
communications earth & environment Article
A Nature Portfolio journal

https://doi.org/10.1038/s43247-025-02077-8

Recent increase in surface melting of
West Antarctic ice shelves linked to
Interdecadal Pacific Oscillation

Check for updates
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Since the late 1990s, summer surface melt across ice shelves in the Ross-Amundsen Sea sector of
West Antarctica increased significantly, as demonstrated by satellite measurements and MetUM
simulations. This contrasts with the period from 1979 to the late 1990s, which witnessed a decreasing
summer melt trend driven by the positive trend in Southern Annular Mode. The increase in summer
melt since the late 1990s is linked to an increase in geopotential height and intensified anticyclonic
blocking along coastal West Antarctica, which strengthened northerly winds over the Ross-
Amundsen Sea sector, leading to enhanced advection of warm, marine air. Our analysis reveals a
strong connection between summer melt indices and sea surface temperatures in the South Pacific
Convergence Zone during this period. Moreover, increased summer precipitation in South Pacific
Convergence Zone since the late 1990s strengthened the Rossby wave teleconnection toward West
Antarctica, contributing to enhanced blocking along the coastal region. This is consistent with the
transition of the Interdecadal Pacific Oscillation to its negative phase.

Recent studies have highlighted the prevalence of surfacemeltwater over the
ice shelves and coastal margins of West Antarctica (WA), particularly
during austral summer1–3. The ponding, movement, and drainage of the
surface meltwater may cause the ice shelves to flexure and/or
hydrofracture4–8, which in some cases could trigger their collapse9. The
thinning and collapse of ice shelves diminishes their buttressing effect on
tributary glaciers, accelerating the flow of glacier ice into the ocean and
contributing to sea level rise10–13. Higher levels of atmospheric warming in
the coming decades will likely intensify summer surface melting over the
WA ice shelves14,15, raising the risk of ice shelf disintegration in this region.
This, in turn, could lead to the dynamic destabilization and/or retreat of the
WA ice sheet, further accelerating grounded ice loss and contributing to sea
level rise16,17.

Melting of a snow/ice surface occurs when the near-surface air tem-
peratures reach the melting point 273.15 K3. Because of the tight coupling
between surface melt and near-surface air temperatures, near-surface air
temperature is often used as a proxy for the occurrence of surface melt3.
Surface melting over Antarctic ice shelves can be caused by a number of
processes, including heat advection, vertical turbulent mixing of sensible
heat18, or radiative forcing14,19–21. These processes are tied to both regional
scale events such as foehnwinds, katabaticwinds, and barrierwinds3, aswell
as changes to the regional atmospheric circulation3,22. In particular,

Scott et al.23 reported an increase in summer melt-duration over ice shelves
in the Ross-Amundsen Sea sector of WA since the late 1990s due to
increased advectionofwarmermarine air over this region, aswell as reduced
sea ice cover in theRoss–Amundsen Seas, whichwas associatedwith intense
blocking activity in the Amundsen Sea region.

Remote influences from tropical PacificOcean sea surface temperature
(SSTs) variability can stronglymodulate the regional circulation and climate
of WA by influencing the location and strength of the ASL3,21–24. These
influences notably include the El Niño - Southern Oscillation (ENSO)25, as
well as variability in SSTs over the South Pacific Convergence Zone (SPCZ)
region3, which can influence the climate of WA on interannual
timescales3,21–24. Other remote influences shown to influence the WA cli-
mate on decadal and longer timescales include low-frequency modes of
climate variability such as the Pacific Decadal Oscillation, Interdecadal
Pacific Oscillation (IPO) and the Atlantic Multidecadal Oscillation26–30.
Significantly, the shift of the IPO to its negative phase in the late 1990s was
associatedwithwarming over the Ross Ice Shelf and sea ice expansion in the
Ross Sea region21,28, as well as cooling over the Antarctic Peninsula31.
However, the impact of this IPO phase transition on melt trends over WA
ice shelves remains unknown, presenting a significant knowledge gap.
Moreover, while both the eastern Pacific Ocean28 and the SPCZ32 have been
proposed as key source areas for the IPO teleconnection to WA,

1Centre for Ocean, River, Atmosphere and Land Sciences (CORAL), Indian Institute of Technology Kharagpur, Kharagpur, India. 2Polar Meteorology Group, Byrd
Polar andClimateResearchCenter, TheOhioStateUniversity, Columbus,OH,USA. 3British Antarctic Survey,Cambridge, UnitedKingdom. 4School ofGeography,
Environment and Earth Sciences, Victoria University of Wellington, Wellington, New Zealand. e-mail: pranab@coral.iitkgp.ac.in

Communications Earth & Environment |            (2025) 6:99 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02077-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02077-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02077-8&domain=pdf
http://orcid.org/0000-0002-1858-0918
http://orcid.org/0000-0002-1858-0918
http://orcid.org/0000-0002-1858-0918
http://orcid.org/0000-0002-1858-0918
http://orcid.org/0000-0002-1858-0918
http://orcid.org/0000-0003-4608-8071
http://orcid.org/0000-0003-4608-8071
http://orcid.org/0000-0003-4608-8071
http://orcid.org/0000-0003-4608-8071
http://orcid.org/0000-0003-4608-8071
http://orcid.org/0009-0007-0566-7786
http://orcid.org/0009-0007-0566-7786
http://orcid.org/0009-0007-0566-7786
http://orcid.org/0009-0007-0566-7786
http://orcid.org/0009-0007-0566-7786
http://orcid.org/0000-0002-1419-2758
http://orcid.org/0000-0002-1419-2758
http://orcid.org/0000-0002-1419-2758
http://orcid.org/0000-0002-1419-2758
http://orcid.org/0000-0002-1419-2758
mailto:pranab@coral.iitkgp.ac.in
www.nature.com/commsenv


uncertainties remain regarding which region predominantly controls the
regional circulation and cryospheric changes in the region. Further, the
mechanisms through which IPO-induced precipitation changes in the
SPCZ influence blocking activities in the Amundsen Sea region are yet to be
resolved.

In this study, we investigate the impact of IPO’s transition to its
negative phase in the late 1990s on the summer melt trends across WA ice
shelves. We further explore the mechanistic link between convective
activities in the SPCZ, Amundsen Sea blocking events and surface melt in
the region. Figure 1 shows the locations of the ice shelves discussed in this
study, as well as other key regions.

Results and discussion
Summer surface melt trends over WA
Figure 2 shows maps of linear trends of the number of melt days over WA
observed by passive microwave satellite measurements (nmlt) from 1979 to
1998 and 1998 to 2018, which are hereafter referred to as period-1 and
period-2, respectively. These results are broadly similar to those reported by
Scott et al.23, and show that the majority of ice shelves situated in the Ross-
Amundsen Sea sector of WA exhibited a negative trend in nmlt during
period-1 (Fig. 2a), which reversed to a significant positive trend during
period-2 (Fig. 2c). During period-2, the positive trends in nmlt extend as far
eastwards as the western sector of the Abbot ice shelf, with the largest
positive trends over the Getz ice shelf, Sulzberger ice shelf, and the eastern
flank of the Ross ice shelf including theMacAyeal ice stream region (refer to
Fig. 1b for ice shelf locations).

To further investigate these summer melt trends, we also examine
an air temperature-based metric of potential melt based on outputs from
a regional atmospheric model (MetUM)3. Here, we use the frequency
component of the melt potential, defined as the frequency of daily
summer maximum near-surface temperatures exceeding a melt thresh-
old of 273.15 K, referred to as “melt potential frequency” (MPf). In the
Ross-Amundsen sea sector, areas exhibiting a reversal of nmlt trends over
the two periods also show a reversal in MPf trends (Fig. 2b, d), i.e.,
signifying an increase in the frequency of daily maximum air tempera-
tures exceeding the melt threshold during period-2, which is consistent
with the increase in the number of melt days. In contrast, the ice shelves
in the Bellingshausen Sea region of WA exhibited opposite trends,
characterized by positive trends in both nmlt and MPf during period-1,
followed by negative trends during period-2, although the significant

trends are confined primarily to Stange and George VI ice shelves. Note
that over the eastern Ross Ice Shelf, the distribution of significant trends
is scattered and lacks a homogeneous spatial pattern. In contrast, the
Abbot Ice Shelf is characterized by an absence of significant trends.
Notably, the western part of the Abbot Ice Shelf shows weak positive
trends in both periods that are statistically insignificant, suggesting that
this area likely represents a transition zone for the dipole shift in melt
trends across WA.

Furthermore, we derived stacked time series of the nmlt and MPf melt
metrics from 1979 to 2018 for the Ross-Amundsen Sea sector by averaging
the normalized anomalies for each metric extracted from the Getz and
Sulzberger ice shelves, the eastern sector of the Ross ice shelf, and the
MacAyeal ice stream region (Supplementary Fig. 1). This confirms the
contrasting melt trends between period-1 and period-2, and the significant
upward trend over this region since the late 1990s. Also, the application of
the sequential Mann–Kendall test31 confirms that the observed trend
reversal over this region is statistically robust. The results from our trend
analysis are also independent of the trend change point which was con-
firmed by shifting the change point by +/- 3 seasons23. This effectively
removes the influence of the 1998–2000 triple dip La Niña following the
strong El Niño episode in 1997/98.

Role of regional atmospheric circulation
The analysis of geopotential height at 500 hPa (z500) and meridional wind
at 850 hPa (v850) over Antarctica and the surrounding Southern Ocean
reveals distinct trends between period-1 and period-2 (Fig. 3). During
period-1, a negative trend in z500 over the continent and an annular belt of
positive trend in z500 over the Southern Ocean forms a pattern resembling
the positive southern annular mode (SAM). This is consistent with the
significant positive SAM trend (0.15 year-1, p < 0.05) observed during this
period. A significant negative correlation (r = -0.5, p < 0.05) between SAM
and the “stacked” surface melt anomaly in the Ross-Amundsen Sea sector
further supports that the positive SAM trend played a key role in reducing
melt in the region during period-1. The positive SAM trend is expected to
intensify the ASL33–35, as indicated by the negative trend in z500 over the
Ross-Amundsen Sea region (Fig. 3a). This drives a positive trend in v850
over the Ross-Amundsen Sea sector of WA (Fig. 3c), strengthening the
southerly winds and reducing the advection of warm air, which explains the
decrease in surface melt in the Ross-Amundsen Sea sector during period-1
(Fig. 2a, b). However, the v850 trend along the Ross-Amundsen coast is

Fig. 1 | Depiction of the study domain. a Pacific Ocean sector of the Southern
hemisphere. The red and blue boxes show the geographical extent of the South
Pacific Convergence Zone (SPCZ) and West Antarctica (WA), respectively, as used

in this study. b West Antarctic domain, including key ice shelves and geographic
locations referenced in the study. The black rectangle shows the geographical extent
of the MacAyeal Ice Stream region used in the stacked anomaly calculation.
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insignificant, likely due to the high atmospheric variability in the WA
region, often referred to as the “pole of variability36.”

In contrast, during period-2, the trends in z500 show a distinctive east-
west dipole across the Antarctic Peninsula, with positive trends over the
Amundsen-Bellingshausen Sea region and a negative trend over theWeddell
Sea region (Fig. 3b). The increasing trend in z500 over the Amundsen-
Bellingshausen Sea region is consistent with the observed positive trend in

the Amundsen Sea blocking index (ASBI), and hence an increasing trend in
the intensity of anticyclonic blocking events, during this period23 (Supple-
mentary Fig. 2). This suggests that the episodic advection of northerly air
masses, driven by anticyclonic blocking over the Amundsen Sea region, is a
key mechanism driving surface melt in the coastal Ross-Amundsen Sea
region during period-2. To further examine the role of anticyclonic blocking
events onmelt trends during period-2, we calculated the correlation between

Fig. 2 |Decadal trends inmelt indices over coastalWest Antarctica.Trends in (left
column, a, c) melt days (nmlt) based on passive microwave satellite measurements,
and (right column, b, d) melt potential frequency (MPf) based on regional

atmospheric model output, during (top panel) austral summer from 1979 to 1998
and (bottom panel) austral summer from 1999 to 2018. Areas with statistically
significant trends (at 90% level) are shown with green contours.
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the ASBI and the summer ‘stacked’ surface melt anomaly (derived from
passive microwave satellite data) over the Ross-Amundsen Sea sector. Our
analysis reveals a strong positive correlation (r= 0.62, p < 0.01) during
period-2. Additionally, a strong negative correlation (r= -0.86, p < 0.01) was
observed between ASBI and the area-averaged v850 anomaly over the
coastal Ross-Amundsen Sea sector (encompassing the region 200-260°E, 55-
70°S). Therefore, the increasing trend in anticyclonic blocking over the
Amundsen Sea region, along with the associated increase in warm northerly
air mass advection (v850) over the Ross-Amundsen Sea sector of WA (Fig.
3d), explains the positive melt trend over this region since the late 1990s (Fig.
2c, d). Notably, neither SAM nor ASL showed a significant correlation with
melt in this region in period-2, suggesting their minimal influence during
this period.

The positive trend in z500 over theAmundsen-Bellingshausen Sea and
in the ASBI since the late 1990s aligns with the increase in the frequency of
atmospheric rivers making landfall within the WA region since the early
21st century37.However, it is important tonote thatnot all atmospheric river
events lead to melting, and not all melt events are due to atmospheric
rivers38. Interestingly, the positive z500 trend is also consistent with the
increase in southerly flow over the eastern sector ofWA,which is associated
with the decreasing trend in melt during period-2 (Fig. 2c, d).

Role of SPCZ in driving the trend reversal in WA surface melting
The large-scale circulation trends in period-2 aremarkedly different from
period-1, with the trends during period-2 being highly asymmetric and
more reminiscent of a large-scale Rossby wave than SAM (Fig. 3). Here,

we investigate the role of the SPCZ in driving these distinct trends in
large-scale circulation, which caused the shift in surface melting
trends across coastal WA during austral summer from period-1 to
period-2. In particular, we report shifts/differences in the correlation
between area-averaged summer SSTs over the SPCZ region (encom-
passing the area of 5°-25°S and 160°–220°E, referred to as the “SPCZ
box” hereafter) and nmlt and MPf between the two periods (Fig. 4). In
period-1, the correlation between SST over the SPCZ box and nmlt and
MPf over the coastal Ross-Amundsen Sea sector of WA is relatively weak
(magnitude less than 0.35), characterized by predominantly insignificant
and negative correlation values (Fig. 4a, c) (although a portion of the
Ross ice shelf exhibits a significant negative correlation between SPCZ
SST and MPf (Fig. 4c)). However, since the trends in melt days and MPf
during period-1 over this region are well explained by a positive SAM
pattern and associated strengthening of the ASL (Fig. 3), the influence of
SPCZ SST during this period is of secondary importance.

In contrast, during period-2, there is a switch to a positive corre-
lation between SST over the SPCZ box and nmlt and MPf over the Ross-
Amundsen Sea sector of WA, as well as parts of the Bellingshausen Sea
sector of WA (Fig. 4b, d). Interestingly, the correlation between SPCZ
SST and the ASBI also shows a significant increase in period-2, with a
correlation value of 0.5 (p < 0.05) during this period, compared to an
insignificant correlation in period-1. This suggests a strengthening of the
SPCZ teleconnection to WA during summer in period-2, leading to a
substantial influence on the ASBI and, consequently, on surface melting
across the coastal Ross-Amundsen Sea sector.

Fig. 3 | Decadal trends in z500 and v850 over coastal West Antarctica. Trends in
(top panel, a, b) geopotential height at 500 hPa (m dec−1) and (bottom panel, c, d)
meridional wind at 850 hPa (ms−1 dec−1), from ERA5 reanalysis, during austral

summer of (left column) 1979–1998 and (right column) 1999–2018. Areas with
significant trends (at 90% level) are shown with white contours.
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A strengthening of the SPCZ teleconnection is consistent with a sig-
nificant increase in summer SST between period-2 and period-1 over the
SPCZ box (Fig. 5a), which is accompanied by an increase in precipitation
over the poleward edge of the box (Fig. 5b). These changes contrast with
reduced SST and precipitation between these two periods in the tropical
central-eastern Pacific Ocean (Fig. 5a, b). The increase in SST and pre-
cipitation over the SPCZ box is consistent with the impact of IPO on SST
and precipitation variability along the southwest/poleward edge of the
SPCZ39, demonstrated here using regressionmaps of SST and precipitation
onto the “residual” Tripole IPO Index (TPI) during austral summer
(Fig. 5c, d). The shift in summer SST and precipitation patterns over the
SPCZ box, and the broader Pacific Ocean, between period-2 and period-1
aligns with a shift in the phase of the IPO from positive to negative since the
late 1990s28,30,32,39.We hypothesize that this shift since the late 1990s induces
an enhanced extratropical Rossby wave response that serves as the primary
component of the IPO teleconnection to WA during period-2.

Previous studies40–43 have demonstrated that the extratropical Rossby
wave response to anomalous convection in tropical and subtropical regions
typically develops into a quasi-stationary wave pattern in the extratropics
within 15–25 days. Therefore, it is crucial to use daily datasets to analyse the
impact of SPCZ convection on atmospheric variability and anticyclonic
blocking events in WA. We use the following approach to investigate the
relationship: (a) calculate the daily ASBI using daily z500 anomalies, (b)

identify days where the index is in the upper quartile for both period-1 and
period-2, and (c) compute the composite differences in daily SPCZ pre-
cipitation and outgoing longwave radiation (OLR), averaged over the
40 days preceding these upper-quartile blocking events, between period-2
and period-1 (Fig. 6). In period-2, the upper-quartile blocking events are
associated with significantly (p < 0.01) higher SPCZ precipitation (>2mm/
day) and reduced OLR (<10W/m²), compared to period-1, suggesting that
the enhanced WA blocking events in period-2 are linked to enhanced
convective activities in the SPCZ. Notably, the spatial pattern of enhanced
convective activity within SPCZ preceding theWA blocking events (Fig. 6)
closely resembles the pattern of enhanced precipitation during period-2,
particularly in regions of significant increase (Fig. 5b). This suggests that the
increasing trend in WA blocking events, and consequently the increase in
surfacemelt since the late 1990s, is tied to intensified convection over SPCZ
and is strongly associated with the IPO phase shift that occurred during this
period.

Dynamics of SPCZ teleconnection to WA
Here, we examine the underlying dynamics of the SPCZ teleconnection to
WA and its evolution since the late 1990s. We employ the linear response
theory model (LRTM)41–43 to quantify the extratropical Rossby wave
response due to anomalous convection over the SPCZ box during the two
periods. We force the LRTMwith the area-averaged precipitation anomaly

Fig. 4 | Correlation between SST over the SPCZ and melt indices over coastal
West Antarctica. Correlation between area-averaged sea surface temperature in the
SPCZ box and (top panel, a, b) melt days (nmlt) based on passive microwave satellite
measurement, and (bottom panel, c, d) melt potential frequency (MPf) based on

regional atmospheric model output overWest Antarctica, during austral summer of
(left, a, c) 1979–1998 and (right, b, d) 1999–2018. Statistically significant trends (at
90% level) are indicated by green contours. All time series were detrended prior to
computing the correlations.
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over the SPCZ box and record the cumulative response in the Southern
Hemisphere geopotential height anomalies at 200 hPa (z200), during
period-1 and period-2 (Fig. 7a, b). We selected z200 over z500 because the
Rossby wave source is generated at the upper levels of the atmosphere, and
the extratropical Rossby wave response is “equivalent barotropic”. In per-
iod-1, the step response in theWAsector is comparativelyweak andconsists
primarily of a positive geopotential height anomaly over the Ross-
Amundsen Sea (Fig. 7a). This pattern is substantially different from the
observed negative z500 trend (Fig. 3), suggesting that the observed trend
during period-1 is not forced by SPCZ convection. In contrast, during
period-2, the step response shows a distinctive east-west dipole (Fig. 7b),
with a positive anomaly (i.e., anticyclonic blocking high) over the
Amundsen-Bellingshausen Sea region, and a negative anomaly over the

Weddell Sea region. This pattern closely resembles the observed z500 trend
during period-2 (Fig. 3). Further, the wave activity flux44, computed using
the step response in z200 anomalies from the LRTM, shows strong eastward
and poleward Rossby wave propagation originating from the SPCZ region
during period-2 (Fig. 7d). No discernible poleward wave propagation is
apparent during period-1 (Fig. 7c). These results align closelywith an earlier
study which demonstrated that enhanced convection over the SPCZ can
trigger an extratropical Rossby wave response, leading to anomalous high
pressure over the Amundsen-Bellingshausen Sea in summer32. However, it
is important to acknowledge that on interannual timescales, other circula-
tion patterns, such as ENSO and SAM can dominate over the SPCZ tele-
connection. But this does not diminish the significance of the SPCZ
teleconnection as a major driver of long-term melt trends over WA.

Fig. 5 | Changes in SST and precipitation over the SPCZ associated with IPO
phase shift in the late 1990s.Maps showing differences of a sea surface temperature
(K), and b precipitation (mm day−1) over subtropical Pacific Ocean between period-
2 (1999–2018) and period-1 (1979–1998) during austral summer (DJF). Maps

showing the regression of residual IPO tripolar index onto c sea surface temperature
and d precipitation (regression values are multiplied by (-1) for clarity). The black
rectangle outlines the ‘SPCZ box”. Black contours outline areas where the difference
and regression values are significant at a 90% level.

Fig. 6 | Relationship between SPCZ convection and atmospheric blocking events
over coastalWest Antarctica.Composite differences between period-2 and period-
1 in (a) daily precipitation and (b) daily OLR, averaged over the preceding 40 days of

the upper-quartile blocking events. The black dots outline areas where the differ-
ences are significant at a 99% level. The thick black rectangle outlines the
“SPCZ box”.
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Convection within the SPCZ region is associated with an upper-level
anomalous vorticity source and a climatological Rossbywave source (RWS)
in the vicinity32,45. The RWS consists of two components, which are the
vortex stretching term and the advection of the mean absolute vorticity by
the anomalous divergent flow45,46. The vortex stretching term represents the
impact of vertical stretching or compression of air columns on vorticity,
where divergence increases cyclonic vorticity (and downstream trough
development), and convergence increases anticyclonic vorticity (and
downstream ridge building). The vorticity advection term describes vorti-
city transport by the irrotational wind associated with divergent flow, which
generates Rossby waves by vorticity advection and associated geopotential
height changes as explained by the quasi-geostrophic height tendency
equation. We computed the correlation between the area-averaged SPCZ
precipitation anomaly and the two components of the RWS anomaly for
period-1 and period-2. The correlation against the vortex stretching term in
both periods is weak (Supplementary Fig. 3). This is consistent with earlier
findings that the vortex stretching term may not necessarily be an effective
RWS in some cases, particularly over strong divergent regions in the
subtropics45,46. However, during period-2, SPCZ precipitation is positively
correlated with the vorticity advection term immediately to the south of the
SPCZ box (Fig. 7d). This is in line with earlier findings from a perturbation
experiment (Supplementary Fig. 2a of Clem et al.32) which showed that the
RWS in the vicinity of SPCZ region is enhanced in response to anomalous
precipitation anomaly over the SPCZregion.The stronger SPCZconvection
since the late 1990s results in increased upper-level divergent flow (Sup-
plementary Fig. 3d) which, together with the upper-tropospheric vorticity
gradient of the subtropical jet stream, results in a stronger RWS near the
southern boundary of the SPCZ region (primarily due to the increased
advection of the mean absolute vorticity by the anomalous divergent flow).
This sets the stage for a strong and robust Rossbywave teleconnection to the

Ross-Amundsen Sea sector ofWA, forced by the SPCZregion, since the late
1990s. It is important to note that an equal and opposite response is not seen
in period-1 when SPCZ convection was suppressed. This is likely due to the
localizednature of SPCZforcing, the teleconnection is active only during the
period of active/enhanced convection (i.e., in period-2). This contrasts with
large-scale patterns (e.g., ENSO) which are associated with approximately
equal and opposite teleconnection patterns during the contrasting phases
due to large-scale changes in overturning circulations. This difference arises
from the persistence of active convection in both ENSO phases, but with a
flip in the spatial pattern and a shift in the region of convective forcing
between the phases.

Finally, to assess the impact of teleconnections from tropical regions
other than the SPCZ on WA surface melt, we analysed the difference in
precipitation between period-2 and period-1 during summer across the
tropics (Fig. 8a). We identified eight tropical regions (excluding the SPCZ,
highlighted by magenta boxes in Fig. 8a) that experienced a significant
increase in precipitation during period-2. For each of these regions, we
conducted separate experiments using the LRTM, applying area-averaged
DJF precipitation anomalies as forcing and calculating the step responses in
the 200-hPa geopotential height anomalies. The resulting step responses
(Fig. 8b–i) differed significantly from the observed z500 trend during per-
iod-2, and none reproduced the positive geopotential height anomaly over
coastalWA.This indicates that theobservedWAcirculation changesduring
period-2 are primarily driven by teleconnections from the SPCZ, not from
other tropical regions.

Conclusion
Overall, based on analysis spanning the period from 1979 through 2018, we
provide evidence that the increasing summer melt trend observed since the
late 1990s across the major ice shelves in the Ross-Amundsen Sea sector of

Fig. 7 | Extratropical response to SPCZ precipitation and associated Rossby wave
source and waveflux activity. Step response function (computed from the “linear
response theory model”) for anomalous 200-hPa geopotential height (m), forced by
an area-averaged precipitation anomaly over the SPCZ box, during austral summer
of (a) 1979–1998 and (b) 1999–2018. The correlation between the Rossby wave
source anomaly induced by the vorticity advection term and the area-averaged

precipitation over the SPCZ box for the austral summer of (c) 1979–1998 and (d)
1999–2018 (shaded, values below 99% confidence interval are masked). Wave
activity flux vectors (vectors, in m2 s−2) computed from the step response function
during the austral summer of (c) 1979–1998 and (d) 1999–2018 are overlaid. Thick
blue lines show the westerly jet (contours of 22 ms−1 zonal wind). The SPCZ is
marked by a magenta box.
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WA is primarily driven by an increasing trend in z500, and the associated
intensification of anticyclonic blocking, over theAmundsen-Bellingshausen
Sea region. Furthermore, we demonstrate that these changes are driven by
enhanced SST and convective activity in the SPCZ, concurrent with the
transition of the IPO to its negative phase since the late 1990s.

Interestingly, sea ice expansion in the Ross Sea sector since the late
1990s (statistically significant only in the austral autumn season) was pre-
viously reported to be driven primarily by the cooling observed in the
equatorial eastern Pacific, consistent with the negative phase of the IPO28.
However, cooling in the equatorial eastern Pacific fails to reproduce the
observed trend in regional circulationduring the summermonths (Fig. 3a of
Meehl et al.28). Consequently, while convective anomalies over the equa-
torial eastern Pacific may hold importance for other seasons, the IPO tele-
connection toWAduring the austral summer is primarily dominated by the
influence of the SPCZ. Similarly, a trend reversal was noted in surface air
temperature over the Antarctic Peninsula in the late 1990s, concurrent with
the IPO phase shift, with a significant cooling trend in austral summer
during 1999–201431. This cooling trend since the late 1990s is consistent
with passive microwave satellite observations showing reduced melting on
the eastern part of WA (Fig. 2c), and along the east side of the Antarctic
Peninsula extending to the Larsen Ice Shelf 23. The cooling trend was pri-
marily attributed to the cyclonic conditions in the northern Weddell Sea
(extended data Fig. 4a of Turner et al.31). Our analysis shows that the
cyclonic conditions over theWeddell Sea since the late 1990s is likely a part
of the SPCZ teleconnection to WA. It is imperative to consider these trend
reversals associated with IPO phase change when detecting and attributing
climate change across coastal WA.

Finally, the impact of natural variability in the Pacific is superimposed
on a long-term background cooling over most of Antarctica driven by a
positive SAM trend in summer47–51. This is corroborated by the weak
decreasing trend in melt indices over the major ice shelves in WA during

DJF 1979–2018 (Supplementary Fig. 4)2,3. The significant negative trends
are concentrated over the eastern sector ofWAwhich is consistent with the
deepening of ASL. The summer melt trends across coastal WA in the
upcoming decades will depend on the shift in the IPO phase as well as on
how the SAM responds to the recovery of the Antarctic ozone hole and
greenhouse forcing.

Methods
Satellite observations
The surface melt data utilized in this study can be accessed and retrieved
from the following website: https://snow.univ-grenoble-alpes.fr/melting/.
This is based on passive microwave radiometer data obtained from the
SMMR (scanningmultichannel microwave radiometer) platform prior to
July 1, 1987, and the SSM/I (special sensor microwave/imager) platforms
thereafter. The dataset provided has a spatial resolution of 25 km. The
dataset offers daily measurements with a temporal resolution of 1 day,
except for the period prior to 1988 where measurements are only
available every 2 days. It spans a nearly continuous period from 1979,
excluding a data gap during the summer of 1987/1988. The algorithm
developed by Torinesi et al.52 and Picard and Fily 53 is employed to derive
surface melting information from the passive microwave radiometer
data. For each pixel and day, the dataset includes the classification of wet
or dry snow conditions. The pixel classification is as follows: 0 represents
dry snow, 1 indicates wet snow, and −10 represents unavailable data or
masked regions. The data is provided on a stereographic polar grid with a
resolution of 25 × 25 km². In Antarctica, a cropped version of the
Southern stereographic polar grid employed by National Snow and Ice
Data Center (NSIDC) is utilized. The dataset excludes ocean areas and
regions above 1700m.a.s.l. The mask remains constant over time, which
poses considerations in cases where the coastline has changed during the
time series.

Fig. 8 | Extratropical response to precipitation anomalies at selected tropical
regions. aMap showing a difference of precipitation over the tropics between period-2
(1999–2018) and period-1 (1979–1998) during austral summer (DJF). Difference values
significant at the 90% level are dotted. Regions with positive precipitation changes

(except SPCZ region), used to compute the step responses are marked by magenta
boxes. b–i Step response function (computed from the “linear response theory model”)
for anomalous 200-hPa geopotential height, forced by area-averaged precipitation
anomaly over eight boxes shown in figure (a), during austral summer of 1999–2018.
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Regional atmospheric model
The atmospheric model employed in this study is the Met Office Unified
Model version 11.1 (MetUM), utilizing the Global Atmosphere 6.0 con-
figuration suitable for regional applications at grid scales of 10 km or
coarser. The model is run over the standard Antarctic CORDEX domain,
employing a grid spacing of 0.11° (~12 km) with a grid size of 392 × 504
points, as well as 70 vertical levels up to a height of 80 km. It covers the
period from December 1979 to February 2019, encompassing 40 summer
(December-February) melt seasons. The ERA-Interim reanalysis data is
used to force the model. The MetUM’s high spatial resolution facilitates a
more accurate depiction of localized processes that impact surface melting
on ice shelves3, as well as ensuring comprehensive coverage of smaller ice
shelves. The MetUM utilizes a frequent reinitialization method to generate
hindcasts. This approach involves conducting twice-daily 24-h forecasts,
specifically at 0000 and 1200UTC. The outputs obtained at T+ 12, T+ 15,
T+ 18, and T+ 21 h from each forecast are then combined to create a
continuous series of 3-h model outputs. For further details regarding the
model setup and approach, refer to Orr et al.3.

Determination of surface melt and “melt-potential”
The number of melt days from passive microwave-base satellite measure-
ments (nmlt) corresponds to the count of days associated with surface melt,
as identified by the satellite-based melt classification52,53. Further, we use
output from theMetUMsimulation to calculate the temperature-basedmelt
potential frequency (MPf)

3. The MPf assesses the likelihood of surface
melting occurrence. At each grid point, a probability distribution function
(PDF) of the daily temperature maxima is constructed. The area under the
PDF corresponding to temperatures exceeding the melt threshold of
273.15 K is then calculated, quantifying the potential for surface melting to
occur3. The austral summer season (December-January-February or DJF)
considered in this study is December-centric, i.e., DJF of the year 1979
consists ofDecembermonthof the year 1979 and January-Februarymonths
of the year 1980.

Stacked anomaly time series of melt for the coastal
Ross–Amundsen Sea sector
We computed a seasonal mean stacked anomaly time series of each of the
three melt metrics (viz., nmlt and MPf ,) by averaging the normalized
anomalies (anomalies are calculated relative to the full study period, i.e.,
1979–2018) from Getz and Sulzberger ice shelves, the eastern sector of the
Ross ice shelf (encompassing 150–165°W, 77–82°S), and the MacAyeal Ice
Stream region (encompassing 139–147°W, 79–81°S). Use of a stacked
anomaly time series for the coastal Ross–Amundsen Sea region is justified
because of the strong similarity among the individual time series, and also
because they are tied to the regional atmospheric circulation in a simi-
lar way3.

Approximate trend turning points in the stacked anomaly time series
of thedifferentmelt indices are detectedusing the sequentialMann–Kendall
test54. Before applying the sequential Mann–Kendall test, contributions
from ENSO and other variabilities with periods shorter than 10 years are
removed from the stacked anomaly time series by using a low-pass But-
terworth filter with a cut-off period of 11 years. Note that the sequential
Mann–Kendall test provides an approximation of the timing of trend
changes, often detecting multiple changes within a couple of years. More
details of the sequential Mann–Kendall test can be found in Turner et al.31.

Amundsen Sea blocking index
Following Scott et al.23, the Amundsen Sea blocking index (ASBI) was
computed from the standardized area-weighted mean of 500-hPa geopo-
tential height anomaly over the region 500-700S and 2300-2800E.

Statistical tests
Weuse linear least squares for computing trend and regression and evaluate
the significance of the trend using the Mann–Kendall test for linear
monotonic trends. The significance of regression is assessed using a two-

tailed t-test. The significance of differences between the two periods is
evaluated using a two-tailed t-test, while Satterthwaite’s approximation is
used for calculating the effective degrees of freedom (df: 38.6506).

Geographic boundaries
Satellite-based maps, collected as part of the Earth system data records for
use in research environments (MEaSUREs) program during 2007–200955,
are used as masks to define the geographical boundaries of the ice shelves.

Linear step response model
The extratropical linear response to the precipitation anomaly over the
SPCZ boxwas quantified using the linear response theorymethod (LRTM),
demonstrated by Deb et al.41. Using LRTM, the signal S at time t (days) is
expressed as the weighted sum of the lagged forcing F for the last T days.
Mathematically the expression can be written as

SðtÞ ¼
Z T

0
GðτÞ Fðt � τÞdτ þ ϵ; ð1Þ

where,G is theGreen’s function,which is estimatedby the linear least square
regression between signal and lagged forcing (ref. 56). τ represents lag and ϵ
is the nonlinear residual term. Here, signal S is the 200-hPa geopotential
height anomaly over the extratropics of the Southern Hemisphere and
forcing F is the area-averaged precipitation anomaly over the SPCZ box.
Using G, the step response at time lag τj is calculated using the equation
below

SstepðτjÞ �
Xj

i¼0

G τi
� �

Δτ: ð2Þ

HereΔτ represents the time interval of the data, which is one day. The
quasi-stationary step responses were averaged over a lag of 30–40 days and
the averaged response was considered as the extratropical linear response to
anomalous precipitation over the SPCZ box.

The extratropical Rossby wave response to anomalous tropical deep
convection takes approximately two weeks to evolve into a quasi-stationary
pattern40. However, temporal variations in the step response persist even
after 15 days of the tropical forcing, gradually diminishing after ~30 days41.
Therefore, a lag of 30–40 days was chosen in the linear step responsemodel
to capture the fully developed Rossby wave response.

Determination of waveflux activity
The horizontal component of the wave activity flux associated with the
barotropic Rossby wave trains was computed following Karoly et al.44 as:

FS ¼ Fλ; Fϕ

� �
¼ σ cosϕ v02 � 1

2Ωasin2ϕ
∂

∂λ
ðv0Φ0Þ;�u0v0 þ 1

2Ωasin2ϕ
∂

∂λ
ðu0Φ0Þ

� �

ð3Þ

where, σ = pressure/1000 hPa, (λ, ϕ) represent longitude and latitude
respectively, (u0,v0) represent the anomalous horizontal geostrophic velocity
components derived from the geopotential height anomaly (Φ0) of the step
responsemap,Ω represents earth’s rotation rate and a represents the radius
of the earth.

Calculation of Rossby wave source
The Rossby wave source (RWS) was computed following Qin and
Robinson46 as:

S0 � �Vχ
0:∇ζ � ζ∇:Vχ

0 ð4Þ

where,Vχ is the divergent (irrotational) component of the wind at 200-hPa,
ζ represents absolute vorticity, and S is theRWS.Theoverbar indicates time-
mean, and the prime indicates anomaly from time-mean. The first term on
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the right-hand side indicates advection of themean absolute vorticity by the
divergent flow anomaly, and the second term is the vortex stretching term.
The divergent component of the wind was computed using the “wind-
spharm” library57.

Other atmospheric and oceanic datasets
We use monthly-mean fields of geopotential height at 500 hPa and
meridional wind component at 850 hPa from the European Centre for
Medium-Range Weather Forecasts (ECMWF) fifth generation atmo-
spheric reanalysis ERA558, and the monthly-mean precipitation data
fromNOAA Climate Prediction Center Merged Analysis of Precipitation
(CMAP)59, for the austral summer months (i.e., December, January, and
February). For the Linear response theory model, daily geopotential
height was taken from ERA558, while the daily precipitation data was
taken from the CMAP pentad precipitation dataset. The pentad CMAP
data was linearly interpolated to obtain the daily values. The daily
anomalies were computed relative to the 1979–2018 mean, following the
methodology used in Deb et al.41. The datasets were detrended to remove
the effect of anthropogenic forcing, retaining interannual variability.
Monthly mean SST data during the austral summer months (i.e.,
December, January, and February) were obtained from the NOAA
Extended Reconstructed Sea Surface Temperature V5 dataset60 available
on a 2° × 2° grid.

Data availability
ERA5 dataset is available at: https://cds.climate.copernicus.eu/datasets.
NOAA Extended Reconstructed Sea Surface Temperature V5 dataset is
available at: https://climatedataguide.ucar.edu/climate-data/sst-data-noaa-
extended-reconstruction-ssts-version-5-ersstv5. CMAP precipitation can
be downloaded from: https://climatedataguide.ucar.edu/climate-data/
cmap-cpc-merged-analysis-precipitation. The surface melt data can be
retrieved from: https://snow.univ-grenoble-alpes.fr/melting/. Summer
near-surface temperatures from the MetUM simulations used to compute
the “melt potential” metrics are available here: https://doi.org/10.5285/
05f8bd4b-97b1-43d0-a1c6-66aea7021aaf.

Code availability
Computer codes used for the analysis described in this study canbeobtained
from the corresponding author on reasonable request.
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