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Seawater oxygen isotopes as a tool for
monitoring future meltwater from the

Antarctic ice-sheet

M| Check for updates

Hyuna Kim ® 204 & Axel Timmermann'®

To reduce uncertainties in future sea level projections, it is necessary to closely monitor the evolution
of the Antarctic ice-sheet. Here, we show that seawater oxygen isotopes are an effective tool to
monitor ice-sheet freshwater discharge and its contributions to sea level rise. Using the isotope-
enabled Community Earth System Model with imposed estimates of future meltwater fluxes, we find
that the anthropogenic ice-sheet signal in water isotopes emerges above natural variability decades
earlier than salinity-based estimates. The superiority of seawater isotopes over salinity in detecting the
ice-sheet melting can be attributed to the higher signal-to-noise ratio of the former and the fact that
future sea ice changes only contribute little to seawater isotopes but a lot to salinity. We conclude that
in particular in the Ross Sea sector, continuous seawater oxygen isotope measurements could serve
as an early warning system for rapid anthropogenic Antarctic ice-sheet mass loss.

Antarctica constitutes Earth’s largest freshwater reservoir. Future melting of
Antarctic glaciers'™ and the ice-sheet”® will contribute to global sea-level
rise”’. Antarctic ice-sheet freshwater discharge (IFD) into the Southern
Ocean''™" has also been shown to reduce bottom-water formation™ and
increase sea ice cover'"”. These changes in turn generate subsurface
warming”' and surface cooling, which leads to an intensification of the
atmospheric westerlies” with subsequent effects on nutrients and marine
productivity”.

Recent studies have shown that coupled climate-ice-sheet processes
can potentially delay anthropogenic warming in the Southern
Hemisphere™. Representing these coupled feedbacks in the next generation
of earth system models will be crucial for obtaining realistic climate, sea level,
and carbon cycle projections. To test and benchmark coupled ice-sheet
climate models, it is necessary to obtain trustworthy observational datasets
of Antarctic IFD fluxes and corresponding ice volume changes. To this end,
various large-scale remote sensing-based observational campaigns (Satellite
& air-borne) have been launched which in turn generated key datasets™”".
These have been complemented by more robust and direct observations of
local IFD signals (e.g. §'°O of seawater, noble gases, CTD, etc.)** . However,
the observational approaches have limitations in terms of spatial and tem-
poral coverage, and there is currently no large-scale in-situ ocean mon-
itoring system that could provide direct quantitative evidence for IFD
changes. Moreover, it remains unclear, what the best strategy would be to
identify IFD signals and differentiate those from other sources of freshwater
(i.e., sea ice melting and precipitation). Here we propose that seawater

isotope measurements provide important quantitative information on the
Antarctic IFD.

The meridional transport of water vapor in the atmosphere and the
associated Rayleigh distillation generate isotopically depleted precipita-
tion over Antarctica relative to lower latitude, preferentially fixing lighter
isotopes ('°0) into the Antarctic ice-sheet’* and generating negative
8"0jce- With anthropogenic warming, Antarctic ice, which is isotopically
depleted relative to seawater, can melt, either at the surface, or through
sub-shelf melting or melting of icebergs in the Southern Ocean, which in
turn reduces the oxygen isotope fraction in §"°0 of seawater (§"Oyy).
Therefore, tracking §'*O,, may provide insights into the anthropogenic
IFD history''™". Other sources of depleted 8'°O (relative to seawater) that
need to be considered in calculating mass budgets include changes in
precipitation and brine water rejected during sea ice formation. For-
tunately, the freezing/melting of seawater only leaves a small impact on
80, which greatly simplifies freshwater budget calculations. This
is in stark contrast to salinity, which is affected by IFD, precipitation, and
sea ice changes. Here we apply projections of IFD forcing obtained
from a coupled climate-ice-sheet model simulation’ to the isotope-
enabled Community Earth System Model (iCESM) version 1.2.2 (see
Methods) with the aim to identify the time horizons of emergence and
detectability of the anthropogenic IFD signal, relative to the naturally
occurring variability. We will focus in this study on the added benefits
that can be obtained from monitoring §'*O,, as a proxy for IFD vis-a-vis
salinity.
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Results

Natural variability of salinity and 5'®0,,, due to ambient
freshwater

The regional detectability of the forced IFD, either in terms of sea surface
salinity (SSS) or §"*0,,, depends i) on how quickly the IFD signal is diluted
in the Southern Ocean by other factors, ii) on the internal variability of
intraseasonal to interannual timescales (Fig. 1a-d), and iii) on the amplitude
of the anthropogenic IFD signal (Fig. 1e, f). To better understand why §**Oy,,
is superior in detecting anthropogenic IFD, compared to SSS measurements,
we first focus on the four major sources of freshwater input to the Southern
Ocean under present-day conditions, which influence the natural variability
and modify the IFD signals in SSS and §'*O,. The present-day unperturbed
iCESM control experiment (CTR, see Methods) captures different oceanic
freshwater sources, such as meteoric water (precipitation minus evapora-
tion, hereafter referred to as PME) (Fig. 2a, e), liquid run-off (Fig. 2b, f), and
sea ice freezing and melting (Fig. 2¢, g). It is important to note that our
unperturbed control experiments do not include IFD but represent only
liquid run-oft from the land (Fig. 2b, f), because iCESM lacks an interactive
ice-sheet model, as described in the Methods section. Brine rejection

Fig. 1 | Natural variability in sea surface salinity
(SSS) and 8'0y,,. | The upper panel represents
intraseasonal variability (1) of a SSS and b §"O,,
calculated from the monthly means spanning
2001-2100 in the control experiment. The middle
panel shows interannual variability (10) of ¢ SSS and
d 8" 0y, derived from annual means over the same
period. The bottom panel illustrates the forced
responses in the annual mean of e SSS and f §"°Oy,,
during a period of robust ice-sheet freshwater dis-
charge forcing input (2076-2085) from FWE-
SSP585-forced experiments.

e. Annual mean salinity anomaly

(2076-2085)

a. Intraseasonal variability in Salinity

decreases the salinity of sea ice relative to the surrounding seawater. The
freezing process leads to the fractionation of water isotopes, with heavier
isotopes accumulating in sea ice and lighter isotopes being released into
seawater”. This results in a sea ice §'°O value of +1.4%o as modeled in
iCESM. When sea ice melts, ocean salinity decreases but 8Oy, increases.
This is opposite to all other freshwater sources (e.g., IFD, liquid run-off,
precipitation), which are associated with a decrease in salinity, a negative
80, anomaly, and in general, much larger amplitude perturbations
(—32%0, —20%o to —14%o. respectively).

Using the present-day iCESM control experiment, we calculated the
respective climatological contributions of these processes to the composi-
tion of mixed layer §'°Oy,, and salinity (see Methods). In the context of the
hydrological cycle”, the typical precipitation §'°O value over the Southern
Ocean attains values of —14%o on average and —18%o near the Antarctic
coast”. The influence of PME on the patterns of mixed layer 8Oy, and
salinity is qualitatively similar (Fig. 2a, e). The spatially averaged (90°S
—60°S) PME contribution to mixed layer 8Oy, is comparable to that of
liquid run-off (Fig. 2d), even though the latter is concentrated more near the
Antarctic coast (Fig. 2b). Regarding SSS, the averaged PME contribution is

b. Intraseasonal variability in 620,
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Fig. 2 | Different freshwater sources to mixed layer §'°Oy,, and salinity. | Con-
tributions of the major sources of freshwater inputs to mixed layer §**Oy,, and
salinity were calculated from the unperturbed 2001-2100 control experiment (see
Methods). These freshwater sources to the upper ocean §'*Oy,, include

a Precipitation-evaporation (PME), b Liquid run-off (LROFF), and c. Sea ice (SICE).

d The contribution of each freshwater source to the mixed layer §"°O, is spatially
averaged over 90°S-60°S and presented as a percentage contribution to the total
freshwater effect on §'°O,,. Similarly, the contributions of these freshwater inputs to
upper ocean salinity are described in e-h, in the same manner as a-d.

similar to that of sea ice (Fig. 2h). However, the regional patterns of these
factors are markedly different, with PME showing a much more spatially
homogenous effect, spread out across the Southern Ocean, whereas the
other factors obtain much higher values close to the Antarctic continent.
Furthermore, when compared to other freshwater sources, IFD generates a
much larger signature in §'*O, due to the lower isotopic source value of
—32%o (see Methods, Supplementary Fig. 1 and Supplementary Table 2)
(e.g, PME 80 within —14%o), whereas the salinity response to the dif-
ferent forcings is virtually the same (or similar in the case of sea ice within 6
psu’®”) - at least normalized by accumulated freshwater flux. Therefore, the
impact of PME in diluting the onshore IFD signal in mixed layer §"*O, is
expected to be relatively small compared to that of mixed layer salinity.
Future climate change will increase precipitation around the Southern
Ocean. This could potentially dilute the IFD signal in §'*Oy,,. However, we
expect this effect to be small near the Antarctic coast compared to the future
IFD flux of §'*0 which may further improve the detectability of future IFD,
in terms of §'°0y,, changes.

Here we introduce the term liquid run-off (because iCESM does not
include solid iceberg calving). Liquid run-off is now defined as the sum of
snow-liquid run-off from snow cap melting (dominant part) and the
precipitation-liquid run-off part, which for Antarctica amounts to only
about 10% of the total liquid portion. In our iCESM control experiment, we
assume liquid run-off (which is dominated by snow cap melting) near the
coast of Antarctica (Fig. 2b) to have an average §'°0 of —20%o (minimum
—24%o). This suggests that this contribution may become more significant if
we transitioned to an interactive ice-sheet model, which includes IFD in the
hydrological budget. However, already in the control experiment, we find a
significant contribution of liquid run-off to the mixed layer §"* Oy, of 33%
(Fig. 2b, d), as compared to only a 21% contribution to mixed layer salinity
(Fig. 2f, h).

Sea ice formation near the Antarctic coast rejects brine, which increases
salinity in this area (Fig. 2g). During this process sea ice attains a 6O of
+1.4%o, leaving a slightly negative anomaly in the water. As sea-ice is
exported away from the coast during the cold season, it also accumulates in
iCESM snowfall with a §'*0 ~—18%o. Summer melting of sea-ice and of the

accumulated snow generates an annual mean net negative isotopic signal
(Fig. 2¢). Overall, sea ice (which includes the isotopic snowfall accumulation
effect in iCESM) plays a key role in mixed layer salinity (Fig. 2g, h) (39%),
but less for mixed layer 8Oy, (Fig. 2c, d) (32%), These simple budget
considerations described here already point to §'*O,, near Antarctica as a
suitable proxy to probe ice-sheet instabilities.

The emergence of the Antarctic ice-sheet freshwater discharge
The projected late 21%-century anomaly patterns of §'*O,, (Fig. 1f) and SSS
(Fig. 1e) in the IFD-forced iCESM experiments (see Methods) are similar and
reflect a pronounced freshening over the Ross Sea and a weaker in the
Weddell Sea and elsewhere. The pattern aligns with observational studies that
indicate a larger discharge from the West Antarctic ice-sheet and the Ant-
arctic Peninsula, with a small offset due to increased snow accumulation in
Eastern Antarctica*"'. Similar patterns have also been found in climate model
projections”™*. According to our experiments, the IFD signal in §"*Oy,, gets
advected mainly into the Pacific sector of the Southern Ocean (Fig. 3b,
Supplementary Fig. 2) via the Antarctic Circumpolar Current (ACC).

To characterize how the amplitude of the forced IFD signal deviates
from the natural variations in SSS and §"*Oy,,, we calculated the Signal-to-
Noise Ratio (SNR) between forcing (difference of average values from 2076
t0 2085 in the FWF-GHG585 IFD scenario (see Methods) and the longterm
mean of control experiment) and natural variations on both intraseasonal
and interannual timescales (Fig. 3). As expected from our initial discussion,
the §"°Oy,, anomaly due to IFD is associated with a three times higher SNR
(averaged from 90°S-60°S) compared to SSS, which also implies an earlier
detectability (Fig. 3). More specifically, the interannual SNR in SSS
anomalies shows a weak signal extending from the far-eastern basin near
60°E to the offshore region of the Amundsen Sea (Fig. 3¢) and a strong signal
in the Ross Sea. The latter can be attributed to the large IFD applied in the
FWE-GHG585 scenario in this area (Supplementary Fig. 3¢), and the cor-
responding freshening. The SNR for 6Oy, also shows a considerable
anomaly in the western Weddell Sea (Fig. 3d). For practical purposes,
however, regular measurements of §'*Oy, in the Pacific sector would be
most suitable for identifying the effect of anthropogenic IFD.
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Fig. 3 | Signal-to-Noise Ratio (SNR) in sea surface
salinity (SSS) and §'*O,. | Panels a, c show the SNR

a. SNR in SSS relative to
intraseasonal variability

b. SNR in 6180, relative to
intraseasonal variability

in SSS relative to unforced intraseasonal and inter-
annual variability, respectively. While panels
b, d provide the corresponding SNR values for — 10
§"04,,. This figure offers a visual representation of 2 2
the SNRs in SSS and 8"°Qy,, attributed to ice-sheet @ ]
freshwater discharge (IFD). SNRs were calculated Q) -20
using the forced response of SSS and §'*Oy,, to IFD
from 2076 CE to 2085 CE (FWF-GHG585) as the
. . . . -30
signal. The noise was determined using 10 of the
monthly mean and annual mean from the control
experiment. Orange stippling denotes the region 40
where IFD force is applied.
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Fig. 4 | Temporal evolution of sea surface salinity (SSS) and §'°Oy,, in CTR and
perturbing experiments. | A scatter plot of SSS and §"*Oy,, of ocean grid points over
90°S-70°S at the surface level is presented with ellipses providing probabilistic
representations. The grey ellipses illustrate the 1 to 40 probabilistic area of SSS and
§"0y, in the control experiment during 2001-2100 (n = 81400), centered on the
black-squared mark representing the averaged values. The top and right-hand side
panels show probabilistic density functions of SSS and §'*Oy,, respectively. Colored
ellipses present 10 probabilistic areas for ten years (n = 8140) in each sequential 10-

year interval from phase 1 to phase 5. Phases 1 through 5 are calculated at 10-year
intervals, beginning in 2006 CE and continuing every decade thereafter. Conse-
quently, phase 1 represents the period from 2006 to 2015 CE, roughly corresponding
to the year 2010 CE. The phases 1,2, 3, 4, and 5 corresponds to the years 2010, 2020,
2030, 2040, and 2050 CE, respectively. Colored ellipses highlight responses from the
combined climate and source effects (red, FWF-GHG585) and climate effects only
(green, FWF0-GHG585). Mean SSS and 8Oy, values in the five sequential time
phases are denoted by colored square marks.

To further illustrate when and how quickly IFD pushes SSS and §'*Oy,,
anomalies outside the range of the natural variability we calculated kernel
density estimates from the scatter diagram of SSS and §"*O, for ocean grid
points between 90°S-70°S for different time periods (phases 1-5) (Fig. 4).

The grey ellipses in Fig. 4 show the 1, 2, and 40 range of natural variability for
present-day conditions (from 100 years long control experiment). Mean SSS
and 8'°0y,, values from the control experiment are shown as a black square
(33.5 psu with 10 = 0.4 psu and —0.7%o with 16 = 0.2%o, respectively). The
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a. ToE - 6'%0,,, FWF119

Fig. 5 | Time of emergence (ToE) of the ice-sheet freshwater discharge in §"°Oy,,
and sea surface salinity (SSS). | Forced response in §'*Oy,, and SSS from individual
scenarios were used to calculate a ToE- §'*Og,, (FWF119), b ToE- §"°O,, (FWF245),
¢ ToE- §"*0y,, (FWF-GHG585), d ToE-SSS (FWF119), e. ToE-SSS (FWF245), and
f ToE-SSS (FWEF-GHG585). ToE is defined as the final year (Common Era) in which

b. ToE - 680, FWF245

c. ToE - 6'20,,,, FWF-GHG585
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the annual mean anomalies of surface §'*O,, (or SSS) fall below the local threshold.
The bright dotted region in a-c denotes where the amplitude of the §'°Oy,, anomaly
at the ToE exceeds the typical analytical precision (—0.1%o) of current commercial
laser spectrometry.

red marks and ellipses correspond to the IFD forced responses in SSS and
8"0y,, resulting from the Antarctic IFD input of fresh (0 psu) and iso-
topically depleted (—32%o) relative to seawater. As time progresses, we see
an overall shift towards fresher SSS and more negative §'*O,, values and a
steepening of the regression slope. In phase 1, the forced response in §'*Oy,
exceeds the 1o natural boundary after the first five years of successive IFD
input from the ice-sheet model scenario. This highlights that §'*Oy,, exhibits
a much stronger response (—0.2%o) around 2010 compared to SSS, which
shifts by —0.1 psu from the background value. In phase 5 the overlap
between the kernel density and the control range has diminished further,
and the slope of the regression, which is commonly used to characterize
water masses”*, has changed dramatically, indicating a clear emergence of
the anthropogenic IFD signal relative to the internal variability. The §'*Og,
anomalies in Phases 1, 2, 3, 4, and 5 between 90°S and 70°S (—0.17, —0.24,
—0.32, —0.41, and —0.97%o, respectively) correspond to 0.5, 0.7, 1.0, 1.3,and
3.0% of the isotopic value of the IFD input (—32%o).

To better quantify the time of emergence (ToE), we study the time
evolution of SSS and §"Q, for two grid points in the Atlantic and Pacific
sectors of the Southern Ocean with contrasting interannual SNR values in
80y, (Supplementary Fig. 4). The low and high SNR values for SSS at these
grid points in FWF-GHG585 are 1 and 9, respectively (Supplementary
Fig. 4a), whereas the corresponding values for 8O, are 4 and 43 (Sup-
plementary Fig. 4b). The time-series of simulated annual mean §'*Oy,, and
SSS anomalies for three experiments FWF119, FWF245, and FWF-
GHG585 (color) in comparison with the control experiment (gray) reveal
that for low SNR in the Atlantic sector the forced SSS response still remains
within the range of natural variability (Supplementary Fig. 4c). In contrast,
the Atlantic sector, IFD signal in 8Oy, for the FWF-GHG585 scenario
emerges from the natural noise around the year 2061 CE (Supplementary
Fig. 4d). For the Pacific sector, both variables show emerging anthropogenic
IFD trends in SSS and §'*O,, (Supplementary Fig. 4e, f). From the figure, we
can estimate a ToE for §'°0,, anomalies (year of consecutive exceedance of
4-0 natural variability level) of around 2030 CE, for both FWF245 and FWF-
GHG585 forcing scenarios (Supplementary Fig. 4f). In contrast, the ToE in

the SSS anomaly in FWF-GHG585 was calculated to occur in 2066 CE, 36
years later than the equivalent ToE in §"*O;,, (Supplementary Fig. 4e).

The analysis of ToE using §'*Oy,, and SSS anomalies at all grid points in
three scenarios offers new insights into the timing of the IFD signals and
their regional dependence (Fig. 5). In FWF119 the forced IFD signal in SSS
remains non-emergent (Fig. 5d). For FWF245 and FWF-GHG585, the Ross
Sea SSS anomalies start to emerge within the next 10-40 years, whereas
elsewhere the emergence will be relatively late. This is in contrast to the ToE
in the §"*0y,, anomalies, which according to our experiments can already be
detected for the FWF119 discharge scenario by 2010-2020 CE, despite the
weak IFD forcing amplitude (Fig. 5a). The spatial pattern of ToE spreads
from the Ross Sea to the Pacific sector of the Southern Ocean, showing
later emergence times as the distance increases from the Antarctic
continent. This effect can be mostly explained by the overall dilution effect
(Figs. 1f and 3b), and further intensification by the freshwater-induced
shoaling of the mixed layer. Both the §"°O,,-FWF245 and §*O,,,-FWF-
GHG585 exhibit an even broader region of ToE around Antarctica with
values ranging from 2010 CE-2045 CE, exhibiting an earlier timing of the
IFD signal near the Ross Sea (Fig. 5b, ¢).

The absence of an emergent IFD signal over the Weddell Sea in §'°Oy,,-
FWEF245 (Fig. 5b) and SSS-FWF-GHG585 (Fig. 5f) can be attributed to a
combination of factors: (1) the IFD forcing pattern (Supplementary Fig. 3¢),
(2) higher natural variability in §'*Oy,, and SSS on intraseasonal to inter-
annual timescales (Figs. la-d), and (3) an anomalous upper ocean circu-
lation pattern (Supplementary Fig. 2), related to upper ocean horizontal
divergence, which in turn increases the upwelling of IFD-unperturbed
seawater. This leads to a dilution of the anthropogenic IFD signal in the
Weddell Sea area. In contrast, the IFD signal in the Ross Sea Gyre persists
longer, due to higher integrated IFD fluxes and weaker divergence.

The early emergence of the §"°O,,-FWF-GHG585 near the ACC
region (60°S) (Fig. 5¢) is primarily driven by intensified upper ocean stra-
tification. Enhanced surface warming and IFD-originated freshening will
increase Southern Ocean upper ocean stratification, which will in turn
reduce the upwelling of Circumpolar Deep Water. Furthermore, reduced
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sea ice formation and brine rejection will slow down the Bottom Water
Formation near Antarctica which weakens the poleward surface transport,
inducing an equatorward upper ocean velocity anomaly. This process aligns
with the location where IFD is applied in our model experiments and helps
distribute the IFD water further into the ACC region. In the ACC region, a 2°
poleward shift of the Westerlies”*® and the corresponding equatorward
Ekman transport can further amplify this effect. However, the latitudinal
range of this shift is somewhat distant from the IFD source region. We
expect that the poleward shift of the Westerlies will have only a minor role
compared to buoyance-driven shifts in meridional velocities.

Identifying ideal sampling areas

Isotope Ratio Mass Spectrometers (IRMS) have been widely used” to
measure the isotopic composition of seawater in the world’s oceans with an
analytical precision of about 0.03%o. Using this method, it has been possible
to determine the contribution of different water mass endmembers,
including contributions from ice-shelf and iceberg melting”*”****, Alter-
natively, cavity ring-down laser spectroscopy (CRDS) can measure seawater
isotopes in a continuous mode with a typical precision for §**O, of about
0.1%0°>*. In discrete mode, injecting water samples into a vaporizer can
achieve an even higher precision of about 0.025%0". Given the simulated
80, anomaly from IFD (<—0.6%o over the next six decades shown in
Fig. 1f), the anthropogenic IFD signal should already be detectable now in
some regions using laser spectroscopy, as further illustrated by the white
hatching in Fig. 5a—c.

Our ToE results using 8O, highlight an ideal sampling area where
signals are emergent early and measurable within the range of analytical
precision (white hatching in Fig. 5a-c) of CRDS. The zonal averaged ToE
over the Ross Sea-Amundsen Sea-Antarctic Peninsula (130°E-300°E)
reveals an earlier ToE pattern in all three scenarios compared to the Weddell
Sea. Although detectability in FWF119 is limited, the common trend from
80°S to 70°S in both FWF245 and FWE-GHG585 shows that the IFD signal
in the Ross Sea has already emerged since 2020 CE. However, the Ross Sea
gyre quickly dilutes the IFD source water, limiting the detectability to a
region poleward of 70°S.

Ice-sheet freshwater discharge and other greenhouse warming
effects on 5'°0y,,
Apart from the direct IFD (source water) effect on Southern Ocean §'*Oy,
we need to consider the contribution of other indirect climate effects™ due to
(1) increased future precipitation™, (2) projected reduction in sea ice”> >,
and (3) surface warming. To estimate their contributions to §'*O,, we
examined four tendency terms illustrating the effects from (1) to (3). Each
term represents the combined effect of the anomalous flux of precipitation
(or sea ice) to the ocean and the mean §'*O value of precipitation (or sea ice
meltwater) as well as the combined effect of the mean flux of precipitation
(or sea ice) and anomalous §'*O value of precipitation (or sea ice meltwater).
These climate responses have complex feedbacks within the climate
system™ and can influence the water isotope composition” . For
instance, in the case of enhanced precipitation with surface warming, the
additional input of depleted precipitation 8O (relative to seawater) can
result in a negative anomaly in 8Oy, of about —0.05%o year ™' (Supple-
mentary Fig. 5a). Conversely, surface warming can cause an anomalous
enrichment of precipitation §'*0 through moderate fractionation during
the evaporating process”; but this effect is negligible (Supplementary
Fig. 5¢). Additionally, surface warming increases sea ice melting. Less sea-ice
(Supplementary Fig. 5b) will be generated and less snow will accumulate on
top of the sea-ice which in turn increases §'°Og, by about 0.15%o year™
(Supplementary Fig. 5d)***~. Climate change may influence isotopic
contributions from precipitation and sea ice, however, we expect these
effects to be minor compared to the magnitude of the IFD-induced §'*Oy,,
anomalies found in our experiments.

To demonstrate the robustness of the source contribution in §"0,
originating from the future IFD and greenhouse gas warming, we conducted
additional paired transient iCESM experiments, namely FWF0-GHG585

(Supplementary Table 1). FWF0-GHG585 is forced by the same SSP585
greenhouse gas forcing and the IFD as FWF-GHG585 but uses an idealized
IFD source 8"*0jc. = 0%o (see Methods). Therefore we can isolate the source
effect on 80y, (Fig. 6i-1) by calculating the difference between FWF-
GHG585 (representing total climate and source effects, Fig. 6a-d) and
FWEF0-GHGS585 (climate effect only, Fig. 6e-h). Four temporal snapshots of
the mean surface §'*O;,, anomaly examine the evolution of the IFD source
effect and the climatic effect (Fig. 6). Stippling in Fig. 6a-h represents sta-
tistically significant areas (p < 0.01), determined using a Welch’s t-test, while
shaded areas in Fig. 6i-1 indicate statistically significant areas in both FWF-
GHG585 and FWF0-GHG585 forced responses in §'°Oy,,. The relative
percentage changes of source effects (Fig. 6i-1) were calculated by dividing
the respective source effect by the total change (Fig. 6a—d). In Phase B
(2031-2035), the total changes due to the combined effects of source and
climate become significant for most of the Southern Ocean (Fig. 6b).

Considering only the climate effect from FWF0-GHG585, we find that
the scatter in the salinity/ 8Oy, space (Fig. 4, green) remains consistent
with the natural variability (black) until the mid-21st century. Although the
climate effect may reduce the advantage of utilizing §'*Oy,, as an IFD tracer
due to changes in precipitation and sea ice in the future (Supplementary
Fig. 5), the IFD source signal clearly persists throughout the warming future
in Phase D and separates well from the noise (Fig. 61). Based on our paired
experiments with and without the IFD source effect, we estimated that the
IFD accounts for 10%, 61%, 72%, and 83% of §*Oy,, in Phases A, B, C, and
D, respectively (Fig. 6i-1).

Summary and Discussion

In this study, we demonstrated that the future Antarctic IFD signal can be
easily identified using 8'°Oy,, measurements (Fig. 7). The results, obtained
with a realistic isotope-enabled earth system model with recent model-based
estimates of the IFD signal for three greenhouse gas emission scenarios,
show that §"*Oy,, outperforms salinity as an indicator of ice-sheet melting.
According to our numerical experiments, the anthropogenic IFD signal in
80, arises first in the Ross Sea around 2020 CE. The corresponding Ross
Sea SSS signal emerges above the natural background noise three decades
later. We found that towards the end of the century, §'**Oy,, can account for
up to 83% of direct IFD source effect, outweighing other future climatic
effects (e.g., due to changes in sea ice and hydrological cycle) (Fig. 61). These
findings suggest that §"*Oy,, can serve as a valuable tool for detecting
anthropogenic IFD originating from the Antarctic ice-sheet.

The ice-sheet influence in §**O,, can also be traced back to the sub-
surface ocean, where we find a highly emergent pattern in §*Oy,, in the
subducted Antarctic Intermediate water (Supplementary Fig. 6a), which can
be attributed mostly to the IFD source effect (Supplementary Fig. 6b). The
low salinity water from the IFD also intensifies the upper ocean stratification
and weakens Antarctic Bottom Water (AABW) formation®*®'. The
resulting decreased vertical transport of the surface §'*Oy,, within the range
of 200-1000 m which is depleted relative to mean seawater, can be seen as a
positive anomaly near Antarctica in the vertical profile of anomalous iso-
topes (Supplementary Fig. 6b). In addition to monitoring only the surface
seawater isotopes, additional information on the IFD may be contained in
subsurface §'*Oy,, data, particularly in the AATW area. Considering the early
ToE observed in the Ross Sea area, a comprehensive analysis combining
various tracers (e.g bomb '“C, CFCs, and 8D) along with §"Oy, in
hydrographic data could facilitate the reconstruction of IFD trends.

Our results illustrate that the climate effect on 8Oy, during the
2076-2080 CE period in the FWF0-GHG585 scenario, associated with a
1.5 °C increase in surface temperature (not SST) over 90°S-60°S, accounts
for less than 17% of the net change in §'*Oy,, (Fig. 6h). However, we need to
consider that, unlike in the original LOVECLIP simulations, which pro-
vided the IFD estimates’, our model iCESM does not include an interactive
ice-sheet model. Our experiments also ignore iceberg melting effects which
can further influence surface temperatures'’, sea ice growth, and salinity”>*.
Furthermore, our iCESM simulation does not explicitly capture the sub-
surface melting from sub ice-shelf cavities'’. How these additional processes
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Fig. 6 | Time slices of the total change, climate effect, and source effect of ice-sheet
freshwater discharge (IFD) on §'°0Oy,. | Upper panels show the 5-year time slice
mean of the §'°O,, anomaly induced by the FWF-GHG585 perturbation across four
distinct phases: a Phase A (2001-2025), b Phase B (2031-2035), ¢ Phase C
(2051-2055), and d Phase D (2076-2080). A freshwater perturbation experiment
without the source (§'°O;.. = 0%o, FWF0-GHG585) was also conducted in parallel,
showing climate effects during the same time slices in e-h for Phase A, B, C and D,
respectively. Stippling in a-h. indicates regions where §'*Oy,, anomalies during the
time slices are statistically significant (p-values < 0.01) based on the Welch’s t-test.

The approximated source effect of IFD remained in §'*O,, is shown in

i-1, emphasizing statistical significance for both total change and climate effect. The
percentage contribution of the source effect relative to the total change over 90°S-
60°S was calculated as: (FWF-GHG5 - FWF0-GHG5’)/(‘FWF-GHG5-CTR),
representing the source effect divided by net changes multiplied by 100. Figure m.
illustrates the annual mean §'*Oy,, of control (grey line), FWF-GHG585 (black line),
and FWF0-GHGS585 (dotted line) experiments. The grey boxes indicate the time
span of the four phases.

may alter our main results needs to be further addressed in upcoming
modeling studies with the next generation of fully coupled climate-ice-sheet
models. Using IFD from a fully coupled climate-ice-sheet model' represents
our first attempt to account for some of these aspects. Future studies could
further address the effects of regional patterns in §'°O;. and the roles of
basal and iceberg melting. Given the relatively small contribution from other
climate effects (Fig. 6e-h, Supplementary Fig. 5), we expect that our main
results and ToE estimates (Fig. 5) at the surface should remain robust.
Other uncertainties that need to be considered in future work include i)
the overall IFD scenario (Supplementary Fig. 3), which was obtained here

from a fully coupled, albeit low-resolution climate-ice-sheet model; ii) the
8"0 source value of the Antarctic IFD (Supplementary Fig. 1, Supple-
mentary Table 2) and iii) errors in the represented natural variability in
salinity (Supplementary Fig. 7), sea ice (Supplementary Fig. 8), and §'*O.
For ii), changing the IFD source (8§"0;.) from —38%o to —32%o did not
yield notable effects on the ToE. To better understand the sensitivity of
80, above —32%o, we calculated §'°Oy,, anomalies for §'®0;, values of
—15%o, —20%o, and —25%o using a linear scaling and extrapolation derived
from FWF-GHG585 experiments at §"°O;. values of —38%o and —32%o.
The estimated §'*Oy,, anomalies resulting from the §'*0;.. of below —20%o
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Fig. 7 | Isotopic source contributions to the
Southern Ocean. | A schematic introduces the
various sources influencing the seawater oxygen
isotope (8"0s,,) composition of the Southern
Ocean. §'*0,, in the Southern Ocean depends on the
fluxes of several freshwater inputs (such as sea ice
meltwater, run-off, precipitation, and land-ice
meltwater), along with their respective §°O values.
In association with Rayleigh distillation, lighter
isotopes are preferentially fixed into the precipita-
tion (~—8%o) and the Antarctic ice-sheet (—32%o) at
the higher latitudes™ . In contrast, during the
freezing process, sea ice takes heavier isotopes
(+1.4%o) from seawater’”, resulting in a less pro-
nounced impact on §'*O,, (—0.7%o). In iCESM sea-
ice also includes accumulated snowfall. When sea-
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would cause a delay in the ToE of about six decades compared to the ToE in
—32%o (Supplementary Figs. 9a, b). An IFD signal can be effectively cap-
tured with a source value below —25%o (Supplementary Fig. 9¢).

So far §'*O,, measurements from the Southern Ocean rely mostly on
hydrographic sampling and subsequent laboratory analysis using an
IRMS**”. Although these analytical methods prioritize high precision in
8'®Oy,» they do not provide high spatial and temporal coverage”. To
overcome this limitation, the underway use of portable CRDS that can
measure 8Oy, on research cruises to the Southern Ocean would be an
optimal way for identifying Antarctic IFD signals in the ocean™" and
estimating IFD budgets.

Methods

Freshwater perturbation experiments in isotope-enabled Com-
munity Earth System Model

To investigate the impact of anthropogenic Antarctic IFD on surface §'*Og,,
we conducted a series of freshwater perturbation experiments using the
isotope-enabled Community Earth System Model (iCESM)®, based on
CESM, version 1.2.2, with a resolution of 2° for the atmosphere and 1° for the
ocean. The freshwater forcings (Supplementary Fig. 3) were obtained from a
fully coupled ice-sheet-earth system model of intermediate complexity’
(LOVECLIP), which had been run with SSP1.1-9, SSP2.4-5, and SSP5.8-5
greenhouse gas emission scenarios, yielding to 0.33, 0.6, and 1.4 meters sea
level equivalent of cumulative freshwater forcing by 2100 CE, respectively
(Supplementary Fig. 3b).

First, we ran the iCESM for 1,000 years with present-day boundary
conditions and without freshwater perturbation. Initialized from the final
state of this control experiment (CTR), we then ran a series of forcing
experiments. The first series of freshwater perturbation experiments
(FWF119 and FWF245) uses the LOVECLIP low and medium greenhouse
gas emission simulations, corresponding to SSP1.1-9, SSP2.4-5 from 2001 to
2100 CE (Supplementary Fig. 3a) with a characteristic pattern obtained
from LOVECLIP (Supplementary Fig. 3¢, more information below), and a
8”0 forcing value of —32%o, (see below). These experiments were run
without increasing greenhouse gas concentrations and just focused on the
effect of IFD on seawater isotopes. For a higher greenhouse gas emission
scenario with SSP5.8-5 forcing from 2001-2100 CE (FWF-GHG585), we
applied both IFD with a source value of —32%o and increasing greenhouse
gas concentrations. Forcings in SSP5.8-5 include time-evolving changes in
CO,, CH4, N,O, CFC-11, and CFC-12%, but not aerosols as well as land-use
changes (Supplementary Fig. 10c). To further isolate the anthropogenic IFD

signal over Antarctica from other greenhouse warming effects on sea ice and
precipitation’’, we ran a paired experiment (FWF0-GHG585) with
equivalent forcing as FWF-GHG585 but without the source value
(8"0Ojce = 0%o). By comparing the results of these two experiments, we can
differentiate the IFD source effect from other freshwater-driven climate
effects on §"O, (Figs. 4 and 6). More information about the experiments
and details can be found in Supplementary Table 1.

To the best of our knowledge, iCESM has not yet been coupled to a fully
interactive bi-hemispheric ice-sheet, ice-shelf, iceberg model to provide
more realistic IFD and isotopic forcing. We tried to mitigate this limitation
by using IFD data from such a coupled model, albeit of lower resolution and
reduced complexity in atmospheric dynamics', and force iCESM with it.

Forcing masks

We determined the spatial pattern of future Antarctic IFD between 2001
and 2100 CE using the output of the fully coupled Earth System Model’
(LOVECLIP) (Supplementary Fig. 3c). LOVECLIP model categorizes IFD
outputs into the basal melt, cliff melt, face melting, and iceberg calving.
However, we consolidated these into net IFD forcing to simplify our model
experiments. More specifically we conducted an Empirical Orthogonal
Function analysis for the net IFD. The sum of Principal Components (PC)1,
PC2, and PC3 accounts for 68% of the total variance in net IFD from 2001 to
2100 CE. We used this spatial pattern as a weighting factor to distribute the
annual varying freshwater forcing spatially (Supplementary Fig. 3c). The
forcing is applied every month, with values at individual grid points scaling
with the spatial weighting factor. Unlike previous studies that relied on the
simplified basin or coastal masks for freshwater perturbations'""**, our
approach accounts for the fact that iceberg calving from the Western
Antarctic ice-sheet will be the primary source of IFD in future and Eastern
Antarctic contributions will be small (Supplementary Fig. 3c).

Isotopic composition of the Antarctic ice-sheet freshwater dis-
charge forcing

To determine the representative §'°0O of the Antarctic IFD (8"Oj.), we
analyzed ice core data from the National Center for Environmental Infor-
mation (NCEIL https://www.ncei.noaa.gov). Our analysis focused on ice
cores with available §'*0 data that provided a vertical representation of the
ice-sheet (as depicted in Supplementary Fig. 1), which allowed us to capture
the melting of the bottom ice-sheet within the cavity and ice-calving.
Samples that only provided single-level isotopic information were excluded.
The selected ice core data include Siple Dome®, Gomez®’, Byrd®, Taylor
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Dome®, Talos Dome” (Supplementary Table 2). To define the source §'*0
value for the Antarctic IFD, we averaged the last 200 meters of 880 values
from each ice core. The resulting §'*O values ranged from —23%o to —40%o,
depending on location (Supplementary Table 2), with the lowest value
found in Byrd and Talos Dome (—40%o) and the most enriched one in
Gomez (—23%o) relative to the other ice core we listed above. To account for
regional differences in IFD, we calculated a weighted mean of the §*O
values, considering the reported recent regional ice-sheet mass balance from
different areas'. The resulting weighted mean §'*O;, of the Antarctic IFD
was determined to be —32%o.

Contributions of four main freshwater inputs to mixed layer
5'®0,,, and salinity

To determine the relative contribution of four major sources of freshwater
inputs (precipitation, liquid run-off mostly from snow cap melting, and sea
ice) to Southern Ocean 8"0O,, and salinity, we employed a budget-based
approach. Using monthly data from the present-day iCESM control
experiment (CTR), we obtained freshwater flux, §'"%0 of freshwater sources,
804, and SSS values. Freshwater flux (m year ') was normalized by the
annual mean ocean mixed layer depth (m) and multiplied by monthly
differences of 80O (%o) and SSS salinity (psu) relative to the background
seawater. Monthly freshwater contributions to the upper ocean layer were
then averaged annually. Results indicated the spatial mean contribution
averaged over 90°S-60°S for PME, liquid run-off, and sea ice to mixed layer
8"0y, of —0.05, —0.04, and —0.04%o year™", respectively. The freshwater
contributions to mixed layer salinity were —0.1, —0.07, and —0.1 psu year "
for PME, liquid run-off, and sea ice, respectively.

Time of emergence

To determine the Time of Emergence (ToE) of the IFD signal, we first
calculated the standard deviation (10) of both annual mean SSS and §*O,,
from a 100-year control experiment. To set an appropriate threshold to
capture the IFD signal from the forced response, we evaluated various
thresholds ranging from 1 to 46”". We found that the 40-threshold provided
the most reliable results (dotted red lines in Supplementary Fig. 4c—f). The
ToE in a specific grid point was then defined as the final year in which the
annual mean anomalies of both SSS and §'*Oy,, dropped below the local 40
threshold. By applying this method, we avoided multiple ToE detections,
which can occur due to decadal variability in the forcings (Supplemen-
tary Fig. 3a).

Evaluation of modeled natural variability of salinity and sea ice
with ORAS5

The Ocean Reanalysis System 5 (ORAS5) is a reanalysis system for ocean
and sea ice data that utilizes five ensemble members to provide compre-
hensive coverage from 1979 to the present. We used monthly datasets of sea
surface salinity (sosaline) and sea ice (ileadfra) at a resolution of 1° x 1° from
1979 to 2018 (http://apdrc.soest.hawaii.edu/dods/public_data/Reanalysis_
Data/ORAS5/1x1_grid/) to evaluate the natural variability in iCESM. While
the iCESM model has a negative bias in salinity (0.5 psu) when compared to
the ORASS5 climatological mean, the large-scale spatial patterns of its annual
mean climatology and interannual variability are well represented (Sup-
plementary Figs. 7, 8). Evaluating the simulated interannual variability in
SSS and sea ice within the reanalysis dataset is important because the
interannual standard deviation affects the signal-to-noise ratio, which is
critical in determining the ToE of the IFD (Supplementary Fig. 4). Of
particular importance is the natural variability in sea ice, which can increase
the gap in the detectability of IFD in SSS and 6180g,. Our modeled
amplitudes of natural variability in sea ice and SSS (Fig. 1c, Supplementary
Figs. 7, 8) fall within the observed range that determines the calculation of
ToE, making it reasonable to interpret the results.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data used in this paper are available at https://doi.org/10.5281/zenodo.
11236654. This dataset’” provides insights into the feasibility of monitoring
Antarctic ice-sheet freshwater discharge using seawater oxygen isotopes.

Code availability

The codes” are written in Jupyter-Notebook to analyze the dataset and
generate the figures. They are available on Zenodo at https://zenodo.org/
records/11237280.
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