
Page 1/15

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

Alfred Wegener Institute https://orcid.org/0000-0001-9014-0979
F. Alexander Haumann 

Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research https://orcid.org/0000-
0002-8218-977X

Article

Keywords:

Posted Date: May 16th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-6530488/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: There is NO Competing Interest.

https://doi.org/10.21203/rs.3.rs-6530488/v1
https://doi.org/10.21203/rs.3.rs-6530488/v1
https://orcid.org/0000-0001-9014-0979
https://orcid.org/0000-0002-8218-977X
https://orcid.org/0000-0002-8218-977X
https://doi.org/10.21203/rs.3.rs-6530488/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/15

Abstract
The Southern Ocean critically mitigates global surface warming by taking up a large portion of the
carbon released to the climate system by human activities. While models suggest this carbon sink
should weaken with human-induced climate change due to an increased upwelling of carbon-rich deep
water, such a strong decline has not been observed over the past decades. Here, using circumpolar
hydrographic observations, we reveal that the freshening of the Southern Ocean since the 1990s has
prevented the weakening of its carbon sink by trapping the upwelled carbon-rich deep water in the
subsurface. The enhanced density stratification has prevented these CO2-enriched waters from reaching
the surface, and, thus hindered a saturation of the carbon sink in this period. Meanwhile, the surface
layer became thinner, allowing the CO2-rich circumpolar deep water to get closer to the surface,
replacing winter water between 100 and 200 m. In this layer, the CO2 fugacity increased by ~ 10 µatm
since the 1990s. Consequently, our findings imply that the model-predicted weakening of the Southern
Ocean carbon sink has been delayed by the surface freshening and might emerge when the stratification
weakens.

Main
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 climate change3. The efficiency of this
CO2-sink 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 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 entering the surface ocean while these waters are

transported northward10.

Previous studies suggested that an increased Southern Ocean overturning circulation due to human-
induced climate change would profoundly weaken the future carbon sink11,12. In these simulations,

climate change and ozone depletion lead to a poleward intensification of westerly winds13–15,
associated with a more positive phase of the Southern Annular Mode (SAM)16,17. Subsequently, the
increase in the wind-driven upwelling is expected to enhance the CO2 outgassing of the Southern

Ocean18,19, and to limit its uptake capacity of anthropogenic CO2. This effect has been shown in a large

range of biogeochemical model’s simulation12, atmospheric inversions11,20 and oceanic21 observations,
which reported a weakening of the sink into the mid-2000s. Similarly, simulations of future climate
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consistently predict a trend toward stronger westerly winds22,23 and an expected further weakening or
stagnation of the Southern Ocean carbon sink11.

On the contrary, observations of oceanic fugacity of CO2 (fCO2) evidenced a reinvigoration of the

Southern Ocean carbon sink since the 2000s24–26. The mechanisms behind this strengthening remain a
topic of active research27, 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 trend24,28.
However, these studies also emphasize the complexity of the Southern Ocean carbon sink, highlighting
that its evolution cannot be explained by local atmospheric conditions alone. Another plausible, yet
unproven, explanation is the role of an increased salinity-driven stratification of the near-surface
waters24,26,29,30. Paleoclimate studies have linked stratification changes to shifts in carbon sink
efficiency: During periods of increased stratification, deep-water masses become isolated from the
atmosphere, reducing CO2 release and potentially contributing to lower atmospheric CO2 levels31–33.

These insights from past climates provide valuable context for understanding how stratification
dynamics might influence the Southern Ocean's carbon sink in the present and the future.

In this study, we conducted a circumpolar analysis of repeat transects of long-term carbonate
biogeochemistry sampling in the Southern Ocean. By interpreting the changes along hydrographic lines
repeated multiple times, we observed that the potential for CO2 outgassing increased by on average 10
µatm in the subsurface (100–200 m) layer since the 1900s. An analysis of water masses for each
hydrographic section reveals that the anomalies are due to circumpolar deep water reaching shallower
depth (on average 40 m shallower), coherent with the predicted increase in upwelling driven by stronger
westerly winds34. However, this anomaly remains confined to the subsurface due to a significant
increase in stratification, which acts as a barrier to vertical mixing. Since the 1980s, a pronounced
freshening of the Southern Ocean has been observed35–37, which is confirmed by our analysis of a
subset of data that also contains biogeochemical observations since the 1990s (see Methods). This
surface freshening has strengthened the upper ocean’s density stratification, limiting the exchange of
carbon between the surface and deep waters. The enhanced stratification prevents the subsurface CO2

anomaly from reaching the surface, temporarily stalling an increase in CO2 outgassing from the
subsurface, which explains 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 to 200 m) fugacity of CO2 (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 here calculated fCO2 from the observed dissolved inorganic

carbon (DIC, adjusted to reflect changes in ocean circulation only; see Methods), total alkalinity (TA),
salinity, and temperature. It shows an average subsurface (dashed box in Fig. 1.b) increase of 10.0 µatm
across all sections (ranging from 2.4 µatm to 17.0 µatm) between the 1972 to 2013 climatology and the
most recent sections (post-2013). The average subsurface fCO2 increase ranges on average from 470 to
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480 µatm, remaining well above current (2025) atmospheric levels (~ 420 µatm), which implies that
these upwelling deep waters would lead to a CO2 release at the surface.

Interestingly, these positive fCO2 anomalies are of similar magnitude and consistently found across the
seven regions, but only within a specific subsurface layer (dashed box in Fig. 1b). The value of Dref​, the

depth of the interface between two main water masses, varies by region; however, the consistent
positive anomalies are always located between Dref – 50 m​ and Dref +100 m, roughly corresponding to
depths between 100 m and 200 m. The consistency of these subsurface anomalies across a wide range
of geographic regions suggests that they reflect a robust, large-scale long-term change. In contrast,
closer to the surface (above Dref − 50 m), the signal becomes more variable and ​the fCO2 anomalies lack
a distinct pattern (Fig. 1b). The top 100 m are most likely dominated by short-term processes, such as
air-sea gas exchange, biological activity, and seasonal to interannual variability.

The subsurface increase in fCO2 aligns with an intensification of the overturning circulation and
indicates an increase in the CO2 outgassing potential if this water mass would come in contact with the
atmosphere. This increased 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 positive
signal appears not to have reached the surface in most sections and remains confined below 100 m.
This decoupling between the subsurface and surface layers highlights the role of stratification in
isolating these anomalies and stalling their propagation to the surface.

Upward displacement of deep water

The subsurface increase in CO2 fugacity is directly linked to a change in water mass distribution over the
past decades. In all seven sections analyzed, we observe that the upper Circumpolar Deep Water (uCDW)
is replacing the Winter Water (WW) in the 100–200 m layer (Fig. 2). This transition results in a shallower
uCDW layer, which is accompanied by an increase in the concentration of dissolved inorganic carbon
(DIC) and a corresponding rise in fCO2.

Each section reveals a shift in water mass properties between the 1972–2013 climatology and the
recent (post-2013) measurements. The uCDW in the Atlantic sector, along the A12section (Fig. 3), is
characterized by high DIC concentrations (~ 2260 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 (~ 2210 µmol kg− 1). It is a younger water mass, formed through deep mixing in
winter38,39, 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
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now shallower 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. This
upward shift in uCDW, replacing WW, explains the positive fCO2 anomalies observed at the subsurface.

In addition to this vertical redistribution, the properties of the source 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 (e.g., section 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 current literature40,41, 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 alteration 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 differentiating its properties from the
underlying deep water. The observed freshening of the WW core (up to -0.3 in Section A12, Fig. 4) leads
to an increase in stratification and prevents the uCDW from mixing with the WW. As a result, 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 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 in Extended Data Fig. 1), in agreement
with previous observational and modeling studies35,36,42. This freshening impacts the physical and
biogeochemical characteristics of the water column: the WW is becoming less alkaline (Fig. 3d) and
more oxygenated (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.

Comparing the recent sections with the climatology therefore 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 shallowing of the uCDW and evolving properties
of both water masses suggest that this balance may not persist indefinitely.

Conclusions
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Our findings reveal that the enhanced freshening of the surface Southern Ocean caps an increased
subsurface fCO2 since the 1990s. This increase is linked to a vertical shift in water mass distribution,
particularly due to 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
stratification strengthens and uCDW moves closer to the surface, the subsurface layer between 100–
200 meters is becoming warmer, more saline, and richer in DIC, indicating a higher potential for CO2

outgassing if this water reached the surface. This shoaling of uCDW and the increased subsurface fCO2

are consistent with an increased upwelling in the Southern Ocean due to stronger westerly winds in a
changing climate11–13. However, we here show that uCDW and the high fCO2 waters are being trapped at
the subsurface and have thus not substantially reduced the surface CO2 uptake by the region as
predicted by climate model simulations. This trapping is the result of an increased surface density
stratification in this period.

As shown in prior studies35,42 and supported here, the stratification of the Southern Ocean has been
increasing due to a circumpolar decrease of surface salinity for several decades. This freshening is the
result of an increased precipitation over evaporation in this region43, an enhanced northward export of
sea ice44, and, possibly, an increased export of glacial melt from the continental shelf36,45. However, it
remains difficult to predict the variability of the surface stratification of the Southern Ocean. In 2016, a
strong change in sea-ice regime has been observed46, as the period of growing sea-ice cover suddenly
came to an end, and low sea-ice years are observed since then. This strong change in the sea-ice regime
is suspected to arise from direct mixing between surface waters and uCDW47. As uCDW is relatively
warm, it could efficiently melt sea ice or reduce sea-ice formation in the region. In particular, the low sea-
ice extents in winter-time in the years 2023 and 2024 might be indicative of a stark erosion of the upper
ocean stratification. However, currently there is no repeat sections in these years available with a good
resolution of carbonate parameters. The biogeochemical implication of this transition would be more
CO2 outgassing as suggested by our results and in agreement with prior studies suggesting a weakening
of the Southern Ocean carbon sink. As CO2 would accumulate more in the upper ocean and, ultimately,
the atmosphere, accelerating global warming.

Our analysis is limited to data collected primarily during the summer months, with only two post-2016
sections available (2018 and 2019). While we observe no significant changes in these recent sections,
the surface signal in this well-stratified upper ocean during summer is often dominated by regional
variability, and two sections are currently insufficient for drawing robust long-term conclusions if the
upper ocean layer has already changed since the sea-ice decline. These limitations underscore the need
for long-term biogeochemical time-series to disentangle decadal variability from climate change-driven
responses.

Our results align with paleoclimate studies, which suggest that lower atmospheric CO2 levels are

expected when deep-water masses are isolated from the atmosphere31,32. This agreement highlights the
importance of stratification changes in controlling carbon cycling in the Southern Ocean. Further
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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.

Methods
Long-term biogeochemical anomalies. This study is based on the analysis of two versions of the Global
Ocean Data Analysis Project (GLODAP) database. The 2023 version 2 of the data product48 entails 1108
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 post-2013 sampling (except for section S04I in 2013). The
post-2013 cruises are here referred to as ‘most-recent cruises’ (Extended Data Table 1), and data are
vertically linearly interpolated over 33 depths levels for homogeneity with the climatology. They are then
compared to the climatology in the second version of the GLODAPv2 database49 that we use 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°
by 1° grid, and on 33 depths levels. The climatology along the sections identified is representative of an
average over the 1980s to 2000s as several cruises were conducted during this time period. For
simplicity, we refer to the climatology period as the "1990s" throughout the paper. The salinity,
temperature, oxygen, Dissolved Inorganic Carbon (DIC) and Total Alkalinity (TA) anomalies are therefore
the difference between the 1972 to 2013 climatology extracted along the identified repeated sections
and the post-2013 sections. Physical parameters such as salinity and temperature from GLODAP are
used to ensure the accuracy of the comparison between physical and biogeochemical parameters as
recommended by the database guidelines49.

Water mass identification. Due to the local water mass properties of the regions in which each section is
located, water masses are defined from the Temperature-Salinity (TS) diagram (Fig. 3a) of each section
(supplementary Table 1). Winter Water (WW) is located at the respective temperature and salinity
minimum of the diagram (blue shaded area in Fig. 3a). The core of the upper Circumpolar Deep Water
(uCDW) is located at the local temperature and salinity maximum (purple shaded area in Fig. 3a), deeper
points than this subsurface temperature maximum are not considered in the analysis. The T-S thresholds
defining 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 project the TS diagram
points onto the WW-uCDW mixing line. Data points with distances (H, Extended Data Fig. 2) in T-S space
greater than 0.25 from the mixing line are excluded from the analysis, as they likely reflect mixing
between surface waters and uCDW rather than the target water masses. This threshold value is
consistently applied across all sections analyzed 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.
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DIC from circulation. The DIC anomalies are strongly impacted 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. Therefore, we used TA as a tracer for mixing between the two water masses. We
assume that the changes in TA ( ) can be approximated by the climatological TA of the uCDW (

) multiplied by a mixing ratio ( ), as mixing with uCDW is the main source of TA
change. This mixing ratio can therefore be computed as: . We are
interested in the DIC resulting from the same mixing process ( ), therefore we define

, and .

Subsurface fCO2 . The CO2 fugacity in the subsurface is derived with the Matlab CO2SYS v3.150 software

from TA and DICm. We here use 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, and dissociation

constants were taken as the one of Luecker et al. (2000)51.
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Figure 1

(a) Schematic of the effects of enhanced westerly winds (left) and, in addition, enhanced stratification
(right) 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. The dashed box highlights the depth layers located in the subsurface.
The inset map shows the location and names of the repeat sections analyzed in this study.
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Figure 2

(a) Depth of the 80% upper Circumpolar Deep Water (uCDW) layer (circles), depth of the layer where fCO2

exceeds 500 µatm (diamonds), and depth of the layer where oxygen levels fall below 215 µmol kg−1

(squares) for each section presented on the map. (b) Distribution of water masses along section A12 in
the 1972–2013 climatology. (c) Distribution of water masses along section A12 in the most recent
section (December 2014). (d) Changes in water mass distribution between the climatology and the
December 2014 section.
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Figure 3

(a) Temperature-salinity (TS) diagram for section A12 in the 1972–2013 climatology (diamonds) and the
most recent section (December 2014, squares), color-coded by water mass fraction. Shaded areas
define 100% Winter Water (WW) and 100% upper Circumpolar Deep Water (uCDW) (see Methods). (b)
Dissolved Inorganic Carbon (DIC) vs. Total Alkalinity (TA) diagram for section A12 in the 1972–2013
climatology (diamonds) and December 2014 (squares), color-coded by water mass fraction. (c)
Averaged TS values for 90% uCDW, 90% WW, and the intermediate water mass (between 90% WW and
90% uCDW), color-coded by mean oxygen levels. Numerical values for the means and standard
deviations are presented in Extended Data Table 1. (d) Averaged DIC vs. TA values for 90% uCDW, 90%
WW, and the intermediate water mass, with background fCO2.
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Figure 4

(a) Salinity anomalies between the 1972–2013 climatology and December 2014 along section A12. (b)
Oxygen anomalies between the 1972–2013 climatology and December 2014 along section A12. (c) Map
of all sections in the GLODAP database (light grey; see Methods) with repeat sections analyzed in this
study highlighted (dark grey).
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