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Abstract. Large-scale modes of climate variability significantly influence Antarctic Ice Sheet (AIS) mass change.
Improved understanding of the relationship between these climate modes and AIS mass change can help reduce
uncertainties in future ice mass estimates and its contribution to sea level rise. However, the spatiotemporal
patterns of AIS mass variation driven by El Nifio Southern Oscillation (ENSO)-induced atmospheric circulation
remain unclear. Here;—wWe investigated AIS mass variability during different ENSO periods using Gravity
Recovery and Climate Experiment (GRACE) observed mass changes and modelled surface mass balance (using

RACMO2.4pl) over the period 2002 to 2022. To allow comparison with GRACE, we used a cumulative sum

indexing method to define different ENSO-dominated ‘periods’ over 2002-2022. This method results in time

periods that are dominated by a particular phase of ENSO, that is not necessarily equivalent to specific events as

derived from canonical indices. The results show strong event-to-event-spatial variability in how the ENSO

teleconnection cumulatively manifests over the AIS. These differing spatial patterns are primarily driven by
changes in the Amundsen Sea Low—(ASL) strength, location, and extent, which alter circulation patterns and
moisture flow in West Antarctica. In East Antarctica, ice mass variability is largely influenced by the positioning
of cyclonic and anticyclonic circulation anomalies, primarily driven by the Southern Annular Mode—SAM);

however, ENSO signals are also present. In both East and West Antarctica, this study shows that the spatial impact

of any given ENSO-dominant period-event;-as-derived-using standard-tropical-atmespheric-me Sea-Su
et g S 3 3 s Atk ard-Southern-Oecan cheeennbe
equally(and-in-some-cases-more)-important-to-AdS-vartabiity can trigger distinct circulation patterns which can

variably influence surface mass balance and ice mass change. However, uncertainties remain, as the mass

variability observed during ENSO-dominant periods may not be solely attributed to ENSO, due to teleconnections

that may not have fully developed or may have been masked by other processes. GRACE-provides-an-epportunity

o-unde nd even e ENSO-precin tonindependen ofnume maode
H a v a S a y H a od

1. Introduction

The drivers of inter-annual to decadal Antarctic Ice Sheet (AIS) mass variability are complex and not yet fully

understood (IMBIE Team, 2018). External factors, such as episodic extreme precipitation events often linked to

atmospheric rivers (Wille et al., 2021), and internal factors, including ice dynamics (IMBIE Team, 2018), both
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contribute to these variations. Understanding the mechanisms underlying AIS mass change and variability is

critical for improving future projections of ice mass changes and the Antarctic contribution to sea level rise.

The main determinants of the net AIS mass balance (MB) are ice discharge (D) from the continental margins of
Antarctica and Surface Mass Balance (SMB). SMB is further defined as accumulating precipitation and riming
onto the ice sheet, minus runoff, sublimation/evaporation and blowing snow erosion. The fluctuation of the AIS
mass balance and its subsequent contribution to sea level rise are based on the difference between ice discharge
and SMB (i.e., MB = SMB — D). The AIS SMB exhibits high variability on inter-annual to decadal timescales,
(Kim et al., 2020; Medley and Thomas, 2019; Van De Berg et al., 2006). Precipitation variability, driven by
atmospheric circulation, is a key determinant of Antarctic SMB and, over a wide range of timescales, including

interannual to decadal, is closely linked to modes of climate variability (Kim et al., 2020).

The Southern Annular Mode (SAM) is the dominant mode of extratropical variability in the Southern Hemisphere.

The SAM signal is driven by a combination of internal atmospheric dynamics and external forcings, including

stratospheric ozone depletion, increases in greenhouse gases, and tropical teleconnections (Fogt and Marshall,

2020b). It varies on timescales from weeks to decades. and its influence iron Antarctic precipitation is regionally
dependent-and-affeets-different regions-of Antaretica-in-distinet-ways (Marshall et al., 2017). During the positive
phase of SAM, the westerlies around 60° S strengthen, and the overall impact on the AIS is a net decrease in
SMBm
(Marshall et al., 2017; Medley and Thomas, 2019). Conversely, the net influence of the negative phase of SAM

on the AIS is an increase in SMB—}s—asseera%ed—W%hﬂﬂefeaseeL&erfeelpﬁaﬂe&eveFeh%eeﬂﬂﬂeﬁ% (Medley and
Thomas, 2019; Marshall et al., 2017). Region g A f 2 2

circulation patterns are not stationary and vary over decades, meaning the regional impacts may shift over time
(Marshall et al., 2013).

The El Nifio Southern Oscillation (ENSO) is the dominant mode of inter-annual climate variability globally (2—
7-year timescales) and is defined by variations in sea surface temperature (SST) anomalies in the tropical Pacific
(Mcphaden et al., 2006). The ENSO pathway to Antarctica is modulated by the Amundsen Sea Low (ASL)-.

which lies at the poleward end of thea Rossby wave train originating in the tropics (Hoskins and Karoly, 1981).

This Rossby wave train leads to the formation of the Pacific South American mode 1(PSA-1), an atmospheric

anomaly pattern that enables ENSO signals to reach Antarctica (Hoskins and Karoly, 1981). These

interactionsThis creates a high-positive pressure anomaly over the Amundsen-Bellingshausen sector (ABS)
during El Nifio events—the positive phase of PSA-1 and lew-negative pressure anomaly during La Nifa

conditions—the negative phase of PSA-1 (Turner, 2004; Hoskins and Karoly, 1981). The ASL represents a

climatological area of low pressure in the South Pacific and is a key component of the nonzonal climatological
circulation (Raphael et al., 2016b). The teleconnection between ENSO and the ASL is strongest during the austral
spring (September-November; SON) but exerts influence throughout the year (Schneider et al., 2012; Clem and
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Fogt, 2013; Fogt et al., 2011). The strength, extent, and location of the ASL shows significant variability during
different ENSO phases and individual ENSO events, resulting in varying atmospheric circulation patterns that
strongly influences moisture and temperature distribution in West Antarctica (Raphael et al., 2016b; Hosking et

al., 2013).

The impact of ENSO on Antarctic climate is modulated by the phase of SAM, with the signal amplified when
SAM and ENSO are atmospherically in phase (positive SAM/La Nifia or negative SAM/EI Niflo) and reduced
when they are atmospherically out of phase (positive SAM/EI Nifio or negative SAM/La Nifia) (Clem et al., 2016;
Fogt et al., 2011). Positive SAM and La Nifla conditions are associated with a deepening (i.e. lower pressure
anomaly) ASL, while negative SAM and El Nifio conditions weaken the ASL, and influence its longitudinal shift
(Raphael et al., 2016b; Hosking et al., 2013). The deepening of the ASL induces continental wind outflow on its
western flank, reducing precipitation and SMB over the Antarctic Peninsula and from the Bellingshausen Sea to
the Ross Sea region in West Antarctica, whereas a weakened ASL leads to onshore winds that enhance

precipitation and SMB (Zhang et al., 2021; Li et al., 2022a). The longitudinal shift of the ASL modifies these

impact zones.

The spatial patterns and magnitude of AIS mass variability due to large-scale modes of climate variability remain
unclear. Studies on the role of ENSO in Antarctic climate have mostly focused on precipitation derived from
reanalysis products or modelled SMB data (e.g., Medley and Thomas, 2019; Clem et al., 2016; Clem and Fogt,
2013; Fogt et al., 2011). Only a few studies have examined the relationship between large-scale modes of climate
variability and recent observed ice mass variation using Gravity Recovery and Climate Experiment (GRACE)
observed AIS ice mass change time series on timescales ranging from months to decades (e.g.,Bodart and
Bingham, 2019; Zhang et al., 2021; King et al., 2023). Most of these studies have focused on single strong ENSO
events, such as the 2015-2016 El Nifio (Bodart and Bingham, 2019), or on the mean impact of ENSO on the AIS.

In contrast, our study investigates the spatial impacts of multiple individual ENSO periods (as defined in our

study), enabling an assessment of how AIS mass variability differs between events and capturing the diverse

responses across the ice sheet, rather than a mean response.

The GRACE mission, launched in 2002, has contributed to our understanding of the redistribution of mass within
the Earth system, which is useful for observing changes of the Greenland and Antarctic ice sheets (Tapley et al.,
2004; Shepherd et al., 2012). GRACE-observed ice mass variability is related to atmospheric circulation-driven

snow accumulation and variation in ice discharge (Diener et al., 2021). Although mass loss from runoff and

sublimation is included in the GRACE signal, these components are relatively minor compared to discharge. Over

the interannual timescales, with-atmospheric variability dominates the observed mass changesing-overinterannual
timeseales (King et al. 2023). Studies of ENSO’s impact on AIS using GRACE-observed ice mass changes show

that different ENSO events result in varying climatic and surface weather effects, leading to different spatial
patterns of AIS mass variability. Bodart and Bingham (2019) demonstrated that during the 2015-2016 EI Nifo,
the Antarctic Peninsula and West Antarctica gained mass, while East Antarctica experienced a reduction in mass.
This spatial pattern is also consistent over a longer period, in line with Zhang et al. (2021) who found similar

correlations. They observed a bipolar spatial pattern: during El Nifio events, there was a mass gain over the
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Antarctic Peninsula and West Antarctica and a mass loss over East Antarctica, while the pattern reversed during
La Nifia events. The bipolar spatial patterns are consistent with the results of King et al. (2023), based on a GRACE
analysis for the period 2002-2021, and King and Christoffersen (2024), which used GRACE and altimetry data
(2002-2020), despite differences in approaches and study periods. However, other studies have suggested that
specific ENSO events and types of ENSO events have distinct impacts on Antarctic SMB that are not limited to
a bipolar pattern (e.g., Macha et al., 2024; Sasgen et al., 2010).

This study aims to investigate the spatial patterns of ice mass change and the driving atmospheric circulation
conditions during various ENSO-dominated periods, as observed in GRACE-derived AIS mass variations

between 2002 and 2022. Since GRACE observes total mass change without distinguishing between the individual

components of the mass balance, we use SMB output from a regional climate model RACMO2.4p1 to assess the

contribution of SMB to the spatial patterns detected by GRACE. The results indicate that no two ENSO

periodsevents have the same net effect on Antarctic ice mass, especially at regional scales, and the bipolar spatial
pattern observed in earlier studies is not consistent across all ENSO events. This variability suggests that the
ENSO signal in the AIS is shifted from its background pattern depending on event-specific atmospheric and

oceanic factors.

2. Data and Methods

2.1. AIS mass change

We used the GRACE and GRACE Follow On data provided by the GFZ German Research Centre for Geosciences
(Landerer et al., 2020). The GRACE Follow-On mission, launched in May 2018, succeeded the GRACE mission,
which was decommissioned in October 2017 due to battery and fuel problems. This gap between the GRACE and
GRACE Follow-On missions resulted in the loss of data from July 2017 and May 2018. Our analysis involved
GRACE data spanning from April 2002 to Dec 2022 without gap filling. We used the COST-G release | version
3 (RL-01 V0003) gridded mass anomaly product, which combines GRACE/GRACE-FO solutions from multiple
GRACE analysis centres (Landerer et al., 2020). The data rea provided on a -50_km gridded products with

approximately monthly temporal sampling. However, but-nete—that-GRACE data have an underlying spatial
resolution of ~300km (Sasgen et al., 2020; Dahle et al., 2024). -This relatively coarse resolution limits GRACE’s

ability to resolve small-small mass changes, particularly localised surface mass balance anomalies.

The various available GRACE data products differ based on the processing methods and background models used.
The gridded mass change product adopted here is initially derived by solving for spherical harmonic coefficients
and then computing mass anomalies for each grid cell across the entire ice sheet using tailored sensitivity kernels
that minimise both GRACE and leakage error (Groh and Horwath, 2016). Within this product, glacial isostatic
adjustment is corrected using the ICE6G_D model (Richard Peltier et al., 2018), although this has no bearing on
non-linear variability as studied here. Atmospheric and oceanic effects on mass redistribution are also modelled
as are spherical harmonic degree-1 terms based on the approach of Swenson et al. (2008). Further details about
the GRACE time series, post-processing techniques, and quality assessment can be found in Dahle et al. (2019).

It is worth noting that the GRACE-observed ice mass change time series is affected by systematic errors associated
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with the GRACE orbital geometry and small unmodelled errors, evident in the (largely north-south) striping

pattern observed in some of the ice mass change results.

We focus our analysis on the ENSO signal in ice mass variation during different ENSO-dominated periods. First,
we removed short-term signal fluctuations in the GRACE data by applying a 7-month moving median smoother

to the GRACE time series. This filter choice, following King et al. (2023), is a subjective decision aimed at

dampening month-to-month noise without distorting longer-term variability. Since our focus is on GRACE-

observed ice mass variability, we subtracted the linear trend at each grid point, estimated using ordinary least
squares over the data span. This effectively produces mass anomalies with respect to the climatology of the entire

GRACE period.

To understand the relationship between ice mass changes and ENSO-dominated periods, we computed the rate of
ice mass change for each identified ENSO-dominated period. These rates represent the impact of ENSO during
each ENSO-dominated period. We calculated the rates for each grid cell of the gridded GRACE ice mass anomaly

data and generated spatial patterns of ice mass trends for each ENSO-dominated period.

2.2. Climate indices

To characterise ENSO variability, we used the Nifio3.4 index, one of several metrics that measures the strength
and phase of ENSO based on sea surface temperature anomalies in the central and eastern tropical Pacific. This
index is obtained by tracking the running five-month mean SST based on the HadISST record over 5°N-5°S,
170°W-120°W (Rayner et al., 2003) and is normalised and shown in Fig. la. It is provided by the Climate
Prediction Centre (CPC) of the National Oceanic and Atmospheric Administration (NOAA) and can be accessed

at https:/psl.noaa.gov/data/timeseries/month/Nino34/. The Nifio3.4 temperature anomalies are standard for

detecting and monitoring ENSO events but cannot differentiate between eastern and central ENSO events. We
used the Nifio3.4 index because our focus was on the spatial variability in AIS mass during all ENSO events,

rather than differentiating between eastern and central ENSO events.

For SAM, we used the station-derived index from Marshall (2003), available at http:/www.nerc-

bas.ac.uk/icd/gjma/sam.html, and shown in Fig. 1a. This index is based on the zonal pressure differences at 12

stations located between 40 ° S and 65 ° S.

To identify ENSO signatures in the GRACE data, we first identified El Nifio- and La Nifla-dominated periods

based on the cumulative summed indices, which act as a sort of low-pass filter of the raw indices. The cumulative

summed indices were derived from anomalies relative to their climatological mean using a reference window of

1971-1999. This period is a well observed period before the commencement of GRACE and is the same as that

chosen by King et al. (2023). After the indices were normalised using the mean and standard deviation computed

within the reference window, the normalised indices were restricted to the GRACE period, cumulatively summed,

detrended, and renormalised.

To investigate the potential linkage between large-scale climate variability and ice mass variation, we

cumulatively summed all the climate indices as-shown-in-(Fig 1b) and detrended (Fig.; 1¢). The AIS mass reflects

the compound effect of surface mass fluxes over time. The cumulative mass flux observed by GRACE reflects
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the cumulative climate indices (King et al., 2023) as opposed to raw indices, which relate to mass flux. These
cumulative indices are also captured by modelled cumulative SMB (Kim et al., 2020; Diener et al., 2021). The
alternative approach is to difference GRACE data in time, but this inflates the GRACE noise and reduces the

lower frequency signal and is hence undesirable (King et al., 2023).

In this study, we defined El Niflo-dominated periods as intervals during which the positive phase of ENSO persists

and outweighs the negative phase, culminating in a positive peak in the cumulative ENSO index. those-where-the

reached—ConverselySimilarly, La Nifia-dominated periods are defined as intervals during which negative phase

outweighs the positive phase, culminating in a negative peakthese-in-whichthe negative phase-dominates-until-a
negativepeakisreached. Only ENSO periods with a minimum duration of 12 months were considered in our

analysis. In a cumulatively summed index, these are expressed as sustained periods of positive (El Nifio) or
negative (La Nifia) slope. Based on this criterion, we identified four El Nifio-dominated periods over the GRACE
time steps: 2002-2005, 2009-2010, 2014-2016, and 2018-2020 (Fig. 1d). An equal number of La Nifia-dominated
periods were found, covering 2007-2009, 2010-2014, 2016-2018, and 2020-2022. The strength of the expression
of the ENSO signal in the Antarctic climate is modulated by the phase of SAM (Fogt et al., 2011). During the
2002-2005 El Nifio-dominated period, the cumulative SAM index was dominated by negative SAM until around
2008 (atmospherically in phase El Nifio/-SAM). After 2008, the cumulative SAM index exhibited no notable
trend, indicating a neutral phase. During the 2014-2016 El Nifio, cumulative SAM and ENSO indices were
atmospherically out of phase (El Niflo/~SAM). SAM shifted to a neutral state during the 2016-2018 La Nifia.
SAM and ENSO were atmospherically in phase during the 2018-2020 El Nifio (El Nifio/-SAM) and 2020-2022
La Nifia (La Nifia/+SAM), which is notable as the only time positive SAM and La Nifia co-occurred over the
GRACE period (Fig. 1d, e).

Note that we do not distinguish between Central Pacific (CP) and Eastern Pacific (EP) El Niflo events in our

analysis because our ENSO dominated periods frequently span multiple years. Indeed, examining the cumulative

CP and EP indices shows they are very similar, aside from 2016-2018, and hard to distinguish in an analysis of

GRACE data (Supplementary Fig. S1). Our method using the Nino3.4 index encapsulates variations in the tropical

spatial pattern of SST anomalies.
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Figure 1. Monthly climate indices of SAM (Marshall, 2003) (Marshall-et-ab-and Nifno3.4 from 2002-
2022:: (a) Nnormalised raw SAM and Niino3.4 indices; are shown-in-a);(b) shews-thenormalised
cumulatively summed SAM and Niifio3.4 -nermalisedraw-indices;-after-which-itis renormalised—The

ne-the linea end-areshown-in-¢). (¢) detrended,
cumulatively summed SAM and Nifio3.4 indices (normalised). Periods until Ppositive and negative peaks

are reached in the cumulatively summed Nifio3.4 folewsare defined as El Nifio--dominated and La Nifia-

dominated periods, respectively, represented as red and blue shaded areas in (d).state-and-negative peaks

represent El Nifto—and L.a Nifia-deminated periods;-¢) Similarly, periods until positive and negative peaks
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are reached in the cumulatively summed SAM index (Marshall, 2003) are defined as SAM-positive and

SAM-negative dominated periods, respectively, denoted as red and blue shaded areas in (e)represent

SAM pesitive-and- SAMnegative dominated-periods. Neutral dominated periods are represented by white
shading.

2.3. SMB model outputs

We used modelled SMB output from the Regional Atmospheric Climate Model RACMO2.43p21 model (Van
Wessem, 2023; Van Dalum et al., 2025; Van Dalum et al., 2024). This model has a horizontal resolution of 271 1

km and a vertical resolution of 40 atmospheric levels. This version of SMB model output is forced by ERAS

reanalysis data at its lateral and-eeean-boundaries and SST and sea ice extent at the sea surface boundary, with

data available from 1979 onward. Compared with previous releases, RACMO2.4pl provides a better

representation of SMB process which agree with observation (Van Dalum et al., 2025; Van Dalum et al., 2024).

For our study, monthly SMB values truncated to the GRACE period were used, covering Apr 2002 to Dec 2022.
To compare with GRACE data, we computed anomalies relative to the 2002-2022 mean and then cumulatively
summed them to obtain cumulative SMB anomalies in units of kg m2. These anomalies were then interpolated to
match the GRACE grid spacing and time steps. We detrended the cumulative SMB and performed a regression

analysis on these anomalies for each defined ENSO-dominated period.

2.4. Reanalysis climate data

To explore the potential climatic forcing during an ENSO-dominated period, we examined monthly mean ERAS
reanalysis model 10 m winds and sea level pressure from 2002 to 2022, with a resolution of 0.25 ° by 0.25 °
(Hersbach et al., 2020). Anomalies of 10 m zonal and meridional wind components, as well as sea level pressure,
were computed for each grid cell relative to the mean over the GRACE period, for all regions south of 40° S. We

then computed anomaly composite means for each ENSO-dominated period. We used ERAS products instead of

RACMO outputs because ERAS provides broader spatial coverage and is more suitable for capturing large-scale

atmospheric circulation patterns, which are critical for analysing ENSO-related teleconnections. Additionally,

RACMO is forced by ERAS.

2.5. Definitions of events, periods and anomaly interpretations used in this study

We acknowledge that we use multiple terminologies in this study to define both our results, and when comparing

to the literature. For example, we use the term ‘El Nifio- or La Nifla-dominated period’ or simply ‘period’ to define

the periods of time of sustained ENSO phase we define using our cumulatively summed index. In contrast, when

comparing to or describing other literature, we use the term ‘El Nifio/ La Nifia event’ which refers to the peak
phase of ENSO events. We also describe anomalies from the mean over the GRACE period. For the purposes of
this study, the pressure and wind fields, as well as SMB and GRACE mass change, depicted in the figures
represent anomalies from the climatology for each relevant variable. That is, for a given wind and pressure map,
the fields depict wind and pressure anomalies against the 2002-2022 mean (the GRACE data period). For
exampleSpeeifieally, positive anomalies over the Antarctic continent reflect a relative strengthening of the mean

Antarctic kHigh-pressure-system, while negative anomalies reflect a relative weakening of the Antarctic hHigh
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pressure-(not the presence of a low-pressure-systen). SimilarbyFor SMB, positive SMB and GRACE anomalies

represent an increase in mass, whereas negative anomalies indicate a reduction in mass relative to the climatology.

2.6. Statistical significance of the results

To quantify the significance of our regression trends at each grid point, we employed a two-tailed Student’s t-test.

The standard error of the slope at each grid point was calculated from the regression residuals and used to assess

whether the slope significantly differed from zero at the 5% significance level. For mean sea level pressure

anomaly composites, statistical significance was assessed based on deviations from the climatological baseline

using a two-sample /-test assuming unequal variances, also at the 5% significance level.

3. Results

3.1 Ice mass change

We start by examining the long-term trend and acceleration in AIS mass change over the GRACE observational

period, represented by the linear and quadratic terms in the regression, respectively (Fig. 2). The spatial pattern

reveals strong regional variability, with areas of both positive and negative mass anomalies. While not identical,

the linear rate and acceleration exhibit closely aligned spatial patterns of mass change. In West Antarctica, the

rate of ice mass loss is most pronounced in the Amundsen ScaEmbayment and Bellingshausen Sea sectors, where
accelerated ice discharge is well documented (Rignot et al., 2019; Gardner et al., 2018). The East Antarctic ice
sheet shows mass gain across Dronning Maud Land (and through to Enderby Land); conversely, whereas-the

Wilkes Land sectorien has experienced a decline in mass. The negative acceleration observed in the Amundsen

Sea sector and Wilkes Land indicates that the rate of mass loss in these regions is increasing over time.

While the long-term trend in AIS mass is primarily driven by ice dynamics, the interannual variability is more

closely linked to changes in precipitation (Kim et al., 2020). Short-term mass fluctuations can be influenced by

large-scle circulation modes. To explore the impact of ENSO on ice mass variability, we next examine how

atmospheric circulation and mass anomalies respond to ENSO forcing.
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Figure 2. AIS1Linear rate and acceleration of AIS trend-in-ice-mass change (2002-2022) based on

GRACE data from ausing univariate regression. kKey Antarctic regions are labelledef-interest-are
highlighted: Antarctic Peninsula (AP), Bellingshausen Sea (BS), Amundsen Sea (AS), Amundsen Sea Low
(ASL), Pacific Sector (PS), Ross Sea (RS), Indian Ocean (10), Atlantic Ocean (AQ), Wilkes Land (WL),
Enderby Land (EL).and Dronning Maud Land (DML)_, Coats Land (CL), and Weddell Sea (WS).

Stippling indicates areas not statistically significant (p<0.05). Significance tests do not reflect the effects of

temporal correlations in these data (Williams et al., 2014).

Figure 3 presents the regression results of cumulatively summed anomalies in ERAS reanalysis climate variables

(sea level pressure and 10 m winds) and RACMO2.4p1 model SMB, along with GRACE-derived ice mass change

10
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anomalies, against the cumulatively summed Nifio3.4 index. All variables were detrended before regression to

focus on the variability. The results show that the cumulative ENSO is associated with shifts ininflaenees

atmospheric circulation that supports the observed dipole SMB and ice mass anomaly between everWest and East

Antarctica (Fig. 3a)

c) GRACE
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Figure 3. Maps show the regression of ef-termsfer-cumulatively summed sea level pressure (shaded

region and contour) and 10 m wind anomalies (represented by reference vectors (ms') from ERAS

reanalysis_(a), cumulatively summed RACMOQ2.4p1 model SMB anomalies (b), and GRACE ice mass

change anomalies (¢) whenregressed against cumulatively summed Nifio3.4. The u and v wind

components were regressed separately. All panels reflect regression anomalies over the period 2002-2022.

All variables are-were linearly detrended prior to regression_using the full data periods. Stippling

indicates regions where the regression results are not statistically significant (p<0.05).
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We also compared the regression results presented in Figure 3 with El Nifio and La Nifia composites (see

supplementary Fig. S2) derived from annual accumulated SMB anomalies and annual mean Niflo3.4 index, which

broadly agree with the cumulative approach spatial patterns observed in West and East Antarctica. From the

composite map (supplementary Fig. S2 covering 2002-2022), we observe that in West Antarctica, EI Niflo years

are associated with a positive mean SMB anomaly (26.98 ke m2 yr!), while La Nifla years correspond to a

negative mean anomaly (=10.29 kg m™ yr™'). In contrast, East Antarctica shows a negative mean SMB anomaly

(=3.14 kg m2 yr ") during EIl Niflo years and a positive anomaly (5.28 kg m™2 yr™") during La Nifia years.

Our result shows that, spatially, SMB and ice mass increases in West Antarctica and decrease in East Antarctica

during El Niflo-dominated periods, with the pattern reversing during La Nifia-dominated periods (Fig. 3b, ¢). The

cumulative ENSO-induced changes in meridional flow are associated with the SMB variability (Fig. 3a, b). Since

changes in SMB are closely linked to ice mass change, the spatially coherent patterns between SMB and GRACE-

derived ice mass change (Fig. 3b—c).

However, in West Antarctica, the SMB signal differs from GRACE-derived ice mass changes, which indicate
relatively modest positive mass anomalies compared to the stronger SMB signal (Fig. 3b, ¢), whereas in East

Antarctica, the two signals are more closely aligned.

We next focus on the variability within ENSO-dominated periods and find Given-that no two ENSO periodsevents
are identical.;-and-the resultsinFis3reflect-the mean-AlSresponse—potentially-biased-toward-stronger ENSO
events—w We next-examine AIS mass change, SMB variability, and the atmospheric circulation driving these
changes during different ENSO-dominated periods we defined in this study (see section 2.2){Figs—4-and-5). The

results reveal distinct spatial patterns of ice mass change associated with individual El Nifio and La Nifia events.
We remind the reader that the GRACE signal is more reliable in the coastal regions and less reliable in the interior,
where inherent systematic errors in GRACE measurements in the form of north-south striping are more

pronounced.
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3.2. El Nifio-dominated periods

spatial pressure anomalies_vary between El Niflo-dominated periods, with both positive and negative pressure

anomalies observed (Fig. 4a-d). These pressure patterns reflect-indieate either_a relative intensification ¢high-
pressure) or relative weakening (few—pressure}-of the mean Antarctic hHigh (Fig. 4a—b). These variations align

with the cumulatively summed SAM indices (Fig. 1e), where high-pressure anomalies correspond to prolonged

negative SAM phases, and low-pressure anomalies coincide with prolonged positive SAM phases. Mass

anomalies observed in both RACMO SMB and GRACE are most pronounced along the coastal regions, where

the signals are statistically significant. In this study, we focus on the absolute mass changes during each period,

while relative impacts are presented in the supplement (Fig. S3).
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Figure 4. Atmospheric circulation anomalies Compeosite-anemaly maps-ofsealevel pressure-and10-m

n-ERA eana s Fepresen no ma ond on du ne El Nifho-dominated-pe od relative

to the elimatology-ofthe- GRACE period (2002-2022) (left), rate of change in cumulative SMB anomalies
from RACMO2.4p1 model (middle) and linear rate of GRACE-derived ice mass anomalies (right) during

El Niflo-dominated period. Sea level pressure anomalies are shown as shaded regions with contours (hPa),

while wind anomalies are indicated by reference vectors (m s™). The rateof change inAntaretie SMB-s

o R A MO N meode m—2 y-1

GRACE-data(kgm>2y"). SMB and GRACE maps (kg m? y™") illustrate trends-in-ice-mass-variability in
AIS mass for each identified El Nifio-dominated period. The GRACE signal is more reliable in the coastal
regions and less reliable in the interior, where GRACE systematic error in the form of north-south

striping is more evident. Non-significant areas are stippled for the pressure anomalies and AIS mass
trend at p-value<0.05.

3.2.1. Atmeospherie—circulation—and—mass—anemalies—in—West Antarctica_anomalies during El Nifio-

dominated periods

In West Antarctica, El Nifio-dominated periods are characterised by a high-positive pressure anomaly in the

Pacific sector off the West Antarctic coastline ;representing-a-weakened-andforshifted ASLrather thanan-actual
high-pressure—system (Fig. 4a—b). The position and strength of theseis high-positive pressure anomaliesy
variesvary signtficanthywithinfor each El Nifio-dominated period, which is also reflected in the variation of wind

. > . . . i . o SMB

anomalies and spatial patterns of

(Fig. 4e-h) and ice mass change (Fig. 4i-1). However, during the 2018-2020 period, no significant pressure

anomaly is observed, and in the 2009-2010 period, a significant pressure anomaly is located closer to the continent,

with a non-significant pressure anomaly further north (Fig. 4a—b).

dDuring three out of four El Nifio-dominated periods (2002—-2005, 2014-2016, and 2018-2020), the Amundsen

Sea sector shows positive anomalies in both SMB (Fig. 4e, g-h) and ice mass anomalies (Fig. 4i, k1), indicating

mass gain, despite variations in the location and strength of the high-positive pressure anomaly in the Pacific (Fig.

4a, c—d). Lo ol end e s e soepe b pendleinan Loa el e o bnbasnendy

SMB-and-GRACE-data-during 2018-2020-(Fig—4h;- b The positive mass anomalies are more widespread across
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the Amundsen Sea sector during the 2002-2005 period in GRACE (Fig. 4i) and in both SMB and GRACE during

the 2018-2020 period (Fig. 4h, 1). The positive pressure anomaly in the Pacific which supports these mass gains,

is significant during the 2002-2005 period.

For Fthe 2014-2016 El Niflo-dominated period, we observed weak and. in some regions, non-significant positive
SMB and ice mass anomalies in the Amundsen Sea sector and western Ross Sea (Fig, 4g, k)which-encompasses

nd Binocham 019 1hin the RA [
a a A

0 016 El Nifio_even 5.
V 5

During Fthis period, our cumulative ENSO and SAM were uniquely-oeeurred-out of phase with-(El Niflo/+SAM)
{Eig—te), as evidenced by lew-significant negative pressure anomalies over the continent (Fig. 4c)that-weakened

the-Antarctic-high. During this-period;-the high-pressure-anomalyin-the Paei hifted-northward (e 4 ith
g seriod oh-pressure-anoma g dnorthward-(Fig-4¢)w
5

pesitiveanomalies{Fig—4e). The positive pressure anomaly in the Pacific was located away from the coastline

and was associated more with wind anomalies along the shore, rather than onshore.

The mass change pattern in the Amundsen Sea sector during the 2009—2010 El Nifio-dominated period represents
a—netable—exeeption—to—the—otherthreeperiods—inregardto—is distinct from the other El Nifio periods, with

widespread significant negative SMB (Fig. 4f) and ice mass (Fig. 4j)ehange anomalies indicating a net mass

reduction.

- In contrast to the

other El Nifio periods, a large area of significant positive pressure anomaly extends offshore from the Antarctic

continent, spanning from the Peninsula to beyond the Ross Sea, and supports offshore wind anomalies in the

Amundsen Sea sector (Fig. 4b).

The Antarctic Peninsula exhibits twe—distinet—contrasting mass changevartabiity responses during El Nifio-

dominated periods (Fig. 4). The2002-2005-and2044-2016-El-Nifo-dominated-periods-show-similarresponse

positive-SMB-and-ice-mass-anomalies(Fig—4+ 1) Positive SMB (Fig. 4e, g) and ice mass a
are observed during the 2002-2005 and 20142016 El Nifo periods, particularly in GRACE (Fig. 4i, k), whereas
negative SMB (Fig. 4f, h) and ice mass anomalies (Fig. 4], 1) are evident during the 2009-2010 and 2018-2020

5 At E10Cd €a

nomalies (Fig. 4j, 1)

periods. These mass change pattern align with pressure anomaly distributions and are associated with onshore
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wind anomalies during the 2002-2005 and 2014-2016 periods (Fig. 4a, ¢) and offshore wind anomalies for 2009-
2010 and 2018-2020 (non-significant) periods (Fig. 4b, d).

3.2.2. Atmespherie-cirenlation-and-mass-anomalies-in-East Antarctica anomalies during El Nino dominated
periods

In_the Atlantic Ocean sector, -BrenningMaud-Landthree out of four El Niflo-dominated periods (2002-2005,
2014-2016, and 2018-2020) consistentlyshewed with negative SMB (Fig. 4e, g-h) and ice mass anemalies-(Fig.

4i, k—1)_anomalies in Dronning Maud Land. The reduction in mass is more extensive during the 2002—2005 and

2018-2020 EI Nifio periods, covering much of Coats L.and and Dronning Maud Land, with strong mass anomalies

along the western edge of Dronning Maud Land (Fig. 4e, h, i, 1). The magnitude of mass reduction is lesser for

the 2014-2016 El Nifo period (Fig. 4g).

among these periods, the 2014-2016 El Nifio period shows a significant pressure anomaly, which can be directly

associated with the observed mass reduction patterns.

Nifio period, we observed a significant anomalous mass gain in Dronning Maud Land (Fig. 4f, j). This mass gain

coincides with a significant positive pressure anomaly over the Atlantic, which supports onshore wind anomalies
into Dronning Maud Land.
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Enderby Land shows positive mass anomalies, which in some instances are evident in GRACE but not in SMB,

and vice versa. For example, during the 2002—-2005 E1 Nifo period, positive mass anomalies are more pronounced
in GRACE than in SMB (Fig. 4e. i), whereas during the 2018-2020 El Nifo period, the positive anomalies are
stronger in SMB than in GRACE (Fig. 4h, 1). Atmospheric circulation anomalies during the 2009—2010 and 2014—

2016 El Nifio periods are statistically significant and supports the observed mass change patterns. For the 2002-

2005 and 2018 EI Nifo periods, we cannot associate the observed mass patterns to circulation anomalies at the

0.05 significance level.

In the Indian Ocean sector/Wilkes Land, mass gain is broadly observed during the twe-distinetrespense-patteras
emepg%aeress—th%fe&r—g—Nme—demm&ted—peﬁeés— 2002-2005 and 2009-2010 El Nifio periods (Fig. 4e, f, i, j)

and a reduction in mass during the

northeasterly-wind-anemalies-alongthe-eoast(Fig—4a;—e). During the periods with mass gain, positive pressure

anomalies were present over Wilkes Land (Fig. 4a, b), with the anomaly more intense and statistically significant

during the 20092010 El Nifio period and associated with a greater magnitude of mass gain in Wilkes Land (Fig.

4b, £, j). Conversely, during periods broadly associated with mass reduction (Fig. 4g, h, k., 1), negative pressure

anomalies were observed around the Wilkes Land region, aligned with offshore wind anomalies across much of
the sector (Fig. 4c, d).

3.3. La Nifia-dominated periods

Figure 5 presents atmospheric circulation patterns, SMB anomalies, and AIS mass changes during La Nina-

dominated periods. Absolute mass changes are shown in this section, while relative mass changes can be found

in the supplementary material (Fig. S3). The atmospheric circulation pattern anomalies during La Nina-dominated

periods (Fig. 5a-d) shows fewer areas of statistical significance compared to the El Nifio periods (Fig. 4a-d).

Instrument malfunctions and the termination of the GRACE mission in 2017 introduced noise and data gaps,
affecting ice mass estimates. Therefore, we limit our discussion to the atmospheric circulation and SMB for the

20162018 La Nifia-dominated period to avoid conclusions based on potentially unreliable data in GRACE.
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Figure 5. Atmospheric circulation anomalies Compeosite-anemaly-maps-ofsealevel pressure-and10-m

n KR A nam ANresan No IM-E9aN nom nnd on ] no Nan
AN 4 B AH-anomd ohd 6 $3t }

relative to the-elimatelogyofthe GRACE period (2002-2022) (left), rate of change in cumulative SMIB

anomalies from the RACMO2.4p1 model (middle), and linear rate of GRACE-derived ice mass anomalies

(right) during La Nifia-dominated period. Sea level pressure anomalies are shown as shaded regions_with

contours (hPa), while10 m wind anomalies are indicated by reference vectors (m s™). Therate-of change

MB-is-derived om-the RA MO N mode o -2 y1
B d d 0 06

change-is-obtained from GRACE-data-(kg m2y- SMB and GRACE (kg m? y™") maps illustrate trends
in-iee-mass-variability in ASI mass for each identified La Nifa-deminateddominated period. The GRACE
signal is strongest near the coastal regions and weaker in the interior, where uncertainties are higher. The
GRACE satellite malfunction during 2016-2018 is apparent in the signal for that period, where
instrument noise dominates over actual variability with pronounce north-south striping. Non-significant

areas are stippled for the pressure anomalies and AIS mass trend at p-value<0.05.

3.3.1. Atmespheric—cireulation—and—mass—anemalies—in—West Antarctica_anomalies during La Nifia-

dominated periods

Overall, during our La Nifia-dominated periods, the Pacific sector exhibits a persistent negative pressure anomaly

(Fig. 5a-d), which appears more elongated than the positive pressure anomaly associated with El Nifio periods.

This pressure anomaly is statistically significant for the 2020-2022 La Nifia period; however, there are also

significant regions near the centre of the pressure anomaly during the 2010-2014 La Nina period. —are

anemalies(Fig—5a). Three out of the four La Nifla periods (20102014, 20162018, and 2020-2022) are broadly

associated with negative SMB (Fig. 5f~h) and ice mass anomalies (Fig. 5j—1) across the Amundsen Sea sector.

The reduction in mass during the 2020-2022 and 2010-2014 La Nifia periods aligns with a significant negative

pressure anomaly in the Pacific sector, and offshore wind anomalies (Fig. 5b, d).
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In contrast, during the 2007-2009 La Nifa period, a mass gain is prominently observed in GRACE (Fig. 5i), a

pattern more commonly associated with El Nifo periods described earlier. However, the SMB and pressure

anomaly patterns during this period are not statistically significant at the 0.05 level.

the Antarctic Peninsula exhibits contrasting mass change responses during La Nifla-dominated periods. Broadly,
negative mass anomalies are observed during the 2007—-2009 and 20102014 La Nina periods (Fig. 51, ), whereas

positive mass anomalies are evident during the 2016-2018 and 2020-2022 La Nina periods (Fig. 5k, 1). The

magnitude of mass reduction is strongest during the 2010-2014 La Nifa period, while the mass gain is most

pronounced during the 2020-2022 La Nina period.

- This contrasting
mass change response between the two periods aligns with the position of the negative pressure anomaly in the

Pacific sector. In the 2010-2014 La Nifa period, the pressure anomaly is centred over the Bellingshausen Sea,

accompanied by offshore wind anomalies over the Peninsula (Fig. 5b). In contrast, during the 2020-2022 La Nifa

period, the negative pressure anomaly is centred in the Amundsen Sea, with onshore wind anomalies directed into

the Peninsula (Fig. 5d).

3.3.2. Atmospherie—cireulation—and —mass—anemalies—in—FEast Antarctica_anomalies during La Nifia-

dominated periods

Along the Atlantic sector, a dipole-like mass anomaly pattern is present during the 2007-2009 and 2020-2022 La

Nina periods (Fig. 5e, h), whereas a more uniform response is observed during the 2010-2014 and 20162018 La

Nina periods (Fig. 5f, g). During the 2007-2009 La Nifia period, positive SMB anomalies were observed over

Coats Land and negative SMB anomalies toward Enderby Land (Fig. 5¢), with this spatial pattern reversed during

the 2020-2022 La Nifla period (Fig. 5h).
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Positive mass anomalies were also observed across the Atlantic region during the 20142016 La Nifa period,

with a reversed pattern during the 2016-2018 La Nifia period. Regionally, Dronning Maud Land shows consistent
positive SMB (Fig. 5f, h) and ice mass anomalies (Fig. 5i. 1) during the 2010-2014 and 2020-2022 La Nifia

periods.

Fand(Eig—5d)- The negative pressure anomaly during the 2020-2022 La Nifla period aligns with the observed

mass gain in Dronning Maud Land. Conversely, during the 2016-2018 period, negative SMB anomalies were

observed in Dronning Maud Land, with no clear pressure anomaly pattern (Fig. 5

In the Indian Ocean sector/Wilkes Land we found no consistent mass response to exhibited-two-distinet SMB

responses-aeress-La Nifia-dominated periods. During the 2020—2022 [a Nifa period, mass change in the Indian

Ocean sector is spatially uniform, with positive mass anomalies observed across the entire region (Fig. 4h, 1). This

contrasts with other La Nifia periods, which show more variable responses.

2018 La Nifa periods are consistent with each other, showing negative mass anomalies over Wilkes Land. For

both periods, a negative pressure anomaly is present adjacent to the Wilkes Land coast, with the 2016-2018 period

showing a statistically significant anomaly and stronger negative mass signals. In contrast, the 2007-2009 and
2020-2022 La Nifia periods are associated with positive mass anomalies in Wilkes Land (Fig. 51, 1), although the

anomalies during 2007-2009 are weaker and less spatially extensive (Fig. 5i). During the 2007-2009 La Nina

period, a positive pressure anomaly marginally significant at the centre of the anomaly extends offshore along the

Wilkes Land coast, associated with onshore wind anomalies (Fig. 5a).
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3.4. Mean Anomalies during ENSO-dominated periods

Figure 6 presents the mean AIS response across El Nifio- and La Nifia-dominated periods, summarizing the
impacts of different ENSO eventperiods. The figure is derived by averaging the maps presented in Figures 4 and
5. While this mean response differs slightly from the regression results in Fig. 3b—c, certain regional patterns
remain consistent.
raximised-overshortperieds: The SMB results show a positive response during El Nifio-dominated periods in

the Amundsen Sea sector and Marie Byrd Land, as well as in Enderby Land (Fig. 6¢). In contrast, negative SMB

anomalies are observed in the Antarctic Peninsula, Coats Land, and Dronning Maud Land (Fig. 6¢). éDuring E}

ing-La Nifia-dominated periods, with-the-oppesitethis pattern
is broadly reversed (Fig. 6d). Wilkes Land shows positive SMB anomalies during both EI Nifo- and La Nifia-

dominated periods; however, the anomalies are more spatially extensive during La Nifia (Fig. 6¢, d)inthe Antaretie

Peninsula-and Dronning Maud-Land. The patterns in GRACE are broadly similar to the SMB results, however,
north south stripping noise in GRACE is maximised over short periods.
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Figure 6. The composites are generated based on the results of the four defined ENSO-dominated periods

ods. ERAS mean seal level pressure and 10

m wind anomalies (lef), RACMO2.4p1 SMB (centre), and GRACE-derived ice mass change (right). This

represents the cumulative impact of different ENSO phases on AIS mass variability. Sea level pressure
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anomalies are shown as shaded regions with contours (hPa), and 10 m wind anomalies are indicated

vectors (ms™). SMB and GRACE (kg m 2y ™) are shown. Non-significant areas stippled at p-value<(0.05.

4. Discussion

4.1 Continental-wide perspective

We examined the AIS mass variability during different ENSO-dominated periods. Our results show that the AIS

exhibits considerable variability across these periods, each associated with its own circulation anomalies (Figs. 4,

5), influenced by interactions between ENSO and SAM (Hosking et al., 2013; Fogt et al., 2011). Over longer

timescales, the mean response reveals a dipole patten: positive mass anomalies in West Antarctica and negative

anomalies in East Antarctic during El Nifo periods, with the reverse during La Nifa periods (Fig. 3b. ¢). This

pattern is supported by data-driven analysis showing a strong correlation between GRACE and cumulative ENSO
indices (King et al., 2023). i

However, there is a difference between the SMB signal and GRACE in West Antarctica, but they are closely
aligned in East Antarctica (Fig. 3b, c¢). This suggests that SMB variability drives of ice mass changes in East

Antarctica, but not necessarily in West Antarctica. The difference may be due to the near-instantaneous response

of ice dynamics to ENSO-driven oceanic forcing and/or mismodelled SMB (IMBIE Team, 2018: Rignot et al.
2019), with the latter being more likely (King and Christoffersen, 2024).

multiple ENSO-dominated periods can obscure variability associated with individual periods and lead to

misinterpretation. As shown in Figs. 4e—h and 5e—h, mass variability—particularly in the Antarctic Peninsula and

East Antarctica—varies significantly across individual ENSO events (Figs.4, 5). The mean response fails to

capture these short-term variations, which are critical for understanding their influence on AIS mass balance.
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4.2 West Antarctica

{2 1 El Nifio-deminated_period

El Nifno-and La Nifia-dominated periods correspond to positive and negative pressure anomalies in the Pacific,

respectively, indicative of positive PSA-1 and negative PSA-1 patterns (Hoskins and Karoly, 1981). These

patterns are associated with a weakened or strengthened ASL. influencing circulation and climate in West

Antarctica (Raphael et al., 2016a; Turner et al., 2017; Turner et al., 2012). ilih%spaﬁal—SM-B—aﬂd—%ass—ehaﬂge

ASE-(Raphael et al., 2016a)-The-Positive ice mass anomalies in the Amundsen Sea sector during the 2002-2005,

2014-2016 and 2018-2020 El Nifio-deminated periods (Fig. 41, k-1) and negative anomalies during the 2010-2014
and 2020-2022 La Nifia periods (excluding the 2016-2018 period due to noisy GRACE data) -shewed-massgain

p&&ems—espeeaﬂy*n—ﬁ%mtmésaﬁea%egeﬂ—éﬁg—%g—m(ﬁg 51, k-1), are broadly consistent with previous
studies (Paolo et al., 2018; Klng et al., 2023). Fhisp ass-anomaly pattern e h

Seaseetorand-theAntarctic Peninsula—(Raphael et al., 2016a)-_These mass anomalies are supported by the

variability in the ASL during El Niflo and La Nifa periods influencing circulation into the Amundsen Sea sector.

During El Nifio conditions, a th%weakenedmg—ef—the ASL and reduced coastal easterlies reéuees—Ekman—tFaHspeﬁ

andleads-to-subsurface-warming of the-continental shelfallow westerly wind anomalies to bring marine air masses,

onshore, which, enhance snowfall and mass accumulation through orographlc lifting (Paolo et al., 2018; Huguenm
etal., 2024). B i i i i

strengthen the ASL and intensify coastal easterlies, limiting moisture transport and reducing precipitation

(Huguenin et al., 2024; Hosking et al., 2013).

However, the 2009-2010 EI Nino period deviates from this pattern, with negative SMB anomalies observed in

the Amundsen Sea sector (Fig. 4f). The pressure anomaly during this period is distinct, with a positive pressure

anomaly extending from the Amundsen Sea to beyond the Ross Sea. An important difference to the other El Nifio

periods, is the extension of this positive pressure anomaly further to the west, which decreases moisture transport

into the region. This period encompasses a strong Central Pacific El Nifio event (Kim et al., 2011), and associated

pressure anomaly (Fig. 4b) resembles patterns linked to such events, which are associated with moisture depleted

wind anomalies and suppressed precipitation in the Amundsen and Bellingshausen regions (Chen et al., 2023;

Macha et al., 2024).
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Macha-etal2024y—0Our 2009-2010 El Nifio mass pattern aligns with Macha et al. (2024), who reported reduced

accumulation during Central Pacific El Nifio events in the SON and JJA seasons. These similarities suggest that

the observed mass change may reflect the impact of Central Pacific E1 Nifio phases during the SON and JJA

seasons in the Amundsen Sea sector.

It is important to state that our defined ENSO periods do not distinguish between El Nifio types or seasonal phases

but instead capture the net mass change over the entire period, providing broader context for ice sheet mass

balance.

Similarly, the 2007—2009 La Nifia period shows a mass pattern that contrasts with other La Nifia periods, featuring

a positive mass anomaly in the Amundsen Sea sector (Fig. 51). However, atmospheric circulation patterns during

this period do not statistically support the observed mass gain, suggesting that it may be linked to unrelated

weather events or other modes of climate variability.
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to-pesitive SMB-anomaliesand-netiee—mass—gain- Our results supports that mass variability in the

Peninsula is variable and influenced by various factors such as large-scale climate modes including SAM and

5 cad

Antarctic

ENSO (Clem et al., 2016; Clem and Fogt, 2013) and the Peninsula's unique mountainous geography. Previous

studies have demonstrated a reduction in mass during E1 Nifio and an increase during La Nifia across the Peninsula.

This is consistent with our results for the 20182020 El Nifio- and 2020-2022 La Nifa-dominated periods (Figs.

41, 51). Meanwhile, other studies suggest the opposite patten, reporting an increase in mass during El Nifio and a

reduction during .a Nifia in the Peninsula (Zhang et al., 2021), which aligns with our observed ice mass change
during the 2002-2005 and 2014-2016 El Nifno periods (Fig. 4i, k) and 2010-2014 La Nifa period (Fig. 5j).

However, the variable impact appears to be influence by the position and orientation of the ASL and its effect on

moisture transport into the Peninsula (Raphael et al., 2016b). Further, moisture transport into the Peninsula is

influenced by SAM-driven westerly winds and ENSO-related meridional flow (Orr et al., 2008; Clem et al., 2016)

which contributes to the complex mass change patterns.
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driverof East Antaretic fee Sheet-variability: El Nifo and La Nifia events have been linked to negative and positive

cumulative mass anomalies, respectively in the East Antarctic Ice Sheet (King et al., 2023; Li et al., 2022a),
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consistent with our earlier findings (Fig. 3b—c). Our 2014-2016,2018-2020 E1 Nifo periods (Fig. 4k, 1) and 2010-

2014, 2020-2022 La Nina periods (Fig. 4i, 1) broadly align with this pattern. However, this pattern is consistent

for every ENSO period (e.g. Fig.4j 51), and in some periods regionally variable responses observed across the

Atlantic and Indian Ocean sectors.

SMB anomalies in East Antarctica are primarily influenced by the strength and position of cyclonic and

anticyclonic anomalies over the continent and the Southern Ocean (Figs. 4a—d and 5a—d). These pressure

anomalies regulate atmospheric circulation, with meridional flow changes affecting heat and moisture distribution

across the region (Scarchilli et al., 2011; Wang et al., 2024; Udy et al., 2021). The SAM phase largely governs

these pressure patterns, modulating their positioning and highlighting its role as dominant climate driver in East

Antarctica (Fogt et al., 2012; Fogt and Marshall, 2020b; Marshall et al., 2013). For instance, 2014-2016 El Nifio

showed a spatial mass pattern that are consistent with a positive SAM phase, with a reduction in precipitation

(Marshall et al., 2017) and observed negative mass anomaly (Fig. 4g).

The anomalous mass gain during the 2009-2010 El Nifio period observed in Dronning Maud Land has been

attributed to atmospheric blocking, which produced large episodic snowfall events (Boening et al., 2012).

Similarly, a positive pressure anomaly in the Atlantic during the 2010-2014 La Nina period (although not

significant at p<0.05 over the 4-year period) appears to support the mass gain in the Dronning Maud Land (Fig.

57). Atmospheric blocking favours the occurrence of atmospheric rivers reaching the Antarctic coastline, often

associated with increased precipitation and temperature (Wille et al., 2021; Pohl et al., 2021). The weakening of

the westerlies during negative SAM conditions (Clem et al., 2016), allows for Rossby wave amplification and an

increased frequency of atmospheric blocking events in East Antarctica, particularly during winter, when the

relationship is strongest (Wang et al., 2024). It is important to note that climate modes of variability can create

conditions favourable for atmospheric river events in East Antarctic (Shields et al., 2022), especially in Wilkes

Land (Wang, 2023). However, in Dronning Maud Land, atmospheric rivers explain about 77 % of interannual

variability (Baiman et al., 2023)

Our 2002-2005 and 2009-2010 El Nifio periods, along with the 2007-2009 La Nifa period, show a blocking

pattern around Wilkes Land, consistent with transient meridional blocking associated with increased precipitation

along the coastline (Udy et al., 2022; Udy et al., 2021). However, given the duration of our defined periods, this

transient blocking is likely smoothed out over longer timeframes, which may explain the stronger signal observed

during the shorter 2009-2010 EI Nifo period. The asymmetric shape of the positive pressure anomaly extension

off the Wilkes Land is much stronger in the 2009-2010 period, and is consistent with the development of

atmospheric_blocking in the Tasman Sea region (Pook et al., 2006), which is associated with increased

precipitation in Wilkes Land (Pohl et al., 2021; Udy et al., 2022).

Our 2020-2022 La Nifia period shows significant mass gain across the Indian Ocean and Wilkes Land region and

was the only period in our analysis period when La Nifa and positive SAM occurred together (Fig. 1¢). However,

this period also included the March 2022 atmospheric river event, which delivered record-breaking precipitation

and heat to East Antarctica (Wille et al., 2024). While this event was not the only atmospheric river to occur

during the GRACE period, this four-day event likely had some influence on the mass anomaly patterns of the

2020-2022 La Nina period we define in this study. To determine the extent of the influence of this event, we
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examined the 2020-2022 period by comparing the inclusion and exclusion of the March 2022 event
(Supplementary Fig. S5). While the March 2022 event increased the strength of the SMB positive anomaly in

Wilkes Land, the region still observed a strong positive SMB anomaly during the 2020-2022 period when March

2022 was excluded (Supplementary Fig. S5). According to Wang et al. (2023), extreme events in March 2022 and

October 2021 accounted for approximately 38% of the precipitation anomalies in Wilkes Land during the 2020—

2022 La Nifia period, driven by a pair of symmetrically distributed high—low pressure systems over the Southern

Ocean near 120°W and 60°E.
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Our findings indicate that ice mass changes during ENSO-dominated periods cannot be solely attributed to ENSO
forcing. To quantify changes in ENSO variability, long time series must be considered in future studies (Stevenson

et al., 2010), along with the use of climate models to better isolate and capture purely ENSO-driven signals.

4.4 Combined ENSO and SAM influence

Isolating the ENSO signal and its impact on AIS ice mass is challenging due to several factors. The Rossby wave
propagation of the ENSO signal to Antarctica is influenced by SAM (Marshall, 2003; Fogt and Marshall, 2020a),
and the ENSO signal can be masked by other climate modes, such as zonal-wave 3—a quasi-stationary pattern in
the southern high latitudes that affects meridional heat and momentum transport (Goyal et al., 2022; Raphael,
2004). Additionally, synoptic-scale weather systems can further mask ENSO’s influence. The complex interaction
between ENSO and other modes of climate variability likely drives the equally complex patterns of AIS ice mass
change observed during different ENSO-dominated periods.

Pressure anomaly variability in the Pacific sector during ENSO-dominated periods can be associated with the

cumulative SAM phase. During ENSO periods when the cumulative SAM and ENSO occur in phase (El Nifio/—

SAM or La Nifia/+SAM) (Fogt et al., 2011), the pressure anomaly over the Pacific sector is close to the continent,

spatially extensive, and centred around the Amundsen Sea sector (Figs. 4a and 5d). However, during ENSO-
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dominated periods that are out of phase with the cumulative SAM (EI Nifio/+SAM or La Nina/-SAM) (Fogt et

al., 2011), the pressure anomaly appears northward, away from the continent (Figs. 4c and 5a). Periods where the

cumulative SAM phase shows a neutral phase, the pressure anomaly in the Pacific is centred around the

Bellingshausen Sea sector (Figs. 4d, 5b, ¢). However, between 2000 to 2020, shifts in large-scale circulation,

particularly in SAM ., have been reported, potentially affecting ENSO teleconnections and their influence on AIS
variability (Xin et al., 2023).

Our analysis, which uses cumulative summed indices to match GRACE mass time series, has limitations. It
focuses primarily on low-frequency variability and does not account for shorter temporal scale impacts, such as
tropical convection pulses that trigger the Rossby waves or high-frequency variability associated with storm

systems such as atmospheric rivers. However;theHowever, the net effect of these would be captured by GRACE.

Studies on precipitation (Marshall et al., 2017) and ice core records (Medley and Thomas, 2019) both recognise

that SMB generally decreases during positive SAM phase and increases during negative SAM phase. In terms of
the impact on basal melting, negative SAM periods generally decrease the transport of warm circumpolar deep
water onto the continental shelf (Paloczy et al., 2018), largely reducing ice shelf basal melt (Verfaillie et al., 2022)
and subsequently contributing to ice mass gain. However, the timescale of the response of the upstream ice to the

positive SAM forcing is unclear and would involve a substantial lag, which can range from months to several

years depending on regional ice dynamics (King and Christoffersen, 2024). This suggests that GRACE-derived

signals may represent a delayed response rather than an immediate reaction to SAM variability. The spatial pattern

of ice mass change anomaly during the 2002-2005 El Nifio and 2007-2009 La Nifia-dominated periods in the
Amundsen Sea sector and Wilkes Land resembles the negative SAM spatial pattern reported by King et al. (2023).
Negative SAM dominates the cumulative summed SAM (Fig. le) from the start of the GRACE time series in
2002 until around 20108, which aligns with the high-positive pressure anomaly observed over Antarctica,
reflecting a stronger than average (over the GRACE period) Antarctic Hhigh during this period (Figs. 4a—b and
5a). Therefore, it is possible that ice mass variability observed between 2002 and 20108 was more influenced by

SAM than by ENSO.

Our findings agree with an—understandingthe premise that ENSO forcing on the Antarctic climate impacts
atmospheric circulation patterns, altering the ASL variability, which in turn influences Antarctic ice mass

variability (Zhang et al., 2021; Paolo et al., 2018; Sasgen et al., 2010; Clem et al., 2017). However, across

individual ENSO periods, the AIS response exhibits considerable variability, with each period associated with

distinct atmospheric circulation patterns. It is possible that the teleconnection between tropical ENSO signals and

Antarctic climate may not be fully established during a given ENSO phase or masked by other processes. Our

analysis, which uses cumulative summed indices to match GRACE mass time series, is primarily sensitive to low-
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frequency variability and does not resolve shorter-term impacts, such as tropical convection pulses that initiate

Rossby wave trains or high-frequency variability linked to storm systems like atmospheric rivers. Nonetheless

the integrated effect of these processes is captured by GRACE. Additionally, Fhe-internal dynamics of the ASL

may contribute to AIS mass variability that is independent of the influence of ENSO and SAM which potentially

can impact our analysis. -Given that our analysis spans a 22-year period, long time series must be considered in

future studies (Stevenson et al., 2010), along with the use of climate models to better isolate and capture purely

ENSO-driven signals. theseresults—primarily—capture—the—interannual~variability—rather—than-lower{requeney
influenee-of the Pacifie Decadal Oseillation-signal-While ENSO induced circulation affects Antarctic SMB (Kim

etal., 2020), recent Antarctic ice mass trends (2003-2020) have been primarily driven by mass imbalance triggered

by long-term ice dynamics changes (Kim et al., 2024; Rignot et al., 2019). Some of the low-frequency mass
variability around the long-term trend (which we remove) is associated with changing ice dynamics. This dynamic

signal is stronger in West than in East Antarctica (Rignot et al., 2019).

In a warming climate, future ENSO event variability is predicted to increase (Cai et al., 2021). CMIP5 model
simulations suggest a reduction in El Nifio-induced precipitation over West Antarctica (Lee et al., 2023). Given
that SAM is projected to remain in its positive phase across all seasons due to greenhouse gas emissions (Arblaster
and Meehl, 2006), accurate modelling of future AIS mass estimates in relation to ENSO teleconnections must
account for the interaction between SAM and ENSO. The AIS mass gain observed during 2020-2022 raises
questions about how the AIS will respond to future La Nifia and positive SAM periods and if it would increase

the frequency of extreme events.

5 Conclusion
To examine the AIS mass change during different ENSO-dominated periods, we analysed AIS mass change
anomalies observed by GRACE/GRACE-FO spanning the period 2002-2022. These anomalies were interpreted

alongside RACMO2.4p1 modelled SMB and atmespherie-pressure-and-wind-patteras mean sea level pressure and
10 m winds from ERAS reanalysis products. Our analysis reveals that El Nifio and La Nifia periods exert distinct

influences on the AIS, with considerable event-te-eventspatial variability.

At the continental scale, three out of the four El Nifio-dominated periods were characterised by mass increase in
West Antarctica and mass decrease in East Antarctica. Conversely, two out of the three La Nifia-dominated
periods (here excluding the 2016-2018 period with degraded GRACE signal) showed the opposite pattern, with

mass reduction in West Antarctica and to varying degrees, mass increase in East Antarctica. The Amundsen Sea

sector typically experiences positive mass anomalies during El Nifio-dominated periods and negative anomalies

during La Nifia-dominated periods. s

] e dominated periods.

Mass variability in West Antarctica is primarily driven by ENSO-induced ASL pressure anomalies, which
modulate the atmospheric circulation and moisture transport. The ASL exhibits high variability in its location,
strength, and extent, which influence its impact between the Antarctic Peninsula and West Antarctica. The ASL
strengthens and moves closer to the Antarctic coastline during periods when ENSO-SAM are in phase (Hosking

et al., 2013). While ENSO has its strongest impact in West Antarctica;-its-influence-extendsto-East-Antaretica;
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consistent-with-Lietal(2022a).. However, atmospheric pressure patterns over the Southern Ocean play a crucial

role in regulating moisture influx and, consequently, ice mass variability in East Antarctica.

In summary, this study highlights the complex nature of ENSO teleconnections in modulating AIS mass balance
through changes in atmospheric circulation. Rather than exhibiting a simple dipole response-(Fig-—3}, AIS mass
variability during ENSO ewventperiods is shaped by unique teleconnections and moisture fluxes specific to each

periodevent. We acknowledge uncertainties in our analysis due to the relatively short ENSO-dominated periods

considered. Some ENSO-related teleconnections may not have fully developed during these intervals, and other

processes—such as atmospheric rivers—may have masked or modulated the ENSO signal, complicating the

attribution of the observed spatial impacts. Although climate model projections remain uncertain regarding

whether future ENSO events will more resemble an El Nifio- or La Nifia-like state, they consistently indicate that
ENSO will influence Antarctic precipitation patterns. A clearer understanding of ENSO’s role in Antarctic climate
is therefore critical for assessing its impact on future SMB and long-term ice mass balance. This requires both
process-level understanding (e-gMacha-et-al—2024) and consideration of the net effect on ice sheet mass as

explored here.

Supplementary materials

Text S1

Following the method proposed by Ren and Jin (2011), we compute indices for Central and Eastern Pacific ENSO

events and compare their normalised and cumulatively summed timeseries to those of the Nifio 3.4 index.

Raw ENSO indices ENSO indices (Cumulative summed)

J

SST anomaly (°C)

2005 2010 2015 2020 2005 2010 2015 2020

Figure S1. Timeseries of various ENSO metric indices.

Text S2
Using composite analysis, we examined the spatial patterns of surface mass balance (SMB) and atmospheric

anomalies during ENSO vyears. To achieve this, we first computed annual SMB accumulation anomalies and the

annual mean Nifo 3.4 index. El Nifio and La Nifa years were then selected based on threshold values of above

0.5 and below —0.5, respectively. Composite maps were subsequently generated for each category. This approach

provides an additional framework for comparing our results with those derived from regression analysis.
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Figure S2. Composite maps showing the impact of El Nifio and La Nina events on ERAS5 mean sea level

pressure (shading and contour, hPa) and 10 m wind anomalies (vectors, m s™), alongside surface mass SMB

anomalies (kg m2y™") from RACMO?2.4p1 over the period 2002-2022.

Text S3

The relative impact of SMB changes was expressed as a percentage of the climatological mean SMB for each El

Nifio-dominated period. To achieve this, we computed the mean SMB for each period, compared it to the long-

term climatological mean at each grid point, and then expressed the difference as a percentage.
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Figure S3. Map of RACMO2.4p1 SMB changes, expressed as a percentage relative to the 2002-2022

climatology during El Nifio-dominated periods.

Text S4

The relative impact of SMB changes was expressed as a percentage of the climatological mean SMB for each La
Nifla-dominated period. To achieve this, we computed the mean SMB for each period, compared it to the long-

term climatological mean at each grid point, and then expressed the difference as a percentage.
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057 Text S§

058 The impact of the March 2022 extreme event is assessed by comparing scenarios that include and exclude the

059 event and evaluating the difference between the two.
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Figure S5. Presents maps of SMB anomalies (kg m2v") during the 2020-2022 La Nina period from
RACMO2.4p1: (a) includes the March 2022 AR event, (b) excludes March 2022 AR event, and (c¢) shows
the difference between (a) and (b).

Code and Data availability

Source code and data will be made available through the University of Tasmania Research Data Portal prior to

publication. The GRACE data used is available at https://gravis.gfz.de/ais. The ERAS reanalysis data used in the

atmospheric linkage to ice mass variation are publicly available from https://cds.climate.copernicus.eu/. The

station-derived SAM index from Marshall (2003) available at http://www.nerc-bas.ac.uk/icd/gjma/sam.html.

The Nifio3.4 index are publicly available from https://psl.noaa.gov/data/timeseries/month/Nino34/.
RACMO2.43p21 model SMB output can be accessed at-(VeanBDalum-etal-202H
https://zenodo.org/records/14217232 (Van Dalum et al., 2025; Van Dalum et al., 2024) . -
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