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Wind-Driven Coastal Polynya Variability Drives Decadal
Ice-Shelf Melt Variability in the Amundsen Sea

Michael Haigh1 , Paul R. Holland" ©©), Thomas Caton Harrison! ', and Pierre Dutrieux"

"British Antarctic Survey, Cambridge, UK

Abstract The ice shelves in the Amundsen Sea are being melted rapidly by warm Circumpolar Deep Water
(CDW), causing sea-level rise. Ice-shelf melt variability is controlled by the speed of a shelf-break undercurrent
which transports CDW onto the continental shelf. We study decadal variability of the undercurrent and ice-shelf
melting using new regional ice-ocean model perturbation experiments. The perturbation experiments suggest
that the undercurrent decadal variability is controlled by variable coastal sea-ice freshwater fluxes, these driven
by winds mechanically opening and closing coastal polynyas. With the perturbation experiments we also
quantify a positive feedback mechanism between the undercurrent and ice-shelf melting which is responsible for
25% of their decadal variability.

Plain Language Summary Glaciers flowing into the Amundsen Sea, West Antarctica are being
melting rapidly by warm ocean waters, contributing to global sea-level rise. A deep ocean current is responsible
for delivering this warm water to the glacial ice. On decadal timescales the speed of this current varies, which
causes the rate of ice melting to vary. In our study model experiments suggest that the variability in the speed of
the current is controlled by changes in the formation of sea ice. These experiments also suggest that changes in
the sea-ice formation are caused by variations in the winds near the Amundsen Sea coast.

1. Introduction

The ice streams flowing into the Amundsen Sea, West Antarctica, are losing mass faster than most others about
the continent (Mouginot et al., 2014; Rignot et al., 2014), contributing to global sea-level rise (Shepherd
et al., 2018). The ice loss is caused by basal melting of the downstream ice shelves by warm Circumpolar Deep
Water (CDW). Concerns surrounding this region are elevated by modeling studies (Jourdain et al., 2022;
Naughten et al., 2023) which project an anthropogenically forced acceleration of ice-shelf melting over the
coming century.

Ice-shelf melt variability is dynamically tied to the Amundsen Sea undercurrent, a warm current carrying CDW
that flows eastward along the continental slope. Observations show this current turns onto the continental shelf at
bathymetric troughs that intersect the shelf break (Assmann et al., 2013; Walker et al., 2007, 2013), simulta-
neously transporting CDW onto the continental shelf. This CDW is eventually advected towards the ice shelves
where it drives rapid melting. Through this process, variability in the undercurrent speed controls ice-shelf melt
variability (Dotto et al., 2019, 2020; Jenkins et al., 2016).

Processes controlling undercurrent variability are timescale-dependent. On monthly-yearly timescales the un-
dercurrent speed is controlled by shelf-break winds (Assmann et al., 2013; Azaneu et al., 2023) which baro-
tropically accelerate the surface and deep flow alike. On centennial timescales trends in the undercurrent are
caused by trends in atmospheric thermodynamically forced changes to sea-ice formation (Turner et al., 2025).
This study aims to provide clarity on important processes acting on intermediate decadal timescales (Dutrieux
et al., 2014; Jenkins et al., 2018).

Silvano et al. (2022) presented model output showing that the undercurrent decadal variability does not follow the
shelf-break winds, countering understanding (Holland et al., 2019, e.g.) at the time. Haigh and Holland (2024)
showed that in the same model sea-ice freshwater fluxes on and off the continental shelf alter the cross-slope
density gradient and baroclinically accelerate and decelerate the undercurrent. However, these studies were
based on just a single simulation; in this study we develop a suite of perturbation experiments to reach a stronger
mechanistic understanding of the modeled decadal variability. We find the decadal variability is predominantly
controlled by winds affecting coastal sea-ice freshwater fluxes and in turn the shelf-break undercurrent.
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2. Methods
2.1. Amundsen Sea Regional Model

We use a 0.1° regional configuration of MITgem including ocean, sea-ice and ice-shelf components. The model
uses climatological boundary conditions and is forced using six-hourly ERAS (Hersbach et al., 2020) 10-m winds,
surface longwave and shortwave radiation, 2-m air temperature, 2-m specific humidity, precipitation and at-
mospheric pressure. We use ERAS as it is considered one of the most reliable reanlyses for Antarctica (Gossart
et al., 2019; Tetzner et al., 2019). The model is spun up using the 1979-2002 forcing, after which the model is
restarted and run from 1979 to 2021 with monthly output.

An exception in the forcing regime is the year 1996 for which we use ERA-Interim since an error was identified in
ERAS for 1996 (Figure S1 in Supporting Information S1) which affects the simulation of Silvano et al. (2022) and
Haigh and Holland (2024). This error consists of an unrealistically strong, semi-permanent low-pressure center
over the deep ocean. ERA-Interim is the ideal replacement for 1996 given high correlations outside of 1996 with
ERAS.

Our model has previously been verified (Dotto et al., 2019, 2020; Naughten et al., 2022), but we conduct further
verifications utilizing an updated Pine Island Glacier mooring record (Figure S2 in Supporting Information S1).
The model reproduces the local 0°C isotherm depth (a measure pertinent for ice-shelf melting), but is affected by
brief, localized convective events not present in observations. While these convective events can briefly impact
local ice-shelf melt rates, our conclusions are not affected since these are based on larger-scale spatial and
temporal averages. For further details we refer the reader to the Supporting Information and to Naughten
et al. (2022) who conducted a detailed model validation of temperature/salinity profiles, ice-shelf melt rates, and
sea-ice concentration.

2.2. Perturbation Experiments

To examine drivers of decadal variability we develop perturbation experiments in which individual atmospheric
forcing variables either remain their default 1979-2021 values or are fixed to a repeating four-year cycle. For the
repeating cycle the year 1991 is repeated three times followed by the year 1992 once (for leap years). We use the
years 1991/1992 for the perturbation experiments since during this period the major climate indices El Nifio-
Southern Oscillation and the Southern Annular Mode are in neutral phases (Stewart et al., 2020).

We define five simulations. ALL: the reference simulation with all atmospheric variables varying as normal.
WINDS: winds varying as normal, with all other variables fixed to the repeating 1991/1992 cycle. THERMO:
winds fixed to the repeating 1991/1992 cycle, with all other variables varying as normal. NONE: all atmospheric
variables fixed to the 1991/1992 cycle. ALL NO FEEDBACK: ice-shelf meltwater fluxes fixed to the 1991-1992
time-mean computed in ALL. To confirm the suitability of 1991/1992, NONE simulations were conducted for all
11 possible year/leap year pairs between 1979 and 2021. Timeseries of the resulting undercurrent and ice-shelf
melting (Figure S3 in Supporting Information S1) show that using the years 1991/1992 leads to a simulation with
a steady state within the variability of ALL.

With ALL, WINDS, THERMO and NONE, we can determine whether Amundsen Sea decadal variability is
driven by atmospheric winds or thermodynamics. The wind variables appear in both the surface stresses and the
turbulent heat and moisture fluxes. To ensure WINDS has no decadal variability in the atmospheric thermody-
namic forcing, the repeating 1991/1992 winds are used in the computation of the turbulent heat fluxes. Likewise,
for consistency in THERMO, the fully varying winds are used in the computation of the turbulent heat fluxes.

ALL NO FEEDBACK is used to determine the importance of feedbacks between ice-shelf melting and the
undercurrent. This is motivated by studies (Haigh et al., 2023; Moorman et al., 2020; Si et al., 2023) which have
highlighted the role of ice-shelf melting in maintaining the on-shelf density structure. In ALL NO FEEDBACK
we diagnose the time-varying ice-shelf melting as usual, but instead input into the ocean constant ice-shelf heat
and salt fluxes equal to the 1991-1992 ALL time-mean.

2.3. Undercurrent Definition

We define the undercurrent following Haigh and Holland (2024). For each longitude along the 1000 m shelf-break
isobath the along-slope flow beneath the 1028 kg m™ isopycnal and above 800 m depth is averaged over a
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Figure 1. (a) Modeled time-mean flow (arrows) and potential temperature (color) at 450 m depth. Light gray masking
represents bathymetry shallower than 450 m, dark gray masking represents land/ice sheets and black masking represents ice
shelves. Blue arrows indicate the Dotson-Getz and Pine Island-Thwaites West/East troughs. The red arrow indicates Bear
Ridge. Inset: map showing model domain (black box) and subregion shown in this figure (gray box). (b) Time-mean winds
(arrows) and sea-ice and ice-shelf freshwater fluxes (color). Positive freshwater fluxes correspond to ocean freshening. The
ice shelves are outlined by the thick black contour. The cyan (white) contour represents the 1000 m (500 m) isobath.
meridional range of seven grid points centered on the isobath. The undercurrent speed at each longitude is then
defined as the maximum, evaluated over depth, of these meridionally averaged values. We then zonally average
the undercurrent speed along the 1000 m isobath between 125°W and 108°W, the undercurrent longitudes of
interest. Dotson-Getz and Pine Island-Thwaites West troughs (Figure 1a) are excluded from this zonal average as
these are locations at which the undercurrent turns onto the continental shelf. Using alternate undercurrent
definitions does not affect our conclusions.
We are also interested in the baroclinicity at the shelf break. We define this as the difference between the eastward
undercurrent speed and the surface flow. The surface flow is computed by averaging the along-slope upper-layer
velocity over the same lateral area as for the undercurrent.
2.4. Statistical Methods
With an interest in decadal variability, we detrend and apply a 4-year running mean to all presented timeseries.
Correlations between timeseries are computed using the Pearson correlation coefficient. Correlation significance
is computed using a two-sided Student's #-test, with the effective degrees of freedom defined as the number of
HAIGH ET AL. 3of 11

85U8017 SUOWIWOD BA 11D 3ol (dde ays Aq pausenob ake sapiie O ‘8sn JO S9N 10} Areiq1TaUI|UO 3|1 UO (SUORIPUOD-PUE-SWBIALI0D" A3 1M AleIq1jeul JUO//SdNL) SUORIPUOD PUe swie | 8y} &8s *[9202/T0/2z] Uo Ariqiaulluo /8|1 fenins onoeiuy usiug Aq 9¥S8TT 195202/620T 0T/I0p/wod A3 1M Aelq1jeuluo'sgndnBe//:sdny wouy pepeojumod ‘g ‘9202 ‘200816T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118546

time samples divided by twice the e-folding decorrelation timescale. This method allows us to account for the fact
that our simulations span only two to three cycles of the decadal variability.

We will present composites which use the shelf-break baroclinicity as the predictor. Depending on the variable of
interest, composites will be computed over either (a) periods when baroclinicity is maximum/minimum or (b)
periods preceding the maxima/minima. The maxima/minima are defined as time periods when the baroclinicity is
at least one standard deviation greater than/less than its mean. For the periods preceding the maxima/minima,
averages are evaluated over all times between the maxima/minima and the preceding minima/maxima. Figure S4
in Supporting Information S1 shows the baroclinicity timeseries and periods over which composites are
computed.

3. Results
3.1. Time-Mean State

Figure la shows the time-mean (1979-2021) flow and potential temperature at 450 m depth from ALL.
Consistent with observations (Assmann et al., 2013; Walker et al., 2007, 2013) the undercurrent flows eastward
along the continental slope and turns onto the continental shelf on the eastern sides of three bathymetric troughs.
As it does so, warm CDW is transported onto the continental shelf and onwards towards the ice shelves where it
drives rapid basal melt.

Figure 1b shows the time-mean winds, sea-ice freshwater fluxes and ice-shelf freshwater fluxes, illustrating
typical forcing of the Amundsen Sea. The time-mean winds are westward over the continental shelf and eastward
over the deep ocean. Despite near-zero time-mean winds over much of the continental slope, the eastward un-
dercurrent arises as a baroclinic flow generated by the pressure gradients in the Antarctic Slope Front (ASF),
visible in the temperature gradient across the continental slope (Figure 1a). The ASF is maintained by a com-
bination of (a) easterly wind-driven coastal downwelling that forces isopycnals on the continental shelf down-
wards, and (b) ice-shelf freshwater fluxes that lighten continental shelf waters relative to deep ocean waters.
Turner et al. (2025) also recently showed that the annual pattern of sea-ice formation on the continental shelf and
sea-ice melt further north decelerates the time-mean undercurrent by lightening the deep ocean waters relative to
the shelf waters.

3.2. Undercurrent and Ice-Shelf Melt Variability

Figure 2a shows timeseries of the along-slope surface flow speed, undercurrent speed, baroclinicity, wind speed
and ice-shelf melting from ALL. Ice-shelf melt timeseries are area averages computed over all ice shelves shown
in Figure 1, with the western half of Getz ice shelf (west of 125°W) omitted since this part of its cavity is not
supplied with CDW by the undercurrent. Variability in the undercurrent does not follow variability in the local
winds (Silvano et al., 2022), with these instead weakly anti-correlated on timescales longer than 1 year
(r = —0.32, p = 0.32, for 4-year running mean). Ice-shelf melt variability closely follows the undercurrent
(r = 0.92, p<0.05), reflecting the role that the undercurrent plays in transporting CDW onto the continental
shelf. Figure S5 in Supporting Information S1 shows advection of heat onto the continental shelf is balanced by
latent heat from ice-shelf melting, evidence that variability in the on-shelf advection of CDW by the undercurrent
is responsible for ice-shelf melt variability. Variability in the baroclinicity follows the undercurrent (r = 0.90,
p <0.05), but with approximately double the magnitude. This is due to the surface flow variability opposing the
undercurrent (r = —0.75, p <0.05) and instead following the winds (r = 0.72, p <0.05).

Figures 2b-2d shows timeseries of the undercurrent speed, baroclinicity and ice-shelf melting from each
perturbation experiment. In WINDS, the undercurrent speed, baroclinicity and ice-shelf melting each have
decadal variability similar to ALL, suggesting that wind stresses are the primary driver of the variability. In
THERMO, there is weak decadal variability over most of the simulation, aside from after 2015 when there are
minima in the undercurrent, baroclinicity and ice-shelf melting, each as strong as in WINDS. NONE features
almost no decadal variability. In general, the ice-ocean variability in ALL is not equal to the sum of the vari-
abilities from WINDS and THERMO. This represents a nonlinearity in the physical system that we quantify and
discuss in Supporting Information S1 (Figure S7).

ALL NO FEEDBACK has variability similar to but weaker than ALL. The ALL NO FEEDBACK ice-shelf
melting has standard deviation approximately 25% smaller than in ALL, and the undercurrent and
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Figure 2. (a) Timeseries of the along-slope undercurrent, baroclinicity, surface flow, wind speed and ice-shelf melting from
ALL. Timeseries of the (b) undercurrent, (c) baroclinicity and (d) ice-shelf melting from the five perturbation experiments,
ALL, WINDS, THERMO, NONE, and ALL NO FEEDBACK. In (c) the dashed lines represent =1 standard deviation of the
ALL baroclinicity.
baroclinicity have standard deviations approximately 30% smaller than in ALL. This difference quantifies the
impact of a positive feedback mechanism between ice-shelf melting and the undercurrent, which we expand on in
the next section.
3.3. Cross-Slope Density Variability
Analysis of the cross-slope density further illuminates the drivers of the undercurrent and baroclinicity variability.
Figure 3 shows composite anomalies of the cross-slope density and along-slope flow, zonally averaged along the
undercurrent pathway, for all five simulations. The composites are averaged over periods when the ALL bar-
oclinicity is one standard deviation above (Figures 3a, 3 c, 3e, 3g, 3i and 3k) and one standard deviation below
(Figures 3b, 3 d, 3f, 3h, 3j and 31) its time mean. In ALL (Figures 3a and 3b), variability in the undercurrent and
baroclinicity is a consequence of density variability on the continental shelf altering the cross-slope pressure
gradient. The undercurrent is accelerated by negative on-shelf density anomalies and decelerated by positive on-
HAIGH ET AL. Sof 11
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Figure 3. Composite anomalies of the cross-slope density, averaged along the undercurrent pathway, averaged over periods
of maximum and minimum baroclinicity. Composites are for (a), (b) ALL (c), (d) WINDS (e), (f) ALL NO FEEDBACK (g),
(h) THERMO (i), (j) difference between ALL and ALL NO FEEDBACK (k, 1) NONE. Contours represent the along-slope
velocity anomalies (1 mm s~ contour interval; dashed are zero and negative). The coordinate Yslope 18 the meridional distance
from the 1,000 m continental slope isobath.

shelf density anomalies. This conclusion is similar to Haigh and Holland (2024), where density anomalies both on
and off the continental shelf were found to be important. However, the transition to using ERA Interim in 1996,
avoiding the ERAS error, has led to density variability north of the shelf break no longer having a strong signal.

In WINDS (Figures 3c and 3d), the on-shelf density anomalies are similar to those in ALL, consistent with the
similarities between the ALL and WINDS undercurrent and baroclinicity timeseries (Figure 2). THERMO
(Figures 3g and 3h) and NONE (Figures 3k and 31) both exhibit weak on-shelf density variability and corre-
spondingly weak undercurrent variability. ALL NO FEEDBACK (Figures 3e and 3f) has density variability
similar to but 25% weaker than ALL (comparing maximum and minimum density anomalies). This difference
(Figures 3i and 3j) quantifies the feedback of ice-shelf melting back onto the undercurrent: as the ice-shelf melting
responds to the undercurrent variability, the resulting ice-shelf meltwater input enhances the on-shelf density
anomalies and in turn the undercurrent anomalies. While this feedback between ice-shelf melting and the
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undercurrent enhances anomalies in both, the initial driver of on-shelf density and undercurrent variability re-
mains to be determined.

3.4. Drivers of Variability

Motivated by Haigh and Holland (2024), we consider sea-ice freshwater fluxes as the potential driver of the
variability. Figures 4a—4h shows composites of the sea-ice freshwater flux for ALL, WINDS, THERMO and
NONE. These composites are computed by averaging over time preceding the maxima and minima in the bar-
oclinicity (see Figure S4 in Supporting Information S1). Figures 4a and 4b also shows composites of the winds—
these are the same for ALL and WINDS, but THERMO and NONE have no decadal variability in the winds.

In ALL (Figures 4a and 4b), periods of maximum baroclinicity/fast undercurrent are preceded by on-shelf
freshening anomalies due to reduced sea-ice formation. Periods of minimum baroclinicity/slow undercurrent
are preceded by on-shelf sea-ice salinification (negative) anomalies from increased sea-ice formation. The wind
composites show that the reduced sea-ice formation preceding baroclinicity maxima is caused by wind anomalies
directed south-eastwards towards the coast which close coastal polynyas (Macdonald et al., 2023; O’Connor
et al., 2025). The increase in sea-ice formation preceding baroclinicity minima is caused by wind anomalies
directed north-westwards away from the coast which open coastal polynyas. The modeled sea-ice formation
variability correlates (r = 0.40, p = 0.17) with estimates from remote sensing (Figure S8 in Supporting Infor-
mation S1), with uncertainties in these estimates likely weakening this correlation (Nakata et al., 2021).

The WINDS (Figures 4c and 4d) sea-ice freshwater flux composites are similar to those from ALL, but are
marginally weaker, in particular for the periods preceding baroclinicity minima. THERMO and NONE exhibit
little variability in the sea-ice freshwater fluxes, leading to little variability in the undercurrent and ice-shelf
melting.

The sea-ice freshwater flux composites suggest that freshwater fluxes preceding baroclinicity maxima/minima
drive the baroclinicity and undercurrent variability. That is, integrated over time the freshwater flux anomalies
produce on-shelf density anomalies (Figure 3) that baroclinically accelerate and decelerate the undercurrent. To
illustrate this further, Figure 4i shows timeseries of the time-integrated coastal sea-ice freshwater flux for ALL,
WINDS, THERMO and NONE. The coastal area of integration is shown in Figure 4g. Also plotted in Figure 4i is
the ALL baroclinicity timeseries for comparison. The ALL sea-ice freshwater flux timeseries follows the ALL
baroclinicity timeseries (r = 0.80, p < 0.05). The WINDS sea-ice freshwater flux reproduces well the ALL sea-
ice freshwater flux (r = 0.94, p < 0.05), especially preceding baroclinicity maxima (less sea-ice formation). The
WINDS sea-ice freshwater flux preceding the 2016 baroclinicity minimum is, however, much weaker than in
ALL. This is caused by the lack of atmospheric thermodynamic variability in WINDS, a factor which is more
important during the opening of polynyas than during the closing of polynyas.

Past studies (O’Connor et al., 2025; St-Laurent et al., 2015; Webber et al., 2017) have suggested that heat fluxes in
coastal polynyas drive variability in ice-shelf melting. We find that surface heat fluxes play a secondary role,
evidenced by composites and timeseries of the surface heat flux (Figure S4 in Supporting Information S1) and the
on-shelf heat budget (Figure S5 in Supporting Information S1). We conclude that wind-driven sea-ice freshwater
fluxes explain most of the undercurrent and ice-shelf melt variability. The mechanism is summarized in Figure 5.

4. Discussion

We have considered natural decadal variability of ice-shelf melting, sea-ice melt/formation, and the undercurrent
in the Amundsen Sea. On decadal timescales the undercurrent variability is baroclinic and opposes local wind
variability (Haigh & Holland, 2024; Silvano et al., 2022). We have conducted a suite of perturbation experiments
to determine the drivers of this baroclinic variability and resulting ice-shelf melt variability.

The undercurrent variability is driven by on-shelf density variability which alters the cross-slope baroclinic
pressure gradient. The perturbation experiments reveal that the density variability is caused by the sea-ice
freshwater flux variability in wind-driven coastal polynyas. With the perturbation experiments we also quan-
tify a positive feedback mechanism between the undercurrent and ice-shelf melting, which is responsible for 25%
of their decadal variability. A limitation of our model is that it uses climatological boundary conditions. While the
model reproduces observed on-shelf thermocline variability (Figure S2 in Supporting Information S1), it has been
shown that transient boundary conditions can have a secondary effect on modeled Amundsen Sea temperatures on
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Figure 4. (a)-(h) Composites of the sea-ice freshwater flux anomaly averaged over periods preceding baroclinicity maxima
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composites of the winds. The black contour is the 1000 m shelf break isobath. (i) Time-integrated coastal sea-ice freshwater
flux for ALL, WINDS, THERMO and NONE (coastal area of integration shown in (g)). The scaled ALL baroclinicity is also
shown for comparison.
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Figure 5. Schematic of the proposed mechanism. (a) Winds anomalies towards the coast lead to increased ice-shelf melting.
(b) Wind anomalies away from the coast lead to reduced ice-shelf melting.

interannual timescales (Nakayama et al., 2018), and are essential when considering centennial timescales
(Jourdain et al., 2022; Naughten et al., 2023).

Our results add to growing evidence that on longer timescales variability in the Amundsen Sea is controlled by
buoyancy fluxes. Caillet et al. (2023) showed that wind stress variability can strongly affect sea-ice related
buoyancy fluxes and in turn on-shelf temperature anomalies. Our study shows that the ice-shelf melt response to
on-shelf temperature anomalies can augment itself via feedbacks with the undercurrent. Turner et al. (2025)
showed that future trends in Amundsen Sea temperatures and ice-shelf melting are caused by reduced sea-ice
formation. Finally, however, Jourdain et al. (2022) and Naughten et al. (2023) have both suggested that in a
warmer future climate, the Amundsen Sea may no longer be sensitive to surface buoyancy fluxes. These con-
clusions underline the need for further research into future trends in ice-shelf melting in West Antarctica.
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