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ABSTRACT: Tipping points in the Earth system describe critical thresholds beyond which a single component, part of
the system, or the system as a whole changes from one stable state to another. In the present-day Southern Ocean, the
Weddell Sea constitutes an important dense-water formation site, associated with efficient deep-ocean carbon and oxygen
transfer and low ice-shelf basal melt rates. Here, a regime shift will occur when continental shelves are continuously flushed
with warm, oxygen-poor offshore waters from intermediate depth, leading to less efficient deep-ocean carbon and oxygen
transfer and higher ice-shelf basal melt rates. We use a global ocean-biogeochemistry model including ice-shelf cavities
and an eddy-permitting grid in the southern Weddell Sea to address the susceptibility of this region to such a system change
for four twenty-first-century emission scenarios. Assessing the projected changes in shelf-open-ocean density gradients,
bottom-water properties, and on-shelf heat transport, our results indicate that the Weddell Sea undergoes a regime shift by
2100 in the highest-emission scenario, SSP5-8.5, but not yet in the lower-emission scenarios. The regime shift is imminent
by 2100 in the scenarios SSP3-7.0 and SSP2-4.5, but avoidable under the lowest-emission scenario SSP1-2.6. While shelf-
bottom waters freshen and acidify everywhere, bottom waters in the Filchner Trough undergo accelerated warming and de-
oxygenation following the system change, with implications for local ecosystems and ice-shelf basal melt. Additionally,
deep-ocean carbon and oxygen transfer decline, implying that the local changes ultimately affect ocean circulation, climate,
and ecosystems globally.
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1. Introduction In the Southern Ocean, two examples of climate-relevant tip-
ping points have been proposed, which both involve continental
shelf processes (Lenton et al. 2008). As an undisputed example
for a tipping point in the Southern Hemisphere, marine ice
sheet instability could lead to an accelerating and irreversible
loss of grounded ice on multidecadal or longer time scales
(Oppenheimer 1998). The complete disintegration of the West
Antarctic Ice Sheet, which mainly drains into the Ross Sea, the
Amundsen Sea, and the Weddell Sea (Mercer 1968, 1978;
Oppenheimer 1998), would lead to a global sea level rise of
~3.2 m (Bamber et al. 2009). While the observed ice-shelf basal
melt rates in the Amundsen Sea have accelerated over the re-
cent past (Rignot et al. 2019), implying that a tipping point
might have already been crossed (Portner et al. 2019; Rosier
et al. 2021), basal melt rates in the southern Weddell Sea are
still low today, which is likely linked to low on-shelf flow of
warm waters from the open ocean (Rignot et al. 2013, 2019).

As a second example, a shutdown of Antarctic Bottom Water
(AABW) formation due to altered buoyancy fluxes on the Ant-
arctic continental shelf and the associated shutdown or reduction
in deep-ocean heat and carbon sequestration would directly im-
pact global ocean circulation and climate on centennial to millen-

& Supplemental information related to this paper is available  pjal time scales (Jacobs 2004; Marinov et al. 2006; Nissen et al.
ggégillf)urnals Online website: https://doi.org/10.1175/JCLI-D-22- 2022). Simultaneously, given its importance in deep-ocean ventila-

tion (Gordon 2001), a shutdown of bottom-water renewal would
reduce the amount of oxygen available to benthic ecosystems
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teristics of a shutdown of AABW formation cause an ongoing de-
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A tipping point can generally be defined as the critical thresh-
old when a system qualitatively and rapidly changes its state in
response to gradual or abrupt environmental change (Scheffer
et al. 2001; Heinze et al. 2021); the subsequent regime shift in-
volves immediate changes in system properties. More specifi-
cally, in climate sciences, the crossing of tipping points affects the
global or regional climate and as such often entails far-reaching,
negative consequences for societies (Portner et al. 2019). In this
case, the full impact of the crossing of the tipping point can take
centuries or more to unravel (Lenton et al. 2008, 2019; Heinze
et al. 2021). Sometimes the crossing of a single tipping point can
trigger the crossing of another one (Lenton et al. 2019; Rocha
et al. 2018), illustrating why such a state change often has limited
reversibility (Lenton et al. 2008; Heinze et al. 2021).
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tipping point or rather a regime shift: 1) the state change might
take place gradually rather than rapidly and 2) the new state
would only be transiently stable, given that AABW formation
might eventually be reinvigorated once the forcing is abated or re-
versed (Lenton et al. 2008). Despite its global importance, the sus-
ceptibility of the Weddell Sea to the crossing of critical thresholds
in ice-shelf basal melt rates, AABW formation, carbon sequestra-
tion, and deep-ocean oxygenation under different scenarios of fu-
ture environmental change is not yet fully understood.

Presently, the southern Weddell Sea constitutes an impor-
tant AABW formation region (Jacobs 2004; Meredith 2013;
Morrison et al. 2020; Akhoudas et al. 2021), efficiently drawing
down carbon to the deep ocean (Huhn et al. 2013; van Heuven
et al. 2014). Recently, using simulations with a global ocean—
biogeochemistry model, Nissen et al. (2022) have demon-
strated that for a high-emission scenario, carbon sequestration
with newly formed Weddell Sea dense waters, which descend
the southern Weddell Sea continental slope to form AABW, is
drastically attenuated by the year 2100. The authors attributed
the attenuation to the freshening and warming of water masses
on the southern continental shelves, which lowered their density
and prevented newly formed dense waters from efficiently trans-
porting carbon to depths > 2000 m. While it remained an open
question whether this finding was unique to the high-emission sce-
nario, the increasing decoupling between bottom waters on the
Weddell Sea continental shelves and in the open ocean (i.e., an in-
creasing difference in their density) mainly controlled the simu-
lated reduction in local deep-ocean carbon accumulation.

In general, the degree of shelf-open-ocean coupling differs
across shelf regions around Antarctica, and the strength of
the coupling can be characterized by the strength of the Ant-
arctic Slope Front (ASF; Jacobs 1991; Thompson et al. 2018),
that is, by the cross-shelf break gradient in, for example, sub-
surface temperature, oxygen, or density (Fig. 1). The ASF is
weak in relatively warm shelf regions such as the Amundsen
Sea, and the comparatively high bottom temperatures on the
continental shelf are the result of frequent on-shelf transport
of warm, oxygen-depleted Circumpolar Deep Water (CDW;
see Figs. 1b—d herein; Thompson et al. 2018; Holland et al.
2019; Morrison et al. 2020). In comparison, the ASF is stron-
ger in fresh shelf regions such as the eastern Weddell Sea
(Figs. 1k-m) and in regions of dense water formation such as
the northwestern and especially the southern Weddell Sea
(Figs. le—j). Here, cold, dense waters on the continental
shelves act as a subsurface barrier for the on-shelf transport
of Warm Deep Water (WDW), the Weddell Sea version of
CDW (Fahrbach et al. 1994; Thompson et al. 2018; Vernet
et al. 2019). In the vicinity of the Filchner Trough in the
southwestern Weddell Sea, which constitutes the main trans-
port pathway of newly formed dense waters to the abyss
(Foldvik et al. 1985; Darelius and Sallée 2018), some WDW
enters the shelf seasonally (Arthun et al. 2012; Ryan et al.
2017, 2020), but this WDW only occasionally reaches the ice-
shelf front today (Darelius et al. 2016). Overall, this explains
the lower present-day ice-shelf basal melt rates in dense shelf
regions compared to warm shelf regions (Rignot et al. 2013,
2019) and demonstrates the need to constrain the potential fu-
ture changes in Weddell Sea shelf-open-ocean coupling, the
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on-shelf transport of WDW, the export of newly formed
dense waters from the shelves, and the associated deep-ocean
carbon and oxygen transfer.

Hellmer et al. (2017) suggested that in the southern Weddell
Sea, a tipping point is crossed as soon as the ASF is weakened
enough so that the WDW is continuously flushed onto the conti-
nental shelves and into the ice-shelf cavity, which would then
quickly accelerate ice-shelf basal melt. Based on the recent ideal-
ized modeling work by Daae et al. (2020), Bull et al. (2021), and
Haid et al. (2022), whose model experiments were designed to
force the system change, a preconditioning of waters both on the
shelf (freshening and warming) and offshore (changes in winds
and in the properties of the WDW core) is needed for this to occur.
For the end of the twenty-first century, all existing model projec-
tions suggest enhanced Weddell Sea ice-shelf basal melt, but the
expected increase ranges from less than twofold to over 15-fold
compared to present-day rates (Hellmer et al. 2012; Timmermann
and Hellmer 2013; Hellmer et al. 2017; Timmermann and Goeller
2017; Naughten et al. 2019, 2021; Nissen et al. 2022), which can be
attributed to differences in, for example, the forcing scenario ap-
plied, the grid resolution of the respective model setup, and differ-
ences in the representation of ice shelf and seafloor topography. In
particular, model resolution has recently been shown to impact the
strength of the ASF, thereby controlling whether freshwater input,
such as from ice-shelf basal melt, propagates to the open ocean or
is retained on the continental shelves (Lockwood et al. 2021). This,
in turn, directly impacts the susceptibility of the southern Weddell
Sea to a possible system change under anthropogenic forcing.
While even under the highest-emission scenario more recent
projections with ocean-only models generally suggest a more
moderate increase in ice-shelf basal melt (Naughten et al.
2019, 2021; Nissen et al. 2022) than those in earlier studies
(see, e.g., Hellmer et al. 2012), uncertainty remains as to
whether critical thresholds could be crossed in the Weddell
Sea already by the end of this century.

Here, using the same global ocean-biogeochemistry model as
in Nissen et al. (2022), which includes ice-shelf cavities and has an
eddy-permitting grid resolution on the Weddell Sea continental
shelves, we assess the possibility for a regime shift in the southern
Weddell Sea under shared socioeconomic pathways (SSP forcing
scenarios) until the end of the twenty-first century. In particular,
we employ several different metrics to assess whether critical
thresholds in shelf-open-ocean density differences, on-shelf trans-
port of WDW, dense-water export from the continental shelves,
and deep-ocean carbon sequestration have been crossed in the
southern Weddell Sea by 2100. In addition to the high-emission
scenario SSP5-8.5 assessed in Nissen et al. (2022), we here assess
three lower-emission scenarios (SSP3-7.0, SSP2-4.5, and SSP1-
2.6) to quantify the sensitivity of our findings to the chosen emis-
sion trajectory and expand the analysis to also include the ecosys-
tem stressors oxygen and pH.

2. Methods

a. Model simulations with FESOM-REcoM

We perform model experiments with the same setup as in
Nissen et al. (2022). In particular, we use the global Finite
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FIG. 1. Characterization of Antarctic continental shelf types (Thompson et al. 2018), including (a) the exact location of the transects (yellow
lines): (b)—-(d) The Amundsen Sea as an example of a warm shelf, (¢)—(j) the northwestern and southern Weddell Sea as examples of dense
shelves, and (k)—(m) the eastern Weddell Sea as an example of a fresh shelf. Colors depict the average distribution of (top) temperature, (middle)
salinity, and (bottom) oxygen averaged over the 1990s of the historical FESOM-REcoM simulation assessed in this study (see section 2). White
contours denote selected isopycnals of the potential density referenced to 2000 dbar, namely, 1037.0 kg m > (solid), 1037.2 kg m > (dashed), and
1037.25 kg m ™ (dotted). In (a), the Filchner Trough is marked, the ice-shelf front is indicated by the gray contour, and black contours denote the
700 m (solid), 2000 m (dotted), and 3500 m isobath (dashed). Green squares depict the start and end points of the transect shown in Fig. 10.

Element Sea ice Ocean Model (FESOM) version 1.4 (Wangetal.  (REcoM) version 2 (Hauck et al. 2013; Karakus et al. 2021) re-
2014). Its dynamic-thermodynamic sea ice model and its ice-shelf ~ solves the biogeochemical cycles of carbon, nitrogen, silicon,
component are described in Danilov et al. (2015) and Timmer- iron, and oxygen and is coupled to FESOM for this study. The
mann et al. (2012), respectively. The Regulated Ecosystem Model ~ “total deep-ocean carbon inventory” referred to in section 3 is
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composed of dissolved inorganic carbon, dissolved organic car-
bon, two types of sinking particulate organic carbon, sinking
particulate inorganic carbon, particulate organic carbon associ-
ated with the two phytoplankton (diatoms and small phyto-
plankton), and two zooplankton groups (small zooplankton and
krill), and particulate inorganic carbon associated with the small
phytoplankton group. The biological contribution to changes in
the carbon inventory is computed from sinking particulate or-
ganic carbon, and the physical contribution is the residual be-
tween changes in the inventory and the biological contribution.
We note that with this definition, any carbon that is not actively
sinking is assigned to the physical contribution even if it was a
sinking particle of biological origin at some depth above the
deep-ocean volume of interest. All model simulations are run
on a mesh with 99 z-levels in the vertical and an eddy-permitting
grid resolution on the southern Weddell Sea continental shelves
(~3-10 km). The grid resolution increases to ~80 km in the
northern Weddell Sea.

For this study, transient model experiments are performed for
the time period 1950-2100. At the surface, all model simulations
are forced with 3-hourly atmospheric output from the AWI
Climate Model (AWI-CM), namely its contribution to phase 6 of
the Coupled Model Intercomparison Project (CMIP6; Semmler
et al. 2020). The model tracers are initialized with output from
the AWI-CM (FESOM tracers) and with output of a simulation
for the Regional Carbon Cycle Assessment and Processes 2
(RECCAP2) project (REcoM tracers; unpublished). The model
experiments are forced with atmospheric output from the histori-
cal AWI-CM simulation for the period 1950-2014 and with output
from four emission scenarios for 2015-2100: SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-85 (sorted from low-emission to high-
emission). For the SSP3-7.0 scenario, output of five ensemble
members is available for the AWI-CM (Semmler et al. 2020).
Here, we use the first ensemble member to force our model ex-
periment, whose projected warming of Weddell Sea air temper-
atures is the second least across all ensemble members of this
emissions scenario [see the supplement of Nissen et al. (2022)].
Atmospheric CO, levels are taken from Meinshausen et al.
(2017) for the historical period and from O’Neill et al. (2016)
for the emission scenarios. By 2100, atmospheric CO, has in-
creased to 446 ppm (SSP1-2.6), 603 ppm (SSP2-4.5), 867 ppm
(SSP3-7.0), and 1135 ppm (SSP5-8.5) for the four emission sce-
narios (Fig. 2a). Across the scenarios, the average Weddell Sea
air temperature in the year 2100 ranges from —8.9°C (SSP1-
2.6) to —5.3°C (SSP5-8.5), corresponding to a warming between
1.8° and 5.4°C relative to the 1990s (not shown). To assess the
model drift in the absence of climate change and rising atmo-
spheric CO, levels, we additionally perform a control simula-
tion, for which atmospheric conditions of the years 1950
(atmospheric CO,; 312.82 ppm) and 1955 (all other variables;
corresponding to normal-year conditions with respect to the
phasing of the Southern Annular Mode and El Nifio—Southern
Oscillation in the AWI-CM data) are repeated. We note that
the control simulation, the historical simulation, and the sce-
nario simulation under the high-emission scenario SSP5-8.5 are
identical to those in Nissen et al. (2022), and more detail on the
model setup can be found therein.
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b. Metrics to identify a system change

We use several different approaches to assess whether the
southern Weddell Sea undergoes a system change with the pos-
sible crossing of tipping points, which are outlined in more detail
in the following.

]) CHARACTERIZING CONTINENTAL SHELVES BASED
ON SHELF-OPEN-OCEAN DENSITY GRADIENTS

(i) Bottom density differences

Different types of continental shelves (i.e., warm, fresh, or
dense shelves) show distinct differences in their shelf-open-ocean
gradient of subsurface temperature, salinity, and hence density
(see Fig. 1 herein and Thompson et al. 2018). In this context, the
difference Ap” between the bottom densities on the continental
shelf (p”*) and in the open ocean (p*°°) is a metric for the po-
tential transfer of newly formed dense waters from the continen-
tal shelf to the abyss:

Apb —_ pb,cs _ pb,oo. (1)

A bottom density higher on the continental shelf than in the
open ocean is a prerequisite for the transfer of newly formed
dense waters to greater depths or all the way to the seafloor, and
the deep-ocean transfer potential is expected to be high for dense
shelves such as the southern Weddell Sea. Consequently, the dis-
appearance of this potential for deep-ocean transfer of newly
formed dense waters can be interpreted as a system change. For
all model experiments, we calculate the bottom density difference
between every model grid cell of the southern Weddell Sea conti-
nental shelf (south of the 700 m isobath) and the open ocean,
with open ocean being defined as the model grid cell with a water
depth = 3500 m that is closest to the respective grid cell on the
shelf. For all “bottom” quantities reported throughout the paper,
“bottom” refers to the deepest available model grid cell at each
location.

(ii) Horizontal density differences across the continental
shelf break

In addition, for all model experiments, we calculate the hori-
zontal density difference Ap™®™ between locations at the conti-
nental shelf break (p’™®) and in the open ocean (p’*™°°),
which we here define to be located along the 700 m isobath:

Ap700m — p70()m,sb _ p700m$00. (2)

In contrast to shelf-open-ocean differences in bottom density
[Eq. (1)], these horizontal density differences are more directly
linked to the shelf-open-ocean exchange of WDW, which is
generally limited in dense shelf regions due to the presence of
dense waters on the continental shelf, resulting in a negative den-
sity difference (see Fig. 1 herein; Thompson et al. 2018; Haid et al.
2022). In general, the link between the horizontal density differ-
ence and the actual on-shelf flow of WDW can be expected to be
stronger the shorter the distance is over which the density gradi-
ent is computed. Therefore, for this metric, we define the open
ocean as the location with a water depth = 2000 m that is closest
to the respective grid cell at the shelf break. We note, however,
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FIG. 2. (a) Air-sea CO, flux (in Tg C yr ') integrated over the Weddell Sea (see map) and
averaged over each decade between the 1990s and the 2090s (left y axis). A positive flux denotes
a flux into the ocean. Black bars denote the historical period, and colors from the 2010s onward
show the different emission scenarios. The colored lines show the evolution of atmospheric CO,
in each scenario; circles highlight the level for the year 2100 (right y axis). The colored squares
on the right correspond to the average air-sea CO, flux between the 2010s and the 2090s for
each emission scenario. (b) As in (a), but for the carbon accumulation rate below 2000 m in the
southern Weddell Sea (see map). (c) The ratio (in %) between the deep-ocean carbon accumula-
tion rate in (b) and the air—sea CO, flux in (a). Note the broken y axis in (c). Also shown are the
contributions of (d) biological and (e) physical fluxes to the total deep-ocean carbon accumula-
tion in (b). The biological contribution to changes in the carbon inventory is computed from
sinking particulate organic carbon, and the physical contribution is the residual between changes
in the inventory and the biological contribution.
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that qualitatively the results presented in section 3 are insensitive
to this choice. Similar to the bottom-density differences, a rever-
sal in the sign of the horizontal density gradient at 700 m over the
twenty-first century can be interpreted as a system change, in
which case the southern Weddell Sea would transition from a
dense shelf to a warm shelf (Fig. 1).

2) CHANGEPOINT ANALYSIS TO SEPARATE GRADUAL
FROM ABRUPT CHANGE

To assess whether bottom-water properties on the continental
shelves change significantly between 1980 and 2100 in the different
emission scenarios and to determine whether any change occurs
gradually or includes abrupt changes, we apply the R package
“Detection of Structural Changes in Climate and Environmental
Time Series” to our model output (EnvCPT; Beaulieu and Killick
2018; Killick et al. 2021). We apply this methodology to the time
series of annual mean bottom-density differences between the
open ocean and the continental shelf sea [Eq. (1)] and bottom
temperature, salinity, oxygen, and pH at each location on the
southern continental shelves of the Weddell Sea. We calculate pH
offline from monthly model output using the routines to model
the ocean carbonate system (mocsy v2.0; Orr and Epitalon
2015). As in Nissen et al. (2022), we fit eight statistical models to
the time series, of which four include changepoints (see our
online supplemental material for model equations of each fit):
(1), (ii) a constant mean with or without first-order autocorrelation,
(iii), (iv) a constant linear trend with or without first-order auto-
correlation, (v), (vi) a mean with changepoints with or without
first-order autocorrelation, and (vii), (viii) a linear trend with
changepoints with or without first-order autocorrelation. To iden-
tify the model that is best suited to describe the respective time
series, the R package ranks all model fits using the Akaike infor-
mation criterion (Akaike 1974). Here, we use a minimum segment
length of 20 in the analysis, thereby requiring at least 20 years
between any two changepoints detected. We note that the qualita-
tive findings regarding the scenario differences are rather insensi-
tive to this choice, while unsurprisingly, the exact timing of any
changepoints identified and the exact statistics of any fit is sensitive
to choosing a smaller or larger minimum segment length. For our
application, we are mostly interested in long-term change in bot-
tom-water properties and the presence or absence of abrupt
changes in the mean or the slope of a given time series as an indi-
cator for system change. In that context, we note that the presence
of first-order autocorrelation in a time series affects year-to-year
variability, but to a lesser extent long-term trends. Therefore, for
the visualization of the results (see Figs. 6 and 7), we group the
respective model fits with and without first-order autocorrelation
together, allowing us to more clearly distinguish whether 1) a
mean-model or a trend-model and 2) a model with or without
changepoints best describes the model data.

3. Results

a. Carbon transfer from the surface to the deep ocean
across emission scenarios

Over the course of the twenty-first century, the simulated Wed-
dell Sea air—sea CO, fluxes track the increase in atmospheric CO,
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for each emission scenario (Fig. 2a). As a result, the oceanic sink
of CO, in the Weddell Sea increases from 9.1 Tg C yr~ ' in the
1990s to 33 Tg C yr~' (SSP1-2.6), 123 Tg C yr ' (SSP2-4.5),
259 Tg C yr~! (SSP3-7.0), and 338 Tg C yr ! (SSP5-8.5) in the
2090s. While the CO, flux is highest in the high-emission sce-
nario for each decade after the 2010s, the evolution of deep-
ocean carbon-accumulation rates in the southern Weddell Sea is
more variable in time and across emission scenarios (Fig. 2b).
Acknowledging strong decadal variability, the rate in the low-
est-emission scenario (SSP1-2.6) even exceeds the one in the
highest-emission scenario (SSP5-8.5) in several decades, with
deep-ocean carbon accumulation in, for example, the 2090s
amounting to 4.3 and 1.5 Tg C yr™ ! in the SSP1-2.6 and SSP5—
8.5 scenario, respectively.

The ratio of deep-ocean carbon accumulation and local sur-
face-uptake of CO, provides a first-order insight into whether
any trend in carbon accumulation in the upper ocean is trans-
lated into a corresponding trend in the deep ocean. Acknowl-
edging that some of the carbon being sequestered in the deep
ocean could be provided laterally from outside of the Weddell
Sea as opposed to by local surface uptake of CO, (Hoppema
et al. 2001), we here assume this lateral carbon transport to be
relatively constant to first order. This ratio amounts to >40%
in the historical simulation (black bars in Fig. 2c), but to only
0.5% in the 2090s for the SSP5-8.5 scenario, reflecting the at-
tenuation in deep-ocean carbon accumulation discussed in
more detail in Nissen et al. (2022). Notably, while there is
some attenuation also for the scenarios SSP3-7.0 and SSP2-
4.5 (although less than for SSP5-8.5), no attenuation in deep-
ocean carbon accumulation is apparent in the SSP1-2.6 sce-
nario when referencing to the scenario period. While the
deep-ocean accumulation in the 2090s of this scenario (13%
of the surface uptake) is lower than the ratios in the 1990s and
2000s, it exceeds the average ratio of 11% after the 2010s
(Fig. 2¢).

Any change in deep-ocean carbon accumulation is caused by
changes in the downward transport of carbon through either bio-
logical or physical fluxes. In the model, for all emission scenarios,
biological downward fluxes (i.e., the sinking of particulate organic
carbon across 2000 m depth) generally steadily increase through-
out the twenty-first century, namely from 1.9 Tg C yr™ ' in the
1990s (51% of the total accumulation) to 2.3 Tg C yr™ ' (53%;
SSP1-2.6), 2.6 Tg C yr ' (81%; SSP2-4.5), and 2.8 Tg C yr !
(67% for SSP3-7.0 and 186% for SSP5-8.5) in the 2090s
(Fig. 2d). Therefore, in none of the emission scenarios can these
biological fluxes explain the simulated variability in deep-ocean
carbon accumulation. Instead, the simulated evolution of the
contribution of physical fluxes closely resembles that of the total
deep-ocean carbon accumulation (cf. Figs. 2b,e). In fact, physi-
cal fluxes alone explain >99% of the simulated variability in
deep-ocean carbon accumulation for each scenario (based on
the linear correlation between the two annual mean time se-
ries). Due to this similarity between scenarios, it appears reason-
able to assume that the main driver of the simulated attenuation
in carbon sequestration for the SSP5-8.5 scenario discussed in
Nissen et al. (2022), namely the increasing decoupling between
bottom waters on the southern continental shelves and in the
open ocean, also controls the simulated variability in all other
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FIG. 3. Bottom oxygen concentrations (in mmol m>) (a) in the 1990s and (b)—(e) in the 2090s relative to the 1990s for the different
emission scenarios, sorted from the low-emission scenario SSP1-2.6 in (b) to the high-emission scenario SSP5-8.5 in (e). (f),(g) Bottom
oxygen concentrations in the control simulation. (h)-(n),(0)—(u),(v)-(22),(z3)~(z9) As in (a)—~(g), but for bottom pH, bottom potential
temperature (in °C), bottom practical salinity, and bottom potential density referenced to 2000 dbar (in kg m ™), respectively. In all panels,
the ice-shelf front is shown as the gray contour, and black contours denote the 700 m (solid), 2000 m (dotted), and 3500 m isobath

(dashed).

scenarios, justifying the focus on this component for the remain-
der of section 3.

b. Projected changes in dense-water transfer to the abyss
based on bottom-water properties

Bottom-water properties on the southern Weddell Sea
continental shelves differ from those in the open ocean in
the 1990s. Bottom oxygen and pH levels in the 1990s are high-
est on the continental shelves (>270 mmol m™> and >8.0)
and decline toward the deeper areas of the Weddell Sea
(<190 mmol m > and <7.8 where it is deeper than 3500 m;
Figs. 3a,h). This is unsurprising, as it reflects (i) the better
mixed water column for shallower regions, where bottom

waters have more frequent exchange with the atmosphere,
whereas the oxygen levels in deeper region result from mixing
of these well-oxygenated shelf waters and relatively oxygen-
poor WDW and (ii) the imprint of organic matter reminerali-
zation in the deeper regions (see also Nissen et al. 2022).
While the simulated oxygen levels in the top ~2000 m are in
good agreement with observations (e.g., Hoppema 2004), we
note that in contrast to observations, minimum open-ocean
oxygen levels in the model are wrongly located below the
WDW core (i.e., below ~2500 m) rather than within its core
for some shelf regions (see Figs. 1 and 3). This bias is the remain-
der of the initial adjustment of our simulation to the new model
grid and atmospheric forcing (not shown), and deep-ocean
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ventilation with AABW renewal continuously reduces the bias
(for the Weddell Sea, see Fig. 3g). It should be noted that the full
replenishment of the abyss with oxygen-rich waters takes much
longer than our simulation time. Still, this kind of model bias
likely only has a small effect on the results presented below, as
the waters entering the southern Weddell Sea continental shelves
mostly originate from the top 2500 m. In the 1990s, bottom wa-
ters on the continental shelves are on average ~1°C colder than
those in the open ocean (typically <—1.4° and >—0.6°C in the
two regions, respectively; Fig. 30). For bottom salinity and
density, the model not only simulates differences between the
continental shelf and the open ocean, but also suggests sub-
stantial spatial variability on the southern continental shelf it-
self (Figs. 3v,z3). The simulated bottom salinity and density is
highest close to the ice-shelf front in the Ronne Depression on
the southwestern shelf and in the Filchner Trough (up to 34.8
and 1037.4 kg m ™3, respectively), which is in general agreement
with observations (Janout et al. 2021). We note, however, that
there is disagreement between the model (Filchner Trough) and
the observations (Ronne Depression) on where along the ice-
shelf front the maximum bottom salinity is located.

Over the course of the twenty-first century, bottom waters in
the model regionally undergo substantial deoxygenation, acidifi-
cation, warming, and freshening. In the 2090s, the decline in

bottom oxygen concentrations compared to the 1990s exceeds
130 mmol m ™ along the southern continental slope for both
the SSP3-7.0 and SSP5-8.5 scenario and locally amounts to up
to 116 mmol m > (SSP2-4.5) and 86 mmol m > (SSP1-2.6)
even in the two lower-emission scenarios (Figs. 3b—e¢). The de-
cline on the continental shelves is much smaller in comparison
and is only substantial in the Filchner Trough region in the
SSP5-8.5 scenario, where the decline is locally >100 mmol m >
(Fig. 3e). Interestingly, the pattern of the projected change in
Weddell Sea bottom temperatures mirrors that of the oxygen
changes (cf. Figs. 3p—s to Figs. 3b—e), illustrating the close link
between these two variables (see also Fig. 1). Along the conti-
nental slope, bottom waters warm by up to 0.8°-1.4°C depend-
ing on the emission scenario (Figs. 3p-s), with the warming
in the Filchner Trough only exceeding 1°C for the SSP5-8.5
scenario (up to 1.3°C; Fig. 3s). In contrast to the patterns of deox-
ygenation and warming, the strongest acidification and freshening
are not located along the continental slope, but on the southern
continental shelves (Figs. 3i-1,w—z). The projected acidification is
strongest between the ice-shelf front and the 700 m isobath for
all scenarios, with the decline in bottom pH exceeding 0.4 for the
SSP5-8.5 scenario. In contrast, the projected freshening is stron-
gest close to the ice-shelf front, with bottom salinity declining by
up to 0.19 (SSP1-2.6), 0.23 (SSP2-4.5), 0.38 (SSP3-7.0), and 0.47
(SSP5-8.5), while bottom salinity along the continental slope and
in the open ocean even increases by up to 0.13 for the SSP5-8.5
scenario. On the continental shelves, both the projected reduc-
tion in sea ice growth in the area (up to —16%; Fig. 4a) and the
projected increase in ice-shelf basal melt (+26% to 79% across
scenarios; Fig. 4b) contribute to the simulated freshening, ex-
plaining why its maximum is located there instead of farther off-
shore. Acknowledging that some of the projected changes are
also seen in the control simulation, albeit smaller in magnitude
(Figs. 3 and 4), bottom waters on the southern continental
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FIG. 4. (a) Average sea ice growth (in m yr ') on the southern
Weddell Sea continental shelves (see inset) in the 1990s in the his-
torical simulation (dark gray), in the 1990s in the control simulation
(gray), in the 2090s in the control simulation (light gray), and in the
2090s in the four emission scenarios (colors). (b) As in (a), but for
the average ice-shelf basal melt (in Gt yr™!) in the southern Wed-
dell Sea (see inset).

shelves overall shift to lighter densities as a result of both warm-
ing and freshening by the year 2100 for all emission scenarios,
but in particular for the high-emission scenario SSP5-8.5.

The projected density reduction of bottom waters on the con-
tinental shelves directly impacts the potential for these waters
to reach the deep ocean as they descend the continental slope
during AABW formation, with the aforementioned consequen-
ces for carbon sequestration (Nissen et al. 2022). In the 1990s,
bottom density on the continental shelves outside of the ice-
shelf cavities exceeds that in the open ocean in the Ronne
Depression and particularly in the Filchner Trough [red areas
in Fig. Sa; see section 2b and Eq. (1)]. In these regions, the bot-
tom density on the continental shelves is up to 0.17 kg m >
higher than in the open ocean, indicating a high potential of
these waters to reach the abyss as part of AABW. As this distri-
bution closely resembles that of bottom salinity on the conti-
nental shelves (see Fig. 3v), it is bottom salinity rather than
temperature that appears to control this high potential for
deep-ocean transfer. Acknowledging the model bias in the loca-
tion of maximum bottom salinity (see above), the distribution is
in general agreement with our observation-based understand-
ing of the formation of dense shelf waters in the southern Wed-
dell Sea, namely, high-salinity shelf water being formed during
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FIG. 5. (a) Difference in bottom potential density ps, i.e., referenced to 2000 dbar (in kg m ™), between every location on the southern
Weddell Sea continental shelves and the open ocean as a measure of the deep-ocean transfer potential [Eq. (1)]. Each location on the shelf
is matched with the closest point with a water depth = 3500 m in the open ocean to calculate the density difference. Red colors denote
regions where the bottom density on the continental shelf exceeds that in the open ocean. (b),(c) As in (a), but for the 1990s and 2090s,
respectively, of the control simulation. (d)—(g) As in (a), but for the 2090s of the four emission scenarios. In all panels, the ice-shelf front is
shown as the gray contour, and black contours denote the 700 m (solid), 2000 m (dotted), and 3500 m isobath (dashed). Note the differ-

ence in scale between (a)—(c) and (d)—(g).

sea ice formation close to Ronne Depression, which then flows
via the ice-shelf cavity toward the Filchner Trough, where it exits
the cavity as ice-shelf water and ultimately leaves the continental
shelves (Foldvik et al. 1985). In contrast to the control simulation,
for which these regions of high deep-ocean transfer potential
strengthen over the course of the simulation (from ~0.1 kg m >
close to the 700 m isobath in the 1990s to >0.16 kg m > in the
2090s; Figs. 5b,c), this potential decreases for all emission scenar-
ios (Figs. 5d-g). In particular, in the 2090s, these regions of
high deep-ocean transfer potential are absent for the SSP2-4.5,
SSP3-7.0, and SSP5-8.5 scenarios (only blue colors close to the
700 m isobath in Figs. Se-g) and are also reduced, but at least
partly sustained for the SSP1-2.6 scenario (see red colors close to
the 700 m isobath at Filchner Trough and close to Ronne Depres-
sion in Fig. 5d). This implies that apart from this lowest-emission
scenario, bottom waters on the southern Weddell Sea continental
shelves lose their ability to substantially contribute to AABW re-
newal by the end of the twenty-first century.

c¢. Characterizing the change in bottom-water properties:
Gradual or abrupt?

Whether the projected changes in bottom-water properties
occur gradually or abruptly over the twenty-first century can
provide insights into whether a system change takes place

(see section 2b). In general, for all bottom-water properties, a
trend-model (i.e., a constant linear trend with or without
changepoints and first-order autocorrelation) is best suited to
describe the time series in most places (green colors in Fig. 6),
but the fraction of the continental shelf area whose temporal
evolution is best described by such a trend-model depends on
the emission scenario. For example, for the shelf-open-ocean
differences in bottom density, the fraction of the total shelf
area occupied by a trend-model is smallest for the SSP1-2.6
and SSP2-4.5 scenarios (~60%), while amounting to ~80%
for the higher-emission scenarios (Figs. 6a-d). Comparing the
two highest-emission scenarios, a changepoint in the trend
(light green) is identified more often for the SSP5-8.5 scenario
than for the SSP3-7.0 scenario (39% vs 19% of the surface
area; Figs. 6c,d). While this generally also holds for the other
variables (Figs. 6e-t), the variables differ in some key aspects.
Notably, for bottom pH and salinity, the model allowing for
changepoints in the linear trend (light green) is almost exclu-
sively identified as the best model for all scenarios (pH) and the
SSP5-8.5 scenario (salinity), implying changes in the rate of
acidification and freshening at least once throughout the century
at almost every location on the continental shelves. For both
bottom temperature and oxygen, the Filchner Trough stands
out as a region for which a linear trend with changepoints best
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FIG. 6. Results of the changepoint analysis applied to the time series from 1980 to 2100 for each emission scenario of (a)—(d) the difference
in bottom potential density p, between the open ocean and each location on the southern continental shelves [Eq. (1)], (e)-(h) bottom poten-
tial temperature, (i)—(1) bottom practical salinity, (m)—(p) bottom oxygen concentrations, and (q)—(t) bottom pH (see also Figs. 3 and 5). In
each panel, the color denotes the type of linear model that best describes the respective time series. The models are distinguished by whether
a constant mean (orange) or a constant linear trend (green) best describes the data and by whether or not changepoints (CPT) are included
(darker and lighter colors). Models with and without first-order autocorrelation are grouped together. See section 2b for details. The bar plot
in each panel shows the relative shelf area covered by each model type. In all panels, the ice-shelf front is shown as the gray contour, and the
black contour denotes the 700 m isobath.

describes the time series for the SSP5-8.5 scenario, while a  the rate of change of a given quantity. In general, for all five
model without changepoints is often identified as the best model  variables, trends at locations at which a changepoint is identi-
for its surroundings (Figs. 6h,p; last changepoint typically be- fied (light green in Fig. 6) are up to one order of magnitude
tween 2070 and 2080). larger than trends at locations with a constant trend through-

Quantitatively assessing the differences in the statistical fit out the simulation period (dark green in Fig. 6; compare
between the time series with and without changepoints illus- y axes between the rows in Fig. 7; the trend after the last
trates the significance of a changepoint being identified for changepoint in the time series is considered). The change in
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FIG. 7. (a)-(e) Median decadal trend in (a) the bottom density difference p, (in kg m~> decade™!) [see Eq. (1)], (b) bottom potential
temperature (in °C decade '), (c) bottom practical salinity (in decade '), (d) bottom oxygen concentrations (in mmol m > decade %),
and (e) bottom pH (in decade ') after the last changepoint (CPT) identified for locations at which Trend+CPT (with or without autocor-
relation) is best suited to describe the time series in each emission scenario (light green regions in Fig. 6). (f)-(0) As in (a)—(e), but for the
locations at which (f)—(j) Trend (with or without autocorrelation) and (k)-(0) Mean+CPT (with or without autocorrelation) is best suited
to describe the time series in each emission scenario (dark green and yellow regions in Fig. 6). For (k)—(0), the difference in the mean be-
fore and after the last CPT is shown. Note the up to one order of magnitude difference in the y-axis scale between the rows and that the
area represented by each bar differs (see Fig. 6). Dots above each bar denote the 90th percentile. For the SSP5-8.5 scenario, results for
the Filchner Trough region (FT; locations east of 42°W, deeper than 500 m, and outside of ice-shelf cavities) are shown separately next to

the column for the full area.

the mean before and after the last CPT locally exceeds the de-
cadal change for grid cells with a change in the linear trend
(Figs. 7a—¢ vs Figs. 7k-0), but we acknowledge that the area
covered by grid cells best described by a change in the mean
throughout the time series generally amounts to <20% (espe-
cially for higher-emission scenarios). Overall, this demonstrates
that the presence of abrupt changes toward the end of a time se-
ries is a consequence of a stepwise change (Mean+CPT) or an
acceleration of the change (Trend+CPT) in the respective
property, with the latter resulting in substantially larger change
if the accelerated trends are sustained for multiple decades. Un-
surprisingly, across emission scenarios and variables, the pro-
jected change occurs fastest in the SSP5-8.5 scenario (Fig. 7). In
particular, the median rates of bottom-density decoupling
(+0.068 kg m > decade™ '), freshening (—0.083 decade '),
and acidification (—0.06 decade™!) are 46%-127% times
higher in the SSP5-8.5 scenario than in the SSP3-7.0 scenario
(+0.03 kg m >, —0.043, and —0.041 decade !, respectively;
Figs. 7ace). After the last identified changepoint, bottom waters
on the continental shelves warm at a rate of 0.18°C decade " in the
highest-emission scenario, with the warming rate amounting to
even 0.47°C decade ™" for the 90th percentile (Fig. 7b). At the same
time, bottom waters deoxygenate at 15.7 mmol m > decade ™!
(median), which corresponds to a 10 times faster deoxygenation for
the SSP5-8.5 scenario than for the second-highest emission scenario
SSP3-7.0 (1.56 mmol m > decade™'; Fig. 7d). In the Filchner

Trough, bottom waters in SSP5-8.5 even warm at a rate of
0.43°C (median) and 0.59°C (90th percentile) decade !, while
losing oxygen at a rate of 359 mmol m~* (median) and
56.3 mmol m > decade ! (90th percentile; Figs. 7b,d), making
this region a hotspot of warming and deoxygenation in the
highest-emission scenario.

d. The Filchner Trough as a hotspot of change

On a transect directly north of the Filchner Trough sill, sim-
ulated temperatures are below —1°C throughout the water
column in the 1990s (Fig. 8). Over the twenty-first century, an-
nual mean temperatures at middepths exceed —1°C for all
scenarios for individual years from the 2020s onward, but the
higher the emission scenario, the more frequent, the longer
and the warmer these pulses of relatively warm water become
over time (Figs. 8a—d; these waters are also oxygen-poor; see
also Fig. 1). Remarkably, for the SSP5-8.5 scenario, tempera-
tures below 400 m (and at the surface) increase to >—0.5°C
for all years after 2085 (Fig. 8d). Overall, comparing the 2090s
to the 1990s, the bottom waters at the continental shelf break
at Filchner Trough warm by up to 1°C (Fig. 8¢) and deoxy-
genate by up to 75 mmol m > over the twenty-first century
(Fig. 8f).

The projected warming for the 2090s translates into an en-
hanced on-shelf heat transport relative to the 1990s for all emis-
sion scenarios (Fig. 9). While the on-shelf heat transport in the
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all panels highlights a depth of 400 m, below which the strongest warming occurs for the SSP5-8.5 scenario. The maximum depth of Filch-

ner Trough sill is 555 m in our model.

control simulation declines over the whole water column from
the 1990s to the 2090s (from 5.55 to 4.61 10% J yrfl; Fig. 9a),
the heat transport for the SSP5-8.5 scenario is 225% larger
in the 2090s than in the 1990s (20.23 vs 6.22 10" J yr™!; 21.86 vs
7.18 10" T yr~! or a 204% increase when using daily model out-
put) and thereby exceeds the transport in all other scenarios
(8.06-13.28 10" J yr ') in the 2090s by far. The increase is
driven by a combination of changes in the on-shelf volume
transport (see gray dots in Fig. 9a) and the warming of waters at
the continental shelf break (Fig. 8), with the latter causing the
main part of the increase (difference between gray dots and
bars in Fig. 9a). In agreement with the depth profile of warming
over the twenty-first century (Fig. 8), the scenario differences in
the on-shelf heat transport are especially pronounced for the
lower half of the water column (Fig. 9b). Below 400 m, the on-
shelf heat transport in the 2090s for the SSP5-8.5 scenario ex-
ceeds even that in the SSP3-7.0 scenario by almost a factor of
two (4.54 vs 2.45 10" J yr~!). Most notably, the on-shelf heat
transport between 2098 and 2100 is 33% larger than the one
in the 2090s for the highest-emission scenario (blue dots in
Fig. 9b), further illustrating the pronounced and accelerating
changes in this region at the very end of this simulation.
Assessing density differences at 700 m between the conti-
nental shelf break and the open ocean [section 2a; Eq. (2)],
the Filchner Trough region shows clear characteristics of a
dense shelf region in the 1990s (density at the continental
shelf break exceeds that in the open ocean by >0.16 kg m™;
dark red colors in Fig. 10). Given that the same is true for the
shelf regions both in the northwestern Weddell Sea and in
front of the Ronne Depression, this suggests that a strong
ASF in most parts of the southwestern Weddell Sea prevents
the continuous flushing of the continental shelves with WDW
in the present-day (see also Fig. 1). Over the twenty-first cen-
tury, the positive cross-shelf break density differences are first
eroded and eventually change sign at Filchner Trough and
Ronne Depression for all emission scenarios except SSP1-2.6
and even for all emission scenarios in the northwestern

Weddell Sea. In fact, by the year 2100, the density at 700 m in
the open ocean is >0.16 kg m ™~ higher than the density at the
continental shelf break in the highest-emission scenario
(Fig. 10d). This reversal is almost entirely driven by the changes
in density at the continental shelf break and on the shelves, as
the density of the WDW core offshore only changes marginally
(not shown). Overall, these changes in density structure at the
continental shelf break and thus in the characteristics of the
ASF are in line with the projected changes in on-shelf heat
transport described above.

There is a particularly close correspondence between the
cross-shelf break density gradient and the on-shelf heat trans-
port when filtering out the interannual variability of these two
metrics. Any change or variability in the former explains
=70% of the variability in the latter on decadal or multideca-
dal time scales (R> = 0.7 for the highest-emission scenarios;
Figs. 1la,b). In the highest emission scenario SSP5-8.5,
the on-shelf heat transport increases drastically after the
density difference is continuously negative and amounts to
~—0.1 kg m ™2 for multiple consecutive years (Fig. 11a; note
the flipped y axis). While the density difference is also contin-
uously negative in the last ~15 years of the SSP3-7.0 scenario,
its magnitude is lower (~—0.05 kg m~>; Fig. 11b), implying
that a positive density difference alone does not immediately
result in a flushing of the continental shelves with WDW.

Putting the projected changes at the Filchner Trough across
emission scenarios in relation to the projected atmospheric
warming (Figs. 11c—¢), only the SSP5-8.5 scenario projects a
warming of up to 6°C, explaining the much stronger oceanic
changes by the year 2100 in this scenario (Figs. 8-10). Nota-
bly, for an atmospheric warming of both 4° and 5°C, the dif-
ferent emission scenarios project rather similar changes
in the cross-shelf break density differences (Fig. 11c), the
on-shelf heat transport (Fig. 11d), and bottom temperature
(Fig. 11e). This suggests that both the SSP3-7.0 and SSP2-4.5
scenarios are on the same trajectory as the SSP5-8.5 scenario,
with drastic changes in the lower-emission scenarios possibly
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FIG. 9. Average on-shelf heat transport (in 10?' J yr ™) at Filch-
ner Trough along the 700 m isobath (see map) calculated from
monthly model output in the 1990s in the historical simulation
(dark gray), in the 1990s in the control simulation (gray), in the
2090s in the control simulation (light gray) and in the 2090s in the
four emission scenarios (colors). Hatched bars denote the on-shelf
heat transport calculated from daily model output in the 1990s and
2090s for the SSP5-8.5 scenario (daily model output not available
for other scenarios). The whiskers denote one standard deviation
within each decade (based on annual mean values). Transports are
integrated (a) over the whole water column and (b) within differ-
ent depth intervals. In (a), the gray dots correspond to the on-shelf
heat transport caused by the increase in volume transport only for
each emission scenario, using monthly or daily climatological tem-
peratures for the 1990s in the calculation. The contribution of
warming to the increase in heat transport thus corresponds to the
difference between the gray dot and each colored bar relative to
the one in the 1990s. In (b), the blue dots for the SSP5-8.5 scenario
indicate the on-shelf heat transport during 2098-2100 (only shown
if it exceeds the 2090s average).

only being slightly delayed beyond the year 2100. In contrast,
for an atmospheric warming of 2° and 3°C in the Weddell Sea
region, the lowest-emission scenario SSP1-2.6 stands out with
lower on-shelf heat transport and bottom warming at Filchner
Trough than for the same atmospheric warming in the other
three scenarios. Separating the SSP1-2.6 scenario into the time
before and after peak atmospheric CO, levels are reached
(2063; Fig. 2a), the projected median bottom warming for a local
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atmospheric warming of 3°C is lower after (0.026°C) than before
the peak (0.035°C; not shown). Altogether, this suggests that the
southern Weddell Sea shelf might retain its dense-shelf charac-
teristics well beyond the year 2100 for this scenario.

4. Discussion

Based on the projected accelerating changes in shelf-open-
ocean coupling and in water-mass properties on the conti-
nental shelves, our results show that by the year 2100 critical
thresholds have been crossed in the southern Weddell Sea
for the highest-emission scenario SSP5-8.5, but not (yet) for
the three lower-emission scenarios. As a result, in the SSP5-8.5
scenario, the southern Weddell Sea switches from a dense shelf
in the present-day to a regime resembling a warm shelf toward
the end of the twenty-first century, with the changes being most
pronounced in the vicinity of Filchner Trough after 2080. In par-
ticular, this system change is apparent through 1) the reduced
potential of newly formed dense waters to reach the abyss
(Fig. 5), 2) the associated reduction in carbon sequestration
(Fig. 2), 3) the accelerated property-changes of bottom waters
on the continental shelves (Figs. 6 and 7), and 4) the sudden in-
crease in on-shelf heat transport in the last few years of the sim-
ulation (Fig. 9). In our model, the erosion of density differences
between waters on the continental shelves and in the open
ocean, which is driven by a freshening on the shelves (not
shown), weakens the ASF over time and eventually facilitates
the continuous flushing of the Filchner Trough with WDW, al-
though a high-density bias in the WDW core offshore possibly
leads to an earlier flushing than expected otherwise (Nissen et al.
2022). Even if, due to its timing, the full impact of this system
change is not realized by the end of our model experiment, ice-
shelf basal melt rates already accelerate at the very end of the
simulation (59% of the increase between the 1990s and 2090s
occurs in the 2090s; Nissen et al. 2022) and can be expected to
accelerate further after the year 2100, as WDW further invades
the ice-shelf cavity (Hellmer et al. 2012, 2017; Naughten et al.
2021; Haid et al. 2022). Consequently, a self-sustaining positive
feedback will be set in motion: The enhanced freshwater input
makes waters on the continental shelves even lighter, allowing
for further on-shelf flow of WDW, and further stabilizing the
system in its new warm state. Thereby, our findings support the
tipping-point cascade proposed by Hellmer et al. (2017). Based
on our results, we here suggest extending the cascade by biogeo-
chemical elements, namely the reduction in carbon and oxygen
transport to the abyss with newly formed dense waters and the
reduction in oxygen and pH levels on the continental shelves. It
should be noted that any global, climate-relevant impacts of re-
ductions in the Weddell Sea deep-ocean transfer of carbon with
newly formed dense waters will take up to millennia to unfold
(Marinov et al. 2006). Due to computational constraints, their
magnitude can thus not be quantified with our model setup. Ad-
ditionally, the response of other dense-shelf regions such as the
Ross Sea to the projected climate change needs to be quantified
concurrently. In contrast, the projected changes in water-mass
properties on the Weddell Sea continental shelves and slopes
following the regime shift (i.e., warming, freshening, deoxy-
genation, and acidification) are expected to impact ice-sheet
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stability, global sea level rise, and ecosystems on a much
shorter time scale.

Understanding the factors controlling the cross-shelf-break
exchange in the southern Weddell Sea is crucial to establish
(measurable) early warning indicators for the onset of this
physical and biogeochemical tipping point cascade. As dem-
onstrated by the close agreement on decadal and multideca-
dal time scales (Fig. 11), the erosion of density gradients due
to freshening and warming of shelf waters appears to be a key
ingredient for the enhancement of the on-shelf WDW trans-
port, in agreement with observations and modeling results by
Daae et al. (2020), Bull et al. (2021), and Haid et al. (2022). In
our simulation, the high interannual variability in on-shelf
heat transport reveals that density differences are not the
only controlling factor, with negative density gradients not im-
mediately causing enhanced on-shelf transport. Acknowledg-
ing the difficulty to fully disentangle the different contributing
factors to changes in cross-shelf-break exchange in our future
scenarios under shared socioeconomic pathways, this finding
agrees with the idealized modeling experiments by Daae et al.
(2020), in which both freshening of shelf waters and a lifting
of the open-ocean thermocline were needed to induce en-
hanced on-shelf heat transport. As a direct consequence of
wind-driven changes in Weddell Gyre circulation, which in-
tensifies and moves closer to the shelf break (Nissen et al.
2022), the WDW overall shifts southward by 2100 in our ex-
periments, explaining why the strongest bottom warming and
deoxygenation occur along the continental slope (Fig. 3).
Consequently, the WDW is lifted as well, contributing to
eventually pushing the WDW onto the continental shelves
(see also, e.g., Hellmer et al. 2017; Daae et al. 2020). Likewise,
a southward shift of WDW is also plausible in response to an
overall reduction in the volume of dense bottom waters in the
open ocean as newly formed dense waters become lighter
(Li et al. 2023), and dedicated sensitivity experiments would
be needed to fully disentangle the relative importance of the
factors controlling the regime shift in our model. An analysis
of daily averaged velocity and temperature fields for the
SSP5-8.5 scenario suggests that the projected twenty-first-
century change in eddy kinetic energy (Fig. S1 in the online
supplemental material) and the eddy-induced heat transport
at Filchner Trough (Fig. 9) do not substantially affect our con-
clusions drawn from monthly model output throughout this
paper. Yet, the eddy-induced contribution to the total on-shelf
heat transport amounts to 19% below 400 m in the 1990s,
implying pronounced submonthly variability that should be
assessed in future work. Today, a flow of modified WDW

—
density referenced to 2000 dbar (in kg m™?), is calculated at
700 m, i.e., at the bottom of the shelf break and within the WDW
core offshore (Nissen et al. 2022). Here, “open ocean” is defined
as locations with a water depth = 2000 m (see section 2). Results
are shown for the historical period from 1980 to 2014 and for the
four emission scenarios thereafter in the different panels. Red col-
ors denote regions where the density at the continental shelf break
exceeds that in the open ocean, which characterizes a “dense
shelf” (Thompson et al. 2018).
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onto the continental shelf and into Filchner Trough is observed
as part of a seasonal signal (Ryan at al. 2017) that is subject to
strong interannual variability (Arthun et al. 2012) and assessing
the future changes in the seasonality and frequency of occur-
rence could shed further light on the mechanisms at work.

To some extent, our results can be used to inform society on
the potential avoidability of a regime shift in the southern Wed-
dell Sea under climate-mitigation scenarios. For the SSP3-7.0,
SSP2-4.5, and SSP1-2.6 scenarios, the system change has not
yet taken place by the year 2100, and the subsurface on-shelf
transport of warm, oxygen-poor WDW is not yet substantially
enhanced (Fig. 9). However, conditions similar to those in the
present day are preserved only for the SSP1-2.6 scenario, which
is the only tested scenario in which peak atmospheric CO, levels
are reached midcentury. There are indications that the transi-
tioning to a different regime has started for the SSP3-7.0 and
SSP2-4.5 scenarios (see carbon sequestration and density gra-
dients; Figs. 2 and 10), suggesting that an abrupt increase in on-
shelf WDW transport might be imminent. While this implies
little or no avoidability of the regime shift soon after the year
2100 especially for the SSP3-7.0 scenario, we note that it re-
mains unclear whether the system change in these higher-
emission scenarios could still be averted if atmospheric CO,
levels declined after 2100. The imminent system change is fur-
ther supported by the similarity of projected oceanic change for
scenarios SSP5-8.5 and SSP3-7.0 when compared to the

projected local atmospheric warming (Fig. 11). In addition, for
the SSP3-7.0 scenario, pulses of WDW at the continental shelf
break become more frequent during 20802100, which is similar
to during 2060-80 for the SSP5-8.5 scenario, that is, just prior to
the drastic increase in on-shelf heat transport (Fig. 8). Based on
this observation, a systematic statistical analysis of these WDW
pulses at the continental shelf break may well reveal a possible
early warning indicator of the changing system (Lenton et al.
2012; Rosier et al. 2021).

The regions of the largest projected warming, deoxygenation,
and acidification (i.e., the southern Weddell Sea continental
shelves and particularly the Filchner Trough region and the con-
tinental slope; Fig. 3) host a variety of keystone fish species,
whose life cycles critically depend on local temperatures, pH,
oxygen levels, sea ice conditions, and circulation (e.g., Antarctic
toothfish/Dissostichus mawsoni, icefish/Neopagetopsis ionah, or
Antarctic silverfish/Pleuragramma antarctica; see Teschke et al.
2019; Caccavo et al. 2019; Purser et al. 2022). In our model ex-
periments, the projected decadal average bottom oxygen con-
centrations for the 2090s are still well above hypoxic or anoxic
oxygen concentrations even in the highest-emission scenario.
Noting that a new steady state has not been reached yet and
that property changes accelerate toward the end of the highest-
emission scenario (Fig. 6), whether or not the projected decline
of >100 mmol m™ in oxygen and the warming of >1°C is
already sufficient to reduce the habitat for benthic ecosystems
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and local fish species should be assessed with the metabolic in-
dex (Deutsch et al. 2015) or the aerobic growth index (Clarke
et al. 2021), which quantify the combined impact of warming
and deoxygenation for any given species. Further, although not
directly assessed in this study, changes in the circulation on the
southern continental shelves, particularly the increase in on-
shelf transport at a concurrent reduction in off-shelf transport
[see also discussion in Hellmer et al. (2012, 2017)], might di-
rectly negatively impact the recruitment of, e.g., Antarctic silver-
fish (Caccavo et al. 2019). Similarly, ocean acidification has been
shown to negatively impact the development stages of Antarctic
fish (Flynn et al. 2015; Davis et al. 2018), although the limited
number of available studies has to be acknowledged (Hancock
et al. 2020). Therefore, given these potential ecological impacts
resulting from the changes in the physical-biogeochemical envi-
ronment, a system change in the southern Weddell Sea should
be avoided.

Altogether, our results demonstrate that the interplay of local
changes on the continental shelves and remote changes in the
wider region ultimately controls the crossing of critical thresh-
olds and the subsequent regime shift in the southern Weddell
Sea. Different time scales are associated with how quickly
1) ecosystems on the continental shelf and along the slope are
affected by changes in water-mass properties (immediate),
2) the enhanced on-shelf flow of WDW translates into enhanced
ice-shelf basal melt and ultimately ice-sheet instability (decades
and more), 3) deep-ocean oxygen is affected by the reduced
ocean ventilation (decades and more), and 4) a reduced deep-
ocean transfer of newly formed dense shelf water impacts global
ocean circulation and climate (centuries to millennia). As a re-
sult, while the regime shift identified here involves the crossing
of a tipping point in its generic definition (i.e., a rapid system
change into a qualitatively different state that is outside its pre-
vious seasonal and interannual variability) (Figs. 2, 6, 7, and 10
herein; see Heinze et al. 2021), it remains less obvious whether
it is equivalent to the crossing of a climatically relevant tipping
point in the sense of Lenton et al. (2008, 2019), and Portner et al.
(2019) because the full impact of the regional regime shift has
not unfolded yet by the end of our simulations. Nonetheless,
the property changes of local water masses resulting from the
regime shift will ultimately impact regions downstream of the
Weddell Sea given its connectivity to all major ocean basins, im-
pacting ocean circulation, climate, and ecosystems globally.

5. Conclusions

Using projections with a global ocean—biogeochemistry model
forced under four emission scenarios for the twenty-first century,
we present multiple lines of evidence that a regime shift has
taken place by 2100 for the high-emission scenario SSP5-8.5, but
not (yet) for the three lower-emission scenarios. Assessing the
evolution of shelf-open-ocean density gradients, time series char-
acteristics of bottom-water properties, and the on-shelf transport
of Warm Deep Water, our findings indicate that by 2100, the
southern Weddell Sea has converted into a warm shelf regime
for the SSP5-8.5 scenario and will likely do so soon after for the
high and intermediate scenarios SSP3-7.0 and SSP2-4.5. As this
regime shift has large implications for 1) ocean circulation and
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climate (on up to millennial time scales; via a reduction of dense-
water formation and heat and carbon transfer to the abyss and
deep ocean ventilation), 2) global sea level (decadal and more;
due to the destabilization and imminent disintegration of the
West Antarctic Ice Sheet), and 3) ecosystems (immediate; due to
ocean acidification, via the flushing of the continental shelves
with warm, oxygen-poor waters), continued monitoring is neces-
sary to work toward identifying early warning indicators of this
system change. Our results project the largest changes in the
Filchner Trough region, and changes in the frequency, duration,
and magnitude of pulses of onshore transport of warm, oxygen-
poor waters might serve as such an indicator. Altogether, given
that the regime shift is only avoidable for the SSP1-2.6 scenario
in our model experiments, for which the warming of global air
temperatures is projected to remain below 2°C relative to prein-
dustrial conditions in the AWI Climate Model forcing used here
(Semmler et al. 2020), strong mitigation efforts are necessary to
avoid crossing critical thresholds in this key region.
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