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Antarctic offshore polynyas linked to
Southern Hemisphere climate anomalies
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Offshore Antarctic polynyas—large openings in the winter sea ice cover —are thought to be maintained by a rapid
ventilation of deep-ocean heat through convective mixing. These rare phenomena may alter abyssal properties and
circulation, yet their formation mechanisms are not well understood. Here we demonstrate that concurrent upper-ocean
preconditioning and meteorological perturbations are responsible for the appearance of polynyas in the Weddell Sea
region of the Southern Ocean. Autonomous profiling float observations—collected in 2016 and 2017 during the largest
polynyas to form near the Maud Rise seamount since 1976—reveal that the polynyas were initiated and modulated by the
passage of severe storms, and that intense heat loss drove deep overturning within them. Wind - driven upwelling of record
strength weakened haline stratification in the upper ocean, thus favouring destabilization in 2016 and 2017. We show that
previous Weddell polynyas probably developed under similarly anomalous conditions, which are associated with a mode
of Southern Hemisphere climate variability that is predicted to strengthen as a result of anthropogenic climate change.

The blanket of sea ice that develops around Antarctica each winter
reduces interaction between the ocean and the atmosphere. By elim-
inating this barrier, large offshore openings in the sea ice pack—
sometimes referred to as ‘open-ocean’ or ‘sensible heat’ polynyas—
expose the ocean surface to heat extraction by the frigid atmosphere
above. The resultant loss of surface buoyancy may drive convective
overturning, maintaining ice-free conditions by liberating vast amounts
of heat stored precariously just below the cold surface layer'~>. These
deep mixing events may rapidly modify the ocean interior, with
far-reaching implications for abyssal properties?, large-scale ocean
circulation®!% and carbon sequestration'""!2, Further, heat ventilation
during offshore polynya events can be expected to affect the regional
atmospheric state®*!* and possibly global climate patterns through
atmospheric teleconnections'”.

The Antarctic Bottom Water that fills the global abyss today origi-
nates from the Antarctic continental margin'®. However, in past glacial
climates'®'7—when grounded ice sheets restricted formation at present-
day sites—and perhaps even in pre-industrial times'®1%, it may have
been formed predominantly in offshore polynyas. This offshore deep
water formation pathway is spuriously prevalent in many present-
generation climate models, and introduces biases into the present and
future Southern Ocean properties, circulation, and sea ice area®*°-22, In
contrast to climate models, the modern satellite record (1972-present)
shows only intermittent occurrence of offshore polynyas, the largest
of which have appeared in the Weddell Sea region near the Maud Rise
seamount and in the Cosmonaut Sea offshore of East Antarctica®. In
the most prominent example, early satellite observations revealed mas-
sive, persistent Weddell polynyas over three consecutive winters from
1974 to 1976** (Fig. 1a). Despite an absence of in situ ocean measure-
ments during these events, bottom-reaching mixing within the polyn-
yas was inferred from a hydrographic survey in 1977, which discovered
erosion of normal temperature and salinity layering in one location'.

Shorter-lived, smaller openings have recurred near Maud Rise?*%,
with the largest reappearances in 2016 and 2017'%2 (Fig, 1). Notably,
the 2016-2017 polynyas accompanied a reversal of the positive trend

in Antarctic sea ice extent that has been observed over the past three
decades?”?8, which raises the possibility that the Maud Rise events may
reflect a larger climate signal'®. The tendency of polynyas to emerge
near the seamount is not a coincidence. Theory, model simulations and
sparse observations suggest that topography—flow interactions at Maud
Rise enhance upward heat fluxes and generate eddies that transmit
divergent strain to the ice cover*>*-32 (see ref. 3 for a comprehen-
sive discussion of related mechanisms). However, the intermittency of
openings remains unexplained. More generally, the absence of detailed
measurements of an offshore polynya has afforded little opportunity
to validate the local processes and climate influences that have been
put forward to explain how destabilization, polynya formation and
possibly deep overturning may occur within the ice-covered gyres of
the Southern Ocean.

Here we present the first comprehensive analysis of the ocean, ice
and atmosphere during an offshore Antarctic polynya event. Passive
microwave sea ice concentration (SIC) data and ERA-Interim (ERA-I)
reanalysis fields depict the evolution of ice and atmosphere in 2016
and 2017 (Figs. 2a, 3a, b), whereas three under-ice profiling floats—
purposefully trapped in the rotating Taylor column circulation over
Maud Rise®! (Fig. 1b, c)—together provide a continuous record from
2011-2018 (Fig. 4). Two of these floats, deployed as part of the Southern
Ocean Carbon and Climate Observations and Modeling (SOCCOM)
Project, were present during the 2016-2017 polynya events. A synthesis
of almost 4,000 past hydrographic observations from floats, ships and
instrumented seals near Maud Rise provides year-round climatological
baselines, against which 2016 and 2017 may be compared (Extended
Data Fig. 1; Methods section ‘Hydrographic climatologies’). Lastly, a
new record of past offshore polynyas reveals connections to large-scale
climate fluctuations (Fig. 5).

Polynya formation in 2016

On 27 July 2016, a month after ice formed over Maud Rise, a sliver of
open water appeared above its northeast flank (Fig. 2a, Extended Data
Fig. 2), which is a location that is predisposed for reduced SIC>>3%32,
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Fig. 1 | Polynyas of 1974, 2016 and 2017 in relation to profiling float
trajectories near Maud Rise. a, Sea ice concentration in the eastern
Weddell sector of the Southern Ocean on 21 November 2017 from
AMSR2-AS], overlaid with 50% SIC contours showing polynya extent

on 12 October 1974 (from Nimbus-5 ESMR; red contour) as well as on

6 August 2016 and 25 September 2017 (from AMSR2-ASI; orange and
blue shading). The grey box encompasses the area shown in b and c. The
red star identifies the MLS measurement obtained by research vessel (RV)
Fuji on 27 February 1974 (shown in Fig. 2b)*!, and the white triangle
marks Novolazarevskaya Station, Queen Maud Land (see pressure record
in Fig. 5¢). b, Bathymetry around Maud Rise (depth contours labelled

Despite below-freezing air temperatures, the polynya eventually
expanded to 33,000 km? (Fig. 3a, Extended Data Fig. 3b), making
it the largest opening from full ice cover since 1976 (Fig. 5a). The
polynya closed 21 days later, on 17 August 2016 (Fig. 3a, Extended Data
Fig. 2). An exceptionally rapid melt season across all Antarctic sectors
followed in November. Although most explanations for this unprec-
edented sea ice retreat have focused on the variability in atmospheric
circulation associated with tropically forced teleconnections (refs 2 and
references therein), wind-driven upwelling of warm subsurface water
may have also contributed in some regions®®.

Profiling float data near Maud Rise show that a late freeze in 2016
(Fig. 2a) followed 4-5 months of increased mixed-layer temperature
(Extended Data Fig. 3d) and mixed-layer salinity (MLS; Fig. 2b). These
anomalies are consistent with strengthened upwelling and entrainment
of Weddell Deep Water, which is warmer and saltier than the overlying
upper ocean (Fig. 4a, b). Abnormal ocean conditions persisted into
the period of ice formation. Early July featured the two highest MLS
measurements in our eastern Weddell record for that month, which
correspond to a maximum elevation of MLS above the Maud Rise
climatology of +0.12 practical salinity units (psu) (Fig. 2b).

We attribute the 2016 polynya primarily to preconditioning from
these salinity anomalies. Under sea ice, stratification is governed by
fluctuations in MLS. The special vulnerability of the Maud Rise water
column to overturning is in part due to its high climatological MLS
relative to that of the surrounding region® (Fig. 2b). In a normal winter,
brine rejection from ice growth over Maud Rise brings the pycnocline
to the brink of erosion®?. Complete destabilization, however, is averted
through entrainment of warm thermocline water as the mixed layer
deepens. Ventilation of this ‘thermal barrier’ into the mixed layer sup-
presses ice growth, providing a negative feedback that preserves stratifi-
cation®**-%%, However, by mid-July 2016, an increase in MLS of just 0.05
psu would have eliminated stratification and triggered deep convection
(red line in Fig. 2b), less than a third of that required in a normal year.

In this precarious state, we infer that intense storms overrode the
stabilizing negative feedback and initiated deep convection by provid-
ing two sudden perturbations: ice divergence and enhanced turbulent
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in metres) with polynya extent from 2016 shaded as in a. Trajectories of
floats 5903616 (December 2011 to June 2016), 5904468 (January 2015 to
December 2016) and 5904471 (December 2014 to December 2016) begin
at deployment locations (green) and include estimated locations during
the 2016 polynya (orange stars). ¢, Bathymetry as in b with polynya extent
from 2017 shaded as in a. Trajectories of floats 5904468 (January 2017

to May 2018) and 5904471 (January 2017 to June 2018) begin at marked
locations (green) and include estimated locations during the 2017 polynya
(blue stars). See Extended Data Figs. 2, 8 for full evolution of SIC during
the 2016 and 2017 polynyas with float locations.

mixing. Divergence may occur across a continuum of spatial scales
owing to ice deformation and drift””, and enables rapid ice growth and
brine rejection while preventing immediate stabilization from ice melt.
Wind-driven turbulent mixing entrains heat and salt into the mixed
layer®*, a response that is amplified under weak stratification®®. The
heat may melt ice, as idealized model experiments with storm per-
turbations have demonstrated for the Maud Rise ice-ocean system??.
Although ice may reform, negating the stabilizing buoyancy input of
melt, entrained salt will linger and will reduce stability>**3>, These per-
turbations have been observed to co-occur: during a 1994 winter field
campaign over Maud Rise, two violent storms elevated mixed-layer
temperature by 0.3 °C above freezing and opened leads that forced an
evacuation of the researchers’ ice camp?®. Young, possibly thinner ice
in July 2016 would have been particularly susceptible to wind forcing®’,
which would enhance both mechanisms.

Using atmospheric reanalysis, we identify the passage of the most
severe cyclones near Maud Rise (see Methods section ‘Storm identi-
fication’). Most storms coincide with marked reductions in average
SIC (Fig. 2a, Extended Data Fig. 4). Indeed, the 2016 polynya opened
during a storm that featured 10-m wind speeds of up to 25 m s~ and
surface pressures as low as 947 hPa (Fig. 3a, Extended Data Fig. 4a). We
find a surprising correspondence (r = 0.81) between the evolution of
the extent of the polynya in 2016 and the cumulative wind-speed anom-
aly from a baseline value (Fig. 3a), which indicates that the polynya grew
with strong winds from storms and shrank during quiescent periods.
Along its ice-covered perimeter, high winds may have triggered ice loss
and destabilization through turbulent mixing. Within its interior, heat
extraction and salty turbulent entrainment from high winds would have
driven convection, preventing ice from reforming. During a storm on
2 August, the polynya expanded concurrently with ocean-atmosphere
turbulent heat fluxes of up to 718 W m~2 (Fig. 3b, c) and possible ice
divergence (Extended Data Fig. 5). A lapse in storm activity and a reduc-
tion in heat flux apparently enabled the polynya to close (Fig. 3a, ¢).
Nonetheless, MLS remained near the overturning limit throughout
the winter (Fig. 2b). A storm on 28-30 August caused substantial SIC
reduction and warm entrainment (Extended Data Figs. 3d, 4a), and in
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Fig. 2 | Storms, sea ice concentration and mixed-layer salinity at Maud
Rise in 2016 and 2017. Marked at the top are intense winter storm events
near Maud Rise (also see Extended Data Fig. 4 and Methods section
‘Storm identificatior’). a, Average daily SIC within the Maud Rise region
(63°-67° S, 0°-10° E) from NSIDC Merged (solid black line) and AMSR2-
ASI (dashed black line) in 2016 and 2017. SIC climatology from NSIDC
Merged (1978-2019) is shown as median (grey line) and 25%-75%
interquartile range (IQR; grey shading). Note the stretched y axis.
Polynya extent is quantified (blue lines) during the 2016 and 2017 events
(vertical blue shading). b, Composite of the highest MLS measured

by floats 5903616, 5904468 and 5904471 in 2016 and 2017 (black line;

late October—after two storms (Fig. 2a)—a distinct polynya appeared
south of Maud Rise, and eventually grew during climatological melt to
encompass much of the eastern Weddell (Extended Data Fig. 2).

Deep mixing and resultant preconditioning

We observe an abrupt appearance of anomalies in the ocean interior
after the opening of the 2016 polynya: cooling of 0.2 °C, freshening of
0.025 psu, and an increase in dissolved oxygen of 10 pmol kg ! at a
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Fig. 3 | Local meteorology and heat loss during the 2016 polynya.
Intense winter storm events near Maud Rise are identified at the top,

as in Fig. 2. a, Daily polynya extent from AMSR2-ASI (see Methods
section ‘Polynya identification’) is shaded in black. Overlaid in red is the
cumulative sum of the anomaly of 10-m wind speed (as shown in b) from
its mean value during the 2016 polynya. b, Average six-hourly 10-m wind
speed from ERA-I reanalysis within the Maud Rise region (63°-67° S, 0°-
10° E). ¢, Average six-hourly ocean-atmosphere turbulent heat flux within
the polynya (see Methods section ‘Atmospheric reanalysis’). Dashed lines
indicate mean values during the polynya event.
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see Methods sections ‘Derived oceanographic quantities’ and ‘Composites
of float time series’). MLS climatology for the Maud Rise region

(R < 250 km from 65° S, 3° E) is shown as median (grey line) and IQR
(grey shading); climatology for the eastern Weddell region away from
Maud Rise (250 < R < 500 km) is presented for comparison (light brown
dashed and dotted lines for median and IQR, respectively; see Methods
section ‘Hydrographic climatologies’). Red stars indicate the MLS
measured by RV Fuji on 27 February 1974 at 66.5° S, 1.2° E, near Maud
Rise*! (see red star in Fig. 1a). The MLS required to eliminate 0-250 m
stratification, the ‘overturning limit} is shown in red (see Methods section
‘Composites of float time series’).

depth of around 650 m (Fig. 4a—c, Extended Data Fig. 6). Co-located
with these modified patches are bands of near-zero buoyancy frequency
(N), which indicate nearly absent stratification (Fig. 4d). These proper-
ties reflect recent mixing with winter surface water, as observed during
open-ocean convection in the subpolar North Atlantic*. The apparent
strengthening and deepening of interior mixed layers after the polynya—
observed by both floats (Extended Data Fig. 6)—suggest lateral
mixing and homogenization of remnant convective plumes, which
probably evolved on scales missed by the coarse sampling in space and
time (see Methods section ‘Derived oceanographic quantities’). The
isolated intrusion from 500 m to 800 m, which is embedded within
displaced isotherms and isohalines (Fig. 4a, b), resembles the
submesoscale coherent vortices that are frequently observed after
open-ocean convection, such as in the Mediterranean Sea*. Together
these fingerprints identify the altered water mass as the product of
deep-reaching convective mixing.

Analysis of the reduced deep heat content in post-polynya profiles
yields estimated ventilation rates (Methods section ‘Polynya heat flux
estimates’) that approach the average ocean-atmosphere turbulent
heat flux during the 2016 polynya (252 W m~? Fig. 3c, Extended Data
Fig. 7). This close correspondence suggests that deep convection was
driven primarily by a continuous loss of surface buoyancy, rather than
by the interior thermobaric mixing that has been invoked to explain
overturning near Maud Rise®. Persistent above-freezing mixed-layer
temperature provides additional evidence for continuous thermal con-
vection (Extended Data Fig. 3d). Nonetheless, thermobaricity may have
modulated the depth of mixing by supplying additional kinetic energy
to plumes descending across the pycnocline.

Crucially, the deep freshening that accompanied heat loss in 2016
implies a net upwards mixing of salt*!, thus reducing stability in 2017.
This upwards transfer is corroborated by an increase in total salt con-
tent from 0 m to 250 m—equivalent to the effect of brine rejection from
0.46 m of ice formation (Extended Data Fig. 3e)—as well as an average
MLS elevation of 0.15 psu over the ice-free months of 2017 (Fig. 2b).
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Fig. 4 | Hydrographic observations from Maud Rise from 2011-2018.
a-d, Continuous-time depth sections of potential temperature (a), salinity
(b), dissolved oxygen (c) and buoyancy frequency squared (N?) (d)
assembled using observations from profiling floats 5903616 (left), 5904468
(centre) and 5904471 (right). Individual profiles are marked at the top

This extreme degree of preconditioning is comparable to that observed
near Maud Rise before the 1974 polynya*! (red stars in Figs. 1a, 2b).

Polynya recurrence in 2017

Low upper-ocean stability in early 2017 preconditioned the region for
the emergence of a larger polynya than that formed in 2016 (Fig. 1). In
July and August, SIC and upper-ocean salt content were highly variable
(Fig. 2a, Extended Data Fig. 3e), indicating cycles of melt and refreeze
consistent with a strengthened negative feedback to ice growth and a
weakly stabilizing buffer from thin ice. Indeed, we estimate that net
in situ ice growth in 2017 was half of that experienced in a normal win-
ter (Extended Data Fig. 3e). On 27 July, after four days of storm activity,
numerous scattered, short-lived polynyas appeared southwest of Maud
Rise. Later, on 3 September, two larger openings emerged above the
seamount during a brief storm; they then merged and rapidly grew
after storms from 13 to 18 September, which featured the highest wind
speeds seen in reanalysis that winter (Fig. 2a, Extended Data Figs. 4b, 8).
Within this expanding polynya, both floats inferred ice-free condi-
tions from prolonged warm near-surface temperatures and surfaced
to transmit data—a highly unusual occurrence (Extended Data Fig. 8;
see Methods section ‘Hydrographic data’). A 1.5-month lull in storm
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(black ticks). Mixed-layer depth is indicated in white. Vertical lines in each
panel mark the start and end dates of the 2016 and 2017 polynyas. Along-
trajectory SIC, primarily from AMSR2-ASI, is shaded at the top in black
(see Methods section ‘Sea ice concentration data’). See Extended Data
Fig. 6 for the complete time range of data from each float.

activity saw the extent of the polynya stabilize at around 50,000 km?,
before seasonal ice melt and coalescence with the open ocean occurred
in November (Fig. 1a, ¢, 2a, Extended Data Fig. 8).

In October 2017, a near-homogeneous cold, fresh and high-oxygen
coherent structure, spanning depths from around 200 m to 1,700 m,
was detected from within the polynya. The development of such a
structure indicates deeper and more vigorous convection than in
2016 (Fig. 4a—c). As with the remnant ‘chimney’ observed in 19777,
normal ocean layering was absent. Whether mixing extended below
1,700 m in 2017 cannot be determined from the float data, but we note
that the low interior stratification offers little resistance to convection
(Extended Data Fig. 6e). This raises the possibility that smaller, shorter-
lived polynyas may introduce modification to a similar depth as the
1974-1976 events. However, mixing within transient polynyas near
Maud Rise need not be bottom-reaching to affect the properties of the
abyssal world ocean. Counterintuitively, bottom water masses remain
mostly topographically confined to the Weddell Basin, whereas deep
and intermediate layers outflow and spread northwards as Antarctic
Bottom Water (refs **** and references therein). Even brief polynyas
may have an outsized effect. Total heat loss during the 21-day open-
ing in 2016 was approximately equal to that which occurs during a



40% SIC threshold 50% SIC threshold

mgm 60% SIC threshold

ARTICLE

* Insufficient winter data

>100 260
da -
S& 80 50
SE . L ”
= -40 &
8% 60 L 3
= 40 4 L 4 - >
-E% _ =20 ©
T % L a
S o 204 ° o) 10
1 A ﬁ,.. s [ - B
0 Far T — a2 LRL Iy
1975 1980 1985 1990 1995 2000 2005 2010 2015

SAM index

Mean sea-level pressure
(hPa)

Winter storm days
per month

(x107 N m9)

Wind stress curl

—— Weddell Low —— Novolazarevskaya Station

Fig. 5 | Relationships between past polynyas near Maud Rise and
climate forcing from 1972-2018. a, Annual maximum polynya extent
(bars) and number of polynya days (red diamonds; see Methods section
‘Polynya identification’). Maximum polynya extent is calculated for three
SIC thresholds representing increasingly strict polynya definitions: 60%,
50% and 40%. Polynya days are quantified using the 60% threshold. Stars
indicate years with incomplete or absent SIC records. b, SAM index for
the years 1972-2018. ¢, Mean sea-level pressure from ERA-I reanalysis,
for 1979-2018, within the Weddell Low region (blue; see Methods section
‘Weddell Low’), and from Novolazarevskaya Station, Queen Maud Land,
for 1972-2018 (brown; see white triangle in Fig. 1a and Methods section

normal ice-covered winter?, thus accelerating the transformation of
circumpolar-derived Weddell Deep Water on its slow transit through
the Weddell gyre®.

Role of climate variability

Although 2016 and 2017 were exceptional, transient polynyas near
Maud Rise have also occurred in clusters of years from 1993-1996 and
1999-2001, as well as in 2005 (Fig. 5a). This is in line with sequences
of polynya years found in a high-resolution model simulation of the
region®’.. We have shown that the recurrence of polynyas may be
explained by upward salt transfer from convective mixing. However,
what controls the intermittency of initial openings is still unknown.
By examining climate records from 1972-2018 to identify a common
mechanism, we find that the Southern Annular Mode (SAM)—the
leading mode of variability in the Southern Hemisphere*—fluctuates
in lockstep (Fig. 5b, ¢, Extended Data Table 1) with indices of mean
sea-level pressure for the Weddell Low, the climatological low surface
pressure centre east of Maud Rise (r = -0.71; see Methods section

—e— Eastern Weddell

-=-- Maud Rise

Weddell gyre

‘Meteorological station records’). Note the reversed y axis. d, Eastern
Weddell region (62°-68° S, 15° W-20° E) winter (May-October) mean
storm days per month (see Methods section ‘Storm identification’).

e, Average wind stress curl from ERA-I over Maud Rise (63°-67° S, 0°-10°
E; dashed) and the entire Weddell gyre (60° S to the Antarctic continent,
60° W-45° E; dotted). Time series in b, c and e are filtered using a two-year
centred running mean and shaded above their linear trends to highlight
longer-term fluctuations. See Extended Data Table 1 for trends and
significance for b-e. Horizontal dashed lines are mean values. Years with
polynya activity at the 50% threshold are shaded vertically in red in b-e.

‘Weddell Low’), and from Novolazarevskaya Station, south of Maud
Rise (r = -0.82; see white triangle in Fig. 1a). In turn, the curls of wind
stress over both the entire Weddell gyre and Maud Rise are correlated
with the Weddell Low (r = 0.61 and 0.48, respectively; Fig. 5¢, e). Also
correlated with the Weddell Low is the frequency of severe winter
storms within the eastern Weddell region (r = -0.55; Fig. 5d). These
relationships are analogous to those associated with variability of the
Amundsen Sea Low®.

Figure 5 illustrates that past transient polynyas near Maud Rise were
preceded by synchronous deviations in these indices: positive SAM,
deeper Weddell Low, strengthened cyclonic wind stress curl and fre-
quent winter storm activity. Notably, there were more than twice as
many winter storms in 2015 and 2016 as occurred in the least stormy
years (Fig. 5d). We have suggested that intense storms facilitate ice
loss through turbulent mixing and ice divergence. The other large-
scale anomalies provide the preconditioning necessary to permit a
polynya in the first place?. Local wind stress curl is a proxy for ocean
upwelling velocity due to the Ekman relation, and modelling and
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theoretical studies indicate that enhanced upwelling favours polynya
development by concentrating warm, salty Weddell Deep Water closer
to the surface?®32333546 Perhaps more important, however, are the
salinity fluxes into the mixed layer that are associated with upwelling.
Record-strong wind stress curl in 2015 and 2016 (Fig. 5e) increased
MLS near Maud Rise by at least 0.06 psu (Methods section ‘Salinity
fluxes from upwelling’), which reduced upper-ocean stability*! and pre-
conditioned the 2016 opening. Spin-up of the barotropic Weddell gyre
circulation due to strengthened wind stress curl (see Methods section
‘Weddell Low’) may have also enhanced topography- or eddy-related
upwelling?*! and possibly topographic mixing as faster flow impinged
on Maud Rise. Either could have intensified upward heat fluxes in 2016,
contributing to the delayed freeze and presumably thinner ice in July.
Ultimately, these upwelling- and storm-induced offshore polynyas are
linked to positive fluctuations in SAM, which represent large-scale
anomalies in the climate of the Southern Hemisphere.

The exceptional 1974-1976 Weddell polynyas, which were larger
than the 2016-2017 openings (Fig. 1a), do not conform perfectly to this
explanation. The 1974 event occurred under similar circumstances to
the 2017 polynya, in that it was preceded by a positive deviation in SAM
(Fig. 5b) and lower mean sea-level pressure (Fig. 5¢), as well as delayed
ice formation in 1973 (not shown) and a brief ‘precursor’ polynya that
year>?® (Fig. 5a). But these anomalies were modest. The degree and
spatial extent of preconditioning in 1974 were probably augmented by
previously proposed mechanisms: a generally saltier Southern Ocean
surface!” and below-average precipitation over the preceding decade
associated with prolonged negative SAM*”. Reduced precipitation,
however, cannot explain the 2016 opening, which followed six years of
higher-than-average precipitation (Extended Data Fig. 9¢).

Comparison with climate models

Accurate modelling of the Southern Ocean requires realistic simulation
of deep water formation and ventilation processes?’. This remains an
urgent challenge. In many climate models that are included in the fifth
Coupled Model Intercomparison Project (CMIP5), large Weddell pol-
ynyas featuring open-ocean deep convection recur on widely varying
timescales®!®. In these models and others, heat steadily accumulates
in Weddell Deep Water over several years or decades™'%?2%8, possibly
owing to freshwater forcing biases and insufficient vertical mixing”*!.
This build-up eventually erodes stratification in an episode of sponta-
neous ventilation; cycles of recharge and discharge of heat then follow,
associated with Weddell polynyas>®1%?248, Observational records of
ocean and sea ice are insufficiently long to assess whether these convec-
tive cycles, which create a global mode of internal variability>8-10-12:15,
are natural or spurious. This is concerning, because some models sug-
gest that recent Southern Ocean sea surface temperature and sea ice
trends may simply reflect this cycle—that is, represent a rebound from
ventilation during the 1974-1976 Weddell polynyas'®.

The 2016-2017 events offer an opportunity to assess whether destrat-
ification from mid-depth heat accumulation, which is prevalent in
models, contributes to polynya formation in reality. The preceding dec-
ade-long hiatus in polynya activity is presumably long enough to discern
trends in subsurface heat (Fig. 5a). However, we do not find marked heat
accumulation before 2016 in records compiled from about 3,000 sub-
pycnocline temperature measurements within the eastern Weddell
region (Extended Data Fig. 9d, e, Extended Data Table 1; Methods
section ‘Sub-pycnocline temperature records’). Although the presence
of warm Weddell Deep Water is required to sustain overturning, an
increase in local heat content is probably not the immediate cause of
polynyas near Maud Rise. This suggests that model results involving
Weddell polynyas should be interpreted with greater caution, even when
the simulated features resemble observed polynyas in size and location.

Similarly, although deep convection in simulated Weddell polynyas
often proceeds until the subsurface heat reservoir is depleted®®'%*8, the
observed cooling after the 1974-1976 and 2016-2017 polynyas of up to
1.0°C (ref. |; see Methods section ‘Sub-pycnocline temperature records’)
and 0.3 °C (Fig. 4a), respectively, is probably not severe enough to
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explain the lack of major openings in 1977** and 2018 (Fig. 5a). Instead,
reductions in upwelling (Fig. 5e) and storm frequency (Fig. 5d), com-
bined with westward advection of upper-ocean salinity anomalies away
from Maud Rise>*2, probably terminate multiyear polynya sequences.

Future implications

Progress in simulating and predicting offshore Antarctic polynyas
will require a more precise understanding of how storms cause sea
ice destruction and how upwelling affects haline stratification. New
insight into these relationships may also inform long-standing ques-
tions on how Southern Ocean stratification modulates deep ventilation
on glacial-interglacial timescales*’; here, the possible role of offshore
polynyas is poorly understood!®!”. Although observations of additional
offshore polynyas would be valuable in clarifying these mechanisms,
climate models predict that their formation may soon be prohibited
by the Southern Ocean surface freshening trend of about 0.01 psu
per decade, which is associated with anthropogenic climate change'®.
However, this simulated non-convective regime has evidently not yet
been reached. At present, we observe that the Maud Rise region expe-
riences interannual variability in upper-ocean salinity—and thus also
stability—that is an order of magnitude higher than this slow decadal
freshening rate. This may enable intermittent openings similar to those
in 2016 and 2017 for decades to come. Moreover, we identify statisti-
cally significant positive multidecadal trends in polynya-favourable
conditions: the strengthening of SAM, Weddell Low, cyclonic wind
stress curl and winter storm activity (Extended Data Table 1). These
reflect poleward shifts in Southern Hemisphere westerly winds and
storm tracks, which are expected to continue under anthropogenic
forcing**°, We propose that these changes may bring enhanced
upwelling and a more frequently disturbed sea ice cover to the Weddell
Sea region, conceivably signalling a greater future role for transient
offshore polynyas in opening a window to the abyssal ocean.
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METHODS

Regions. Various gridded fields were averaged within the Maud Rise region
(63°-67° S, 0°-10° E), which loosely encompasses the 4,000 m isobath around
the seamount (Fig. 1b, ¢) and the area of polynya formation in 2016 and 2017.
Other metrics were calculated within an area that we designate the eastern Weddell
region (62°-68° S, 15° W-20° E), which spans the eastern Weddell, Lazarev and
western Riiser-Larsen seas. This larger area increases signal strength for records
with spatial uncertainty or sparsity, such as discrete polynya events, storm statistics
and precipitation.

In the context of hydrographic observations, the Maud Rise region instead refers

to a radius of 250 km from Maud Rise (65° S, 3° E; see Extended Data Fig. 1).
This encloses the ‘halo’ of elevated subsurface heat content identified over the
seamount®"”!, Here the eastern Weddell region refers to hydrographic observations
collected within 500 km of Maud Rise.
Sea ice concentration data. Satellite observations of Antarctic sea ice before 1972
are presently limited to a visible-band composite of September 1964 from the
NASA Nimbus I mission, which showed a possible offshore polynya in the Weddell
Sea’. The quality of the imagery prevents conclusive identification. The mod-
ern passive microwave SIC era began in 1972 with the single-channel Nimbus-5
Electrically Scanning Microwave Radiometer (ESMR)?!. We use daily SIC from
December 1972 to May 1977 from the NSIDC Nimbus-5 ESMR v1 product on a
25-km polar stereographic grid, the result of heavy reprocessing™. Gaps of weeks
to months are present.

A series of more reliable multi-channel sensors followed. We use the merged
NASA Goddard Space Flight Center v3 25-km product distributed by NSIDC
from November 1978 to December 2017>%. The merged Goddard product is nearly
identical to the NOAA/NSIDC Climate Data Record (CDR), which is based on
two well-validated SIC algorithms, with two main differences: additional manual
quality control and inclusion of the period from 1978-1987, for which SIC data
are available every other day**>*. From January 2018 to February 2019, we use
the NOAA/NSIDC Near-Real-Time (NRT) CDR v1 product®. The combined
‘NSIDC Merged’ record from 1978-2019 was used for SIC climatology (Fig. 2a)
and polynya identification (Fig. 5a). Nimbus-5 ESMR was included in the polynya
record to highlight the 1974-1976 events, although precise quantitative comparison
with NSIDC Merged is not possible. For more qualitative analyses, we use higher-
resolution daily SIC data from the Advanced Microwave Scanning Radiometer
(AMSR) sensors (see Fig. 2a for comparison with NSIDC Merged). We use the
University of Bremen v5 AMSR-E (2002-2011) and AMSR2 (2012-2019) products,
derived using the ARTIST Sea Ice (ASI) algorithm at a resolution of 6.25 km>”5,

SIC climatology (Fig. 2a) includes days with valid data from at least 75% of grid

cells in the Maud Rise region. Median and 25%-75% IQR time series were gener-
ated by compositing over day-of-year, then filtering with a 7-day centred running
mean. Along-trajectory SIC (Fig. 4) represents the average SIC from AMSR2-ASI
(from 4 July 2012 onwards) or NSIDC Merged (from 19 December 2011 to 3 July
2012) within a moving 1° latitude x 2° longitude box centred on the given or
estimated location for each float profile.
Polynya identification. A polynya is defined as any nonlinear-shaped opening
within sea ice that contains open water, brash ice, new ice, nilas and/or young
ice®. Passive microwave sensing generally underestimates SIC for new, thin ice,
aiding the detection of polynyas®*®!. Following past studies identifying polynyas in
the Cosmonaut Sea®*3, we define ‘polynya extent’ as the sum of connected pixels
(allowing diagonal connections) with SIC beneath some threshold. We excluded
areas connected to the open ocean (that is, embayments), common during transi-
tional freeze and melt periods, and calculated the centroid of individual openings.
Patches of ice within connected open regions were negated using a binary dilation
algorithm to ensure that polynya extent, rather than area, was quantified.

Figure 5a highlights midwinter openings that appear from closed ice cover, as
occurred in 2016 and 2017 (Extended Data Figs. 2, 8). These differ from early-win-
ter embayments that later became enclosed, such as occurred in 1974 (ref. 2#). The
latter probably reflects ocean preconditioning strong enough to permit overturn-
ing from slight amounts of ice growth or even cooling alone (a ‘thermal mode’ of
stratification)>3>1%4, This mode does not require perturbations such as storms,
which we identify as critical for midwinter openings. For comparison, we included
the 1974-1976 polynyas in our record despite their different mode of formation.

We consider the period of closed ice cover over Maud Rise to be delimited each
winter by one week after the first date of 90% average SIC and one week before the
last date of 90% SIC, consistent with climatological SIC?. The one-week buffers
account for gradual ice advance and retreat, during which small, brief openings
frequently form via enclosure and climatological melt?*. Fixed start and/or end
dates of 1 July and 31 October, consistent with climatology (Fig. 2a), were used for
freeze and/or melt seasons with already-established polynyas (1974-1976, 2017)
or some gaps in SIC data (1973). Other winters with major data gaps (1972, 1977,
1978, 1987) were omitted from the record. The summed daily extent of polynyas
with centroids in the eastern Weddell region was calculated using SIC thresholds

of 40%, 50% and 60% for comparison, because grid connectivity is sensitive to
SIC threshold. These thresholds reflect the dynamic mix of open water and new
ice within polynyas®!, and lie between the low (for example, 15%) thresholds used
to define the seasonal ice edge and high (for example, 80%) thresholds previously
used to identify Antarctic offshore polynyas®®*, Dates with non-zero total polynya
extent at the 60% threshold, chosen to maximally differentiate years from one
another, were designated ‘polynya days. As an approximation, polynya day counts
from 1979-1986 were doubled because SIC data are available every other day. Our
average SIC threshold of 50% was used in Fig. 1a, which depicts the largest polynya
identified within the Maud Rise region on each date, and Figs. 2a, 3a, which track
the summed extent of polynyas with centroids in the eastern Weddell region.

The accuracy of our methodology was checked by visually inspecting SIC

images. Our assessment is consistent with previous reports of Maud Rise polynyas
in 1973223, 198023, 199435165 and 2005°!. A previous analysis for the Maud Rise
region of total days with average SIC under 92% from 1979-2004" is qualitatively
similar to our polynya record. Given the association of deep convection with coher-
ent openings', however, we focus on discrete polynya events, rather than slight
reductions in SIC. We note that a small opening outside the detection parameters
of our algorithm (and therefore absent in Fig. 5a) appeared above Maud Rise in
late October 2018, just before climatological melt.
Hydrographic data. Argo profiling floats drift at a depth of around 1,000 m and
sample every 7-10 days, profiling on ascent®. Sampling intervals are generally
2 dbar above 1,000 m and 100 dbar below 1,000 m (ref. ¢’). Measurements are rated
to accuracies of at least 0.005°C, 0.01 psu and 2.5 dbar (ref. °®). An ice-avoidance
algorithm monitors median temperature between 50 and 20 m, aborting ascent if
near the freezing point, which indicates ice cover®”~®. Under-ice profiles are stored
without position fixes and transmitted upon spring ice melt. A rare exception is
when a float surfaces within a polynya, as occurred in 2017 with SOCCOM floats
5904468 and 5904471 (Extended Data Fig. 8). Because the algorithm requires three
consecutive ice-free determinations®”, both floats inferred warm conditions in or
near the polynya over about 21 days before surfacing.

All Argo temperature and salinity measurements (Extended Data Fig. 1) south
of 55° S and between 70° W and 50° E through 1 October 2018 were downloaded
from the US-GODAE Global Data Assembly Center (GDAC)”’. We rejected
profiles without timestamps, consecutive under-ice profiles with timestamps erro-
neously reflecting transmission upon ice melt, and data from floats affected by
position and date jumps and other quality control issues.

Under-ice or missing positions (quality control flags ‘8’ or ‘9’) were linearly
interpolated, using profile timestamps to assign distances along great circle routes
between known GPS fixes. Advanced methods, such as interpolation along con-
tours of planetary potential vorticity, could reduce position uncertainty over some
areas of the Weddell Sea; however, this may not be the case near Maud Rise, par-
ticularly to the southwest and northeast of the seamount”'. Given the tendency
of floats to remain trapped over Maud Rise (Fig. 1b, ¢) owing to Taylor column
dynamics®72, it is unlikely that floats 5903616, 5904468 and 5904471 deviated
away from the seamount during the winters of 2012 through to 2017. SOCCOM
float deployments were conducted with this phenomenon in mind”>.

Both real-time (‘R’) and delayed-mode (‘D’) data were obtained. Although both
have passed automatic quality control checks, only delayed-mode data have under-
gone detailed quality control inspection, although sensor drift calibrations often
extend automatically to real-time profiles”’. If a profile was available on delayed-
mode, we used its adjusted parameters. The first cast within a profile file was
selected if multiple were available. Only depths at which all three quality control
flags for pressure, temperature, and salinity were good (‘1’) or probably good (2)
were extracted.

Float 5904468 represents an exception to this procedure. Drift in its salinity
sensor, a Sea-Bird SBE-41CP conductivity cell, began in early 2016 at a rate of
approximately 0.07 psu per year, constant with depth and linear in time. This drift
was corrected through 13 May 2017 (profile 83) by the GDAC using standard
procedures (weighted least-squares fit to deep climatology based on nearby Argo
data). We extended this correction from 23 May 2017 (profile 84) to 8 May 2018
(profile 118) by subtracting the linear trend of 1,600-1,700 m average salinity,
calculated from profiles linearly interpolated to 1-m spacing. Corrected 1,600
1,700 m average salinity agrees with that measured by the nearby float 5904471 over
2015-2018 (see Fig. 1b, ¢) to within about 0.01 psu except for periods of mixing
during the 2017 polynya. Profiles from 119 onwards were not used.

Salinity measurements are provided by the GDAC with a precision of 0.001 psu.
The combination of weak vertical salinity gradient in the Weddell Sea and fine sam-
pling interval (2 dbar) creates artificial 0.001 psu steps, generating spurious static
instabilities. We applied a mild quadratic smoothing spline (UnivariateSpline from
SciPy with smoothing factor s = 0.00015) to all float salinity profiles, attenuating
these jumps while preserving integrity of the profile. This procedure essentially
downsamples the salinity measurements to allow buoyancy frequency to be
accurately resolved at all depths.



Dissolved oxygen measurements from floats 5904468 and 5904471 were down-
loaded from the SOCCOM quality-controlled archive’. Dissolved oxygen data
from the non-SOCCOM float 5903616 were obtained from the University of
Washington (UW) Calibrated O, package, v1.17%, with updated profiles provided
by R. Drucker (personal communication). The sampling interval of dissolved oxy-
gen is coarser than for CTD data, ranging from about 5 dbar above 100 m to about
100 dbar below 1,000 m®’. Dissolved oxygen optodes onboard most SOCCOM
floats collect in-air samples for direct calibration, allowing for accuracy of about
1% of near-surface values (around 325 umol kg~?), or 3 pumol kg~ (ref. 7°). The
optode on 5903616 lacks this capability and instead has been calibrated to deep
reference data, with an accuracy of about 2%, or 7 pmol kg ! (ref. 7). Comparison
of UW-calibrated dissolved oxygen from 5903616 with SOCCOM-calibrated dis-
solved oxygen from 5904468 and 5904471 —performed in surface-referenced
potential density space—revealed a positive bias of about 6.0 pmol kg™, uniform
in depth, during their overlap period at Maud Rise (2015-2016). We subtracted
this offset from all UW-O, profiles by float 5903616.

Shipboard CTD and bottle data and instrumented elephant seal profiles
(Extended Data Fig. 1) featuring both temperature and salinity were obtained at
original depth levels from the World Ocean Database 2018 prerelease’”” with August
2018 additions. Depth levels were retained only if global quality control flags for
depth, temperature and salinity profiles as well as the three quality control flags at
that depth were marked good (‘0°).

Instrumented elephant seals typically dive to about 600 m while foraging,
although dives to 2,000 m occasionally occur’®. CTD measurements begin at the
deepest point of a dive and continue during ascent; data may be collected on as
many as four dives per day”®. Owing to data transfer and energy constraints, casts
are transmitted in compressed form. A ‘broken-stick’ algorithm selects 10-25
depths that best represent the profile; thus, resolution may be coarse for deeper
profiles”®”. The filters we apply when creating hydrographic climatologies account
for this possibility (see below). Measurement accuracy is estimated at 0.04°C and
0.03 psu®’, lower than for floats; satellite fixes are accurate to about 5 km (ref. 78).
Derived oceanographic quantities. The Python implementation of the Gibbs
SeaWater Oceanographic Toolbox of TEOS-10 (https://teos-10.github.io/
GSW-Python/) was used to compute profiles of depth or pressure, potential tem-
perature, surface-referenced potential density, and buoyancy (Brunt-Vaisala)
frequency squared (N?). We interpolated N? profiles to 1-m spacing, then applied
a 50-m centred running mean. This filtering reduces noise and spikes, allowing
patches of consistently low N? to be visible in Fig. 4d and Extended Data Fig. 6d
despite the compressed vertical axis.

Mixed-layer depths (MLD; Fig. 4, Extended Data Figs. 3¢, 6) were determined as
the depth at which surface-referenced potential density exceeds its value at zf = 10 m,
estimated using interpolation or nearest-neighbour extrapolation, by a threshold
of Acp=0.03 kg m~2 (refs 82). Mixed-layer temperature (MLT) and mixed-
layer salinity (MLS) were averaged from profiles interpolated to 0.1-m spacing
and extrapolated to the surface. We note that MLDs sometimes shoaled sharply
during the 2016 and 2017 polynyas, rather than deepening (Extended Data Fig. 3c).
This reflects the development of shallow fresh layers from ice melt (Fig. 2b), as
seen in idealized ice-ocean model experiments with storm perturbations®. The
two profiling floats, sampling coarsely in time and space, did not observe active
overturning, which probably occurred within plumes of horizontal scale O(100 m)
occupying a fraction of the convection region**®*34 at locations with a weaker melt
layer or pycnocline. The observed interior mixed layers (Extended Data Fig. 6) may
have been formed by nearby deep convection, communicated laterally through
efficient mixing due to baroclinic instability.

Upper-ocean freshwater anomaly (Extended Data Fig. 3e), or ‘salt deficit™>**34,
was integrated from 0-250 m, encompassing MLDs in all seasons (see Extended
Data Fig. 3¢) and salinity variability an order of magnitude greater than below 250 m.
The metric was computed as in ref. %, in terms of the freshwater provided by melt
of an equivalent sea ice thickness (units of metres):

250 m
(250 m) — ﬁ [ 1550m) - s(2)1dz
i 0m

where S is salinity and AS; s the approximate salinity difference between ocean and
sea ice (about 30 psu)*. Trapezoidal integration was applied to profiles interpolated
and extrapolated as above.

To interpret the climatological 0-250 m freshwater anomaly (grey shading in
Extended Data Fig. 3e), we assume that brine rejection approximately balances
ice melt from local and nonlocal sources, because Maud Rise is near the circum-
polar line of zero annual net freshwater flux associated with sea ice®®, and that salt
fluxes from geostrophic advection are relatively small. This implies that positive
salt fluxes from Ekman upwelling (due to cyclonic wind stress curl; see Fig. 5e)
approximately balance precipitation and evaporation on an annual net basis.
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We thus interpret the seasonal cycle of climatological 0-250 m freshwater anomaly
as predominantly reflecting brine rejection and ice melt. A similar approach has
been used to estimate ice formation rates from instrumented seal profiles offshore
of East Antarctica®.

Convection resistance (CR) represents the buoyancy loss required for overturn-
ing to reach a given depth, H:

CR(H) =5 [ [o)(H) - oy(2))dz

where g is acceleration due to gravity, py is a seawater reference density
(1,027.8 kg m~3), and oy is surface-referenced potential density'*”%, Depth
sections of convection resistance illustrate that low interior stratification com-
bined with a weakened winter halocline, as occurred in 2016 and 2017, may permit
deep-reaching convection near Maud Rise (Extended Data Fig. 6e).

Composites of float time series. Data from floats 5903616 (active only until 2 June
2016), 5904468 and 5904471 were combined to create time series of MLS, MLD,
MLT and 0-250 m freshwater anomaly in 2016 and 2017 (Fig. 2b, Extended Data
Fig. 3c-e). Float measurements were linearly interpolated to daily resolution, and
the daily means (for MLT and MLD), maxima (for MLS), or minima (for freshwater
anomaly) were calculated. MLS and MLT agree between the three floats to within
0.05 psu and 0.25°C, except in the 2-3 months after ice melt. Freshwater anom-
aly and MLD are more variable, but fluctuations generally occur synchronously.
Maximum MLS and minimum freshwater anomaly were chosen to highlight the
most extreme preconditioning observed near Maud Rise, motivated by the notion
that overturning will preferentially occur where stratification is weakest. Given
the substantial spatial inhomogeneity around Maud Rise*!*2, sampling by 2-3
floats probably underestimates the most extreme preconditioning that occurred
in 2016-2017.

The red line in Fig. 2b represents the MLS required to eliminate stratification
between the mixed layer and 250 m, at which point initiation of deep convection
would be trivial®. This ‘overturning limit’ is fresher than salinity at 250 m owing
to the destabilizing warmth of the thermocline®. Its value was determined as the
MLS at which surface density, computed using composite (average) MLT, would
exceed composite surface-referenced potential density at 250 m. The use of surface
density neglects the development of thermobaric instabilities, which could hasten
overturning near this limit of zero stratification®.

Salinity fluxes from upwelling. Upwelling due to divergence of Ekman transport
can cause heat and salt fluxes into the mixed layer®*3>%. Vertical velocity wgy at the
base of the Ekman layer is related to wind stress curl® in the absence of ice cover:

wEk:V~UEk:k~V><ﬁ
0

where Ugy is the horizontal vector Ekman transport, k is the vertical unit vector,
T is the vector surface wind stress, py is a seawater reference density (1,027.8 kg m™3),
and fis the Coriolis parameter.

Upwelling prevails over Maud Rise because wind stress curl is consistently
negative (Fig. 5e). We estimated, in back-of-the-envelope fashion, the anomalous
mixed-layer salt flux resulting from record cyclonic wind stress curl over Maud
Rise in the ice-free months of 2015 and 2016—Dbefore the 2016 polynya—compared
to a typical previous year (Fig. 5e; Methods section ‘Atmospheric reanalysis’). The
average wind stress curl from ERA-I over 1979-2014 was -2.06 x 1077 N m~3,
whereas the averages for January—May 2015 and 2016 were -2.90 x 10~ Nm~>
and -3.08 x 107 N'm "3, respectively, increasing upwelling by 8.0 m and 9.8 m.

To estimate the corresponding mixed-layer salt flux, salinity gradients across
the base of the mixed layer were measured using observations from floats 5903616,
5904468 and 5904471 over January-May 2015 and 2016. MLD during these
periods averaged 41.3 m and 56.2 m, respectively. MLS averaged 33.90 psu and
34.22 psu, while the average salinities of depth levels between the time-varying
MLD and 7.8 m or 9.6 m below the MLD were 34.09 psu and 34.34 psu, respectively.
Expected MLS elevation was computed using these values:

_ PugSup + O —hig)Soa

AS. i

ml
ml

where Sy, and S, are MLS and sub-mixed-layer salinity, and /i, and by, represent
MLD and thickness of the upwelled layer. We determine that additional Ekman
upwelling elevated MLS by at least 0.04 psu in 2015 and 0.02 psu in 2016, for a
total of at least 0.06 psu. These are lower bounds because upwelling continues in
winter, although the absence of ice-ocean stress data precludes the estimation of
upwelling during ice-covered months. Statistically propagating the Argo salinity
measurement accuracy of +0.01 psu yields a AS, uncertainty of just £0.002 psu;
however, additional contributions from the exclusion of ice-covered months,


https://teos-10.github.io/GSW-Python/
https://teos-10.github.io/GSW-Python/
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coarseness of sampling, spatial inhomogeneity and time averaging are less easily
quantified.

Hydrographic climatologies. Float, shipboard and instrumented seal measure-
ments were used to create climatologies of average MLS, MLD, MLT and 0-250 m
freshwater anomaly near Maud Rise (R < 250 km) and away from Maud Rise
(250 km < R < 500 km; Fig. 2b, Extended Data Fig. 3c—e). Profiles with a shal-
lowest measurement below 30 m, deepest measurement above 250 m, or MLD
greater than 250 m were excluded, ensuring that the mixed layer and upper
seasonal pycnocline were captured. These filters yielded 1,035 float profiles from
50 floats, 265 shipboard casts, and 124 seal profiles near Maud Rise, and 1,523 float
profiles from 79 floats, 510 shipboard casts, and 445 seal profiles away from Maud
Rise (Extended Data Fig. 1). Mean and median years of the compiled observations
are 2008 and 2012 for Maud Rise and 2006 and 2008 away from Maud Rise. Fewer
than 1% of these observations were collected before 1970.

Calculated metrics were composited by day-of-year within 365 overlapping

21-day bins, looping from December to January. Median and 25%-75% IQR were
computed for each bin instead of mean and standard deviation to reduce sensitivity
to outliers and reflect skewness in spatial and temporal variability. Lastly, a 21-day
centred running mean was applied. We note that the absence of abrupt changes in
these metrics—for example, sharp increases in MLS during ice formation—is an
artefact of the compositing method. Years featuring early and late ice formation
are combined, for example, resulting in gradual changes.
Sub-pycnocline temperature records. Extended Data Fig. 9d, e depicts 15.5 years
(2002-2017) of 258-m temperature anomalies from climatology within the eastern
Weddell region (R < 500 km from Maud Rise) based on 2,445 float, 151 shipboard
and 407 seal profiles, and 250-1,000 m average temperature anomalies based on
2,421 float and 133 shipboard profiles and one seal profile. We compare obser-
vations with a gridded 1/4° monthly climatology, the 2018 WOCE/Argo Global
Hydrographic Climatology®! (WAGHC).

We included profiles with a shallowest measurement above 30 m and a deepest
measurement below the depth(s) of interest. Temperatures at 258 m or at the 14
WAGHC levels from 218-1,050 m were estimated from each profile using linear
interpolation. Observations were co-located in space with WAGHC fields using
nearest-neighbour interpolation, then the climatological value on a given day-
of-year was estimated using linear interpolation over values assigned to the 15th
of each month. The average 250-1,000 m anomaly was computed after linearly
interpolating anomalies at the 14 depths (218-1,050 m) to 1-m spacing. Lastly, the
anomalies were binned biannually, with at least five samples required in each bin.
Extended Data Fig. 9d, e displays median and 25%-75% IQR values in addition
to violin plots, which represent a kernel density distribution of the binned data.

Decadal changes in Weddell gyre heat content are probably closely related to
Circumpolar Deep Water inflow variability®>*?, but uncertainty remains regarding
the importance of internal processes such as offshore polynyas®*. Ventilation dur-
ing the 1974-1976 openings cooled depths from 200-2,700 m by 0.4 °C within the
polynya area”, a signal that propagated into deep and abyssal waters away from the
Weddell Sea through advective transport and wave mechanisms**’. Nonetheless,
local rebound in heat content near Maud Rise had occurred by 1984°*. The absence
of polynya activity in the latter half of the 1980s (Fig. 5a) is thus further evidence
against a recurrence timescale governed exclusively by deep heat recharge.
Polynya heat flux estimates. Gradual deep cooling and freshening observed by
both floats from 2015 to early 2016 (Extended Data Fig. 6a, b) probably reflects
movement of floats from the warm ‘halo’ encircling Maud Rise into its overlying
Taylor column regime (Fig. 1b). However, subsequent deep anomalies are incon-
sistent with hydrographic surveys conducted in 1994>! and 2005%!, despite con-
ditions coincidentally also favouring polynya formation in those years (Fig. 5a).
We thus attribute these abrupt decreases in heat content primarily to ventilation
during the 2016 polynya. We difference sub-mixed-layer potential temperature
profiles for each float immediately before 27 July 2016 with those over the five
succeeding months until 1 January 2017 to estimate the rate of convective heat
loss (Q, in W m™2):

pC 200 m
= 0P Ab(z)d
Q=" f (2)dz
1,650 m

where py is a seawater reference density (1,027.8 kg m ™), ¢, is the specific heat of
seawater (3,850 ] kg~! °C™1), At is the polynya duration (21 days), and Ad(z) is
the change in potential temperature at depth z. The median heat flux is 208 W m 2
from 31 profiles, 74% of which yield estimates between 0 W m~2 and the average
ocean—atmosphere turbulent heat flux during the polynya, 252 W m~2 (Fig. 3c,
Extended Data Fig. 7). Estimates outside this range may reflect lateral mixing or
float displacement.

Southern Annular Mode. In its positive phase, SAM is characterized by lower
pressure over Antarctica than over mid-latitudes, associated with poleward

displacement of the mid-latitude westerly jet**. We use a monthly index of SAM
from 1972-2019%. The index is filtered using a two-year centred running mean
in Fig. 5b to highlight lower-frequency fluctuations.

Atmospheric reanalysis. Six-hourly and monthly-mean 0.75°-resolution
surface-level analysis and forecast fields from ERA-Interim (ERA-I), a third-
generation global reanalysis product®®, were obtained from January 1979 to
December 2018. Forecast output was de-accumulated, and climatologies were
constructed by compositing over day-of-year, calculating mean and 25%-75%
IQR values, and filtering using a seven-day centred running mean.

10-m wind speed (Fig. 3b, Extended Data Fig. 4) was calculated as:

|u| = w4 v?

Wind stress curl (Fig. 5e) was computed using second-order-accurate central
differencing:

VXT= ﬂ— AT
Ax Ay
Given the uncertainty of ice motion products near ice—ocean boundaries and
in areas of low SIC'%, we instead estimate wind-forced ice drift velocities (1; and
v;) from ERA-I using a ‘rule-of-thumb’ for thin Weddell Sea pack ice that suggests
drift is around 3% of wind speed at a turning angle of around 23° to the left of
winds'”!. Others have used a scaling of 2% and turning angle of 30° (ref. '°%); our
results are not sensitive to the choice of these parameters. Potential ice divergence
due to wind forcing (Extended Data Fig. 5) was inferred from these drift velocities:

Vou— D4y A%
Ax Ay

Because geostrophic winds are nondivergent, the response of a spatially uniform
ice cover will also be nondivergent despite the turning angle!%. Ice divergence
therefore requires deviations from geostrophy, such as sub-geostrophic speeds
associated with gradient winds in an intense cyclone, or spatially inhomogeneous
ice properties. Extended Data Fig. 5 highlights potential ice divergence associated
with the former. Divergence during storm episodes probably also occurs owing to
ice deformation on shorter spatial scales than those resolved by ERA-T*.

Under weak winds, ocean heat loss within a polynya may warm the lower atmos-
phere enough to generate a persistent low-pressure anomaly, cyclonic wind field,
and ice divergence, thus maintaining the opening>®. This positive feedback is not
apparent in ERA-Iin 2016 (Extended Data Fig. 5) or 2017 (not shown), perhaps
because anomalies are quickly advected downstream by background winds and
transient storms.

Ocean-atmosphere turbulent heat fluxes were estimated from ERA-I fields using
the COARE 2.0 bulk flux algorithm!%, as described in ref. 1%. Calculated open-
water heat fluxes for each grid cell were scaled by open water fraction (1 — SIC)
from ERA-I and averaged within the Maud Rise region. Dividing by the mean
open water fraction yields the average heat flux within the 2016 polynya (Fig. 3¢).
Weddell Low. We designate the Weddell Low as the climatological low mean
sea-level pressure (MSLP) centre over the Riiser-Larsen Sea, around which a
large-scale geostrophic wind field circulates'®. The curl of this wind field has a
leading role in controlling the strength of the Weddell gyre!”-1%. By analogy to
the Amundsen Sea Low*, the Weddell Low may be expected to modulate cyclone
central pressures and spatial density across the Weddell Sea region. We charac-
terize the Weddell Low as the region £10 in latitude and longitude around the
minimum ERA-I monthly mean MSLP identified within 60°-70° S, 60° W-60°
E. The average minimum occurs at 64.4° S, 16.7° E, resulting in an area bounded
by 61.9°-66.8° S, 12.5° W-45.8° E. The Weddell Low index represents monthly
mean MSLP within this region, filtered using a two-year centred running mean
as above (Fig. 5¢).

Meteorological station records. To complement and extend the reanalysis record,
Fig. 5¢c also includes MSLP data from Novolazarevskaya Station on the Queen
Maud Land coast of Antarctica (71° S, 12° E; location marked in Fig. 1a; data
available from 1972-2019). Monthly means were obtained from the Reference
Antarctic Data for Environmental Research (READER) archive!'’. For comparison,
Extended Data Fig. 9b shows monthly mean MSLP from the nearby Neumayer
(71° S, 8° W; 1981-2019) and Syowa (69° S, 40° E; 1957-2019) Stations from
the READER archive and from Maitri Station (71° S, 12° E; 1990-2019), South
African National Antarctic Expedition Station (SANAE; 70° S, 2° W; 1973-1994),
and SANAE-Automatic Weather Station (SANAE-AWS; 72°S, 3° W; 1997-2019),
obtained as subdaily records from the NOAA-NCEI Integrated Surface Database
(ISD)!M!. The first two years of the Neumayer and SANAE-AWS records were
dropped owing to sparse data and quality issues. As above, two-year centred
running means are presented. We observe consistent fluctuations between the
station records. Strong correlation between Novolazarevskaya and the Weddell Low



(r=0.84; see Extended Data Table 1) suggests that the former is a useful proxy for
the latter during the pre-ERA-I period.

Storm identification. A high degree of similarity between six-hourly MSLP from
SANAE-AWS, south of Maud Rise, and the nearest ERA-I grid cell from 1997-2019
(r = 0.93; mean absolute deviation = 2.2 hPa; mean bias = 0.8 hPa) suggests that
ERA-I skilfully represents variability near Maud Rise associated with synoptic-
scale weather systems. Validation with independent pressure data from drifting
ice buoys in the Bellingshausen Sea also suggests that ERA-I is skilled at capturing
individual storms in the Southern Ocean, particularly relative to other available
reanalyses'!2. We identify the passage of particularly intense cyclones within the
Maud Rise (Figs. 2a, 3a) and eastern Weddell (Fig. 5d) regions. Previous work
indicates that storms with a central pressure below 950 hPa represent the most
extreme 5% of individually tracked cyclones at a latitude of 65° S'"*. Adopting this
pressure threshold, we find (coincidentally) that 5.3% of ERA-I six-hourly MSLP
fields feature one or more grid cells below 950 hPa within the eastern Weddell
region. Statistically, this corresponds to a wind speed threshold of about 20 m s,
which is exceeded in 5.8% of instantaneous six-hourly fields. Days on which either
criteria are met are designated ‘storm days’ (see Extended Data Fig. 4). These are
denoted by vertical bars in Figs. 2a, 3a, Extended Data Fig. 3a and counted annually
during ice-covered winter (May to October) in Fig. 5d. In plots spanning 2016 and
2017, sequences of storm days separated by a single non-storm day are aggregated
for ease of visualization.

Data availability
The data analysed in this article are all publicly available, with the exception of
updates to the UW Calibrated O, package, described below:

Ocean bathymetry data were obtained from the ETOPO1 1 Arc-Minute Global
Relief Model'' at https://doi.org/10.7289/V5C8276M (accessed February 2017).

Sea ice concentration data were obtained for the period 1972-1977
from the NSIDC Nimbus-5 ESMR v1 product®® at https://doi.org/10.5067/
W2PKTWMTYOTP (accessed February 2017); for the period 1978-2017 from
the merged NASA Goddard v3 product™ at https://doi.org/10.7265/N59P2ZTG
(accessed October 2018); for January 2018-February 2019 from the NOAA/NSIDC
Near-Real-Time CDR v1 product™ at https://doi.org/10.7265/N5FF3QJ6 (accessed
February 2019); and for the period 2002-2019 from the University of Bremen ASI
AMSR-E and AMSR2 v5 products®*® at https://seaice.uni-bremen.de/sea-ice-
concentration/ (accessed February 2019).

Profiling float temperature and salinity measurements were obtained from the
US-GODAE GDAC at http://www.usgodae.org/ftp/outgoing/argo (accessed
October 2018). Dissolved oxygen measurements for floats 5904468 and 5904471
were obtained from the SOCCOM quality-controlled archive’ at https://
doi.org/10.6075/J02J6968 (accessed January 2019) and for float 5903616 from
the UW Calibrated O, package, v1.17° at http://runt.ocean.washington.edu/o2
(accessed August 2016), with updated dissolved oxygen profiles provided by R.
Drucker (personal communication, August 2017).

Shipboard and elephant seal temperature and salinity measurements were
obtained from the World Ocean Database 2018 prerelease’” with August 2018
additions at http://www.nodc.noaa.gov/OC5/SELECT/dbsearch/dbsearch.html
(accessed October 2018).

Gridded climatological ocean temperature fields were obtained from the 2018
WAGHC?"! at http://icdc.cen.uni-hamburg.de/1/daten/ocean/waghc (accessed
January 2018).

The monthly SAM index®® was obtained for the period 1972-2019 at http://
legacy.bas.ac.uk/met/gjma/sam.html (accessed February 2019).

Monthly and daily ERA-I atmospheric reanalysis fields*® were obtained for the
period 1979-2018 using the Python MARS API, described at https://confluence.
ecmwf.int/display/ WEBAPI/ (accessed February 2019).

Queen Maud Land pressure records (see Methods section ‘Meteorological station
records’) were obtained from the READER archive!! at http://legacy.bas.ac.uk/
met/READER (accessed February 2019) and the NOAA-NCEI ISD'!! at http://
www.ncdc.noaa.gov/isd (accessed February 2019).

Code availability
Analytical scripts used to generate the figures in this paper are available at https://
github.com/ethan-campbell.
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Extended Data Fig. 1 | Locations of observations used to construct
hydrographic climatologies for the Maud Rise and eastern Weddell
regions. Observations from 1970 to 2001 are shown together (top left);
observations from 2002 to 2018 are represented by one panel per year.
Included are float profiles from the Argo GDAC (filled circles) as well as
shipboard (open squares) and instrumented seal (open triangles) casts

@ Jan-Mar  [J Shipboard cast
' Apr-Jun @ Float profile
© Jul-Sep A Instrumented seal cast

@ Oct-Dec

from the World Ocean Database (see Methods section ‘Hydrographic
data’). Colours indicate seasons. Bathymetric contours (intervals of 750 m)
highlight Maud Rise and the Antarctic continental shelf. Concentric circles
represent radii of 250 km and 500 km from Maud Rise, encompassing the
Maud Rise and eastern Weddell regions, respectively (see Methods section
‘Regions’).
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Extended Data Fig. 2 | Sea ice concentration during the 2016 polynya. ‘Hydrographic data’) are marked in blue; a circle marker and profile
Daily SIC from AMSR2-ASI around Maud Rise from 24 July to 17 August number indicate that a hydrographic profile was obtained on that date.
2016, encompassing the main polynya event, followed by selected SIC Bathymetry shallower than 3,500 m is contoured at intervals of 500 m
fields from AMSR2-ASI during the late-winter 2016 polynya south of to highlight Maud Rise (centre of July—August images) as well as Astrid
Maud Rise (bottom row; note different map area). Estimated locations Ridge (bottom right of October-November images), an extension of the

of SOCCOM profiling floats 5904471 and 5904468 (see Methods section Antarctic continental shelf.
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Extended Data Fig. 3 | Evolution of sea ice concentration, air

temperature and upper ocean properties at Maud Rise in 2016 and

2017. Marked at the top are intense winter storm events near Maud

Rise, as in Fig. 2 (also see Extended Data Fig. 4 and Methods section

‘Storm identificatior’). a, Average daily SIC within the Maud Rise region

(63°-67° S, 0°-10° E) from NSIDC Merged (solid black line) and AMSR2-

ASI (dashed black line) in 2016 and 2017, as in Fig. 2a. SIC climatology

from NSIDC Merged (1978-2019) is shown as median (grey line) and

25-75% interquartile range (IQR; grey shading). Note the stretched y axis.

Polynya extent is quantified (blue lines) during the 2016 and 2017 events
(vertical blue shading). b, Six-hourly 2-m air temperature around Maud
Rise (within 63°-67° S, 0°~10° E) from ERA-I reanalysis (black line).
Climatology for 1979-2018 is shown as mean (grey line) and IQR (grey
shading). ¢, Composite of average MLD in 2016 and 2017 measured by
floats 5903616, 5904468 and 5904471 (black line; see Methods sections

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul
2017

I T T I T I I T I | I
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‘Derived oceanographic quantities’ and ‘Composites of float time series’).
MLD climatology for the Maud Rise region (R < 250 km from 65° S, 3° E)
is shown as median (grey line) and IQR (grey shading); climatology for
the eastern Weddell region away from Maud Rise (250 < R < 500 km) is
presented for comparison (light brown dashed and dotted lines for median
and IQR, respectively; see Methods section ‘Hydrographic climatologies’).
d, Composite of average mixed-layer potential temperature (MLT) and
MLT climatology presented as in c. e, Composite of the lowest observed
upper-250-m freshwater anomaly (or ‘salt deficit’; see Methods sections
‘Derived oceanographic quantities’ and ‘Composites of float time series’)
and freshwater anomaly climatology for the Maud Rise region presented
as in c. Note the reversed y axis. Key changes quantified, from left to right,
are 2016 freeze, climatological melt, 2016 melt, anomaly from climatology
in January 2017, 2017 freeze, and change between 2017 freeze and 2017
polynya appearance.
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Extended Data Fig. 4 | Correspondence of sea ice loss episodes and
major storms near Maud Rise. a, b, Time series are shown for 2016 (a)
and 2017 (b). Average daily SIC within the Maud Rise region (63°-67°

S, 0°-10° E) from NSIDC Merged (solid black line) and AMSR2-ASI
(dashed black line) is presented at the top for each year, as in Fig. 2a. SIC
climatology from NSIDC Merged (1978-2019) is shown as median (grey
line) and 25-75% interquartile range (grey shading). Note the stretched
y axis. Daily changes in SIC are presented in the centre for each year, with
negative changes in NSIDC Merged highlighted (dark yellow shading);
both NSIDC Merged and AMSR2-ASI time series are smoothed using a
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3-day right-edge running-mean filter. At the bottom for each year are the
minimum daily sea-level pressure and maximum daily 10-m wind speed
near Maud Rise (within 63-67° S, 0-10° E) from ERA-I reanalysis. Mean
climatological values of these minimum/maximum metrics are shown
(grey lines) to highlight the lack of a pronounced seasonal cycle. The most
intense winter polar lows, as shown in Figs. 2, 3, Extended Data Fig. 3,

are identified here using pressure and wind speed thresholds (dark yellow
shading from dashed lines), and aggregated ‘storm days’ are numbered at
the top and marked with vertical yellow bars (see Methods section ‘Storm
identification’).
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Extended Data Fig. 5 | Winds and wind-induced sea ice divergence
during the 2016 polynya. 50% SIC contours (black) from AMSR2-
ASI show the daily polynya evolution from 22 July to 17 August 2016.
Bathymetry shallower than 3,500 m is contoured at intervals of 500 m
(light grey) to highlight Maud Rise (centre). Daily mean 10-m wind

I

3 6 :

vectors from ERA-I reanalysis, subsampled as every fifth u-wind and
every second v-wind vector, are plotted with a 20 m s~! key as reference.
Estimated daily mean wind-induced sea ice divergence (see Methods
section ‘Atmospheric reanalysis’) is shaded such that red represents
divergence and blue represents convergence.
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Extended Data Fig. 6 | Full set of profiling float hydrographic
observations from Maud Rise from 2011-2018. a—e, Complete depth
sections of potential temperature (a), salinity (b), dissolved oxygen

(c), buoyancy frequency squared (N?) (d) and convection resistance
(see Methods section ‘Derived oceanographic quantities’) (e) from
profiling floats 5903616 (left), 5904468 (centre) and 5904471 (right), as

shown in Fig. 4. Individual profiles are marked at the top (black ticks).
Mixed-layer depth is indicated in white. Vertical lines in each panel
mark the start and end dates of the 2016 and 2017 polynyas. Along-
trajectory SIC, primarily from AMSR2-ASI, is shaded at the top in black
(see Methods section ‘Sea ice concentration data’).
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Extended Data Fig. 7 | Heat loss during the 2016 polynya estimated estimates’). The dashed red line marks the average open-water ocean-
from hydrographic observations. Heat flux estimates (n = 31; diamonds atmosphere turbulent heat flux within the 2016 opening, estimated using
at the bottom correspond to histogram above) computed using potential a bulk flux algorithm as 252 W m 2 (see Methods section ‘Atmospheric
temperature profiles from floats 5904468 and 5904471 following the reanalysis’).

opening of the 2016 polynya (see Methods section ‘Polynya heat flux
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floats 5904471 and 5904468 are marked in blue; locations of profiling
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in pink (see Methods section ‘Hydrographic data’). A circle marker and
profile number indicate that a hydrographic profile was obtained on that
date. Bathymetry shallower than 3,500 m is contoured at intervals of 500 m
to highlight Maud Rise (centre) as well as Astrid Ridge (bottom right), an
extension of the Antarctic continental shelf.
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Extended Data Fig. 9 | Additional relationships between past polynyas years with polynya-favourable conditions (that is, lower atmosphere-
near Maud Rise, climate forcing, and sub-pycnocline temperatures. ocean freshwater flux), consistent with Fig. 5. Time series in b and c are
a, Annual maximum polynya extent (bars) and number of polynya filtered using a two-year centred running mean to highlight longer-term
days (red diamonds; see Methods section ‘Polynya identification’), as in fluctuations. d, Biannually binned eastern Weddell region (within 500
Fig. 5a. Maximum polynya extent is calculated for three SIC thresholds km of Maud Rise) shipboard, float and instrumented seal temperature
representing increasingly strict polynya definitions: 60%, 50% and 40%. observations at 258 m from 2002 to 2017, expressed as anomalies from
Polynya days are quantified using the 60% threshold. Stars indicate years WAGHC gridded hydrographic climatology (see Methods section ‘Sub-
with incomplete or absent SIC records. Years with polynya activity at pycnocline temperature records’). Error bars denote median and 25-75%
the 50% threshold are shaded vertically in red in b, ¢, and likewise in IQR. Violin plots summarize the data distribution for n > 10, and
d, e, except vertical shading delimits the actual major polynya events. individual anomalies are shown for 5 < n < 10. Periods with n < 5 are
b, Mean sea-level pressure records from Queen Maud Land meteorological — not plotted. e, As in d, but showing average temperature anomalies from
stations, 1972-2018 (see legend and Methods section ‘Meteorological WAGHC climatology between 250-1,000 m (see Methods section ‘Sub-
station records’). ¢, Eastern Weddell average precipitation from ERA-I pycnocline temperature records’). See Extended Data Table 1 for trends

reanalysis between 1979 and 2018, shaded below its mean value to indicate  and significance for c-e.
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Extended Data Table 1 | Correlations and trends for climate indices and sub-pycnocline temperature records

. Trend
1 2 3 4 5 6 7 Period (decade~1) p
1
Southern 1.00 -0.71 -0.82 -0.38 -0.51 0.30 0.36 1972-2018 0.25 0.00
Annular Mode (0) (0) 0) (-1) (0) (-1) (-1)
(SAM) index
2
1.00 0.84 0.48 0.61 -0.55 -0.38 1979-2018 -0.24 hPa 0.13
Weddell L.
- 0 ) ) © 0
3
Novolazarevskaya 1(8)0 0((4)1-)8 0(8)9 -2.15)0 -(26%1 1972-2018 -0.81 hPa 0.00
SLpPt
4 ) 1.00 0.50 -0.40 -0.56 1979-2018 -0.07-10°"7 0.16
Maud Rise wind ) 0) -2) 0) N m-3
stress curl
5] -7
Weddell gyre 1(.8)0 -(()-.14)7 -(266;7 1979-2018 -0[35,{“19 0.02
wind stress curlf
6
E. Weddell winter 1.00 0.33 1979-2018 0.50 0.01
storm days (0) (3)
per month*T
7
E. Weddell 1(.(()))0 1979-2018 gg;tﬁm 0.15
precipitation
E. Weddell Jan. 2008 - 0.07°C 0.04
258-m ;
temperature _
anomaly gyt 0.05°C 0.17
E. Weddell . e 0.03°C 0.11
250-1000-m ’
temperature l. 2002 -
anomaly I 2002 0.03°C 0.03

Pearson correlation coefficients (r) between climate indices from Fig. 5 and Extended Data Fig. 9 are listed for the lag within +3 years at which the absolute value of the correlation is maximal. Lags are
cited within parentheses in months; positive values indicate the index on the top axis leads and the index on the vertical axis lags. Except where noted (see footnotes), correlations were calculated after
applying a 12-month centred running mean to mitigate seasonality, with a minimum filter window of 6 months. Linear trend estimates and significance (p) were computed using a two-sided Wald test.
At the top right, trends are shown for climate indices, assessed using the original, unfiltered time series. At the bottom right, trends are shown for both the full period of sub-pycnocline temperature
anomaly records before the 2016 polynya as well as the subperiod beginning in 2008, calculated using the biannual median values (see Extended Data Fig. 9d, e). We analyse the subperiod beginning
in 2008 separately because the amount of float and elephant seal observations within the eastern Weddell region increased sharply that year (Extended Data Fig. 1).

*Six-month (winter only) running mean applied.

Series detrended (original series found to have significant trend, that is, two-sided p < 0.05).
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