
1.  Introduction
The Antarctic Ice Sheet is losing mass at an accelerating rate, contributing to global sea level rise (Rignot 
et al., 2019; Shepherd et al., 2018). The most rapid loss and retreat have been observed in the Amundsen Sea 
Embayment, West Antarctica, triggered by rapid ocean-driven melting of floating ice shelves in the eastern 
Amundsen Sea (Pritchard et  al.,  2012; Shepherd et  al.,  2004). Recent observational work has suggested that 
periods of enhanced West Antarctic Ice Sheet retreat are linked to decadal ocean variability (Jenkins et al., 2018), 
whereby warmer ocean conditions drive ice-shelf thinning, grounding line retreat, and ice-sheet mass loss.

Previous work (Jenkins et al., 2016) has linked the decadal variability of ocean properties on the eastern Amund-
sen Sea continental shelf to changes in the Amundsen Undercurrent that forms along the shelf break (Figure 1). 
The flow's structure at the shelf break (outside troughs) consists of a weak (mostly westward) cold (∼freezing 
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temperature) flow near the surface and a strong, warm (>0°C) eastward current near the sea floor (the under-
current; Walker et al., 2013, Figure 1b). The undercurrent transports warm and salty Circumpolar Deep Water. 
Multiple deep glacially incised troughs cross the continental shelf of the eastern Amundsen Sea, connecting the 
shelf break to the ice-shelf cavities. Once the undercurrent encounters these troughs, its flow is diverted onto the 
shelf and warm Circumpolar Deep Water can reach the base of the ice shelves (Figure 1a; Nakayama et al., 2013). 
When the Amundsen Undercurrent strengthens more ocean heat is advected onto the continental shelf (Dotto 
et al., 2019, 2020), ultimately increasing ice-shelf basal melting (Jenkins et al., 2016; Kimura et al., 2017).

The undercurrent variability has been linked to wind changes in the shelf-break region (Dotto et al., 2020; Wåhlin 
et al., 2013). At monthly time scales wind anomalies influence the barotropic (i.e., depth-independent) flow along 
the shelf break, implying that eastward (westward) anomalies of local winds cause undercurrent strengthening 
(weakening). In turn, wind anomalies at timescales up to interannual are correlated with observations of ocean 
heat content variations (Dutrieux et al., 2014; Kim et al., 2021) and ice-shelf thickness (Paolo et al., 2018). Based 
on these results, integrated wind anomalies at the shelf break of the eastern Amundsen Sea have been used as a 
proxy for the decadal variability in ocean heat on the shelf and glacial melting (Jenkins et al., 2016, 2018).

At interannual to decadal time scale, shelf-break winds in the Amundsen Sea are heavily influenced by tropical 
Pacific variability through atmospheric teleconnections (Holland et al., 2019; Li et al., 2021; Steig et al., 2012). 
Warmer sea surface temperature over the tropical Pacific (El Niño-like conditions) causes a weakening of the 
cyclonic atmospheric circulation in the Amundsen Sea (often referred to as the Amundsen Sea Low), resulting 
in eastward wind anomalies at the shelf break. Previous studies have focused on the barotropic response of 
the undercurrent to wind variability, suggesting enhanced ice-shelf melting under anti-cyclonic wind anomalies 
(Dotto et al., 2020; Dutrieux et al., 2014; Jenkins et al., 2016).

However, the baroclinic (i.e., depth-dependent) response remains unclear. Ocean pressure gradients (which 
induce geostrophic currents) are due to sea level gradients near the surface, but can be dominated by vertically 
integrated horizontal density gradients at greater depths. Thus, the vertical shear of the velocity at the shelf 
break is related to the density surfaces (i.e., isopycnals) sloping downward toward Antarctica (Figure 1b). This 
feature is known as the Antarctic Slope Front (Thompson et al., 2018). In this context, the undercurrent can be 
treated as a baroclinic current given that its presence is associated with the Antarctic Slope Front (Heywood 
et al., 1998; Walker et al., 2013). Here we consider a regional model of the Amundsen Sea to show that the 
undercurrent's barotropic response to atmospheric changes is dominant on short (less than 1 year) time scales, but 
that the baroclinic response (associated with the Antarctic Slope Front) determines the undercurrent's variability 
on decadal time scales. In our simulation, the baroclinic response opposes the barotropic response, resulting in 
increased ice-shelf melting in association with decadal-scale cyclonic atmospheric anomalies in the Amundsen 
Sea, contrary to previous assumptions.

2.  Methods
2.1.  Amundsen Sea Model

We analyze a hindcast simulation of the Amundsen Sea region using the MITgcm (Marshall et al., 1997) includ-
ing components for the ocean, sea ice, and ice shelf. The model configuration is almost identical to the baseline 
simulation of Naughten et al. (2022) forced by ERA5 (Hersbach et al., 2020). The only difference is the treat-
ment of iceberg meltwater, which here is injected uniformly around the coast, tapered linearly over a distance of 
100 km offshore, spread evenly over the top 350 m of the ocean, and with a total flux of 100 Gt/yr. This change 
was found to make no significant difference to the simulation, and we therefore refer the reader to the full model 
description and validation of Naughten et al. (2022). The simulation period is 1979–2019, forced by the ERA5 
atmospheric reanalysis, and it is preceded by a spin-up that repeats the first 24 years of the forcing. The lateral 
ocean boundaries are forced by a monthly climatology derived from observational products and state estimates 
(see Naughten et al., 2022), which therefore does not introduce additional decadal variability. This model has 
been shown to generally agree with the observed mean state and decadal variability, including warmer ocean 
conditions in the mid-late 2000s followed by cooling after 2010, even though the range of observed temperature 
variability is not perfectly captured by the model (Naughten et al., 2022). Because of the “forcing jump” applied 
to the model in 1979 we have removed from the analysis the first 5 years of the simulation, to allow for the 
baroclinic processes to fully develop. We also note that the model has a limitation because unrealistic cooling 
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occurs near the coast during a single event toward the end of the simulation 
(after 2013; Naughten et al., 2022). These cold anomalies are potentially due 
to a model bias that favors enhanced vertical mixing below the thermocline. 
This cooling event is localized near the coast and does not extend to the shelf 
break (Naughten et al., 2022), and therefore it is not expected to affect under-
current variability, which is the focus of this work.

2.2.  Climate Indices

To evaluate the role of tropical Pacific variability on decadal-scale atmos-
pheric and oceanic changes in the Amundsen Sea, we consider the Tripole 
Index (TPI; https://www.esrl.noaa.gov/psd/data/timeseries/IPOTPI/) for the 
Interdecadal Pacific Oscillation (IPO). This index is based on the sea surface 
temperature anomaly in three areas of the Pacific Ocean (Henley et al., 2015). 
IPO variability has a broadly similar pattern to the El Niño-Southern Oscil-
lation (ENSO) but acts on longer time scales. For this reason, the TPI is 
more appropriate in this study compared to other indices such as the Southern 
Oscillation Index, which is designed to describe interannual ENSO-related 
variability. Positive TPI values indicate warmer surface conditions in the 
tropical Pacific. We also consider the Southern Annular Mode (SAM) in 
the analysis, which captures the leading mode of atmospheric variability 
in  the  Southern Hemisphere. To first order, SAM describes changes of west-
erly winds over the entire Southern Ocean, whereby positive (negative) SAM 
is associated with strengthening (weakening) of the westerlies. The monthly 
SAM index is obtained from the British Antarctic Survey (G. Marshall, 2003; 
https://legacy.bas.ac.uk/met/gjma/sam.html). Monthly TPI and SAM indices 
are standardized before analysis.

2.3.  Statistical Analysis

We perform correlation and coherence analyses of multiple ocean, atmos-
pheric and climate variables. Anomalies are defined by removing the trend 
and seasonal cycle from each time series. Confidence levels for the cross 
correlations are estimated through a Student's t-test, taking into account the 
effective degrees of freedom for both monthly and 5-year smoothed time 
series. We consider time series smoothed with a 5-year running mean as 
representative of decadal variability (∼10-year smoothing is typically used for 
investigating interdecadal variability; e.g., Henley et al., 2015). The number 
of effective degrees of freedom is obtained via the time scale over which 
the autocorrelation falls below 1/e. Correlations refer to 0-month lag, unless 
otherwise specified. Squared coherence quantifies the correlation between 

two time series in frequency space. Confidence levels are obtained following Equation 5.173 of Thomson and 
Emery (2014), after having applied a 7-year Hamming window to spectra and cross-spectra and no overlap.

3.  Results
3.1.  Baroclinic Undercurrent Variability on Decadal Time Scales

The modeled Amundsen Undercurrent pathway is defined for each longitudinal grid point by the latitude over 
the upper slope/shelf break (i.e., between the 500 and 1,500 m isobaths) where the time-mean along-slope flow 
in the Circumpolar Deep Water layer (neutral density > 27.95 kg m −3) is maximum. The along-slope velocity is 
obtained by rotating the reference system to follow the 1,000 m isobath. We focus our attention on the eastern 
Amundsen Sea, between 125°W and 100°W. As we examine along shelf-break flow, and also to avoid contam-
ination in the undercurrent signal by the complex trough dynamics (Saldías & Allen, 2020), we exclude the 
trough mouths from the definition of the undercurrent pathway (see Figure S1 in Supporting Information S1). 

Figure 1.  (a) Simulated time-mean (1984–2019) ocean potential temperature 
(°C, background color) and velocity (m s −1, vectors) at 450 m depth in the 
Amundsen Sea. In blue are the 500- and 2,000-m isobaths (Morlighem 
et al., 2020). In white areas the sea floor is shallower than 450 m. Light gray 
regions indicate ice shelves, while grounded ice areas are in dark gray. White 
arrows highlight warm undercurrent intrusions onto the continental shelf 
along troughs. (b) Cross slope section (see black transect in (a) for location) 
of time-mean (1984–2019) potential temperature (°C, background color), 
along-slope velocity (m s −1, dashed black contours for zero or negative values, 
solid black lines for positive values) and neutral density (kg m −3, green; 
McDougall & Barker, 2011). Note the different contour spacing of negative 
and positive velocities. The inset highlights the model domain (blue) and the 
area shown in (a) (red).
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The undercurrent velocity is defined along the undercurrent pathway as the vertical average of the along-slope 
velocity between the depth of the 27.95 kg m −3 neutral density surface and the sea floor. Other definitions of the 
undercurrent velocity (e.g., maximum along-slope velocity in the vertical) do not affect the conclusions of this 
study, as confidence levels do not change.

Figure  2a shows velocity anomalies of undercurrent and surface geostrophic current (estimated from the 
cross-slope sea level gradient) spatially averaged along the undercurrent pathway. Hereafter we refer to the surface 
geostrophic current as surface current. This figure reveals that undercurrent and surface current are anti-correlated 
(R = −0.84, 95% significant) when a 5-year running mean is applied. A coherence analysis (Figure 2b) illustrates 
how this out-of-phase relationship emerges on decadal (∼5 years) time scales (i.e., undercurrent and surface 
current are out of phase), while on monthly time scales the undercurrent variability is barotropic (i.e., under-
current and surface current are in phase). At interannual time scales (∼1–2  years) the coherence decreases. 
At decadal time scales we find no clear lag between undercurrent and surface flow (Figure  2b), suggesting 
that interior baroclinic adjustment occurs in less than 5 years and that the spatio-temporal smoothing procedure 
“filters out” the lag signal. This is also highlighted by the lag correlation between 5-year smoothed surface and 
undercurrent velocities (Figure S2 in Supporting Information S1), which shows a significant negative correlation 
at 0-month lag and a peak at 5-month lag. These results are consistent with those described in previous modeling 
works (Spence et al., 2014, 2017) showing how baroclinic changes of the flow at the shelf break (associated with 
the Antarctic Slope Front, see below) start to emerge less than a year after sea level changes.

Here we focus on the undercurrent over the entire eastern Amundsen Sea and therefore we spatially average the 
undercurrent velocities along the undercurrent pathway. The 5-year smoothed undercurrent velocities in different 
“sectors” of the shelf break (as defined in Figure S1 in Supporting Information S1) are highly correlated with 
one another (R > 0.7, 95% significant, see Figure S3a in Supporting Information S1). This indicates that spatial 
variability within the eastern Amundsen Sea does not affect the undercurrent's decadal variability as examined 
in this work.

3.2.  Climate Forcing of Undercurrent's Decadal Variability

To better understand how the undercurrent responds to climate forcing at decadal time scales, we consider 5-year 
filtered time series from now on, unless otherwise specified. We estimate the correlation between surface flow/
undercurrent and two climate indices: TPI and SAM. As suggested in previous work (Holland et al., 2019), we 
find a positive correlation between the TPI and the surface current at the shelf break (R = 0.87, 95% significant). 
Consistent with the anti-phased relationship described above, the undercurrent exhibits a negative correlation 
with the TPI (R = −0.69, 95% significant). We find no significant correlation between SAM and surface current 
or undercurrent, confirming how the non-annular atmospheric circulation regulated by tropical Pacific forcing 
determines decadal oceanic changes in the Amundsen Sea. While the correlation between undercurrent and TPI 
is relatively high, other mechanisms are likely to partly contribute to the undercurrent variability, including wind 
variability not captured by the TPI, local dynamical and thermodynamical feedbacks, and fluctuations of the 
Antarctic Circumpolar Current.

Now, to further investigate how the Amundsen Sea is influenced by tropical Pacific forcing, we average atmos-
phere and ocean properties during periods of negative TPI, corresponding to times of strengthened undercurrent 
(Figure 2a). We define times of negative TPI when the index is less than −0.37 (i.e., −1 standard deviation), noting 
that other thresholds (e.g., TPI < 0) do not affect the spatial patterns shown below. Opposite patterns to those 
described below occur during positive TPI (not shown). A negative period of the TPI (i.e., cooling in the tropical 
Pacific) is associated with a cyclonic atmospheric circulation anomaly centered near the northern boundary of 
the model domain, resulting in westward wind anomalies throughout the Amundsen Sea (Figures 3a and 3b). The 
ocean surface stress curl associated with this atmospheric pattern is positive on the continental shelf and negative 
further north (Figure 3b). This is due to the fact that the strongest westward wind anomalies occur  at ∼ 68–70°S, 
just north of the shelf break where the time-mean winds are westerlies (Figure 3a). Consequently, the curl of the 
wind field is positive to the south of the westerly wind band (Figure 3b). Through Ekman dynamics, this results in 
positive sea level anomalies on the continental shelf and negative anomalies off the shelf. This wind pattern drives 
(a) enhanced sea level near the coast relative to offshore (Figures 3c) and (b) deepening of the isopycnals on the 
continental shelf relative to offshore (where isopycnals do not show appreciable changes in depth; Figure 3d and 
Figure S4 in Supporting Information S1; see also Spence et al., 2014, 2017). Surface buoyancy forcing can also 
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Figure 2.  (a) Anomalies of undercurrent, surface current, Tripole Index (TPI) and spatially averaged basal melting of eastern 
Amundsen Sea ice shelves (i.e., Dotson, Crosson, Thwaites, Pine Island, and Cosgrove). We have removed the trend and 
seasonal cycle from each time series, and have applied a 5-year running mean. The legend shows color, scaling and unit 
associated with each time series. The horizontal dashed black line indicates the TPI value corresponding to −1 standard 
deviation (TPI = −0.37). All time series are correlated (95% significant) with each other, with TPI and surface current 
negatively correlated with undercurrent and ice-shelf basal melting. (b) Squared coherence (brown) and phase angle (blue) 
between surface current and undercurrent velocities. We have removed the trend and seasonal cycle from the time series, and 
no running mean has been applied before estimating the coherence. Note that a phase angle of ±180° at decadal time scales 
indicates that the two time series are out of phase, as the cross correlation between 5-year smoothed time series shows that 
at 30 months (half a period) lag/lead the correlation is not significant at 95% (see Figure S2 in Supporting Information S1). 
Highlighted in dashed brown is the 95% confidence level and in dashed blue is the 0° phase angle.
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Figure 3.
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influence isopycnal depth on the continental shelf. However, we find that during negative TPI periods, surface 
fluxes act to cool and enhance salinity on the shelf (Figure S5 in Supporting Information S1) which, if relevant, 
would act to raise isopycnals by making waters denser (Stewart & Thompson, 2016), weakening the undercur-
rent. Finally, enhanced coastal sea level causes a sea-surface gradient anomaly that induces a westward flow 
anomaly near the surface at the shelf break, while steepening of the Antarctic Slope Front generates an eastward 
anomaly in (i.e., a strengthening of) the undercurrent (Figure 3d and Figure S4 in Supporting Information S1) 
through thermal wind balance. These results are consistent with a negative correlation (R < −0.7, 95% signifi-
cant) between undercurrent and wind velocities in the westerly winds to the north of the shelf on decadal time 
scales (Figure S6b in Supporting Information S1), but contrast with monthly time scales. Indeed, at monthly time 
scales the undercurrent variability is barotropic and positively correlated with winds at the shelf break (Figure 
S6a in Supporting Information S1), as highlighted in previous works (Dotto et al., 2020; Wåhlin et al., 2013).

3.3.  Climate Forcing of Decadal Ice-Shelf Melting in the Amundsen Sea

Our modeling work shows how the interior ocean adjustment to atmospheric forcing regulates the undercur-
rent strength on decadal time scales. Cyclonic wind anomalies during negative TPI periods are associated with 
undercurrent strengthening, coastal warming and enhanced ice-shelf basal melting (Figures 2a and 3e). However, 
the outer continental shelf exhibits a cooling signal. Cyclonic wind anomalies deepen the on-shelf isopycnals, 
causing the Antarctic Slope Front to steepen (Figure 3d), resulting in cooling near the shelf break in response 
to deepening of the thermocline (see Figure S7 in Supporting Information S1). In turn, undercurrent velocity 
changes regulate the temporal variability in ocean heat flux toward the coast (see Figure S8 in Supporting Infor-
mation S1; Assmann et al., 2013; Kalen et al., 2016; Kimura et al., 2017; Wåhlin et al., 2013), and therefore this 
cooling signal disappears closer to the ice shelves. Local forcing on the continental shelf, such as surface buoy-
ancy forcing (St-Laurent et al., 2015; Webber et al., 2017) and Ekman pumping (Donat-Magnin et al., 2017; Kim 
et al., 2021) affecting the depth of isotherms near the coast, can also contribute to changes in ice-shelf melting. 
While we cannot rule out that such processes may play a significant role, they are unlikely to be the main driver 
of decadal variability in this model (Kimura et al., 2017; see Supporting Information S1). The strong correlation 
(R  =  0.96, 95% significant) between undercurrent velocity and ice-shelf basal melting further confirms that 
oceanic changes at the shelf break determine decadal variability in ice-shelf melting. If simulated years after 2013 
(when the model exhibits unrealistic cooling near the coast, see Section 2) are not considered, the correlation 
between 5-year smoothed ice-shelf basal melt and undercurrent velocity remains strong (>0.9, 95% significant), 
consistent with the conclusion that undercurrent strength regulates ice-shelf basal melting at decadal time scales.

Note that we find virtually no lag between undercurrent velocity and ice-shelf basal melting on decadal time 
scales (i.e., the two time series are in phase; see Figure S9 in Supporting Information S1). This is consistent 
with the relatively short (few months) advective time between the shelf break and the ice-shelf cavities (Kimura 
et al., 2017), and with the spatio-temporal smoothing applied. We also estimate the modeled flushing time of the 
eastern Amundsen Sea continental shelf (i.e., continental shelf seawater volume divided by the volume flux onto 
the shelf; Text S2 in Supporting Information S1). We find that the flushing time is 18 ± 3 months, consistent with 
the residence time of Circumpolar Deep Water on the Amundsen Sea continental shelf estimated using simulated 
Lagrangian particle tracking (Tamsitt et al., 2021). This suggests that the continental shelf has a limited “buff-
ering capacity” on time scales longer than interannual, consistent with the ice-shelf basal melting being directly 
related to the undercurrent velocity on decadal time scales.

Figure 3.  (a) Time-mean (1984–2019) winds (vectors, m s −1) and atmospheric surface pressure field (contours every 2 mbar) overlaid on zonal wind speed anomaly 
(background color) during negative Tripole Index (TPI). (b) Wind (vectors) and atmospheric pressure (contours every 0.25 mbar; dashed for negative and zero values, 
solid for positive values) anomalies overlaid on surface stress curl anomaly (background color, 10 −7 N m −3) during negative TPI. Here we have applied a 50-km spatial 
smoothing (rolling mean) to reduce noise arising from applying a spatial derivative to obtain the curl, but also because the surface stress curl is locally influenced 
by oceanic jet dynamics transferring momentum from the ocean to the sea ice (Stewart et al., 2019) that mask the large-scale forcing (see Figure S10 in Supporting 
Information S1). (c) Sea level anomaly (background color, m) during negative TPI. Vectors and contours as in (b). (d) Meridional section of along-slope velocity 
anomaly (m s −1) during negative TPI. The transect location is highlighted in (e) by the thick black line. The solid green lines represent the 27.95 and 28.05 kg m −3 
neutral density surfaces during negative TPI periods, while the dashed green lines indicate the time-mean (1984–2019) surfaces. (e) Map of potential temperature 
anomaly (°C) during negative TPI, vertically averaged between 200 m and the seafloor. The black arrows highlight where the undercurrent accesses the troughs. The 
500- and 2,000-m isobaths are shown in all panels (except (d)) by the thin black lines.
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4.  Summary and Outlook
To summarize, our modeling work suggests a four-step process by which 
tropical Pacific variability regulates ice-shelf basal melting in the eastern 
Amundsen Sea on decadal time scales (Figure 4). (a) A cooler ocean surface 
in the tropical Pacific generates cyclonic wind anomalies in the Amundsen 
Sea. (b) Cyclonic wind anomalies and associated changes in the large-scale 
surface stress curl over the Amundsen Sea cause isopycnals to deepen on the 
continental shelf, resulting in Antarctic Slope Front steepening. (c) Steepen-
ing of the Antarctic Slope Front induces a baroclinic undercurrent strength-
ening. (d) Undercurrent strengthening causes on-shelf warming, increasing 
ice-shelf basal melting. The opposite happens during warmer tropical 
Pacific conditions. This view contrasts with the general assumption to date 
that the undercurrent weakens under cyclonic atmospheric anomalies when 
shelf-break winds exhibit westward anomalies (Dotto et  al.,  2020; Jenkins 
et  al.,  2016). This difference arises because previous work is founded on 
inferences from monthly to interannual variability, while our model indicates 
that an opposite response emerges at decadal time scales. Enhanced ice-shelf 
melting at decadal time scales can impact the ice sheet, as observed in the late 
2000s with accelerated grounding line retreat and ice-sheet discharge in the 
eastern Amundsen Sea (Jenkins et al., 2018; Mouginot et al., 2014).

Our work suggests a key role for baroclinicity in influencing ocean decadal 
variability in the Amundsen Sea. However, this work relies on a single 
model which carries some limitations (see Methods). Other lines of evidence 
suggest that time-integrated barotropic anomalies of the undercurrent are 
important to decadal variability of ice-shelf melting (Jenkins et al., 2016). 
Moreover, both interannual (Dutrieux et al., 2014) and centennial (Naughten 
et al., 2022) ocean variability have been shown to affect ice-shelf melting, 
so the interplay between different frequencies of atmospheric forcing on 
ocean variability needs to be taken into account. Thus, more work is needed 
to investigate the role of baroclinic adjustment in the Amundsen Sea's in 
response to atmospheric forcing, potentially including simulations with more 
idealized settings and circumpolar domains (e.g., Verfaillie et al., 2022) as 
well as sustained long-term observations. Importantly, the regional model 
employed in this study is forced by monthly climatological boundary condi-
tions, preventing assessment of the role of remote forcing, which has been 
shown to influence ocean temperatures on the Amundsen Sea continental 
shelf (Flexas et al., 2022; Nakayama et al., 2018). Finally, current climate 
models are too coarse to resolve oceanic processes on the Antarctic continen-
tal slope (Thompson et al., 2018). Our work highlights that increased reso-

lution or improved parametrization of shelf-break processes are required in such models if they are to reliably 
predict future sea level rise due to melting of the West Antarctic Ice Sheet.

Data Availability Statement
The model output is publicly accessible (Silvano & Holland, 2022).
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