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Abstract

Antarctic sea ice extent has been persistently low since late 2016, possibly owing to changes in atmospheric and oceanic
conditions. However, the relative contributions of the ocean, the atmosphere and the underlying mechanisms by which they
have affected sea ice remain uncertain. To investigate possible causes for this sea-ice decrease, we establish a seasonal timeline
of sea ice changes following 2016, using remote sensing observations. Anomalies in the timing of sea ice retreat and advance
are examined along with their spatial and interannual relations with various indicators of seasonal sea ice and oceanic changes.
They include anomalies in winter ice thickness, spring ice removal rate due to ice melt and transport, and summer sea surface
temperature. We find that the ice season has shortened at unprecedented rate and magnitude, due to earlier retreat and later
advance. We attribute this shortening to a winter ice thinning, in line with the ice-albedo feedback, with ice transport playing
a more minor role. Reduced ice thickness has accelerated spring ice area removal as thinner sea ice requires less time to melt.
The consequent earlier sea ice retreat has in turn increased ocean solar heat uptake in summer, ultimately delaying sea ice
advance. We speculate that the observed winter sea ice thinning is consistent with previous evidence of subsurface warming of

the Southern Ocean.
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Key Points:

e The Antarctic sea ice season duration has undergone an unprecedented shortening since
2016;

e The changes include thinner ice, faster melt, earlier retreat, larger ocean heat uptake, later
advance, in line with the ice-albedo feedback;

e The near-circumpolar ice thinning is consistent with a possible increase in sensible heat
supply by the ocean.
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Abstract

Antarctic sea ice extent has been persistently low since late 2016, possibly owing to changes in
atmospheric and oceanic conditions. However, the relative contributions of the ocean, the
atmosphere and the underlying mechanisms by which they have affected sea ice remain
uncertain. To investigate possible causes for this sea-ice decrease, we establish a seasonal
timeline of sea ice changes following 2016, using remote sensing observations. Anomalies in the
timing of sea ice retreat and advance are examined along with their spatial and interannual
relations with various indicators of seasonal sea ice and oceanic changes. They include
anomalies in winter ice thickness, spring ice removal rate due to ice melt and transport, and
summer sea surface temperature. We find that the ice season has shortened at unprecedented rate
and magnitude, due to earlier retreat and later advance. We attribute this shortening to a winter
ice thinning, in line with the ice-albedo feedback, with ice transport playing a more minor role.
Reduced ice thickness has accelerated spring ice area removal as thinner sea ice requires less
time to melt. The consequent earlier sea ice retreat has in turn increased ocean solar heat uptake
in summer, ultimately delaying sea ice advance. We speculate that the observed winter sea ice
thinning is consistent with previous evidence of subsurface warming of the Southern Ocean.

Plain Language Summary

Following 2016, the Antarctic sea ice cover has been persistently low. To understand why, we
retrace the seasonal timeline of sea ice and oceanic changes, using satellite observations. We find
that the sea ice season has been significantly shorter following 2016, due to a later start and an
earlier end. This shortening is likely caused by thinner sea ice in winter, accelerating sea ice melt
in spring and causing sea ice to disappear earlier. In turn, this has caused the ice-free ocean to
absorb more solar heat in summer, and take longer to cool down in the fall, ultimately delaying
the ice season onset. Warmer waters beneath the Southern Ocean’s surface, as evidenced by
previous studies, could be a plausible cause of the observed winter sea ice thinning.

1 Introduction

Antarctic sea ice has been subject to puzzling changes since the start of remote sensing
observations. Over more than three decades, there was a striking contrast between the substantial
decrease in Arctic sea ice (Cavalieri & Parkinson, 2012) and the overall weak but clear increase
in Antarctic sea ice (Comiso, 2017; Parkinson & Cavalieri, 2012). In late 2016, however,
Antarctic sea ice extent underwent an abrupt decline, sustained in the following years by several
record lows (Parkinson, 2019; Raphael & Handcock, 2022).

The initial decrease in late 2016 has been mainly attributed to atmospheric processes.
Anomalous winds produced by tropical teleconnections (Meehl et al., 2019) and a negative phase
of the Southern Annular Mode (SAM; Schlosser et al., 2018; Turner et al., 2017) have warmed
the surface ocean (Meehl et al., 2019) and limited the northward expansion of sea ice (Stuecker
etal., 2017; Turner et al., 2017). By contrast, the sustained low sea ice state following 2016 has
been attributed to both oceanic and atmospheric changes. Atmospheric changes include
strengthened southward winds (Schroeter et al., 2023) and increased storm frequency (Turner et
al., 2022). However, simulations using a coupled climate model suggest that the sole
contribution of the atmosphere is insufficient to explain observed sea ice changes (Zhang et al.,
2022). Instead, several studies point to a warming of the Southern Ocean subsurface as a key
potential cause of the low sea ice state (Meehl et al., 2019; Purich & Doddridge, 2023; Zhang et
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al., 2022). Notably, the post-2016 shift in the seasonal persistence of sea ice anomalies (Purich &
Doddridge, 2023), which is linked to the vertical structure of oceanic properties (Holland et al.,
2013; Libera et al., 2022), suggests that recent subsurface ocean and sea ice changes could be
connected. Subsurface warming has been identified as a long-term response to a phase of
negative Interdecadal Pacific Oscillation (IPO) and positive SAM, with resulting Ekman suction
of warm subsurface waters (Ferreira et al., 2015; Kostov et al., 2017; Meehl et al., 2016).
Northward sea ice transport induced by a positive SAM may have also contributed to this
warming by increasing stratification and reducing subsurface ventilation (Haumann et al., 2020).
Yet, how changes in atmospheric and oceanic conditions have affected sea ice remain unclear.
Moreover, further evidence is required to establish the predominant role of subsurface warming
over atmospheric processes in driving the recent sea ice changes.

Next to ice extent, useful markers of sea ice changes include the dates of advance and
retreat, which represent two key transitions in the seasonal cycle of sea ice. Sea ice advance or
retreat dates respectively mark the start and end of the sea ice season, defined as the first day in
the year when sea ice concentration exceeds or falls below 15% (Massom et al., 2008;
Stammerjohn et al., 2008). These two metrics allow for spatial analysis across the entire seasonal
ice zone, and highlight which regions are changing, and which are not.

Changes in the timing of sea ice retreat and advance can be respectively traced back to
prior ice thickness (Smith et al., 2020) and mixed layer heat content (Himmich et al., 2023). On
the grid-point scale, a reduction in ice thickness implies a larger prevalence of thin ice that is
removed more efficiently upon melting (Holland et al., 2006), and thus retreats earlier. Thinner
ice promotes solar radiation uptake, basal melting (Maykut & McPhee, 1995; Maykut &
Perovich, 1987; Vivier et al., 2016) and accelerates sea ice concentration decreases. Also, earlier
retreat increases solar radiation uptake (Perovich et al., 2007) and the mixed layer heat content
during the open water season, delaying sea ice advance (Himmich et al., 2023; Holland et al.,
2017; Stammerjohn et al., 2012). Both processes are linked to ice-albedo feedbacks. Ice transport
also contributes to changes in sea ice seasonality by modifying sea ice concentration (Holland et
al., 2017; Holland & Kwok, 2012) or, more indirectly, by increasing the open water fraction and
triggering the ice-albedo feedback (Holland et al., 2017; Massom et al., 2008; Stammerjohn et
al., 2008). Examining changes in sea ice seasonality alongside changes in ice thickness, ocean
heat content and ice concentration budget can therefore provide valuable insights into the drivers
of the sea ice shift following 2016. However, changes in sea ice seasonality have only been
documented until 2012, with large regional trends towards later retreat and earlier advance in the
Amundsen and Bellingshausen Seas and, earlier retreat and later advance in the Ross Sea (e.g.
Simpkins et al., 2013). Possible shifts in sea ice seasonality following 2016 have yet to be
investigated.

In this study, we evaluate the changes in sea ice seasonality following 2016, based on
passive microwave sea ice concentration records. We analyze possible drivers of these changes
using satellite observations sea ice of thickness, sea surface temperature and ice concentration
budget diagnostics, including ice-albedo feedback processes and ice transport. Finally, we
discuss whether those changes point to the atmosphere or the ocean as the key driver of the
recent sea-ice shift.
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2 Materials and Methods

2.1 Sea ice concentration budget

To unravel the thermodynamic and dynamic nature of the processes contributing to the
recent sea ice changes, we use a sea ice concentration budget decomposition based on the
governing equation for sea ice concentration (C; Holland & Kwok, 2012):

ac
e —V.(uC) + residual (1)

V.(uC) =u.VC+CV.u (2

where u is the sea ice drift field. The dynamic term (V. (uC)) represents advection
(u.VC) and divergence (CV.u) of sea ice caused by ice drift whereas the residual term includes
both thermodynamic processes (melting / freezing) and mechanical redistribution
(ridging/rafting).

We apply the exact methodology of Holland & Kimura (2016) on OSI SAF sea ice
concentration and drift data to compute the dynamic and residual contributions to the budget. Sea
ice concentration fields are interpolated on the 75-km grid of ice drift. A 7x7 cell square-window
smoothing filter is then applied to the ice drift fields in order to avoid noise in the dynamic term.
The time derivative in ice concentration is calculated as a central difference in time of sea ice
concentration fields at a daily frequency. Advection and divergence terms are calculated as
central differences in space then averaged over 3-days periods to synchronize with time
derivatives.

2.2 Diagnostics of sea ice and sea surface changes

In this study, we consider that each year starts and ends in September, durinq1 the ice
season. For example, 1980 starts on September 15" 1979 and ends in September 14™ 1980.

To diagnose the changes in sea ice seasonality, we derived the dates of sea ice retreat and
advance from the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI-SAF) sea
ice concentration, on which we applied a 15-day temporal filter to avoid retaining any date
reflecting short events (Lebrun et al., 2019). The date of retreat is defined as the first day filtered
sea ice concentration drops below 15% while the date of advance is the first day filtered sea ice
concentration exceeds 15%, similar to previous studies (Lebrun et al., 2019; Parkinson, 1994;
Simpkins et al., 2013; Stammerjohn et al., 2012). To ensure retreat dates and subsequent advance
dates of the same yearly seasonal cycle are retained, we looked for advance (retreat) dates
starting on a month where no sea ice advance (retreat) occurs, on average over 1980-2022. We
selected January 1st of the current year as the start date for advance, and May 1st of the previous
year for retreat, since most of advance and retreat dates occurs after those dates. Ultimately, for
each year, only the dates between September 15" of the previous year and September 14™ of the
current year are retained.

To diagnose possible changes during the ice and open water seasons, we respectively use
mean September sea ice thickness, representing the end-of-winter thickness, and seasonal
maxima of sea surface temperature. Each yearly sea surface temperature maximum was selected
between the retreat date and the following advance date of the corresponding year.
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To investigate the changes in spring ice removal processes possibly leading to changes in
the retreat dates, we define the spring (over October, November and December) sea ice removal
rate (IRR) as:

IRR f oc dt (3)
OND dt <o

The IRR filters the positive derivatives to ensure focus on removal processes. Using the
sea ice concentration budget decomposition, we also calculate the dynamic and residual
contributions to the IRR for each year over 1992-2020. Climatological fields of IRR and
contributions show that the dynamic term is positive in the inner sea ice zone due to ice export
out of that inner zone and negative in the outer sea ice zone due to ice import into that outer zone
(see Supplementary Figure 1). This dynamic contribution is, however, small compared to the
residual, which dominates the removal rate over all the seasonal ice zone. Based on these
considerations, positive (negative) anomalies in IRR can be interpreted as an increase (decrease)
in ice removal. Positive (negative) anomalies in dynamic contribution would suggest increased
(decreased) ice export in the inner pack and decreased (increased) ice import in the outer pack.
Interpreting the sign of anomalies in residuals is not as straightforward because it accounts for
both melt and mechanical redistribution processes.

For any statistical calculations conducted in this study involving the previously
mentioned diagnostics, a missing value is assigned where the number of years with undefined
retreat or advance dates (corresponding to year-round ice-free or ice-covered grid points) is less
than one third of the total number of years in the considered period, following Lebrun et al.,
2019. This procedure ensures that meaningful and consistent averages, trends or correlations are
obtained.

3 Data

This study is based on satellite observations of sea ice concentration, drift, thickness and
sea surface temperature. We use daily passive microwave sea ice concentration over 1979-2022
(Lavergne et al., 2019) and sea ice drift over 1991-2020 (Lavergne & Down, 2023) from OSI-
SAF, with respective resolutions of 25 and 75 km. Fields of sea ice drift are retrieved using
different methods according to the season. In winter, from April to September, ice drift is
retrieved using a maximum cross correlation algorithm applied to brightness temperature from a
number of sensors (SSM/I, SSMIS, AMSR-E and AMSR2). In summer, from November to
February, a free-drift model based on the ERA5 wind fields is used (Hersbach et al., 2020). In
October and March, the fields are derived from both model and satellite-based outputs.

For sea ice thickness, we utilized altimetry-based ice thickness retrievals from 1994 to
2022, as provided by (Bocquet, 2023; Bocquet & Fleury, 2024). This dataset integrates year-
round 12.5 km gridded radar freeboard time series from ERS-1, ERS-2, Envisat, and CryoSat-2
missions. Different missions are inter-calibrated, leveraging mission overlap. Ku-band radar
echoes are corrected for the varying speed of light in snow (Mallett et al., 2020) and converted to
radar freeboards following the methodology outlined by Laxon et al. (2003). The density of ice
(875-920 kg/m3) and snow (320-350 kg/m3) includes specified seasonal variations (Kurtz &
Markus, 2012; Maksym & Markus, 2008). Snow depth is taken from a climatology of
radiometer-based estimation developed for SI-CCI (Paul, S. et al., 2021). Finally the ice
thickness is deduced from the radar freeboard and the snow using the equilibrium equation of the
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snow covered ice in the sea water. The resulting ice thickness dataset was evaluated against the
ASPeCt dataset (Worby, Geiger, Paget, Woert, et al., 2008), AWI moorings in the Weddell Sea
(Behrendt et al., 2013), and Operation Ice Bridge (Kurtz et al., 2013), resulting in reasonable
agreement despite potential biases.

Finally, we use a daily satellite product of sea surface temperature available over 1982-
2022, based on thermal infra-red radiance measurements, and taken from the global L4 (gap-free,
gridded) European Space Agency (ESA) SST Climate Change Initiative (CCI) analysis with a
resolution of 0.05° (Merchant et al., 2019).

All data are either interpolated on the OSI-SAF Equal-Area Scalable Earth 2 (EASE?2) 25
km or 75 km grid.
4 Unprecedented shortening of the sea ice season following 2016

We examine the changes in ice season duration and ice retreat and advance date over
1980-2022 (Figure 1), based on mean anomalies over the seasonal ice zone (see Figure 2).
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Figure 1. Time series of selected sea ice and ocean diagnostics. Grey solid lines show
yearly anomalies averaged over the seasonal ice zone in a, ice season duration, b, retreat dates, c,
advance dates, in d, September sea ice thickness (SIT) and e, maximum sea surface temperature
(SST). Black lines with colored dots show 6-year moving averages such that the last point
represents the 2017-2022 mean anomalies depicted in Figure 2. Anomalies are relative to 1980-
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2016 ina, b and ¢, to 1983-2016 in d and to 1994-2016 in e. Red dots mark positive values
whereas blue dots mark negative values. Stippled grey lines mark the 2017 yearly anomalies.
The grey areas delimit the mean +/- the standard deviation of 6-year moving averages over the
whole time series.

Over 1980-2016, the sea ice season duration exhibits a clear increase of 3.6 days per
decade (Figure 1a; Table 1) due to trends towards 1 day later retreat and 2.6 days earlier advance
per decade (Figures 1b and c). Over 2016-2017, however, an abrupt shortening occurs, followed
by large negative anomalies maintaining the ice season duration at low values until 2022
(Figures la-c). As a result of this reversal in behavior after 2016, the ice duration trend over
1980-2022 is small and not statistically significant (Table 1). The weakening of circumpolar
trends results from regional pattern changes, evident when comparing regional trends over 1980-
2022 and 1980-2016 (see Supplementary Figure 2). The largest regional trends towards a longer
ice season prior to 2017, located in the Ross and Weddell Seas, have weakened over 1980-2022.
Additionally, significant trends towards a shorter ice season have emerged in the Bellingshausen
Sea and the Indian sector over 1980-2022. Spatial patterns of ice season length anomalies
following 2016 align consistently with the evolution of regional trends (Figures 2a-c). Based on
the 6-year averaged anomalies over 2017-2022, we find that the ice season shortening is overall
circumpolar, but largest in the Ross, Bellingshausen, Weddell and Indian sectors. On average
over the seasonal ice zone, the ice season is 8.9 days shorter in 2017-2022 compared to 1980-
2016, due to 3.7 days earlier retreat and 5.2 days later advance.

Table 1. Long-term trends in selected sea ice and ocean diagnostics. Trends are defined
as the linear least square fit slopes for the yearly anomalies, averaged over the seasonal ice zone,
over time periods ending either in 2016 or in 2022. Time periods are chosen according to
underlying data availability and are indicated in the first column of the table. Slopes standard
errors are given as uncertainties. Bold numbers indicate statistically significant trends at the 95%
level.

Trends ending in 2016 Trends ending in 2022

Ice season duration (days/dec.) 3.6 +/-1.0 0.6 +/-1.0

1980-2022

Retreat date (days/dec.) 1.0+/-05 -0.2+/-05
1980-2022

Advance date (days/dec.) -2.6 +/- 0.6 -0.8 +/-0.6
1980-2022

September SIT (cm/dec.) 1.8+/-1.8 -6.0 +/- 2.0
1994-2022

Maximum SST (°C/dec.) -0.15 +/- 0.04 -0.06 +/- 0.04




231

232
233
234
235
236
237
238
239
240
241
242
243
244

245
246
247
248

249

Confidential manuscript submitted to AGU Advances

1983-2022

We next assess the magnitude and rate of the recent ice season shortening. We find that
the mean anomalies in ice season length, retreat and advance dates for 2017-2022 with respect to
1980-2016 (Figures 1a-c) are larger than any previous 6-year mean anomalies. Specifically, the
2017-2022 anomaly in ice season duration is the lowest on record, being 2 days shorter than the
previous shortest ice season anomaly (2016-2021) and exceeding three times the standard
deviation (Figures 1a). The 2017-2022 anomaly is also record breaking for both retreat and
advance dates by approximately 1 day (Figures 1b, c). This indicates that the earlier retreat, later
advance and consequent shorter sea ice season following 2016 are unprecedented. The
interannual changes in sea ice seasonality are also unusually rapid when comparing 7-year
periods ending after 2017, exceeding the standard deviation in mean rates of change (Figures 3a-
c). The fastest 7-year changes in retreat and advance dates over the entire time series occur over
the 2013-2019 and 2014-2020 periods, respectively (i.e., ending in 2019 and 2020, as shown in
Figures 3b, c), reaching respectively more than 3 times and 2 times the standard deviation.

Due to a near-circumpolar shortening following 2016, the evolution of sea ice season
duration over 1980-2022 closely parallels the changes observed in ice extent, with a long-term
increase followed by an unprecedentedly large and rapid decrease in 2017, as shown by
Parkinson (2019).
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Figure 2. Mean anomalies in selected sea ice and ocean diagnostics over 2017-2022. a,
Ice season duration, b, retreat dates, c, advance dates, d, September sea ice thickness (SIT), e,
maximum sea surface temperature (SST). Anomalies are relative to 1980-2016 in a, b and c, to
1983-2016 in d and to 1994-2016 in e. White patches indicate regions out of the seasonal ice
zone.

5 Drivers of the recent sea ice season shortening

5.1 Shorter ice season: response to ice thinning?

We hypothesize that the recent ice season shortening might be tied to changes in ice
thickness and upper ocean heat content. Accordingly, in this section, we examine the changes in
the September sea ice thickness over 1994-2022 and in the seasonal maximum of sea surface
temperature, used as a proxy of the summer mixed layer heat content (Himmich et al., 2023),
over 1983-2022.
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Figure 3. Rate of seven-year changes in selected sea ice and ocean diagnostics. Rates are
calculated as least-square slopes over 7 years of mean anomalies over the seasonal ice zone in a,
Ice season duration, b, retreat date, ¢, advance date d, September sea ice thickness (SIT), and e,
maximum of sea surface temperature (SST). Blue dots mark negative values whereas red dots
mark positive values. The grey areas delimit the mean +/- the standard deviation over the whole
time series.

Similar to retreat and advance dates, September ice thickness and maximum sea surface
temperature have undergone an unprecedented shift since 2016. This finding is based on mean
anomalies over the seasonal ice zone (Figures 1d, e). Over 1994-2016, sea ice thickness
anomalies exhibit no statistically significant trend, while over the 6-year thickness time series
ending in 2022, a statistically significant trend emerges, showing at decrease of 6 cm per decade.
A shift is also observed for sea surface temperature in 2016. Over 1983-2016, maximum sea
surface temperature anomalies exhibit a statistically significant trend toward colder sea surface
temperatures by 0.15°C per decade. However, over 1983-2022, the trend becomes almost nil
(Table 1). This shift in long-term trends stems from widespread thinner sea ice and warmer sea
surface following 2016 (Figure 2d, €), occurring at an unprecedented magnitude and rate.
Notably, the average anomaly over 2017-2022 is the lowest on record for thickness and the
second highest on record for temperature, among 6-year average anomalies (Figures 1d, e).
Moreover, the top 3 7-year periods with fastest sea ice thinning and sea surface warming end
after 2017 (Figures 3d, e).

The coinciding earlier retreat, later advance, thinner sea ice and warmer sea surface
temperatures suggest that these variables could be linked and driven by a common underlying
mechanism. That the post-2016 ice thinning and sea surface warming (Figures 2d, e) occur
mainly where the changes in retreat and advance date are the largest (see Supplementary Figure
3) further supports this hypothesis. Remarkably, we find that 74% of seasonal ice zone grid
points with earlier retreat spatially correspond to thinner September sea ice. Earlier retreat due to
thinning reflects either a thermodynamic response, with increased melt rate, or a dynamic
response, with increased sensitivity to transport, as suggested by Holland et al. (2006). This point
will be further investigated in the next section. In addition, we find that 85% of the grid points
with higher maximum sea surface temperature also show an early retreat. In turn, 92% of grid
points with later advance have a higher sea surface temperature. The correspondence between
earlier retreat, warmer sea surface temperature and later advance is consistent with ice-albedo
feedback processes during the open water season (Himmich et al., 2023; Holland et al., 2017;
Stammerjohn et al., 2012): earlier retreat increases solar heat uptake into the mixed layer; the
extra heat needs more time to be released, which delays sea ice advance. Accordingly, 77% of
the grid points with later sea ice advance also have earlier ice retreat.
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Figure 4. Interannual relationships between selected sea ice and ocean diagnostics, over
1994-2022. Detrended anomalies of a, retreat dates (d,) versus September sea ice thickness
(SITsep), b, advance dates (da) versus dy, ¢, maximum sea surface temperature (SSTmax) Versus d,
d, da versus SSTmax. Blue tones indicate ice season relations whereas red tones indicate open
water season season, as illustrated in Figure 5. 2017-2022 anomalies are marked in dark colours.
A Least Square linear regression was performed for each plot; the corresponding regression line
(significant at 99%), and corresponding coefficients of determination (R?) are shown. The 1994-
2022 period was selected to ensure consistency of the analysis, as all relevant diagnostics are
available over this timeframe.

Yearly anomalies follow a consistent sequence of processes: low winter thickness results
in early retreat, increased summer ocean heat content, and late advance. For instance, in 2016/17,
the anomalously low September sea ice thickness comes first in order, followed by the earlier
retreat, warmer maximum sea surface temperature and ultimately, later advance (Figure 1).
Correlations between 1994-2022 time series of mean detrended anomalies averaged over the
seasonal ice zone support this analysis, with this specific period selected due to the availability of
relevant diagnostics. We observe a statistically significant link (R?=0.49, p < 0.01) between the
mean September sea ice thickness and the subsequent mean retreat date (Figure 4a). This
relationship indicates that for each centimeter of ice thinning, the retreat occurs 0.28 days earlier.
We also observe a statistically significant link between retreat and subsequent advance date
anomalies (R?= 0.74, p < 0.01), indicating a delay in advance of 1.3 day per day of early retreat
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321 (Figure 4b). The link between anomalies in retreat date and subsequent maximum sea surface
322 temperature appears relatively strong (R*= 0.47, p < 0.01; Figure 4c), when compared with the
323 link between maximum sea surface temperature and subsequent advance date (R*=0.14, p <
324  0.01; Figure 4d). We argue this reflects the importance of accounting for mixed layer depth to
325  accurately evaluate the mixed layer heat content when the ocean is cooling down during open
326  water season (Himmich et al., 2023). The maximum sea surface temperature is potentially a
327  better proxy of the mixed layer heat content during the warming period, due to shallower mixed
328  layers, explaining why the temperature is more strongly linked to retreat dates than to advance
329  dates.

Relationships computed over 1994-2022 Relationships computed over 1980-2022
74% 77%
049 0.74
............ Thinner FaSter Earlier Warmer LT LTTTTrreN Later B
September SIT Melting Retreat Maximum SST Advance
0.69 0.84 0.47 0.14
74% 69% 85% 92%
86% [ 0.93
Increased
IRR
Type of relationships:
51% | 0.05 Spatial correspondence
Increased Interannual correlation
Export
330 Relationships computed over 1992-2020 Relationships computed over 1983-2022
331 Figure 5. Schematic of the thermodynamic response of sea ice and sea surface to the ice

332 thickness reduction following 2016. Colored lines represent ice-albedo feedback processes

333 occurring within the sea-ice season (blue) versus open water season (red), processes that link

334  winter sea ice thickness (SIT) to spring ice removal rate (IRR) and retreat date, to summer

335  seasonal maximum of sea surface temperature (SST) and subsequent autumn advance date. Grey
336 lines represent the dynamic and thermodynamic contributions to the IRR. Red numbers refer to
337  the coefficient of determination of interannual correlations between the considered variables, as
338 shown in Figures 4 and 7. Percentages quantify the spatial correspondence between specified
339  variable changes following 2016, based on mean anomalies (see Figures 2, 6 and Supplementary
340  Figure 3). The time period considered for each spatial relationship, which depends on underlying
341  data availability, is specified on the schematic.

342

343 Based on these spatial and interannual linkages (see Figure 5), we surmise that the

344  decrease in the September ice thickness has contributed to the earlier sea ice retreat following
345  2016. This has, in turn, lead to a warming of the upper ocean and delayed sea ice advance

346 through the ice-ocean feedback. However, whether the ice thinning is a result of thermodynamic
347 or dynamic changes remains to be established.



348
349

350
351
352
353
354
355
356
357

358
359
360
361
362
363
364

Confidential manuscript submitted to AGU Advances

5.2 Earlier retreat: a dynamic or thermodynamic response of ice thinning?

To unravel the thermodynamic or dynamic nature of the relationship between ice thinning
and early retreat, we examine melt season processes based on a sea ice concentration budget
derived from passive-microwave concentration and drift. We evaluate the average sea ice area
removal rate (IRR) over spring (October, November, December) as well as the dynamic and
residual contributions to the IRR, over 1992-2020. The dynamic contribution to the IRR is
mostly due to the northward export of sea ice (see Supplementary Figure 1) whereas residuals
include both melting and, also, to some extent, mechanical redistribution through ridging and
rafting (Holland & Kimura, 2016).

We find that the post-2016 shift is also seen in the spring ice removal processes. Mean
IRR anomalies decrease to lower than average values over 1992-2016, then undergo an
unprecedentedly rapid rise (see Supplementary Figure 4) starting in the spring before the early
ice retreat of 2017 (Figure 6a). Anomalies in the residual contribution to the IRR evolve
similarly (Figure 6¢) and account for 93% of the interannual variance in total IRR (Figure 7a).
Conversely, anomalies in the dynamic contribution show comparatively small variations (Figure
6e) and only explain 5% of the variance in total IRR (Figure 7Db).
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Figure 6. Changes in the spring sea ice removal rate (IRR) and its contributions over
1992-2020. Grey solid lines show yearly anomalies averaged over the seasonal ice zone in a,
total IRR, c, residual IRR, e, dynamic IRR (grey lines). Black lines in a, ¢ and e show 4-year
moving averages such that the last point represent the 2017-2020 mean anomalies depicted in b,
for total IRR, d, for residual IRR and f, for dynamic IRR. Anomalies are relative to the 1992-
2016 average. Red dots mark positive values whereas blue dots mark negative values. Stippled
grey lines mark the 2017 yearly anomalies. The grey areas delimit the mean +/- the standard
deviation of 4-year moving averages over the whole time series.

Residuals thus appear to be the major contributor to the recent increase in IRR compared
to sea ice export. This is also highlighted by similar spatial patterns of mean anomalies over
2017-2020 in IRR and residual contribution (Figure 6b and d). Notably, 86% of the seasonal ice
zone grid points with increased IRR correspond to increased residual contribution. By contrast,
substantial discrepancies are observed between the spatial mean anomalies of the IRR and of the
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dynamic contribution (Figure 6b and f). Furthermore, the absence of ice thickening in spring (see
Supplementary Figure 5) in regions of increased residual contribution (Figure 6d) suggests that
ridging and rafting weakly contribute to the IRR, and that thermodynamics must dominate the
increase. Hence, the recent IRR increase is likely caused by a more rapid melt-back.

We next investigate how the recent changes in residual IRR would relate to changes in
September sea ice thickness and retreat date. We find that 74% of grid points showing an
increase in residual IRR (Figure 6d) correspond to thinner sea ice (Figure 2d). Additionally, 69%
of grid points with early retreat (Supplementary Figure 3) correspond to increased residual
contribution (Figure 6d). The same links are also evident at interannual time scales. Mean
detrended anomalies in September sea ice thickness over the seasonal ice zone sectors explain
69% of the interannual variance in residual IRR in the following spring (Figure 7c). In turn,
mean detrended anomalies in residual IRR explain 84% of the variance in the following retreat
dates (Figure 7d). Spatial and interannual linkages between thinner sea ice, increased residual
IRR due to sea ice melt and earlier retreat (see Figure 5) are therefore compatible with a
thermodynamic response to sea ice thinning (Holland et al., 2006). ldealized simulations of the
sea ice melt period shown in Appendix A feature similar links and highlight that the ice-albedo
feedback processes contribute to such response.
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Figure 7. Interannual relationships between the spring sea ice removal rate (IRR) and
relevant sea ice diagnostics, over 1992-2020. Detrended anomalies of a, total ice removal rate
(IRR) versus residual IRR, b, total IRR versus dynamic IRR, c, residual IRR versus September
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sea ice thickness (SITsep) d, retreat dates (dr) versus residual IRR. The 2017-2020 anomalies are
marked in dark colors. A Least Square linear regression was performed for each plot; the
corresponding regression line (significant at 99%), and corresponding determination coefficient
(R?) are shown. The 1992-2020 period was selected to ensure consistency of the analysis, as all
relevant diagnostics are available over this timeframe.

6 Discussion and Conclusion

The sea ice season duration has undergone an unprecedented shortening since 2016 due
to earlier ice retreat and later advance. These anomalies in the timing of sea ice retreat and
advance are strongly linked to anomalies in winter sea ice thickness, summer sea surface
temperature and spring ice removal rate related to sea ice melt (Figure 5). The correspondence
between thickness and other markers of sea ice and sea surface changes is particularly
remarkable considering the large uncertainties associated with satellite observations of sea ice
thickness (Kurtz & Markus, 2012). Our findings indicate that the ice season shortening following
2016 is consistent with an ice thinning and the seasonal progression of thermodynamic processes
inherent to the ice-albedo feedback (in the sense of Holland et al., 2006), in response to an initial
ice thinning. According to our analysis, sea ice transport plays a comparatively minor role,
consistently with previous studies highlighting that sea ice changes are primarily driven by
thermodynamics (Guo et al., 2023; Kimura et al., 2023).

However, some local exceptions are also visible, where ice-albedo feedback processes do
not explain the changes in sea ice seasonality following 2016. First, in the northwest Weddell
Sea off the eastern of the Antarctic Peninsula, we find that the mostly earlier retreat (Figure 2b)
spatially corresponds to thicker sea ice (Figure 2d) and decreased ice removal rate (Figure 6b). In
this region, winter sea ice is thicker but less concentrated, possibly due to increased sea ice
divergence (see Supplementary Figure 5). We therefore hypothesize that during spring, the
thicker ice might get removed more slowly, and still retreat earlier due to the lower concentration
at the start of the melt season. Another possible cause is that there would be a regional high bias
in the satellite ice thickness retrieval. Indeed, model and altimetry-based thickness retrievals are
particularly inconsistent in that region (Liao et al., 2022). Additionally, in situ sources (Worby,
Geiger, Paget, Van Woert, et al., 2008), albeit sparse, do not feature a thickness maximum there.

Second, in the Amundsen Sea and in portions of the eastern Ross Sea and along the East
Antarctic coastal regions, a lengthening of the sea ice season is observed (Figures 1b, c). In the
Amundsen and eastern Ross Seas, this lengthening mainly corresponds to a later retreat, possibly
driven by southerly wind anomalies pushing sea ice (Schroeter et al., 2023) or by increased
thickness (Figure 2d), but not necessarily to an earlier advance. There, changes are more likely to
be driven by sea ice advection than by thermodynamic processes, as suggested by Kimura et al.
(2023), which might explain this spatial mismatch. Off East Antarctica, landfast ice and polynya
dynamics may contribute to the sea ice season lengthening. Therefore, for some specific regions,
sea ice transport might dominate over ice-albedo feedback processes in driving the changes in
sea ice seasonality following 2016.

We next discuss potential atmospheric and oceanic changes contributing to the reduction
in sea ice thickness. Enhanced southward winds as evidenced by previous studies (e.g. Nihashi &
Ohshima, 2015) could increase ice divergence, thereby favoring the presence of thin newly
formed ice. However, in regions of thinner sea ice (Figure 2c), the apparent increase in winter
import of ice area suggests otherwise (see Supplementary 5). It is therefore more likely that the
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reduced ice thickness results from less growth, which can be due to changes in heat exchanges
with the atmosphere and the ocean. Intensified northerly winds may increase warm air intrusions
over the Southern Ocean (Schlosser et al., 2018), potentially altering the conductive flux through
sea ice and reducing growth. However, increased intrusions of warm air would involve the action
of several modes of atmospheric variability (e.g. Clem & Fogt, 2015), which would result in
regional reductions in ice thickness rather than in the observed almost circumpolar thinning. By
contrast, a near-circumpolar warming of the subsurface ocean, as documented by several studies
(Meehl et al., 2019; Purich & Doddridge, 2023; Zhang et al., 2022), could produce the observed
reduction in ice thickness.

Warmer subsurface waters could potentially be entrained into the surface layer during
winter, when the mixed layer reaches sufficient depth, limiting sea ice growth (Gordon, 1981,
Martinson & lannuzzi, 1998; Saenz et al., 2023; Wilson et al., 2019). Hence, a warmer
subsurface ocean serves as a plausible driver of the observed reduction in sea ice thickness, more
so than atmospheric changes. Nonetheless, ice-atmosphere feedbacks might amplify the effect of
an ocean heat input. Thinner winter sea ice has a lower insulating power, enabling the warm
underlying ocean to increase the surface air temperature, in turn leading to further sea ice
thinning (Burt et al., 2016).

The cause for the subsurface warming, likely initiated around 2011(Meehl et al., 2019;
Purich & Doddridge, 2023), reaching the surface only after 2016 remains unclear. Models
suggest that the persistently warm subsurface may have destabilized the mixed layer, inducing
the entrainment of these warm waters into the surface (Zhang et al., 2022). However,
observational evidence of this destabilization is still lacking. Ultimately, mapping hydrographic
changes in the seasonal ice zone, which is beyond the scope of this work, would be required to
evaluate the spatial extent of this subsurface warming and better constrain the role of the ocean
in driving the recent changes in Antarctic sea ice.

Appendix A: Are the links between observations during the melt period consistent with
theory?

What do the links between observed maximum thickness, removal rate and retreat date
tell us about the underlying processes? Are they consistent with what we know of the Antarctic
sea ice melting process?

To address this, we performed idealized model simulations of the spring sea ice decay
and diagnose the same relationships as from observations. Our model encapsulates physics of sea
ice melting in the Antarctic, in particular the effect of the ice-albedo feedback (IAF) on basal
melting. The IAF is here viewed in the sense of Holland et al. (2006) and describes how solar
radiation uptake amplifies a small change in ice concentration by promoting basal melt of thin
ice, further reducing ice coverage.

A.1 Model description

We consider a given ice-covered region of the ocean (e.g., a satellite pixel), characterized
by ice concentration A(t) and mean thickness h(t), and a surface ocean layer of constant
thickness h,, = 20 m (Figure Al). External heat inputs to the surface ocean-sea ice system are
net solar radiation uptake and sensible ocean heat flux. The surface ocean layer temperature is
fixed at the freezing point, so that any heat absorbed in the surface layer is converted into basal
melt.
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Qu

Figure Al. Schematic view of the melting process as viewed in the model.

Net solar radiation uptake in the ocean surface layer (W/m?) results from the balance of
incident, absorbed and transmitted solar radiation, assuming absorption of most solar radiation in
a thin surface layer and exponential attenuation with depth (Lengaigne et al., 2007):

Qsw = Qsw(1 — @) - [1 = (1 = R) - exp(—rkhy,)]. (A1)

Q% is the incident solar radiation (W/m?), a,, = 0.06 is the ocean albedo, R = 0.58 is
the fraction of solar radiation absorbed in a small (~10 cm) surface layer and x = 1/23 m™ is the
bulk solar attenuation coefficient.

Ice thickness h decreases due to a prescribed sensible heat flux Q,, and net solar radiation
uptake in the surface layer:

dh 1-4
—pL-— = Qw +p1.Qsw " (T) (A.2)

where p = 917 kg/m® is the ice density and L = 335000 J/kg is the latent heat of fusion.
The (1 — A)/A factor reflects heat conservation: solar radiation penetrates through the open
water fraction (1 — A) and is attributed over the ice-covered fraction A of the grid cell.

The ice concentration loss rate depends on the subgrid scale ice thickness distribution,
and is in particular controlled by the melt rate of thin ice (Holland et al., 2006). Here we assume
that the ice thickness is homogeneously distributed between zero and twice the mean. In this
context, a decrease in mean thickness implies a loss of thin ice, and the ice concentration
decreases as follows:

dA A dh
We also introduce two parameters p; and p ([0,1]) that tune solar radiation uptake and
the loss of concentration per unit ice thickness.

This approach was introduced in large-scale sea ice models by (Fichefet & Morales Maqueda,
1997; Hakkinen & Mellor, 1990) and is known to provide a sensible first-order emulation of the
ice thickness distribution.

A.2 Simulation protocol

We run three ensembles of 150-day sea ice melting simulations, starting with maximum
thickness h,, 4, and initial ice concentration Amax = 0.99. The sensible heat flux Q,, is assumed
constant, with a representative value of 30 W/m?. Solar radiation linearly increases from 50 to
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250 W/m? from day 1 to day 150, which is representative of the Antarctic sea ice zone from
September to December (Vancoppenolle et al., 2011).

We run ensembles of simulations with varying h,,,,, from 0.5 to 2.5 m. Three ensembles
are run. In the control ensemble, both shortwave enhancement and ice concentration loss are
active (p1 = p2 = 1). They are switched off separately in the two other ensembles.

The simulations feature a rapid ice concentration and thickness loss, and achieve
complete ice decay within a few weeks. From each simulation, we diagnose the average removal
rate as the mean of dA/dt over the whole simulation period, and the retreat date as the last day of
simulation with A > 15%.

A.3 A few insights from simulations

Figure A2 shows the simulations outputs. We find that, first, simulated relationship
between d, and hpax is linear, whereas the relationship between IRR and the two other variables is
non-linear. The relationships are not largely responding to sensible oceanic heat flux.

—CTL (p1=1,p2=1)
05 ——NOSW (p1=0)

——NOTIM (p2=0) 20

— \% Qw +20%

=

~ )

P 2 o) =2 0

o * . °- °

€05 -10

-20
-0.5 0 0.5 -04 02 0 02 04 -0.5 0 0.5

h™2 () h™2X () IRR (%/day)

Figure A2. Model (lines) versus observed (symbols) relationships between hyax, IRR and
dr. The CTL model ensemble (black) has all processes included as described above. The red
ensemble assumes SW absorption is fixed at initial value (p1=0, corresponding to A = 0.99). The
blue ensemble assumes concentration does not decrease upon thickness decrease (p,=0). The
green ensemble has 20% larger ocean sensible heat flux. The last five years of observations are
highlighted in red.

Second, relationships between observed anomalies (same data as in Figure 4 and 7) and
the control ensemble (black) are compatible. Indeed, we get roughly linear relationships over the
observed range of variations and slopes are compatible with observations. However,
observations differ from the model in two ways. There is spread in the observations, which
reflects the presence of non-ideal, non-thermodynamic drivers. Additionally, the retreat date is
less sensitive to removal rate in observations than in model.

Third, the IAF is key to establish the relationships between hyax, IRR and d;, sensitivity
ensembles show. Indeed, with no loss of concentration upon basal melt (blue), the removal rate
does not vary. Also, with prescribed solar absorption efficiency (red), the IRR vS hpax
relationship is preserved and the latter is set by concentration loss rate (see Equation (A. 2)).
Retreat occurs later, but the rate of change in retreat date per unit of thickness or IRR is large.

C.4 Conclusions
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The observed behavior with linearly co-evolving hma, IRR and d; are compatible with a
thermodynamic response to sea ice thinning. The ice albedo feedback seems a key driver of the
observed changes. In particular, observed changes in IRR are characteristic of the ice-albedo-
feedback as conceptualized by Holland et al. (2006), connecting solar radiation absorption
through open water, basal melt of thin ice concentration loss.
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