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Abstract. The surface mass balance (SMB) of the Antarctic Ice Sheet is a critical factor in influencing global mean sea level
rise and has substantial implications for future projections of sea level rise. In recent decades, the Antarctic Ice Sheet SMB
trends show pronounced regional disparities, marked by an increase over the western part but a decrease over the eastern part
of West Antarctica. Through a synthesis of ice core records and five reanalysis datasets, as well as atmospheric dynamics
analysis and numerical model simulations, we demonstrate that the multi-decadal trends in tropical sea surface temperature
are key drivers of the dipole-like SMB trends in West Antarctica. Specifically, the eastern tropical Pacific cooling associated
with the phase changes of the Interdecadal Pacific Oscillation (IPO) and the tropical Atlantic warming associated with the
Atlantic Multi-decadal Oscillation (AMO) stimulate Rossby wave trains propagating to the West Antarctic, resulting in the
contrasting moisture divergence and precipitation changes between the western and eastern parts of West Antarctica. In
particular, the statistical analysis and model simulation clarify the seasonality of these teleconnections. Both the Pacific and
Atlantic contribute to the dipole-like SMB pattern during austral spring and autumn, while the Pacific is the major
contributor during austral summer. Our findings have broad implications for understanding the recent observed SMB trends

as well as the projecting future changes in the Antarctic SMB and consequent global sea level rise.

1 Introduction

The mass loss of the Antarctic ice sheet has accelerated over the past four decades due to the enhanced ice discharge
across the ice sheet grounding line, largely contributing to the global sea level rise (Fox-Kemper et al., 2021; Rignot et al.,
2019; Shepherd et al., 2018). This dynamical mass loss is primarily attributed to the ice shelf basal melting (Pritchard et al.,

2012) driven by the sub-surface ocean warm water intrusion (Holland et al., 2020; Thomas et al., 2023). Conversely, the
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total surface mass balance (SMB) of the Antarctic ice sheet has increased over the past century (Medley and Thomas, 2019;
Wang and Xiao, 2023), offsetting the coastal mass loss. Several processes, including the amount of, sublimation, drifting
snow erosion and runoff contribute to the SMB over the Antarctic ice sheet, while precipitation amount plays a dominant
role (Agosta et al., 2019; van Wessem et al., 2018).

Recent studies have revealed that multi-decadal trends in the Antarctic SMB show regional disparities (Dalaiden et al.,
2022; Lenaerts et al., 2019; Medley et al., 2018; Medley and Thomas, 2019), which hinders the evaluation of its integrated
contribution to the mass change of the Antarctic Ice sheet (King and Watson, 2020). Firn and ice core records show
significant increases in SMB in the Dronning Maud Land and the Weddell Sea coast in recent decades (Medley et al., 2018),
while atmospheric reanalysis data indicate declining annual precipitation trends in the Wilkes Land and the western Ross Ice
Shelf (Lenaerts et al., 2019). Remarkably, a dipole-like trend in SMB has been observed over West Antarctica in recent
decades, as reconstructed from ice core records, with an increase in the Ellsworth Land and Peninsula and a decrease in the
Marie Byrd Land, representing the most pronounced trend pattern across Antarctica (Dalaiden et al., 2022; Medley and
Thomas, 2019). Understanding the drivers behind these regional disparities of SMB trends in West Antarctica is crucial for
projecting future mass changes in the Antarctica Ice Sheet.

Several mechanisms have been proposed to explain the multi-decadal changes in the West Antarctic SMB. It is found
that changes in the atmospheric moisture-holding capacity due to global warming increase annual precipitation amount
(Frieler et al., 2015). The sea ice reduction (Wang et al., 2017) around the Antarctic and the sea surface warming over the
Southern Ocean (Kittel et al., 2018) enhance moisture transport from the ocean to the ice sheet. At the same time, the
changes in the high-latitude Southern Hemisphere atmospheric circulations in recent decades, including a positive trend in
the Southern Annular Mode (SAM) (Fogt and Marshall, 2020) related to the ozone depletion (Chemke et al., 2020; Lenaerts
et al., 2018), and the intensification of the Amundsen Sea Low (ASL) (Dalaiden et al., 2022; Raphael et al., 2016), have also
been identified as significant contributors.

Regional climate changes over the Antarctic have been largely attributed to the drivers from lower latitudes through
tropical—polar teleconnections (Ding and Steig, 2013; Li et al., 2021). Recent studies reveal that the interannual variabilities
of tropical sea surface temperature (SST), e.g., El Nifio—Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) (Saji
et al., 1999), impact the sea ice concentration (Nuncio and Yuan, 2015; Yuan and Martinson, 2001) and surface air
temperature (Ding and Steig, 2013) in the Antarctic. Recent studies indicated that tropical-polar teleconnection may also
potentially contribute to the SMB changes over the Antarctic continent (Bodart and Bingham, 2019; Donat-Magnin et al.,
2020; Ekaykin et al., 2004; Marshall et al., 2017; Thomas et al., 2015; Turner et al., 2019), with the main focus on the
remote effect of ENSO events (Bodart and Bingham, 2019; Donat-Magnin et al., 2020; Turner et al., 2019). Beyond
interannual variability, tropical SSTs exhibit substantial multi-decadal changes linked to the phases of the Interdecadal
Pacific Oscillation (IPO) (Henley et al, 2015; Zhang et al, 1997) and Atlantic Multi-decadal Oscillation (AMO)
(Schlesinger and Ramankutty, 1994). Over the past decades, the Atlantic has remained in a positive AMO phase (Yang et al.,
2020), while the Pacific experienced a negative phase of IPO after the late 1990s (Jiang and Zhou, 2023). Concurrently, the
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Indian Ocean has experienced pronounced warming. These multi-decadal changes in tropical SSTs have been identified as
key drivers of atmospheric circulation changes (Li et al., 2021; Clem and Fogt, 2015), ice shelf melting (Jenkins et al., 2018)
and sea ice retreat (Meehl et al., 2019). However, their potential contribution to SMB trends over Antarctica during recent
decades remains unclear.

In this study, we combine ice core records with reanalysis datasets to investigate both annual and seasonal SMB
changes in West Antarctica and their underlying mechanisms. Specifically, we demonstrate that multi-decadal trends in
tropical sea surface temperatures contribute to the dipole-like SMB patterns in West Antarctica through atmospheric

teleconnections.

2 Data and Methods
2.1 Data
2.1.1 Observational records

Ice cores provide valuable and sparse SMB data, despite limitations such as large local noise (Cavitte et al., 2020) and
chronological uncertainties (Bouchet et al., 2023). To extract the large-scale changes over the entire West Antarctic continent,
we analyze SMB in 21 ice cores spreading West Antarctica. Given that all the cores were drilled before 2010, the annual
SMB data is limited up to that year. In several locations, more than one ice cores were drilled. Before we calculate the mean
value of SMB in the western and eastern regions of the West Antarctic, we first derived the mean SMB of all these ice cores
in this location (within a 25 km range).

We use the monthly SST data from the Hadley Centre sea ice and sea surface temperature data set (HadISST) (Rayner
et al., 2003) with a spatial resolution of 1°x1°. The monthly SST data during 1980-2010 is used to calculate SST trends over
the three ocean basins (the Pacific, Atlantic and Indian Ocean), as well as the tropical SST time series. Additionally, the SST
data is also used as a boundary condition in the atmospheric model experiments detailed below. The tropical Pacific SST
anomaly is measured by Nino3.4 index, the SST anomaly in the central-eastern tropical Pacific region (5°S—5°N, 170°-
120°W). The tropical Atlantic SST anomaly is measured by the mean SST in the tropical Atlantic from 20°S to 20°N (TA20).
The SST anomaly in the tropical Indian Ocean is measured by the Indian Ocean basin mode (IOBM) index (Xie et al., 2009),
which is defined as the mean SST in the tropical Indian Ocean from 20°S to 20°N. The SST variability indices in the three

ocean basins are derived from monthly SST in the HadISST dataset.

2.1.2 Atmospheric reanalysis datasets

Atmospheric reanalysis datasets, while providing comprehensive spatial and temporal coverage of precipitation data,

offer reliable insights predominantly in the satellite era, post-1980 (Hersbach et al., 2020). To evaluate SMB changes in
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West Antarctica, we analyze precipitation and evaporation data from five reanalysis datasets for the period 1980-2010: the
European Center for Medium-Range Weather Forecasts Reanalysis version 5 (ERAS) (Hersbach et al., 2020), the Japanese
55-year Reanalysis (JRAS5) (Kobayashi et al., 2015), the Climate Forecast System Reanalysis (CFSR) (Saha et al., 2010),
the Modern-Era Retrospective analysis for Research and Applications version-2 (MERRA?2) (Gelaro et al., 2017), the NCEP-
DOE Reanalysis version-2 (NCEP2) (Kanamitsu et al., 2002). These datasets originally feature varying resolutions:
0.25°x0.25° for ERA5, nominally 0.56°x0.56° for JRASS5, 0.312°x0.312° for CFSR, 0.5°x0.625° for MERRA?2 and 2.5°x2.5°
for NCEP2. To facilitate comparisons, all data are interpolated into a uniform resolution of 0.5°x0.5° using the bilinear
interpolation method. Other variables, geopotential height, vertically integrated moisture transport and its divergence from

ERAS are used to investigate the underlying mechanisms driving changes in SMB over West Antarctica.

2.2 Methods
2.2.1 Statistical methods

Ordinary least squares regression is used to evaluate the individual contribution of SST variabilities in the three ocean
basins on SMB changes in West Antarctica. The adjusted Student’s #-test is used to determine the confidence intervals for
regression coefficients (Bretherton et al., 1999), accounting for autocorrelation in climate data. The degrees of freedom (T)

are adjusted into (T™) as Eq. (1):
T"=TQA-nn)/1+nr), )

where r; and r;, are the lag-one autocorrelations of the climate variables’ time series in each grid and the SST indices of the
three ocean basins, respectively.

Sen’s slope method (Gocic and Trajkovic, 2013) is used to calculate the trends in SMB in ice core records, precipitation,
evaporation and geopotential height in reanalysis and model data described below, with the confidence intervals estimated

through the Mann-Kendall test (Gocic and Trajkovic, 2013).

2.2.2 Model simulation

We use the global atmosphere model, Community Atmosphere Model version 5 (CAMS), developed by National
Center for Atmospheric Research (NCAR), to analyze the individual impact of the decadal SST changes in the three ocean
basins, Atlantic, Pacific and Indian Oceans on the observed trends in SMB over West Antarctica. We conduct modeling
experiments using a finite volume grid at 1.9°x2.5° horizontal resolution. The model is driven by SST as lower external
boundary forcing. We also use the Community Land Model and the thermodynamic module of the Community Sea-Ice
Model to simulate the surface heat and moisture fluxes.

Three groups of transient CAMS5 ensemble simulations are forced by observed time-varying (with trend) SST over the

Pacific (40°S~65°N), Atlantic (30°S~75°N) and Indian (25°S ~ 25°N) Oceans, respectively, for the period 1980-2010. Each

4
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group of ensemble simulations comprises 12 members based on different perturbed initial conditions. To prevent spurious
boundary effects, SST anomalies were gradually reduced to zero using linear interpolation, which ensures a smooth
transition within a defined buffer zone (10° in latitude and longitude). In other regions, SST and sea ice are set to their
climatological mean states (1981-2010) with an annual cycle. During the entire integration period, other forcings, including
greenhouse gas concentrations, aerosols, and solar radiation, remain constant throughout the integration period. The
ensemble means of all members are calculated to represent the climate response to the SST forcing from each ocean basin by

minimizing the noise from the internal variabilities of the atmosphere.

3 Results
3.1 Dipole-like surface mass balance trends in West Antarctica
3.1.1 Annual-mean surface mass balance trends

The ice core records reveal a clear dipole-like pattern of SMB trends in West Antarctica (Fig. 1a), characterized by
decreasing trends in the western region and increasing trends in the eastern region. We calculated the mean trends by
calculating the average of all ice core records within the western and eastern regions. The results show a decrease in SMB of
-22.6+16.6 kg m? yr'! decade™! (p-value = 0.0005) (Fig. 1b) in the west and an increase of 96.0+86.2 kg m? yr! decade™ (p-
value = 0.02) (Fig. 1c¢) in the east, both significant at the 95% confidence level. Net precipitation (precipitation minus
evaporation) in reanalysis datasets during the satellite era is reported to well represent the Antarctic SMB (Medley and
Thomas, 2019; Wang et al., 2016). As a reference, we calculate the SMB trends from 1980 to 2010, using ERAS data. The
results also show a dipole-like trend pattern, as revealed by the ice core records, with decreasing trends in the west and
increasing trends in the east (Fig. 1a). The coastal region and the Antarctic Peninsula exhibit larger trends than the interior of
West Antarctica because the coastal regions are more sensitive to the moisture transport from the Southern Ocean (Clem et

al., 2016; Ding and Steig, 2013).
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Figure 1 | Surface mass balance trends in West Antarctica during 1980-2010. a shows the net precipitation (precipitation minus
evaporation) trends in ERAS. The colored circles and triangles show the SMB trend for each ice core records, with the significant trends
shown by triangles. b and ¢ show the SMB time series of stacked ice core records (solid line) in the western (b) and the eastern part (c) of
West Antarctica, respectively. In b and ¢, the dashed line indicates the linear trend in SMB. d and e show the precipitation and negative
evaporation (multiplied by -1) trends, respectively. Black crosses show the area with statistically significant trends.

Considering the uncertainty of the reanalysis datasets over the South Pole region, we evaluate the SMB trends using
four additional state-of-the-art reanalysis datasets (JRAS55, CFSR, MERRA2 and NCEP2). All four datasets consistently
reveal a similar dipole-like trend pattern of the SMB over West Antarctica (Fig. 2), even if MERRA2 and NCEP2 show
relatively weaker decreasing trends in the western part (Fig. 2¢ and d). The consistency between the ice core records and the
five reanalysis datasets highlights the robustness of the dipole-like SMB trends over the West Antarctic Ice Sheet.

We further single out the contributions of the precipitation and evaporation in the SMB trends over West Antarctica.

The precipitation trend pattern is nearly identical to that of the SMB (Fig. 1d). However, the evaporation across the West

6



160

165

170

https://doi.org/10.5194/egusphere-2025-1381
Preprint. Discussion started: 21 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Antarctic Ice Sheet has increased (Fig. 1¢ shows the negative trends) with a distinct pattern and magnitude from that of the

SMB. In the rest of the study, we thus mainly focus on the precipitation trends over West Antarctica.

a) JRAS5 b)

kg m? yr! decade’!

[ . ‘ I
25 20 -15 10 -5 0 5 10 15 20 25

Figure 2 | Net precipitation trends in the other four reanalysis datasets. a-d show the net precipitation trends in JRASS (a), CFSR (b),
MERRAZ? (¢) and NCEP2 (d), respectively. Black crosses show the area with statistically significant trends.

3.1.2 Seasonality of the West Antarctic precipitation trends

Precipitation in West Antarctica has strong seasonality (Oshima and Yamazaki, 2006). To estimate the seasonal
contributions to the overall SMB trends, we evaluate the seasonal precipitation trends using ERA5 data. Precipitation in
austral spring (SON), summer (DJF) and autumn (MAM) shows a similar dipole-like trend pattern (Fig. 3) as that of the
annual trends, although the decreasing trends during SON in West Antarctica’s western region are relatively weak (Fig. 3d).
However, the winter (JJA) precipitation exhibits decreasing trends over almost the entire Western Antarctica except for the

inland region of its western part (Fig. 3¢), which is the only season without a dipole-like precipitation pattern.



175

180

https://doi.org/10.5194/egusphere-2025-1381
Preprint. Discussion started: 21 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Figure 3 | Precipitation trends in ERAS for each season. a shows the trends in austral summer (December to February, DJF). b shows
the trends in autumn (March to May, MAM). ¢ shows the trends in winter (June to August, JJA). d shows the trends in spring (September
to November, SON). Black dots show the area with statistically significant trends.

To validate the seasonality of precipitation trends identified in ERAS data, its trends for each season are analyzed using
four additional reanalysis datasets individually, with the results shown in Figure 4. Results based on all four reanalysis
datasets show a clear dipole-like pattern of the precipitation trends over West Antarctica in austral spring (SON), summer
(DJF), and autumn (MAM), with an increase over western West Antarctica and a decrease over the east (Fig. 4). During JJA,
however, the precipitation trends in CFSR and NCEP2 show an increasing pattern (Fig. 4g for CFSR) and decreasing pattern
over the entire West Antarctic (Fig. 40 for NCEP2), respectively. This result highlights the high JJA precipitation

uncertainty in West Antarctica, although it does not influence our main conclusion.
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Figure 4 | Seasonal precipitation trends in the other four reanalysis datasets. a-d show the precipitation trends in austral summer (a,
December to February, DJF), autumn (b, March to May, MAM), winter (¢, June to August, JJA) and spring (d, September to November,
SON) in JRASS. e-h show the precipitation trends in CFSR. i-1 show the precipitation trends in MERRA2. m-p show the precipitation
trends in NCEP2. Black crosses show the area with statistically significant trends.

Combining the ice core records and the five reanalysis datasets, we demonstrate robust dipole-like SMB trends in West
Antarctica, marked by decreases in the west and increases in the east. Seasonal analysis further reveals that the precipitation
trends in DJF, MAM and SON contribute to this dipole-like trend pattern. In addition, the JJA precipitation trends appear to

show decreases over the entire West Antarctica. In the rest of the study, we further investigate the role of tropical

teleconnections in these SMB trend patterns, as well as their driving mechanisms.

3.2 West Antarctic surface mass balance pattern associated with tropical SST variabilities

During 1980-2010, muti-decadal trends in tropical SST are characterized by a positive phase of AMO and a negative
phase of IPO, with strong warming trends over the tropical Atlantic and Indian Ocean but mild cooling trends over the
eastern tropical Pacific Ocean (Fig. 5). Importantly, these tropical SST trends also show clear seasonality. The surface
cooling over the eastern tropical Pacific is much weaker in JJA (-0.03+0.24 °C decade™ in Nino3.4 region) compared to that
of any other season (average of -0.10+0.35 °C decade™). The tropical Atlantic warming trend is significant in DJF, MAM
and SON (average of 0.19+0.13 °C decade™ in 10°S~10°N), but weaker and insignificant in JJA (0.17+0.19 °C decade™).

The tropical Indian Ocean shows the strongest and most significant warming trends in JJA (0.10+£0.09 °C decade™ in

9
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These seasonal changes in tropical SST over the past decades stimulate tropical-polar atmospheric teleconnections, further

influencing the seasonality of the SMB trends in the West Antarctic Ice Sheet.

C) - JJA N d) ~_SON
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°C decade™!
| DN . S |
0.5 0.25 0 0.25 0.5

Figure 5 | Sea surface temperature trends for each season during the period of 1980-2010. a shows the trends in austral summer
(December to February, DJF) derived from HadISST. b shows the trends in autumn (March to May, MAM). ¢ shows the trends in winter
(June to August, JJA). d shows the trends in spring (September to November, SON). Black crosses show the area with statistically
significant trends.

To single out the influence of each ocean basin on the West Antarctic SMB, we regress the SMB in ice core records and
the annual precipitation in ERAS against tropical SST indices, Nino3.4 (negative, representing the contribution of tropical
Pacific cooling trends), TA20 and IOBM. The results indicate that the dipole-like SMB pattern in West Antarctica is
associated with both eastern tropical Pacific cooling and tropical Atlantic warming (Fig. 6a and f). Specifically, one
standard deviation in tropical Pacific cooling corresponds to a decrease of about 1.5 kg m mon™' in precipitation in western
West Antarctica and an increase of over 1.8 kg m™? mon! in the east (Fig. 6a). Likewise, one standard deviation in tropical
Atlantic warming is linked to a decrease of more than 2.5 kg m? mon! in the west and an increase of over 3.8 kg m? mon'!
in the east (Fig. 6f). On the other hand, based on the ice core records, the Indian Ocean warming appears to be related to a
decrease in SMB over the entire West Antarctic, although the Indian Ocean warming - associated precipitation anomalies are

much smaller in ERAS5 data, in comparison to that of ice core records (Fig. 6k).

10
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The regression results suggest that the dipole-like trend pattern in the West Antarctic SMB is potentially driven by
eastern tropical Pacific cooling and tropical Atlantic warming trends. Still, the seasonality of these teleconnection patterns
has not been analyzed. We thus regress the precipitation against tropical SST indices for each season to evaluate the seasonal
contribution of each ocean basin on the dipole-like precipitation trends in West Antarctica. The results indicate that the
Pacific Ocean may drive the dipole-like patterns in all four seasons (Fig. 6b-e). Likewise the Atlantic Ocean triggers dipole-
like patterns in all seasons, except for DJF (Fig. 6g-j). Nonetheless, during MAM, the regression coefficients for both the
Pacific and Atlantic Oceans are more pronounced in the western part of West Antarctica (Fig. 6¢ and h). In JJA, the
regression results for these two ocean basins both show dipole-like patterns (Fig. 6d and i), but considering the weakest
tropical SST trends in JJA over both the tropical Pacific and Atlantic, these teleconnections may contribute less to the dipole-
like precipitation pattern in JJA compared to other seasons. In contrast, during JJA, the Indian-Ocean-warming-related
teleconnections may dramatically decrease the precipitation over the eastern part of West Antarctica (Fig. 6n), resembling

the precipitation trend pattern in ERAS (Fig. 3¢), as well as those in JRASS (Fig. 4¢) and MERRA2 (Fig. 4k).

11
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Figure 6 | Annual and seasonal patterns of regression coefficients of precipitation against sea surface temperature indices in three
ocean basins. a-e show the annual (a) and seasonal regression patterns against Nino3.4 in austral summer (b, December to February, DJF),
autumn (¢, March to May, MAM), winter (d, June to August, JJA) and spring (e, September to November, SON). f-j show the regression
patterns against TA20. k-0 show the regression patterns against IOBM. Black crosses show the area where the regression coefficients are
statistically significant. The precipitation data are derived from ERAS.

Through the regression analysis, we demonstrate that both the eastern tropical Pacific cooling and tropical Atlantic
warming contribute to the dipole-like SMB trends in West Antarctica. Further analysis of seasonality reveals that the tropical
Pacific and Atlantic Ocean may contribute to the dipole-like SMB trends in MAM and SON, while the Indian Ocean may
contribute to the precipitation trends in JJA. Additionally, the tropical Pacific may also contribute to the dipole-like
precipitation trends in DJF to some extent, although the Southern Hemispheric atmospheric circulation anomalies for DJF
are largely attributed to ozone depletion and recovery (Lenaerts et al., 2018). The above analysis reveals significant linkages

between the three tropical oceans and the West Antarctic SMB. However, the underlying mechanisms remain unclear, which

is the main focus of the rest of this study.

3.3 Atmospheric bridges linking the tropical oceans and the Antarctic precipitation

We further analyze the physical pathway through which the tropical oceans drive the precipitation changes over West
Antarctica. Given that atmospheric circulation adjustment usually links the tropical SST and higher-latitudes climate
variabilities, we regress the 500hPa geopotential height against Nino3.4 (negative), TA20 and IOBM (Fig. 7). The Nino3.4-
associated regression patterns show deepened ASL through Pacific-Southern American (PSA)-like patterns extending from
the subtropical central Pacific to West Antarctica in all four seasons (Fig. 7a-d). In MAM (Fig. 7b), JJA (Fig. 7¢) and SON
(Fig. 7d), the anomalous low-pressure center is more localized near the West Antarctic. In DJF, central-eastern Pacific
cooling is nonetheless associated with an intensified SAM, with low-pressure anomaly over the entire Antarctic (Fig. 7a).
The TA20-associated regression patterns (Fig. 7e-h) also show deepened ASL in MAM (Fig. 7f), JJA (Fig. 7g) and SON
(Fig. 7h). However, in DJF, a weak high-pressure anomaly appears around West Antarctica (Fig. 7e). This weakening of
Atlantic — Antarctic teleconnection is primarily attributed to the weakened sub-tropical jet (Southern Hemisphere) in DJF,
which fails to guide the Rossby wave train stimulated by tropical Atlantic warming(Li et al., 2015). In contrast, the IOBM-
associated regression patterns show anomalous high-pressure centers around West Antarctica for all four seasons, albeit the
location of the circulation centers differ between seasons (Fig. 7i-1). The atmospheric circulation adjustment induced by the
cooling of the eastern tropical Pacific Ocean, and the warming of the tropical Atlantic and Indian Ocean may further

influence moisture transport from the ocean towards the West Antarctic Ice Sheet, potentially affecting the SMB over there.
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Figure 7 | Regression patterns of S00hPa geopotential height against sea surface temperature indices in the tropical Pacific and
Atlantic Ocean for each season. a-d show the regression patterns against Nino3.4 in austral summer (a, December to February, DJF),
autumn (b, March to May, MAM), winter (¢, June to August, JJA) and spring (d, September to November, SON). e-h show the regression
patterns against TA20. i-l1 show the regression patterns against IOBM. Black crosses show the area where the regression coefficients are
statistically significant. The 500 hPa geopotential height data are from ERAS.

We further examine the regression of vertically integrated horizontal moisture transport and associated moisture
divergence over West Antarctica against Nino3.4 (negative), TA20 and IOBM. The regression results show that the
deepened ASL, triggered by eastern tropical Pacific cooling and tropical Atlantic warming, transports additional moisture
from the Southern Ocean to the western part of West Antarctica, while the eastern part is dominated by dry southerly wind
from inland (Fig. 8a-h). Subsequently, the moisture transport anomaly leads to the moisture convergence in the east due to
the orographic lifting and adiabatic cooling (Bromwich, 1988), and leads to the moisture divergence in the west, aligning
with the dipole-like pattern in precipitation. Conversely, the high-pressure anomaly induced by the tropical Indian Ocean

warming, particularly in the JJA (Fig. 8k), mainly leads to an out-of-land moisture transport in West Antarctica, resulting in

anomalous moisture divergence and thus a reduction of precipitation.
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Figure 8 | Seasonal patterns of regression coefficients of moisture transports (vector) and their convergence (color shading). a-d

show the regression patterns against Nino3.4 in austral summer (a, December to February, DJF), autumn (b, March to May, MAM), winter

(¢, June to August, JJA) and spring (d, September to November, SON). e-h show the regression patterns against TA20. i-1 show the
280  regression patterns against [IOBM. The moisture transports data are derived from ERAS.
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The regression results of atmospheric circulation demonstrate that the eastern tropical Pacific cooling and the tropical
Atlantic warming both stimulate Rossby wave trains, thus intensifying the ASL around West Antarctica in DJF, MAM and
SON. In contrast, the Rossby wave trains aroused by the Indian Ocean warming weaken the ASL in all four seasons. In DJF,
MAM and SON, the deepened ASL associated with SST changes in the tropical Pacific and Atlantic Ocean further lead to
additional moisture transport from the Southern Ocean towards eastern West Antarctica, but drive cold and dry wind from
the inland Antarctic to the western part of West Antarctica, resulting in the contrasting anomalous moisture convergence
between these two regions. For JJA, the Indian-Ocean-warming-induced circulation anomaly drives a southerly wind over

the entire West Antarctic, partly contributing to the decreased precipitation during that season.

3.4 Model simulations

The regression analysis reveals the relationship between tropical SST variabilities in the three ocean basins and the
precipitation patterns in West Antarctica, but the causality has not been fully clarified. To investigate the causal links
between SST trends and the West Antarctic precipitation trends, we perform three sets of atmospheric model experiments
using CAMS, isolating the effects of SST trends in the Pacific, Atlantic, and Indian Oceans during 19802010 by prescribing
observed time-varying SSTs in each basin while keeping other forcings constant (see methods, Section 2.2.2).

To validate the tropical-polar teleconnections revealed by the regression analysis, we first examine the simulated
500hPa geopotential height trends (Fig. 9). Both the tropical eastern Pacific cooling and the tropical Atlantic warming
intensify the ASL through atmospheric teleconnections in MAM (Fig. 9b and f) and SON (Fig. 9d and h), while the Indian
Ocean warming drives high-pressure center around West Antarctica in JJA (Fig. 9k), which all align with the regression
analysis findings. Nevertheless, the low-pressure center over West Antarctica induced by the Pacific Ocean is relatively
weaker compared to the regression analysis (Fig. 9a). Overall, the simulated atmospheric circulation anomalies corroborate

most of the features revealed by the regression analysis.
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Figure 9 | Simulated response of S00hPa geopotential height trends to observed SST in three ocean basins during 1980-2010. a-d
show the response to Pacific SST in austral summer (a, December to February, DJF), autumn (b, March to May, MAM), winter (¢, June to
August, JJA) and spring (d, September to November, SON). e-h show the response to Atlantic SST. ¢-l show the response to Indian Ocean
SST. Black crosses show the area with statistically significant trends. Details about the simulated data are provided in the methods section
(Section 2.2.2).

We further calculate the simulated moisture transport and associated moisture divergence trends (Fig. 10). The
deepened ASL in DJF (Fig. 10a and e¢), MAM (Fig. 10b and f) and SON (Fig. 10d and h) forced by Pacific and Atlantic
SST changes lead to the moisture transport towards eastern West Antarctica. At the same time, they drive cold and dry air
from inland Antarctica to the western part of West Antarctica, resulting in the moisture convergence in the east and
divergence in the west. In DJF, the moisture transports forced by the Pacific Ocean mainly induce moisture convergence in
the eastern West Antarctica. For the Indian Ocean, typically in JJA (Fig. 10k), the high-pressure anomaly induces moisture

transport from the ocean to western West Antarctica but reduces it to the east, as well as the associated moisture convergence

in the west and divergence in the east.
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Figure 10 | Simulated response of moisture transports (vector) and their divergence (color shading) trends to observed SST in
three ocean basins. a-d show the response to Pacific SST in austral summer (a, December to February, DJF), autumn (b, March to May,
MAM), winter (¢, June to August, JJA) and spring (d, September to November, SON). e-h show the response to Atlantic SST. i-1 show the
response to Indian Ocean SST. Details about the simulated data are provided in the methods section (Section 2.2.2).
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Finally, we calculate the model response of the precipitation trends for each experiment. In the Pacific and Atlantic
simulations, the results show clear dipole-like precipitation trend patterns, consistent with the trend patterns in reanalysis
datasets and regression patterns against SST indices. In particular, the simulation results in DJF (Fig. 11a and e), MAM (Fig.
11b and f) and SON (Fig. 11d and h) show increasing precipitation trends in eastern West Antarctica and decreasing trends
in the west, although the DIJF precipitation trend forced by the Pacific Ocean manifests as a significant and stronger
increasing pattern over eastern West Antarctica. On the other hand, for the Indian Ocean, particularly in JJA (Fig. 11k), our
result shows a decreasing precipitation trend in the eastern West Antarctica, consistent with the regression results of [IOBM,
as well as the West Antarctic precipitation trend in most of the reanalysis datasets during JJA.

Overall, the simulated precipitation trends align well with observed ones, exhibit similar patterns to the regression
analysis using observed data, highlighting that tropical Pacific and Atlantic SST forcing primarily drive the dipole-like

precipitation trends in West Antarctic.
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Figure 11 | Simulated response of precipitation trends to observed SST in three ocean basins. a-d show the response to Pacific SST
in austral summer (a, December to February, DJF), autumn (b, March to May, MAM), winter (¢, June to August, JJA) and spring (d,
September to November, SON). e-h show the response to Atlantic SST. i-1 show the response to Indian Ocean SST. Details about the
simulated data are provided in the methods section (Section 2.2.2).
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4 Conclusions and Outlook

In this study, through a synthesis analysis of 21 ice core records and five reanalysis datasets, we reveal a dipole-like
SMB trend pattern over West Antarctica in recent decades, corroborating and extending previous studies (Dalaiden et al.,
2022; Medley and Thomas, 2019; Wang et al., 2017). Statistical analysis and model simulations have shed light on the
influence of multi-decadal SST trends on the dipole-like SMB pattern. Specifically, the cooling in the eastern tropical Pacific
and warming in the tropical Atlantic, corresponding to a negative phase of the IPO and a positive phase of the AMO, are
critical drivers. Further atmospheric dynamics analysis reveals that the associated tropical Pacific cooling and tropical
Atlantic warming trigger Rossby wave trains, propagating to the West Antarctic and leading to low-pressure anomalies
around the Amundsen and Bellingshausen Seas during the austral spring (SON) and autumn (MAM). These atmospheric
circulation anomalies modulate the moisture transport from the Southern Ocean to the West Antarctic Ice Sheet, resulting in
the contrasting precipitation pattern between its western and eastern parts.

This study reveals the influence of tropical decadal SST changes on Antarctic SMB, extending beyond the interannual
relationships established in previous studies (Clem and Fogt, 2013; Lenaerts et al., 2019; Turner, 2004; Yuan et al., 2018).
More importantly, our findings have substantial implications for future projections of the Antarctic Ice Sheet mass changes
and consequent global sea level changes. As global warming continues, it is anticipated that the dynamic mass loss may
accelerate. Concurrently, an anticipated increase in total SMB, due to an increase in atmospheric moisture-holding capacity,
may partially compensate for the potential global sea level rise. However, our results suggest a potential influence of tropical
SST changes on the future regional SMB changes in the context of global warming. Understanding the drivers and
mechanisms of historical SMB trends is crucial for constraining the uncertainty in future projections of the Antarctic Ice
Sheet mass loss and subsequent global sea level rise.

Throughout this paper, we single out the teleconnection patterns of the Pacific and Atlantic Oceans on the West
Antarctic SMB, but the statistical analysis and the model simulation conducted do not well quantify the effect of each ocean
basin. Moreover, the interactions between these two ocean basins and their joint effects on the West Antarctic SMB trends
also require further investigation. Beyond West Antarctica, tropical-polar teleconnections are reported to affect broader areas,
raising questions about how tropical oceans impact the SMB over the East Antarctic Ice Sheet. On the other hand, the
relative importance of these teleconnections on the Antarctic SMB, in comparison to other factors including ozone depletion
and greenhouse gas emissions remains poorly understood. Therefore, future investigations are urgently needed to isolate

these effects and to evaluate their respective roles in shaping the Antarctic SMB.

Data and code availability

Met Office Hadley Centre sea ice and SST (HadISST) dataset is available at www.metoffice.gov.uk/hadobs/hadisst/. ERAS
reanalysis data are produced by the European Center for Medium-Range Weather Forecasts (ECWMF) and are accessible at
https://www.ecmwf.int/en/forecasts/datasets/. JRASS reanalysis data is provided by the Japan Meteorological Agency, which
is available from http://search.diasjp.net/en/dataset/JRAS5. CFSR reanalysis data is obtained from the National Climatic
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Data Center (NCDC) and NCAR at https://rda.ucar.edu/datasets/ds093.2/. MERRA2 are provided by NASA's Global
Modeling and Assimilation Office at https://disc.gsfc.nasa.gov/. NCEP2 reanalysis data is provided by the NCEP and NCAR
at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html. Further data analysis and figures are made with Matlab
version R2018a (MathWorks Inc., 2020), accessible at https://in.mathworks.com/products/matlab.html.
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