 1990s
in deep regions of the Atlantic ventilated by WSBW. Closest to the source, WSBW within the
Weddell Gyre warmed by approximately 0.02◦C between 1990 and 2005, associated with a loss
in WSBW volume (Fahrbach et al. 2004, 2011; Purkey & Johnson 2010). On isobars, WSDW
warmed and became more saline between the 1980s and 2000s (Robertson et al. 2002, Fahrbach
et al. 2004, Meredith et al. 2014). However, Purkey & Johnson (2012) showed that this warming
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Figure 7
(a) Global map of the mean local heat flux through the 4,000-m isobath needed to account for the deep warming trend in each deep
basin (gray lines) using all repeated hydrographic sections from 1981 through 2015. (b–d) Polar projections showing the warming caused
by heave (panel b) and freshening caused by water mass shifts (panel d), along with displacement of the 0◦C isotherm (red numbers)
plotted over mean thickness of the 0◦C isotherm (panel c). Panel a adapted from Desbruyères et al. (2016). Panels b and d adapted from
Purkey & Johnson (2013) with permission; copyright American Meteorological Society. Panel c adapted from Johnson & Purkey
(2013), based on Purkey & Johnson (2012).

and salinification of WSDW was due to isopycnal heave as part of the volume retraction of WSBW
and indicated no property or volume change in WSDW.

Furthermore, repeated transient tracer sections across the Weddell Sea from 1984 to 2011
revealed an increase in the tracer age of the deep and bottom waters (Huhn et al. 2013). Huhn
et al. (2013) used the TTD method to calculate the mean tracer age of deep and bottom water
along the 10 occupations of the prime meridian section and six occupations of the WOCE S04
section (roughly zonal along 65◦S) across the Weddell Sea. This remarkably well-resolved 27-year

www.annualreviews.org • AABW Ventilation as Seen in Tracer Data 519



MA10CH20-Purkey ARI 24 October 2017 12:48

time series clearly showed a 15–21% decline in the ventilation rate over the time period, with a
linear increase in the mean age of the bottom water.

AABW in the deep western south Atlantic basins, fed by WSDW and WSBW, has shown more
variability in its warming trend ( Johnson & Doney 2006, Meredith et al. 2008, Johnson et al. 2014).
Coles et al. (1996) used historical data from the 1980s to demonstrate that the density and volume
of AABW in the Argentine Basin had declined. Johnson & Doney (2006) showed a continuing
of this trend with warming on isobars of 0.04◦C decade−1 along the A16S line through 2005 not
only in the Argentine Basin but also in the Brazil Basin and Scotia Sea. However, Johnson et al.
(2014) found more variability across the two southernmost basins during the most recent 2014
occupation, with cooling in parts of the deep Scotia Sea and Argentine Basin. The best-sampled
deep time series is near the northern extent of AABW in the Atlantic in the Vema Channel, between
the Argentine and Brazil Basins. Using data collected from 1970 to 2010, Zenk & Morozov (2007)
and Zenk & Visbeck (2013) showed that the AABW in this area has warmed steadily at a rate
of 0.028◦C decade−1. It addition to the warming, an observable water mass freshening might be
under way in the Scotia Sea owing to increased glacial melt from the Antarctic Peninsula; however,
the freshening is still small and close to the detection limit ( Jullion et al. 2013, Meredith et al.
2014).

Studies using all repeated hydrographic sections from 1980 to 2010 in the Atlantic confirm that
the strongest deep warming trends are in the Weddell Sea, with slightly slower warming rates to
the north in the deep (below 4,000 m) western Atlantic basins fed by AABW (Purkey & Johnson
2010, Kouketsu et al. 2011) (Figure 7a). Using an additional five years of data, Desbruyères et al.
(2016) showed that this warming continues but at a slower rate with less statistical significance,
indicating a possible slowdown of the Atlantic warming pattern between the 2000s and 2010s.

The western Atlantic deep warming was forced by a deep negative isopycnal heave, suggesting
that this warming was caused by a decrease in the volume of WSBW, driving decreased ventilation
to the north (Purkey & Johnson 2012) (Figure 7a,c). Kouketsu et al. (2011) suggested that there
has been a reduction of the northward-flowing abyssal water across 35◦S of 0.4 Sv, supporting this
conclusion. However, although a simple conceptual model in which a reduced WSBW forces an
isopycnal heave warming signal throughout the western Atlantic is plausible, the direct connection
between the variability in the WSBW and deep warming to the north is still not clear. Data from
mooring arrays between the Weddell Sea and the Scotia Sea suggest a wind-driven connection
between the basins (Gordon et al. 2010; Jullion et al. 2010; McKee et al. 2011; Meredith et al. 2011,
2014). This work suggests that as the Weddell Gyre spins up or down, the isopycnals will dome
more or less, changing the density of overflow waters and the bottom limb of the Atlantic MOC
to the north (see Section 2). Therefore, both bottom water formation rates and the surface winds
and position of the Antarctic Circumpolar Current could influence the bottom water properties
to the north.

5.2. Indo-Pacific Warming and Freshening

In contrast to the Atlantic, a continuous strong water mass freshening trend has dominated the
changes in AABW in the Southern Ocean Indo-Pacific deep basins. This freshening has been
tied to the 0.03 decade−1 freshening of the HSSW and ISW end members on the Ross Shelf
from the 1950s to the present, possibly because of increased glacial melting in West Antarctica
( Jacobs 2002, Jacobs & Giulivi 2010). Near Cape Adare directly downstream, AABW freshening
has been observed both in repeated hydrographic sections and in moorings (Swift & Orsi 2012,
Gordon et al. 2015), with some evidence of decreased ventilation (Rivaro et al. 2010), although the
temporal data coverage of these sections is poor relative to the high-frequency variability typical in
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this region. The abyssal plain of the Australian-Antarctic Basin has also freshened throughout the
basin, with AABW salinity decreasing by as much as 0.06 PSU between the 1970s and 2010s close
to the east end of the basin (Aoki et al. 2005, Johnson et al. 2008, Purkey & Johnson 2013, van
Wijk & Rintoul 2014, Menezes et al. 2017) (Figure 7d). The deep freshening of the Australian-
Antarctic Basin could be caused by recent freshening of RSBW, which flows into the basin from
the Pacific (e.g., Jacobs 2002, Purkey & Johnson 2013), or a decrease in the volume of RSBW and
increase in local Adélie Land Bottom Water, which is fresher than RSBW (van Wijk & Rintoul
2014, Menezes et al. 2017). Together, the observed freshening in the Ross Sea and Australian-
Antarctic Basin is equivalent to a flux of 73 gigatons y−1 (0.032 Sv) of fresh water into AABW
between the mid-1990s and mid-2000s (Purkey & Johnson 2013) (Figure 7d).

Even more striking, north of the Southern Ocean, AABW warmed uniformly in the East
Indian Ocean and throughout the Pacific deep basins between the 1990s and 2010s (Fukasawa
et al. 2004, Kawano et al. 2006, Johnson et al. 2007, Masuda et al. 2010, Purkey & Johnson
2010, Kouketsu et al. 2011) (Figure 7a), with no statistically significant change in the warming
rate over these three decades (Desbruyères et al. 2016). This global-scale warming signal has
been attributed to a decrease in AABW production communicated throughout the Indo-Pacific
through a thermocline readjustment via Kelvin and Rossby waves on decadal timescales (Masuda
et al. 2010). The warming is driven by isotherm heave, reflecting a decline in northward transport
of AABW across 24◦N in the Pacific (Kouketsu et al. 2009).

Finally, oxygen and CFCs on repeated hydrographic sections near AABW source regions
indicate a decline in RSBW ventilation in the Ross Sea and Australian-Antarctic Basin (Ozaki
et al. 2009; Katsumata et al. 2015; S.G. Purkey, W.M. Smethie Jr. & S.S. Jacobs, manuscript in
preparation). In the Ross Sea, oxygen levels have fallen in AABW, indicating a decrease in local
AABW production (Ozaki et al. 2009). In addition, CFC-11 data from 1992 and SF6 data from
2011 occupations of line S4P across the Ross Sea at 64◦S revealed that the mean tracer age of the
AABW shelf water component was 5–10 years greater in 2011 than it was in 1992 (S.G. Purkey,
W.M. Smethie Jr. & S.S. Jacobs, manuscript in preparation). In the Australian-Antarctic Basin,
oxygen, salinity, and temperature data suggest more influence from Adélie Land Bottom Water
and less from RSBW in the coastal current and deep basin, again suggesting a decrease in the
production of RSBW (Ozaki et al. 2009, Katsumata et al. 2015).

6. CONCLUSION

Compared with North Atlantic Deep Water, AABW has been undersampled in time and space
owing to the Southern Ocean’s harsh conditions, enormous size, and remoteness. Nonetheless,
the limited tracer data available have allowed for assessment of the formation and circulation of
AABW within the Southern Ocean and around the world.

As more tracer data have become available, they have confirmed that the bottom limb of the
MOC has had a high degree of variability over the past four decades. AABW has warmed around
the globe, likely tied to a decrease in ventilation and a slowdown in AABW production. This
warming adds 10% to the total ocean heat storage and increases rates of steric sea level rise by 8%
(Purkey & Johnson 2010). However, the exact mechanisms driving the abyssal warming are still
poorly understood. In addition, how a global-scale slowdown of the AABW cell of the MOC will
affect ocean carbon storage and uptake is still unknown (Arrigo et al. 2008). The use of transient
tracers to evaluate these changes in AABW is just beginning (Huhn et al. 2013; S.G. Purkey,
W.M. Smethie Jr. & S.S. Jacobs, manuscript in preparation) and will be a key tool in advancing
our understanding of AABW variability and how this variability will feed back on the climate
system.
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