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Importance of wind and meltwater for observed
chemical and physical changes in the Southern
Ocean

Ben Bronselaer ©®'23*, Joellen L. Russell ®', Michael Winton?, Nancy L. Williams?, Robert M. Key?,
John P. Dunne?, Richard A. Feely®, Kenneth S. Johnson®¢ and Jorge L. Sarmiento3

The Southern Ocean south of 30° S represents only one-third of the total ocean area, yet absorbs half of the total ocean anthro-
pogenic carbon and over two-thirds of ocean anthropogenic heat. In the past, the Southern Ocean has also been one of the
most sparsely measured regions of the global ocean. Here we use pre-2005 ocean shipboard measurements alongside novel
observations from autonomous floats with biogeochemical sensors to calculate changes in Southern Ocean temperature, salin-
ity, pH and concentrations of nitrate, dissolved inorganic carbon and oxygen over two decades. We find local warming of over
3°C, salinification of over 0.2 psu near the Antarctic coast, and isopycnals are found to deepen between 65° and 40°S. We
find deoxygenation along the Antarctic coast, but reduced deoxygenation and nitrate concentrations where isopycnals deepen
farther north. The forced response of the Earth system model ESM2M does not reproduce the observed patterns. Accounting
for meltwater and poleward-intensifying winds in ESM2M improves reproduction of the observed large-scale changes, dem-
onstrating the importance of recent changes in wind and meltwater. Future Southern Ocean biogeochemical changes are likely
to be influenced by the relative strength of meltwater input and poleward-intensifying winds. The combined effect could lead
to increased Southern Ocean deoxygenation and nutrient accumulation, starving the global ocean of nutrients sooner than

otherwise expected.

n the Southern Ocean, strong westerly winds drive vertical

mixing between surface and deep waters'”. In the early 2000s,

Southern Ocean temperature and salinity changes were largely
passive, driven by atmospheric fluxes, and subject to little dynamic
influence’™. An increase and poleward shift in these westerly winds
has been inferred from reanalyses since 1980°, yet models from the
Phase 5 of the Coupled Model Intercomparison Project (CMIP5)
underestimate these historical trends®.

The CMIP5 models also fail to appropriately account for
Antarctic ice sheet meltwater®, which has accelerated over the past
few decades™’, and which has been shown to significantly affect
climate projections’. Both winds and meltwater affect ocean ven-
tilation south of the Antarctic Circumpolar Current (ACC), where
surface waters are mixed with deep Antarctic bottom water. This
ventilation leads to the upwelling of warm water rich in carbon,
with the potential to influence sea ice, atmospheric temperature and
CO, levels"''-**, North of the ACC, winds affect intermediate and
mode water formation, which feeds the world’s ocean with nutri-
ents”'® and stores anthropogenic carbon and heat"'”'*. Poleward-
intensifying winds increase mixing, thereby strengthening deep
water ventilation and mode water formation'’~*!, while meltwater
freshens the surface ocean and reduces vertical mixing.

We use state-of-the-art measurements from biogeochemical
floats from the Southern Ocean Carbon and Climate Observations
and Modeling (SOCCOM) project, spanning the years 2014-2019
(up to March 2019) and shipboard data collected before 2005 (cen-
tred roughly around the year 1995) to identify recent changes in

Southern Ocean temperature, salinity, nitrate, dissolved inorganic
carbon (DIC), oxygen and pH. We find significant warming, salini-
fication and deoxygenation around the Antarctic coast outside
the range of simulated natural variability. Isopycnals are found to
deepen north of 65°S, where ocean deoxygenation, acidification
and carbon uptake are reduced.

We use a five-member ensemble of a historical-representative
concentration pathway (RCP) 8.5 climate change projection with
the Geophysical Fluid Dynamics Laboratory (GFDL) Earth sys-
tem model ESM2M (referred to as the standard scenario or SS,
see Methods), subsampled on the same grid as the observations,
to demonstrate that ESM2M does not capture the observed pat-
terns of change in the Southern Ocean. We propose that Antarctic
meltwater and poleward-intensifying westerly winds are important
forcing agents that influence the contemporary Southern Ocean’s
response to climate change. Accounting for these forcing agents can
improve reproduction of observed physical and biogeochemical
changes. To demonstrate the importance of poleward-intensifying
wind and ice sheet meltwater, we apply step perturbations: a 0.02 Sv
idealized meltwater flux around Antarctica, as well as a 10% inten-
sification and 0.4° poleward shift of the Southern Ocean westerlies
to the same ensemble members of the RCP 8.5 ESM2M experiments
starting in the year 2005 (referred to as the wind-meltwater sce-
nario, WMS). These perturbations are comparable in magnitude to
inferred observed changes (Methods). We also apply the same wind
and meltwater perturbations separately to the same five ensem-
ble members to attribute simulated anomalies, referred to as the
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Fig. 1| Observed physical changes. a-c, Zonal mean differences in temperature (a), salinity (b) and potential density (¢, referenced to O m depth)
between 2014 and 2019 SOCCOM data and pre-2005 shipboard data. The comparison is only shown where there is overlap between both datasets on

an 8°x 3° horizontal grid. Solid and dashed lines show zonal mean shipboard and SOCCOM isopycnal surfaces, respectively. Grey shading denotes areas
with insufficient data. The stippling indicates where the differences are not significant at the 90% level, and includes both observational uncertainty as
well as natural variability (see Methods). Areas that are not stippled are therefore directly forced by climate change. d, The linear trend in Southern Ocean
zonal wind stress between 1979 and 2016, as calculated from the mean of the ERA-interim and the NCEP-DOE AMIP-II reanalyses*“4, shown at the same

latitudes as a-c.

wind-only and meltwater-only scenarios, respectively. We also per-
form a 5X WMS ensemble of five members with larger perturba-
tions of 0.1 Svand 50% wind intensification to demonstrate that our
conclusions do not depend on the exact magnitude of the forcing,
and explore the potential future impact of wind and meltwater. The
large-scale patterns of change are poorly represented in our climate
model, which simulates mostly passive changes driven by atmo-
spheric fluxes, but increasing Southern Ocean wind and meltwater
forcing improves the simulations and affects future biogeochemical
properties, thereby demonstrating the influence of these forcings.

Observed decadal changes

The SOCCOM floats provide novel insight by sampling year-round,
under-ice and biogeochemical data across the Southern Ocean.
Figure 1 shows the changes in temperature, salinity and potential
density between the SOCCOM dataset and pre-2005 shipboard
data, and corresponding changes in isopycnal surfaces. Figure 1 is
complemented by the same comparison including all of the Argo*
data from 2014-2019 in Extended Data Fig. 1. As both SOCCOM
and shipboard data provide partial coverage of the Southern Ocean,
we calculate only decadal changes where there is overlap between
the two datasets (Extended Data Fig. 2). SOCCOM coverage is bet-
ter to the south than to the north of 40°S, so anomalies shown north
of 40°S are less representative of the zonal mean. However, the tem-
perature and salinity are consistent with the larger spatial coverage
when including the full Argo dataset (see Methods). Most Southern
Ocean shipboard measurements are taken between December and
May, so we use to the SOCCOM year-round coverage to effec-
tively remove the effect of seasonal bias from the comparison (see
Extended Data Fig. 9).

Isopycnals are observed to shallow south of 65°S, where salinity
increased by up to 0.2 psu. This increase in salinity coincides with
a mean subsurface warming of up to 3°C at 400m depth. South
of 65°S, the salinification and warming have opposing effects on
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the density, with the salinity effect being dominant. The observed
warming around the Antarctic coast is located in the Ross and
Amundsen seas, as well as along the Amery Ice shelf and south
of Tasmania (Extended Data Fig. 2). Between 65°S and 40°S, the
Southern Ocean is warming® and becoming fresher, coinciding with
a stronger deepening of the isopycnals than previously observed”.

Figure 2 shows decadal changes in oxygen, DIC and nitrate con-
centrations and pH. Data coverage varies across the sampled bio-
geochemical variables, with ample oxygen, temperature and salinity
sampling south of 65°S, but fewer data for DIC and nitrate con-
centrations and pH. South of 65°S, significant decreases in oxygen
and pH are observed around the Antarctic coast, while nitrate and
DIC concentrations are increasing. Close to the coast, subsurface
oxygen concentrations have decreased by 60 pmolkg™', while pH
has decreased by over 0.13. While large-scale deoxygenation is con-
sistent with earlier studies™, the deoxygenation near the Antarctic
coast is larger than previously observed. The pH anomaly is nega-
tively correlated with the DIC and nitrate anomalies and positively
correlated with the oxygen anomaly (with correlation coefficients
of —0.75, —0.39 and 0.32, respectively). The relationship with DIC
is strongest, suggesting that pH changes are mostly due to anthro-
pogenic acidification (see Methods), and showing a distinct anthro-
pogenic influence throughout the Southern Ocean, contrary to
previous studies”.

Overall, observations show significant isopycnal shallowing
outh of 65°S. Between 65°S and 40°S, where isopycnals deepen,
changes are generally not statistically significant below 500m
depth. This pattern is consistent with decadal changes between
the 2000-2013 and pre-2000 Global Ocean Data Analysis Project
version 2 (GLODAPv2) synthesis products” (Supplementary
Fig. 1). A decomposition of observed DIC changes into anthropo-
genic and dynamical changes (Extended Data Fig. 3) shows that
dynamical changes cause a reduction in DIC in the region of iso-
pycnal deepening.
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Fig. 2 | Observed biogeochemical changes. a-d, Zonal mean differences in oxygen (a), DIC (b) nitrate (¢) concentrations and pH (d) between 2014 and
2019 SOCCOM data and pre-2005 shipboard data. The comparison is only shown where there is overlap between both datasets on an 8°x 3° horizontal
grid. Solid and dashed lines show zonal mean shipboard and SOCCOM isopycnal surfaces, respectively. Grey shading denotes areas with insufficient data.
The stippling indicates where the differences are not significant at the 90% level, and includes both observational uncertainty as well as natural variability
(see Methods). Areas that are not stippled are therefore directly forced by climate change. e, The linear trend in Southern Ocean zonal wind stress
between 1979 and 2016, as calculated from the mean of the ERA-interim and the NCEP-DOE AMIP-II reanalyses®“, shown at the same latitudes as a-d.

We find more data overlap between SOCCOM and shipboard
data nearer Drake Passage, with sparser overlap elsewhere (Extended
Data Fig. 2). The zonal means shown in Figs. 1 and 2 are therefore
biased towards the region around Drake Passage®. The observed
subsurface warming and increase in salinity South of 60°S is stron-
gest in the Pacific Ocean sector, and the Indian and Pacific sectors
show increases in oxygen North of 60°S (Supplementary Figs. 2-4).

Simulated wind-meltwater influence

We use the ESM2M SS to better understand the observed physical
and biogeochemical anomalies. We find that simulated tempera-
ture and salinity changes in the SS are weaker and shallower than
observed, such that the simulated isopycnal deepening is not sig-
nificant below 500 m depth (Fig. 3). The model does not simulate
significant coastal warming and salinification near the Antarctic
coast. The simulated nitrate changes are negatively correlated with
observations. The model simulates a large-scale increase in DIC,
but weaker dynamic DIC changes compared with observations (see
Extended Data Fig. 3).

Figure 4 shows the same decadal changes as Fig. 3 for the WMS,
subsampled on the same grid as the observations (Extended Data
Fig. 5 shows 5XMWS). The mean correlation of the simulated
anomalies with observations is improved by adding the wind and
meltwater perturbations: from 0.27+0.04 in the standard scenario
to 0.44+0.04 in the WMS (and 0.43+0.01 in the 5X WMS). The
WMS simulates significant isopycnal deepening between 60° and
30°S throughout the whole upper 2,000 m, where waters are warm-
ing and freshening, similar to the observations in Fig. 1. Where
the isopycnals deepen in the upper 1,000m, the MWS simulates

relatively reduced nitrate and DIC concentrations, increased oxygen
concentrations and a shallower decrease in pH.

While ventilation is reduced north of 30°S, between 60°S and
30°S, the WMS simulates a decrease in ocean age relative to the
standard scenario where isopycnals deepen (Fig. 5). We therefore
attribute changes in ocean age and biogeochemistry north of 60°S
to wind perturbation, driving increased ventilation in the subsur-
face ocean.

South of 60°S, the wind-meltwater perturbations cause an
increase in simulated subsurface temperature, salinity and nitrate
and DIC concentrations, and a reduction in oxygen concentrations
and pH, consistent with Figs. 1 and 2. This simulated temperature
and salinity response is also partly present in the wind-only experi-
ment (Extended Data Fig. 8), which simulates an increase in ventila-
tion in these regions. A poleward shift of the westerly winds causes a
reduction of the easterly winds around the Antarctic coast. Easterly
winds around Antarctica drive downwelling of waters through
Ekman pumping, so a reduction in the easterlies leads to reduced
downward Ekman pumping, and therefore upwelling of warm,
saline and carbon-rich water”’. However, meltwater is necessary to
simulate the appropriate vertical structure of the observed changes.
While the wind-only perturbations are required to produce the sign
of anomalies observed, the wind increase leads to surface maxima.
The meltwater is needed to reduce surface anomalies and cause
the subsurface maxima (see Extended Data Figs. 4 and 7). While
ref. * observed freshening along the bottom in some regions of the
Antarctic shelf before 2013, the shallower increases in salinity and
temperature that we observe are consistent with a recent influence
of wind and meltwater.
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the range of uncertainty in isopycnal depths, as diagnosed from 75 20-yr periods of a 1,500-yr pre-industrial ESM2M control simulation. The stippling
indicates where the differences are not significant at the 90% level. R values in the bottom left corners of the maps give the correlation coefficient with the

observed zonal mean changes in Figs. 1and 2.

A wind-driven increase in the upwelling of warm, saline, low-
oxygen circumpolar deep water, and a reduction in ocean ventila-
tion around the Antarctic coast*, lead to reductions in subsurface
oxygen concentrations. The wind-driven decrease in downward
Ekman pumping keeps older, deeper, oxygen-poor and carbon-rich
water near the surface. The meltwater-driven reduction in ventila-
tion causes an accumulation of ocean nutrients and carbon. The
wind and meltwater effects on ventilation south of 60°S reinforce
each other (Fig. 5). As these waters become isolated from the surface,
more of the organic carbon is remineralized, leading to decreases in
oxygen and pH. Refs. > also showed that the addition of Antarctic
meltwater causes warming around the Antarctic continent,
which reduces oxygen solubility. The coastal warming around
Antarctica accounts for less than half of the observed oxygen anom-
aly, the rest being driven by a reduction in ocean ventilation due
to both wind and meltwater changes (see Extended Data Fig. 6).

We do not attribute these changes to variation in surface biologi-
cal production, as the meltwater-only experiment simulates only a
small reduction in surface biology and subsurface remineralization
near the coast, inconsistent with the simulated changes in nitrate
and oxygen concentrations.

Opverall, compared with the SS, the WMS is more consistent with
the observed decadal changes reported here. This is also true of the
5X WMS. However, both experiments simulate weak changes in
temperature and salinity south of 60°S, which can be explained by
the lack of a sharp Antarctic Slope Front (ASF) in ESM2M compared
with observations. Small changes in the location of the ASF can lead
to large changes in temperature due to the sharp gradients associ-
ated with the ASF*"*. The lack of an ASF in ESM2M may therefore
reduce the model’s sensitivity to wind and meltwater perturbations
south of 60°S, explaining why the 5X WMS more closely matches
the observations compared with the WMS (Extended Data Fig. 7).
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Fig. 4 | WMS decadal changes. a-f, The five-member ensemble mean of the zonal mean differences in temperature (a), salinity (b), oxygen (¢), DIC
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indicates where the differences are significant at the 90% level. R values in the bottom left corners of the panels give the correlation coefficient with the

observed zonal mean changes in Figs. 1and 2.

However, we find a significant improvement in overall correlation
with observed changes across both strengths of wind-meltwater
perturbations, demonstrating that our conclusions do not depend
on the magnitude of the added wind and meltwater (Extended
Data Fig. 10). In both perturbation scenarios, we find that recent
increases in wind strength and meltwater are important for simulat-
ing recent Southern Ocean changes.

Future impact of wind and meltwater

The observed warming around the Antarctic coast is largest in West
Antarctica where the largest rates of ice shelf melting have been
observed™'’, supporting previous findings that meltwater discharge
leads to subsurface warming®***. However, we suggest that changes
in easterly winds along the Antarctic coast, due to a poleward shift of
the westerlies, contribute to observed coastal warming*>** (Extended
Data Fig. 8). The large observed subsurface warming may lead to
increased ice shelf and sheet melt, and therefore more sea-level
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rise®. However, the observed warming at 400 m depth, used as the
relevant depth for ice shelf melt in ref. *, is greater than previously
observed or simulated®*. The observed warming suggests that sub-
ice-shelf melt in Antarctica may be underestimated in projections of
Antarctic ice sheet melt and its contribution to sea-level rise.

Wind and meltwater have opposing effects on Southern Ocean
biogeochemistry. Meltwater causes a reduction in ventilation:
poorer ventilation acts to decrease subsurface oxygen while also
increasing subsurface nitrate concentrations through the accumu-
lation of nutrients in more poorly ventilated waters and reduced
nitrate export out of the Southern Ocean. The reduction in nitrate
concentrations therefore propagates to low latitudes. In opposition,
the wind-induced increase in ventilation causes an increase in oxy-
gen cocentrations throughout the upper 1,000m of the Southern
Ocean, while at the same time increasing surface nutrients through
increased upwelling of deep, nutrient-rich waters'. The effects of
wind and meltwater on ventilation can therefore influence future
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projections of ocean biogeochemistry. The WMS is designed to
match historical wind and melt changes, so we use the 5X WMS to
assess potential future impacts.

Figure 6 shows timeseries of upper-1,000-m oxygen and nitrate
anomalies in the SS, 5X WMS, 5Xwind-only and 5X meltwater-
only simulations south of 60°S and between 60°S and the Equator.
For reference, Fig. 6 also shows anomalies that arise from applying
RCP 8.5 projected Antarctic meltwater to the ESM2M simulation™,
as was done in ref. *. South of 60°S, the wind response dominates
the combined effects of wind and meltwater, driving an increase in
oxygen concentrations. This is exacerbated north of 60°S, where the
effect of meltwater is even smaller, leading to an overall larger WMS
increase in oxygen relative to the south.

We acknowledge that the perturbations we apply are idealized
and designed to demonstrate the patterns that arise from account-
ing for wind and meltwater forcings. In the real atmosphere, the
inferred poleward intensification of the winds is partly due to
greenhouse gas forcing (which is expected to continue*) and partly
due to the expansion of the ozone hole (which is expected to recover
over the next few decades)*>””. However, the magnitude of Antarctic
meltwater is expected to increase up to 0.6 Sv by the end of the cen-
tury*. In the future, we might therefore expect the effect of melt-
water on the Southern Ocean to become increasingly dominant
compared with the poleward intensification of the westerlies.

Future climate change beyond 2100 is expected to cause nutri-
ent trapping in the Southern Ocean through increases in surface
stratification and poleward-shifting westerlies, starving the world-
wide ocean of nutrients**’. We find that adding meltwater strongly
amplifies Southern Ocean nutrient accumulation south of 60°S,
while both wind and meltwater lead to decreased nutrients north
of 60°S (Fig. 6). While Southern Ocean nutrient trapping is found

to be important in the twenty-second century”, our results suggest
that accounting for Antarctic meltwater and wind can cause similar
effects in the twenty-first century, suppressing global biological pro-
ductivity sooner than otherwise expected.

ESM2M is a coarse-resolution model, which limits reproduc-
tion of the structure of the observed physical and biogeochemical
anomalies, particularly around the Antarctic coast (such as biases in
the ASF, as discussed above). The model resolution may also influ-
ence the region where isopycnals deepen. In the ESM2M wind-
meltwater simulations, isopycnals deepen most between 50 and
40°S throughout the whole water column. However, the observed
isopycnals deepen most between 60 and 50°S. In part, this may be
due to biases in its mean state density structure or parameterized
mesoscale eddies, which respond differently to wind forcing if they
are fully resolved'>****!. However, comparisons between resolved
and parameterized eddy models are often complicated due to differ-
ent background states*', so while we cannot attribute the difference
in location of simulated and observed isopycnal deepening to model
resolution, the resolution is probably important.

One study’ found that the observed Southern Ocean tempera-
ture and salinity changes between the periods 1950-1980 and
2005-2015, largely driven by surface warming and freshening, are
captured by climate model simulations. Despite using a later base
period, our observed changes in salinity and temperature between
2014-2019 and the 1990s are larger than those between 2005-2015
and 1950-1980. This difference may be due to accelerating green-
house gas forcing. However, observational estimates show a sig-
nificant increase in Southern Ocean wind strength (as measured
by the Southern Annular Mode index*’) and in Antarctic ice sheet
melt'® over the past decade, which may further explain differences
between our results and those of ref. °. More targeted quantitative
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Fig. 6 | Future impact of wind and meltwater. a-d, Time series of ocean oxygen concentrations south of 60°S (a) and between 60° and 0°S (b) and
nitrate concentrations south of 60°S (¢) and between 60° and 0°S (d) in the upper 1,000 m relative to the 2014-2019 mean. The solid lines show the
10-yr-smoothed five-member ensemble means and the shading shows the 90% uncertainty range as diagnosed from the ensemble spread. The light grey
shows anomalies that arise from applying RCP 8.5 projected Antarctic meltwater, similar to ref.®.

further study should assess how well different models capture the
observed changes.
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Methods

Observational data. The SOCCOM dataset used in this study is constructed
from all of the available biogeochemical float data since the start of the SOCCOM
programme from January 2014 up to and including March 2019, and includes data
from 146 floats. The floats directly measure nitrate and oxygen concentrations
and pH, while DIC concentrations are derived from float-measured pH and an
estimate for total alkalinity. Information about the quality control methods can
be found in ref. ©°. The accuracies of temperature, salinity, nitrate, oxygen and

pH data are +0.002°C, +0.005 psu, 0.5+ 0.5 pmol kg™, 1+ 1% and 0.01 +0.007,
respectively’®”’, and the accuracy of float-derived DIC is 5.5 + 6.4 pmol kg™

(refs. ™) (quoted as 6 yematic £ Orandom> €€ below for definitions). Carbon system
parameters are calculated using the locally linterpolated alkalinity regression
(LIARv2)*; the differences in DIC derived using the LIAR and multiple linear
regression (MLR) products® are within our stated errors. Biogeochemical
variables are sampled at a lower vertical resolution than temperature, salinity and
pressure (referred to here as low-resolution SOCCOM data). We therefore use
low-resolution temperature and salinity variables for consistency. We address
uncertainties due to higher-resolution temperature and salinity data in our error
analysis (see below).

The SOCCOM data are gridded onto an 8°x 3° horizontal grid and across
23 vertical levels. We use an oblique cell since the correlation lengthscale in the
Southern Ocean is longer in the zonal than the meridional direction®. Within
each of these grid cells, we average all available float data into monthly means for
each year in the January 2014 to April 2019 period and then quantify the temporal
mean by averaging over all months. We use only quality-controlled float data
with a quality flag of ‘0=good’ While more temperature, salinity and oxygen
measurements are available from seal and Argo data, we only use SOCCOM float
data in the main text for consistency across all variables examined. We verify
that SOCCOM float coverage gives an accurate representation of the observed
changes by applying the procedure to a dataset of both Argo and SOCCOM float
temperature and salinity measurements. The Argo dataset has higher spatial and
temporal coverage than the SOCCOM dataset: 429 8°X 3° grid boxes are covered
by Argo and SOCCOM combined, but only 284 are covered by the SOCCOM-
only dataset. The addition of Argo data to the SOCCOM dataset mostly increases
coverage South of 60°S and North of 50°S (see Extended Data Fig. 1). Yet, unlike
Argo, SOCCOM floats provide biogeochemical information and have the unique
ability to sample under sea ice. The observed differences between the shipboard
and the combined Argo/SOCCOM dataset are shown in Extended Data Fig. 1, and
show good comparison with the SOCCOM-only anomalies in Fig. 1. The spatial
correlations between the two comparisons are 0.79 and 0.72 for temperature and
salinity, respectively, giving confidence in the use of the SOCCOM data for the
biogeochemical anomalies.

For the observational estimate before 2005, we use the adjusted shipboard
data from the GLODAPvV2 synthesis product”. We only use data south of 30°S,
spanning the period from 1985 to 2005, and with an ‘acceptable’ quality flag (flag
number 2), as well duplicate good data (flag number 6). This filtering process
results in 6,545 hydrographic stations. Typical uncertainty (6,4, We assume there
is no systematic error) in shipboard bottle measurements of salinity, nitrate, DIC
and oxygen concentrations are 0.005 psu, 2 %, 4 pmolkg™, 1% and 0.005 pmol kg™,
respectively”. The pH values in the GLODAPvV2 shipboard bottle dataset are
either directly measured or calculated from bottle measurements of DIC and total
alkalinity, pH(DIC,TA). Where pH is directly measured, it is adjusted during
the GLODAPv2 QC process by a cruise-dependent offset to be consistent with
pH(DIC,TA). We use these internally consistent GLODAPv2 pH values reported
at in situ pressure and temperature®. To compare the GLODAPv2 shipboard pH
dataset with the in situ measured pH from the SOCCOM dataset, we apply the
following correction from ref. *' to the shipboard pH:

pH =pH —0.3168 + 0.0404 x pH__,culated (1)

‘measured calculated

This adjustment accounts for a known pH-dependent offset between directly
measured pH (SOCCOM) and pH calculated from other carbonate system
parameters (GLODAPv2)*. In our comparison, this adjustment mainly reduces
the observed pH change below 1,500 m depth. Similar to the SOCCOM dataset, we
average all available profile data in each 8°x 3° horizontal grid cell, and interpolate
onto 23 vertical levels to match the SOCCOM data. While SOCCOM data are
taken throughout the year, most shipboard measurements are taken in Austral
summer, between December and May. The shipboard data is therefore biased
towards the summer. To remove this seasonal bias, we calculate the differences
between the December-May and annual and zonal means of the SOCCOM
dataset, and subtract this from the shipboard data (see Extended Data Fig. 9).
Most grid cells do not have data for all 12 months of the year, so we calculate the
seasonal bias of the zonal mean.

The decadal changes reported in this study, calculated as the difference
between the SOCCOM and shipboard datasets, are only calculated where the two
datasets overlap in space. The spatial maps shown in Extended Data Fig. 2 of the
0-1,000 m mean decadal changes in nitrate, DIC and oxygen concentrations and
pH show the spatial distribution of this overlap. The observational uncertainties
shown in the figures are discussed below in Significance testing.
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ESM2M. ESM2M is an Earth system model from the CMIP5 ensemble. It has a
coupled carbon cycle and has a 1°X 1° horizontal ocean model resolution with
increased resolution near the Equator and 50 unevenly spaced vertical levels in
depth coordinates. The ocean model has a free surface’"”* and parameterized
mesoscale eddies using the GM-Redi schemes™. The Southern Ocean in ESM2M
has relatively deep mixed layers compared with the overall CMIP5 mean, but it is
not an outlier within the CMIP5 ensemble™.

The Southern Ocean mixed layer depth response to climate change scenarios in
ESM2M is relatively weak compared with the overall CMIP5 mean®’; ref. **
shows that there is a large spread in winter-time mixed layer patterns and
convection. However, ESM2M has deep mixed layers in areas that correspond to
the observations. Winter-time open-ocean convection and polynya formation in
ESM2M is confined to the Eastern Weddell sea™, similar to observed open-ocean
polynyas in the 1970s and in recent years®>*. Observations also show deep mixed
layers around the Antarctic coast, where dense water is thought to form. ESM2M
simulates deeper mixed layers around the coast, however, these mixed layers
are shallower than those observed®, which may be due to a lack of sharp ASF in
ESM2M. The density structure of ESM2M around the Antarctic coast is evaluated
in ref. °. Overall, ESM2M demonstrates good climate fidelity”' and has been shown
to perform well in terms of global and Southern Ocean heat uptake**.

The ocean biogeochemistry and ecology in ESM2M are calculated using the
tracers of ocean phytoplankton with allometric zooplankton code version 2
(TOPAZ2), discussed in detail in refs. *>°*°°, TOPAZ2 uses 30 tracers to
calculate changes in carbon, nitrogen, phosphorous, silicon, iron and
oxygen concentrations and alkalinity and lithogenic material. The ESM2M
biogeochemical fields have relatively low biases in Southern Ocean nutrient and
oxygen distributions™.

Wind stress and meltwater perturbations. To demonstrate the interaction of
poleward-intensifying winds and meltwater discharge, we use idealized forcing
profiles and apply the perturbations as steps during the years 2005 to 2025 to each
of the five ensemble members of the SS. The main reason is the uncertainty in
historical, and by extension, future trends in Southern Ocean westerly winds and
Antarctic ice melt. While reanalysis products are commonly used for historical
surface ocean wind stress, the trend in the Southern Ocean wind stress varies
significantly between different products. For example, the 1979-2018 NCEP R2
yearly linear trend in maximum wind stress multiplied by 39 years, 0.053 N'm=,

is more than double that of ERA-interim*, (0.025 N m™2). Ref. " shows that
CMIP5 models strongly underestimate historical wind stress trends com- pared

to all reanalysis products. The change in maximum wind stress of the 5-member
ESM2M ensemble is 0.0107 +0.003 N m~2, by the same metric. By comparison, the
change in the 14 CMIP5 models used in ref. *' is 0.012 +0.013 N m~2, so ESM2M is
a suitable representative of the CMIP5 mean. CMIP5 models are therefore missing
a large climate change-induced forcing that we aim to account for. One could force
ESM2M to simulate the historical linear trend in wind stress from a reanalysis
product through a flux adjustment and extrapolate this into the future. However,
this requires a choice that would quantitatively impact the results. Therefore, we
address the qualitative impact of poleward-intensifying winds by focusing on

the spatial patterns that result from an idealized poleward strengthening of the
Southern Ocean westerlies.

We force a poleward intensification of the Southern Ocean winds by using the
zonal mean of the momentum flux perturbation from the Flux-Anomaly-Forced
Model Intercomparison Project (FAFMIP) south of 30°S. This momentum flux
perturbation is the year 61-80 mean of the simulated zonal wind stress anomaly
in 13 CMIP5 models under an idealized 1% CO, simulation performed by each
model. Imposing this pattern on a pre-industrial control simulation causes a
poleward intensification of the wind stress. The applied zonal wind stress anomaly
is shown in Fig. 3g, and constitutes a 0.02 N m (roughly 10%) increase in zonal
mean wind stress and a 0.4° poleward shift of the position of the maximum zonal
mean wind stress.

The uncertainty in projected meltwater from Antarctica over the next century
is large, since the uncertainty range in the IPCC 2100 Antarctic contribution
to sea-level rise is more than 100% of the mean projection®’. As CMIP5 models
lack ice sheet meltwater entirely, we prescribe a constant 0.02 Sv meltwater flux
at the ocean’s surface at sea surface temperature to represent ice sheet melt. This
magnitude of projected Antarctic meltwater flux is first reached in the year 2017
of the ref. ** Antarctic meltwater projection. The decadal changes simulated by
the step meltwater perturbation are equivalent to those simulated in an ESM2M
simulation with a transient meltwater flux taken from ref. *, as used in ref. *

(see Extended Data Fig. 4 and Supplementary Fig. 5). We impose the meltwater
uniformly at the surface around the Antarctic coast, over the nearest 3° of latitude.
Ref. ©* shows that adding the meltwater all at the surface does not significantly
affect the total Antarctic sea ice response, but may affect regional sea ice trends.
Spatial variation in the meltwater flux does not significantly affect the total sea ice
extent response either®, as freshwater anomalies are transported around the coast
via the westward coastal current. However, applying the freshwater over a wider
area around the coast to account for transport of freshwater by icebergs does affect
the sea ice extent, which is why we have spread our freshwater flux over several
gridboxes away from the coast.
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However, to demonstrate that our conclusions do not depend on the choice
of perturbation magnitudes, we also perform simulations with wind and meltwater
that are five time larger than the ones discussed above. These larger perturbations
therefore impose a 50% increase in zonal mean wind stress and a 2° poleward
shift of the position of the maximum zonal mean wind stress, as well as a 0.1 Sv
freshwater flux (this magnitude is first reached in the year 2037 of the projection
in ref. **). We also apply these perturbations (separately and simultaneously)
during the years 2005-2025 in five members of the standard ESM2M scenario
individually.

Significance testing. Throughout the paper, we refer to signals being ‘significant’

if they are larger than the 90% confidence range, or 1.656; o includes contributions
from: (1) random error in the mean, 6,4, this is calculated as the random error
in the observational measurement and is divided by the number of data points used
for the quantity shown, N (where N is the number of ship or float measurements
used in the zonal mean, or in the vertical integral); (2) systematic error, 6, emaio
this is taken as the estimated systematic error in the SOCCOM sensors; (3)
uncertainty due to natural variability, 6., this is difficult to estimate from the
limited observational record, so we estimate 6, as the standard deviation of
the differences between the 1985-2005 and 2014-2019 means across a 30-member
historical-RCP 8.5 ESM2M large ensemble simulation, as used in ref. * and ref. *
We calculate these differences on a 8°x 3° horizontal grid, and only in grid cells
where there is overlap between the SOCCOM and shipboard datasets (this overlap
is different for each variable). This method assumes that the observed natural
variability is similar to the ESM2M simulated natural variability. (4) Uncertainty
due to interpolation, 6;,epoions When interpolating the observations onto the

23 vertical levels, we use four different interpolation methods: linear, nearest
neighbour, spline and cubic. We use the mean of these four interpolation methods
in our analysis. We then use the standard deviation of the differences between
these methods divided by (3 —1)""* to get the error in the mean, 6;poion- In the
case of temperature and salinity, we repeat the procedure with the high-resolution
SOCCOM data to get eight separate estimates. We divide the standard deviation of
these 8 estimates by (8 —1)"” to get the error in the mean, 6, pouion- The errors are
denoted with a subscript SOCCOM for the SOCCOM data, and GLODAP for the
GLODAP data and are added in quadrature as these error are uncorrelated. The
overall error, o, is then given by the equation:

2 __ 2 2 2
o= O-Variability + Ginterpolation + O-syslemalic.SOCCOM ( )
2

> >
+ ("mndom,GLODAp /NGLODAP + Opypdom soccom/ Nsoccom)

For significance testing in the ESM2M ensemble simulations shown in
Figs. 3 and 4, we test for a 90% confidence level. Differences are significant if they
are larger than 1.656,aiiy/ (N — 1)". Gyuiapiiy i the estimated standard deviation
of the difference between the 1985-2005 and 2014-2019 mean of the 30-member
historical-RCP 8.5 ESM2M large ensemble simulation used in ref.  and ref. . N
is the number of ensemble members, so N=>5 for all our experiments. We calculate
these differences on a 8°x 3° horizontal grid. Stippling is used when the simulated
changes are less than 1.656, 5,/ (N — 1)

Decomposition of pH changes. Changes in pH can be driven by either increased
carbon concentrations or changes in biological activity and ocean dynamics*’. To
understand the observed and simulated changes in pH, we use a set of idealized
ESM2M model simulations with a 1% yr~ increase in the partial pressure of
atmospheric CO,, pco,, starting at 280 ppm. Atmospheric pco, reaches double the
initial value (that is, 560 ppm) after 70 years. In one simulation, the climate is fully
coupled. In the second simulation, atmospheric carbon is treated as a non-radiative
gas. This means that the radiative (or greenhouse gas) effect of CO, is disabled,
similar to the simulations discussed in ref. .

Starting at an atmospheric pco, level of 360 ppm (roughly the 1995 level), the
20-year change in zonal mean ocean pH is shown in Supplementary Fig. 6, for the
fully coupled and non-radiative CO, simulations, respectively. Most of the simulated
pH changes are caused by the intrusion of anthropogenic CO,, rather than changes
in dynamics or biology that arise as a result of ocean adaptations to atmospheric
warming. This supports the evidence from observational correlations that the
observed changes in pH are likely driven largely by changes in DIC concentrations.

Data availability

The SOCCOM data are available as a 12 March 2019 quality-controlled snapshot
at https://doi.org/10.6075/J01GOJKT. The results from the standard, wind,
meltwater and wind-meltwater RCP 8.5 simulations are freely available from the
corresponding author. Shipboard data are available at https://odv.awi.de/data/
ocean/glodap-v2-bottle-data/ and the GLODAP synthesis product is available at
https://www.nodc.noaa.gov/ocads/oceans/ GLODAPv2/. Argo data are available at
http://www.Argodatamgt.org/.

Code availability
GFDL ESM2M model code is publicly available at https://github.com/mom-ocean.
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Extended Data Fig. 1| Argo and SOCCOM anomalies. onal mean differences in a, temperature, b, salinity, and ¢, density between 2014-2019 combined
Argo and SOCCOM data, and pre-2005 shipboard data. The comparison is only shown where there is overlap between both datasets on an 8x3° horizontal
grid. Solid and dashed lines show zonal mean shipboard and Argo/SOCCOM isopycnal surfaces respectively. Grey shows areas with insufficient data.
Panel d shows the number of grid boxes per 3 degrees of latitude covered by the SOCCOM data only and by the Argo+SOCCOM data in the shipboard
comparison. The stippling indicates where the differences are not significant at the 90% level. Panels e and f show the upper 1000 m difference between

Argo+SOCCOM and pre-2005 shipboard data for temperature and salinity respectively. The stippling indicates where the differences are not significant at
the 90% level.
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Extended Data Fig. 2 | Spatial coverage of data. upper 1000 m difference between SOCCOM and pre-2005 shipboard data for a, temperature, b, salinity,
¢, oxygen, d, dissolved inorganic carbon (DIC), e, nitrate and f, pH. All data was regridded onto a 8° x 3° horizontal grid prior to calculating differences.
The stippling indicates where the differences are not significant at the 90% level.
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Extended Data Fig. 3 | Estimated anthropogenic and dynamical DIC changes. Panels a, ¢ and d show the anthropogenic component of DIC changes, for
the observations, standard ESM2M simulation and wind-meltwater simulation, respectively. The anthropogenic DIC change is calculated by subtracting
17/16 x dNO from the total change in DIC, where dNO is the change in Nitrate and 117/16 is the Redfield Ratio between carbon and nitrogen. Panels b, e
and f show the dynamically-induced DIC changes, for the observations, standard ESM2M simulation and wind- meltwater simulation, respectively. The
dynamically induced changes are calculated as 117/16 x dNO. We choose to use nitrate for this calculation since it less influenced by temperature than
oxygen, and the simulated nitrate changes are inconsistent with the changes in surface biological productivity, meaning they are dominated by dynamics.
A simple 2-degree smoothing has been applied to facilitate interpretation of large-scale patterns.
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Extended Data Fig. 4 | Meltwater-only scenario simulated decadal changes. 5-member ensemble mean of the zonal mean differences in a, temperature,
b, salinity, ¢, oxygen, d, dissolved inorganic carbon (DIC), e, nitrate and f, pH between years 2014-2019 of the meltwater-only RCP8.5 ESM2M simulation
and years 1985-2005 of the standard simulation. Solid and dashed lines show zonal mean 1985-2005 and 2014-2019 isopycnal surfaces respectively.
The stippling indicates where the differences are not significant at the 90% level (see Methods). Here, the model is not sub-sampled to show the whole
Southern Ocean response to the added meltwater.
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Extended Data Fig. 5 | 5XxWM scenario simulated decadal changes. 5-member ensemble mean of the zonal mean differences in a, temperature, b, salinity,
¢, oxygen, d, dissolved inorganic carbon (DIC), e, nitrate and f, pH between years 2014-2019 of the 0.2xWMRCP8.5 ESM2M simulation and years
1985-2005 of the standard simulation, sub-sampled on the same grid as the observations. Solid and dashed lines show zonal mean 1985-2005 and 2014-2019
isopycnal surfaces respectively. The grey error bars indicate the range of uncertainty in isopycnal depths, as diagnosed from 75 20-years periods of a
1500-year pre-industrial ESM2M control simulation. The stippling indicates where the differences are significant at the 90% level. R-values in the bottom
right corners of the panels give the correlation coefficient with the observed zonal mean changes in Figs. 1and 2.
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Extended Data Fig. 6 | Observed oxygen changes. zonal mean difference in oxygen due to a, changes in oxygen saturation (temperature-induced solubility

change) and b, changes in ventilation and surface biological activity. The change due to ventilation and surface biology is calculated as the difference
between the observed change in oxygen and the change in oxygen saturation.
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Extended Data Fig. 7 | Vertical profile of anomalies. Change in a, salinity, b, temperature, ¢, oxygen, d, dissolved inorganic carbon (DIC), e, nitrate and

f, pH between the periods 2014-2019 and 1985- 2005 averaged over the area South of 60°S. The double black line shows the observed anomaly, the thin
black line shows the 5-ensemble-member mean standard ESM2M simulation, the dotted blue line shows the ESM2M with only meltwater added, the
dashed blue line shows the ESM2M with only winds increased and the solid blue line shows the melt+wind simulation. The orange lines shows the same
as blue lines, but with the milder perturbation scenarios (0.2x wind and melt). The black shaded region shows the 90% uncertainty range due to natural
variability from the ESM2M 5-member ensemble. The same shading applies to all profiles shown, but has been omitted for clarity of presentation.
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Extended Data Fig. 8 | Wind-only scenario simulated decadal changes. 5-member ensemble mean of the zonal mean differences in a, temperature,

b, salinity, ¢, oxygen, d, dissolved inorganic carbon (DIC), e, nitrate and f, pH between years 2014-2019 of the wind-only RCP8.5 ESM2M simulation
and years 1985-2005 of the standard simulation. Solid and dashed lines show zonal mean 1985- 2005 and 2014-2019 isopycnal surfaces respectively.
The stippling indicates where the differences are not significant at the 90% level (see Methods). Here, the model is not sub-sampled to show the whole
Southern Ocean response to the wind perturbation.
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Extended Data Fig. 9 | Seasonal bias correction. Difference between the December-May and annual means for a, temperature, b, salinity, ¢, oxygen,
d, DIC, e, nitrate, and f, pH in the SOCCOM dataset. The colored depth-latitude panels show the zonal mean difference, and the depth profile to the right
of each colored panel show the corresponding zonal and meridional mean.
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Standard | Wind+Melt | 5xWind+Melt
Temperature | 0.11+0.01 | 0.16+0.01 0.15+0.01
Salinity 0.03+0.02 | 0.27+0.02 | 0.33+0.03
Oxygen 0.20+0.08 | 0.50+0.05 | 0.43+0.02
DIC 0.62+0.01 | 0.70+0.01 | 0.63+0.01
Nitrate -0.03+0.02 | 0.20+0.03 | 0.25+0.01
pH 0.724+0.01 | 0.81+0.01 0.76+0.01

Extended Data Fig. 10 | Table ED10. Spatial correlations of the ESM2M standard historical-RCP8.5 (Fig. 3), WM (Fig. 5), and 5xWM (supplementary
Fig. ED5) ensemble scenario anomalies with the observed anomalies, as well as the 90% uncertainty in the mean based on 5 ensemble members.

The bold text indicates the largest correlation for each field.
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