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Abstract A crucial factor influencing the mass balance of the West Antarctic Ice Sheet is the Amundsen Sea
Low (ASL), a climatological low‐pressure region situated off the West Antarctic coast. However, albeit the
deepening of the ASL since the 1950s has been attributed to anthropogenic forcing, the multi‐decadal variability
of the ASL remains poorly understood, because of a lack of long observations. Here, we apply a newly
developed data assimilation method to reconstruct the ASL over 1870–2000. We study the forced and internal
variability of the ASL using our new reconstruction in concert with existing large ensembles of climate model
simulations. Our findings robustly demonstrate that an atmospheric teleconnection originating from the tropical
Indo‐Pacific is the main driver of ASL variability at the multi‐decadal time scale, with resemblance to the
Interdecadal Pacific Oscillation. Since the mid‐20th century, anthropogenic forcing has emerged as a dominant
contributor to the strengthening of the ASL.

Plain Language Summary Changes in the West Antarctic Ice Sheet mass balance (i.e., the
difference between the gain and loss of ice mass) are partly influenced by large‐scale winds, and in particular, a
climatological low‐pressure feature located off the West Antarctic coast called the Amundsen Sea Low (ASL).
Yet, although the long‐term strengthening of the ASL since the mid‐20th century has been demonstrated to be
related to anthropogenic forcing, our understanding of the variability of the ASL on time‐scales of decades is
poorly known. In this paper, we therefore investigate the origins of this variability since 1870, and quantify the
relative contributions of human‐caused climate changes and natural variability of the climate system. For this
purpose, we use several ensembles of model simulations as well as new climate reconstructions that combine
paleoclimate records with model simulations using a statistical method. Our results indicate that the multi‐
decadal variability of the ASL is strongly driven by tropical variability in the Indo‐Pacific through atmospheric
connections between this region and the Amundsen Sea. Our reconstruction, when compared with a large
ensemble of model simulations, indicates that since 1950, human‐induced climate forcing has become a
dominant driver of long‐term ASL variability, contributing equally to tropical variability.

1. Introduction
The West Antarctic Ice Sheet (WAIS) offers one of the biggest threats to accelerating global sea level rise in the
coming decades (McKay et al., 2022). The WAIS has been losing ice throughout the satellite era (Otosaka
et al., 2023), primarily due to changes in the transport of warm ocean waters toward the base of the ice shelves in
the Amundsen Sea sector (Pritchard et al., 2012; Shepherd et al., 2004). There is evidence that these changes are
driven by local winds, which influence the flow of warm deep waters onto the continental shelf on decadal
(Jenkins et al., 2016; Silvano et al., 2022; Steig et al., 2012; Thoma et al., 2008) to centennial (Naughten
et al., 2022, 2023) timescales. In West Antarctica the climate, and more specifically surface winds, are strongly
controlled by the climatological low‐pressure region located off the Amundsen Sea coast (Amundsen Sea Low
(ASL) (Hosking et al., 2013; Raphael et al., 2016; Turner et al., 2013). The ASL is not only one of the main drivers
of oceanic heat transport toward the ice shelf cavities (Dotto et al., 2020), but it also regulates synoptic‐scale
weather systems that directly impact the WAIS surface mass balance (SMB) (Hosking et al., 2017) as well as
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the sea ice (Hobbs et al., 2024). Hence, analyzing the long‐term variability of the ASL is key to understanding
changes in both ice shelf melting and in SMB, constraining the WAIS's contribution to future global sea‐level rise.

Utilizing 20th century reconstructions (based on ice‐core records) (Dalaiden et al., 2021; O’Connor et al., 2021),
Dalaiden et al. (2022) suggested that the overall ASL deepening observed over the 1950–2000 period is primarily
a forced response to anthropogenic emissions of stratospheric ozone depleting substances and greenhouse gases.
However, the origin of the multi‐decadal variability of the ASL over the past century is yet to be addressed. In
particular, the contribution of internal variability at multi‐decadal timescales remains largely unexplored in West
Antarctica. This poses a substantial gap in our understanding of how internal variability may mask or enhance
externally forced trends, and complicates the interpretation of historical records and the evaluation of future
climate risks.

The Interdecadal Pacific Oscillation (IPO) is the dominant internal mode of decadal to multi‐decadal sea surface
temperature (SST) variability in the Pacific Ocean (Henley et al., 2015; Power et al., 1999) with far‐reaching
impacts on the Southern Hemisphere high‐latitudes (Li et al., 2021). The IPO links multi‐decadal SST vari-
ability in the tropics with variability in the ASL, similar to atmospheric convection anomalies related to the El
Nino Southern Oscillation at interannual timescales; upper‐tropospheric convection anomalies trigger stationary
Rossby waves, which form a wave train from the tropics to the Amundsen Sea (Lachlan‐Cope & Connolley, 2006;
Li et al., 2021). Previous studies predominantly analyzed the instrumental period (especially after 1979) when
investigating the role of the IPO in influencing surface climate variability over the Antarctic (Chung et al., 2022;
Clem et al., 2020; Ding et al., 2011; Li et al., 2014; Meehl et al., 2016; Purich et al., 2016; Turner et al., 2016). As a
result, these studies examined year‐to‐year variability since 1979 but not the multidecadal variability, given that a
few decades is inadequate for correctly assessing multidecadal changes. Our study aims at contributing to the
understanding of the influence of the multidecadal IPO variability on the ASL by analyzing historical changes
back to 1870.

Given the significant influence of large‐scale atmospheric dynamic changes on surface climate in West Antarctica
and subsequent global climate change impacts, it is crucial to accurately quantify the relative contributions of
internal and forced variability in past and future climates for this region (Naughten et al., 2023). Regarding the
long‐term trend, Dalaiden et al. (2022) demonstrated that the ASL deepening over 1950–2000 is attributed to
changes in anthropogenic forcing. Holland et al. (2019) analyzed climate model simulations that were constrained
to follow the observed variability in tropical Pacific sea‐surface temperatures over the 20th century, allowing
them to separate the modeled influence of anthropogenic and tropical forcings respectively on winds over the
Amundsen Sea. Using the paleoclimate reconstruction of O’Connor et al. (2021) and additional model simula-
tions, Holland et al. (2022) quantified the relative contributions of internal variability and external forcing to wind
changes over the 20th century. Building upon this previous work, here we combine evidence from paleoclimate
records and historical climate model simulations to examine the relative contribution of multi‐decadal tropical
Pacific variability and anthropogenic forcing in regulating the large‐scale atmospheric circulation in the West
Antarctic sector, specifically the ASL, from 1870. By comparing the reconstructed variability and large en-
sembles of climate model simulations, we quantify the contribution of internal and forced components in multi‐
decadal variations of the ASL observed over the 20th century, with particular attention to variability arising from
tropical Indo‐Pacific teleconnections. Our approach offers a distinct advantage by allowing us to estimate forced
variability independently of climate models, mitigating potential biases associated with their forced response. Our
analysis thus provides a valuable alternative to previous studies, which relied solely on models for the forced
variability.

2. Methodology
In an effort to address variability in the ASL before the instrumental era, we make use of paleoclimate records—
especially ice‐core and coral records, which allow us to reconstruct climate in the Antarctic and tropics,
respectively—and climate model simulations. Specifically, we create new reconstructions of the Southern
Hemisphere climate by combining paleoclimate records with climate model physics through an offline paleo-
climate data assimilation (DA) method (e.g., Hakim et al., 2016). As described in more detail in Dalaiden
et al. (2021), we reconstruct key climate variables at annual resolution from 1870 to 2000 covering the Southern
Hemisphere using the isotope‐enabled version of the Community Earth System Model version 1 (iCESM1)
(Brady et al., 2019; Stevenson et al., 2019) as the DA prior. Overall, it has been demonstrated that CESM typically
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performs better than the other ESMs over the Antarctic region (e.g., Agosta et al., 2015; Lenaerts et al., 2016).
Additionally, iCESM1 reproduces well the observed spatial variability of precipitation δ18O over Antarctica
(Dütsch et al., 2023). Finally, Figure S1 in Supporting Information S1 indicates that iCESM1 accurately simulates
the observed teleconnection from the tropics, including the typical SST pattern in the Pacific and Indian Oceans
and the propagation of Rossby waves from the eastern Indian Ocean to the Amundsen Sea. This gives confidence
in the use of iCESM1 for our study. The DA method relies on the offline version of a particle filter (van
Leeuwen, 2009) that blends the information from observations with a fixed prior estimate of climate variables. In
this configuration, the temporal variability of the reconstruction solely comes from the assimilated observations,
while the prior propagates the information in space but also to other variables. Therefore, DA‐based re-
constructions strongly rely on the modeled covariance, which might introduce biases. However, Parsons
et al. (2021) have demonstrated that the impact of the biases in the model covariances is much smaller in regions
close to the observations that are assimilated. To also reconstruct the tropical variability, here we complement the
paleoclimate records used in Dalaiden et al. (2021) (i.e., Antarctic δ18O and snow accumulation ice‐core and tree‐
ring width records from the mid‐to‐high latitudes), with tropical coral proxies (see Figure S1 in Supporting In-
formation S1 for the location of all proxies used). All these records are from PAGES2k databases (Stenni
et al., 2017a; Thomas et al., 2017a; PAGES2k Consortium, 2013, 2017; Tierney et al., 2015). Additionally, we
tested the robustness of our results by using an additional prior, the latest version of CESM (CESM2) (Dana-
basoglu et al., 2020), which was also shown to have adequate performance in simulating Antarctic surface climate
(Dunmire et al., 2022).

Assimilating both high‐latitude and tropical records to reconstruct the Southern Hemisphere climate induces
important challenges. Wills et al. (2022) showed that none of the models participating in CMIP5/6 simulate the
observed SST gradient strengthening between the eastern and central part of the tropical Pacific in synchrony with
the Southern Ocean cooling (their Figure 2). This discrepancy suggests that models cannot faithfully reproduce
observed trends in these two regions simultaneously. As reconstructing both forced and internal variability using a
particle filter‐based DA is difficult because of those model biases, we decided to only reconstruct the internal
multi‐decadal variability, using a new method described below.

2.1. Assessing Internal Variability

We reconstruct historical internal variability by subtracting from the total variability (internal and forced) an
estimate of the forced signal, derived from the proxies themselves (see Sections 2.1.1 and 2.1.2). Next, we
assimilate this internal variability from proxy into unforced climate model simulations (i.e., the forced variability
has been removed from the simulations). This approach ensures that our reconstruction is not influenced by
potential model biases in the simulated forced variability. We also expect that DA will compensate for model
deficiencies in reproducing the internal variability as DA constrains the model to follow the observed signal
provided by proxy records. This method has proven successful in several past studies focusing on decadal to
multi‐decadal timescales (e.g., Steiger et al., 2018). However, removing the forced component from the records
before assimilating them introduces new uncertainties, related to the estimation of this forced variability (see
Sections 2.1.1 and 2.1.2).

2.1.1. Tropical and Mid‐Latitude Records

Different approaches have been developed to extract internal variability from observations (e.g., Deser & Phil-
lips, 2021). Assuming that the forced variability is associated with a common spatial signal, we follow the
approach of Trenberth and Shea (2006) and subtract the regional mean of each proxy variable to isolate the
internal part of its historical record. This method thus assumes that forced variability in those quantities is
associated with a predominantly spatially uniform signature—such as global warming due to increased green-
house gas concentrations—while internal variability includes a more pronounced regionally varying component.
We use the approach of Trenberth and Shea (2006) for coral and tree‐ring width records, which come from regions
that are strongly related to the global mean temperature, estimating the forced variability in these proxies by
averaging all time‐series from the same record type. This is equivalent to assuming the forced variability is
uniform across the Indo‐Pacific tropics for the coral records, and uniform across the South Pacific subtropics for
tree rings (Figure S2 in Supporting Information S1) (Hansen et al., 2010; Wills et al., 2018). Stemming from the
relatively small number of records, this estimation of the forced variability however still contains high‐frequency
variability (Figure S3 in Supporting Information S1) which cannot be explained by changes in the external
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forcings. Hence, we further apply a 31‐year low‐pass filter to get the final estimation of the forced variability (it is
worth mentioning that this preserves the global impacts of main modes of climate variability such as El Nino
events at high time‐frequency). Our results are not sensitive to the length of the low‐pass filter applied (tested with
51 and 71‐year low‐pass filters). To derive the internal variability in each proxy record, the regional estimate of
forced variability for each proxy type is then subtracted from each proxy time‐series of that type. This approach to
estimating the forced and internal variability is further validated by using a large ensemble of model simulations,
for which we know the true forced variability (see Sections S1.3 and S1.2 in in Supporting Information S1).

2.1.2. Ice‐Core Records

No common trend in Antarctic records has been detected over the 20th century, with large differences between
West and East Antarctica (Jones et al., 2016; Medley & Thomas, 2019; Nicolas & Bromwich, 2014; Stenni
et al., 2017a). While a forced trend since the mid‐20th century is observable in West Antarctica due to the
deepening of the ASL, the trend is less clear in East Antarctica, possibly because of the lower signal‐to‐noise ratio
for East Antarctic ice‐core records Münch et al. (2016). Consequently, the hypothesis of relatively homogeneous
trends in Antarctica that could be estimated from a simple spatial averaging does not seem valid and there is a risk
of inaccurately estimating the internal component for high‐latitude records using the same methodology for ice‐
core records as for coral and tree‐ring width records. Therefore, a different approach was adopted. Among the
main surface climate changes observed over the past decades in the Antarctic region, the clearest signal of
anthropogenic forcing is emergent in the atmospheric circulation (Gillett et al., 2008). In particular, Dalaiden
et al. (2022) demonstrated that the trend in the ASL index (defined as the mean sea‐level pressure over 170–
290°E, 75–60°S) over 1950–2000 is caused by external forcings. It is worth noting that this definition of the ASL
based upon absolute pressure includes the contributions of both the Southern Hemisphere westerly winds and the
cyclonic pattern centered in the Amundsen Sea. Considering that the ASL strongly influences the surface climate
over the WAIS (Hosking et al., 2013; Raphael et al., 2016), we estimate the forced component of each ice‐core
record as being the forced ASL‐related signal (i.e., removing the linear trend in each ice‐core record associated
with anthropogenic forcing through the ASL strengthening). In practise, we subtract the forced ASL‐congruent
signal for each ice‐core records using the estimation of the forced ASL of Dalaiden et al. (2022) (for all details, see
Section S1.4 in Supporting Information S1). This methodology keeps in the records the signal associated with the
natural variability of the ASL we want to reconstruct.

3. Results and Discussion
3.1. Impact of Assimilating Coral Records on the Skill of Antarctic Reconstruction

Dalaiden et al. (2021) previously reconstructed Antarctic surface variability over the past 200 years using the
same DA method as employed in this study but focusing solely on ice‐core and mid‐latitude tree‐ring width
records (for an exhaustive evaluation of the reconstruction over Antarctica, see Dalaiden et al. (2021)). We repeat
the same DA experiment, but here, we assimilate the paleoclimate records after having removed the estimated
anthropogenic forced variability (hereafter referred to as south‐iCESM‐recon). In our new paleo DA‐based
reconstruction, we also incorporate coral records (hereafter referred to as all‐iCESM‐recon). We assessed the
reconstruction skill for tropical modes utilizing the ERSSTv5 (Extended Reconstructed SST version 5) data set
(Huang et al., 2017a). The R2 and Coefficient of Efficiency (CE > 0 means that the reconstruction is skillful
compared to climatology) are used as skill metrics for the evaluation. The inclusion of coral records in the DA
framework enhances the skill in capturing the primary modes of tropical climate variability, as expected (Figure
S4 in Supporting Information S1). Comparing all‐iCESM‐recon with ERSSTv5 over the 1979–2000 period, we
find high skill for Niño3.4 and IPO reconstructions, with R2 values of 0.71 (p‐value <0.05; CE = 0.67) and 0.72
(p‐value <0.05; CE = 0.70), respectively. It is worth mentioning that the skill is weaker for continental variables
and sea‐ice extent in the Bellinghausen/Amundsen Sea. Overall, our reconstructions' skill scores are similar to
other DA‐based products utilizing different proxy types, including coral records (Sanchez et al., 2021; Steiger
et al., 2018; Tardif et al., 2019; Zhu et al., 2022).

The inclusion of coral records in the DA has minimal impact on capturing year‐to‐year variability in the ASL
compared to the reconstruction based on mid‐ and high‐latitude records (R2 = 0.51 [p‐value <0.05] vs. 0.49 [p‐
value <0.05] for all‐iCESM‐recon and south‐iCESM‐recon, respectively). However, the impact on sea‐ice extent
in the Weddell and Ross Seas is noteworthy, with R2 reaching 0.46 (p‐value <0.05) and 0.44 (p‐value <0.05),
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respectively for all‐iCESM‐recon compared to 0.41 (p‐value <0.05) and 0.27
(p‐value <0.05) for south‐iCESM‐recon (Figure S4 in Supporting Informa-
tion S1). This indicates that information from records located in the tropics
complements ice‐core records when reconstructing historical changes in the
West Antarctic climate. This supports the well‐established relationship be-
tween the tropical and West Antarctic climate variability (Ding et al., 2011; Li
et al., 2021; Steig et al., 2012).

The reconstruction based on all the proxies by employing CESM2 as the prior
(hereafter referred to as all‐CESM2‐recon) shares similar features with all‐
iCESM‐recon, in particular a skillful reconstruction of the IPO and ASL.
However, the reconstructed variability is weaker in all‐CESM2‐recon,
notably reflected in a reduced CE for the IPO compared with all‐iCESM‐
recon (0.48 vs. 0.68).

3.2. Internal and Forced Components of the ASL Variability Over the
20th Century

Next, we quantify the relative contribution of internal and forced components
to the total variability of the ASL. Since our paleo‐based reconstruction al-
lows us to only assess the internal variability of the ASL, we need to estimate
the forced variability to add it to the internal variability to get the total
variability of the ASL. We estimate the ASL forced variability based on the
ensemble mean of the single‐model initial condition large ensemble CESM1‐
LE (Kay et al., 2015), and further adjust it to match the observed ASL
variability over the 1950–2022 period using a fingerprinting method as in
Dalaiden et al. (2022). Utilizing the CESM1‐LE ensures consistency in our
analysis, given that the all‐iCESM‐recon is also based on CESM1. Addi-
tionally, this estimation of the ASL forced variability is the one used to
remove the forced signal from ice‐core records. Therefore, by adding this
forced variability to the reconstruction of internal variability, this approach
ensures a comprehensive representation of variability with proper scaling of
the forced variability that is independent of the simulated and reconstructed
internal variability.

Figure 1 shows the temporal evolution of the internal (based on all‐iCESM‐
recon), forced and total variability of the ASL, along with the IPO, over the
1870–2000 period. We observe significant multi‐decadal variability in the
internal ASL, strongly correlated with IPO phases. Indeed, in the all‐iCESM‐
recon, the long‐term variability of the internal ASL demonstrates a strong
relationship with the IPO at both the annual and multi‐decadal timescales over
1870–2000 (r = 0.74 [p‐value <0.05] and r = 0.77 [p‐value <0.05] when
applying a 13‐year smoothing, respectively). The all‐CESM2‐recon also re-
produces this strong relation (r = 0.70 [p‐value <0.05] and r = 0.79 [p‐value
<0.05] when applying a 13‐year smoothing, respectively; Figure S5 in
Supporting Information S1). Although our reconstruction indicates that
declining IPO phases systematically lead to a deeper ASL (and vice‐versa),
the ASL shows no trend between 1870 and 1940 before strongly co‐varying
with IPO. Hence, it indicates that while the tropical variability—including the
IPO—is a key driver of the ASL variability over the past decades, the nature
of this relationship may have changed over time (e.g., Dätwyler et al., 2019).

Regarding the total ASL variability, encompassing both internal and forced components, we observe a
period characterized by a shallow ASL during 1939–1941 (positive anomaly), which corresponds to an
anticyclonic anomaly. From that point onward, the ASL began strengthening until the mid‐1970s, remaining
relatively stable for approximately two decades before strengthening again around 1990. These variations

Figure 1. (a–b.) Time‐series of the IPO (red; in °C) and internal ASL (green;
in hPa) from the natural prior‐based reconstruction using all the proxy
records (i.e., all‐iCESM‐recon). (c.) Temporal evolution of the forced ASL
computed as the ensemble mean of CESM1‐LE (orange; in hPa) scaled to
match the observed trend over 1950–2023. (d.) Time‐series of the total ASL
variability (internal plus forced; black; in hPa). All the time‐series are
expressed as anomalies relative to the 1901–1930 period. Thick colored lines
are moving 13‐year averages using lowess smoothing. Periods characterized
by declining IPO phases are colored in red while rising IPO phases are in
blue. For each period, the difference between the end and the beginning of
the anomaly is displayed (based on the 13‐year averaged time‐series).
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closely align with IPO variability (Figure 1). In the 1939–1941 period, the IPO shifted from a positive to a
negative phase, concurrent with intense multi‐year El Niño events (Brönnlmann et al., 2004). This may
have accounted for the anticyclonic conditions observed in the Amundsen Sea during that period. This is in
agreement with the study of O’Connor et al. (2023), which indicates that these anticyclonic conditions
result from a combined effect of strong El Niño conditions and other drivers unrelated to tropical Pacific
variability. Afterward, the negative IPO phase from around 1940 to the mid‐1970s contributed to deepening
the ASL.

Subsequently, the IPO shifted to a positive phase in the 1970s. However, unlike previous periods, the ASL
remained relatively stable with an apparent slight weakening. During this time, the forced variability exerted a
significant influence on the ASL (Figure 1) while, up until the 1970s, ASL variability was predominantly driven
by internal processes, displaying minimal influence from anthropogenic forcing. However, from the mid‐1970s to
the mid‐1990s, the internal contribution and the forced contribution exhibited comparable magnitudes but acted in
opposite directions, effectively canceling each other out and resulting in a negligible change in the ASL during
this period. This illustrates how internal variability can mask forced changes.

3.3. Pacific Tropical Variability as the Main Driver of Multi‐Decadal Variability of the ASL

This section aims to investigate the drivers of the internal multi‐decadal variability of the ASL, in particular, to
quantitatively analyze the role played by tropical forcing. For this purpose, in Figure 2, we analyze the patterns of

Figure 2. Sea‐level pressure (contours; hPa per decade) and sea surface temperature (colors; °C per decade) linear trends in all‐iCESM‐recon along with the IPO‐
congruent trends and the residual trend over the 1935–1969 and 1970–2000 periods.
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SST and sea‐level pressure trends in all‐iCESM‐recon over two distinct periods characterized by the IPO index
trending downwards (i.e., 1935–1969; linear trend = −0.20 degC per decade [p‐value <0.05]) and upwards (i.e.,
1970–2000; linear trend = 0.33 degC per decade [p‐value <0.05]). To further analyze the contribution of the IPO
variability to these patterns, we computed the SST and sea‐level pressure trends associated with IPO by calcu-
lating the trends that are linearly congruent with the IPO during the two periods. This is first achieved by
computing the sensitivity of SST and sea‐level pressure for each grid point to IPO over the 20th century through
linear regression (all time‐series have been linearly detrended before the calculation). Then, to derive IPO‐
congruent trends for each grid point, the obtained sensitivity values (i.e., regression coefficients) were multi-
plied by the linear trend of IPO during the period.

During the 1935–1969 period, the atmospheric circulation pattern indicates negative pressure anomalies all
around the Antarctic continent, particularly pronounced in the Amundsen Sea, and positive anomalies in mid‐
latitudes in the Pacific Sector (Figure 2). This atmospheric pattern is associated with large negative SST
anomalies in the Amundsen Sea and positive anomalies from the eastern Antarctic Peninsula to the Weddell Sea.
Near the equator, a cyclonic anomaly in the Indian Ocean is apparent. This is a typical atmospheric pattern caused
by SST anomalies in the tropical Pacific (Ding & Steig, 2013; Lachlan‐Cope & Connolley, 2006; Steig
et al., 2012). Anomalous warm water at the surface northwest of Australia induces convection anomalies in the
upper troposphere, which in turn triggers the development of a Rossby wave train from the tropics to the
Amundsen Sea area (Lachlan‐Cope & Connolley, 2006). IPO‐congruent trends for both SST and sea‐level
pressure confirm the pivotal role of IPO in the trends in West Antarctica since almost all of the changes are
explained by the IPO. During the 1970–2000 period, positive temperature anomalies were observed in the central
Pacific. Although the IPO remains a predominant factor explaining SST and sea‐level pressure changes in West
Antarctica during this period, the residuals indicate that the influence of the IPO is slightly reduced compared to
the 1935–1969 period. These results are also observed in all the reconstructions, regardless of whether the
reconstruction includes information from the tropics (coral‐iCESM‐recon; Figure S6 in Supporting Informa-
tion S1) or from high/mid‐latitudes (south‐iCESM‐recon; Figure S7 in Supporting Information S1). Therefore,
even when tropical records are not included in the DA procedure, the natural way for the climate model to
strengthen the ASL is to simulate declining IPO conditions. Of note, we opted declining/inclining IPO over the
common negative/positive IPO because, unlike with the phase, the trend informs us about the overall direction of
IPO conditions during the period of interest. The covariance also works in the other direction since in the coral‐
based reconstruction, declining IPO phases are almost systematically associated with an anomalously deep ASL.
This strongly suggests that the multi‐decadal variability of the ASL is primarily influenced by the multi‐decadal
variability of the IPO and is not an artifact induced by our methodology. The anthropogenic prior‐based
reconstruction shows similar results (Figure S8 in Supporting Information S1).

3.4. Origins of the Forced Variability of the ASL

Previous studies indicate that the response of the ASL to external forcing is driven by both stratospheric ozone
depletion and greenhouse gas forcing (Dalaiden et al., 2022; Holland et al., 2022). To isolate the impact of the
stratospheric ozone depletion and greenhouse gas forcing, we make use of the ensemble of experiments conducted
with CESM1 where single forcings were omitted (Deser, Phillips, et al., 2020; Landrum et al., 2017). We compare
the simulated ASL in these single‐forcing‐denied experiments with the forced variability in the full‐forcing
CESM1‐LE (Kay et al., 2015). In order to derive the effects of the forcing, we subtract the single‐forcing‐
denied experiments from the ensemble mean of CESM1‐LE (see Deser, Phillips, et al. (2020) for more de-
tails). The ensemble without greenhouse‐gas forcing includes 20 members, while the ensemble without strato-
spheric ozone depletion only contains eight members. This therefore leads to a higher variability in the estimated
response for the stratospheric ozone depletion. Figure 3 represents the time evolution of the ASL averaged over
the three ensembles. Results show that the total forced trend of the ASL over 1970–2000, which reaches
−0.35 hPa per decade (p‐value <0.05) is equally explained by the two forcings (−0.18 hPa per decade when
greenhouse‐gas forcing is disabled and −0.17 hPa per decade when stratospheric ozone depletion is disabled).
The influence of the forcings on the ASL is especially noticeable from 1970 onwards. The timing thus coincides
with the beginning of the rapid forced ASL strengthening at the end of the 20th century (Figure 1).
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3.5. Tropical Teleconnections in Climate Models

Since tropical teleconnections have a fundamental role in regulating multi‐
decadal variability in the South Pacific atmospheric circulation, in
Figure 4 we analyze the ASL teleconnections in the models. For this pur-
pose, we analyze the patterns of SST and sea‐level pressure during 30‐year
periods displaying statistically significant (i.e., p‐value <0.05) negative or
positive trends in the ASL (i.e., ASL strengthening) for the Single‐Model
Initial condition Large Ensembles (SMILEs) spanning the historical period
(Deser, Lehner, et al., 2020). We also include the two tropical Pacemaker
ensembles conducted with CESM1 and CESM2 (see Section S1.5 in Sup-
porting Information S1 for more detail). For each SMILE member, we
isolate the internal variability by subtracting the ensemble mean of each
SMILE and exclude years after 2000 for comparison with the paleo‐based
reconstruction. In addition to exhibiting widespread negative sea‐level
pressure anomalies resembling the SAM pattern in comparison with the
reconstructions, the models indicate that the multi‐decadal variability of the
ASL (defined here as a 30‐year trend) is not always associated with
declining IPO phases (around 70% of the time on average). Although
declining IPO phases are observed on average, most models—except for
CESM1, CESM2 and CSIRO‐Mk‐3‐6‐0—do not simulate the low‐pressure

system situated in the Indian Ocean as observed in the reconstructions. Therefore, according to the models, the
ASL is not exclusively governed by the Indo‐Pacific teleconnections. This indicates that models struggle to
simulate tropical teleconnections. Indeed, even when only selecting 30‐year periods with ASL strengthening
and declining IPO phases (Figure S9 in Supporting Information S1), the models still can not reproduce this
atmospheric teleconnection. Compared with the Pacific Pacemaker ensemble from CESM1, the Pacific Pace-
maker from CESM2 shows an improvement.

4. Conclusions and Implications for Future West Antarctic Climate
In this study, we analyzed the internal and forced variability of the large‐scale atmospheric circulation in
West Antarctica since 1870 by developing a new method to only assimilate the internal variability from paleo
records, on which we added the forced variability estimated from a large ensemble of model simulations. Our
findings reveal that tropical teleconnections, in particular the IPO, strongly influence the natural multi‐
decadal variability of the ASL. However, since about 1950, the variability of the ASL also displays a
strong anthropogenic forced trend. Over this period, the magnitude of the internal multidecadal variability is
similar to the magnitude of the forced trend so that their interactions can mute or enhance forced changes in
the ASL over multidecadal timescales. Our study thus provides additional evidence that West Antarctica is
substantially influenced by global climate change. However, owing to the strong internal variability pre-
vailing in the southern high latitudes (e.g., Jones et al., 2016), internal variability has the potential to mask
the emergence of the forced climate change trend.

Changes in atmospheric circulation over the Amundsen Sea play a key role in past mass balance variations
of the WAIS, encompassing both snow accumulation (Medley & Thomas, 2019) and ice shelf melting
(Jenkins et al., 2016; Naughten et al., 2022; Silvano et al., 2022; Steig et al., 2012; Thoma et al., 2008;
Verfaillie et al., 2022). Therefore, depending on the phase of the IPO, internal variability could either
mitigate the forced response or potentially amplify it to the extent of potentially hastening the destabili-
zation of the WAIS. However, our findings also indicate that state‐of‐the‐art earth system models struggle
to accurately reproduce the role of tropical teleconnections in driving changes in the ASL. Open questions
remain whether the natural multi‐decadal variability of the ASL is governed by factors other than the IPO
and whether this teleconnection possesses non‐stationary features along with the IPO‐ASL connections
representation in models.

Figure 3. Time‐series of simulated ASL response to all forcing (black),
greenhouse gas forcing denied (red) and stratospheric ozone depletion
denied (blue) ensembles from CESM1‐LE (in hPa per decade). The linear
trends of the ASL over the 1970–2000 period from the three ensembles are
displayed. While the greenhouse gas forcing denied ensemble includes 20
members, the stratospheric ozone depletion denied ensemble only contains
eight members. In order to take into account the different ensemble size for
the trend significance, we used a bootstrapping method to calculate the p‐
value of the trend for the greenhouse gas denied ensemble (10,000 iterations
by randomly selecting 8 members among the 20 available members).
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Figure 4. Composites of 30‐year trends of SST (colors) and sea‐level pressure (contours) during periods displaying 30‐year negative statistically significant (p‐value
<0.05) ASL trends for the SMILEs. The forced variability (estimated as the ensemble mean) is subtracted from each member before building the composites. To
increase the sample size, we include 30‐year positive statistically significant trends in the composite (and inverting their sign before combining it with the other samples).
Both the relative frequency of observed declining IPO phase (in %) and the corresponding sample size are displayed on the map.
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Data Availability Statement
CESM outputs are freely available on www.earthsystemgrid.org. Paleoclimate records are accessible through the
NOAA World Data Center for Paleoclimatology (Stenni et al., 2017b), British Antarctic Survey website (Thomas
et al., 2017b) and figshare (Kilbourne et al., 2017). The outputs of the large ensembles are stored on www.
earthsystemgrid.org. HadSST and ERSST data sets are available on https://www.metoffice.gov.uk/hadobs/
hadsst4/data/download.html and https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html (Huang et al., 2017b),
respectively.
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