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Warm surface waters increase Antarctic ice shelf
melt and delay dense water formation
Shigeru Aoki 1,2✉, Tomoki Takahashi2, Kaihe Yamazaki1,2, Daisuke Hirano 3,4, Kazuya Ono 1,

Kazuya Kusahara5, Takeshi Tamura 3,4 & Guy D. Williams6

Melting ice shelves around Antarctica control the massive input of freshwater into the ocean

and play an intricate role in global heat redistribution. The Amery Ice Shelf regulates win-

tertime sea-ice growth and dense shelf water formation. We investigated the role of warm

Antarctic Surface Water in ice shelf melting and its impact on dense shelf water. Here we

show that the coastal ocean in summer 2016/17 was almost sea-ice free, leading to higher

surface water temperatures. The glacial meltwater fraction in surface water was the highest

on record, hypothesised to be attributable to anomalous ice shelf melting. The excess heat

and freshwater in early 2017 delayed the seasonal evolution of dense shelf water. Focused on

ice shelf melting at depth, the importance and impacts of warming surface waters has been

overlooked. In a warming climate, increased surface water heating will reduce coastal sea-ice

production and potentially Antarctic Bottom Water formation.
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The Antarctic margin and continental shelf globally impact
the heat, freshwater, and carbon cycles through the global
thermohaline circulation1. Acceleration of continental ice

mass loss, initiated through the melting of ice shelves by oceanic
heat, will additionally lead to a rise in global mean sea level2–4.
Excess glacial meltwater input alters stratification that can induce
a change in the ventilation of Antarctic Bottom Water5–7, the
densest watermass in the global ocean. The variability in coastal
stratification can also change air-sea exchange of carbon-dioxide
and biological productivity8,9. Antarctic shelf waters vary
regionally depending the interaction of key physical processes
such as buoyancy loss through sea water freezing, heat supply by
warm water intrusion, and freshwater discharge from continental
ice10,11. Antarctic Bottom Water broadly forms from Dense Shelf
Water (DSW)12,13 that originates from sea-ice production and
brine rejection in polynyas around the Antarctic coast14. The
second largest polynya, as defined by the area of sea-ice
production14, is the Cape Darnley Polynya (CDP, Fig. 1a). The
CDP is located immediately west of a large continental embay-
ment called Prydz Bay (PB; Fig. 1a), into which flows the Lambert
Glacier–Amery Ice Shelf (AIS), the largest glacier–ice-shelf sys-
tem in East Antarctica15. Ocean circulation in this embayment is
characterized by the clockwise Prydz Bay Gyre associated with
westward coastal current, which transports warm modified Cir-
cumpolar Deep Water shoreward16,17. Downstream and
upstream of the AIS are the Mackenzie and Barrier Polynyas,
which provide substantial brine rejection and DSW formation18.
Traditionally, the AIS has been regarded as a cold cavity system,
with its glacial melting mainly driven by DSW as the Deep Mode
and to a lesser extent by modified Circumpolar Deep Water as the
Intermediate Mode19,20, out of the typical three overturning cir-
culation regimes in sub-ice-shelf cavity21,22.

The meltwater discharged from ice shelves can affect the
neighboring oceanic environment. Ice Shelf Water from the AIS
tempers the efficacy of the local polynyas18,23. As for the
remaining Shallow Mode, driven by the atmospheric heating of
Antarctic Surface Water (AASW) that subsequently interacts with
the shallower regions of an ice shelf, the effect is considered to be
limited and has been largely disregarded. Recently, from the in-
situ ice radar measurements and nearby oceanic observations, it is
shown that the summer AASW induces prominent basal melt of
the Ross Ice Shelf24,25. However, the processes of oceanic surface
heating and impact of the resultant meltwater on the adjacent
ocean has not been investigated yet.

This study examines the year-round effect of continental ice
melt on watermass properties in the PB/CDP system, based on in-
situ observations of the latter half of 2010s, including those by
originally developed moored profiling platforms at CDP (Fig. 2
and Supplementary Fig. 1). Specifically, the behavior of glacial
meltwater fraction in seawater discerned using the stable oxygen
isotope ratio (δ18O) obtained by ship-board and time-series water
samplings. Satellite observations are used to describe oceanic and
sea-ice spatial structure, together with a numerical simulation
incorporating the process of ice shelf melt. In concert, we iden-
tified a series of phenomena in the 2017 season that characterizes
the interaction between ocean, sea ice, and continental ice in an
anomalously warm climate condition that could be prevalent in
future climate.

Results and discussion
Warmer surface water and extra meltwater in summer 2017.
Summer sea surface temperature (SST) across the Antarctic sea-
ice zone varies interannually. In February 2017, satellite-derived
SST26 was anomalously warm over the PB/CDP system (Fig. 1a).
At CDP, observed ocean profiles (Methods) revealed that the

temperature at 0–100 m depths was ~0.5–1 °C warmer in 2017
compared to the other years (Fig. 1b). Concurrently, δ18O was
distinguishably lower (−0.55~−0.6‰) when compared to four
years of available data (−0.4~−0.5‰; Fig. 1c). A lower δ18O
indicates a higher fraction of glacial meltwater27 (Methods sec-
tion). The glacial meltwater fraction was 1.3% for the lower
bound and 1.9% for the upper bound at 50 m depth in February
2017 (Fig. 1d; Methods section; and Supplementary Fig. 3), which
was the highest over the four years measured and higher by
0.5 ± 0.1% (~30% of total) for both lower and upper limits. The
warm water layer with high glacial meltwater fraction in 2017 was
not just observed for CDP but also for the shelf break off CDP
(Fig. 1e, f, g), which indicates that the higher meltwater content
observation was robust and broadly distributed.

According to the satellite-based estimates of summer (average
from December through February) SST and sea-ice concentration
(SIC)28, the 2017 summer was warm with high SST and low SIC
(Fig. 3a, b). In fact, at the CDP there was no sea ice on 26
February 2017 at the time of our core observations but it was
mostly ice-covered a year later (Fig. 2). Although the direct
evidence of excessive glacial meltwater was observed only in 2017,
the situation in 2017 might be considered as a typical example of
future summers in a warming climate.

Warm surface water causes upper basal melt of Amery Ice
Shelf. The warm summer state with high SST and low SIC in the
CDP was wide-spread for the entire PB (Fig. 1a). Satellite time
series reveal the basin-scale interannual co-variabilities between
the SST and SIC (Fig. 3a, b). Defining warm summers based on
the spatially averaged summer SST of the AIS region (Fig. 3e), the
five warmest summers after 2000 are 2001, 2003, 2004, 2010, and
2017. The relationship between high SST and low SIC averaged
from December through February is statistically robust (two-
sided 1% level of significance) with a correlation coefficient of
−0.82 (−0.77) for the PB (AIS) region over the 35 years from
1986–2020. The relationship could be explained by the open
water/ice-albedo feedback29, whereby less sea ice enhances the
surface heat input by solar radiation, leading to further reduction
in sea ice.

The solar heat input is not confined at the surface but
transported deeper into the water column in front of AIS.
Temperature profiles in February 2017 revealed a thick layer of
warmer AASW, extending well below the ice shelf draft depth of
250 m30 and much deeper compared with hydrographic data in
other years (Fig. 1h). A density surface delineating warm AASW
(σθ= 27.72 kgm−3) was relatively shallow offshore and deeper
near the ice front of the AIS in both observations and our
numerical model. The density surface of AASW gets progressively
deeper near the AIS and exceeds the draft depth in the numerical
model (Supplementary Fig. 4). The AASW layer thicker than
250 m has been commonly observed at the AIS ice front20. The
prevailing coastal easterly wind transports warm AASW shore-
ward and converges it in front of AIS. This process of Ekman
coastal convergence has been commonly detected in this ocean
sector off East Antarctica31,32. Once the warm AASW converges
towards the ice front and the depth exceeds the draft of the ice
shelf front, it can subduct into the cavity beneath the ice shelf and
supply heat for the basal melt, which is more impactful than
lateral melt25,31.

Our numerical simulation replicates the features of the warm
2017 summer in PB, together with the realistic timing of
interannual variabilities of SST and SIC (Supplementary Fig. 5).
In representing the ice shelf processes, the model produces higher
basal melt at the front of the AIS in 2017 and in other warm
summers (Fig. 3c), suggesting the correspondence with warmer
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Fig. 1 Anomalously warm summer in 2017. a Distribution of sea surface temperature (SST)26 anomaly in February 2017. Active polynyas (climatological
sea ice production above 10m yr−1 51) are shown in blue. Model-based melt rate anomaly in 2017 (relative to the 1979–2019 climatology) is shown for the
Amery Ice Shelf and Publications Ice Shelf. b, e, h Vertical profiles of potential temperature from summer hydrography b in the Cape Darnley Polynya
(CDP), e at the shelf break off CDP, and h in front of Amery Ice Shelf. Red solid line denotes the station average in February 2017 shown by red dots in
a, and the gray solid line denotes the station average in February during 2010–2020 shown by all dots in a, respectively. Profiles are first averaged for each
year, and then averaged for all years. Gray error bar indicates the standard deviation of the multiple years. c, f Vertical profiles of oxygen isotope ratio and
d, g profiles of glacial meltwater fraction (c, d) off CDP and (f, g) at the shelf break off CDP. The upper-bound and lower-bound of the meltwater fraction in
d, g were derived from the oxygen isotope endmember of iceberg and ice-core, respectively, and the solid line denotes their average.
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SST. The simulated summer basal melt was especially large at the
eastern front of the AIS (Fig. 1a), consistent with the distribution
of high SST and warm AASW at depth (Supplementary Fig. 6).

The basal melt rate near the ice shelf front of AIS/Publication Ice
Shelf (PIS) (north of 70°S) at 73°E exceeded 6 m month−1 in
February 2017 and was the highest during the 40-year model
period (Figs. 1a and 3c; and Supplementary Fig. 7). The
cumulative meltwater volume for the 2017 summer (January-
May) was 22.6 Gt (Fig. 3c) near the ice shelf front, which was 12.7
Gt greater than the climatological mean (9.9 Gt). The annual
(January-December) meltwater volume derived from the total
AIS/PIS area was the highest (69.2 Gt) in 2017, 18.9 Gt greater
than the climatological mean (50.3 Gt). Hence, more than half of
the excess melt in 2017 was contributed by the anomalous
summer melt near the ice shelf front, which was estimated to be
greater than 20% of the total meltwater from the entire AIS/PIS.

We obtained over-winter mooring records of CDP glacial
meltwater fraction derived from δ18O, temperature/salinity
profiles, and current velocity in 2017 (Fig. 4). The time series of
glacial meltwater fraction at 176 m depth revealed the high values
observed in summer continued to early winter around June
(Fig. 4a). With the current speed estimate (4.3 cm s−1) averaged
over the four months from March to June (Supplementary Fig. 2),
the cumulative transport distance (between the start and end of
the progressive vector for the four months) was estimated to be
about 450 km. The distance is much longer than the distance
between the AIS and CDP, which underpins the influence of
advection from the AIS. The volume of melt water is estimated to
be about 13.5 Gt by multiplying the meltwater fraction anomaly
of 0.5%, derived from the δ18O hydrography and mooring, with a
total volume flux of a 100 m water column height, 60 km width

Fig. 2 Oceanic states at Cape Darnley Polynya and the deployed tethered
Ocean Observing System-1 profiler. a Oceanic state on 26 February 2017
during warm summer and b on 26 February 2018 of normal summer.

Fig. 3 Interannual variations of sea surface temperature (SST), sea ice concentration, and simulated continental ice melt. a Time series of summer
(DJF)-averaged SST in Amery Ice Shelf (AIS; solid) and Cape Darnley Polynya (CDP; dashed). Warm years including 2017 are indicated by red shading.
b Anomaly of summer-averaged sea-ice extent (in %; normalized by the climatological mean). c Summer glacial melt near the ice front of the AIS/PIS
(north of 70°S; from January to May). d Initial cumulative sea-ice production (from Day of Year 0 to 80) in CDP, Mackenzie Polynya (MCP), and Barrier
Polynya (BAP). The corresponding locations are indicated in panel e, where solid and dashed rectangles are AIS and CDP, respectively.
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from CDP to shelf break, and 450 km distance. The consistency of
this estimation with the modeled summer melt anomaly at the
AIS terminus (12.7 Gt) supports the idea that the abnormally
high fraction of continental basal meltwater at the CDP
originated from the AIS.

The volume of basal meltwater obtained in this study is
comparable to previous estimates. The area-total basal meltwater
of the AIS has been estimated as 27 and 52Gt yr−1 based on in situ
measurements33,34, 36 Gt yr−1 using satellite measurements35, and
46Gt yr−1 by a numerical model19. In general the volume of basal
meltwater was much larger than that of surface meltwater runoff.
According to a recent estimate of runoff volume at the AIS, surface
melt was high during the 2016/17 summer with a volume few times
larger than ordinary summers36. However, their peak volume was

estimated as <1 Gt, significantly smaller than the basal melt by an
order of magnitude. Hence the volume of glacial meltwater
discharged into the nearby ocean is dominated by the basal melting
of AIS/PIS.

Delayed dense water formation at Cape Darnley Polynya. The
presence of widespread warm AASW and a large amount of
meltwater input in summer/autumn can impact the formation of
DSW in the subsequent autumn/winter by determining the onset
of sustained sea-ice growth and properties of the new winter
mixed layer. At CDP, time series of ocean temperature profiles in
autumn 2017 revealed about a week delay in near-surface cooling
compared with autumn 2019 (Fig. 4d, e). The temperature at

Fig. 4 Seasonal evolution of water properties at CDP. a Oxygen isotope ratio (black) and glacial melt water fraction (blue) in 2017, which was derived
from three-point endmember method. b, c are seven-day running mean timeseries of salinity and temperature at 164m depth in 2017 (red) and 2019
(purple). Broken line at 34.5 in b denotes the salinity criteria of DSW, and that at −1.87 °C in c denotes the freezing point temperature at a reference
salinity in autumn. d, e are the time-depth plots for temperature (color shade) during the period of onset of freezing indicated in c, obtained from the
mooring platforms. Data points are shown by scatters. White contour corresponds to the isotherm of −1.87 °C as a reference temperature. The location of
the measurements is indicated by the white cross in Fig. 3e.
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164 m depth was above freezing until mid-April in 2017, while in
2019 the temperature at the same depth reached freezing point in
late-March (Fig. 4c), showing a few-week delay in 2017. The
result suggests that the warmer AASW in 2017 delayed the onset
of freezing at CDP.

Independent observational evidence concurs that the initiation
of sea-ice production was impacted by the warmer AASW in
2017. Based on satellite-derived sea-ice production (SIP),
cumulative SIP at CDP until mid-March (day 80) in 2017 was
the third smallest among the two decades after 2000 (Fig. 3d).
Using a cumulative SIP criterion of 15 km3, we find this threshold
was reached about one week later in 2017 (and across five other
warm summer) relative to the average summers across
2000–2020. For example, the cumulative SIP (day 80) in the five
warm years revealed less sea ice production in CDP (statistically
significant at two-sided 10% level; Supplementary Fig. 8). The
cumulative SIP (day 80) in the Mackenzie and Barrier Polynyas
(see Fig. 3e for their locations) also revealed less production in the
warm years, although they were statistically insignificant. The
synchronous delay in sea-ice production among the three
polynyas indicates that the excessive summer heat storage in
PB leads to late sea-ice production on a basin scale.

While the excess heat clearly tempers the sea-ice production,
just how influential was the basal meltwater from AIS to the
evolution of DSW? If we examine the timing of shelf waters
reaching 34.5, which is a criterion of DSW in this region18, then
the observed increase in salinity from autumn to early-winter was
slower in 2017 by about three weeks compared with another year-
round mooring deployed at CDP in 2019 (Fig. 4b). The initial
sea-ice production in CDP was relatively small in autumn 2017,
but it was even smaller in autumn 2019 (Fig. 3d), indicating the
initial salinity increase due to sea-ice production should be faster
in 2017 than 2019 and yet this does not entirely correspond with
the salinity evolution. Hence the slower salinity increase in 2017
must result from other sources of freshwater, very likely due to
the glacial meltwater advected from the AIS.

These results indicate that excess heat storage in summer
AASW in PB triggers additional glacial meltwater from the
Amery Ice Shelf and that subsequent advection in autumn/early-
winter of this freshening causes a delay of about three weeks in
the emergence of DSW in the CDP. The three-week delay
corresponds to a loss of ~0% of the duration of DSW formation
in CDP across March to October.

Implications for future Antarctic surface water. We have
demonstrated the excess heat can accelerate the summer melt of
ice shelves and delay dense shelf water formation. The beginning
of 2017 was a warm summer in PB and the CDP that was likely
attributable to the ocean/ice-albedo feedback. In fact, the sea-ice
extent in the preceding spring was the minimum across the 40-

year record on the circumpolar scale37,38 and contributed to an
albedo decrease on a global scale39. The sea-ice extent minimum
coincided with anomalously warm Antarctic Surface Water sur-
rounding most of Antarctica40,41. Future predictions of the
Southern Ocean indicate a broad loss of sea-ice cover in asso-
ciation with global warming42,43. The series of anomalous phe-
nomena in the 2016/17 season is categorized as just one
extraordinary mode at the moment, but the situation delineated
in this study could be the new normal in the near future (Fig. 5).

Together with the anomalous surface heating, the excessive
glacial meltwater flux induced by warm Antarctic Surface Water
can delay dense water formation, suggesting a potential impact on
subsequent Antarctic Bottom Water formation. Given the likely
increase in open-water/ice-free periods and corresponding sur-
face ocean heat storage around the Antarctic coastline in response
to global warming, there will be an step-increase in the
importance and impact of Shallow Mode ice shelf melting44.
The summer heat storage in the Antarctic coastal ocean will thus
be of increasing relevance to project both global meridional
overturning circulation and sea level rise.

Methods
In situ and satellite observations. We examined in situ ocean observation and
satellite-derived sea surface temperature and sea-ice datasets. The ocean observa-
tions mainly came from ship-board hydrography and mooring observation out-
comes from Japanese Antarctic Research Expedition (JARE) centered at CDP.
Ship-board observations were conducted across eight seasons during 2010–2020
(Supplementary Table 1) and consisted of CTD and X-CTD, with occasional
Rosette Multi-bottle Sampler for stable oxygen isotope ratio (δ18O; Supplementary
Information). Instrument accuracy is listed in Supplementary Table 2. δ18O was
available for four years for CDP regions. One station for δ18O was occupied each
observational year for both CDP and shelf break off CDP. The δ18O samples were
processed by Finnigan Delta Plus at Institute of Low Temperature Science, Hok-
kaido University.

Mooring observations were conducted for 2017–2018 and 2019–2020 in CDP at
a depth of around 200 m (Supplementary Information). In each year we deployed
an originally developed profiler; a buoyancy-driven tethered mid-depth float
targeted for 20–180 m during March–October 2017 and a winch-driven mid-depth
float targeted for 20–120 m during March–April 2019 (Supplementary Fig. 2). We
also deployed an in-situ time-series water sampler (Remote Access Sampler (RAS-
500); McLANE Research Laboratories Inc.) during February 2017 – February 2018,
equipped with a current meter, and obtained continuous δ18O at 150 m depth at
15-day intervals. These samples were processed by Finnigan Delta Plus at the
Institute of Low Temperature Science. In 2019 we also collected temperature/
salinity data from a sensor attached above the acoustic releaser.

Hydrographic observations used for PB also include the temperature and
salinity profiles of the World Ocean Database45 and Marine Mammals Exploring
the Oceans Pole to Pole (MEOP)-biologging data46. MEOP biologging profiles
were available in the eastern part of AIS in 2017 and only the most realistic files
were used after visual inspection and broad comparison with representative ship-
based profiles. For seven seasons during 2001-2017 period, 78 profiles in February
were corrected and used. Nine profiles were available in February 2017.

Spatial distributions of monthly SST and SIC were based on satellite
measurements. SST data derived from Optimum Interpolation Sea Surface
Temperature (OISST) v2.1 High Resolution Dataset provided by National Centers
for Environmental Information/ National Oceanic and Atmospheric
Administration (NOAA) were used26. The dataset was available for the 1982–2020

Fig. 5 Schematic oceanic and cryospheric state in the Prydz Bay and off Cape Darnley. a Climate condition in normal summers and subsequent dense
shelf water formation in early-winter and b those in warm summers.
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period. SIC data derived from Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive
Microwave Data v1 provided by National Snow and Ice Center were used28. The
dataset was used for the 1986–2019 period. To calculate the anomalies of SST and
SIC, the full data period above was used to calculate their temporal averages.

Estimation of continental ice melt water using stable oxygen isotope ratio.
δ18O is a useful tracer in quantifying the origins of freshwater, especially that of
glacial meltwater27. Other tracers such as temperature and/or noble gasses can be
used47,48, but δ18O is especially useful near the surface since other tracers are often
contaminated from surface exchange processes.

We applied a three-endmember method (glacial meltwater, sea ice, and
modified Circumpolar Deep Water49; Supplementary Fig. 3) using salinity and
δ18O to derive the glacial meltwater fraction based on the large difference in δ18O
between glacial meltwater and sea ice50. The largest uncertainty of the fraction
estimates originates in the determination of the δ18O endmember of the glacial
meltwater. To derive lower- and upper- bounds of the glacial estimates, we use the
observed estimates of ice cores of AIS (−40‰) and icebergs taken off Cape Darnley
(−27‰; Supplementary Information). The δ18O and salinity endmembers of sea
ice were set as −1.3‰ and 5, respectively, as the averages of the two samples taken
at CDP. The δ18O and salinity endmembers of modified Circumpolar Deep Water
were estimated as −0.078‰ and 34.67, respectively, based on the water samples
collected on the continental slope.

Estimation of sea-ice production. We used a sea-ice production (SIP) dataset
derived from special sensor microwave/imager (SSM/I) and special sensor micro-
wave imager/sounder (SSMI/S) data and atmospheric reanalysis with the ERA5
dataset. Sea-ice production data are seamlessly available for the 28 years during
1992–2019 to examine its variability. This dataset is fundamentally the same as that
presented by ref. 51, with a different atmospheric forcing (ERA5 data are used).

Numerical ocean-sea ice-ice shelf model. We used an ocean‒sea ice model with
an ice shelf component52. The model configuration is almost the same as in ref. 44,
but with a higher horizontal resolution and different surface boundary conditions.
The horizontal resolution varies from 2.5 km at the southernmost grid cells at
83.5°S to 21 km at the northernmost grid cells at 20°S. The model was driven by
atmospheric surface boundary conditions. The daily surface boundary conditions
were derived from a climatological surface condition53 and the ERA-Interim
dataset using the bulk formula54.

The model first spun up for 50 years with the climatological sea surface
boundary conditions, and then was integrated for 20 years repeatedly with the
1979 surface boundary conditions derived from the ERA-Interim dataset. Finally,
we performed a hindcast simulation for the period 1979–2018 with ERA-Interim’s
temporally varying surface boundary conditions. This study utilizes monthly-
averaged values for analysis. The ice-shelf basal melt rate was diagnosed with the
thermodynamic ocean-ice shelf interaction based on the three-equation
formulation55,56. The ice shelf and ocean in the model exchange freshwater and
heat associated with the diagnosed basal melt rate.

The model in this study reproduces Antarctic sea-ice variability in recent
decades reasonably well. The sea-ice component in the model has an ability to
reproduce the well-documented gradual increasing trend in Antarctic sea-ice extent
over most of the period and its sudden decrease in the last few years41,57.

Data availability
The JARE hydrographic observation data are available through Arctic Data archive
System at NIPR (https://ads.nipr.ac.jp/dataset/A20200518-001, /A20220128-001 ~ -006).
Temperature and salinity data of tethered profiler data in 2017 are available as https://
doi.org/10.17592/001.2020051801. Time-series δ18O in 2017 are available at https://doi.
org/10.17592/001.2022012801. Time series current meter at https://doi.org/10.17592/001.
2022012802. Time series conductivity and temperature recorder data in 2019 are at
https://doi.org/10.17592/001.2022012803. Temperature and salinity profiler in 2019 are
at https://doi.org/10.17592/001.2022012804. CTD data off Cape Darnley during 2010-
2020 are at https://doi.org/10.17592/001.2022012805. Bottle δ18O during 2011-2010 are
at https://doi.org/10.17592/001.2022012806. XCTD data are available at https://www.
jodc.go.jp/jodcweb/JDOSS/index_j.html. MEOP biologging data are available at https://
www.seanoe.org/data/00343/45461/. Hydrographic data are available through WOD
through National centers for environmental information, NOAA at https://www.nodc.
noaa.gov/OC5/WOD/pr_wod.html. SIC by NSIDC at https://nsidc.org/data/nsidc-0051.
SST by NOAA OI SST V2 High Resolution Dataset at https://psl.noaa.gov/data/gridded/
data.noaa.oisst.v2.highres.html. The satellite-derived SIP are available at http://www.
lowtem.hokudai.ac.jp/wwwod/polar-seaflux/. Numerical model information and results
are available at https://iopscience.iop.org/article/10.1088/1748-9326/ac0de0.

Code availability
The Python codes and scripts used to analyze the data and to generate the figures are
available from the corresponding author on request.
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