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W Check for updates

Understanding how climate change influences ocean-driven melting of the
Antarcticice shelvesis one of the greatest challenges for projecting future

sealevelrise. The East Antarctic ice shelf cavities host cold water masses
that limit melting, and only a few short-term observational studies exist on
what drives warm water intrusions into these cavities. We analyse nine years
of continuous oceanographic records from below Fimbulisen and relate
them to oceanic and atmospheric forcing. On monthly time scales, warm
inflow events are associated with weakened coastal easterlies reducing
downwelling in front of the ice shelf. Since 2016, however, we observe

sustained warming, with inflowing Warm Deep Water temperatures reaching
above 0 °C. Thisis concurrent with anincrease in satellite-derived basal melt
rates of 0.62 myr™, which nearly doubles the basal mass loss at this relatively
coldice shelf cavity. We find that this transition is linked to areductionin
coastal seaice cover through anincrease in atmosphere-ocean momentum
transfer and to a strengthening of remote subpolar westerlies. These results

imply that East Antarctic ice shelves may become more exposed to warmer
waters with a projected increase of circum-Antarctic westerlies, increasing
thisregion’s relevance for sealevel rise projections.

The Antarcticice sheet is a key component of the global climate sys-
tem"?and holds enough freshwater to raise global sea level by up to
58 m (refs. 3,4). Basal melting of ice shelves, the floating extensions of
theicesheet, is the main process of mass loss from Antarcticabesides
iceberg calving®”. Reduced buttressing® due to ice shelf thinning’ is
expected to contribute to future sea level rise in a warmer climate’.
In recent decades, West Antarctic ice shelves have been melting
rapidly at rates up to tens of metres per year due to access of 1°C warm
Circumpolar Deep Water beneath theice", accounting for most of the
net mass loss from the continent. In contrast, the majority of the East
Antarctic coast displays an order of magnitude lower melt rates, as

water with temperatures close to the surface freezing point (around
-1.8 °C) fills the ice shelf cavities®™. In particular, the ice shelves in
Dronning Maud Land inthe Atlantic and Indian sector of the Southern
Oceanare shielded by the Antarctic Slope Front (ASF)" from the Warm
Deep Water (WDW)™ that circulates close to the continental shelfbreak
and provides the largest potential heat source for ice shelf melting in
thisregion®.

Previous studies have found relations between warm inflow and
local Ekman dynamics'® . Still, little is known about the long-term
stability of the warm and cold continental shelf regimes?, and links
between large-scale climate and changes in Antarctic coastal water
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mass properties®. Lately, direct WDW access was observed to drive
strong ice-ocean interactions in eastern Dronning Maud Land*°, and
warming of East Antarctic coastal waters hasbeen linked to a poleward
shift of the subpolar westerlies?. Sea ice changes have also been sug-
gested to alter the ASF by modulating the atmosphere-ocean momen-
tum transfer®*, Furthermore, circum-Antarctic modelling studies®*
have proposed ateleconnectionbetween warminflow and remote wind
forcing through sea surface height (SSH) anomalies that propagate
quickly around the continent”?® and cause onshore bottom Ekman
transport anomalies as they weaken the barotropic component of the
shelfbreak current.

For most Antarctic ice shelves, no observations exist that
robustly link oceanographic and atmospheric forcing to basal mass
loss. Here, we present a unique nine-year-long record of ocean tem-
perature and velocity from below Fimbulisen (FIS), the largest ice
shelf in Dronning Maud Land (Fig. 1a). A pivot mooring at the shelf
break sill shows that pulses of unmodified WDW enter the ice shelf
cavity more frequently after 2016. Analyses of fifth-generation Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) reanaly-
sis (ERA5)%, the National Snow and Ice Data Center (NSIDC) sea ice
concentration (SIC)*°, NSIDC sea ice velocity” and satellite-derived
SSH*>* link the warm inflow to increased subpolar westerlies and
reducedlocal seaice under amore positive Southern Annular Mode
(SAM)**. The observed warming of the FIS cavity coincides with an
enhanced cavity circulation and anomalously high satellite-derived
basal melting®, and the mechanisms revealed by our analyses pro-
vide important insights for assessing Antarctic ice shelf stability in
afuture climate.

Characteristics of warminflow below FIS
Three sub-ice-shelf moorings with an upper instrument near the ice
baseand alower instrument near the sea floor measured temperature
and velocity from December 2009 to January 2019 (M1-3; Fig. 1c,d).
Thelowerinstrument at mooring M1 (M1,,,.,, atameandepthof 540 m,
roughly100 m above the bottom)is best suited to capture WDWinflows,
beinglocated close to ashelfbreak sill that connects the FIS cavity with
the open ocean®**, Mooring M2 is located downstream of M1, while
mooring M3 is located on a shallower inflow pathway farther east™.

Consistent with the initial two years of the FIS records®, tem-
peratures at M1, remain within 0. 1°C of the surface freezing point
for most of the time (80% of all hourly data), while pulses of warmer
water occasionally enter the cavity. However, those pulses intensify
after 2016, with4% (compared with 1% before 2016) of the hourly data
exceeding —1.5 °C and unprecedented peak temperatures of 0.2 °C
showing unmodified WDW inside the cavity (Fig. 1b). A concurrent
warming at M3,,,., indicates increased access of warmer water also
via the shallower sill, while elevated temperatures at M2,,,,., show
propagation of WDW further into the cavity along bathymetric con-
tours (Fig. 1c).

A formal regime shift analysis*’ applied to the monthly mean
temperature anomaly and its variance (Methods) confirms the transi-
tion in 2016 at all moorings (grey bar in Fig. 1c), while detected shifts

40

at other times are less robust and more dependent on the parameter
choice. For further analyses, we distinguish three periods based on
the joint evolution of temperature and velocity over the shelf break
sill: twowarm periods are apparent at the beginningand the end of the
nine-year-longrecord (Fig. 1c), with monthly background temperatures
atorabove the surface freezing point and peaks of daily temperatures
at Ml1,,,.., indicating warm intrusions that usually last for one to two
days.Incontrast, during a cold period between 2013 and 2016 (Fig. 1c),
background temperatures largely remain below -1.8 °C and excursions
below the surface freezing point at M1,,,.., together with enhanced
northward velocities indicate the outflow of ice shelf water* across
the shelf breaksill.

Generally, on shorter time scales, velocities are directed into the
cavity during times of higher temperatures (Extended Data Fig. 1a), but
alsothecirculation at the shelfbreak changed between the three periods
(P1-3). During P1, increasing temperatures and southward velocities
towards the end of 2010 marked a distinct WDW inflow event. After
that, temperature variations decrease, and for the remainder of P1, the
filtered velocities only appear as small residuals of the highly variable
flow”. During P2, velocities start to oscillate seasonally between inflow
insummer and outflow in winter, with asmall seasonal imprint ontem-
perature (0.05 °C; Extended Data Fig. 1b). As of mid-2016, increasingly
southward velocities and frequent peaks of temperaturesindicate a shift
towards amore sustained inflow of mMWDW (modified WDW, produced
by mixing of WDW with shelf water masses) into the cavity during P3.

The weak seasonality in temperature observed at M1,,,,., is in
contrast with observations 1,000 km downstream in front of Filch-
ner-Ronne Ice Shelf, where warm inflow**** is highly seasonal and
linked to variations in thermocline depth***¢, Instead, the occurrence
of warmintrusions below FIS is dominated by changes on interannual
time scales and sub-seasonal fluctuations that have been attributed to
internal variability of the ASF*.

Atmospheric forcing associated with warm inflow
events
We investigated conditions that promote the access of warm water
below FIS by analysing changes in surface pressure and 10 m wind,
SIC, ocean stress and ocean stress curl (OSC; Methods), and SSH and
geostrophic currents over the course of the mooring observations.
Composite maps (Fig. 1e) from one month before warm inflow events
(Methods) show that warm events are associated with westerly wind
anomaliesinfront of FIS (r = 0.36, maximum at one month lag; Extended
Data Fig. 2). These anomalies weaken the persistent easterly winds,
which reduces coastal downwelling™'®*” and promotes ashoaling of the
ASF, facilitating access of WDW to the cavity. Associated OSC anomalies
(Fig. 1f), indicating anomalous open ocean up- or downwelling, show
zonal bands of negative anomalies (upwelling) south of 60°S, enhanced
alongtheFIS coast. However, there are no notable trendsin local winds
(Extended Data Fig. 3), such that these relationships cannot explain
why warm inflow events occurred more frequently during P1and P3.
We assessed changes in background conditions (Extended Data
Fig.4) oninterannual time scales, based on period mean fields (Fig. 2)

Fig.1|Study region, mooring time series and atmospheric forcing. a, Map
of FIS. Colours show the bathymetry’>. Green dots show the locations of the
three sub-ice-shelf moorings (M1-3). The red arrows indicate the Weddell Gyre
and Antarctic Slope Current (ASC), and amain (solid) and secondary (dashed)
pathway of mWDW into the FIS cavity. b, Histogram comparing the occurrence
of M1,,,., temperatures before and after (including) 2016. The y axis shows

the fraction of time before or after 2016, during which the temperature was at
the respective bin value. ¢, Monthly mean temperature from the three lower
instruments. For M1,,,.,, the daily average is shown additionally. The grey bar
shows the timing of shifts in M1-3,,,,., temperature mean and variance detected
by aregime shift detection algorithm (colour-coded by frequency of appearance
during sensitivity tests, 0 (white)-0.25 (black); Methods), and the coloured

patchesindicate warm (red) and cold (blue) periods. The black dots mark months
of exceptionally strong warm inflow, as defined in the Methods, and the dashed
black lineindicates the surface freezing point (7;=-1.88 °C) for a salinity of
34.4 gkg™. Note that the y axis has been cut offat —1°C. The maximum temperature
is—0.2°Cand occursin February 2017.d, Twenty days binned and 6 bins

(=120 days) filtered vector time series of currents at M1,,,,.,. €, Anomalies of the
48-month filtered de-seasoned surface pressure and 10 m wind, averaged over
the months directly preceding warm inflow events (black dots in ¢). Hatched
areasindicate significance for pressure anomalies. The yellow box indicates
thelocation of the study area. f, Same as e, but for ocean stress and its curl. The
satellite image in fis fromref. 73.
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andtimeseries (Fig. 3 and Extended Data Fig. 5) of relevant dynamical
parameters. The atmospheric background state during P1 (Fig. 2a)
largely resembles the composite average (Fig. 1e), suggesting that
locally weakened coastal easterlies associated with positive surface
pressure anomalies in the Atlantic sector of the Southern Ocean were
the primary driver for the singular warm inflow event in P1 (Fig. 4a).

In P2 and P3, however, wind anomalies in front of FIS (Fig. 2b,c) were
not significant, and another mechanism must have been at play to
facilitate the observed shift in 2016. Also, the transient evolution of
the Ml currents (Fig. 1d) and the distinct change in background states
in SIC, OSC and SSH (Fig. 2) indicate amore intricate interplay during
the transition from P2 to P3.
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Fig.2|Period averages of de-seasoned forcing variables. a-1, Surface pressure
and wind (a-c), SIC (d-f), ocean stress and its curl (g-i), and SSH (j-1) during
P1 (left), P2 (centre) and P3 (right). The yellow patches mark the location of FIS.
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Hatched areas indicate significance for the properties shownin colour. For
reference, the mean states of the variables are shown in Extended Data Fig. 4. The
satelliteimage in d-lis fromref. 73.

Therole of seaice and westerlies for warminflows
The circum-Antarcticreductioninseaice during P3 (Fig. 2f) is strongest
around the southern limb of the Weddell Gyre. Average SIC anomalies
in front of FIS change from 1% during P1and 10% during P2 to -10%
during P3 (Fig. 3a). This drop in SIC induced a negative OSC anomaly
during P3 by modulating the surface wind stress transfer (Extended
DataFig. 6). Associated open ocean upwelling in the divergence zone*®
along the East Antarctic coast (Figs. 2i and 3b) counteracts the down-
welling of WDW along the coast. Although the OSC anomalies do not
correlate significantly with M1,,,.. temperatures (Extended DataFig. 2),
the strengthening of negative OSC before P3 is expected to cause an
upward movement of the ASF over the shelf break. The anomalously
low SIC in the southern Weddell Gyre may hence have contributed to
increased WDW inflow.

In addition to the reduced SIC during P3, the background SSH
shows widespread circum-Antarcticanomalies withaband of increased
SSHaround 60° S and decreased SSH confined along the coast (Fig. 2I).

This pattern differs distinctively from the previous periods, reflecting
aweakening of the westward slope current due to the reduction of the
meridional SSH gradient at the coast. Modelling studies**? proposed
that such acircum-Antarctic drop in coastal SSH, forced by enhanced
subpolar westerlies, promotes warmintrusions to the Antarctic conti-
nental shelves via onshore bottom Ekman transport anomalies. If taken
asrepresentative of the barotropic component, the average eastward
anomaly in geostrophic velocity during P3 (0.6 cm s™) translates into
an onshore bottom Ekman velocity anomaly of 0.2 cm s (following
ref.26; Methods). Such Ekman transport anomalies will alter the baro-
clinic structure of the ASF, and we suggest that the observed changes
ofthe M1, velocities are indicative of an ASF relaxation that brought
WDW closer to the FIS cavity.

Theadjustment of SSH and the geostrophic velocity along the East
Antarctic shelfbreak (Fig. 3d,e) started before the transition from P2 to
P3,withadropinSSH and increasingly positive anomalies of the geos-
trophic velocity from 2015 onwards. Over the same period, velocities
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Fig.3 | Temporal and spatial changes in atmospheric and oceanic forcing.
a-f, Time series (grey lines are 48-month filtered) of SIC (a), OSC (b), 2 m air
temperature (AT; c), coastal (CST) SSH (d), coastal zonal geostrophic velocity
(CSTUG; e) and East-Antarctic subpolar 10 m zonal wind (U10; f). Insets show
maps indicating the area over which the respective time series has been
averaged (see Methods for details). The bar in a denotes the periods over which
the propertiesing-h, are averaged. The barindindicates the temporal data
coverage and is also valid for e (A18: data fromref. 32; A22: data fromref. 33;
A18/A22: merged data from both data sets). The green and blue curves show the
contributions from both single data sets. The colour patches mark P1-3, asin
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Fig. 1c. Grey shadings show the average over P1-3 and red dots mark the values
during warm inflow months. The cyanlinein bis the filtered OSC with seasonally
averaged SIC and velocity. For reference, time series of absolute values from
a-fareshownin Extended Data Fig. 5. g, Difference in de-seasoned zonal 10 m
wind between 01/2015-01/2017 and 01/2013-12/2014 (orange and cyan bars in

a, respectively). The green contour marks the areas where the correlation of the
coastal SSH (d) to the zonal 10 m wind is at least —0.5 (see Extended Data

Fig.7a). Hatched areas indicate significance. h, Same as g, but for zonal
geostrophic velocity. The satellite image in his fromref. 73.
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Fig.4 | Warm inflow mechanisms at FIS. a, Local mechanism: weak easterly
winds near FIS lead to reduced onshore surface Ekman transport, reduced
coastal downwelling and thus a local shoaling of the ASF, resulting in a sporadic
inflow of MWDW at depth. b, Remote mechanism: anomalously strong subpolar
westerlies, associated with negative OSC modulated by less seaice, resultin

enhanced upwelling and northward Ekman transport. Thus, the coastal SSH is
anomalously low, and the Antarctic Slope Current (ASC) is weak. This induces
anomalous bottom Ekman transport towards the coast, lifting the ASF and
facilitating warminflow. Light grey lines and arrows indicate the background
states of the respective processes.

at M1, show gradually more pronounced seasonal in- and outflows
(Fig. 1d), before the onset of the warm inflow when anomalies of SSH
(geostrophic velocities) become most negative (positive). Higher tem-
peratures at M1, correlate weakly with reduced zonal geostrophic
velocities on monthly time scales (r=0.27, maximum at four months
lag; Extended Data Fig. 2).

The coastal SSH anomalies correlate with the zonal wind (Fig. 3f)
and OSC anomalies over a zonal band north of the slope current (maxi-
mum at zero lag; Extended Data Fig. 7). Subpolar wind anomalies in a
similar region (20-120° E) in numerical simulations*”* implied a causal
relationship between the lowering of the circumpolar coastal SSHand
anincreased circumpolar northward surface Ekman divergence. The
differences in winds and geostrophic velocities before and after the
period of enhanced westerlies in 2015/16 (Fig. 3g,h) closely resem-
ble the patterns of these simulations: enhanced subpolar westerlies
(Fig. 3g) and negative OSC anomalies (upwelling; Extended Data
Fig. 8a) cause a decrease in coastal SSH (Extended Data Fig. 8b) and
weakening of the slope current (Fig. 3h) that corresponds with the
transition to higher temperatures at M1,,,., in P3 (Fig. 4b). These pat-
terns differ from P1, where minor anomalies in subpolar westerlies
(Fig. 3d-f) demonstrate that the remotely forced mechanismis less
important than the local short-lived wind anomalies (Figs. 1e and 2a).

Relation to large-scale atmosphere and ocean
circulation

The sensitivity to changesin SIC and subpolar westerlies links the access
of warmer water below FIS to changes in the large-scale ocean and
atmosphere circulation. Because both effects occur simultaneously,
itischallenging to quantify their relative contribution to the sustained
warminflow during P3. The distinct SSH anomaly in P3 and similarities
to model results of ref. 25 suggest that changes in the circumpolar
barotropic mode may have played a central role in the transition to
P3. AnomaliesinSIC are also significant (Fig. 2f and 3a), but associated
OSC anomalies (Fig. 3b) remain relatively small compared with the
variability throughout the time series.

The decline in SIC in the Atlantic sector of the Southern Ocean
from 2016 onwards has been attributed to anomalous winds near the
tip of the Antarctic Peninsula and increased upper ocean tempera-
tures*'induced by southward atmospheric heat advection®. Rising
air temperatures (Fig. 3¢) in P3 confirm this, while a concurrent peak

in Weddell Gyre strength in 2016°* indicates that increased oceanic
heat transport towards the coast may also have contributed to the
reduced seaice cover.

The strength of the subpolar westerlies (Fig. 2f) relates to varia-
tions in the SAM (r = 0.75)**. Models project that enhanced westerlies
under amore positive SAM** will facilitate upwelling of warmer water
around Antarctica®> . Inaddition, a coherent weakening of the coastal
easterlies®®* can enhance the access of WDW to FIS by reducing coastal
downwelling, as shown during P1.

Impacts and implications

Our analysis points to acombination of local and remotely forced mech-
anisms that controls the access of warmer water to the ice shelves in
thisregion of East Antarctica (Fig. 4). Although the mean temperature
increase ismoderate during the observed warm periods, an intensifi-
cation of the cavity circulation and anomalies in remote sensing basal
melt estimates indicate a directimpact on the ice shelf mass balance.
Warm inflow at the main sill is associated with increased velocities at
all lower and upper mooring instruments (Fig. 5a,b). This corrobo-
rates a stronger overturning inside the cavity from enhanced melt-
water input®®, while an enhanced cavity circulation itself canincrease
basal melting®'.

Satellite-derived basal melt anomalies® (Fig. 5c-e; see Extended
Data Fig. 9 for mean state and uncertainties) confirm that periods of
warmer (colder) water in the cavity are associated with higher (lower)
basal melt rates. An increase of basal melting by 0.62 myr averaged
over central FIS (2.5° W-2.5°E) accounts for an additional mass loss of
15.5 Gtyr?in P3, nearly doubling the long-term average of 0.67 myr™*
(16.6 Gt yr™). Note that melt rates were derived from measured ice shelf
height changes after removing the estimated impact from snow accu-
mulation, firn compaction andice shelf dynamics. Any errorsin these
components will translate directly into the basal melt rates, and hence
the results should be interpreted with care. However, the additional
ocean heat flux of 0.15 TWrequired to sustain the additional mass loss
in P3 can realistically be accomplished by the observed temperature
anomaly of about 0.2 °C at M1,,,,, in that period (Methods).

Observations downstream of FIS suggest that the transition
towards warmer inflows in 2016 is part of a coherent change at larger
scales. An exceptionally warm and prolonged flow of mMWDW towards
Filchner-RonneIce Shelfwas observed® two months after the strongest
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Fig. 5| Impacts of warm inflow at M1,,,,.,. a, Daily averaged and 180-day low-pass
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(right y axis). b, Relation between M1, temperature and current speed at the six
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instruments (see Methods for details). The grey line shows the significant linear
trend (b=0.13ms™°C™). c-e, Mean de-seasoned basal melt rate (BMR) anomaly
of FISduring P1(c), P2 (d) and P3 (e). Positive (negative) values indicate stronger
(weaker) basalt melting. The satellite image in c-eis fromref. 73.

warminflow at M1,,,.,in 2017 (mooring AWI253; Fig. 5a). This supports
earlier hypotheses of a coherent evolution of the ASF along the East
Antarctic margin®, highlighting the role of advection®* and associated
feedbacks***>* for ice shelf basal mass loss around Antarctica.

Direct observations of basal melt rates around 1 m yr™ (ref. 67) at FIS
and other ice shelves in Dronning Maud Land®**’ are an order of magni-
tude smaller than melt ratesin areas where warmwater directly accesses
the ice shelf cavities®. An increase in the frequency and temperature of
warm inflow events—for example, through stronger westerlies** and a
weaker coastal current®—may dramatically increase basal mass loss*’ and
affect ice sheet mass balance in this region'’. This is in line with a recent
southward shift of Circumpolar Deep Water along East Antarctica®, a
warmingon the southwestern Weddell Sea continental slope after 20197
and high basal melt rates for parts of East Antarctica®. Enhanced basal
melting near theice shelfgroundinglines throughincreased warminflows
atdepthwill directly affectice sheet discharge’. The links between warm
inflows and atmospheric forcing, seaice and ocean dynamics presentedin
this study show how climate change may affect basal melting, inaddition
to more direct effects of atmospheric warming”. Our East Antarctic cold
cavity observations support the remote forcing mechanism proposed by
ref. 25, highlighting the role of subpolar westerlies and teleconnections
for onshore heat fluxes all around the continent. Hence, large-scale cli-
mate dynamics need to be taken into account when assessing future ice
sheet stability and sealevelrise.
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Methods

Ice shelf moorings

Thethree oceanic sub-ice-shelf moorings (M1-3; Fig. 1a) were initially
deployed below FIS during a hot-water-drilling campaign in 2009/10,
intended to provide data for about five years based on the expected
lifetime of the instruments. However, all batteries and data storage
units at theice shelfsurface are replaceable, such that the system can
be maintained ad infinitum, aslong as there isno hardware failure. After
initial ground-based yearly dataretrieval and battery replacementsin
2010/11 and 2012/13, a two-yearly air-supported service interval was
adopted until the onset of the worldwide COVID-19 pandemic prohib-
ited access to the sitesin 2020/21.

Hourly temperature and velocity data from the moorings are
available until January 2019. Each of the moorings is equipped with
two Aanderaa RCM9 current meter instruments, an upper one close
to the ice base and a lower one close to the seabed”. Owing to strong
sensor drift, the conductivity (and therefore also salinity) data have
been discarded. The moorings are hanging from the ice shelf, and are
hence advected with the floating ice as it advances. Between 2009 and
2019, M1 and M2 both moved about 6 km north-northwest, while M3
moved less than 500 m. It is possible that the temperature increase
observed at M1,,,,., during P3is the result of the mooring being advected
closertotheshelfbreak and the ASF, but as awarmingis observed also
at M2/3,,,... during the same period, this explanation is not plausible.

Although mooring instrumentation recorded at hourly inter-
vals, we here use daily or monthly mean values™. The records are
de-seasoned to obtain interannual monthly anomalies, that is, for
each monthly value, the average over the corresponding months in
the record is subtracted. Times of exceptionally strong warm inflow
are then defined as the months during which the de-seasoned M1,,.,
temperature exceeds one standard deviation (black dots in Fig. 1c).
The three periods are P1:10/2010-09/2012; P2:10/2012-02/2016; P3:
08/2016-11/2018. Months at the edges of these periods that cannot
distinctly be assigned to the warm or cold periods are left out of this
classification. Results based on the period classification are not sensi-
tive to the exact temporal definition of P1-3. Also, the P1-3 distinction
is consistent when examining each year and the seasonal variability of
eachyear, astheinterannual variability of the M1,,,.., temperature and
most forcing variables exceed their respective mean seasonal cycle
(Extended Data Fig. 5).

Auxiliary datasets

Monthly 2 m air temperature, surface pressure and 10 m wind data with
0.25°spatial resolution are obtained from ERAS reanalysis®, daily pas-
sive microwave SIC data from NSIDC*’ and daily sea ice velocity data,
also from NSIDC?, both with 25 km spatial resolution.

Monthly SSH data, derived from satellite altimetry and covering
the period fromJanuary 2011to December 2016, are obtained from ref.
32 (A18 hereafter), and combined with a newer daily product from ref.
33 (A22 hereafter), covering the period from April 2013 to July 2019.
The data sets have been obtained using different methods, so they
are not expected to be exactly the same. For A22, the same 300 km
low-passfilter asinits validation process is applied, in order toreacha
spatial smoothness consistent with the onein A18. Because the A22 data
consist of SSH anomalies rather than absolute values, some steps are
undertakentobringboth datasets toacomparablelevel. The A18 data
areinterpolated onthe A22 grid. The respective temporal mean during
the overlapping period of both datasets (April 2013 to December 2016)
oftheanomaly to the whole period meanis subtracted fromeach data
set. Toalso have the A22 dataas absolute SSH values, the mean A18 SSH
isadded to these. After that, during their overlapping time, both data
sets compare reasonably well, with the A18 SSH being on average 0.03
mm higher. Finally, the data sets are monthly merged in time. During
the overlapping period, the average between both data sets for each
data point is taken. Note that, as shown by ref. 33, processing only

CryoSat-2 measurements for the development of a gridded SSH data
set may create asampling biasin the subpolar Southern Ocean, result-
inginanartificial meridional stripe pattern. Thisis the case inthe data
fromref.32and may impact parts of our combined SSH data. From the
combined SSH data, geostrophic velocities are calculated according to:

Ugeo = ? (K x VSSH) a

where g=9.81 msis the gravitational acceleration, fis the Coriolis
parameter, k= (001)"is the unity vector in the third dimension and v
=(0/0x0/0y0/02)" is the nabla differential operator.

The monthly SAM index was downloaded from https://legacy.
bas.ac.uk/met/gjma/sam.html. Itis defined as the difference in mean
sea level pressure between six stations around 40° S and six stations
around 65°S, spread over awide range of longitudes®*. Thus, positive
(negative) values indicate stronger (weaker) than normal subpolar
circum-Antarctic westerlies.

Datafrom mooring AWI253 are available fromrefs. 75and 76, and
have been previously analysed inref. 62.

From wind, SIC and ice velocity, the ocean stress is calculated
followingrefs. 77 and 78:

T = ATice_water + (1 — ) Tair_water )

where
Tice—water = PwCiw [Uil U; (3)
Tair—water = PaCd [Ua| Uy 4)

where a is SIC, p, =1.25 kg m™ is the density of air, p,, =1,028 kgm~is
the density of seawater, U; is the horizontal sea ice velocity, U, is the
10 m horizontal wind and C;=1.25 %107 and C,, =5.50 x 107 (ref. 79)
are the drag coefficients for the air-water and ice-water interface,
respectively. Ocean currents are neglected in the calculation because
they are assumed to be orders of magnitude weaker thanthe wind. The
curl of this ocean stress is then calculated as:

OSC:(kXV)-T:@—% 5)
ox 0y

wherek=(001)"is the unity vector in the third dimension. By a factor of
theinverse product of Coriolis parameter and density, the OSCis then
proportional to Ekman pumping. In the Southern Hemisphere, a posi-
tive OSC thusinduces Ekman downwelling, and anegative OSC Ekman
upwelling. Note that the OSC does not include coastal downwelling
due to onshore Ekman transport, because the ice shelf as a physical
boundaryis notincluded in the calculation.

Time series of basal melt rates for FIS are calculated using data
fromref. 35 according to their equation (7):

wy(t) = My _Pw (d_h — dhai’)

6
pi pw—pi\dt de ©)

where M, is the surface mass balance, p; =917 kg mis the density of ice,
p,,=1,028 kg misthe density of seawater, his theice shelf surface height
relative to the ocean surface and h,; is the firn air content. These data
are available at a three-monthly resolution and taken from December
2009 to November 2018. Uncertainties for the single values of the basal
melt rates are calculated according to Gauss’ law of error propagation:

owy owy \*
b b
(O gt = \“W) o+ (5] 2, )

Nature Geoscience


http://www.nature.com/naturegeoscience
https://legacy.bas.ac.uk/met/gjma/sam.html
https://legacy.bas.ac.uk/met/gjma/sam.html

Article

https://doi.org/10.1038/s41561-023-01273-5

where w, is taken fromequation (6), g, and o, areindependent of each
otherand constantin time, and uncertainties for hand h,; are givenin
ref. 35. Uncertainties in the period averages of the basal melt rates
(Fig.5c-e) are then calculated as:

(8)

L 0w

avg ﬁ

(wa ) single

where nisthe number of three-monthly basal melt rate values within a
period, thatis, 8,14 and 10 for P1-3, respectively. Note that uncertain-
ties of h and h,;, are not given for every grid point where h and h,;, are
given, leading to missing uncertainties for wy at the edges of FIS. The
results of the calculation are shown in Extended Data Fig. 9b-d.

Data analysis

A sequential regime shift detection algorithm*® was applied to our
temperature time series to examine the significance of enhanced warm
inflows after 2016. This method tests if achange inmeanvalue during a
specified window length is significant according to aStudent’s t-test®,
based on the assumption that the variance of the time series does not
change with time. For this purpose, the probability density function of
theinput time series must be normalized. Inadditiontoanincreasein
mean temperature, a characteristic change in P3 is the more frequent
occurrence of short-lived warm pulses (Fig. 1c), which appears as a
long tail in the temperature distribution (Fig. 1b), without necessarily
affecting the mean value of the period. Hence, in addition to applying
the method to the temperature time seriesitself, we use an additional
measure to describe the change in time of the temperature distribu-
tion, defined as the variance of the incremental difference between two
successive hourly values computed for monthly intervals, hereafter
referred to as incremental variance. Describing the amount of vari-
ability within each month with a scalar value, the probability density
function of the incremental variance time series was normalized and
used asaninput for the regime shift detection algorithm.

Althoughthe detected shifts in our time series are sensitive to the
window length and the significance threshold of the algorithm, the
transitionin 2016 stands out as arobust feature for various parameter
choices. Toillustrate this, we computed an ensemble of detected shifts
based on the monthly de-seasoned temperature time series from all
three lower mooring instruments and their incremental variance. For
each of these six time series, the window length (2, 3, 5, 8 years) and
the significance threshold (0.01, 0.1,1, 2, 5,10%) are varied, giving in
total 6 x 4 x 6 =144 ensemble members. The grey shaded barin Fig. 1c
shows the fraction of ensemble members that detect aregime shiftin
aspecificmonth, with darker coloursindicating regime shift detected
by alarger number of ensemble members.

Allauxiliary datarecords, except the SAMindex, were de-seasoned.
Thisensures that any feature observedin these datais unrelated to sea-
sonality. To correct for any long-term features within the de-seasoned
data, the event-based composites in Fig. 1e,f are calculated using a
48-month high-pass filter. The correlation between the M1,,,,., tem-
peraturerecord and the local wind is highest for alag of one month, and
hence aone-monthlagwas applied when making the composites. The
correlationisinsignificant for zero lag (Extended Data Fig. 2). We test
the significance of composite means using a Monte Carlo approach,
that is, by testing 1,000 times for each variable and each spatial data
pointif a positive (negative) average value is larger (smaller) than the
average value during the same amount of, but randomly selected,
months within the mooring period. If thisis the case for at least 95% of
the conducted tests, the composite signal at that occasion is defined
as significant. The significance of correlations is calculated using a
two-sided ¢t-test. The t-value is:

40

)]

where ris the correlation coefficient between two time series and
nis their number of effective degrees of freedom. The significance
isthen:

sig=1-2tcdf(—|t|,n —2) (10)

where tcdf is the cumulative density function of Student’s
t-distribution®®. The significance threshold is taken as 95%.

TimeseriesinFig.3a-c are averaged over an upstream area close
to FIS (5° W-15°Eand 70° S-67°S), due to a potential influence from
the prevailing easterly winds and westward currents. The coastal SSH
and geostrophic velocity anomaliesin Fig.3d,e are averaged over 20°
Wt0160°E, with two additional criteria of (1) being at maximum 50
km away from the coast based on coastline datafromref. 81; and (2)
the bathymetry not being deeper than 2,000 m based on Bedmap2
topographic datafromref. 3. These choices are made to confine the
average to data points over a narrow continental shelf. The wide
longitudinal range of the averages is chosen due to a coherent east-
ward coastal current, with barotropic anomalies quickly propagat-
ing along the convex perimeter of the continent”. The averages in
Fig. 3d,e are thus not sensitive to the choice of the bounding lon-
gitudes. The subpolar wind anomaly in Fig. 3f is averaged over the
areawhere the correlation of the zonal 10 m wind to the coastal SSH
anomalyisatleast —0.5.

The magnitude of the bottom Ekman velocity anomaly during
P3is estimated from equations (8)-(10) from ref. 26. Assuming no
continental slope in the zonal direction and a negligible meridional
anomaly of the barotropic coastal current, the southward magnitude
of the bottom Ekman velocity anomaly is:

U
ugl = -2 i)

where UT3 = 0.6cms~!is the mean anomaly of the zonal geostrophic
coastal current during P3, that is, the value of the right black shading
in Fig. 3e, and A =m is a parameter for the effective thickness of the
bottom Ekman layer. This gives amean bottom Ekman velocity anomaly
of ju}| = 0.2cms~!during P3.

InFig.5b, the daily temperature of M1,,,..and current speeds from
allsixinstruments have been low-pass median-filtered over 48 days and
afterwards binned ontimeintervals of 180 days before conducting the
linear regression. The anomalies of temperature and current speeds are
calculated with respect to the mean of the respective device over the
whole mooring period. Asignificance test of the trend is conducted by
shuffling the current speeds 1,000 times, calculating each linear trend,
and counting how often the observed trend lies above the randomly
created ones. Again, if this is the case for at least 95% of the tests, the
trend is taken as significant.

The mass loss rate of FIS is calculated as:

2.5°W

Am = pAxAy Y Bps 12)
25E

where p; =917 kg m~ is the density of ice, Ax= Ay =10 km are the side
lengths of agrid cell and B, are the mean de-seasoned basal melt rates
during P3 (Fig.5e). The longitudes under and over the sumsignindicate
the zonal extent over which the calculation is done. Meridionally, the
whole extent of FIS is taken. The heat flow rate (in units of W) required
to cause this massloss s calculated as:

Q=LiAm 13)

where L;=3.34 x10°] kg'is the latent heat of freezing. This yields a heat
flowrate of around Q = 0.15 TW. From this, the necessary temperature
anomaly at M1, is calculated as:
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where Qs the heat flow rate from equation (13), ¢, = 4,000 ) kg™ K™ is
the specific heat capacity of seawater, p,, =1,028 kg m~ is the density
of seawater, up; = 3cms~listhe meanvelocity into the cavity during P3
and A = 6 km? is the area through which the inflow enters the cavity.
Ais estimated from a horizontal extent of 60 km and a vertical extent
of 100 m. While 60 kmis larger than the width of the sill at M1, it is
intended to also compensate the sill at M3,,,... and two additional sills
without data west of M1,,,., (Fig. 1a). With these values, the resultis a
temperature difference of AT=0.2°C.

Other datasources

All maps were created using the ‘m_map’ toolbox from ref. 82 and
colormaps from ref. 83. Coastlines in Figs. 1a and 5c-e, and Extended
DataFig. 9 are fromref. 81; all other ones are from ref. 84. Grounding
lines are from ref. 81. The satellite image of Antarcticashownin several
figures was taken fromref. 73 and have been analysed in ref. 85.

Data availability

The FIS mooring data are available at https://doi.org/10.21334/
npolar.2023.4a6¢36f5 ref. 74. Surface pressure, 10 m wind and 2 m
air temperature are available from ERAS at https://doi.org/10.24381/
¢ds.f17050d7 ref. 29. SIC and sea ice velocity are available from NSIDC
at https://doi.org/10.5067/8GQ8LZQVLOVL ref. 30 and https://doi.
org/10.5067/INAWUWO7QH7Bref. 31, respectively. SSHis available upon
request from ref. 32 and at https://doi.org/10.17882/81032 ref. 86. The
SAMindex s available at https://legacy.bas.ac.uk/met/gjma/sam.html
ref. 87. Data from mooring AWI253 are available at https://doi.pangaea.
de/10.1594/PANGAEA.875932 ref. 75 and https://doi.pangaea.de/10.1594/
PANGAEA.903315 ref. 76. Data for calculating basal melt rates from
equation (6) areavailable at https://doi.org/10.6075/J04Q7SHT ref. 88.

Code availability
The MATLAB and Python scripts for data analysis and visualization can
be obtained fromthe corresponding author uponreasonable request.
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Extended Data Fig. 1| Additional temperature and velocity analyses for M1,,,.,. a, Relation between temperature and velocity rotated into the cavity. Temperatures
arebinnedintointervals of 0.1°C, and all corresponding velocities are averaged and plotted against these bins. b, Monthly mean seasonal cycle of temperature.
Envelopesin a-b mark the standard deviation.
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Extended Data Fig. 2| Lagged correlation of M1,,,... temperature following coastal sea surface height and zonal geostrophic velocity averaged over the
selected forcing variables. U10 is the zonal 10 m wind, averaged over the same areas from Fig. 3d-e. Correlations are calculated using de-seasoned, 48-month
regionasthe time series in Fig. 3a. OSC s the ocean stress curl averaged over the high-pass filtered time series. (same Method as in Fig. 1e-f). Stars indicatea
same area. SAM s the Southern Annular Mode index, and SSH and UG are the significant correlation.
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Extended Data Fig. 3| M1,,,,.. temperature anomaly and local wind. region as the time series in Fig. 3a. Red circles denote the months one month
a, De-seasoned M1, temperature. Red dots indicate months of warm inflow before each warminflow event shownina. Lines are monthly mean (black) and
(same months asin Fig.1c). b, Local zonal 10 m wind, averaged over the same 48-month filtered (blue) time series. The color patches mark P1-3, as in Fig. 1c.
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Extended Data Fig. 4 | Mean states of main auxiliary variables. a,12/2009-01/2019 mean surface pressure (colors) and 10 m wind (arrows), b,12/2009-01/2019 mean
seaice concentration, ¢,12/2009-01/2019 mean ocean stress and its curl, d, 01/2011-12/2016 mean sea surface height and geostrophic currents. The satellite image in

b-disfromref.73.
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Extended Data Fig. 5| Comparison between absolute (black) and de-seasoned  wind. The time series have been averaged over the same areas as in Fig. 3 and
(blue) variables. a, M1,,,., temperature, b, local zonal 10 m wind, ¢, sea ice Extended Data Fig. 3b. For better comparability, the time mean of the absolute
concentration, d, oceanstress curl, e, 2 m air temperature, f, coastal sea surface values has been added to the de-seasoned time series.

height, g, coastal zonal geostrophic velocity, h, East-Antarctic subpolar zonal
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Extended Data Fig. 7 | Correlations of coastal seasurface height and zonal wind or ocean stress curl. a, Spatial correlation between the de-seasoned

coastal sea surface height from Fig. 3d and the de-seasoned zonal 10 mwind. b, Same as a, but for ocean stress curl instead of zonal 10 m wind. The satelliteimage
inbisfromref.73.
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Extended Data Fig. 8 | Changesinforcing from P2 to P3. a, Differencein correlation of the coastal sea surface height (Fig. 3d) and the ocean stress curl
de-seasoned ocean stress curl between 01/2015-01/2017 and 01/2013-12/2014 isatleast 0.4 (see Extended Data Fig. 7b). Hatched areas indicate significance.
(orange and cyan bars in Fig. 3a). The green contour marks the areas where the b, Same as a, but for sea surface height. Satellite image from ref. 73.
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Extended Data Fig. 9 | Mean basal melt rate and uncertainty during P1-3 at used as bounding longitudes for mass balance estimates (see Methods).
Fimbulisen. a, 2010 to 2018 average. The black contours indicate the ice shelf b-d, Uncertainty for the P1-3 average shownin Fig. 5c-e, calculated with data
draftin meters. Two thick dotted black lines mark 2. 5°W and 2. 5°E, which were from Adusumilli et al. (** see Methods).
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