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Southern Ocean freshening stalls deep ocean 
CO2 release in a changing climate
 

Léa Olivier    1,2   & F. Alexander Haumann    1,2

The Southern Ocean mitigates global surface warming by taking up a large 
portion of the carbon released by human activities. While models suggest 
this carbon sink should weaken as climate change increases upwelling of 
carbon-rich deep water, such a decline has not been observed over the past 
decades. Here, using circumpolar hydrographic observations, we reveal 
that Southern Ocean freshening since the 1990s has enhanced density 
stratification, which prevents these CO2-enriched waters from reaching 
the surface. Meanwhile, the surface layer has become thinner, allowing the 
CO2-rich circumpolar deep water to get closer to the surface, replacing winter 
water between 100 m and 200 m. In this layer, the CO2 fugacity increased 
by ~10 µatm because of changing ocean dynamics since the 1990s. Our 
findings imply that the observed surface freshening temporarily buffered 
the model-predicted weakening of the Southern Ocean carbon sink, but that 
such a signal could potentially emerge if stratification weakened.

The Southern Ocean, south of 35° S, accounts for ~40% of the global 
oceanic uptake of anthropogenic carbon dioxide (CO2)1–4. Thus, it 
removes a disproportionally large share of anthropogenic CO2 from 
the atmosphere, making it a key ocean region for the mitigation of cli-
mate change3. The efficiency of this CO2sink is inherently linked to the 
Southern Ocean overturning circulation that allows exchanges of heat 
and carbon between the deep ocean and the surface5,6. As much as 80% 
of the global ocean’s deep water returns to the surface in this region7, 
carrying large amounts of pre-industrial dissolved inorganic carbon 
(DIC) accumulated globally in the deep ocean over centuries8. This 
return pathway through the Southern Ocean is visible as a circumpolar 
band of high-CO2 waters at the subsurface9, reaching the surface south 
of the Antarctic Circumpolar Current, where it induces a CO2 release to 
the atmosphere and controls the amount of anthropogenic CO2 enter-
ing the surface ocean while these waters are transported northwards10.

Previous studies have suggested that an intensification of the 
Southern Ocean overturning circulation would profoundly weaken 
the future carbon sink11,12. Model simulations indicate that increasing 
atmospheric CO2 and ozone depletion, with some contribution of natu-
ral variability, lead to a poleward intensification of westerly winds13–15, 
which is reflected in a more positive phase of the Southern Annular 
Mode (SAM)16,17. This strengthening of the winds leads to an intensifica-
tion of the upper overturning circulation cell of the Southern Ocean, 

which has already been observed and attributed to human-induced 
changes in recent modelling and observational studies18,19. Subse-
quently, the enhanced wind-driven upwelling is expected to increase 
the vertical supply of carbon-rich deep waters to the surface and the 
CO2 outgassing of the region20,21, reducing its uptake capacity of anthro-
pogenic CO2. Accordingly, biogeochemical models12, atmospheric 
inversions11,22 and ship-based observations23 detected a weakening 
of the carbon sink into the mid-2000s. Simulations of future climate 
consistently predict a trend towards stronger westerly winds24,25 and 
an expected further weakening or stagnation of the Southern Ocean 
carbon sink11.

On the other hand, observations of oceanic CO2 fugacity (fCO2) 
evidenced a reinvigoration of the Southern Ocean carbon sink since the 
2000s26–28. The mechanisms behind this strengthening remain a topic 
of active research29, making the future evolution of this critical carbon 
sink highly uncertain. Atmospheric changes, such as regional wind 
variability, have been put forward to explain this trend26,30. However, 
these studies also emphasize that its evolution cannot be explained by 
local atmospheric conditions alone. Another potential explanation is 
the role of an increased salinity-driven stratification of the near-surface 
waters26,28,31,32. While the long-term freshening of the Southern Ocean 
has been partially attributed to anthropogenic forcings33, the evolution 
of upper-ocean stratification remains difficult to predict because it 
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The average subsurface fCO2 increase ranges on average from 470 to 
480 µatm, remaining well above current (2025) atmospheric levels 
(~420 µatm), which implies that these upwelled deep waters would 
lead to a CO2 release at the surface.

Interestingly, these positive fCO2 anomalies are of similar mag-
nitude across the seven regions, but only found within a specific 
subsurface layer (dashed box in Fig. 1b). The value of Dref, the depth 
of the interface between deep and surface waters, varies according 
to region; however, the consistent positive anomalies are always 
located between Dref − 50 m and Dref + 100 m, roughly corresponding 
to depths between 70 and 200 m. The consistency of these subsur-
face anomalies across a wide range of geographical regions suggests 
that they reflect a robust, large-scale, long-term change. In contrast, 
closer to the surface (above Dref − 50 m), the signal is more variable 
and the fCO2 anomalies lack a distinct pattern (Fig. 1b). The top 100 m 
show greater variability, probably reflecting both seasonal differ-
ences between sections (sampled from late spring to early autumn; 
Extended Data Table 1) and increased regional heterogeneity in sur-
face waters during summer. Although our method focuses on sub-
surface dynamic processes and excludes the influence of biological 
activity and air–sea gas exchange, these processes may still affect 
the surface layers. Such processes are particularly active in summer 
and strongly influence carbon cycling in the upper ocean43, probably 
contributing to the reduced coherence of the signal observed near 
the surface. In this study, we did not investigate potential effects of 
long-term changes in biological activities and air–sea gas exchange 
on the observed DIC changes.

The subsurface increase in fCO2 is consistent with an intensifica-
tion of the overturning circulation and suggests a higher potential 
for CO2 outgassing if these waters were to reach the surface. Such 
an increase in outgassing potential south of 55° S would reduce the 
efficiency of the Southern Ocean CO2 sink. However, as of the last 
repeat section in this dataset from the year 2019 (section I06S; Fig. 1b), 
surface and subsurface anomalies remain mostly decoupled. Thus, the 
signal remains confined below 100 m in most sections. This decoupling 
between the subsurface and surface layers underscores the role of 
stratification in isolating these anomalies and temporarily stalling 
their propagation to the surface.

Upward displacement of deep water
The subsurface increase in fCO2 is directly linked to a change in water 
mass distribution over the past decades (water mass identification 
and fraction in Extended Data Table 1 and Extended Data Fig. 1). In all  

may also be influenced by natural variability. Moreover, its impact on 
CO2 fluxes remains a fundamental open question. Paleoclimate stud-
ies have linked increased Southern Ocean stratification to reductions 
in atmospheric CO2. On the one hand, enhanced stratification limits 
deep-water upwelling and ventilation, effectively isolating the CO2-rich 
deep-water masses from the surface and reducing outgassing34–36. On 
the other hand, some reconstructions suggest an enhanced efficiency 
of the biological pump under more stratified condition37, further con-
tributing to carbon sequestration at depth. These insights highlight 
the critical role that stratification may have in controlling the carbon 
balance of the Southern Ocean, both in the past and, possibly, in a 
warming future.

In this study, we present a circumpolar analysis of repeat tran-
sects of long-term carbonate biogeochemistry sampling in the South-
ern Ocean. Our results reveal that the potential for CO2 outgassing 
increased by on average 10 µatm in the subsurface (100–200 m) layer 
since the 1990s, with regional values ranging from 2.4 to 17 µatm. 
An analysis of water mass distributions for each hydrographic sec-
tion reveals that the anomalies are associated with circumpolar deep 
water (CDW) reaching shallower depth (on average 40 m shallower), a 
pattern consistent with enhanced upwelling under stronger westerly 
winds38. However, this anomaly remains trapped at depth because 
of a pronounced increase in upper-ocean stratification, which acts 
as a barrier to vertical exchange. A long-term freshening trend since 
the 1980s33,39,40, confirmed in this study with a subset of data that also 
contains biogeochemical observations since the 1990s (Methods), has 
strengthened the density stratification of the upper ocean, limiting the 
vertical exchange of carbon. Thus, the high-CO2 signal remains isolated 
below the surface, temporarily stalling an increase in CO2 outgassing 
from the subsurface and providing an explanation for the observed 
strengthening of the Southern Ocean carbon sink in this period.

Circumpolar increase in subsurface fCO2 since  
the 1990s
Since the 1990s, the subsurface (about 100–200 m) fCO2, without 
the contribution of anthropogenic fCO2, has consistently increased 
across all seven hydrographic sections of the Southern Ocean (south of 
55° S) studied (Fig. 1). We calculated fCO2 from the observed DIC, which 
was adjusted to only reflect changes in ocean circulation and mixing 
(Methods), total alkalinity (TA), salinity and temperature. It shows 
an average subsurface (dashed box in Fig. 1b) increase of 10.0 µatm 
across all sections (ranging from 2.4 µatm to 17.0 µatm) between the 
1972–2013 climatology41 and the most recent sections (after 2013)42. 
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Fig. 1 | Southern Ocean circulation, stratification and subsurface CO2 
anomalies. a, Left: schematic of the effects of enhanced westerly winds. Right: 
enhanced stratification on the distribution of the water masses in the Southern 
Ocean. b,Section-averaged fCO2 anomaly (recent years minus climatology) 

calculated for depth layers across each section with anthropogenic carbon 
removed (Methods). The dashed box highlights the depth layers located in the 
subsurface. The inset map shows the location and names of the repeated sections 
analysed in this study.
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seven sections analysed, we observed that upper CDW (uCDW), 
which is naturally enriched in DIC, is progressively replacing the 
overlaying winter water (WW) in the 100–200-m layer (Fig. 2). This 
shift results in a shoaling of uCDW, bringing higher DIC concentra-
tions closer to the surface and causing a corresponding increase  
in fCO2.

Each section reveals a shift in water mass properties between the 
1972–2013 climatology and the recent (after 2013) measurements. 
The uCDW in the Atlantic sector, along the A12 section (Fig. 3), is char-
acterized by high DIC concentrations (~2,260 µmol kg−1; Fig. 3b,d), 
low oxygen levels (<220 µmol kg−1) and elevated salinity and 
temperature. Its fCO2 is considerably higher than atmospheric 
levels (~570 µatm at depths greater than 500 m). In contrast, the 
WW is fresher (S < 34.5), colder (T < −1 °C) and contains less DIC 
(~2,210 µmol kg−1). It is a younger water mass, formed through deep 
mixing in winter44,45, resulting in higher oxygen concentrations 
(>300 µmol kg−1).

The recent sections since 2013 consistently show that the uCDW is 
reaching shallower depths compared to the 1990s (Fig. 2). The depth at 
which waters with fCO2 higher than 500 µatm are present is now shal-
lower in these recent sections, matching the shallower occurrence of 
waters with oxygen levels below 215 µmol kg−1. On average, the depth 
limit below which water contains an 80% uCDW fraction has become 
shallower by 40 m. This shoaling ranges from 17.6 m in section 6 to 
83.3 m in section 5 and explains the positive fCO2 anomalies observed 
at the subsurface, as carbon-rich uCDW replaces WW.

In addition to this vertical redistribution, the properties of the 
water masses have also evolved over time. The intermediate layer, 
between 90% WW and 90% uCDW, now exhibits properties more similar 
to uCDW, such as increased temperature and salinity, higher DIC levels, 
greater alkalinity and lower oxygen concentrations (for example, sec-
tion A12; Fig. 3). However, this intermediate layer occupies a smaller 
volume, as it is progressively replaced by uCDW. Meanwhile, uCDW 
itself has become warmer (+0.2 °C in section A12; Fig. 3), in agreement 
with the current literature46,47, while WW has become colder (−0.17 °C) 
and fresher (−0.06). The increasing density gradient between these 

water masses strengthens the density stratification in the upper water 
column (distance between curved isopycnals in Fig. 3c). The consistent 
changes across all seven sections (Fig. 2a) reflect a widespread altera-
tion in water mass composition and biogeochemistry in the Southern 
Ocean over recent decades.

Near-surface freshening
While the uCDW is shoaling, the WW is freshening, further differen-
tiating its properties from the underlying deep water. The observed 
freshening of the WW core (up to −0.3 in Section A12, Fig. 4, with 
maximum anomalies across sections ranging from −0.17 to −0.37; 
Extended Data Fig. 2) reflects a circumpolar trend that leads to an 
increase in stratification and prevents the uCDW from mixing with 
the WW. Thus, while the uCDW moves closer to the surface, leading to 
positive fCO2 anomalies in the subsurface (Fig. 1), its direct exchange 
with the atmosphere is limited. Consequently, the freshening of the 
WW during this period prevented the outgassing associated with the 
upwelling of the uCDW.

While temperature changes in the WW vary between sections, the 
freshening of WW is a consistent circumpolar trend observed south of 
55° S (all salinity sections shown in Extended Data Fig. 2), in agreement 
with previous observational and modelling studies33,39,48. This freshen-
ing affects the physical and biogeochemical characteristics of the water 
column: the WW is becoming less alkaline (Fig. 3d) and more oxygen-
ated (up to −50 µmol kg−1 in section A12; Fig. 4), further increasing its 
biogeochemical distinction from the uCDW. Additionally, reduced WW 
density intensifies the stratification between WW and the shoaling 
uCDW. Long-term trends in uCDW, including increasing salinity and 
temperature (Fig. 3c), further reinforce this gradient, amplifying the 
contrast between these water masses.

Therefore, comparing the recent sections with the climatology 
reveals a salinity anomaly dipole, where the WW is fresher, and the layer 
below is saltier, as the WW is replaced by the uCDW (Fig. 4). While this 
cap currently mitigates surface outgassing, the ongoing shoaling of 
the uCDW and evolving properties of both water masses suggest that 
this balance may not persist indefinitely.
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http://www.nature.com/natureclimatechange


Nature Climate Change | Volume 15 | November 2025 | 1219–1225 1222

Article https://doi.org/10.1038/s41558-025-02446-3

Discussion
Our findings reveal that the enhanced freshening of the surface South-
ern Ocean caps an increased subsurface fCO2 since the 1990s. This 
increase is linked to a vertical shift in water mass distribution, par-
ticularly the shoaling of uCDW. At the same time, stronger surface 
stratification has effectively isolated the high-CO2 uCDW from the 
atmosphere, temporarily preventing outgassing. However, as stratifica-
tion strengthens and uCDW moves closer to the surface, the subsurface 
layer between 100 and 200 m is becoming warmer, more saline and 
richer in DIC, indicating a higher potential for CO2 outgassing if this 
water reaches the surface. The shoaling of uCDW and the increased 
subsurface fCO2 are consistent with an increased upwelling in the 
Southern Ocean, which is associated with stronger westerly winds in 
a changing climate11–13. Importantly, our reconstruction of the DIC from 
TA removes the influence of air–sea gas exchange (including intrusion 
of anthropogenic CO2) and biological productivity, two processes that 
can strongly influence the variability of the carbon cycle and are highly 
variable on seasonal and regional scales. This approach allowed us to 
isolate the role of long-term ocean circulation and mixing changes, 
revealing that uCDW and high-fCO2 waters are being trapped below 
the surface, preventing the anticipated weakening of the Southern 
Ocean carbon sink. This increased stratification is the key mechanism 
delaying the emergence of model-predicted outgassing in this region.

Our findings offer a mechanistic explanation that helps recon-
cile previously reported discrepancies between model projections 
and observational studies regarding the evolution of the Southern 
Ocean carbon sink. Early modelling efforts simulated a weakening 
of the sink because of increased upwelling driven by strengthening 
westerly winds11. Yet, observational studies reported a reinvigora-
tion of the sink in the 2000s26,28. Meanwhile, more recent estimates, 

using biogeochemical Argo floats, revealed unexpected winter-
time CO2 outgassing10,49, emphasizing the central role of subsurface 
carbon-rich waters in driving seasonal variability. Our study shows that 
this upwelling of carbon-rich waters has indeed strengthened over the 
past decades, but that the expected weakening of the sink has probably 
been delayed. The reason for this delay is a freshening-driven increased 
stratification, which is trapping high-DIC waters in the subsurface. 
These results suggest that models may underestimate the strength and 
persistence of surface stratification, which affects CO2 release from 
subsurface sources. By identifying the physical mechanisms behind 
this vertical decoupling, we provide a new framework for understand-
ing current trends and for better anticipating future transitions in the 
ocean carbon sink.

As shown in prior studies33,48 and supported in this study, the 
stratification of the Southern Ocean has been increasing because of 
a circumpolar decrease of surface salinity for several decades. This 
freshening is the result of an increased precipitation over evaporation 
in this region50, an enhanced northward export of sea ice51 and, possibly, 
an increased export of glacial meltwater from the continental shelf39,52. 
The influence of an increased SAM on Southern Ocean freshening on 
decadal to multi-decadal timescales still remains uncertain53,54. While 
anthropogenic forcing contributes to this freshening33, it is difficult 
to predict the variability of the surface stratification of the Southern 
Ocean. In 2016, a strong change in sea-ice regime was observed55, as 
the period of growing sea-ice cover suddenly came to an end; low 
sea-ice extent years have been observed since then. This transition 
coincides with a recent reversal in surface salinity trends (from freshen-
ing to salinification), which has weakened upper-ocean stratification 
across the circumpolar Southern Ocean56. One proposed mechanism is 
increased upward mixing of relatively warm and salty uCDW57; however, 
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changes in sea-ice formation and melt could also have affected changes 
in upper-ocean salinity. The increased surface salinity suggests a pos-
sible transition towards a less stratified upper ocean, which may have 
implications for CO2 ventilation. The biogeochemical implication of 
this transition could be elevated CO2 outgassing, as suggested by our 
results and in agreement with prior studies suggesting a weakening 
of the Southern Ocean carbon sink. CO2 would accumulate more at 
the surface of the ocean and, ultimately, the atmosphere, thus accel-
erating global warming. However, because of the limited amount of 
carbonate data after 2016, the biogeochemical impact of this shift 
remains uncertain.

This study relies on a limited number of repeated hydrographic 
sections, most of which were sampled during the summer months, 
which limits our ability to assess changes in surface air–sea CO2 fluxes. 
Wintertime sections would be particularly valuable for resolving car-
bon dynamics in the upper ocean and validating stratification-driven 
suppression of surface outgassing. While recent studies56 suggested 
profound changes in both surface and subsurface properties, further 
occupations of these hydrographic lines will be required to determine 
whether these changes represent sustained trends on biogeochemical 
parameters. Additionally, the spatial and temporal sparsity of carbon-
ate system data limits our capacity to conduct formal attribution 
analyses. Nevertheless, the biogeochemical changes we observed 
(namely, enhanced upper-ocean stratification, freshening and the 
shoaling of CO2-rich uCDW) are consistent with mechanisms identi-
fied in modelling and observational studies attributing these shifts 
to anthropogenic forcing, including greenhouse gas emissions and 
stratospheric ozone depletion18,33. At the same time, internal vari-
ability in atmospheric and oceanic circulation (for example, shifts in 
the SAM) could also contribute to the observed patterns. Given the 
observational gaps, particularly in time series and winter coverage, 
we cannot fully disentangle the respective roles of natural variability 
and long-term forced trends in the upper 100 m of the ocean. This 
underscores the urgent need for sustained year-round observations 
to refine attribution and improve projections of the Southern Ocean 
carbon sink.

Our results align with paleoclimate studies, which suggest that 
lower atmospheric CO2 levels are expected when deep-water masses 

are isolated from the atmosphere34,35. This agreement highlights the 
importance of stratification changes in controlling carbon cycling in 
the Southern Ocean. Further research is essential to fully understand 
the mechanisms and feedbacks at play and to predict how ongoing 
climate change might alter this balance. By isolating the subsurface 
signal arising from ocean circulation changes, we provide evidence of 
how changes in ocean dynamics and stratification can both mask and 
drive considerable shifts in the ocean’s carbon cycle, having important 
consequences on the evolution of the Southern Ocean carbon sink 
with climate change.
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c, Map of all sections in the the Global Ocean Data Analysis Project (GLODAP) 
database (light grey; Methods) with repeat sections analysed in this study 
highlighted (dark grey).
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Methods
Long-term biogeochemical anomalies
This study is based on the analysis of two versions of the GLODAP 
database. The 2023 v.2 of the data product42 entails 1,108 cruises with 
quality-controlled biogeochemical measurements covering the global 
ocean from 1972 to 2021. For the Southern Ocean, we identified sections 
that were sampled at least twice between 1972 and 2013, and with at 
least one additional sampling after 2013 (except for section S04I in 
2013). The cruises after 2013 are referred to as ‘most recent cruises’ 
(Extended Data Table 1), and data were vertically linearly interpolated 
over 33 depth levels for homogeneity with the climatology. They were 
then compared to the climatology in the second version of the GLO-
DAPv2 database41 that we used in this study, by selecting the closest 
grid point of the climatology for each vertical profile and taking the 
difference, which results in the computed anomalies. The 1972 to 2013 
climatology is published on a 1° × 1° grid and on 33 depth levels. The 
climatology along the sections identified is representative of an aver-
age over the 1980s to 2000s as several cruises were conducted during 
this time. For simplicity, we refer to the climatology period as the 
‘1990s’ throughout the article. Therefore, the salinity, temperature, 
oxygen, DIC and TA anomalies are the difference between the 1972–2013 
climatology extracted along the identified repeated sections and the 
sections after 2013. Physical parameters such as salinity and tempera-
ture from GLODAP were used to ensure the accuracy of the comparison 
between physical and biogeochemical parameters, as recommended 
by the database guidelines41.

Water mass identification
Because of the local water mass properties of the regions in which 
each section is located, water masses are defined from the TS dia-
gram (Fig. 3a) of each section (Extended Data Table 1). WW is located 
at the respective temperature and salinity minimum of the diagram 
(blue-shaded area in Fig. 3a). The core of the uCDW is located at 
the local temperature and salinity maximum (purple-shaded area 
in Fig. 3a); deeper points than this subsurface temperature maxi-
mum are not considered in the analysis. The TS thresholds defin-
ing the water masses are identified from the climatological values. 
They constitute the 100% WW and uCDW, respectively. To assess 
the water mass fraction, we orthogonally projected the TS diagram 
points onto the WW-uCDW mixing line. Data points with distances 
(H; Extended Data Fig. 2) in TS space greater than 0.25 from the mix-
ing line are excluded from the analysis because they probably reflect 
mixing between surface waters and uCDW rather than the target water 
masses. This threshold value is consistently applied across all sections 
analysed in this study. Changing this value does not change the result 
significantly as long as not too many points from the surface waters 
are included in the analysis.

DIC from circulation
DIC anomalies are strongly affected by the anthropogenic increase of 
CO2 in the ocean. In this study, the focus is on the impact of long-term 
changes in circulation patterns on water mass properties that are 
related to exchanges between subsurface and deep-water masses, 
but not with the atmosphere. To isolate the DIC changes driven by 
ocean circulation, we estimated the DIC contribution resulting from 
mixing between WW and uCDW (DICm). We used TA, a measure of the 
ocean’s capacity to buffer acidification, as a conservative tracer as it 
is not affected by gas exchange and is minimally affected by biological 
processes (photosynthesis and respiration). In particular, the region 
south of the Polar Front is dominated by the production of heavily 
silicified diatoms (a phenomenon often referred to as the ‘silicate 
trap’); therefore, it is not prone to large-scale blooms of calcifying 
phytoplankton that would alter TA through calcium carbonate produc-
tion or dissolution58. Any such biological influence on TA, and thus on 
DICₘ, is expected to be small in the subsurface layers studied here. 

Nevertheless, this assumption introduces some uncertainty and should 
be kept in mind when interpreting DICₘ estimates.

We assume that the changes in TA (ΔTA) between the climatology 
and the recent section can be approximated by the climatological TA 
of the uCDW (TAuCDWclim) multiplied by a mixing ratio (Mratio), as mixing 
with uCDW is the main source of change in TA. In this context, the  
mixing ratio represents the proportion of uCDW to a given water  
sample; therefore, it can be computed as Mratio = ΔTA/TAuCDWclim .  
The associated change in DIC due to mixing (ΔDICm) is then computed 
as ΔDICm = DICuCDWclim ×Mratio  and the DIC resulting from circulation 
(DICm) is DICm = DICclim + ΔDICm.

Subsurface fCO2

fCO2 represents the effective pressure of CO2 in seawater and is used as 
a more accurate measure than the partial pressure of CO2 for describing 
gas exchange with the atmosphere for non-ideal behaviour gases. In 
the subsurface, it is derived with the MATLAB CO2SYS v.3.159 software 
from TA and DICm. We used potential temperature and surface pressure 
to compute a potential fCO2, meaning the fCO2 values that the water 
parcel would obtain if it was brought up to the surface. The nutrients 
required for the fCO2 calculation are provided by the GLODAP database; 
dissociation constants were taken as those of Lueker et al.60.

Data availability
The biogeochemical data from the GLODAP database41,42 
are publicly available at https://glodap.info/index.php/
merged-and-adjusted-data-product-v2-2023/; the climatology data 
are available at https://glodap.info/index.php/mapped-data-product/.

Code availability
The key codes needed to reproduce the results are available via Zenodo 
https://doi.org/10.5281/zenodo.16873426 (ref. 61). The Matlab codes 
for CO2SYS are available at https://doi.org/10.5281/zenodo.4023039 
(ref. 59).
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Extended Data Table 1 | Water mass definitions

Section Date Winter Water Upper Circumpolar Deep Water

Temperature Salinity Temperature Salinity

S04I January 2013 T < -1.5 T > 1.5 S > 34.5

P16S April 2014 T < -1.3 S > 34 S > 34.68

A12 December 2014 T < -1.5 T > 0.7 S > 34.68

I08S February 2016 T < -1 S > 34.6

P18 Dec 2016 / Jan 2017 T < -1.3 S > 34.65

S04P March 2018 T < -1.5 S > 33.9 T > 1.5 S > 34.5

I06S April/May 2019 T < -1.3 S > 34.65

Water mass definitions based on temperature and salinity criteria for each section. In sections where salinity (temperature) thresholds are not listed, temperature (salinity) alone provided 
sufficient contrast for identification of the water masses.
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Extended Data Table 2 | Mean differences and standard deviations between the December 2014 occupation of section A12 
and the climatology

Water Mass Temperature Salinity

uCDW 0.2 ± +0.18
-0.06

0.014 ± +0.018
-0.010

Intermediate 0.22 ± +0.31
-0.14

0.02 ± +0.045
-0.019

WW -0.17 ± +0.02
-0.12

-0.06 ± +0.015
-0.032

Mean differences and asymmetric standard deviations of temperature and salinity between the December 2014 occupation of section A12 and the climatology, for each water mass (Fig. 3c). 
The standard deviation is calculated separately for positive and negative anomalies to account for asymmetry, and is reported as “+(positive SD) / –(negative SD)”.
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Extended Data Fig. 1 | Water mass fraction. Temperature-salinity diagram for section A12. The core of the Winter Water and upper Circumpolar Deep Water is 
indicated by the dot. H indicates the distance from the WW-uCDW mixing line.
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Extended Data Fig. 2 | Salinity anomalies. Salinity anomalies between the 1972-2013 climatology and the post-2013 sections.
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